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Preface

Common forms of preventable hearing loss are drug- and noise-induced hearing
loss which are believed to be produced by similar mechanisms. The generation of
reactive oxygen species appears to be a common mechanism mediating hearing loss
produced by these different sources. As such, a number of laboratories have focused
their research toward identifying the sources of ROS production in the cochlea fol-
lowing administration of chemotherapeutic agents or noise exposure. This led to the
identification of ROS-generating enzymes, such as xanthine oxidases, nitric oxide
synthase, and NADPH oxidases which are activated and/or induced during the
development of hearing loss. A consequence of these findings was the implementa-
tion of antioxidants in preclinical studies for the treatment of hearing loss. These
antioxidants have provided different levels of protection in animal and human stud-
ies, but none of these have been approved by the US Food and Drug Administration
for the treatment of hearing loss.

More recently, it was shown that noise-induced hearing loss was associated with
recruitment of inflammatory cells and mediators in the cochlea. This finding would
suggest that noise could produce injury to the cochlea which stimulates local and/or
circulating inflammatory cells through the release of ““stress” signals. A similar find-
ing was observed in the cochlea following administration of the anticancer drug,
cisplatin, and aminoglycoside antibiotics. In addition, our laboratory and others
have provided a plausible mechanism by which noise or chemotherapeutic agents
could stimulate the inflammatory response. Surprisingly, this mechanism involves
ROS activation of transcription factors linked to inflammatory and apoptotic pro-
cesses in the cochlea. These studies have led to the use of anti-inflammatory agents
for the treatment of hearing loss. Preliminary studies targeting inflammatory cyto-
kines appear especially promising in preclinical studies.

A primary goal of this book is to describe our current understanding of the oxi-
dant hypothesis of noise and drug-induced hearing loss and show how this relates to
cochlear inflammation. Another focus of this book is to detail several different
aspects of the cochlear inflammatory process, ranging from the sources of inflam-
matory cells to chemokines, inflammatory cytokines, and cochlea resident immune
cells. Molecular pathways leading to activation of the local inflammatory process,
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migration of immune cells from the systemic circulation via strial capillaries into
the cochlea, and a discussion of a cochlear-based corticotrophin/corticosteroid gen-
erating system will be highlighted. The relevance of certain clinically used anti-
inflammatory interventions, such as trans-tympanic steroids and other treatment
options, will also be discussed. Furthermore, recent clinical trials focusing on the
use of anti-inflammatory agents for the treatment of drug- and noise-induced and
autoimmune-mediated hearing loss will be discussed.

We believe that the ideas highlighted in the following chapters will provide novel
insight into the impact of inflammatory mechanisms on hearing loss and stimulate
future studies into this exciting area of research.

Springfield, IL, USA Vickram Ramkumar
Leonard P. Rybak
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Chapter 1
The Cochlea

Leonard P. Rybak

Abstract The mammalian cochlea is an intricately designed organ that is exqui-
sitely sensitive to sound. It possesses unique physical and chemical properties that
permit this organ to function properly. This chapter describes some of the features
of the cochlea including the cells that line the fluid filled spaces of the cochlear duct
and the chemical composition of the fluids that allow the tissues to produce resting
and acting potentials that assist in the transduction of acoustic stimuli into electrical
signals to the brain. The structure of key structures in the cochlea are illustrated with
light microscopy and ultrastructural images, including transmission and scanning
electron microscopy. The unusual structural and functional features of these cells
allow them to function in an orderly and precise fashion to shape the special sensory
function of hearing in the normal cochlea of mammals.

Keywords Cochlea - Stria vascularis - Hair cells - Spiral ligament - Spiral
ganglion neurons - Organ of corti - Transduction - Tectorial membrane - Basilar
membrane - Perilymph - Endolymph

The sense of hearing is controlled by the end organ called the cochlea. This struc-
ture is located in the temporal bone. It has a bony shell with a spiral shape like that
of a snail. It coils around a central core called the modiolus that houses the auditory
nerve. The ganglion cells are the cell bodies of the afferent auditory neurons. These
cells are located in a spiral canal, Rosenthal’s canal, at the periphery of the modiolus
(Bohne and Harding 2008). The spiral ganglion contains two types of nerve cells—
Type I and Type II. Type I ganglion cells are larger in size and more numerous than
Type II neurons. They constitute around 90% of the spiral ganglion cells. They
innervate only inner hair cells. Type II cells are much smaller in size than their Type
I counterparts. They have thin myelination and make up only about 10% of the spi-
ral ganglion cells. These cells innervate only outer hair cells. Efferent neurons
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originate in the superior olivary complex bilaterally. The number of efferent neurons
is much smaller than the population of afferents. Efferent neurons supply both inner
and outer hair cells (Bohne and Harding 2008).

1 Fluid Spaces in the Cochlea

If the cochlea is sectioned through its mid-modiolar plane and stained for micro-
scopic analysis, it demonstrates three fluid filled spaces: the scala tympani, scala
vestibuli and the scala media (Fig. 1.1). These fluid filled spaces have specific ion
concentrations. The perilymph, which fills the scala vestibuli and scala tympani, is
similar to other extracellular fluids, like the cerebrospinal fluid. These fluids contain
high sodium (150 mM) and low potassium (5 mM) concentration (Sterkers et al.
1988). The scala media is located between scala vestibuli and scala tympani. The
scala media contains a unique extracellular fluid called endolymph. This fluid con-
tains high potassium (150 mM) and low sodium (2-5 mM) concentrations (Nin
et al. 2016) (Table 1.1). This unusual fluid is contained within the cochlear duct.
Endolymph is similar in composition to that of intracellular fluid. The scala media

Fig. 1.1 Mid-modiolar cross section of the of the middle turn chinchilla cochlea.
Magnification = 400x. Abbreviations: BM basilar membrane, OC organ of Corti, RM Reissner’s
membrane, SLG spiral ligament, SL spiral limbus, SM scala media, ST scala tympani, SV scala
vestibuli, SVA stria vascularis, SP spiral prominence

Table 1.1 Concentrations of Ton Perilymph | Endolymph
various ions in perilymph and Sodium—mM 148 13
endolymph .
Potassium—mM | 4.2 157
Chloride—mM 119 132
Bicarbonate—mM | 21 31
Calcium—mM 1.3 0.023

Adapted from Lang et al. (2007)
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has a positive potential of +80 mV with respect to that of perilymph (Von Bekesy
1952; Hibino et al. 2010).

2 Cochlear Duct

The boundaries of the endolymphatic space or cochlear duct include: Reissner’s
membrane superiorly, the stria vascularis laterally, and the inferior boundary. The
latter includes the superior surface of the organ of Corti, Claudius cells, inner sulcus
cells and epithelial cells on the upper surface of the spiral limbus (Fig. 1.1). These
epithelial cells on the superior surface of the spiral limbus are known as interdental
cells. The interdental cells are connected to each other and they form a comb-shaped
cellular network with numerous cellular strands in the spiral limbus (Shodo et al.
2017). The medial edge of tectorial membrane is connected to interdental cells.

3 Tectorial Membrane

The tectorial membrane is an acellular sheet that covers the organ of Corti. It is
composed of collagens, (including Types II, V, IX and XI), seven glycoproteins,
including alpha- and beta-tectorin, carcinoembryonic antigen-related cell adhesion
molecule 16 (CEACAM16), otogelin, otogelin-like, otoancorin and otolin, and two
glycosaminoglycans (uronic acid and keratin sulfate) (Andrade et al. 2016). It
appears that the tectorins crosslink type II collagen fibrils to connect the tectorial
membrane to the spiral limbus (Andrade et al. 2016). The tips of the tallest row of
the OHC stereocilia are attached to the undersurface of the tectorial membrane and
form imprints in the tectorial membrane. The protein stereocilin anchors the stereo-
cilia to the tectorial membrane (Verpy et al. 2011). The coupling of the basilar
membrane vibrations to hair cell stereocilia movements are key elements of the
transduction of mechanical to electrical energy by the cochlea (Andrade et al.
2016). The protein otoancorin is present at two attachment zones of the tectorial
membrane, a permanent one along the top of the spiral limbus and a transient one
on the surface of the developing greater epithelial ridge (Zwaenepoel et al. 2002).
The exact role of the tectorial membrane has not yet been fully defined. In the past
it was considered to be a rather inert structure, but it probably has a functional role
in sound transduction. It may form a rigid plate that slides back and forth with
vibration of the basilar membrane. It may provide a resonator that amplifies
mechanical inputs to the hair bundle. It could serve as an inertial mass or a structure
for propagation of the traveling wave in the cochlea. It could mediate a role in
cochlear amplification in conjunction with OHCs or a regulator of electrokinetic
motion (Andrade et al. 2016), finally, it may play a role in tonotopic organization
of the cochlea because it changes in size from base to apex (Raphael and Altschuler



4 L. P. Rybak

2003). Mutations of the genes encoding these proteins in the tectorial membrane
cause hearing loss.

4 Basilar Membrane

The basilar membrane is a combination of cellular and acellular components. The
membrane faces the scala media superiorly and the scala tympani below it. The part
that faces the perilymph of the scala tympani is composed of a layer of mesothelial
cells. The side of the basilar membrane that faces scala media (endolymph) has a
basement membrane of the epithelium of the membranous labyrinth. The basilar
membrane contains both matrix and fibers. Matrix molecules include collagens,
proteoglycans, fibronectin and tenascin (Raphael and Altschuler 2003).

5 The Lateral Wall of the Cochlea

The lateral wall of the cochlea contains the spiral ligament and stria vascularis, the
spiral prominence, outer sulcus cells and Claudius cells. The Claudius cells form a
sheet of epithelia on the basilar membrane and go part-way up the lateral wall to the
spiral prominence in the basal turn of the cochlea (Spicer and Schulte 1996; Yoo
et al. 2012). These cells appear to play a role in sodium absorption by purinergic
signaling (Yoo et al. 2012). Outer sulcus cells are located between the Claudius cells
and the spiral prominence. Root cells are located in the outer sulcus region. Root
cells underlie Claudius cells (Jagger and Forge 2013). Root cells are coupled to
adjacent root cells, and to the overlying Claudius cells in the lower turns, and so
form the lateral limits of the epithelial cell gap junctional network (Jagger and Forge
2013). A recent study using 3D reconstructed images of the cochlea demonstrated
that the root cells were linked together to form a branched structure, similar to a tree
root in the spiral ligament (Shodo et al. 2017). Superior to the spiral prominence is
the stria vascularis. The spiral ligament is situated lateral to the stria vascularis
(Fig. 1.1). Claudin-11 forms a barrier around the stria vascularis in the lateral wall
of the human cochlea. This barrier extends inferiorly from the suprastrial region of
the lateral wall to the superior epithelium of the spiral prominence (Liu et al. 2017).

6 The Spiral Ligament

The spiral ligament extends from the stria vascularis to the bony wall of the otic
capsule. It helps to anchor the delicate structures of the organ of Corti and provides
tension to the basilar membrane. Stress fibers that possess contractile proteins are
present within tension fibroblasts (Raphael and Altschuler 2003). Five specific
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subtypes of spiral ligament fibrocytes have been identified (Spicer and Schulte
1996). There are gap junctions between spiral ligament fibrocytes and between
these fibrocytes and the intermediate and basal cells of the stria vascularis (Forge
et al. 1999; Raphael and Altschuler 2003), thus forming an electrochemical syncy-
tium. The fibrocytes and intermediate cells which abut basal cells form the basolat-
eral and apical surfaces for the syncytium. This configuration allows fibrocytes to be
contacted by perilymph (Yoshida et al. 2016). Cochlear fibrocytes have a positive
resting membrane potential (RMP). A recent in vivo study revealed that the mem-
branes of cochlear fibrocytes appear to have a Na+ permeability that is significantly
greater than that for K+ and Cl—. This Na+ permeability probably plays a key role
in maintaining the unusual RMP of +5 to +12 mV. This RMP is essential for provid-
ing the K+ diffusion potential on intermediate cell membranes to set a high value for
the EP (Yoshida et al. 2016). A barrier consisting of Claudin-11 observed in human
cochlear specimens may protect against ion contamination of the spiral ligament
(Liu et al. 2017).

7 Stria Vascularis

The marginal cells of the stria vascularis form the inner or medial layer of the lateral
wall and consist of a single layer of cells connected by tight junctions at their apical
surface which faces the endolymph. Marginal cells contain numerous mitochondria
and are very active metabolically. These marginal cells have basolateral extensions
that intertwine with apical membranes of the intermediate cells. Claudin-11 is
expressed basally from the superior epithelium of the SP to the suprastrial space
insulating the K+ secreting marginal cell layer in human cochlear specimens (Liu
et al. 2017).

Two types of intermediate cells have been described: basal and upper subtypes.
The basal subtype of intermediate cell (BIC) completely covers strial basal cells
with a leaf-like horizontal process. A second, upper subtype of IC (UIC), occurs in
the middle to upper strial layers and has extensive contacts with BIC’s. These cells
appear to play an important role in the production of the positive endocochlear
potential. Intermediate cells contain melanin granules. Abnormal intermediate cells,
such as those that are present in a mouse mutant (viable dominant spotting mouse)
known to have a primary neural crest defect that results in an absence of melanocytes
in the skin. These mice are unable to produce an endocochlear potential (EP). EP
was close to zero at all ages from 6 to 20 days. Starting at about 6 days of age cells
of the stria vascularis exhibited a reduced amount of inter-digitation with other cells
(Steel and Barkway 1989). Ablation of intermediate cells also abolishes the EP (Kim
et al. 2013). Mice with the Mitf~-mutation lack melanocytes in the stria. These mice
have extremely low EP, especially in the basal turn. This mutation results in loss of
outer hair cells (Liu et al. 2016). It appears that melanocyte-like cells in the interme-
diate cell area are required for normal stria vascularis development and function
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(Steel and Barkway 1989). However, albino animals and humans that lack melanin
can hear normally (Raphael and Altschuler 2003).

Basal Cells

Basal cells are flat in appearance. They form a continuous layer of cells abutting the
spiral ligament. They produce a dense network of junctional complexes with other
basal cells with other adjacent cells, including the intermediate cells of the stria
vascularis and fibrocytes of the spiral ligament (Yoshida et al. 2016). Basal cells
have tight junctions that join them together. Their major function may consist in
maintaining a diffusion barrier between the stria vascularis and the spiral ligament
(Raphael and Altschuler 2003). Claudin-11 knockout mice are deaf. This indicates
that tight junctions between basal cells are critical for proper function of the stria
vascularis (Gow et al. 2004).

Between the three layers of cells in the stria vascularis is a small space, called
the intrastrial space. This small (15 nanometer) extracellular space is enclosed in
apical membranes of intermediate cells and the basolateral membranes of mar-
ginal cells (Hibino et al. 2010). It contains a low K+ concentration of about 5 mM
and a high positive potential similar to that of the scala media, the EP (Yoshida
et al. 2016). Study of the human cochlea revealed that the intrastrial space is
separated by a continuous layer of the tight junction protein, claudin 11 (Liu
et al. 2017).

A barrier system that appears to play a critical role in maintaining cochlear
homeostasis is the strial cochlear vascular unit also known as the intrastrial fluid-
blood barrier. This complex system includes a microvascular endothelium in
close connection with numerous accessory cells (pericytes and perivascular mac-
rophages or melanocytes) and a specific matrix of extracellular basement mem-
brane proteins that, together, constitute a unique “cochlear vascular unit”. This
barrier appears to control solute and ion homeostasis in the inner ear and blocks
the entry of toxic substances into the stria vascularis. If it is compromised, various
clinical hearing disorders may result (Shi 2016). The enzyme, Na+/K+-ATPase
alpha-1 plays a critical role in maintaining blood-labyrinth barrier integrity.
Pharmacological inhibition of this transporter results in hyperphosphorylation of
tight junction proteins like occluding. This results in increased permeability of
the blood-labyrinth barrier. Noise trauma can break down the blood-labyrinth bar-
rier through reduction of Na+/K+-ATPase activity leading to increase in vascular
permeability (Yang et al. 2011). The ultrastructure of the stria vascularis is shown
in Fig. 1.2.
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Fig. 1.2 Transmission electron micrograph of the stria vascularis from the basal turn of the adult
rat cochlea. There is a single row of electron dense marginal cells facing the endolymph. A single
intermediate cell with a dark staining nucleus and light staining cytoplasm is see in this section.
The basal cells form a continuous layer of flat cells with a spindle shape and an elongated nucleus.
The basal cells abut the spiral ligament in the lower left part of this section (Magnification = 5000x)

8 Endocochlear Potential

The endocochlear potential is a positive extracellular potential of about 80—100 mV. It
is essential for hearing and is controlled by K+ transport across the lateral wall of
the cochlea. The lateral wall comprises two epithelial barriers, a syncytium of mul-
tiple cell types and the marginal epithelial cells. The syncytium includes fibrocytes
that are exposed to perilymph on the basolateral side. The apical part of the marginal
cells form a layer adjacent to endolymph. There exists an intrastrial space (Adachi
et al. 2013). This space is situated between the apical membranes of the intermedi-
ate cells and the basolateral membranes of the marginal cells. This space is electri-
cally isolated from nearby extracellular fluids, endolymph and perilymph, and this
space has a positive potential. The low K+ concentration present in the intrastrial
space is maintained by Na/K/ATPases and Na, K, 2 CI transporters present in the
basolateral membranes of marginal cells (Hibino et al. 2010). The EP appears to be
produced by two K+ diffusion potentials generated by gradients in K+ between
intracellular and extracellular compartments in the lateral wall of the cochlea (Nin
et al. 2016). A model has been proposed utilizing unidirectional K+ transport by
channels and transporters in the lateral cochlear wall and combines this transport to
fluxes of K+ in hair cells and simulates the current flow between endolymph and
perilymph (Nin et al. 2016).
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9 Organ of Corti

The organ of Corti contains the sensory epithelium that is unique to the mamma-
lian cochlea (Nam and Fettiplace 2012). It is situated between two membranes—
the basilar membrane, upon which it rests, and the tectorial membrane. The organ
of Corti contains two types of mechano-sensory receptor cells known as hair cells
that are held up by supporting cells. The basilar membrane is an acellular structure
on which the sensory cells and the support cells are situated. The hair cells have a
cuticular plate from which stereocilia project. The top of the organ of Corti forms
the reticular lamina, which is made up of the head plates of inner pillar cells and
the cuticular plates of the hair cells. The outer hair cells appear to amplify vibra-
tions of the basilar membrane and they facilitate detection of these vibrations by
the inner hair cells (Fettiplace and Hackney 2006). The hair cells, supporting cells
and afferent and efferent nerve fibers interact to produce hearing (Hudspeth 1989).
The basilar membrane movements are accelerated in a localized area. This prop-
erty is called frequency tuning (Goutman et al. 2015). Recent experiments in the
mouse demonstrate that outer hair cells do not amplify basilar membrane vibration
directly through a local feedback. Actually they appear to actively vibrate the retic-
ular lamina through a wide frequency range. This combined outer hair cell-reticu-
lar lamina vibration interacts with the basilar membrane traveling wave through
the cochlear fluid. This interaction improves peak responses at the best frequency
location in the cochlea and thereby enhances both sensitivity and frequency selec-
tivity (Ren et al. 2016).

Both types of hair cells have apical stereocilia that can sense mechanical move-
ments generated by sound waves (Figs. 1.3 and 1.4). Hair cells transduce mechanical
energy produced by sound-induced vibrations into electrical signals (Milewski et al.
2017). The inner hair cells sense sounds and propagate acoustic information to the
brain via the auditory nerve whose cell bodies are located in the spiral ganglion. The
outer hair cells provide mechanical amplification to produce the exquisite tuning and

Fig. 1.3 Light
microscopic view of hair
cells from the basal turn
cochlea of a normal
chinchilla. A single row of
inner hair cell stereocilia
can be seen, and three rows
of outer hair cells bearing
v-shaped stereocilia are
seen arrayed on their apical
surface
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high sensitivity of the cochlea (Goutman et al. 2015). Cochlear amplification by
outer hair cells appears to be achieved by somatic motility. The OHC appears to
produce two types of active force: a force generated by the hair bundle and a somatic
force attributed to the membrane protein prestin (Dallos et al. 2008). OHCs undergo
rapid, voltage-dependent changes in cellular length. Prestin-mediated electromotil-
ity has been characterized as a two-step process. The first step involves transport of
anions by an alternate access cycle. This step is followed by an anion-dependent
transition generating electromotility. This electromotility is similar to piezoelectric
materials that change their size depending on the voltage applied (Schaechinger
etal. 2011).

Various channels or transporters have been demonstrated in the cochlea. A partial
list is shown in Table 1.2.

10 Mechano-transduction

The hair cells of the organ of Corti are mechanoreceptors. Mammalian hair cells
have multiple stereocilia made up of actin filaments. These filaments are cross-linked
with actin-binding proteins including espin (Fettiplace 2017). They are inserted into
the cuticular plate located at the apex of each hair cell. OHC stereocilia are arranged
in three V or W-shaped rows (Figs. 1.3 and 1.4). The stereocilia are connected to
each other by tip links. These links are required for opening MET channels. Sound
waves cause deflections of stereocilia resulting in mechano-transduction. These
movements result in opening of a mechano-transduction (MET) channel to generate
inward currents in hair cells (Goutman et al. 2015).

Auditory hair cells contain two molecularly distinct mechano-transduction chan-
nels. One ion channel is activated by sound and is responsible for sensory transduc-
tion. This sensory transduction channel is expressed in hair cell stereocilia, and
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Table 1.2 List of various channels or transporters in the cochlea
Channel/
transporter Location Function Reference
MET/TMC1 Cochlear hair cells Part of MET channel? Fettiplace
(2016)
KCNQI1 Strial marginal cells K+ secretion into endolymph and Chang et al.
(Kv7.1) endolymph formation (2015)
KCNQ4 Cochlear outer hair Mediates the M-like potassium Kubisch et al.
(Kv7.4) cells current /i, (1999)
KCNMAL1 Cochlear inner hair K+ efflux from IHCs Molina et al.
cells (2013)
KCNEI1 Strial marginal cells K+ secretion into endolymph and Lang et al.
endolymph formation (2007)
KCNIJ10 Strial intermediate Formation of EP Lang et al.
cells (2007)
Pendrin Epithelial cells of HCO;" secretion into endolymph Semaan et al.
(SLC26A4) inner ear (2005)
SLC22A4 Endothelial cells of Ben Said et al.
stria vascularis (2016)
BSND Strial marginal cells Recycling of CI~ in strial marginal | Lang et al.
cells and endolymph formation (2007)
CLCNKA/B Strial marginal cells Recycling of K+ in marginal cells Lang et al.
and endolymph formation (2007)
TRP Outer hair cells Calcium homeostasis in endolymph | Lang et al.
(2007)
Aquaporins Ubiquitous Transport of water molecules Chiarella et al.
(2015)
KCNKS5 Cochlear outer sulcus | K+ recycling Cazals et al.
cells (2015)
SLCI12A7 Deiter cells K+ efflux/influx Lang et al.
(2007)
SLCI12A2 Strial marginal cells K+ uptake into strial marginal cells | Lang et al.
and endolymph formation (2007)

Table is modified from tables in Lang et al. (2007) and Mittal et al. (2017)

previous studies show that its activity is affected by mutations in the genes encoding
the transmembrane proteins TMHS, TMIE, TMC1 and TMC2 (Wu et al. 2017) A
protein present in stereocilia, calcium and integrin-binding protein (CIBP2) is
essential for hearing. This protein binds to components of the hair cell mechano-
transduction complex, TMC1 and TMC2. CIB2 appears to be essential for normal
mechano-transduction in the cochlea and appears to limit the growth of stereocilia
(Giese et al. 2017).

Acoustic stimuli permit K+ in endolymph to enter and excite sensory hair cells.
The positive EP accelerates the K+ influx and chemically sensitizes hearing sensi-
tivity. Subsequently, K+ effluxes from hair cells and is recirculated to the lateral
wall, bringing K+ back into endolymph (Nin et al. 2016). A current and detailed
review of auditory hair cell transduction has recently been published (Fettiplace
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2017). The cochlea has a number of channels or transporters expressed in various
cells. Some of these are listed in Table 1.2.

11 Hair Cell Synapses

Hair cells synapse with spiral ganglion axons. These highly specialized synapses
are called ribbon synapses. The postsynaptic nerve endings possess AMPA-type
glutamate receptors. Type Cav1.3 calcium channels at the ribbon synapse are acti-
vated by hair cell receptor potentials (Fuchs et al. 2003). This results in activation of
postsynaptic glutamate receptors. This generates action potentials that are transmit-
ted by spiral ganglion neurons to the brain (Stéver and Diensthuber 2012).

The cochlea has a highly complex molecular and biophysical structure that pro-
vides exquisite sensitivity and specificity for analyzing sounds and transmitting
information to the brain for interpretation and analysis. How inflammation and
immunologic responses impact hearing will be discussed in subsequent chapters.
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Chapter 2
Oxidative Stress and Hearing Loss

Samson Jamesdaniel

Abstract Oxidative stress is considered as a central factor in acquired hearing loss.
This chapter provides an introduction to the fundamental concepts of oxidative
stress as well as an overview of cochlear oxidative stress pathways activated by risk
factors of auditory dysfunction. It also discusses the susceptibility of the inner ear
to oxidative damage, the intracellular redox sensitive mechanisms that facilitate
cytotoxicity, and the cochlear targets of oxidative stress. Special focus is given to
cochlear oxidative stress induced by exposure to environmental factors, such as
noise, heavy metals, and organic solvents, ototoxic drugs/agents, such as aminogly-
cosides, cisplatin, and radiation, and aging. Potential biomarkers of oxidative stress
and the utility of targeting cochlear oxidative stress to mitigate acquired hearing
loss are discussed. Finally, recent developments in this field, including therapeutic
compounds and strategies employed to target different steps in the oxidative stress
signaling pathways as well as potential challenges to these approaches are
discussed.

Keywords Oxidative stress - Free radicals - Nitrative stress - Ototoxicity -
Cisplatin - Hearing loss

1 Introduction

Oxygen was discovered by Priestley and Scheele in 1774 and Fenton reported a
free radical reaction as early as 1894 (Fenton 1894). Nevertheless, the concept of
oxygen-related toxicity was not recognized until the late 1940s when the toxic effects
of increased oxygen tension was reported (Comroe Jr et al. 1945). A few years later,
Gerschman et al. (1954) suggested that both oxygen poisoning and X-irradiation
occur through oxidizing free radicals. However, the discovery of superoxide dis-
mutase by McCord and Fridovich in 1969 provided a solid foundation for subsequent
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developments in this field (McCord and Fridovich 1969), which have made a huge
impact in defining the therapeutic and prophylactic strategies employed to fight dis-
eases and promote health. At present, the critical role of oxidative stress in cancer,
neurodegeneration, inflammation, cardiovascular disorders, metabolic diseases, and
several other pathological conditions is well established. In addition to these dis-
eases, a growing body of evidence from the last few decades suggests that oxidative
stress also plays a causal role in acquired hearing loss.

2 Ocxidative Stress

Oxidative stress refers to a state in which there is an imbalance between the genera-
tion of reactive oxygen species (ROS) or reactive nitrogen species (RNS) and the
counteracting defense mechanisms. ROS and RNS are generated during both aero-
bic and anaerobic metabolism. Among the multiple sources that produce free radi-
cals the most common are nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent enzymatic reactions during aberrant mitochondrial respira-
tion. Under physiological conditions, these free radicals serve as regulatory mes-
sengers for maintenance of normal cellular functions. The antioxidant defense
machinery, which includes endogenous antioxidants such as glutathione and thiore-
doxin, and free radical scavenging enzymes such as superoxide dismutase, catalase,
glutathione peroxidase, and glutathione transferase, helps to maintain redox homeo-
stasis. When the generation of free radicals exceed the detoxifying and scavenging
capability of the antioxidant machinery it results in oxidative stress.

Free Radicals

ROS are oxygen-based molecules, which include free radicals that have an unpaired
electron in their outer shell (Halliwell and Gutteridge 1984) and molecules that can
generate free radicals. Some of the most common ROS molecules are superoxide
radical (O,7), hydrogen peroxide (H,0,), and hydroxyl radical (OH"). In addition to
reactions mediated by NADPH oxidase (NOX) enzymes, xanthine oxidase and
cytochrome P450 enzyme mediated reactions can also produce O,. Dismutation of
O, by superoxide dismutase enzyme produces H,O,. Catalase converts H,0O, into
water and oxygen. In the presence of metal ions such as Fe,”, H,0, forms OH".

RNS are nitrogen-based molecules. The most common RNS is nitric oxide (NO).
It is derived from the oxidation of L-arginine to L-citrulline by nitric oxide synthase
(NOS). Another highly reactive RNS is peroxynitrite (ONOQO~), which is formed by
the reaction between O,~ and NO. The oxidative stress pathways that are activated
in the cochlea by ototoxic agents are illustrated in the schematic (Fig. 2.1). When
the defense mechanisms are overwhelmed these free radicals can trigger a cascade
reaction resulting in considerable damage to the cells, tissues, or organs.
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Fig. 2.1 Schematic of cochlear oxidative stress pathways. Abbreviations: Arg Argnine, Cat
Catalase, Cit Citrulline, Cys Cysteine, GCS Glutamyl cysteine syntase, Glu Glutamate, Gly
Glycine, GPx Glutathione peroxidase, GR Glutathione reductase, GS Glutathione syntase, GSH
Reduced glutathione, GSSG Oxidized glutathione, OH~ Hydroxyl anion, NO Nitric oxide, NOS
Nitric oxide synthase, NOX NADPH oxidase, O,~ Superoxide anion, ONOO~ Peroxynitrite, SOD
Superoxide dismutase

Oxidative Stress and Cytotoxicity

Free radicals are highly potent molecules that can directly react with proteins, lip-
ids, and DNA bases. When the cellular levels of free radicals exceed the physiologi-
cal limits they lead to oxidation/nitration of susceptible proteins resulting in the
accumulation or degradation of altered proteins. These protein modifications ulti-
mately result in loss of protein function thereby enabling cellular pathways that lead
to cell death. ROS can also react with polyunsaturated fatty acids (PUFA), which
are components of cell and subcellular membranes, resulting in the peroxidation of
membrane lipids. This in turn compromises the function of cell membranes and can
even lead to rupture of the cells. Oxidative damage to DNA causes alterations in the
bases and single strand or double strand breaks in the DNA, which can inactivate
key genes that regulate apoptosis (Rich et al. 2000). Alternatively, ROS/RNS also
activates signaling molecules, such as mitogen activated protein kinases (MAPK),
protein tyrosine phosphatases, and protein tyrosine kinases (Zhang et al. 2007;
Janssen-Heininger et al. 2008). These signaling molecules can activate or inhibit the
transcription of target genes resulting in cytotoxicity. For example, activation of
c-Jun-N-terminal kinases (JNK) and p38 MAPK by ROS facilitates the release of
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cytochrome C and activation of caspase 9 and 3 leading to apoptotic cell death (Pan
et al. 2009).

3 Cochlear Targets of Oxidative Stress

The oxidative stress-induced damage to the cochlea is generally focused on three
discrete regions, the sensory epithelium, the lateral wall, and the modiolus. These
three regions represent the sensory, vascular, and neuronal components of the
cochlea, which consists of the organ of Corti, stria vascularis, and spiral ganglion
neurons, respectively.

Sensory Epithelium

The inner and outer hair cells, which are the sensory receptor cells, are located in
the organ of Corti along with a number of supporting cells. Stimulation of the hair
cells activates the mechanoelectrical transduction channels resulting in the release
of neurotransmitters at the synapses thereby initiating the transmission of auditory
signals. NADPH oxidase 3 (NOX3), which is responsible for the production of O,~
in the inner ear, is expressed in the hair cells (Banfi et al. 2004). Therefore, over-
stimulation of the hair cells leads to the increased generation of O,™. The vulnerability
of different cells in the organ of Corti to oxidative stress-induced damage varies
based on the differences in the expression pattern of proteins associated with the
antioxidant machinery. For, example, the outer hair cells at the base of the cochlea
are more susceptible to free radical-induced damage probably due to lower levels of
antioxidant proteins, such as glutathione, in the basal hair cells when compared to
the apical hair cells (Sha et al. 2001a). The oxidative damage to hair cells and asso-
ciated functional deficits are usually permanent because the hair cells do not have
the capacity to regenerate.

Lateral Wall

The lateral wall consists of the stria vascularis, which is rich in blood vessels and
has the highest metabolic rate among the different cochlear structures (Marcus et al.
1978). The integrity of vascular endothelium is critical for tissue homeostasis as the
stria vascularis maintains the potassium ion concentration of the endolymph, which
is essential for establishing the endocochlear potential required for signal transduc-
tion. Because vascular permeability is regulated by the release of NO, excessive
production of NO, as observed in oxidative stress, can disrupt the vascular endothe-
lium resulting in inflammation and edema of the stria vascularis (Smith et al. 1985).



2 Ocxidative Stress and Hearing Loss 19

Damage to the marginal cells as well as disruption of cochlear microcirculation has
been attributed to increased levels of ROS in the stria vascularis (Shi and Nuttall
2003).

Modiolus

The spiral ganglion neurons, which transmit the auditory signals through the ves-
tibulocochlear nerve, are located in this region. Similar to hair cells, the cochlear
neuronal cells also express NOX3 (Banfi et al. 2004) and are vulnerable to oxidative
damage because of their limited capacity to repair. Furthermore, over stimulation of
the sensory cells can lead to increased release of the neurotransmitter glutamate
resulting in glutamate excitotoxicity (Pujol and Puel 1999), which is facilitated by
the increased calcium influx and consequent accumulation of ROS in the neuronal
cells, and neuronal damage. Oxidative damage to spiral ganglion neurons has been
indicated by increased levels of nitrotyrosine, a biomarker of oxidative damage to
proteins, and 4-hydroxy-2-nonenal (4-HNE), a biomarker of lipid peroxidation
(Jamesdaniel et al. 2012; Xiong et al. 2011).

4 Ocxidative Stress in Acquired Hearing Loss

The pivotal role of ROS and RNS in initiating ototoxic cascades that result in
acquired hearing loss is well documented. Hearing loss associated with aging, expo-
sure to noise, heavy metals, organic solvents, ototoxic drugs such as aminoglyco-
sides and cisplatin, and radiation have been attributed to oxidative stress induced
activation of cochlear cell death pathways (Warchol 2010; Poirrier et al. 2010; Huth
etal. 2011; Bottger and Schacht 2013; Wong and Ryan 2015). Although a multitude
of other agents/drugs can induce oxidative stress in the cochlea, the discussions in
this chapter are limited to some of the major risk factors of acquired hearing loss.

Environmental Exposures

Exposure to loud noise, both occupational and recreational, is one of the most com-
mon causes of acquired hearing loss as it causes permanent shift in hearing thresh-
olds due to irreversible damage to cochlear hair cells (Liberman and Dodds 1984).
Noise-induced oxidative damage has been detected not only in the hair cells but also
in the supporting cells, stria vascularis, and spiral ganglion neurons. Acoustic over-
stimulation increases the metabolic activity of hair cells (Henderson et al. 2006)
resulting in increased levels of Ca?* (Fridberger et al. 1998), which in turn can stim-
ulate mitochondrial ROS production (Peng and Jou 2010). Increased ROS leads to
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the generation of vasoactive lipid peroxidation products such as isoprostanes
(Ohinata et al. 2000) which can lead to a decrease in cochlear blood flow due to
increased vascular permeability and capillary vasoconstriction (Nuttall 1999). The
consequent ischemia and reperfusion can lead to further increase in the production
of ROS resulting in continued damage to the cochlear tissue even after the removal
of the ototoxic stimuli. Increased levels of ROS, such as O,~ (Yamane et al. 1995)
and OH~ (Ohlemiller et al. 1999), RNS, such as NO (Heinrich et al. 2008), and
biomarkers of oxidative stress, such as malondialdehyde (MDA), 4-HNE, and nitro-
tyrosine (Yamashita et al. 2004; Samson et al. 2008; Yuan et al. 2015) have been
detected in the cochlea after noise exposure. Moreover, increase in the activity of
NOX and inducible nitric oxide synthase (iNOS) enzymes in the cochlea (Vlajkovic
et al. 2013; Shi and Nuttall 2003) and changes in the endogenous antioxidant
machinery have been well documented after noise trauma (Ohlemiller et al. 1999;
Ramkumar et al. 2004; Samson et al. 2008). Accumulation of ROS can activate the
intrinsic caspase-mediated apoptotic pathway via JNK and p38 MAPK signaling
resulting in cochlear cell death (Yamashita et al. 2004; Jamesdaniel et al. 2011).

Long term exposure to heavy metals such as lead, cadmium, cobalt, arsenic, and
mercury has the potential to cause auditory dysfunction (Rybak 1992; Shargorodsky
et al. 2011; Roth and Salvi 2016). Environmental exposure to lead and cadmium,
which usually co-occur, can lead to the generation of ROS (Ercal et al. 2001; Vaziri
and Khan 2007; Muthusamy et al. 2016). Exposure to lead induces degeneration of
sensory receptor cells in the cochlea, disrupts the blood-cochlear labyrinth, and
affects auditory nerve conduction velocity (Jones et al. 2008; Lasky et al. 1995; Liu
et al. 2013; Yamamura et al. 1989). Exposure to cadmium induces an increase in the
generation of ROS in the cochlea resulting in apoptosis of hair cells and an increase
in hearing thresholds (Kim et al. 2008; Ozcaglar et al. 2001). Cobalt-induced oto-
toxicity is reported to be triggered by O, and targets the hair cells and spiral gan-
glion neurons (Li et al. 2015; Lee et al. 2016). Though exposure to arsenic has been
associated with hearing loss and damage to cochlear tissue (Bencko and Symon
1977; Anniko and Wersall 1975) the underlying mechanism is yet to be fully under-
stood. Exposure to methyl mercury causes auditory deficits, particularly in the
higher frequencies (Wassick and Yonovitz 1985) and suppresses potassium currents
of outer hair cells (Liang et al. 2003).

Occupational exposure to organic solvents such as toluene, styrene, xylene, and
ethyl benzene can significantly impair auditory perception (Morata et al. 1994;
Sliwinska-Kowalska et al. 2003). Styrene exposure has been reported to induce the
generation of O, in the organ of Corti, spiral ganglion neurons and stria vascularis
and increase the levels of 8-Isoprostane, a biomarker of lipid peroxidation, in the
stria vascularis and spiral ganglion neurons (Fetoni et al. 2016). Exposure to toluene
results in the loss of outer hair cells in both the mid and basal turn of the organ of
Corti, particularly, in the 2-8 kHz region (Sullivan et al. 1988). Many other organic
solvents also target the mid-frequency region of the cochlea (Cappaert et al. 2000;
Crofton et al. 1994).
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Therapeutic Drugs and Agents

Aminoglycosides, which are antibiotics used in the treatment of Gram negative
infections and tuberculosis, cause hearing loss. They enter the hair cells by permeat-
ing the mechanoelectrical transduction channels (Marcotti et al. 2005) or by apical
endocytosis (Hashino and Shero 1995) and cause ROS-mediated cellular damage
via multiple mechanisms. The non-enzymatic formation of an aminoglycoside-iron
complex can catalyze the oxidation of unsaturated fatty acids in the plasma mem-
brane (Priuska and Schacht 1995). Enzymatic reactions catalyzed by NOX and
NOS, which are activated by aminoglycosides, can lead to the generation of ROS
and RNS, respectively (Jiang et al. 2006; Hong et al. 2006). Disruption of calcium
homeostasis between the endoplasmic reticulum and mitochondria by aminoglyco-
sides induces ROS in the hair cells (Esterberg et al. 2014). Aminoglycosides can
also inhibit the activity of catalase (Hong et al. 2000) thereby facilitating the accu-
mulation of ROS (Hirose et al. 1997; Choung et al. 2009), which in turn can activate
downstream JNK-mediated cellular apoptosis (Wang et al. 2003). The loss of outer
hair cells, particularly from the basal region (Sha et al. 2001a, b) leads to progres-
sive loss of spiral ganglion neurons because of the lack of hair cell-derived neuro-
tropic support (Dodson and Mohuiddin 2000).

Ototoxicity is a dose limiting side effect of cisplatin, a highly effective and
widely used platinum-based anti-cancer drug. Among the cochlear cell death mech-
anisms reported in cisplatin ototoxicity (Dehne et al. 2001; Rybak et al. 2007;
Berndtsson et al. 2007; More et al. 2010; Jamesdaniel et al. 2012; Thomas et al.
2013; Kaur et al. 2016), oxidative stress is considered to play a causal role as it
activates the enzyme NOX3, and thereby increases the production of O, in the
inner ear (Banfi et al. 2004). Furthermore, inactivation of free radical scavenging
enzymes by direct binding of cisplatin with sulfhydryl groups in these enzymes and
depletion of copper and selenium that are required for these enzyme-mediated scav-
enging activities lead to increased ROS in the cochlea (DeWoskin and Riviere
1992). Higher levels of ROS eventually lead to apoptosis of outer hair cells in the
basal region, and cells of stria vascularis and spiral ganglion neurons (Clerici et al.
1995; Rybak et al. 2007). The ROS also activates the transient receptor potential
vanilloid 1 (TRPV1) resulting in apoptosis of outer hair cells and spiral ganglion
neurons (Mukherjea et al. 2008). In addition to these ROS-mediated oxidative dam-
ages, the activation of iNOS pathway and the generation of NO have been detected
in cisplatin ototoxicity (Li et al. 2006; Watanabe et al. 2002). This in turn can lead
to an increase in the nitration of cochlear proteins in the sensory epithelium
(Jamesdaniel et al. 2008). A strong correlation between cochlear protein nitration
and cisplatin-induced hearing loss was observed (Jamesdaniel et al. 2012). Recent
studies using a peroxynitrite decomposition catalyst (SRI110) indicated that inhibi-
tion of protein nitration prevented cisplatin-induced hearing loss (Jamesdaniel et al.
2016). Furthermore, a direct link between cisplatin-induced nitration as well as deg-
radation of LMO4, a transcriptional regulator, and ototoxicity was detected, which
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suggested RNS-mediated damage to the cochlea in cisplatin-induced hearing loss
(Jamesdaniel et al. 2012, 2016; Rathinam et al. 2015).

Radiotherapy, an important component of head and neck and brain tumor treat-
ment protocols, can also cause progressive hearing loss, particularly, when the inner
ear is within the radiation field (Pan et al. 2005). Free radicals are generated by the
interaction of radiation with water molecules, which lead to DNA damage (Sharma
et al. 2008). Radiation can also activate iNOS eventually contributing to the genera-
tion of ONOO~, which damages cell membranes and DNA (Azzam et al. 2012). The
vascular endothelial cells in the stria vascularis and the hair cells are highly suscep-
tible to radiation-induced damage (Kim and Shin 1994; Winther 1969), which ini-
tially causes high frequency hearing loss and gradually affects the lower frequencies
(Mujica-Mota et al. 2014).

Aging

Although age-related hearing loss is a complex multifactorial process, mitochon-
drial mutations and dysfunction associated with ROS appear to play a central role
in mediating the cochlear pathology (Seidman et al. 2004; Someya et al. 2009).
Oxidative damage accumulated over the years due to auditory insults from noise
and ototoxic agents/drugs, can contribute to the hearing deficits. Therefore, the
antioxidant defense mechanisms are critical for delaying age-related hearing loss.
This hypothesis is consistent with the findings, which indicated that over expres-
sion of antioxidant enzyme catalase had a protective effect (Someya et al. 2009) and
the lack of antioxidant enzyme superoxide dismutase enhanced age-related hearing
loss (McFadden et al. 1999). Moreover, the level of endogenous antioxidant gluta-
thione was decreased in the aging cochlea (Lautermann et al. 1995) and markers of
oxidative nitrative stress were detected in the organ of Corti and spiral ganglion
neurons (Jiang et al. 2007). Supplementation with antioxidants appears to retard the
cochlear damage and maintain better auditory sensitivity (Seidman 2000; Seidman
et al. 2002).

5 Interventional Approaches and Challenges

The key role of oxidative stress in acquired hearing loss implies that this pathway
could be targeted for therapeutic interventions. The underlying mechanism could be
exploited to identify the risk of hearing loss at an early stage, determine appropriate
interventional strategies to minimize the pathology, and even take preventive mea-
sures before exposure to the risk factors. However, the otoprotective interventions
targeting oxidative stress also has challenges as some of the ROS are key signaling
molecules that regulate important cellular processes. The following section dis-
cusses the opportunities and the challenges in this field.
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Biomarkers of Oxidative Stress

Although detection of oxidative stress biomarkers directly from cochlear tissue is
difficult in clinical settings, other body fluids, such as plasma and urine, are reliable
alternatives for assaying biomarkers of oxidative damage. The plasma levels of anti-
oxidants such as glutathione and alpha-tocopherol can indicate the susceptibility to
oxidative damage. The ratio of reduced to oxidized glutathione is considered to
better predict the oxidative injury (Pastore et al. 2001). Other clinically relevant
markers of oxidative stress include MDA, F2-isoprostane, 8-hydroxy deoxyguano-
sine, 3-nitrotyrosine, and protein carbonyls. MDA and F2-isoprostane, which are
biomarkers of lipid peroxidation (Feng et al. 2006; Montuschi et al. 2004), can be
assayed in both plasma and urine. 8-hydroxy deoxyguanosine, a DNA adduct
formed during oxidative damage to nuclear and mitochondrial DNA (Marnett 1999),
can be detected in urine. Oxidative stress induced post-translational modification of
proteins can be detected by assaying 3-nitrotyrosine (Ceriello 2002) and protein
carbonyls (Chevion et al. 2000) in plasma. In addition to these biomarkers, the
plasma levels of iNOS and glutamate could indicate the severity of the oxidative
damage (Chavko et al. 2008; Gopinath et al. 2000).

Otoprotection by Targeting Oxidative Stress

Direct scavenging of ROS/RNS molecules is among the commonly used approaches
for otoprotection. Thiol-containing compounds, such as N-acetyl-L-cysteine
(Tokgoz et al. 2011; Low et al. 2008; Feghali et al. 2001), sodium thiosulphate
(Doolittle et al. 2001; Wimmer et al. 2004), diethyldithiocarbamate (Rybak et al.
1995), and p-methionine (Korver et al. 2002; Campbell et al. 1996) are used as free
radical scavengers to prevent acquired hearing loss induced by oxidative stress.
Administration of these thiol-containing compounds facilitates an increase in the
synthesis of intracellular glutathione. Glutathione supplementation has been
reported to prevent cisplatin-induced ototoxicity (Lautermann et al. 1995). In addi-
tion to thiol compounds, many other antioxidant molecules are used to scavenge
ROS. Both in-vitro and in-vivo studies have demonstrated the otoprotective poten-
tial of compounds, such as vitamin E (Fetoni et al. 2004), salicylate (Sha and
Schacht 1999), and herbal antioxidants that contain polyphenol flavonoids (Seidman
2000; Schmitt et al. 2009; Tian et al. 2013). Small molecule compounds that target
RNS, such as SRI110, a manganese (III) bishydroxyphenyldipyrromethene-based
peroxynitrite decomposition catalyst, can scavenge ONOO™ and thus provide oto-
protection (Jamesdaniel et al. 2016). Chelation of redox-active transition metals like
iron is another approach to scavenge oxidants. Metal chelators, such as deferox-
amine, have been reported to mitigate drug- and noise-induced damage to the
cochlea (Song et al. 1998; Conlon et al. 1998).
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Interventional strategies that specifically target intracellular antioxidant/oxidant
enzymes have been highly effective in conferring otoprotection (Mukherjea et al.
2015). Both genetic and pharmacological approaches have been employed to
manipulate antioxidant enzymes that detoxify ROS. Overexpression of superoxide
dismutase and catalase by using adenoviral vectors prevented drug-induced ototox-
icity (Kawamoto et al. 2004). Administration of superoxide dismutase linked to
polyethylene glycol (Seidman et al. 1993), adenosine receptor agonists (Kaur et al.
2016), which promotes the activity of superoxide dismutase and glutathione peroxi-
dase, and ebselen (Kil et al. 2007), which appears to act through the glutathione
peroxidase like mechanism, have prevented noise- or drug-induced hearing loss.
Manipulation of oxidant enzymes, for example, silencing of NOX3 by using siRNA
(Rybak et al. 2012), inhibiting xanthine oxidase by using allopurinol (Seidman et al.
1993; Lynch et al. 2005), or inhibiting nitric oxide synthase by using L-N(omega)-
Nitroarginine methyl ester (Watanabe et al. 2000; Ohinata et al. 2003), attenuated
oxidative damage and associated hearing loss.

Small molecules that target downstream signaling pathways of ROS-mediated
cell death have been successfully employed to mitigate ototoxicity. Oxidative stress-
mediated damage to hair cells and neurons has been prevented by inhibition of JNK
in both noise- and drug-induced ototoxicity (Pirvola et al. 2000; Eshraghi et al.
2007). Inhibition of activators of JNK also protected hair cells from oxidative dam-
age (Bodmer et al. 2002; Battaglia et al. 2003). Moreover, inhibition of p38 MAPK
prevented noise-, drug-, and radiation-induced ototoxicity (Shin et al. 2014).

Potential Interference with Cell Signaling and Drug Activity

Although targeting oxidative stress appears to be an attractive strategy for amelio-
rating acquired hearing loss, there are some challenges. One of the major concerns
is the delivery of the antioxidants to the cochlea. Determination of appropriate dose
as well as an optimal route is critical because over exuberant or inappropriate use of
antioxidants can potentially interfere with ROS-mediated cellular signaling required
for certain physiological processes. Furthermore, co-treatment of antioxidants for
minimizing the ototoxic side effects of certain drugs may interfere with the activity
of the drug itself. Nevertheless, the progress made in the past few years are promis-
ing as recent studies indicate the availability of better delivery systems and orally
active compounds that could minimize oxidative stress-mediated ototoxicity with-
out compromising the activity of life-saving drugs. Overall, the significant advance-
ments in understanding cochlear oxidative stress are likely to lead to the discovery
of effective solutions for combating acquired hearing loss.
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Chapter 3

Corticotropin Releasing Factor Signaling
in the Mammalian Cochlea: An Integrative
Niche for Cochlear Homeostatic Balance
Against Noise
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Douglas E. Vetter and Kathleen T. Yee

Abstract Beyond hair cells, the cochlea is composed of many cell types, and most
of these cells do not directly participate in converting the acoustic signal into neural
responses sent onward to the brain. Many of these “support” cells exist in niches
that position them to monitor the state of the cochlea, and some are situated to signal
such information to systems outside the cochlea. Others occupy positions such that
they can invoke cellular responses limited to the cochlea without the need for “out-
side help”. Inflammatory responses that occur in the inner ear are perhaps one of the
best examples of this surveillance/reporting role served by the vast majority of cells
in the cochlea. Understanding a complex event such as inflammation will require
that we draw on many different aspects of biology. Here we will cover a wide range
of topics that are likely to be of significance for understanding cochlear inflamma-
tion. These include a cochlear-based CRF signaling system that mirrors the
hypothalamic-pituitary-adrenal axis, central Master clocks and peripheral clocks
resident in many tissues of the body, and the molecular biology of glucocorticoids
and glucocorticoid receptors. While seemingly disparate, as discussion of these top-
ics unfolds, it will become obvious that understanding these signaling systems will
be important in generating a model of cochlear inflammatory processes. Here, we
seek not to cover the well-worn ground of inflammation biology. Rather, we seek to
cover the signaling systems that may be involved in setting up the inflammatory
state, its modulation, and its final resolution.
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1 Introduction

Inflammation may be one of the most common cellular responses to occur in the
cochlea, as it has the potential to be invoked following numerous different chal-
lenges. With any type of challenge, whether from acoustic exposure to intense
sounds, viral or bacterial infection, or perhaps even simple day-to-day exposures in
individuals who have an enhanced metabolic response to an otherwise normal chal-
lenge, inflammation is almost surely the first response of the system. While inflam-
mation is required to resolve many challenges, inflammation is also a long-standing
suspect in many maladies, including “simple” aging. Yet, the response mounted by
the cochlea to first invoke an inflammatory response, and then to modulate and
finally terminate it is a relatively understudied subject. In this review, we will cover
many subjects that, perhaps initially, appear to be somewhat tangential or even unre-
lated to inflammation in the cochlea. The goal of this chapter is not to cover the
cellular/molecular process of inflammation and its consequences to hearing. Rather,
we will cover the basic biology upon which inflammation is initiated and ultimately
resolved, along with a relatively new signaling system resident in the cochlea that,
based on similar signaling in other regions of the body, likely participates in the
inflammatory processes that occur in the cochlea. It is hoped that a deeper under-
standing of this signaling cascade, (its basic biology and the systems it modulates)
will be useful for establishing a molecular theory of how the inflammatory process
occurs and is handled by the cochlea. This could also begin to reveal previously
unrecognized signaling cascades that could be leveraged as new targets for drugs
designed to combat hearing loss from a wide range of initiators.

The Evolution of Hypotheses Concerning Noise-Induced
Hearing Loss

Previously, most research on noise-induced hearing loss (NIHL) examined damage
following exposures producing permanent threshold shifts (PTS) and potential pro-
tective mechanisms against PTS. However, another form of hearing loss is charac-
terized by temporary threshold shifts (TTS) in which hearing sensitivity naturally
returns over a short period of time to pre-exposure thresholds. In a series of pub-
lished papers on the phenomenon of “silent hearing loss”, Kujawa and Liberman
(2006, 2009, 2015) have shown that while elevated thresholds do return following
TTS, suprathreshold function can be permanently compromised. While various
populations of afferent fibers under inner hair cells (IHCs) have been shown to be
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differentially susceptible to TTS-inducing stimuli, it is not known what mechanisms
are responsible for: (1) promoting the initial fiber loss; (2) allowing one population
of afferent fibers (those with low threshold activation properties) to survive; and (3)
most importantly, the mechanisms that limit TTS from continuing to develop into
more significant, permanent loss. Less analyzed is the fact that not all TTS is the
same. The same noise exposures occurring during the day that produce classic TTS
instead produce greater hearing loss, much of it permanent, when delivered at night
(Meltser et al. 2014; Basinou et al. 2017). Additionally, animal studies have clearly
shown that pre-conditioning the auditory system to either sub-traumatic sounds
(Tahera et al. 2007), or systemic stressors such as restraint (Wang and Liberman
2002) produces a protective effect against NIHL. Most individuals experience
sound exposures more akin to intensities producing TTS much more often than
those producing true PTS. These data begin to suggest that an underlying mecha-
nism may exist that alters the degree of susceptibility to NIHL based on exposure
levels, time of day, previous exposure history, and stress-response systems. Almost
27% of the US workforce works at night (Hamermesh and Stancanelli 2015). Data
from the animal studies suggest that night and shift workers may be at risk for hear-
ing loss beyond that encountered by their daytime co-workers. These findings may
indicate circadian issues as a significant factor that needs to be assessed for hearing
conservation methods going forward.

Current models of both cochlear protection against NIHL and mechanisms
underlying preservation of afferent fibers following acoustic trauma do not
explain the molecular basis of TTS-associated damage. Aspects of cellular meta-
bolic insult and associated immune system signaling that individually or com-
bined can be detrimental to hearing are very likely to be correlated, if not
causative, to the observations described above. A physiologic tone (a balance of
baseline activities) must exist between signaling systems critical for normal
hearing (e.g. hair cell glutamatergic neurotransmission) and surveillance for and
action upon metabolic insult (pro- and anti-inflammatory responses). An imbal-
ance in this tone will lead to degradation of hearing. Examining the signaling
systems that could be positioned to hold in check the TTS-like response may be
an excellent way to further explore the mechanisms of cochlear tone and
NIHL. The cochlear corticotropin releasing factor/hormone (CRF) signaling
(Graham et al. 2011; Basappa et al. 2012) could be such a system. We have
shown that a CRF signaling system exists in the mammalian cochlea that mirrors
hypothalamic-pituitary-adrenal (HPA) axis signaling, and that it is critical for
setting hearing thresholds and susceptibility to NIHL. Others have shown that
abnormal CRF signaling is also involved in inflammation (Webster et al. 1998)
and associated diseases, such as psoriasis (Tagen et al. 2007) and irritable bowel
syndrome (Nozu and Okumura 2015), both diseases with an inflammatory com-
ponent. These topics will be covered in other sections of this chapter. But first,
what are the issues related to noise-induced damage that can lead to hearing loss?
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2 Bounds Related to Current Perspectives of Noise-Induced
Damage and Functional Loss: Cellular Elements
of Cochlea

Most research targeting NIHL via animal experimentation focuses on hair cells,
afferent synaptic contacts between IHCs and Type I spiral ganglion neurons, and/or
the olivocochlear system. Additionally, the result of noise-induced damage, and
thus the interpretation of whether protection has occurred following an experimen-
tal manipulation has, until very recently, focused mainly on hair cell loss, and that
usually being limited to OHC loss. With the discovery of hidden hearing loss, new
life has been breathed into the study of temporary threshold shifts and the associated
dysfunctional state of afferent fibers and loss of specific populations of afferent
synapses. These will be considered in the next sections.

Temporary Threshold Shifts (TTS) and Associated Cellular
Elements at Risk for Damage

Exposure to moderate intensity sounds (typically 98-100 dB SPL, 2 h duration)
produce a classically defined TTS, in which thresholds rise immediately by
2040 dB following exposure, but over the course of 1-2 weeks, return to baseline
(Liberman and Liberman 2015). Thus, TTS has historically been viewed as a rela-
tively short-lived and fully reversible loss of hearing sensitivity without structural
(i.e. hair cell or ganglion cell) loss. However, data now indicate that TTS can
be accompanied by permanent cochlear injury, including supra-threshold response
deficits (functional) and afferent synapse loss (structural) (Kujawa and Liberman
2006, 2009; Lin et al. 2011; Liberman and Liberman 2015). Precisely which signal-
ing mechanisms ultimately produce threshold degradation and/or promote threshold
recovery following TTS-inducing regimens are unclear, but almost certainly involve
components operating in a multi-factorial or multi-modal manner. The role of low
intensity inflammatory processes has never been investigated with respect to these
outcomes. Whether anti-inflammatory treatments could modify the progression of
TTS effects is unknown, but as will be covered in other sections, an effect could be
expected.

Afferent fibers under inner hair cells (IHCs) can generally be divided into three
spontaneous rate populations that also differ in ultrastructure and threshold. Low
spontaneous rate fibers (in cat, ~15% of the population of fibers) typically demon-
strate <0.5 spikes/second (sp/s) and high thresholds (LSR-HT fibers), while high
spontaneous rate fibers (~60% of the population of fibers) maintain >18 sp/s (and
can be as high as 120 sp/s), and exhibit low thresholds (HSR-LT fibers). An inter-
mediate population (25-35% of the fiber population) exhibits spontaneous rates
between 0.5 and 18 sp/s. Structural differences exist between the HSR-LT fibers and
LSR-HT fibers. LSR-HT fibers are thin, mitochondrion poor (perhaps making them
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more prone to metabolic insult), and preferentially synapse on the modiolar side of
the IHC, while the HSR-LT fibers are thicker, rich in mitochondria, and preferen-
tially synapse with the IHCs on the pillar face (Francis et al. 2004; Taberner and
Liberman 2005). These populations also differ in their susceptibility to damage. The
LSR-HT fibers are prone to both age (Schmiedt and Schulte 1992) and noise-
induced degeneration (Liberman and Liberman 2015), and are (together with the
intermediate spontaneous rate population of afferent fibers) also the population of
fibers lost following exposure to TTS-inducing noise (Furman et al. 2013). The
mechanisms leading to the loss of these fibers, and conversely, salvaging of the
HSR-LT fibers (these are the fibers that are initially dysfunctional in TTS, thereby
producing the threshold elevations observed immediately after exposures) remains
unclear beyond the simple observation that HSR-LT fibers contain greater numbers
of mitochondria that may impart resistance to oxidative stress. Using CRFR1 null
mice, we observed an increase in baseline ABR thresholds, and a loss of pillar-side
afferent fibers on IHCs—the precise location of HSR-LT fibers (Graham and Vetter
2011). Could CRF signaling within the cochlea be responsible for their survival,
and if so, what mechanism may be controlled by CRF signaling to produce these
effects?

Previously Described Protective Mechanisms Against NTHL

Currently, two primary extra-cochlear signaling mechanisms serve as models of
protection against NIHL:

1. The Olivocochlear System—The prevalent theory of cochlear protection against
noise-induced damage is that olivocochlear (OC) system activation is protective
against NIHL (Rajan 1988a, b; Rajan and Johnstone 1988). This model has not
changed substantially over the past several decades. While evidence exists that
OC stimulation can provide some protection against NIHL under specific condi-
tions, long standing concerns continue to exist regarding the extent of the protec-
tive nature of the OC system, and serve to highlight some of this concept’s
potential shortcomings (Kirk and Smith 2003; Maison et al. 2013). Additionally,
not all potentially damaging sounds appear to efficiently activate the OC system.
For example, discrepancies over the intensity levels normally encountered in the
environment versus those required for OC-based protection in the lab (typically
greater than 100 dB) suggest that the OC system may not protect against most
noise exposures outside of the laboratory setting (Kirk and Smith 2003). Slow
effects from the medial OC (MOC) system normally assumed to underlie protec-
tion (Liberman and Gao 1995) are maximal only at high frequencies (Sridhar
et al. 1995), and require non-physiologically intense long duration OC stimula-
tion for its generation (Sridhar et al. 1995). Unilateral surgically de-efferented
ears show no difference in threshold shifts compared to non-lesioned ears fol-
lowing moderately intense noise exposure, suggesting that the outcome is no



36

D. E. Vetter and K. T. Yee

different in the absence or presence of the “protective” MOC (Liberman and Gao
1995; Zheng et al. 1997). Studies employing electrical or acoustic stimulation of
the OC bundle often fail to provide evidence of significant protection against
acoustic injury (Liberman 1991). While, in one report (Maison et al. 2013),
experimental evidence has been presented that the OC system does function to
protect against moderate sound-induced damage, the experimental design
involves a relatively non-physiologic stimulus paradigm (1 week continuous
noise exposures) that limits interpretation of the results. Further, a recent clinical
report found no significant correlation between measures of efferent suppression
of distortion product otoacoustic emissions (DPOAES), indicative of OC system
activation, and protection against TTS (Hannah et al. 2014). These and other
reports spanning almost three decades of research underscore the lingering con-
cerns regarding the relative efficacy and primacy of the protective nature of the
OC system.

The Hypothalamic-Pituitary-Adrenal (HPA) Axis—Another model for protec-
tion against NIHL involves stress activated HPA axis signaling (Wang and
Liberman 2002; Tahera et al. 2006a, 2007; Mazurek et al. 2010; Meltser and
Canlon 2011), but evidence supporting this idea remains controversial and
incomplete. First, exposure to noise levels typically producing TTS may not be
sufficiently stressful to trigger activation of the HPA axis (Burow et al. 2005).
Second, the time course of systemic responses is of concern. HPA axis activation
induces release of adrenocorticotropin hormone (ACTH) into the bloodstream,
but plasma ACTH levels do not peak until 2-30 min (Rivier et al. 2003) follow-
ing HPA axis activation, and levels of plasma corticosterone (CORT), the effec-
tor molecule of HPA axis activity, peak 10-30 min after ACTH (De Souza and
Van Loon 1982). Because it has been shown that synapse loss following TTS
induction is observed immediately following the 2 h noise exposure (Liberman
and Liberman 2015), this argues against a primary role as an early response
protective system. Further, publications have linked HPA axis activity to the pro-
tective effects of pre-conditioning associated with exposures to moderate-inten-
sity noise. However, in animals with unilateral reversible auditory meatus
occlusion, pre-conditioning protection occurs only in the exposed ear (Yamasoba
et al. 1999). Activation of the systemic HPA axis shoud have protected both
ears. Additionally, pre-conditioning protection is lost when the pre-conditioning
and subsequent traumatizing stimuli are separated by more than 3-octaves
(Franklin et al. 1991; Miyakita et al. 1992; Subramaniam et al. 1992). These
results argue against HPA axis activation as a primary source of protection
against NIHL, but begin to hint at local (cochlear) signaling protecting against
NIHL and/or a temporal “hand-off” between local immediate responses and
delayed systemic responses. Finally, the only studies (to our knowledge) that
sought to link HPA axis activity to protection against TTS-associated patholo-
gies employed systemic drug delivery of RU486, a glucocorticoid receptor
antagonist, and/or metyrapone, a glucocorticoid synthesis inhibitor (Tahera et al.
2006b). Data obtained from those studies, however, do not take into account that
these drugs would also block the very same signaling system (cochlear HPA-like
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signaling, see more in section below) now known to exist in the cochlea, con-
founding the results and making it impossible to assign relevance to the HPA
axis as a protective system using this experimental design. A re-evaluation of
systemic HPA axis and NIHL should be pursued in light of our findings of an
HPA-like signaling system in the cochlea, described next.

3 Elements of Corticotropin Releasing Factor (Hormone)
Signaling Systems, and Their Expression
in the Mammalian Inner Ear

Broadly speaking, there are two corticotropin releasing factor receptors (CRFRs),
CRFR1 and CRFR2. We have demonstrated expression of CRF (Fig. 3.1) and both
CREF receptors in the cochlea, in the cochlea (Fig. 3.2) (Vetter et al. 2002; Graham
et al. 2010; Graham and Vetter 2011). CRF receptors are members of the secretin-
like G-protein coupled receptor (GPCR) family, also known as clan B GPCRs. Clan
B receptors are distinguished by their relatively large N-termini of approximately
120 amino acids that include several cysteine residues that produce disulfide bridges.
This region is important for binding ligands. Immediate downstream signaling of
CREF receptors occurs via coupling with either G, thereby activating the adenylate
cyclase pathway, and/or G,, activating the phospholipase C/diacylglycerol path-
ways. Potential splice variants are numerous for CRFRs, with 12 verified and pre-
dicted splice variants for CRFR1, and 10 splice variants predicted or verified for
CRFR2 (Slominski et al. 2013). In addition to the variants of the CRFRs, there are
multiple structurally related peptides in addition to CRF itself that can bind the CRF
receptors. Four CRF-like peptides are currently known to exist that are functional at
the CRFRs: CRF, urocortin (Ucn), stresscopin (also known as urocortin III) and
stresscopin-related peptide (also known as urocortin II). While CRF has a high
affinity for CRFRI, its affinity is relatively low for CRFR2. Stresscopin and
stresscopin-related peptide are active only at CRFR2, and exhibit no affinity for
CRFRI1. This is to be predicted, because both stresscopin and stresscopin-related
peptide have low homology with CRF and urocortin. Urocortin (sometimes also
termed Ucnl) has affinity for both CRFR1 and CRFR2, although its affinity for
CRFR?2 is more than 100 times greater for CRFR2 compared to CRFR1.

CREF is well recognized as the peptide released by the hypothalamus to initiate
pro-opiomelanocortin (POMC) cleavage, producing among other products, ACTH
that is then released into the blood stream as a true hormone. But CRF is also
expressed in the brain, and is in numerous peripheral tissues. This includes expres-
sion in skin, retinal pigment epithelium, adrenal medulla, testes and ovaries, heart
and blood vessels, the GI tract, pancreas, lungs, endometrium and placenta. A full
accounting of this “peripheral” CRF expression is beyond the scope of this review,
but information can be found in numerous reviews on the subject (Boorse and
Denver 2006). However, of particular interest with respect to the topic of
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Fig. 3.1 CRFRI expression overlaps and juxtaposes sites of CRF expression suggesting paracrine
and juxtacrine signaling. (a) Immunofluorescent detection of GFP (green) driven by the CRFR1
promoter demonstrates expression in the inner sulcus (IS) and support cells lateral to the organ of
Corti (OC). Double label with CRF (red) reveals regions of overlapping expression (inner sulcus
and lateral support cells) suggesting the possibility of paracrine/autocrine signaling. Intense immu-
noreactivity is also observed in the organ of Corti (boxed), shown at higher magnification in (b).
(b) At higher magnification, intense CRF;-GFP immunofluorescence is observed in the Deiter’s
cells and in the border cell (BC). Overlay with CRF reveals that these CRFR1-positive cells juxta-
pose cells expressing CRF, including the inner hair cell (IHC) and outer hair cells (OHCs, arrows).
SGN spiral ganglion neurons, SpLim spiral limbus, OS outer sulcus, SpLig spiral ligament, RM
Reissner’s membrane, 7oC tunnel of Corti. Scale bars: (a) 60 pm; (b) 10 pm
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Fig. 3.2 Non-radioactive
in situ hybridization
(Digoxigenin-based) with a
pan-CRFR probe reveals
extensive CRFR1/R2
expression in cellular
populations along the
basilar membrane, as well
as in regions of the lateral
wall. In the latter, there is
heavy expression in
regions known to harbor
Type 1 and Type 2
fibrocytes. Boxed region in
top panel indicates region
of high mag visualization
in bottom panel
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inflammation is that CRF and CRFRs are expressed by most immune cells, includ-
ing lymphocytes, mast cells, and macrophages (Dermitzaki et al. 2018). This will be
discussed further, below.

A Novel Theory of Local Cochlear Signaling Systems Protective
Against Cellular Damage and Associated NIHL

We would argue, based on results from our lab and the longstanding controversies
over current models of cochlear protection, that a paradigm shift away from current
theory is required to advance our understanding of cochlear protective systems. In
our ongoing efforts to identify the underlying cellular signaling involved in protec-
tion against functional and structural damage typically resulting in NIHL, we have
described the expression of proteins in the mouse cochlea that collectively represent
a corticotropin releasing factor (CRF)-based signaling system. This system includes
local expression of all the major stress-response signaling molecules (POMC,
ACTH, CRFR1 and CRFR2) commonly associated with HPA axis-mediated signal-
ing (Fig. 3.3) (Graham et al. 2011; Graham and Vetter 2011). Many cells within the
organ of Corti express CRF, the ligand for the CRF receptors. Unlike the hierarchi-
cal arrangement of information flow along the systemic HPA axis, however, the
cochlear system is arranged in a manner more conducive to paracrine signaling. In
this model, activation of these receptors initiates an HPA-like cochlear stress axis
response. One may envision a spreading involvement of cells releasing CRF that
expands with increasing intensity of sound and consequent organ of Corti displace-
ment. Thus, the summed magnitude of CRF release offers functional feature selec-
tivity in the model, and may encode the magnitude of local cellular stress correlated
with sound exposures. Two possible mechanisms of homeostatic maintenance in the
face of sound over-exposure follow from the expression pattern of the receptors.
First, shearing forces that occur during exposures to moderate sound intensities may
activate CRF signaling to either induce a pre-conditioning protective effect, or when
faced with moderately intense sounds, protect against, or limit, significant structural
and excitotoxicity damage characteristic of TTS. Second, with increasing sound
exposures, CRF signaling in lateral support cells (as one example) may modulate
ion recycling/homeostasis, thereby maintaining proper ionic balance and protecting
hair cells against damage or death. Since this “cochlear stress axis” is completely
contained within the cochlea, no delays would be incurred between acoustic over-
exposure and activation of protective mechanisms, in contrast to the current models
of cochlear protection based on extra-cochlear feedback-based mechanisms.
Importantly, we have shown that global ablation of CRFR1 (thus leaving only
CRFR?2 as the signalling system for CRF release) results in significant elevation of
auditory thresholds even when supplemental corticosterone is provided (Graham
and Vetter 2011), while ablation of CRFR2 (thus leaving only CRFR1 as the signal
system for CRF release) results not only in significantly greater hearing sensitivity,
but also a greater degree of hearing loss following exposure to loud (100 dB) sound,
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Fig. 3.3 Expression of CRF signaling and HPA-related molecules in organ of Corti. Hair cells
express CRF, but not CRF receptors. CRF receptors are expressed widely throughout the cochlear
support cell populations. Unlike the hierarchical arrangement of the systemic HPA axis pathway
illustrated on the right, the cochlear HPA-equivalent system is assembled to allow paracrine signal-
ing between local cell populations. Ultimate signal output of the systemic HPA axis is release of
steroid hormones from the adrenal glands following ACTH stimulation of the MC2R receptor. In
the cochlea, MC2R is expressed exclusively by support cell populations flanking the organ of
Corti. IS inner sulcus, BdC Border cell, /HC inner hair cell, /PC inner phalangeal cell, OPC outer
phalangeal cell, OHC outer hair cell, DC Deiter’s cell, TC tectal cell, LTC lower tectal cell, HC
Hensen’s cell, CC Claudius cells, BoC Boetcher’s cells

and even low/moderate intensity (50 dB) noise not usually injurious to wild type
mice (Graham et al. 2010). Our data indicate that this occurs at least partly by
abnormally high GIuR expression in cochleae of CRFR2 null mice and loss of nor-
mal Akt signaling, known to function as a protective signaling cascade against glu-
tamate excitotoxicity in the hippocampus (Kim et al. 2002). These data highlight the
need to balance CRFR1 and CRFR2 activity within the cochlea.

Finally, we have recently provided preliminary evidence that activation of the
cochlear HPA-equivalent system triggers the local release of steroid hormones
(Vetter and Yee, ARO abstract 370, 2017). These data suggest a significant protec-
tive role against hearing loss for local CRF-induced steroid signaling originating
within the cochlea. Despite data highlighting shortcomings of previous cochlear
protection models, it is critical to recognize that extant data also suggest that each
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of the current major models described above could explain cochlear protection
under certain circumstances. It is possible, perhaps even likely, that a continuum
exists in the cochlea’s response to sound that includes aspects of the major models
previously proposed, plus cochlear stress axis signaling. We envision that in
this hybrid model, there is an initial immediate local activation of the cochlear stress
axis by moderate intensity sounds, extending to involvement of the systemic HPA
axis with higher intensity exposures, and finally including the classic OC system
effects under the most intense sound exposures when modulation of basilar mem-
brane mechanics is required to minimize damage. This model predicts cross talk
and synergistic activity between protective signaling systems.

4 Inflammatory/Immune Responses in the Cochlea Are
Driven by Acoustic Over-Exposure

The cochlea has two major responses to acoustic over-exposure. The first is the
well-recognized physical response to sounds that, at a minimum, can result in loss
of synapses and afferent fibers under the IHCs (known as silent hearing loss follow-
ing TTS), and in the extreme, results in rupture of the reticular lamina, destruction
of OHCs, etc. The second major response is an immune response that can lead to
metabolic damage (lipid peroxidation, as one example) if allowed to proceed
unchecked. The immune response primarily involves migration of immune system
cells into the cochlea, along with biochemical responses of the fibrocyte populations
and stria cells that results in production and release of pro-inflammatory cytokines
(Fujioka et al. 2006). Marrow-derived cells carrying molecular markers for macro-
phages invade the cochlea after acoustic trauma (Hirose et al. 2005; Tornabene et al.
2006). In addition, it has been shown that the vast majority of genes up-regulated
following acoustic trauma are involved in immune defense functions (Yang et al.
2016).

Most models of systems involved in protection against NIHL typically suggest a
mechanism by which protection occurs following activation of the system under
study. In the case of olivocochlear protection, it is clear that a mechanical effect on
basilar membrane motion ensues following olivocochlear activity, and that resultant
dampening of mechanical shearing forces produces some degree of protection.
Damage associated with metabolic insult includes an up-regulation of molecular
stressors such as oxidative damage via free radicals, excitotoxicity related to exu-
berant glutamatergic neurotransmission, and inflammation. Models of protection
against metabolic insult then describe mechanisms that involve alterations of meta-
bolic states, scavenging free radicals, etc. If the cochlear CRF signaling system is
involved in protection against damage following noise exposure, we must uncover
unique mechanisms by which it could produce protection. One often overlooked
pathway to damage involves an interaction between the immune system, pro- and
anti-inflammation pathways, the cells of the cochlea, and signaling systems that
initiate and terminate these molecular/cellular responses.
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In general, protection against metabolic damage, assumed to be the product of
inflammatory responses, has invoked HPA axis activity. Given that the end-product of
HPA axis activation is, among other things, the release of steroid hormones such as
corticosterone (cortisol in humans), the logical assumption has been that the HPA axis
is important for limiting inflammation in the inner ear. Certainly, much evidence exists
that corticosterone dampens inflammation throughout the body, in addition to numer-
ous other actions (gluconeogenesis, as an example). But absent from the coverage of
this topic up to now has been a cogent discussion of what the induction mechanism is
that sets into action the inflammation reaction presumed to follow an acoustic chal-
lenge. The inflammatory response includes an up-regulation of pro-inflammatory
mediators that include altered signaling via cytokines and chemokines. Thus, while
cytokines must enter into such an equation, what is the initiation signal for cytokine
release that then leads to the full inflammatory response?

CRF Signaling Is Involved with the Inflammatory Process

Inflammation is a well-defined process that occurs in the inner ear. As described
above, acoustic trauma induces both immune cell migration into the cochlea (Hirose
et al. 2005), and local inflammatory and immune signaling (Fujioka et al. 2014); the
majority of genes up-regulated following acoustic trauma serve an immune defense
function (Yang et al. 2016); and many immune system-related genes associated with
Toll-like receptor activity are expressed in the cochlea, predominantly in the sup-
porting cell population (Cai et al. 2014). Yet, relatively little is understood concern-
ing protection against metabolic (immune-related) damage, and what is known is
most often couched in responses following high—intensity exposure, not responses
to moderate sound intensity associated damage. Given that CRF signaling occurs in
the inner ear, a dichotomy therefore exists between a local CRF signaling system
expressed in the cochlea and a systemic HPA axis. Both seem to function similarly,
and therefore one is left with trying to unravel the advantage of having two systems
that could flood the inner ear with steroid hormones to battle metabolic disruption.
However, distilling CRF signaling down to a simple mechanism useful only in
release of steroid hormones is ignoring a complex and burgeoning field of cell:cell
signaling involving CRF.

CREF signaling is intimately involved in immune signaling. It is expressed in
immune system organs such as the thymus and spleen, while also being expressed
by various immune cells, including lymphocytes and monocytes (Karalis et al.
1997). Paradoxically, CRF is both a pro-inflammatory and an anti-inflammatory
molecule. This apparent contradiction can be resolved by recognizing that differen-
tial expression patterns of CRF can explain varied modes of action. Local (periph-
eral) CRF plays a direct role as an autocrine/paracrine pro-inflammatory cytokine
(e.g. Karalis et al. (1991)), while systemic CRF (via its actions on the HPA axis) act
indirectly as an anti-inflammatory molecule, via its well-known stimulatory role in
glucocorticoid (corticosterone/cortisol) release.
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5 Local (Cochlear) CRF Signaling Versus Systemic HPA
Axis: A Tale of Timing, Balance of Mechanistic Actions,
and Direct Versus Indirect Signaling

CRF signaling acts at two different levels. One is via its actions at the systemic
level, and this occurs in an indirect manner via its actions on steroid hormone release
from the adrenal glands. While this is certainly important for body-wide integration
of a stress response, one may argue that the mechanism by which CRF functions, in
a local (direct) manner, is equally important, but less well studied compared to the
systemic (indirect) responses of CRF. Direct CRF signaling occurs without interme-
diaries, and involves neurons, immune cells, and cells within the cochlea, as a few
examples.

The Indirect CRF Signaling System

CRF signaling is perhaps most well-known for its role in orchestrating anti-
inflammatory signaling. This is produced, indirectly, by suppression of a large num-
ber of cytokines (Kunicka et al. 1993) due to the actions of the glucocorticoids
released by the adrenal glands in response to CRF signals. Because factors that initi-
ate CRF signaling between the hypothalamus and the pituitary is commonly consid-
ered to be any manner of “stress”, CRF signaling is typically considered to be an
arm of classic paracrine/endocrine signaling mediating responses emanating from
the intersection of neuronal encoding of stress (cellular and systemic) and immune
system function.

The Direct CRF Signaling System, and Its Potential Role
in Cochlear Function and Protection from Noise-Induced
Damage

Our previously published work has shown significant expression of CRFR1 in the
lateral wall and support cells of the cochlea (Vetter et al. 2002). The lateral wall
accumulates increased numbers of various immune cells following noise exposure,
as described above. We have continued to explore the expression dynamics of CRF
in the cochlea, and our preliminary data demonstrate that not only is CRF present in
regions that respond to acoustic trauma with an immune response, but that there is
a significant up-regulation of CRF expression in these areas in response to noise
exposure (manuscript in preparation).
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The significance of CRF and CRFRs in these regions of the cochlea can seem
perplexing if one considers CRF signaling simply as the initiator of a cascade of
events that ultimately end in steroid hormone release, i.e. only working as described
for the systemic, indirect mechanism. Following this argument, CRF signaling
should ultimately result in anti-inflammatory cascades. Assuming only this mecha-
nism of action, one is left with an impression of redundancy for cochlear CRF sig-
naling; that peripheral CRF signaling in, for example the cochlea, will act identically
to the systemic activities induced by hypothalamic CRF signaling to the pituitary.
But it has been known for decades that numerous immune system cells such as
lymphocytes and macrophages express CRFRs and release POMC cleavage
products such as ACTH and beta-endorphin (Kavelaars et al. 1989, 1990). This sup-
ports the idea that CRF signaling can directly modulate immune responses to chal-
lenges (Webster et al. 1997a, b). By considering that CRF signaling effects are not
limited to classic adrenal responses that simply produce and release steroid hor-
mones, CRF signaling can be modeled as a fast, direct pro-inflammatory signal,
effectively acting as an autocrine or paracrine inflammatory cytokine, that only
later, following systemic HPA axis activity, and local glucocorticoid release, reverts
to an anti-inflammatory response. Although on the surface of the argument, this is
apparently complex, this combined pro- and anti-inflammatory role should not be
unexpected. The immune response is a balance between the need to immediately
address a problem (cellular damage, invading pathogen, etc.), followed by shutting
down the initial response as part of a final resolution step. Without resolution, the
initial response of inflammation, which includes recruitment of numerous cellular
debris scavengers, as well as signaling systems that are potent inducers of cell death,
can begin to damage the surrounding normal tissue. This “chronic inflammatory
state” can lead to disease states that in other tissues/organs include such pathologies
as chronic pain and tissue destruction that could even lead to autoimmune events.
Examples of disease states with a suggested etiology of chronic inflammation
include rheumatoid arthritis (Crofford et al. 1992), colitis (La et al. 2008), and pso-
riasis (Reich 2012; Rivas Bejarano and Valdecantos 2013). As the panoply of
molecular signals modulated by noise increasingly begins to highlight CRF-
mediated cochlear responses, a novel set of potential therapeutics that hold the
promise of treatment for such issues as idiopathic or noise-related hearing loss
begins to emerge. These therapeutics include CRFR antagonists. Experiments
designed to investigate the utility of such drugs have included investigations of
CRFR antagonists as anti-inflammatory drugs for the GI tract (Wlk et al. 2002).
However, more work needs to be done examining the role of CRF signaling and the
potential for using CRFR antagonists in a therapeutic manner. Various studies have
shown both a protective effect of CRF against neurodegenerative states (Pedersen
et al. 2001; Hanstein et al. 2008), and protection from ensuing neurodegeneration
(Carroll et al. 2011), and a limitation of infarct size following, traumatic brain injury
(Roe et al. 1998) with use of CRFR antagonists.
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6 Of Glucocorticoids, Clocks, Entrainment, and a Potential
Interaction Between Systemic and Peripheral CRF
Signaling Systems Important for Inflammatory Responses
in the Cochlea

What has been missing in research into mechanisms underlying cochlear protection
from noise-induced damage, and responses to viral and bacterial infection, etc., is a
hypothesis-driven approach that views the cochlea as an organ first and foremost,
despite its specialized activity, and as such, is subject to interactions with the wider
biology of the body. Viewing the cochlea first as an organ also helps to bring into
focus the potential role(s) of the supporting cells, and allows one to move away
from a “neuro/hair cell only” approach to understanding hearing loss and protective
systems. The idea that an insult can elicit a body-wide response that can impact the
cochlea has more often been undervalued, misinterpreted as a trauma affecting the
cochlea alone (divorced from systemic responses), or even ignored. In the same
way, it must be recognized that while generalized (non-auditory) trauma can affect
the cochlea, basal systemic physiology can also underlie normal cochlear process-
ing and the ability of the cochlea to respond to more directed (auditory) challenges.
In this section, we will begin describing examples of these phenomena as they may
pertain to inflammatory responses of the cochlea.

Glucocorticoid Function

One is hard pressed to find a cell that does not respond to glucocorticoids. While the
actions of glucocorticoids are diverse, the most well studied effects of glucocorti-
coids are on carbohydrate metabolism and immune system function. With respect to
carbohydrate metabolism, glucocorticoids maintain normal concentrations of blood
glucose. This is accomplished by the most well-known mechanisms of action of
glucocorticoids: stimulation of gluconeogenesis in the liver, mobilizing amino acids
from tissues other than the liver for use as substrates for gluconeogenesis, and the
breakdown of fat from adipose tissue to be used as secondary energy sources, while
the glycerol can also be used as substrate for gluconeogenesis. With respect to
immune system function, glucocorticoids have effects on both the innate and adap-
tive immune systems. With respect to the innate immune system, glucocorticoids
decrease the complete blood count of eosinophils, monocytes, and lymphocytes,
while raising the total count of neutrophils. At a cellular level, leukocytes have a
reduced ability to adhere to the vascular endothelium (resulting from a loss of adhe-
sion molecule expression by the leukocytes and endothelial cells), thus preventing
diapedesis (and hence, the rise in neutrophilia). This directly impairs the initial
inflammatory response at the site of injury. Monocytes and macrophages exhibit a
diminished production of cytokines. Lymphocytes, especially T-cells, are redistrib-
uted to the spleen, lymph nodes, and bone marrow, keeping them out of the
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circulation. Mast cell degranulation is inhibited by glucocorticoids, while inhibition
of cytokine production in Mast cells occurs via transcriptional repression of these
genes. Concerning the adaptive immune system, glucocorticoids induce a reduction
in circulating dendritic cells via apoptotic mechanisms on dendritic cells, and on
their precursor cells. Finally, glucocorticoids can also (at high doses) significantly
deplete T-cells via numerous mechanisms that include impaired release from lym-
phoid tissue, induction of apoptosis, and loss of interleukin-2, which is a major
growth factor for T-cells, and associated downstream IL-2 signaling. Expanded cov-
erage of these subjects can be found in numerous reviews (Barnes 2010; Coutinho
and Chapman 2011).

We have presented preliminary data showing that the cochlea produces and
releases its own glucocorticoids and mineralocorticoids (specifically, corticosterone
and aldosterone; Vetter and Yee, ARO abstract 377, 2017, manuscript in prepara-
tion). Because the data have yet to be peer reviewed, it is inappropriate to comment
extensively on that data, but assuming for the sake of argument that the cochlea
proves to be an extra-adrenal steroidogenic tissue (joining the retina, skin, GI tract,
and other tissues in this category), one must ask the question “What advantage
would the cochlea enjoy by fully recapitulating the systemic HPA axis?” We
endeavor to answer this question below.

Glucocorticoid Receptors

Twenty-eight years ago, the first (Rarey and Luttge 1989) of a series of studies (ten
Cate et al. 1992, 1993; Rarey et al. 1993) was published demonstrating the expres-
sion of glucocorticoid receptors in the mammalian inner ear. This group went on to
show that acoustic stress (Rarey et al. 1995) and then generalized stress (induced via
restraint) (Curtis and Rarey 1995) alters the level of glucocorticoid receptor expres-
sion in the cochlea, and that this in turn also alters de novo protein synthesis occur-
ring in the inner ear (Yao et al. 1995). Since plasma levels of corticosterone also
increase during stress events, one naturally assumed that the source of glucocorti-
coids impacting the cochlea was derived as adrenal output. Complexity of the story
of glucocorticoid receptors increases, however, when regulation of the glucocorti-
coid receptor is taken into account.

Responses to glucocorticoids are determined by the expression level of the glu-
cocorticoid receptor, and its ability to associate with transcriptional regulatory bind-
ing sites on the DNA of genes susceptible to glucocorticoid regulation (those genes
harboring a glucocorticoid response element, GRE). One of the main mechanisms
that glucocorticoid receptor levels are altered is by the action of glucocorticoids
themselves (Svec and Rudis 1981; Svec 1985), with the presence of glucocorticoids
down-regulating the expression level of glucocorticoid receptors. In addition to
glucocorticoid-induced negative feedback on expression level changes, the Master
Clock gene, Clock (circadian mechanisms are discussed in the next section), has
been implicated in directly altering the ability of glucocorticoid receptors to bind to
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DNA. This occurs through acetylation of the hinge region of the glucocorticoid
receptor (Charmandari et al. 2011), presumably altering affinity for the glucocorti-
coid responsive element on a gene domain. Acetylation of glucocorticoid receptors
was found to be highest in the morning in peripheral blood mononuclear cells, in
agreement with levels of expression of various glucocorticoid responsive genes.
Given the findings that time of day can impact basic physiology, what are the under-
lying mechanisms, and are they important for the basic physiology of the cochlea,
and more importantly, to susceptibility to inflammation and other mechanisms lead-
ing to noise-induced hearing loss?

Physiological Oscillations

All terrestrial organisms are exposed to variations in the environment, from the
diurnal light/dark cycle each day, to seasonal variations, and cycles existing with
periods in between. Most organisms have adapted to these variations by evolving an
inner timekeeping mechanism that allows the body to “predict” the coming varia-
tions in physiological needs, and alter relevant processes accordingly. A major goal
of chronobiological research is to understand how these processes are communi-
cated throughout the body, and to begin unraveling the consequences that follow
dysfunction of the internal timekeeping system. Surprisingly, these dysfunctions
can quickly develop into life threatening issues, but more often will result in dam-
age to the tissue/organ under study, or at least compromise its function. Inflammation
is one of the more well-known processes that is tied to rhythmic activity of the body.
A discussion follows below on the basics of biological oscillations and their poten-
tial role in hearing. This will not cover the molecular biology of the timekeeping
mechanisms, however. The reader will find many references covering these topics
elsewhere. Rather, we seek here to cover broad topic issues that may impact audi-
tory processes.

The Master Clock of the Suprachiasmatic Nucleus

Hypothalamic-pituitary-adrenal (HPA) axis activity is the main initiation signal for
glucocorticoid release from the adrenals (while there is also a neural component, we
will ignore this aspect for the sake of clarity/brevity of our arguments here, but the
reader is invited to explore the role of autonomic (sympathetic) nervous system
regulation of adrenal outflow for a more complete understanding of events). It is
well understood that basal release of glucocorticoids occurs in an oscillatory man-
ner, more correctly termed a circadian cycle, with an approximately (more on this
later) 24-h peak-to-peak oscillation. There is a peak of release just at the time of
initiating the animal’s active period (in nocturnal rodents, i.e. those found in a stan-
dard lab setting, this is coincident with the time of “lights off” in the vivarium), and
a trough at the start of the rest phase (in nocturnal rodents, this is coincident with
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“lights on”). Since the circadian response is also synchronized to the day/night
cycle, the system is also often referred to as diurnal.

The HPA axis is a well-studied circadian response system that serves as a stereo-
typical circadian model. The amplitude of basal activity, defined as release of corti-
costerone (or cortisol in humans), varies by time of day. Such physiological variation
follows from the organism’s activities, which revolve around rhythmic events, the
most obvious being the activity state (sleep/wake cycles) that is driven by the envi-
ronment’s normal light/dark cycles. Very briefly, cell autonomous pacemaker sig-
nals from the suprachiasmatic nucleus (SCN, considered the Master Clock) are
synchronized (entrained) by detection of light via direct photic input from the retina
along the retinohypothalamic pathway. This pathway starts with the melanopsin
retinal ganglion cells (mRGCs), which convey non-vision forming information to
regions of the brain known to be critical for circadian rhythms, pupil regulation,
melatonin expression, cognition, and sleep, and have been implicated in various
disease states such as Alzheimer’s (Feng et al. 2016). The SCN, in turn, imparts
rhythmicity of the basic physiological state of the organism, and includes control
over such basal functions as thermoregulation, glucose and fatty acid metabolism,
regulation of cholesterol, osmoregulation, and blood pressure (Chaix et al. 2016;
Panda 2016). However, in addition to basic physiology, circadian rhythms also exert
effects over complex behaviors such as the anticipatory drive to seek food, general
cognition and learning and memory, social interactions, etc. (Benca et al. 2009).
Finally, abnormalities in circadian physiology have been linked to various disease
states and/or treatment outcomes (Bechtold et al. 2010). Of particular interest with
respect to the subject of this volume is the fact that there is now accumulating evi-
dence of circadian influences over inflammation. Patients with rheumatoid arthritis
experience more severe symptoms early in the day (Straub and Cutolo 2007; Cutolo
and Straub 2008), while some patients experience their greatest asthma symptoms
in the evening, apparently following normal daily fluctuations in lung physiology
that include narrowing of the airways and bronchial responsiveness (Ferraz et al.
2006). Disease states can also feedback and modulate the circadian clock (Takahashi
et al. 2001; Okada et al. 2008), which then feeds forward and participates in physi-
ologic dysfunction, setting up a downward spiral for homeostasis.

In addition to the basal circadian characteristics of glucocorticoid release via
HPA axis activity, it has also been shown that a circadian cycle exists for glucocor-
ticoid response to stressors. This implicates the Master clock in setting both the
susceptibility and overall response amplitude to stress. In human studies, it has been
shown that stress responses are lowest in the morning, a time when basal glucocor-
ticoid levels are highest in humans (morning being the time of day for onset of
activity), and stress responses are highest in the evening hours as basal circulating
(circadian oscillation) glucocorticoids are at the lowest (as the rest phase begins). In
these studies, CRF challenge at any time of day produced a similar ACTH response
(i.e. signal to the adrenals), and therefore, the differential adrenal response must
have been due to either a change in sensitivity to ACTH, or a sensitivity to glucocor-
ticoid synthesis (Kudielka et al. 2004).
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Fig. 3.4 Schematic of the HPA axis and various hypothesized interactions between the Master
clock residing in the SCN and the adrenal glands. Under the Drive model, rhythms of the HPA axis
drive the circadian output of the adrenal glands directly. The Entrainment model suggests that the
peripheral clock in the adrenal glands and the Master clock, located in the SCN, are different, and
that the peripheral clock (red waveform) floats out of phase with the absolute time-keeper of the
Master clock (blue waveform). The Master clock re-registers the peripheral clock, bringing it into
phase with that of the Master clock. This resets the circadian output of the adrenal glands to keep
it timed properly for the rest of the body. The Gating principle suggests that the adrenal clock alters
the adrenal gland’s sensitivity to HPA axis activity, and therefore that adrenal output is the product
of the coincidence between the adrenal clock and the phase of the Master clock

Peripheral Clocks

In addition to the central Master Clock represented by the SCN, it is now well
understood that other regions of the body express clock genes and can “keep their
own time”, even in the absence of SCN input (e.g. under in vitro conditions). Other
portions of the brain that express rhythmicity independent of the SCN, known as
“central oscillators”, include the pineal gland, arcuate nucleus, and hippocampus,
among others. In addition to these central (but not Master) clocks, numerous
“peripheral clocks” exist in tissues outside of the brain. These include (but are not
limited to) the liver, muscle, adipose tissue, lung, ovary, testes, and heart (Oster
etal. 2017). Additionally, many immune cells, including macrophages and lympho-
cytes, also express their own circadian clock (Boivin et al. 2003; Bollinger et al.
2011; Borniger et al. 2017). These peripheral clocks are also termed Slave Clocks,
given their sensitivity to the activity of the Master Clock of the SCN.

The adrenal glands also express their own peripheral clock, which can serve to
help describe circadian outflow of glucocorticoids as well as act as a general model
for Master and Slave clock interactions. The interaction between the adrenal periph-
eral clock and the Master clock of the SCN is now thought to control sensitivity to
the ACTH signal generated by pituitary activation (Oster et al. 2006b). Systemic
circadian regulation over glucocorticoid secretion from the adrenals probably
occurs via an interaction between the clocks (Fig. 3.4) Currently, such interactions
are thought to take one of three forms. In the Drive model, the Master (SCN) clock
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drives the circadian release of glucocorticoids from the adrenal glands. In the
Entrainment model, the Master clock is thought to modulate the peripheral clock,
which alters the adrenal output of glucocorticoids (slaving to the Master clock cir-
cadian cycle). Finally, in the Gating model, the peripheral (adrenal) clock modulates
sensitivity to the HPA signal. In reality, the exact mechanism is likely to be a hybrid
between these models. For example, it is well known that peripheral clocks can
begin to drift out of phase without the Master clock resetting the peripheral clock,
yet without the master clock, glucocorticoids are still released.

Many cells expressing these peripheral clocks also express glucocorticoid recep-
tors. The cells expressing peripheral clocks are therefore sensitive to the circadian
release of glucocorticoids, and thus are indirectly controlled by the Master Clock
(note that the SCN is one of the very few examples of a tissue that does not express
glucocorticoid receptors, and therefore cannot be influenced by the circadian output
of the adrenals). While some peripheral clocks maintain their rhythmicity in the
absence of circadian glucocorticoid release (for example, following adrenalec-
tomy), others slowly desynchronize (the circadian phase begins to float away from
the previous cycles) without the circadian input of glucocorticoid signals (the
importance of this idea will be covered below). With exposure to stressors, the nor-
mal rhythmicity of the circadian glucocorticoid output can be overridden, producing
a transient up-regulation of glucocorticoids. This transient up-regulation then re-
configures (re-initiates) the peripheral clocks in tissues sensitive to circulating glu-
cocorticoids via transcriptional activity of clock genes.

Since many peripheral clocks have been described, it is not unexpected that the
cochlea also expresses clock genes. Further, it has been demonstrated that this may
have functional ramifications. Thus, it has been shown that the time of noise chal-
lenge affects the final outcome of that challenge with respect to the severity of
noise-induced threshold shifts (Meltser et al. 2014). When noise exposure designed
to create a temporary threshold shift (TTS) was delivered during the daylight hours
(in nocturnal animals such as mice, this coincides with increasing levels of circulat-
ing glucocorticoids that peak at the “lights-off” time just at the beginning of the
active period), thresholds returned to normal. But when the same challenge was
experienced at night (when circulating glucocorticoids are decreasing toward their
nadir as the animal progresses toward the rest phase), thresholds remained elevated
2 weeks after insult. While these results have been attributed to circadian oscilla-
tions of BDNF, to date no studies have examined the role of circadian-based sensi-
tivity to inflammation (expected based on the circadian rhythmicity of systemic
glucocorticoid release/availability) and how this may also play a major role in the
degree of damage following noise exposures.

Because glucocorticoids have such a wide range of physiological actions, and
because glucocorticoids are under the control of circadian time signals emanating
from the Master Clock, one may begin to refer to the effects of glucocorticoids as
being “chronophysiological”, thereby implicating that any expected actions of glu-
cocorticoids must take into consideration the time along the 24-h circadian cycle.
This comes about in large part not only from the oscillating presence of systemic
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glucocorticoids, but also due to the circadian influence over the expression of the
glucocorticoid receptor, as touched upon above.

In light of the existence of the Master clock and various peripheral “Slave”
clocks, the nature of interactions between the Master and peripheral clocks may be
critical to the pathophysiological response of the cochlea to intense sounds. If one
presumes that not only basal circadian oscillations of circulating glucocorticoids
can impact peripheral clock tissues such as the cochlea, but also that sound chal-
lenges will elicit independent HPA axis and inner ear responses, one must consider
what the outcome of this complex interaction could be. A hint at a possible scenario
can be found in the brain, where a central clock residing in the oval nucleus of the
Bed Nucleus of the Stria Terminalis (BNSTovl) expresses its own circadian rhythm
(Amir et al. 2004). Expression in the BNSTovl of per2, a gene critical for producing
circadian rhythms, is significantly down-regulated in adrenalectomized mice. This
strongly suggests that the systemic circadian release of glucocorticoids (under the
control of the Master clock in the SCN) is critical for maintenance of this central
(not Master) clock. In general, similar to clock-based modulation of HPA axis/adre-
nal glucocorticoid release, there are four models of interactions between the Master
clock driven circadian glucocorticoid rhythms and central and peripheral clocks
(Fig. 3.5). Here we will model potential interactions that could take place in the
cochlea. In the simplest model, termed the Drive model, the Master clock induces
systemic circadian glucocorticoid modulation of cochlear physiology (given the
expression of glucocorticoid receptors in the cochlea (Rarey and Luttge 1989; Rarey
et al. 1993)), which could include release of local glucocorticoids. A closely related
model, termed the Entrainment model, suggests that the systemic circadian gluco-
corticoid release acts on the peripheral clocks to reset the peripheral clocks, which
carry out their normal physiology via transcriptome modulation as an example. A
third model, the Gating model, incorporates the findings that circulating glucocorti-
coids can alter glucocorticoid receptor availability, thereby modulating sensitivity
to Master clock signals. Further evidence of circadian influences on the transcrip-
tome that directly impact a cell’s ability to respond to circadian cues includes the
adrenal gland itself, which undergoes circadian oscillations of the ACTH receptor
and numerous components of the downstream signaling pathway (Oster et al. 20064,
b). Thus, in the Gating model, the peripheral clock affects the ability, in a circadian
fashion, of the glucocorticoid receptor to bind to its target DNA (see above). In
addition, previous glucocorticoid exposures may also down-regulate the availability
of glucocorticoid receptors. Finally, a Permissive model suggests that Master clock
derived systemic glucocorticoids are required for the peripheral clock to function in
arhythmic manner, effectively producing the ability of the peripheral clock to oscil-
late. This model does not necessarily suggest that potentially different clocks
expressed by various cells in the cochlea are fully entrained and therefore slaved to
the Master clock, but that some level of glucocorticoid signal is required to allow
each clock to operate, perhaps with its own cycle.

It is entirely possible that different models (or combinations of models) may
explain different tissues. Regardless of the model most relevant to the peripheral
tissue examined, one must recognize that the overall biology under consideration is
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Fig. 3.5 Just as the adrenal clock plays a role in shaping glucocorticoid outflow, the peripheral
clock of the cochlea could play a similar role(s) in shaping the local response to physiological
challenges. It is possible that different cell populations of the cochlea could run under their own
clock (signified by the different clock faces). Interactions between the cochlear clock(s) and the
circadian output of the adrenals (signified by the wave function) can be modeled in one of four
possible scenarios. The Drive hypothesis suggests that circadian oscillations of glucocorticoids
directly impact and produce the circadian physiology of the cochlea, which would include circa-
dian sensitivity to NIHL, as an example. The Entrainment suggests that the circadian release of
glucocorticoids synchronizes the various peripheral clocks of the cochlea to be in phase with the
Master (absolute) clock. This would then establish a strict diurnal rhythm to cochlear physiology.
In the Gating model, much like the Gating model of the adrenal glands, sensitivity to circadian
glucocorticoid levels are modulated by the peripheral clocks. This model can result in complex
interplays between local cochlear, and extra-cochlear signals if different clocks exist in the cochlea.
This model could also explain the differential susceptibility of certain cells to noise-induced dam-
age (for example, the root cells in the lateral wall being the first to suffer morphological damage/
loss following exposures to intense sounds). Finally, the Permissive model indicates that the circa-
dian release of glucocorticoids is required for the cochlear clocks to establish their own rhythmic

physiology

complex, and simple questions may be posited—what biological advantage is
attained by this complexity, and what pressures may be in place to maintain it?
While the second question may be difficult to answer in any but a philosophical
way, it is clear that the entire system of multiple clocks may be the simplest way of
maintaining rhythmicity throughout the body. The Master clock is not perturbed by
stressors of almost any kind, owing to the lack of steroid hormone receptors
expressed by the SCN clock. Thus, the central clock acts as a standard clock that
slaves the peripheral clocks into a daily reset of their oscillatory activity, which is
important to meet the predictable stressors of the day that the particular tissue is
sensitive to. When considering the complex signaling underlying inflammation, it is
easy to see that multiple points of modulation exist that, when the organism is
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functioning properly, will limit the degree of the inflammatory response. The exact
balance of the response will depend on the interactions between the Master clock
and the various slave clocks, and in the cochlea, that will include the support cells
and the resident and recruited immune system cells.

7 A Confluence of Biological Disciplines That Includes
Circadian Biology, Immunology, and Cochlear Molecular
Neurobiology Converge to Suggest a Role for Cochlear
CRF Signaling in Modulating Inflammatory Responses
in the Cochlea

We have covered many lines of independent analyses from various biological disci-
plines. These include studies on both Master and Slave clocks and modulation of
their associated genes and their impacts on circadian physiology, regulation and
function of immune system cells, and the molecular biology of cochlear responses
to sound. These begin to converge and tell a story of which signals shape the
cochlear response to acoustic challenges. These data strongly suggest that to under-
stand the mechanisms giving rise to an integrated cochlear response to acoustic
challenges, a multifaceted (multidisciplinary) theory will be required. Inclusion of
data from fields outside the realm of cochlear neurobiology will be critical in
advancing not only our basic understanding of these processes, but also in develop-
ing new therapies useful in combating hearing loss. This demands a treatment of the
cochlea as an integrative organ within which various biological signaling, ranging
from immune system signaling, to signals involved in steroid synthesis, to signals
involved in classic cochlear physiology, converge. Thus, experiments designed to
probe the cochlea’s responses to challenges must include influences stemming from
the larger system in general.

A Theory of Cochlear Inflammatory Response to Traumatic
Noise Would Include the Following Aspects of Signaling

1. As previously described, the time of day that noise exposure occurs is important
for setting up the response to that challenge. Response to the exposure will
immediately be shaped by the circadian “place” at which the exposure occurs
along the 24-h oscillation. The systemic circadian rhythm will dictate the basal
level of glucocorticoids currently in circulation, and how much glucocorticoid
may be released in response to the insult. The time along the circadian oscillation
will also dictate how sensitive various tissues/cells are to the glucocorticoids
released into the systemic circulation due to the rhythmic nature of glucocorti-
coid receptor expression.
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2. Our preliminary data indicate that the cochlea responds to intense sounds imme-
diately by upregulating the level of CRF expressed in the lateral wall. Because
CRFRs are expressed by many immune system cells, and because CRF activates
immune cells via CRFR1, CRF is recognized as a cytokine. Thus, the first steps
of inflammation in the inner ear are likely to be produced in response to CRF
release. Because the cochlea has a small number of resident immune cells, these
will likely be activated and then amplify the response via further release of cyto-
kines and chemokines, resulting in recruitment of more immune cells to the
region. The exact cue that initiates CRF release is yet to be determined, but is
likely to be exaggerated motion (absolute displacement and/or velocity) of the
basilar membrane.

3. Because the cochlea contains cells that can be classified as peripheral clocks, the
circulating basal level of glucocorticoids following circadian oscillatory behav-
ior of the general HPA axis most likely resets the peripheral clock of the inner
ear. This is actually an important step in preparedness for potential future stress-
ors. Such resetting of peripheral clocks is required because the circadian cycle is
approximately (not exactly) the length of one day. Without a daily reset, the
peripheral clocks will slowly fall out of phase both with the absolute time of day
and with each other. But as important, stressors that produce transient glucocor-
ticoid peaks associated with HPA axis activity can reset the peripheral clocks and
prepare the tissue for reactions to the initiating trauma.

4. Not all acoustic stressors will activate the systemic HPA axis, however.
Additionally, as described above, the time that it takes for the HPA axis to be
activated and produce a glucocorticoid response can be significantly delayed
from the onset of the stressor, perhaps leaving the inner ear vulnerable during the
delay. Thus, local CRF signaling can exert its direct initial pro-inflammatory role
as described above. But because CRF is also expressed in support cells of the
cochlea, which themselves also express the biosynthetic enzymes required to
produce glucocorticoids, CRF can induce a local anti-inflammatory response by
eliciting the local release of glucocorticoids. This should be recognized as a criti-
cal step in ultimately balancing the severity of the initial inflammatory response,
and also in finally resolving the inflammation.

8 Conclusions

It becomes increasingly clear that a general understanding of immune system func-
tion and its regulation by glucocorticoids, along with a general understanding of
chronobiology, is critically important to understanding how the cochlea responds to
acoustic challenges. This is especially true when considering a complex phenome-
non such as inflammation, which by definition will demand a multifaceted approach
to understanding how it forms, how it is resolved, and what the consequences are
when resolution does not occur in a timely manner. These discussions in combina-
tion with the finding of CRF-based signaling in the cochlea lead one to several
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important and novel conclusions: (1) the cochlea expresses a CRF-based signaling
system seemingly mirroring the classic HPA axis; (2) the cochlea is an extra-adrenal
steroidogenic tissue that produces its own glucocorticoids and expresses glucocor-
ticoid receptors; (3) the cochlea expresses its own clock genes, and thus must be
considered a peripheral clock tissue; (4) the systemic HPA axis, which itself is
impacted by the central master clock in the SCN, delivers glucocorticoids through-
out the body via the blood supply giving rise to the diurnal cyclic oscillation of
glucocorticoid release. The manner of interaction between glucocorticoids pro-
duced by systemic HPA axis and the peripheral, cochlear, clock likely includes an
entrainment of the cochlear clock by systemic glucocorticoids, a gating effect of the
cochlear clock that establishes sensitivity of the cochlea to systemic glucocorticoid
levels, or a permissive effect of the systemic glucocorticoids on the activity of the
cochlear clock and its glucocorticoid output. There is no reason that multiple mod-
els cannot be true, especially with respect to acoustic challenges.
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Chapter 4
Cochlear Vascular Pathology and Hearing
Loss

Xiaorui Shi

Abstract Normal vascular function is essential for hearing. Abnormal blood flow
to the cochlea is an etiologic factor contributing to various hearing disorders and
vestibular dysfunctions, including noise-induced hearing loss, sudden deafness,
presbyacusis, genetically-linked hearing loss, and endolymphatic hydrops such as
Meniere’s disease. Progression in blood flow pathology can parallel progression in
hair cell loss and hearing impairment. To sustain hearing acuity, a healthy blood
flow must be maintained. The blood supply not only provides oxygen and glucose
to the hearing organ, it is also responsible for transporting hormones and neuro-
trophic growth factors to the tissue critical for organ health. Study of the vascular
system in the inner ear has a long and rich history. There is a large body of evidence
demonstrating a relationship between disturbances in cochlear microcirculatory
homeostasis and decreased auditory sensitivity. This chapter focuses on recent dis-
coveries relating the physiopathology of the microvasculature in the cochlear lateral
wall to hearing function.

Keywords Cochlear blood flow - Aging - Noise - Ototoxic drug - Hearing loss

1 Introduction

The volume of cochlear blood flow is extremely small, on the order of 1/1,000,000
of the total cardiac output in a human (Axelsson 1968; Nakashima et al. 2003), but
this blood flow is critical for maintaining the cochlear homeostasis essential for
hearing. Blood flow to the stria vascularis is particularly important for generating
the endocochlear potential (EP), on which transduction of sound in hair cells
depends. Perturbations in the microcirculation can lead to significant cochlear and
vestibular dysfunction (Nakashima 1999; Seidman et al. 1999), including sound-
induced hearing loss (endothelial injury), age-related hearing loss (lost vascular
density), genetic hearing loss (Norrie disease—strial avascularization), and

X. Shi (b<)
Oregon Health & Science University, Portland, OR, USA
e-mail: shix@ohsu.edu

© Springer International Publishing AG, part of Springer Nature 2018 61
V. Ramkumar, L. P. Rybak (eds.), Inflammatory Mechanisms in Mediating
Hearing Loss, https://doi.org/10.1007/978-3-319-92507-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92507-3_4&domain=pdf
mailto:shix@ohsu.edu

62 X. Shi

autoimmune inner ear disease (hydrops, I1gG deposit on the vessel wall concurrent
with ionic, osmotic, or metabolic imbalance) (Ding et al. 2002; Gratton et al. 1997,
Kellerhals 1972; Kurata et al. 2016; Neng et al. 2015; Prazma et al. 1990; Rehm
et al. 2002; Schulte and Schmiedt 1992; Yang et al. 2011). Recent studies have
shown primary strial vascular dysfunction, such as vascular degenerative changes in
the stria, lead to progressive reduction of the EP and hearing loss (Chen et al. 2014;
Ingham et al. 2016). Chronic hypo-perfusion of the blood flow often produces per-
manent hypoxia in the cochlea, which can significantly accelerate deterioration of
organ function. Sensory cells are particularly vulnerable to hypoxia (Nuttall 1987).

Under normal conditions, the inner ear is a remarkably stable homeostatic sys-
tem for maintaining the stability of inner ear fluids and nutrients (Juhn et al. 2001).
The stable homeostasis is sustained by a variety of regulatory mechanisms, includ-
ing autoregulation of blood flow (Brown and Nuttall 1994) and control of ion trans-
port in and out of the inner ear through the blood-labyrinth barrier (Juhn et al. 2001;
Juhn and Rybak 1981). This chapter concludes by underscoring the importance of
understanding cochlear function from a microvascular perspective, as this may
build the foundation for diagnosis, prevention, and treatment of many vascular
related hearing disorders.

2 Blood Supply to the Lateral Wall

The cochlear blood supply is principally from the inner ear artery (labyrinthine
artery), which is a branch of the anterior inferior cerebellar artery, (AICA). Blood is
supplied directly to the cochlea by the spiral modiolar artery (SMA), a branch of the
AICA (Axelsson 1968; Hawkins 1976; Nakai et al. 1992; Penha et al. 1999). The
spiral modiolar arterioles centrifugally radiate over the scala vestibuli and form into
different microvascular networks in the cochlea.

Two major microvascular networks in the cochlear lateral wall support the larger
portion of cochlear blood flow. In experiments on rabbits using microspheres, over
80% of cochlear blood flow was shown to distribute to the lateral wall region, 9% to
the middle region of the organ of Corti, and 9% to the modiolar region (Angelborg
et al. 1984). In rats, the distribution is 57, 19, and 24% (Nakashima et al. 2001).
These findings show the predominant portion of blood supplies the lateral wall
region (Gyo 2013).

The two major capillary networks in the cochlea lateral wall are the capillaries of
the stria vascularis and capillaries of the spiral ligament. The two networks are ana-
tomically distant (>100 pm) from sensory hair cells in the organ of Corti, an arrange-
ment which minimizes the effect of perturbations in blood flow on hearing (Axelsson
1968). The capillaries of the spiral ligament are generally divided into three major
sectors: the pre-capillaries (red in Fig. 4.1), capillaries (purple in Fig. 4.1), and post-
capillaries (blue in Fig. 4.1). The microvessels in the spiral ligament are also char-
acterized as “arteriovenous anastomosing” vessels, passing directly across the
ligament from arteriole to venule (Axelsson 1968). Microvessels of the spiral
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Fig. 4.1 Schematic view
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(Illustration from the Shi.
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spiral ligament and the
microvessels of the stria
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ligament play a critical role in regulating the blood flow in the cochlear lateral wall
(Wangemann and Liu 1996). In contrast, the capillaries of the stria vascularis are
highly specialized vascular epithelia forming into polygonal loops and constituting
a unique intra-strial fluid—blood barrier, critical for ion transport and fluid balance
in the inner ear, particularly for maintaining the EP, the essential driving force for
sensory hair cell transduction (Nuttall and Lawrence 1980; Spiess et al. 2002;
Wangemann 2002).

3 Features of the Microvascular Networks in the Cochlear
Lateral Wall

Pericytes

The two microvascular networks in the cochlear lateral wall are richly populated by
pericytes (Shi et al. 2008). A particularly high density of pericytes (~1220/stria vas-
cularis) is distributed on the capillaries of the stria vascularis in mouse cochlea
(Fig. 4.2b) (Neng et al. 2015). The ratio of pericytes to endothelial cells in the stria
vascularis of guinea pig cochlea is between 1:1 and 1:2 (Shi et al. 2008), similar to
that in retina (1:1), but higher than in brain (1:5), lung (1:10), and skeletal muscle
(1:100) (Frank et al. 1987; Shepro and Morel 1993).

Pericytes are specialized mural cells located on the abluminal surface of microves-
sels (Shepro and Morel 1993). Extensively branched, the pericytes tightly embrace
vessel walls (Fig. 4.3a—d). Pericyte interaction with the endothelium is vital for vas-
cular development, regulation of blood flow, vascular integrity, angiogenesis, and
tissue fibrogenesis (Dore-Duffy et al. 2006; Greenhalgh et al. 2013; Hall et al. 2014;
Peppiatt et al. 2006; Quaegebeur et al. 2010). Pericyte pathology leads to vascular
dysfunction, which is also seen in brain stroke, heart infarct, retinal disease
(Greenhalgh et al. 2015; Greif and Eichmann 2014; Liu et al. 2012b; O’Farrell and
Attwell 2014), and diabetic retinopathy (Kim et al. 2016; Pfister et al. 2008).
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Fig. 4.2 Pericyte (PC) distribution on microvessels of the cochlear stria vascularis (SV) in a NG2
transgenic mouse model at age 6 weeks. (a) The confocal projection images show pericytes (green)
have a characteristic “bump on a log” shape on the strial vessel wall (labeled by antibody for glu-
cose transporter I, Glutl, red). (b) A super-resolution image shows the high density of pericytes
(labeled with NG2, gray) in the mouse SV (Shi 2016)

Pericytes are morphologically heterogeneous from organ to organ and also het-
erogeneous within organs (Sims 2000). Consistent with the heterogeneity seen in
other organs, pericytes in the cochlear lateral wall also show morphological hetero-
geneity (Shi et al. 2008). The majority of pericytes on true capillaries in the lateral
wall have a polygonal-shaped cell body and long, slender processes, while pericytes
in precapillary areas near the radiating arterioles have a prominent soma and display
band-like processes which completely encircle the vessel. Most pericytes in post-
capillary venule areas have flattened cell bodies and circumferential band-like,
encircling processes (see Fig. 4.3).

Morphology and numbers of pericytes are thought to reflect specific functional
features of the microvessels, particularly where blood flow is tightly coupled to
metabolic demand (Sims 2000). Cochlear pericytes also show differences in func-
tion depending on location. For example, pericytes on vessels of the spiral ligament
express contractile proteins such as a-SMA, desmin, F-actin, and tropomyosin
(Franz et al. 2004; Shi et al. 2008), as well as exhibit vasocontractility (Dai et al.
2009). In contrast, pericytes on vessels of the stria vascularis, which lack expression
of a-SMA or tropomyosin, instead richly express structural proteins such as des-
min. The data support the view that pericytes on the vessels of the spiral ligament
play a role in control of local blood flow, whereas it is hypothesized pericytes on the
vessels of the stria vascularis primarily serve to maintain the structural strength of
the microvessel wall (Shi et al. 2008). Recent studies also demonstrate the role of
PCs in the stria vascularis in regulating the expression of tight junctions (TJs)
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Fig. 4.3 Different shapes of pericytes on cochlear microvessels in guinea pig. The pericytes were
double-labeled with the pericyte marker protein, desmin (red), combined with fluorescent DAF-
2DA for marking intracellular nitric oxide (green). (a—c) shows the morphology of a pericyte on a
capillary. The pericyte has a polygonal-shaped cell body with relatively few long longitudinal
processes and shorter fine circumferential processes. (¢) is a merged image of (a) and (b). (d—f)
show the morphology of a pericyte on a precapillary. The pericyte has “bump shaped” soma and
relatively large processes that encircle the capillary (e). (f) is a merged image of (d) and (e). (g—i)
show the morphology of pericytes on a postcapillary. They have a flattened cell body (g) and short
processes encircling the vessel (h). (i) is a merged image of (g) and (h) (Shi et al. 2008)

between endothelial cells and maintaining the functional stability of the blood-
tissue barrier in the stria vascularis. The pericytes may be playing a structural role
related to microvessel-wall integrity (Neng et al. 2013b; Shi et al. 2008).

Resident Macrophages

A population of perivascular resident macrophages (PVMs) are also in direct con-
tact with the capillary network in the normal cochlear lateral wall (O’Malley et al.
2016; Shi 2016). Approximately 500-600 PVMs are found in the microvessel



>

F4/80+Collagen IV+DAPI

Fig. 4.4 (a) PVMs are labeled with an antibody for F4/80 (green), capillaries with antibody for
colleagen IV (red). Cell nuclei are labeled with DAPI (blue). (b) A 3D rendering of the confocal
stacks show the ramified processes of PVMs interfacing with the endothelial tube. Capillaries are
labeled with antibody for collagen IV (Zhang et al. 2012)

network of the stria vascularis in normal adult mouse cochlea (Neng et al. 2013b).
The resident macrophages are highly invested on the abluminal surface of the capil-
laries through multiple thin membrane protrusions (shown in Fig. 4.4), closely asso-
ciated with microvessels, and structurally intertwined with endothelial cells and
pericytes (see Fig. 4.4a, b).

PVMs in the stria vascularis are a hybrid cell type not fitting the classical pheno-
type of a tissue resident macrophage. They display characteristics of both macro-
phage and melanocyte (Neng et al. 2013a; Zhang et al. 2012). For example, they are
positive for several macrophage surface markers, including F4/80, CD68, and
CDl11b. They constitutively express scavenger receptor classes A; and B, and accu-
mulate blood-borne proteins such as horseradish peroxidase and acetylated low-
density lipoprotein (Shi 2010). They also exhibit melanocyte characteristics,
showing significant amounts of melanin and expressing the melanocyte marker pro-
teins, glutathione S-transferase alpha 4 (Gsta4) and Kir 4.1, the latter the fiduciary
marker of intermediate cells (Zhang et al. 2012). In early studies Cable and Steel
(1991) and Spicer and Schulte (2005) mention two subclasses of intermediate cells
in the stria vascularis. Others later discovered some of these intermediate cells inter-
act with strial capillaries through gap junctions (Spicer and Schulte 2005). PVMs
are considered the equivalent of this latter subclass of intermediate cell. Phylogenetic
origin of PVMs is not clear, although it is generally accepted that cochlear melano-
cytes derive from the neural crest and migrate to the stria vascularis during develop-
ment (Freyer et al. 2011; Steel and Barkway 1989; Steel et al. 1992; Wakaoka et al.
2013). A recent study has shown that the majority of PVMs in the stria vascularis
are capable of self-renewal and turn over within a 10 month time frame from circu-
lating blood cells (Shi 2010).

Tissue resident macrophages, in general, exist in many tissues, including in brain
and retina (Cuadros and Navascués 1998; Hess et al. 2004). In each organ, resident
macrophages have a role in immunological defense and repair (Cui et al. 2009;
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Ekdahl et al. 2009), ingesting and degrading dead cells, debris, and foreign material,
as well as orchestrating inflammatory processes by producing superoxide anions,
nitric oxide, and inflammatory cytokines (Block and Hong 2005; Block et al. 2007;
Chéret et al. 2008; Hanisch and Kettenmann 2007; Varol et al. 2015). PVMs may
play a similar role in immunological defense against pathological agents as a
homeostatic “safeguard” of the tissue in the cochlear lateral wall.

PVMs, as melanocytes, act as biosensors responsive to biological and physico-
chemical signals in the local environment by producing melanin pigment in response
to noxious factors (Slominski et al. 2012; Sulaimon and Kitchell 2003). Earlier
studies document the melanin has a role in buffering calcium, scavenging heavy
metals, and promoting antioxidant activity (Bush and Simon 2007; Driger 1985;
Murillo-Cuesta et al. 2010; Ohlemiller et al. 2009; Plonka et al. 2009; Slominski
2009; Slominski et al. 2012).

Recent studies show that PVMs in the stria vascularis, similar to tissue resident
macrophages in other organs such as the glial cells in brain and retina (Abbott et al.
2006; Adams 2009; Prat et al. 2001), have a role in regulation of barrier integrity in
the stria vascularis through upregulation of TJ proteins between endothelial cells
(Zhang et al. 2012). However, we are only beginning to understand the dynamic role
of PVMs in cochlear function, and much work remains to be done.

4 Cochlear-Vascular-Unit

‘Pericyte-Fibrocyte Coupling’ Regulates Blood Flow

The cochlea is a high energy demand organ which transduces acoustic input to elec-
trical signals within a time scale of microseconds. Sound stimulation of the inner
ear imposes a peak of energy demand that requires both efficient delivery of oxygen
and nutrients and rapid removal of metabolic waste (Nuttall 1999). Adequate
cochlear blood supply is crucial for auditory function (Shi 2011; Wangemann 2002).
Regulation of cochlear blood flow, under the prevailing model, is hypothesized to
include both local auto-regulation and central control via neuronal pathways. In
particular, cochlear blood flow is thought in the main to be regulated in the end arte-
rial system of the cochlea, specifically in the spiral modiolar artery and its branch-
ing arterioles (Jiang et al. 2007; Wangemann 2002). The model incorporates
neural- and autocrine/paracrine-based regulation of vasoconstriction and dilation at
the level of the artery and arterioles (Miller and Dengerink 1988; Wangemann
2002). Capillary-mediated local control of perfusion has been less studied but was
first reported on by (Wangemann and Liu 1996). Recent findings which show
cochlear capillaries in the spiral ligament densely populated by contractile protein
expressing pericytes (Shi et al. 2008) and exhibiting vasocontractility (Dai et al.
2009) reopen the question on the role of capillary-based local blood-flow control. A
recent study has demonstrated contractility of pericytes to affect flow resistance in
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Fig. 4.5 Fibro-vascular coupled control of regional blood perfusion in the cochlear lateral wall.
(a) The schematic diagram illustrates cochlear blood flow is coupled to sound activity through type
V fibrocyte-pericyte-vascular coupling mechanisms. (b) A representative confocal projection
image demonstrates morphological evidence of a Type V foot process in contact with a capillary in
the spiral ligament (Dai and Shi 2011)
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the vascular network and alter overall blood flow (Dai et al. 2009). Further study has
shown a local control mechanism to regulate inner ear blood flow involving fibro-
cyte signaling to vascular cells, including pericytes [see Fig. 4.5; Dai et al. (2011)].
Fibrocytes are known to facilitate generation of the endocochlear potential, recy-
cling K* from hair cell transduction through gap junctions to strial intermediate
cells and marginal cells to the endolymph (Adams et al. 2009; Doherty and
Linthicum Jr 2004; Moon et al. 2006; Nakashima et al. 2003; Qu et al. 2007; Spicer
and Schulte 1991, 2002; Trowe et al. 2008; Wangemann 2002; Wu and Marcus
2003). Fibrocytes in the cochlear lateral wall are classified as types I to V based on
morphological appearance, staining pattern, and general location (Kikuchi et al.
2000; Spicer and Schulte 1991, 1996). Type V fibrocytes are found to be morpho-
logically associated with pre-capillaries in the spiral ligament through “end-feet”
structures [Dai and Shi (2011), as shown in Fig. 4.6], analogous to the “neuro-
vascular units” (NVUs) of astrocyte/pericyte junctions in brain. Fibrocyte to vascu-
lar cell coupled signaling mediates sound stimulated increase in cochlear blood
flow. Local metabolic substances, such as NO, ATP, Cyclooxygenase-1 (COX-1),
and K*, have a vasoactive effect on microvessel diameter via pericyte contraction
and dilation (Dai et al. 2009; Dai and Shi 2011), significantly affecting the flow
resistance of the vascular network and profoundly impacting overall blood flow.
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Fig. 4.6 Confocal images show fibro-vascular coupled morphology. The working model illus-
trates how cochlear blood flow is locally regulated to meet metabolic demand (a). (A) Type V
fibrocytes positive for S100 (green) abut capillary walls labeled by isolectin IB4 (blue). (B) The
type V fibrocytes are positive for Na*/K* ATPase p1 (red). (C) Type V fibrocytes also contain high
levels of NO, as detected with the intracellular NO indicator, DAF-2DA (gray) (Dai and Shi 2011)
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Fig. 4.7 (a) Strial microvessels (blue) lie beneath the marginal cell layer (green). (b) Isosurface
renderings give a perspective on the interface between the ramified processes of PVMs, ECs, and
PCs in the intra-strial fluid—blood barrier. (¢) The illustration of a strial microvessel in cross-section
shows the major components of the barrier. The vessel lumen is comprised of ECs connected by
TJs. ECs are ensheathed by a dense basement membrane shared with pericytes. PVM end-feet
cover a large portion of the capillary surface. PVM/M perivascular resident macrophage-type mela-
nocyte, PC pericyte, EC endothelial cell (Neng et al. 2013a)

‘Pericyte-Endothelial Cell-Resident Macrophage Coupling’
Controls the Integrity of the Fluid-Blood-Barrier in the Stria
Vascularis

The strial microvessel network lies beneath the marginal cell layer, as shown in
Fig. 4.7a. The coupling of strial pericytes, endothelial cells, and PVMs in the stria
vascularis forms a unique intra-strial fluid-blood barrier [Fig. 4.7b, ¢ (Shi 2011,
2016)]. This barrier is essential for sustaining the active metabolism required for
secretion of endolymph, production of the endolymphatic potential (EP), and
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prevention of toxic substances from entering the cochlea (Hibino et al. 2010;
Ohlemiller et al. 2008; Salt et al. 1987; Spicer and Schulte 1996, 2005; Thomopoulos
etal. 1997; Wangemann 2002). In particular, the integrity of the barrier is crucial for
maintaining low K* levels (~5 mmol/L) in the intrastrial space between marginal
and basal cell layers, preventing an intrastrial electric shunt, and setting the condi-
tions for K* to be secreted into endolymph by marginal cells to generate the EP.

This specialized barrier in the cochlear lateral wall is also a system rich in pro-
teins for molecular transport. Using a mass-spectrometry, shotgun-proteomics
approach, in combination with a novel method for “sandwich-dissociation” of the
strial capillary, our lab showed more than 42% of total spectral counts are transport-
ers and 19% are related to metabolic processes (Yang et al. 2011). The ion trans-
porter ATP1A1 was the most abundant protein in the intra-strial fluid—blood barrier.
Metabolic enzymes are also highly expressed in the intra-strial fluid—blood barrier,
including glutathione S-transferase (GST), prosaposin, leukotriene A4 hydrolase,
and glutamate oxaloacetate transaminase (Yang et al. 2011).

At the cellular level, the intra-strial fluid-blood barrier comprises cochlear micro-
vascular endothelial cells connected to each other by TJs, an underlying basement
membrane, and a second line of support consisting of cochlear pericytes and PVMs
(as illustrated in Fig. 4.7¢). Physical interactions between the endothelial cells, peri-
cytes, and PVMs, as well as signaling between the cells, are critical for controlling
vascular permeability (Zhang et al. 2012). In particular, strial pericytes have a sig-
nificant role in the regulation of TJ protein expression between endothelial cells in
the capillaries of the stria vascularis (Neng et al. 2013a, b). Normal PVM function
is also essential for stabilizing the integrity of the barrier. Equally important is the
production of pigment epithelium derived factor (PEDF), a 50-kDa secreted glyco-
protein of the noninhibitory serpin family, first identified in retinal pigment epithe-
lium cells (Liu et al. 2012a). Secretion of PEDF by cochlear PVMs has direct and
broad effects on the expression of several TJ-associated proteins, including occlu-
din, ZO-1, and ve-cadherin (Zhang et al. 2012). Most recently, PEDF was also
shown to be the most potent endogenous inhibitor of vasopermeability in other
organs (Liu et al. 2004; Ueda et al. 2010). Studies have shown that PEDF binding to
its receptor counteracts vascular endothelial growth factor (VEGF)-induced vascu-
lar permeability (Liu et al. 2004; Ueda et al. 2010).

5 Blood Flow Dysfunction in Hearing Disorders

A reduction in blood flow to the ear can rapidly lead to a shortage of nutrients and
oxygen in the tissue, creating a “toxic” environment with accumulation of harmful
metabolites (Nuttall 1987). Many experimental studies have shown reduced blood
flow and alterations in the blood barrier to characterize a wide range of conditions.
These include aging-related hearing loss (Gratton et al. 1996; Gratton et al. 1997;
Ohlemiller et al. 2009; Neng et al. 2015), noise-induced hearing loss (Shi and
Nuttall 2003; Shi 2009), autoimmunodiseases (Lin and Trune 1997; Ruckenstein
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et al. 1999), genetic hearing disorders (Chen et al. 2014; Ingham et al. 2016; Jabba
et al. 2006), and hearing loss caused by ototoxic drugs (Campbell et al. 1999;
Cardinaal et al. 2000; Kohn et al. 1991; Meech et al. 1998).

Ageing-Related Hearing Loss

Age-related hearing loss (ARHL, also known as presbycusis) is one of the most
prevalent chronic degenerative conditions, characterized by a gradual decline in
auditory function (Tavanai and Mohammadkhani 2017). Growing evidence sug-
gests this form of hearing loss is associated with both reduced cognitive functioning
and incidental dementia (Mudar and Husain 2016). Loss of sensory hair cells, spiral
ganglion (SG) neurons, and cochlear vascular cells are typically seen in afflicted
individuals (Gates and Mills 2005).

Loss of Vessels and Blood Flow Perfusion

Cochlear vascular regression and degeneration of the stria vascularis (density loss)
has long been observed in both animal models and humans (Carraro and Harrison
2016; Carraro et al. 2016; Gratton et al. 1996, 1997; Neng et al. 2013a; Ohlemiller
et al. 2008, 2009; Prazma et al. 1990; Schulte and Schmiedt 1992). For example,
substantial strial capillary density loss is shown in both aged C57 BL/J (Neng et al.
2015) and genetically deficient NOD.NON-H2nb1 mice (Ohlemiller et al. 2008). In
human temporal bone studies, presbycusis patients often show atrophy of the stria
vascularis (Kurata et al. 2016; Sprinzl and Riechelmann 2010). An earlier functional
study reported reduction in blood supply to the cochlea in old gerbils compared to
young animals. Using a microsphere technique to quantify blood flow, they found
diminished flow in morphologically normal-appearing basal turn capillaries (Prazma
et al. 1990). Changes in whole blood viscosity and red cell rigidity have also been
correlated with high-frequency hearing loss in elderly human subjects (Gatehouse
and Lowe 1991). Furthermore, a series of in vivo intravital microscopy experiments
on the cochlear microvasculature demonstrated age-dependent, statistically signifi-
cant reductions in mean red blood cell velocity accompanied by increases in capil-
lary permeability (Seidman et al. 1999). Brown et al. (1995) found old mice less
reactive to topical application of nitroprusside, a vasodilating agent. Suzuki et al.
(1998) demonstrated that autoregulation was significantly reduced in an aged group.

Thickening of the Vascular Basement Membrane
A thickened vascular basement membrane and increased immunoglobulin and lam-

inin deposits are found in aged strial capillaries (Gratton et al. 1996; Sakaguchi
et al. 1997a, b). Basement membrane (BM) thickness was increased 65-85% in
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strial capillaries of gerbils aged 33 months or older, and the thickness was often
observed several-fold that in young controls (Thomopoulos et al. 1997). Increased
immunoglobulin and laminin deposits accompany the thickened basement mem-
branes in aged strial capillaries (Sakaguchi et al. 1997a, b). In humans, a gradual
loss of capillaries in the spiral ligament of the scala vestibuli and stria vascularis was
observed (Kurata et al. 2016; Sprinzl and Riechelmann 2010). Significant thicken-
ing of vessel walls in the modiolar artery and strial vessels was also noticed (Kurata
et al. 2016).

Pericyte and PVM Abnormality

Aged animals exhibit a significant decrease in pericyte and PVM number, marked
by morphological changes that are seen in all regions of the stria vascularis (Neng
etal. 2015). Pericytes in young C57/6BJ animals (<3 months) display with a flat and
slender morphology tightly associated with endothelial cells (pericyte density of
21 = 2/mm capillary). Pericytes in older animals (>6 months) are less abundant and
have a prominent round body in less physical contact with endothelia, a morphology
previously described as a sign of pericyte migration (Pfister et al. 2008). The
21-month-old animals had a density of 13 + 1/mm capillary. At the ultrastructural
level, pericytes from aged animals show a loss of cytoplasmic organelles, presenting
with a vacuolated appearance detached from endothelial cells (Fig. 4.8), (Neng
et al. 2015). The abundant pericyte coverage of strial capillaries suggests pericytes
have an important role in contributing to vessel stability and regulation of BLB
function. An abnormally low number of pericytes in the aged ear may be contribut-
ing to vascular instability and malfunction.

PVM morphology also shows dramatic differences between young and aged ani-
mals. In younger animals most PVMs exhibit a branched morphology (see Fig. 4.8).
The cells are arranged in a self-avoidance pattern. At 6, 9, 12, and 21 months the
animals display with smaller PVMs and shorter processes. In some regions, the
PVMs are flat and amoeboid-shaped (Fig. 4.8) and in less physical contact with
capillaries. The biochemistry of the PVMs also undergoes changes. A terminal
galactopyranosyl group is now exposed on its membrane surface, as detected by
binding to the lectin GS-IB4. This binding is the hallmark of macrophage activation
(Maddox et al. 1982; Neng et al. 2015) (see Fig. 4.8).

Noise-Induced Hearing Loss (NIHL)

Noise-induced hearing loss (NIHL) is another common sensorineural hearing defi-
cit. Loud sound damages auditory sensory cells and also has effects on the cochlear
lateral wall which include impairment of the microvasculature in the stria vascularis
(Canlon 1987, 1988; Yoshida et al. 1999; Wang et al. 2002; Kujawa and Liberman
2015; Liberman et al. 2015; Ohlemiller and Gagnon 2007; Kamogashira et al. 2015;
Hultcrantz and Nuttall 1987; Shi and Nuttall 2007; Shi 2009).
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Fig. 4.8 Perivascular resident macrophage activation and the “dropping out” of pericytes in aged
animals. (a) The confocal image shows PVM morphology and distribution on strial capillaries in a
young animal (PVMs are labeled with antibody for F4/80, green, and strial capillaries with GS-1B4,
red). PVMs exhibit a long branched morphology. (b) PVMs in middle aged animals show reduced
branching and withdrawal of ramifications. (¢) PVMs in the old animals show much shorter pro-
cesses in less physical contact with strial capillaries. The PVMs are also positive for GS-IB4, an
indication of activation. (d) Transmission electron micrographs of cochlear PVMs at 2 months
show a flat cell body and cells which contain a modest amount of melanin. (e) PVMs at 21 months
appear dark, owing to the abundance of melanin in the cytoplasm. (f) PCs exhibit a flat and slender
cell body in a young animal (transgenic mice with fluorescent labeled NG2, red). (g) and (h) PC
morphology changes in middle and old aged animals. Apical PCs display a “prominent round” cell
body in less physical contact with strial capillaries. (i) In transmission electron micrographs of
cochlear pericytes at <3 months PCs appear as long and slender polymorphic cells located on the
abluminal side of the ECs (yellow arrow). (j) The irregular shaped PCs of a 21 month old mouse
are sparse in caveolae. PVM/M perivascular resident macrophage-type melanocyte, PC pericyte,
EC endothelial cell (Neng et al. 2015)

Hypoxia

The stria vascularis is a region of high metabolic demand. Dr. Nuttall has docu-
mented the mechanical and metabolic vulnerability of strial capillaries to extremely
loud sounds (Nuttall 1987, 1999). Numerous experimental studies have shown that
loud sound causes cochlear hypoxia in its immediate aftermath, with prolonged
effects after the sound is terminated (Lamm et al., 2000). For example, Misrahy
et al. (1958) observed a striking decrease in endocochlear oxygen tension during
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130-135 dB SPL sound exposure. Induction of HIF- 1« translocation is also detected
as early as 30 min after the sound exposure (Shi 2009).

Generation of the EP in the stria vascularis requires efficient production of ATP
(Marcus et al. 1981). A shortfall in blood flow results in a lack of oxygen (hypoxia)
to cell mitochondria and causes an imbalance in ion and hemostasis resulting in
excess production of reactive oxygen species ROS (Chance et al. 1979). The
increased ROS significantly affects the function of many transporters/pumps, these
including the Na*/K* pump and Na*-K*-2CI~ co-transporter in marginal cells.
These transporters are essential for secretion of K* to the scala media (Komune
et al. 1993).

The mechanisms of noise-induced hypoxia (hypo-perfusion) is complicated.
However, loud sound-induced vasoconstriction and endothelial impairment are
respectively attributed to the early and late stages of cochlear hypoxia (Shi and
Nuttall 2007). Loss and regression of capillaries (vascular degenerative change)
after extensive noise-induced trauma has been attributed to the cochlear hypoxia
(Axelsson and Dengerink 1987; Miller et al. 2003; Yamane et al. 1991).

Endothelial Dysfunction

Loud sound trauma can cause destructive changes in the cochlear endothelia, includ-
ing vessel shutdown and “intra-vascular strand formation” (Axelsson and Dengerink
1987; Axelsson and Vertes 1982; Dai and Gan 2010; Hawkins 1973; Kellerhals
1972; Shaddock et al. 1984; Yamane et al. 1991). In an earlier study, Hawkins (1973,
1971) reported that when animals were exposed to wideband noise at 118-120 dB
SPL for 8 h, red blood cells are observed trapped by swollen capillary endothelial
cells and avascular channels replace capillaries. These mechanisms in the endothe-
lium are not fully understood. However, vascular damage mechanisms involving
mechanical destruction and intense metabolic (hypoxic/toxic) activity have been
proposed. Significantly increased ROS (nitric oxide, a natural by-product of aerobic
metabolism) (Le Prell et al. 2007a, b; Shi and Nuttall 2002) and increased inflam-
matory cytokines, including interleukin-6 (IL-6), interleukin-1f (IL-1p),
NF-kappaB, ICAM, and VEGF are frequently seen in loud sound exposed animals
(Goldwyn and Quirk 1997; Hillerdal et al. 1987; Hultcrantz and Nuttall 1987,
Lamm and Arnold 1999; Reif et al. 2013; Scheibe et al. 1993; Seidman et al. 1999;
Shi and Nuttall 2002, 2007; Suzuki et al. 2002; Yamamoto et al. 2009), particularly
in supporting cells and ligament fibrocytes (Adams et al. 2009; Fujioka et al. 2006;
Hirose et al. 2005; Jamesdaniel et al. 2011; Le Prell et al. 2003; Miyao et al. 2008;
Nakamoto et al. 2012; Sato et al. 2008; Shi and Nuttall 2007; Tornabene et al. 2006;
Yamamoto et al. 2009). These events closely parallel the pathogenesis of noise-
induced hearing loss (Goldwyn and Quirk 1997; Hultcrantz and Nuttall 1987;
Nuttall 1987; Shi and Nuttall 2002). Therapeutic approaches that utilize free radical
scavengers and anti-inflammatories have been shown to ameliorate noise-induced
vascular pathology (Fujioka et al. 2014; Honkura et al. 2016; Lamm and Arnold
1999; Le Prell et al. 2007a, b).
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Fig. 4.9 Leukocytes and bone marrow derived cells infiltrate the cochlear lateral wall under noise
conditions. Double labeling of leukocytes and vessel walls with a marker for CD45/LCA (green)
and collagen IV (Red) in control and LSS animals. Panels (a and b) show the distribution of vessels
of the spiral ligament in a control and LSS mouse. No emigrated leukocytes were found under
control conditions. In contrast, some emigrated leukocytes are identified on vessels of the spiral
ligament after LSS. Noise initiates robust GFP+-BMDC infiltration into the damaged cochlear
blood barrier in the stria vascularis. (c—f) show GFP+-BMDC infiltration (green and white arrow-
heads) from capillaries of the stria vascularis (blue, labeled with antibody for collagen type IV) in
a control mouse. (g—j) show GFP+-BMDC infiltration from capillaries of the stria vascularis in a
noise-exposed mouse at week 1, week 2, and week 4. Images shown are projections of confocal
z-stacks taken at the tested time points (Shi 2016; Shi and Nuttall 2007)

Leukocyte and Bone Marrow Derived Cells Infiltration

‘Sterile’ inflammation is seen in noise exposure conditions. Early studies from our
lab (Shi and Nuttall 2003) found that loud-sound stress activates the expression of
adhesion molecular proteins in the cochlear lateral wall. In particular, increased
expression of inflammatory adhesive molecules such as P-selectin and PECAM-1
are found, predominantly in the vessels of the spiral ligament, and correspondently,
increased populations of migrated leukocytes are also observed in the area of the
spiral ligament [as shown in Fig. 4.9, (Shi and Nuttall 2007)]. This was also reported
by other scientists (Hirose et al. 2005). In support with previous findings using a
constitutional mouse model, we found that GFP-labeled circulating bone marrow
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derived cells (GFP+-BMDC) adhere to endothelial cells immediately after noise
exposure and (Fig. 4.9g) transmigrate through the vessel wall about 1 week after
noise exposure (Fig. 4.9h). The migrated blood cell undergoes morphological
changes. At an early stage (approximately 1 week after noise exposure), infiltrated
GFP*-BMDC:s are frequently spherical or nodular shaped (possibly caught in the act
of transmigration, Fig. 4.9h). Approximately 2 weeks after noise exposure, most
infiltrated GFP*-BMDCs develop ramified processes, appear dendriform in shape,
and are irregularly distributed on the capillaries of the stria vascularis (Fig. 4.91).
Approximately 4 weeks after noise exposure, the majority of infiltrated BMDCs are
elongated and display an orientation—that is, their long processes parallel the ves-
sels of the stria vascularis (Fig. 4.9j). Some of these infiltrated BMDCs can be
identified as macrophages. An intrinsic signaling of inducible nitric oxide synthase
(INOS) is identified to mediate GFP(+)-BMDC infiltration.

Vascular Leakage, Pericyte Migration, and PVM Activation

Noise destabilizes the intra-strial fluid-blood barrier in the stria vascularis. An early
study showed increased accumulation of high molecular weight horseradish peroxi-
dase in the stria vascularis following intense sound exposure (Hukee and Duvall III
1985). Recent studies have further revealed the finer details of structural and molec-
ular changes in the intra-strial fluid-blood barrier after acoustic trauma, including
decreased expression of tight- and adherens-junction proteins, loosened TJs between
ECs, and increased vascular permeability [Fig. 4.10b, d, (Yang et al. 2011; Zhang
et al. 2013)]. PCs are particularly vulnerable. Upon exposure to loud sound, some
PCs show irregularities in their processes and migration from their normal locations
attached to endothelial cells, resulting in destabilization of the intra-strial fluid-
blood barrier [Fig. 4.10g, h (Shi 2009)]. Acoustic trauma also causes some PVMs to
activate, as shown in Fig. 4.11c, d. The traumatized PVMs produce less PEDF, lead-
ing to down-regulation of TJ-associated proteins and subsequent vascular leakage
(Zhang et al. 2013). PEDF produced by normal PVMs is essential for stabilizing the
intra-strial fluid—blood barrier, as the PEDF regulates expression of TJ-associated
proteins such as ZO-1 and VE-cadherin (Zhang et al. 2012). The signaling which
causes cochlear pericytes to migrate and PVMs to activate is not yet clear. The
mechanism of the permeability change in the cochlea is also complicated and
remains to be fully understood.

Meniere’s Disease and Autoimmune Hearing Loss

Meéniere’s disease is an inner ear disorder characterized by vertigo attacks, fluctuat-
ing and progressive hearing loss, tinnitus, and aural fullness in the affected ear
(Oberman et al. 2017). While the pathophysiology of Méniere’s disease remains
elusive, it has long been thought to be caused by hydrops in the inner ear (Pender
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Fig. 4.10 Noise induces pericyte detachment, and blood barrier breakdown. (a) and (b) Serum
protein IgG is confined to blood plasma (IgG/arrow) in vessels of the stria vascularis in normal
mice (a) and guinea pigs (b). (¢) and (d), Serum protein IgG leaks from vessels (arrow/IgG) in
noise-exposed mice (¢) and guinea pigs (d). Arrowheads indicate sites of vascular leakage.
Pericytes containing desmin filaments are evenly distributed on the vessel walls of the stria vascu-
laris in normal guinea pigs (e) and mice (f). Pericytes are labeled with an antibody for desmin
(green), and vessels with an antibody for isolectin IB4 (red). (g) and (h): Confocal fluorescent
images from noise-exposed guinea pigs and mice show abnormal pericyte morphology. Arrows
point to irregular pericyte foot processes turning away from vessel walls (K) and detached from
them (L). M and N: Drawings illustrate the pattern of pericyte distribution on vessel walls in nor-
mal and noised-exposed animals. V/SV vessel of the stria vascularis, NE noise exposure, GP guinea
pig, MS mouse, exposure, GP guinea pig, MS mouse (Shi 2009)
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Fig. 4.11 Noise induces PVM activation, pericyte detachment, and blood barrier breakdown. (a
and b) Confocal images show the morphology of PVMs on strial capillaries labeled with GS-1B4
(red) in a control animal. (¢ and d) Activated PVMs in noise-exposed animals show reduced
branching and withdrawal of ramifications, displaying less physical contact with capillaries.
images from noise-exposed guinea pigs and mice show abnormal pericyte morphology (Zhang
et al. 2013)

2014). Previous reports have shown dysfunctional autoregulation of cochlear blood
flow and impairment of the blood barrier (Fujioka et al. 2014; Goodall 2015; Greco
et al. 2012; Hughes et al. 1983; Kim et al. 2014; Sara et al. 2014; Tagaya et al.
2011). Recent progress in understanding blood-labyrinth-barrier pathophysiology
in animal models and human postmortem specimens highlight the importance of
blood barrier integrity to ion homeostasis, prompting the question whether dysfunc-
tion of cochlear vascular function is key to understanding Méniere’s disease. A
recent study involving examination of human specimens reveals ultrastructural
changes in the microvasculature of the stria vascularis. The changes include peri-
cyte detachment and disruption of the basement membrane surrounding the endo-
thelium, severe vacuolization or frank necrosis of vascular endothelial cells, and
loss of subcellular organelles in the endothelial cells. Results have shown severe
degeneration of the blood labyrinth barrier associated with a high degree of
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basement membrane thickening and edematous changes in the vestibular stroma in
the macula utricle of Meniere’s disease patients (Ishiyama et al. 2017). An earlier
study also revealed increased gadoteridol (Gd) intensity in the endolymphatic com-
partment of patients with Méniere’s disease examined with 3 T magnetic resonance
imaging (MRI) (Tagaya et al. 2011).

Autoimmune disease in the inner ear often leads to progressive sensorineural
hearing loss such as sudden deafness or vestibular symptoms (i.e., Meniere’s dis-
ease) (Fujioka et al. 2014; Goodall 2015; Greco et al. 2012; Hughes et al. 1983; Kim
et al. 2014; Sara et al. 2014). While the pathophysiology of autoimmune related
hearing loss remains largely unknown, accumulating evidence is showing that stria
capillaries are one of the targets of autoimmune disease (Agrup and Luxon 2006;
Goodall 2015; Lin and Trune 1997; Takahashi and Harris 1988). Substantial evi-
dence implicates deposition of immune-complexes and direct attack by auto-
antibodies on the endothelium as common features in these hearing and vestibular
disorders (Agrup and Luxon 2006; Goodall 2015; Lin and Trune 1997). Research
using a C3H/lpr autoimmune mouse model has demonstrated the primary defect is
breakdown of strial blood barrier integrity, circulating IgG deposition within strial
capillaries, and thickening of the basement membrane (Lin and Trune 1997; Trune
et al. 1998; Wong et al. 1992; Young et al. 1988). Clinically, blood drawn from
patients with autoimmune hearing disorder often show high levels of anti-endothelial
and anti-phospholipid antibodies, including anti-choline transporter-like protein 2
(CTL2) and anti-heat shock protein (HSP70) (Cadoni et al. 2002; Mijovic et al.
2013; Mouadeb and Ruckenstein 2005; Nair et al. 2004; Ottaviani et al. 1999; Toubi
et al. 2004; Yehudai et al. 2006). Targeting strial vascular function may be effective
in treating autoimmune hearing loss.

Inflammation

Inflammatory factors (viral and bacterial infections) disrupt vascular integrity in
the stria vascularis, causing breakdown of the blood-labyrinth barrier and imbal-
ance in endolymph ion homeostasis (Hilger 1952; Trune and Nguyen-Huynh
2012). For example, Zhang et al. 2015 recently showed lipopolysaccharide-induced
middle ear inflammation to disrupt the cochlear intra-strial fluid-blood barrier by
down-regulating TJ protein expression (Zhang et al. 2015). Correspondingly,
Hirose et al. (2014) demonstrated that lipopolysaccharide increases entry of serum
fluorescein into the perilymph via the blood barrier (Hirose et al. 2014). A study by
Quintanilla-Dieck et al. (2013) demonstrated that lipopolysaccharide-induced
inflammation increases cytokine levels in the murine cochlea. The cytokines may
be one of the causes for the increased permeability of the intra-strial fluid—blood
barrier. Previous studies showing viral and bacterial infection to induce anti-
endothelial (anti-phospholipid) antibody attack of glycocalyx components in the
barrier (Blank et al. 2007) are a strong indication systemic and local inflammatory
events perturb the normal function of the blood barrier, resulting in homeostatic
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imbalance and hearing loss. Cytomegalovirus (CMV) infection is one of the com-
mon causes of congenital hearing loss in children (Carraro and Harrison 2016;
Carraro et al. 2016). Studies reveal that CMV not only damages cochlear sensory
cells, but also cochlear vasculature. CMV causes a primary lesion in the stria vas-
cularis and adjacent spiral limbus capillary network (Carraro et al. 2017). Capillary
beds of the spiral ligament are generally less affected. The initial vascular damage
is in the mid-apical turn and appears to progress to more basal cochlear regions.
Results suggest the initial auditory threshold losses caused by the strial vascular
dysfunction are due to poor development or maintenance of the endocochlear
potential (Carraro et al. 2017).

Ototoxicity

Drug ototoxicity is a known cause of hearing loss (Rybak and Ramkumar 2007;
Rybak et al. 2007; Yorgason et al. 2011). A variety anticancer agents (e.g., cisplatin,
carboplatin, nedaplatin, and oxaliplatincisplatin), aminoglycoside antibiotics (e.g.,
gentamicin, streptomycin), as well as loop diuretics such as furosemide and salicy-
late family (aspirin-like drugs), cause either irreversible or reversible hearing loss
dependent on the dose and duration of exposure (Ding et al. 2012; Kamogashira
et al. 2015; Karasawa and Steyger 2011; Kaur et al. 2011; Oishi et al. 2012; Rybak
et al. 2007; Schacht et al. 2012).

The cochlear vascular system is actively involved in drug-induced ototoxicity.
Cochlear vessels, particularly in the stria vascularis, provide access for the drugs to
enter the cochlea. The microvessel network in the stria vascularis is richly articu-
lated and the velocity of blood flow is extremely slow, giving sufficient time for the
drugs to pass through channels. The intra-strial fluid—blood barrier is the main port
of entry for ototoxic drugs from the blood into cochlear fluids (Dai and Steyger
2008; Laurell et al. 2000; Wang and Steyger 2009). Enhanced drug uptake and sig-
nificantly increased hearing damage is seen when the barrier is disrupted by diuret-
ics or noise exposure (Ding et al. 2007; Li et al. 2015). Vasoactive peptides also
modulate cochlear uptake of ototoxic drugs such as gentamicin (Aksoy et al. 2015;
Koo et al. 2011). The glycocalyx lining the endothelium of cochlear vessels in the
stria vascularis is negatively charged by proteoglycans such as heparin sulfate and
chondroitin sulfate. The negative charged molecules may facilitate movement of
positively charged cation drugs into the cochlea. Recent studies have shown that
transient receptor potential cation channel V4 (TRPV4), present in strial capillaries,
especially facilitate the entry of gentamicin into the inner ear (Ishibashi et al. 2009;
Karasawa et al. 2008).

The mechanism underlying ototoxic drug induced hearing loss is complicated,
but a few studies have shown vascular pathology is a contributor. For example, an
early study by Miettinen et al. (1997) showed that cisplatin at high dosage reduces
cochlear blood flow by 20-30%. Dr. Rybak et al., in a review article, point out that
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cisplatin causes a temporary reduction of the EP and associated strial edema (Rybak
et al. 2007). Recent studies have also shown that inflammatory cells from the blood
infiltrate to the cochlear lateral wall when animals receive ototoxic drugs in combi-
nation with LPS treatment (Hirose et al. 2014; Wood and Zuo 2017). Circulating
inflammatory factors may play a critical role as a causal agent in ototoxic induced
hearing loss. Upregulation of pro-inflammatory cytokines, such as TNF-a, IL-1p,
and IL-6, are found in the cochlea of cisplatin plus LPS treated mice (Oh et al.
2011). Ototoxic drug studies have increased our understanding of the mechanisms
of drug-induced hearing loss, and in particular have informed us of the relationship
between inflammation and infiltration in the cochlear vascular system. The insights
may be clinically useful for preventing drug-induced hearing loss by targeting
inflammation and preventing recruitment of inflammatory cells from the blood
circulation.

Summary

The etiology of otologic disorders such as sudden sensorineural hearing loss, pres-
byacusis, noise-induced hearing loss, and certain vestibulopathies involves distur-
bance of cochlear blood flow. Reduction in blood supply to the cochlea leads to
tissue hypoperfusion and hypoxia/ischemia, contributing to reduced auditory sensi-
tivity. Recently, the use of transgenic animals and more sophisticated imaging sys-
tems has enabled researchers to identify the unique characteristics of
pericyte-fibrocyte coupling in the spiral ligament and specialized blood-tissue bar-
rier in the stria vascularis, as well as other properties of the microcirculation in the
cochlear lateral wall. These studies have demonstrated that cochlear vascular cou-
pling systems are highly regulated and tightly controlled to provide efficient deliv-
ery of ions, oxygen, and nutrients to the cochlea and rapid removal of metabolic
waste from cochea. Yet we do not have the full picture of blood flow pathophysiol-
ogy in hearing. A primary constraint is the inaccessibility of the hearing organ and
the difficulties in imaging cochlear blood flow with current research tools.
Nevertheless, progress is rapidly being made and new findings are revealing the
importance of inner ear microcirculation in hearing. Therapeutic targeting of the
cochlear microcirculation in parallel with a strategy for restoring hair cells, neurons,
and other cochlear cells may offer opportunities to facilitate recovery of hearing.
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Chapter 5
Cochlear Inflammation Associated
with Noise-Exposure

Elizabeth M. Keithley

Abstract While we know a great deal about the anatomical and physiological
changes that occur within the cochlea as a result of noise exposure of various spec-
tra, intensities and durations, we know relatively little about the inflammatory
response to these noises. Some cochlear cells up-regulate their expression of inflam-
matory mediators in response to noise and presumably thereby, recruit circulating
macrophages into the cochlea or activate resident cells. The mechanisms that medi-
ate these process are not yet known. The value of the inflammatory response in
terms of cochlear repair is not known. Investigators have described immune
responses within the stria vascularis, the spiral ligament, the mesothelial cells below
the basilar membrane and the epithelial cells of the organ of Corti. The cooperation
and/or interactions among these various cells are not known. This chapter is an
attempt to identify what is known of the inflammatory response and stimulate new
research to clarify the response and its function.

Keywords Inflammation - Cochlea - Basilar membrane - Spiral ligament - Organ
of Corti - Stria vascularis - Macrophages

1 Cochlear Response to Noise Exposure

It has been known for centuries that exposure to loud sounds results in hearing loss.
Early studies of human temporal bones from hunters revealed that the auditory sen-
sory cells within the basal turn of the organ of Corti were completely degenerated
(Johnsson and Hawkins 1976). Systematic evaluation of the effects of noise expo-
sure of various intensities on cochlear anatomy and physiology was begun in the
1970s (Eldredge et al. 1973; Henderson et al. 1974; Liberman and Kiang 1978;
Liberman 1978) and from these experiments it became clear that auditory thresh-
olds were permanently elevated after very loud noise exposures, but less loud sound
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exposures resulted in only temporary threshold shifts. The morphological changes
underlying the hearing loss were seen in cells comprising the cochlear sensory epi-
thelium, spiral ganglion neurons, stria vascularis, spiral ligament, and spiral limbus
depending on the sound spectrum, amplitude and exposure duration (Liberman and
Dodds 1987; Pujol et al. 1993; Wang et al. 2002; Miller et al. 1996). Even relatively
low level noise exposure can lead to delayed onset hearing loss (Kujawa and
Liberman 2006).

Noise exposure also affects blood flow within the cochlea and stria vascularis
including decreased blood flow, increased vascular permeability and ischemia
(Hillerdal et al. 1987; Quirk et al. 1992; Thorne and Nuttall 1989; Scheibe et al.
1993; Seidman et al. 1999; Miller et al. 2003; Shi 2011, 2016). Consistent with
these changes, there is morphological damage to the marginal, intermediate and
basal cells forming the stria vascularis, and the endocochlear potential is reduced as
a result of loud noise exposure (Syka et al. 1981; Ohlemiller and Gagnon 2007,
Zhang et al. 2013).

Since many of these structures are involved in maintaining the endocochlear
potential and controlling potassium ion concentrations through recycling (Spicer
and Schulte 1991; Wangemann 2006) the difficulty of this task during prolonged,
high intensity noise may underlie the noise induced damage (Wang et al. 2002;
Hirose and Liberman 2003). The immune response then is likely to be directed at
these cellular structures.

2 Immune Aspects of the Normal Cochlea

The epithelial cells of the skin, gastrointestinal tract and respiratory system are con-
stantly exposed to pathogens and, therefore, well-adapted to protecting themselves.
The cochlea, on the other hand, is less often exposed to pathogens, from the sys-
temic circulation or from the middle ear through the round window membrane.
Certainly, it has the capability of defending itself, but the identification of the cells
and molecular mechanisms for providing this protection has only recently begun to
be explored (Harris 1983). In addition to pathogens, stress and cellular damage
products (damage-associated molecular patterns—DAMPs) which interact with
toll-like receptors (TLRs), RAGE (receptor for advanced glycation end-products)
and other receptors, can also activate an innate immune response (Bianchi 2007;
Knoops et al. 2016). Loud noise exposure that results in cellular degeneration pro-
duces stress and DAMPs within the cochlea and initiates an innate immune response
(Hirose et al. 2005; Tornabene et al. 2006). It is not surprising, though, that the
inflammatory and immune processes in the cochlea are tailored to this location
because of the inability of the mammalian cochlear cells to regenerate after any
injury and “bystander cellular-injury” from inflammation is well documented.
Resident, tissue macrophages provide the front-line surveillance for immune
function throughout mammalian organisms. They have various shapes in different
organs and have been given different names by anatomists, such as Kupffer cells in
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the liver and microglia in the central nervous system. They constantly sample the
molecular environment, where they serve in the innate immune response by phago-
cytosing foreign molecules and cells and then, can initiate an adaptive immune
response through antigen-presentation to T-lymphocytes. They coordinate and initi-
ate cellular responses by secreting cytokines.

The resident macrophages in the cochlea do not have sufficiently distinct mor-
phological features to make them identifiable in hematoxylin and eosin stains or
other basophilic stains generally used to assess cochlear micro-anatomy and pathol-
ogy. It was not, therefore, until the availability of antibodies that could be used in
immunohistochemical assays and the ability to inject green-fluorescent-protein
(GFP) labeled, bone-marrow derived monocytes into irradiated mice, that these
cells were described in the cochlea. One of the earliest identifications of cochlear-
resident macrophages was in the avian cochlea where they were identified by
immunohistochemical assays. In an avian, organ-culture system, macrophages were
seen to assist in hair cell regeneration following laser damage to the sensory cells
(Warchol 1997).

Cochlear Vasculature and Leukocyte Extravasation

As in all organs, the vascular pattern of the cochlea is related to its specialized func-
tion (Axelsson 1968). The spiral modiolar artery enters the cochlea near the basal
turn and spirals apically within the modiolus with radiating arterioles periodically
branching off and arching over the scala vestibuli toward the lateral wall. Within the
spiral ligament these vessels branch to form the capillaries of the stria vascularis
whose endothelial cell tight-junctions create the blood-labyrinthine barrier, and the
capillaries of the spiral ligament whose endothelial cells are not connected by tight
junctions. As in all other tissues, the capillaries rejoin to form post-capillary venules.
The venules are within the spiral ligament at the level of the spiral prominence and
below the level of the junction of the basilar membrane and the ligament. This is the
type IV fibrocyte region of the ligament (Spicer and Schulte 1991) and where inter-
cellular adhesion molecule-1 (ICAM-1) is expressed (Tornabene et al. 2006). Post-
capillary venules are generally the location of immune cell extravasation.
Macrophage-induced expression of adhesion molecules by the venular endothelial
cells enables binding of leukocytes prior to extravasation into tissues. Once extrava-
sated, the cells migrate within tissues through the interaction of integrins with extra-
cellular matrix proteins and adhesion molecules like ICAM-1. The cochlea, with its
fluid-filled spaces and sensory epithelium that is devoid of extracellular matrix
(Santi et al. 2016), presumably imposes limitations on this system, likely preventing
leukocyte migration among the sensory epithelial cells and requiring the formation
of extracellular matrix in the scalae to enable leukocyte migration (Keithley and
Harris 1996).
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Resident Macrophages of the Spiral Ligament

Although the first studies using immunohistochemical assays of the leukocyte
markers, Mac-1, (Takahashi and Harris 1988) and CD-45 (Hashimoto et al. 2005) in
mice cochleas did not report seeing any labeling of these cells in the spiral ligament
of normal animals, it is now clear that immune cells are present in the normal
cochlea. Antibodies to the pan-leukocyte, cell surface marker, CD-45, a receptor
tyrosine phosphatase, reveal macrophages within the spiral ligament in the region of
the type II and IV fibrocytes (Hirose et al. 2005; Sato et al. 2008; Tornabene et al.
2006) (Fig. 5.1a), in the stria vascularis (Du et al. 2011) and on the scala tympani
side of the basilar membrane (Yang et al. 2015). They vary from stellate shaped to
spherical. The reported number of cells in the spiral ligament per section is related
to the section thickness. Hirose et al. (2005) reported cutting 30 pm frozen sections
with 5 CD45+ cells per section, while Tornabene et al. (2006) cut 6 pm thick sec-
tions and found 0.3 CD45+ cells per section.

Several studies have used radiation to deplete mice of their existing leukocyte
populations, and then injected GFP+ bone-marrow-derived leukocytes to determine
whether these cells extravasate to provide cochlear tissues with macrophages or
whether the resident cells divide when activated. These experiments have demon-
strated that in the spiral ligament (Lang et al. 2006a; Okano et al. 2008; Sato et al.
2008) and spiral ganglion (Okano et al. 2008), macrophages originate from the bone
marrow and turn over every 3 or 4 months in normal mammals. The blood vessels
of the normal spiral ligament express the [CAM-1 (Tornabene et al. 2006; Shi and
Nuttall 2007) that is involved in recruiting and enabling extravasation of leukocytes
into tissues from the vasculature and likely, is involved in this slow turnover of

Fig. 5.1 Schematic drawing of a cross-section of the cochlear duct illustrating the location of resi-
dent and infiltrated macrophages. (a) Control ear with few resident macrophages concentrated in
the lower spiral ligament and scattered in the upper spiral ligament. (b) Cochlear duct 7 days after
noise damage, with large numbers of inflammatory cells in the lateral wall, spiral ganglion, and
spiral limbus and marching into the perilymph-filled space of the scala tympani and scala vestibuli.
(Reproduced with permission from Hirose et al. 2005)
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CD45+ cells in the normal spiral ligament. The chemokine CCL2 and its receptor
CCR2 do not seem to be involved, however (Sautter et al. 2006; Sato et al. 2008).
There are still many unanswered questions concerning the immune regulatory activ-
ity in the spiral ligament because Lang et al. (2006a) concluded that the majority of
GFP+, bone-marrow-derived cells that infiltrate the spiral ligament differentiate
into fibrocytes, not macrophages, based on the infiltrated GFP+ cells non-reactivity
with the leukocyte marker, CD45, and their positive immunoreactivity with Na-K-
ATPase, an enzyme used by fibrocytes for potassium recycling. These authors did,
however, also report that a few GFP+ hematopoietic cells, identified in the type II
and type IV fibrocyte region of the spiral ligament, did immunolabel for the CD45
leukocyte marker. So perhaps, depending on signals of the spiral ligament cells, the
infiltrating cells may differentiate into fibrocytes or macrophages.

Resident Macrophages of the Stria Vascularis

Resident macrophages are also present in association with the complex capillary
system of the stria vascularis (Zhang et al. 2012, 2013; Shi 2016). The cell bodies
are physically very close to the capillary endothelial cells and pericytes with mul-
tiple processes partially enveloping a vessel (Fig. 5.2). These cells immuno-label
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Fig. 5.2 Tllustration of a stria vascularis capillary in cross-section showing the major components
of the intrastrial fluid-blood barrier or blood-labyrinthine barrier. The vessel lumen is formed by
endothelial cells on a dense basement membrane shared with pericytes. The endothelial cells are
connected by tight junctions. Perivascular resident macrophages-like melanocytes have end-feet
that cover a large portion of the capillary surface external to the pericytes. (Reproduced with per-
mission from Shi 2016)
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with antibodies against macrophages including F4/80, CD68, and CD11b. They
express scavenger-receptor molecules on their cell membranes and they are slowly
renewed from bone-marrow derived cells (Shi 2010). They also express markers for
melanocytes (Zhang et al. 2012). As such, they have characteristics of both macro-
phages and melanocytes and have been named “perivascular resident macrophage-
like melanocytes” by Zhang et al. (2012). Unlike the macrophages in the spiral
ligament and below the basilar membrane, the physiology of these cells is under
active investigation and they are considered to participate in a “cochlear-vascular
unit” (Shi 2016). In the normal cochlea, it appears that they serve to modulate
cochlear blood-flow and maintain the endocochlear potential through control of
endothelial-cell tight-junctions and adhesive junction protein expression (Shi 2010;
Zhang et al. 2012, 2013). One factor involved in this control is pigment epithelium-
derived factor (PEDF), a 50 kDa glycoprotein. When its expression is inhibited, the
tight junction proteins of the stria-vascularis, capillary-endothelial cells are down-
regulated and the endocochlear potential is reduced. The shape and dendritic arbo-
rization of the “perivascular resident macrophage-like melanocytes” are also
affected as the cells lose their arborizations and become more spherical. Loss of
these cells is associated with blood-cochlear-barrier breakdown and edema of the
stria vascularis (Zhang et al. 2013). The inclusion of physiological studies to the
examination of immune function in the cochlea shines light on the importance of
these newly described cells to normal cochlear function.

Resident Cells of the Sensory Epithelium with Macrophage
Attributes

Based on the argument that circulating inflammatory cells enter the cochlea from
the venules in the spiral ligament or scala tympani and therefore, are not likely to
directly influence the remodeling of the organ of Corti that occurs following loud
noise exposure, Cai et al. (2014) examined the cells of the organ of Corti itself to
determine if these cells had some capacity to act as immunocompetent cells. This is
a reasonable hypothesis because it appears that inflammatory cells do not migrate
into the sensory epithelium. Consistent with their hypothesis, Cai et al. (2014) found
at least 45 genes related to inflammatory pathways in normal cells of the sensory-
epithelium on the basilar membrane. Toll-like receptor signaling pathway genes
were among those identified with the strongest expression levels. Four proteins that
are related to the Toll-like receptor pathway, who’s mRNA was detected in the gene
analysis, were chosen for analysis in immunohistochemical assays. Labeling of the
normal organ of Corti demonstrated strong TLR4 expression in the inner hair cell
membranes, but no label of the outer hair cells or Deiter’s cells. TLR3, however,
was not identified in any of the cells, although the mRNA was seen in the PCR
assay. IRF7 (interferon regulatory factor 7) and STAT1 (signal transducer and



5 Cochlear Inflammation Associated with Noise-Exposure 97

activator of transcription 1) are expressed in supporting cells (Hensen cells and
Deiter’s cells), but not in the sensory cells. STAT1 immunoreactivity was localized
in the phalangeal processes of the Deiter’s cells that form the reticular lamina and
IRF7 was in the tubulin containing phalangeal processes that extend from the cell
body up to the reticular lamina (Cai et al. 2014). In addition to molecules related to
Toll-like receptors, Mif (macrophage migration inhibitory factor) and TNFa (tumor
necrosis factor-alpha), both of which are pro-inflammatory cytokines, are also con-
stitutively expressed in the organ of Corti. Mif is involved in regulating macrophage
function and TNF« has been shown to induce recruitment of inflammatory cells to
the cochlea (Keithley et al. 2008). The work of Cai and his colleagues is quite novel
and opens a new path for exploring the effects of loud noise on cochlear degenera-
tion, hearing loss and the auditory sensory apparatus to establish whether pharma-
ceutical assistance can prevent permanent hearing loss.

Resident Macrophages of the Basilar Membrane

The physically closest macrophages to the cochlear sensory cells are those that
reside on the scala tympani side of the basilar membrane among the tympanic
lamellar cells. Evaluation of these cells was performed following dissection of the
basilar membrane to create surface preparations of the membrane and sensory epi-
thelium (Yang et al. 2015). The morphology of these CD45+ cells underneath the
mouse basilar membrane varies from apex to base of the cochlea, with the cells in
the apical third having a stellate shape with multiple long dendritic projections. In
approximately the middle cochlear turn, the cells have fewer and shorter projec-
tions, while in the basal turn, the cells are amoeboid-shaped with few projections. In
addition to expressing CD45, all these cells express F4/80, the antigen expressed by
macrophages, but not other leukocytes. In addition to these cells, there are smaller,
spherical shaped cells along the whole length of the basilar membrane. F4/80 label-
ing ranged from strong to not-detectable in the spherical cells suggesting that they
may not all be macrophages. In total, 95 + 17 macrophages per cochlea were counted
along the entire length of the basilar membrane. They are evenly distributed with no
clustering of cells (Yang et al. 2015). The relative paucity of these cells explains
why they were not described by previous researchers who have looked at radially
sectioned material using antibodies against CD45 and F4/80.

Further characterization of the dendritic-like cells under the basilar membrane
revealed that the apical cells do not immunolabel with antibodies to the dendritic
cell markers CD11c, CD14 or MHC class IT antigens. While in the middle and basal
regions, CD45-positive cells also label with CD11c, CD14 consistent with the basal
cells being dendritic cells, while the apical cells are not. MHC II immunoreactivity
was restricted to only about ten or fewer cells per cochlea scattered throughout the
whole length of the basilar membrane (Yang et al. 2015).
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Lymphatic Drainage of the Cochlea

In all mammalian tissues the resident immune cells work in collaboration with the
lymphatic system which is largely composed of the lymph nodes and the lymphatic
vessels that drain organs and return extracellular fluid to the heart. The inner ear,
like the central nervous system, has always been considered independent of this
system. As the inflammatory capability of these organs, however, has become appar-
ent, it seems reasonable to reconsider their interactive capability with draining cer-
vical lymph nodes. Using newly available lymphatic markers, connections between
cerebral spinal fluid and cervical lymph nodes have been identified (Louveau et al.
2015; Aspelund et al. 2015).

Yimtae et al. (2001) addressed this issue for the inner ear by slowly injecting a
large molecular weight antigen that could be immuno-labeled in tissue sections into
the scala tympani of normal guinea pigs. The cervical lymph nodes (mandibular,
parotid, superficial ventral and deep cranial) and the spleen as well as the temporal
bones were collected shortly after the injection. Immuno-labeled-antigen in the
cochlea showed that it had been absorbed by cells lining the scala tympani and the
inferior portion of the spiral ligament in the region of the type IV fibrocytes where
the resident macrophages are located. In some cases, antigen was also seen in the
modiolus and the suprastrial portion of the spiral ligament. The important finding is
that antigen was identified in the superficial ventral cervical lymph nodes and the
spleen 15 min after injection into the scala tympani. It is very clear that antigens
present in the cochlea are monitored by systematic immune cells at all times,
whether through lymphatics within the spiral ligament and modiolus or through the
cochlear aqueduct to the cerebral meninges. What goes on in the inner ear does not
stay in the inner ear. With the experimental tools available today, it seems possible
to determine whether there are lymphatic vessels within the cochlea or whether the
cochlea is connected to the cervical lymph nodes via the cochlear aqueduct and the
cerebral spinal fluid.

Conclusions

It seems clear from this summary that the “resting”’, normal cochlea has all the cel-
lular components to provide rapid immunological responses to invasions by patho-
gens or signals from cellular damage (damage associated molecular patterns,
DAMPS) and stress. It is interesting that there is great heterogeneity among the resi-
dent cochlear macrophages including their locations: the spiral ligament and spiral
limbus, stria vascularis and basilar membrane; and therefore, perhaps there is a
broad range of physiological responses to various stress situations. Physical limita-
tions to immune activity in the cochlea are imposed by the lack of blood vessels and
extracellular matrix within the organ of Corti and obviously within the fluid filed
scalae. This lack of matrix in the organ of Corti prevents leukocytes from moving
among the epithelial cells comprising this tissue. An obvious question, then, is
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whether either signaling molecules and/or cell debris from damaged cells can dif-
fuse from the epithelium across the basilar membrane to the resident macrophages
below it, or are the basilar membrane macrophages solely responsible for surveil-
lance of the perilymph? Are the supporting cells of the organ of Corti endowed with
the immune capability to protect the epithelium? Likewise, are the macrophages of
the spiral ligament, which are clearly related to the post-capillary-venule system of
the cochlea, restricted to respond to local events in the spiral ligament? Since the
fibrocytes are involved in antigen absorption from the scalae (Yimtae et al. 2001)
and potassium recycling (Spicer and Schulte 1996) they are likely stressed by loud
noise exposure (Wang et al. 2002). And finally, are the macrophages associated with
the strial capillaries solely charged with maintaining oxygen and other vascular
responsibilities?

3 Inflammatory Response to Acoustic Trauma

While the anatomical and physiological changes to the cochlea in response to noise
exposures of various intensities, frequencies and durations have been very well
defined, the cochlear inflammatory responses to noise are just beginning to be inves-
tigated. As suggested above, it was not until the advent of commercially available
antibodies against cell surface markers of specific leukocyte antigens that studies of
inflammatory responses could be undertaken at all. At this point, there is no sense
of the relationship between the quality and magnitude of the inflammatory response
and the noise stimulus parameters. The various studies that have been published
have used different mammalian species (mice and rats of different strains and chin-
chillas), noise exposures and post-noise exposure evaluation times. The following
discussion then must be considered general and may not apply to all situations.
Certainly, in the future systematic studies of cochlear inflammation relative to noise
exposure will define the responses and how they relate to cochlear pathology and
repair.

Given that the damaging effects of loud noise are present in the sensory epithe-
lium, the vasculature of the stria vascularis and the spiral ligament, it seems reason-
able to look at the inflammatory responses in all the cellular structures separately.

Inflammatory Response of the Spiral Ligament

Hirose et al. (2005) were the first to observe that in response to noise exposure in the
mammalian cochlea, there were leukocytes, immunolabeled with antibodies to the
CD45, common leukocyte cell surface antigen, recruited to the spiral ligament, spi-
ral limbus, and scala tympani where they are adherent to the bony wall of the
cochlear duct (Fig. 5.1b). The cells within the spiral ligament are first seen in the
region of the type IV fibrocytes, but over time they expand into the region of the
type I fibrocytes. This is also the location of the post-capillary venules for the
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vasculature of the lateral wall (Axelsson 1968), the general site for leukocyte
extravasation into tissues. These CD45+ cells were observed by 1 day post-noise
exposure at noise levels that resulted in permanent threshold shifts. At 7 and 14 days
after noise exposure, 20-30 cells per 30-pm section were still present in the region
of the cochlea where the greatest damage to hair cells occurred. Similar results were
subsequently reported using antibodies to F/480, a macrophage-specific marker by
Tornabene et al. (2006) and Tan et al. (2008) who point out that the maximum num-
ber of infiltrated cells was at 3 days after the noise exposure (Fig. 5.3).

By 7 days post-exposure, the cochleas exposed to noise that resulted in only a
temporary threshold shift also experienced an influx of CD45+ cells (Hirose et al.
2005). This result might be interpreted to indicate that at lower sound levels, signals
that recruit circulating cells are slower to be activated, but once activated, produce a
similar response. After 14 days, the number of labeled cells was reduced in the mice
exposed to 106 or 112 dB noise, but continued to increase in the mice exposed to the
120 dB noise. Although the quantitative analysis was done with an
immunohistochemical assay using the CD45 antibody, making it impossible to dif-
ferentiate between influx of cells or division of resident cells, a transgenic mouse
line with GFP+ circulating monocytes/macrophages was used to demonstrate that
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the leukocytes did extravasate from the systemic circulation and were derived from
the bone marrow monocyte lineage (Hirose et al. 2005; Tan et al. 2008).

An understanding of the signals that induce the recruitment of circulating mac-
rophages to the spiral ligament and limbus is not yet defined; however, the DNA
transcription factor, NFk-B, (nuclear factor kappa-light-chain-enhancer of activated
B cells) is a protein complex that controls DNA transcription related to inflamma-
tory mediators and cell survival, and is activated 2—6 h following noise exposure
(Masuda et al. 2006), so is a potential candidate. Sound levels that cause only a
temporary threshold shift in mice, but no hair cell degeneration (92-112 dB,
8-16 kHz noise for 2 h) activate NFkB, and in transgenic, NFkB-reporter mice the
activated cells were seen predominantly among the type I fibrocytes in the spiral
ligament and in the spiral limbus. There were also a few activated cells in the type
II fibrocyte region of the spiral ligament as early as 24 h after the termination of
noise exposure (Adams et al. 2009). As the sound level was increased, the number
of cells showing NFkB activation increased. These cells are not, however, located
adjacent to the venules of the inferior portion of the spiral ligament which presum-
ably support the extravasation of macrophages, thus complicating our understand-
ing of the relevant mechanisms.

Another set of likely candidates for initiating the immune response are chemo-
kines that are involved in chemotaxis of leukocytes to tissues. It is reasonable to
expect that expression of at least one of the known chemokines is involved in the
infiltration of macrophages to the spiral ligament in response to noise exposure. In
accordance with this expectation, Sato et al. (2008) developed chimeric mice with
GFP+ bone-marrow cells and no gene for producing the chemokine receptor,
CX3CRI, known to function in the central nervous system, and exposed the mice to
noise (8—16 kHz, 112 dB, for 2 h). They subsequently evaluated the mice for mac-
rophage migration into the spiral ligament. There was no difference in the number
of infiltrated cells between the CX3CR 1-null mice and normal mice, suggesting that
CX3CRI, generally expressed on tissue macrophages, is not necessary for chemo-
taxis into the spiral ligament (Sato et al. 2008). Another chemokine, CXCL12, or
SDF-1 (stromal-cell derived factor-1) is up-regulated immediately after noise expo-
sure in mice (Dai et al. 2010) and was immunohistochemically identified to be
expressed on cells in the type II fibrocyte region of the spiral ligament 3 days after
noise exposure with reduced expression after that time (Tan et al. 2008). This
expression pattern is consistent with the timing for the recruitment of macrophages.
CXCLI12 is expressed by cells that are involved in potassium recycling that are
likely stressed by loud noise exposure, so this chemokine clearly deserves further
experimental examination to define its involvement in chemotaxis.

Another approach, used by most investigators addressing this issue, is to evaluate
cochlear tissues for mRNA expression by PCR or protein detection assays like
ELISA or Western blot following noise exposure. Numerous studies describe the
results of investigation of several possible chemokines, cytokines or other
pro-inflammatory molecules. Several different animals have been examined using a
variety of noise exposures and survival times. The results of these assays are shown
in Table 5.1. Given the existing data, it seems that CCL2 is the most highly expressed
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chemokine ligand among those tested (Tornabene et al. 2006; Sautter et al. 2006;
Tan et al. 2016). It is not necessary for chemotaxis, however, because knockout
mice that express no CCL2 are still able to recruit macrophages to the cochlea in
response to noise exposure (Sautter et al. 2006). These experiments illustrate the
complexity of the signaling pathways involved in the recruitment of leukocytes to
the spiral ligament.

Pro-inflammatory cytokines are expressed by infiltrated inflammatory cells, as
well as cochlear fibrocytes, during induced immune responses (Satoh et al. 2002).
Noise exposure also results in rapid and transitory expression of the pro-inflammatory
cytokines IL-1p and IL-6 (Fujioka et al. 2006; Wakabayashi et al. 2010; Nakamoto
et al. 2012). TNF-« is also up-regulated (Fujioka et al. 2006; Tan et al. 2016)
although perhaps slightly later than IL-1p and IL-6. As shown in Table 5.1, it is not
clear what cytokine expression patterns occur with chronic noise exposure and lon-
ger times after the cessation of the noise (Arslan et al. 2012; Tan et al. 2016). The
data of Cai et al. (2014), that reflect expression in the sensory epithelium, with the
lateral wall excluded, suggest that the organ of Corti epithelial cells are not the
source of the cytokine expression. Unfortunately, these authors looked long after the
noise exposure, so this may also explain the lack of cytokine expression in their
samples. TGFp was also identified by PCR as a key player in inflammatory reac-
tions to noise exposure in CBA mice exposed to broad-band noise (2-20 kHz) at
100 or 120 dB for 3 or 24 h (Murillo-Cuesta et al. 2015). In mice exposed to 105 dB
noise (7-14 kHz) for 1 h the membranous labyrinth and lateral wall tissues showed
up-regulation of Socs-3 (Suppressor of cytokine signaling 3) and CXCL10 mRNA
at 6 h after noise, even though this exposure was not enough to cause auditory
threshold shifts or sensory cell damage (Gratton et al. 2011). While Socs-3 is
thought to suppress cytokine signaling, CXCL10 is thought to contribute to recruit-
ment of macrophages and deserves further evaluation for its relevance to immune
activity following noise exposure.

Finally, some studies have used immunohistochemical techniques that reveal the
location of the chemokines or other molecules involved in macrophage recruitment
or initiation of inflammation. Fujioka et al. (2006) used immunohistochemistry to
demonstrate the location of the pro-inflammatory cytokine, IL-6, in and around the
type IV fibrocytes shortly after noise exposure. The expression pattern became more
diffuse over time after the exposure. ICAM-1 (also known as CD54) expression on
vascular endothelial cells contributes to the capture of leukocytes prior to extravasa-
tion. Following noise exposure of various levels and frequencies, the expression of
ICAM-1 in the inferior portion of the spiral ligament has been consistently observed
by several different investigators (Tornabene et al. 2006; Miyao et al. 2008; Tan
et al. 2016; Shi and Nuttall 2007). PECAM-1 and P-selectin were also evaluated by
immunohistochemistry and found to be expressed in the blood vessels of the infe-
rior portion of the spiral ligament (Shi and Nuttall 2007). Shi and Nuttall (2007)
have pursued the significance and importance of the ICAM-1 expression for the
recruitment of macrophages to the spiral ligament by using poly (ADP-ribose) poly-
merase-1 (PARP-1) mutant mice. The PARP-1 null mice are unable to up-regulate
PECAM-1, P-selectin or ICAM-1 because of the absence of PARP-1 which modu-
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lates the expression of intercellular adhesion molecules. When these mice were
exposed to noise and examined for macrophages in the spiral ligament using anti-
bodies to CD45, there were none present. PARP-1 null mice seem like a very useful
model for investigating the role of the inflammatory response to acoustic trauma
and whether it contributes to threshold shifts or helps repair the spiral ligament
assisting in recovery from temporary threshold shifts. Unfortunately, there were no
measurements of the hearing losses in these mice strains, so it is not known how the
absence of macrophage infiltration affects threshold recovery after noise exposure.
In a separate study, antibodies to ICAM-1 were systemically injected into rats
before and after noise exposure that produces only a temporary shift. Relative to
control rats that were not injected with antibody, the animals with the anti-ICAM-1
antibodies had less auditory brainstem threshold shift after the exposure. No histol-
ogy was reported, so it is not known whether or not macrophages entered the spiral
ligament at the sound levels used to induce trauma (Seidman et al. 2009). It can be
concluded, though, that at least one or all of the examined adhesion molecules is
required for macrophage infiltration of the spiral ligament, and that the enzyme,
poly (ADP-ribose) polymerase-1, is necessary for their expression.

Inflammatory Response of the Stria Vascularis

As discussed above, the stria vascularis includes a resident population of immuno-
competent cells given the name “perivascular resident, macrophage-like melano-
cytes” because of their characteristics, reminiscent of both macrophages and
melanocytes. These cells contribute to the normal capillary structure by having a
cell body that is outside the endothelial cell basement membrane with processes and
“end-feet” in contact with that membrane. The remaining cell type participating in
the “cochlear-vascular unit” is the pericyte that ensheaths the capillary wall outside
the endothelial cell basement membrane (Shi 2010; Zhang et al. 2012; Shi 2016).
They are very sensitive to noise and retract their processes and appear less tightly
bound to the capillary after broadband noise exposure (120 dB, 3 h/day for 2 days).
Their production of the signaling molecule, PEDF, which contributes to their
dendritic-arbor morphology, and to the integrity of endothelial-cell, tight-junction
proteins that create the blood-labyrinthine barrier, is reduced at both the mRNA and
protein levels. One result of the reduction of PEDF is a breakdown of the blood-
labyrinthine barrier thus allowing the influx of serum proteins among other mole-
cules, and a decline in the endocochlear potential by 30-50% (Zhang et al. 2013).
As if to compensate for the morphological changes of the resident macrophage-like
melanocytes, circulating CD45+ and F4/80+ cells are recruited to the stria vascu-
laris (Du et al. 2011). This process was examined in detail using mice with GFP+
circulating bone marrow cells (Dai et al. 2010). These investigators demonstrated
that immediately following noise exposure as above, macrophages begin to enter
the stria vascularis where they assist in repair of the blood-labyrinth barrier. The
number of macrophages per unit length of the stria vascularis increased from about



106 E. M. Keithley

5 in mice sacrificed immediately following the noise to 20 or 25 at 1 and 2 weeks
and then declined to slightly fewer at 4 weeks which was the final time of analysis
because by that time the infiltrated cells had coalesced with the strial vessels and
cells were no longer undergoing extravasation.

The strial perivascular pericytes respond to noise exposure that results in perma-
nent threshold shifts by dramatically up-regulating inducible nitric oxide synthase
(INOS) (Shi et al. 2003) and the chemokine, stromal-cell-derived factor-1a (SDF-1ax)
(Dai et al. 2010). Because these molecules are likely to be involved in the macro-
phage recruitment process, Dai et al. (2010) tested the hypothesis that iNOS, its
downstream product, SDF-1a, and the SDF-la receptor, CXCR4, are, in fact,
involved. In a series of experiments, the investigators used iNOS wild-type mice
and iNOS-null-mice with GFP+ bone marrow cells and a blocker of CXCR4. The
iNOS-null mice showed significantly less SDF-1a expression and macrophage infil-
tration following the noise exposure than did the wild-type mice, illustrating the
importance of iNOS in the recruitment process. The mice injected with the CXCR4
blocker also experienced few infiltrated bone-marrow cells following noise expo-
sure, implying that the SDF-1a is also required for extravasation. It seems then, that
these molecules are involved in macrophage recruitment to the stria vascularis fol-
lowing loud noise exposure. As in the spiral ligament, the adhesion molecule,
ICAM-1 is also expressed in the vessels of the stria vascularis after noise exposure
and is likely involved in the recruitment process (Shi and Nuttall 2007).

Unlike other cochlear structures, it seems that the vasculature within the stria
vascularis is repaired following noise exposure and this repair is accomplished with
the assistance of the infiltrated circulating bone-marrow derived cells (Shi 2016).
By 4 weeks after noise exposure, Dai et al. (2010) describe that the infiltrated GFP+
cells have differentiated into macrophages, pericytes and vascular endothelial cells,
and reformed the normal vascular pattern of the stria vascularis. Zhang et al. (2013)
demonstrated that injection of PEDF into mice after the noise-induced damage of
the macrophages-like melanocytes had occurred that the endocochlear potential
could be regained. It seems then, that following naturally occurring repair of the
damaged stria vascularis that, if the growth factor is secreted by the newly infiltrated
cells, at least the endocochlear potential component of noise induced hearing loss
should be repaired.

Inflammatory Response of the Sensory Epithelium

The sensory cells of the organ of Corti were the first to be identified as those that are
damaged by loud noise exposure, and until recently were not considered to possess
any immune function or even be protected by immune surveillance. As described
above, no macrophage-like cells have been identified through the use of cell surface
markers within the organ of Corti or sensory epithelium following noise exposure
even though hair cell debris is rapidly eliminated and the reticular lamina is very
quickly repaired following noise-induced damage (Raphael and Altschuler 1991).
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This remarkable repair is achieved by Deiter’s cells (Abrashkin et al. 2006; Anttonen
et al. 2014), but the signals to activate the process may relate to innate immunity.
Based on this assumption, Cai et al. (2014) have examined the cochlear, sensory
epithelium for its immune activation capability in response to noise exposure and
discovered that, in fact, the hair cells and supporting cells of the organ of Corti react
to the exposure by up-regulating immune-related genes. A subsequent study com-
paring mice and rat cochleas exposed to noise and using the same dissection tech-
nique, also showed up-regulation of numerous genes related to inflammatory
pathways in both species (Yang et al. 2016). To further investigate gene expression
as a result of noise exposure, Cai et al. (2014) used B6 and CBA mice exposed for
1 h to broadband noise (1-7 kHz, 120 dB) that were sacrificed 1 or 4 days after the
termination of the noise. This exposure causes permanent threshold shifts of about
30 dB and hair cell degeneration mostly in the basal half of the cochlea. mRNA
analysis of gene expression showed that several immune-related genes were up-
regulated including Irf7, interferon regulatory factor 7, Ddx58 and Statl, signal
transducer and activator of transcription 1, 1 day after noise exposure with a return
to normal expression levels by 4 days. The gene for TLR3 was also slightly up-
regulated at 1 day post exposure. I7f7 showed the largest increase in mRNA expres-
sion with about a 70-fold increase. All these genes are involved in innate immunity,
the detection of viruses in tissues and the initiation of a response to eliminate the
pathogens. IRF7 has been shown to play a role in the activation of interferon related
genes. Ddx58 functions as a pattern recognition receptor for viruses. STAT1 is a
transcription factor involved in up-regulating genes in response to signals from
interferons. And finally, the ligand for TLR3 is double-stranded RNA of viruses.
The bound receptor subsequently activates interferon pathways that participate in
destroying viral pathogens. Assuming that there was no undetected, viral infection
of the mouse cochleas examined by these investigators, one interpretation of these
findings is that cell-damage from noise exposure activates the same pathways gen-
erally used for viral elimination. In fact, there is evidence that DAMPS do bind to
TLR4 and activate an innate immune response (Peri and Calabrese 2014). The heat
shock protein, HSP60, generally expressed during cellular stress and death, may
also be a natural ligand for the bacterial endotoxin receptor, TLR4 (Ohashi et al.
2000). This hypothesis provides a novel approach to understanding the reorganiza-
tion and repair of the noise-damaged organ of Corti.

Using immunohistochemistry to localize TLR3 proteins in the sensory epithe-
lium 1 day following noise-exposure, Cai et al. (2014) described scattered inner and
outer hair cells labeled with antibodies to TLR3. In the region of the organ of Corti
with the greatest amount of outer hair cell damage, the greatest number of outer hair
cells was labeled. There was also a correlation with cells undergoing apoptosis and
TLR3 immunoreactivity. It was concluded that TLR3 expression is, in fact, related
to a damaged hair cell. No TLR3 label was seen in normal animals. Unlike TLR3,
TLR4 immunoreactivity was seen in some scattered, non-noise-exposed cochlear
inner hair cells and Hensen cells. As with TLR3 immunoreactivity, TLR4 expres-
sion was clearly seen in Deiter’s cells below damaged outer hair cells (Cai et al.
2014). In a subsequent study, Vethanayagam et al. (2016) exposed TLR4 null mice
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to the same broadband noise (1-7 kHz, 120 dB, 1 h) and these mice had less hair
cell damage and auditory threshold shifts than wild-type mice without the TLR4
deletion, supporting the interpretation that TLR4 activates immune activity in the
sensory epithelial cells and that this activation results in greater sensory cell
degeneration.

Another piece of evidence in support of sensory cell participation in immune
activation comes from a study in which transgenic-mouse, cochlear-sensory cells
were deleted in the absence of any other cochlear injury. Following the death of hair
cells, the supporting cells expressed the chemokine, CX3CL1, and circulating mac-
rophages were recruited to the basilar membrane (Kaur et al. 2015).

Inflammatory Response of the Basilar Membrane

Among the cells described as mesothelial cells below the basilar membrane are
phagocytic cells that label with the leukocyte marker, CD45 (Hirose et al. 2005;
Tornabene et al. 2006; Kaur et al. 2015). Yang et al. (2015) evaluated these cells
after exposure to broadband noise (1-7 kHz, 120 dB, 1 h). At 1 day following the
exposure, the number of monocyte/macrophages in the basal half of the cochlea did
not change. By 4 days after the noise, however, there were significantly more CD45+
cells and they were both below the tunnel of Corti and at the junction of the basilar
membrane and the spiral ligament where it appeared cells had migrated from the
venules and were adherent to the basilar membrane. The location along the length
of the cochlea of the influx of monocytes was related to the location of greatest hair
cell loss. The surface preparations and fluorescent labels used by these investigators
made the shapes of the cells easy to assess (Yang et al. 2015). The shapes were dif-
ferent on different days and the authors interpreted these shape changes to reflect
maturation of infiltrated monocytes to mature macrophages. After 10 days, the
labeling pattern had returned to normal. TLR4-null mice, which have less sensory
cell loss and threshold shifts than wild-type mice, still had the same pattern of mac-
rophages recruitment to the basilar membrane, suggesting that TLR4 activation is
not required for the recruitment or maturation of these macrophages (Vethanayagam
et al. 2016).

The mature macrophages showed evidence of antigen-presentation ability and
T-cells, the lymphocytes that respond to antigen presentation and initiate an adap-
tive immune response, were identified among the infiltrated circulating cells. This
observation is the most provocative. It implies that cochlear proteins released from
cells as a result of damage caused by acoustic trauma have the potential to initiate
an auto-immune response resulting in auto-immune hearing loss (Ryan et al. 2001).
For the majority of cases, however, this would not occur since the presented proteins
would be recognized as “self”. The proteins would also have to travel through the
basilar membrane to reach the inflammatory cells. The observation does, however,
help explain the result that acoustic trauma exacerbates the cochlear response to
foreign antigens (Miyao et al. 2008). It also implies that if there are bacterial or viral
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antigens in the cochlea at the time of acoustic trauma, the response may be more
destructive than just the noise trauma alone.

Conclusions

Over the last 30 years the ability of the cochlea to mount an immune response has
been demonstrated and more recently the immune response induced by noise expo-
sure has been examined. Based on the data presented above, noise of sufficient
amplitude and duration to cause permanent threshold shifts and cellular damage has
effects related to immunity on the sensory epithelium, resident macrophages on the
scala tympani side of the basilar membrane, the fibrocytes of the spiral ligament,
and the epithelial cells and capillaries of the stria vascularis. Each of these locations
has been studied separately, by different groups of investigators using different
noise trauma parameters and experimental assays. Hopefully in the future, a sys-
tematic and holistic approach will provide a better understanding of whether these
cells work together or whether they are independent of each other, whether they are
activated simultaneously and work in synchrony in response to the same stimulus
level or whether they respond independently of each other and are activated at dif-
ferent sound levels.

It seems that the recruitment of macrophages is very specific, related to the type
of injury, and not generalized to the whole cochlea. The next phase of this research
should address the relationship between stimulus parameters, hearing loss and tis-
sue damage relative to the activation of the immune response. As we begin to under-
stand how noise damages cochlear cells, this should provide understanding of what
immune responses may be generated. An insight into this was provided by Kaur
et al. (2015), who used a transgenic mouse model in which hair cells can be killed
by injection of diphtheria toxin with no other cochlear cell damage. The treatment
induces recruitment of macrophages below the basilar membrane, but not the spiral
ligament. This result supports the idea that potassium recirculation, which is pre-
sumably not challenged in this model, may be the signal for spiral ligament macro-
phages activation. This model would also be useful for examining the immune
response of the Deiter’s cells following the death of the hair cells.

At this point it is not clear whether the cochlear immune response is beneficial or
harmful to the cochlea and hearing. The data of Shi and her colleagues, discussed
above, strongly suggests that the infiltrated macrophages provide a benefit to the
repair of the cochlear vasculature within the stria vascularis (Shi 2016). The data of
Vethanayagam et al. (2016), on the other hand, using TLR4 null mice suggests that
the organ of Corti is less damaged when the immune activity of the supporting cells
is inhibited. And in general, cochlear inflammation is damaging to cochlear struc-
tures (Satoh et al. 2002), but in the case of acoustic trauma, it seems reasonable to
assume the response is intended to repair the damage although there may be
collateral damage. Transgenic mice that do not express the Mif gene coding for the
pro-inflammatory cytokine, macrophage migration inhibitory factor, that is consti-
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tutively expressed by organ of Corti cells (Cai et al. 2014) showed less hearing
recovery after noise exposure than control mice, supporting the idea that the inflam-
matory response is, in fact, beneficial (Kariya et al. 2015). While this study provided
little information about the actual immune response in the Mif—/— mice, it serves as
a starting point for investigating this question. Another initiator of inflammation,
NFxB, which is activated by low level noise, appeared to have a beneficial effect on
the spiral ganglion neurons. Transgenic mice lacking the p50 subunit of NFkB
(p50—/—) are more susceptible to trauma from low level noise exposure (Lang et al.
2006b), again supporting the idea that the immune response is beneficial.

Most of the cochlear duct structures including the spiral ligament and spiral lim-
bus fibrocytes participate in potassium ion recycling related to inner hair cell depo-
larization (Spicer and Schulte 1991, 1996, 1998; Wangemann 2002, 2006).
Fibrocytes may also be involved in glutamate homeostasis which is also likely chal-
lenged during noise exposure (Furness et al. 2009). As previously suggested, the
energy requirement and cellular stress related to performing the potassium and glu-
tamate recycling functions during prolonged, loud noise exposure are likely very
great (Wang et al. 2002). It is not surprising then, that NFxB is activated (Adams
et al. 2009) and inflammatory signals are generated by type I spiral ligament fibro-
cytes and macrophages are recruited. What is hard to explain is why the type IV
fibrocytes are the cells in the spiral ligament that degenerate in response to even
relatively low level noise (Wang et al. 2002; Hirose et al. 2005). Apparently these
cells are not involved in the potassium recycling, but they do produce connective
tissue growth factor, CTGF, (Adams 2009) that interacts with transforming growth
factor , TGFp, and facilitates leukocyte migration within tissues (Lau 2016). They
seem likely then, to interact with the macrophages that enter the spiral ligament in
response to noise. The activity of the macrophages, once in the spiral ligament, is
unknown. Whether they are involved in the repair of the ligament following the
degeneration of the type IV fibrocytes has not been examined.

The function of resident macrophages below the basilar membrane is yet to be
defined. They do not pass through the basilar membrane to facilitate the repair of the
organ of Corti after acoustic trauma; however, it is possible that they act through
paracrine signaling to orchestrate the Deiter’s cell phagocytosis of cellular debris
and repair of the reticular lamina (Kaur et al. 2015). On the other hand, these mac-
rophages may serve to provide surveillance and clean-up of the perilymph. In a very
early study of cochlear inflammation, virus injected into the scala tympani was
identified in the mesothelial cells below the basilar membrane and adhering to the
walls of the scala tympani very shortly after injection (Keithley et al. 1988). Given
what we know now, it is likely that the cells containing viral antigen were phago-
cytic macrophages involved in destroying the virus and recruiting immuno-
competent cells to the cochlea. A modification of this response is likely a component
of the response to cellular stress induced by acoustic trauma.

We are just beginning to investigate the molecular stress responses within the
cochlea that occur as a result of acoustic trauma and what role infiltrating inflamma-
tory cells play in that response. Hopefully, this chapter has clearly presented what is
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known about the immune responses and stimulated thoughts about how we can
improve our understanding of the inflammatory response to acoustic trauma.
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Middle Ear Infection and Hearing Loss b
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Abstract The primary inflammatory disease of the middle ear (ME) is otitis media
(OM), a common pediatric infection that accounts for more office visits and surger-
ies than any other pediatric condition. It also affects adults to a lesser degree. The
presence of inflammatory mediators and cells is one of the hallmarks of OM. It is
mediated primarily by innate immune receptors, which interact with molecules
from the bacteria that cause ME infections without the need for prior sensitization.
Chronic and recurrent ME infections in children lead to hearing loss during critical
periods of language acquisition and learning, causing delays in reaching develop-
mental milestones and if left untreated, have the potential risks of permanent dam-
age to the middle and inner ear. In this review, we document the presence of
inflammation in the ME during OM, discuss current evidence implicating innate
immunity in the generation and regulation of ME inflammation, and review the
effects of ME inflammation and infection on hearing, auditory processing, the
acquisition of language and learning.
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1 Introduction

Otitis media (OM) is a common infectious disease in children worldwide, resulting
in substantial health care expenditures and burden (Acuin 2004; Ahmed and Shapiro
2014). In the USA, more than 90% of children experience OM before age 5, making
it the most common condition warranting medical therapy for children in this age
group (Teele et al. 1989; Thomas and Brook 2014). While acute, uncomplicated
OM tends to be self-limiting, 10-20% of children experience persistent, recurrent or
chronic OM (Daly et al. 1999). The long-lasting forms of this condition can result
in significant conductive hearing loss. The peak of incidence of OM is from 6 months
to 3 years (Maclntyre et al. 2010). Because this is a critical period for early language
acquisition (Gervain 2015), persistent OM can result in delayed speech and com-
munication development. Chronic forms of OM also carry a risk of permanent dam-
age to the middle and inner ears, resulting in hearing loss that does not recover. OM
has much more serious complications in developing countries (Bluestone 1998;
Kubba et al. 2000; Ahmed et al. 2014). It is estimated that one half of the world’s
burden of significant hearing loss is related to undertreated OM (WHO 2004).
Currently, treatment for uncomplicated OM consists of watchful waiting or antibiot-
ics (Forgie et al. 2009; Bascelli and Losh 2001). Tympanostomy tubes for middle
ear (ME) ventilation are often recommended for recalcitrant cases (Qureishi et al.
2014; Ahmmed et al. 2001; Ambrosio and Brigger 2014). Insertion of tympanos-
tomy tubes is the most common ambulatory surgery performed on children in the
US; with 670,000 insertions, costing over four billion dollars in 2009 (Rosenfeld
et al. 2013).

The etiology of OM is generally thought to be multifactorial. OM incidence has
been found to be influenced by variation in the infecting pathogens, host anatomy,
immunological status and prior viral infection. However, at the molecular level, OM
can largely be defined by ME inflammatory responses. These responses occur via
the activation of pro-inflammatory transcription factors, followed by production and
release of inflammatory mediators (Hernandez et al. 2015). Mucosal hyperplasia,
leukocytic infiltration into the ME cavity, and secretion of mucus-rich effusions are
also characteristic sequelae of OM (Allen et al. 2014). These host responses can
largely be attributed to the ME response to bacteria, which ascend into the ME from
the nasopharynx through the Eustachian tube. The nasopharyngeal commensals
Streptococcus pneumonia, nontypeable Haemophilus influenza (NTHi), and
Moraxella catarrhalis are the three most common pathogens causing ME infection
(Daly et al. 1999; Vergison 2008). However, OM is often preceded by respiratory
viral infections, and viruses are often detected in ME effusions (Heikkinen and
Chonmaitree 2003; Barenkamp 2014). Viruses can enhance nasopharyngeal bacte-
rial load, alter the function of the Eustachian tube, and modulate host immunity, any
of which can increase the probability of ME infection.

Generally, children are thought to be more prone to OM than adults for several
reasons. The Eustachian tube is shorter, oriented more horizontally and may func-
tion less efficiently compared to adults, potentially allowing easier access of
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nasopharyngeal bacteria to the ME (Fuchs et al. 2014; Alles et al. 2001). In addition,
since their cognate immune systems are immature, they are less able to react effi-
ciently to pathogens, to which they are immunologically naive (Faden 2001; Sharma
and Pichichero 2013). Still, most children rapidly resolve OM without the need for
treatment. Indeed, only 10-20% exhibit recurrent/chronic disease. Children who
experience more than three episodes of acute OM (AOM) within 6 months are con-
sidered otitis-prone, and are likely to require tympanostomy tube insertion (Qureishi
et al. 2014; Ryan et al. 2001).

Why some children progress to persistent/recurrent OM, while the majority
experience no or only a few OM episodes, is not well understood. However, epide-
miologic studies indicate that OM-proneness in humans receives contributions from
Eustachian tube dysfunction, economic and health care status, exposure to cigarette
smoke, prior exposure to upper respiratory viral infections, and frequent day care
attendance (Ambrosio and Brigger 2014; Vergison 2008; Rye et al. 2012). It is also
clear that genetics play a significant role, as indicated by twin studies (Rye et al.
2012; Goodwin and Post 2002; Post 2011; Kvaerner et al. 1996). Current data indi-
cate that OM proneness is polygenic, and there is evidence implicating genes
involved in craniofacial structure as well as in various aspects of immune defense
(Fuchs et al. 2014; Daly et al. 2004). Craniofacial anomalies that disrupt the normal
structure and function of the Eustachian tube can alter ME pressure and enhance
access of bacteria to the tympanic cavity (Bluestone 1998). However, most children
with chronic/recurrent OM do not have overt craniofacial defects, implicating more
subtle Eustachian tube dysfunction or deficiencies in immunity. Regarding the lat-
ter, two distinct defense strategies can protect a host from infectious damage: alle-
viating the pathogenic burden by increasing host resistance, or reducing pathological
impact by enhancing host tolerance (Medzhitov et al. 2012). Changes in the balance
of these two fundamental defense mechanisms (resistance versus tolerance) can be
linked to OM proneness and chronicity. Immune factors include mutations or poly-
morphisms in innate immune and inflammatory genes, defects in cellular processes
that reduce infection such as phagocytosis, and changes in factors that initiate and
regulate tissue repair and recovery after inflammation and injury. A recent survey of
the transcriptome of otitis-prone children found that many genes in these categories
are altered during OM (Liu et al. 2013).

It should also be noted that multivalent vaccines against Streptococcus pneu-
moniae have decreased the prevalence of S. pneumonia OM (Pletz et al. 2008;
Eskola et al. 2001; Sabirov and Metzger 2006). Overall incidence of OM has also
been decreased to some extent (Taylor et al. 2012), although OM due to other patho-
gens and to uncovered S. pneumonia strains has increased (Cripps and Otczyk
2006). Fortunately, the covered S. pneumonia strains are among the most invasive
and dangerous, which has decreased the severity of OM due to this pathogen (Taylor
et al. 2012).
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2 Inflammatory Mediators in the ME

The ME is a closed cavity, with the only means of egress being the Eustachian tube.
Since the tubal orifice is above the floor of the ME, any fluid which accumulates in
the tympanic cavity has a tendency to be cleared very slowly. The closed nature of
the ME means that any inflammation that occurs is not only slow to resolve, but can
also recruit additional pro-inflammatory mediators and inflammatory cells, result-
ing in a large number of mediators and prolonged pathology. This may explain the
wealth of inflammatory mediators that have been isolated from the MEs of patient
with diseases such as OM and cholesteatoma.

Virtually all pro-inflammatory mediators have been detected in ME effusion
from children with OM. This includes a large number of cytokines (e.g. Yellon et al.
1991; Smirnova et al. 2002), with IL1b, IL-6 and TNFa being highly expressed.
Similarly, many chemokines have been detected, including those that are chemotac-
tic for neutrophils and macrophages (e.g. Kaur et al. 2015). The inflammatory com-
plement activation products C3a and C5a are present (Bernstein 1976; He et al.
2013), as have many arachidonic acid metabolites (e.g. Brodsky et al. 1991).

While human studies document the mediators of mature disease, animal studies
have documented not only the presence and kinetics of these mediators, (e.g. Melhus
and Ryan 2000; Hernandez et al. 2015) but also allow interventional studies. Trune
et al. (2015) and Hernandez et al. (2015) found a great majority of all cytokine
genes are expressed during experimental OM, with most peaking within 3-6 h of
bacterial infection. While many chemoattractant chemokines are similarly regulated
(Leichtle et al. 2010), CXCLs 5, 9 and 17 and CCL9 are expressed for several days
after ME infection, including the resolution phase of OM. These chemokines are
associated with vascular development, T-cell chemoattraction and dendritic cell
chemoattraction, events that would be expected to occur over a longer timespan than
acute inflammation. Complement activation peaks at 24 h after infection (Li et al.
2012), consistent with leukocyte chemoattraction. Immune-induced ME inflamma-
tion is also reduced by prior complement depletion (Ryan et al. 1986). Arachidonic
acid metabolites peak at 24 h after ME infection. Leukotriene inhibition strongly
inhibited for formation of effusion in experimental OM (Jung et al. 2004), indicat-
ing a role in vascular permeability.

3 Initiation and Regulation of Inflammation During ME
Infection

The detection of inflammatory mediators in the ME of patients with disease, and in
animal models, says little about their initiation. To understand the origins of inflam-
mation, we rely primarily upon animal models that allow us to evaluate the earliest
stages of OM and the functional role of genes in producing and regulating ME
responses to infection.
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Innate Immunity and ME Inflammation

In the normal child, uncomplicated OM resolves in only a few days, even in the
absence of antibiotic therapy (Thomas and Brook 2014). In fact, antibiotic therapy
only reduces the recovery time by approximately 24 h, leading to the recommenda-
tion that antibiotics not be prescribed for simple, uncomplicated OM (e.g. Venekamp
et al. 2015). The normal recovery period for OM is thus too short for the develop-
ment of cognate immunity to play a significant role in resolution. This strongly
suggests that the innate immune system, which is activated without prior sensitiza-
tion, is the major effector of uncomplicated OM resolution.

The innate immune system is comprised of pattern recognition receptors (PRRs)
that respond to pathogen associated molecular patterns (PAMPs). The receptors of
innate immunity include the Toll-like receptors (TLRs), Nod-like receptors (NLRs),
Rig-I-like receptors (RLRs), C-type lectin receptors (CLRs), and nucleic acid recep-
tors (Beutler 2004; Kawai and Akira 2009). Activated PRRs recruit adaptor mole-
cules, which in turn initiate signaling cascades. The majority of these cascades end
in the activation of transcription factors, including NFxB, AP-1, and interferon-
regulatory factors (IRFs), which localize to the nucleus and up-regulate the expres-
sion of many pro-inflammatory genes. They also stimulate the production of
chemokines that attract inflammatory leukocytes, primarily neutrophils and macro-
phages, into the ME cavity (Hernandez et al. 2015; Kurabi et al. 2016).

Because inflammation has a high potential for bystander damage, anti-
inflammatory genes are also up-regulated. Innate immune responses are thus bal-
anced between pro-inflammatory responses that fightinfection and anti-inflammatory
responses protecting against host tissue damage and initiating repair and healing.
This reflects the balance between resistance and tolerance as discussed earlier. For
example, NFkB induces both pro-inflammatory genes and genes that limit the dura-
tion and magnitude of the inflammatory response. Innate immunity also plays a
critical role in the development of cognate immunity by recruiting and activating
lymphocytes, as well as macrophages and other cells involved in antigen presenta-
tion. Thus, innate immunity affects not only initial defense against infection, but
also the development of immunologic memory (Akira et al. 2006).

Innate immune responses to the bacterial pathogens of OM can be predicted
based upon their known ligands. Herein, we will discuss how the activation of innate
immune signaling pathways, in particular by the TLRS and NLRs, may be a com-
mon pathway for OM pathogenesis and recovery. The expression of PRRs in the
human ME has been examined by Granath et al. (2011) and others (Ryan et al.
2001; Kim et al. 2010; Kim et al. 2015; Hernandez et al. 2015) to name a few.
Several are expressed at significant levels in the normal ME cavity and, following
infection, these and many additional PRRs are upregulated. Triggering these PRRs
activates inflammatory and immune responses leading to efficient resolution of
invading pathogens but also causing disease pathogenesis.
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The TLR Family

The TLR family, the first PRRs to be described in depth, consists of ten human
receptors. Other species have different numbers of TLR genes. For example, there
are 13 TLR genes in mice. However, those in common behave similarly between the
two species (Takeda et al. 2003). TLRs evolved to recognize non-host PAMPs from
fungi, bacteria, viruses and other parasites (Medzhitov and Janeway 2000). TLR1,
TLR2, TLR4, TLRS5 and TLR6 are cell surface receptors that primarily recognize
lipoproteins, lipopolysaccharides (LPS) and flagellins in the extracellular environ-
ment. In contrast, TLR3, TLR7, TLRS and TLR9Y are cytosolic receptors located on
endolysosomes and they primarily detect bacterial and viral nucleic acids (Mogensen
2009). Activated TLRs recruit and activate adaptor molecules, which initiate and
amplify down-stream signaling cascades. Most TLRs utilize the adaptor myeloid
differentiation factor-88 (MyD88) (Takeda et al. 2003). TLR3 uses the TIR domain
containing adaptor inducing IFN-f (TRIF), while TLR4 can utilize either the
MyD88-dependent or TRIF-dependent pathways (Kawai and Akira 2009). MyD88
activation of the down-stream IRAK1/4 (interleukin-1 receptor-associated kinase
1/4) scaffold results in phosphorylation and binding of TRAF6 (TNF receptor-
associated factor 6). A resulting cascade activates a variety of effectors including
NFxB and c-Jun terminal kinase (JNK), leading to the expression of interleukin,
TNFa and leukocyte recruitment genes. TRIF can activate not only TRAF6, but also
TBKI1 (tank-binding kinase-1) leading to IRF activation and interferon expression.
Subsequent inflammatory responses mediated primarily by the cytokines, chemo-
kines and interferons follow. Among the TLR subtypes, TLR2 and TLR4 play a
crucial role in determining the outcome of infection during OM (Hernandez et al.
2008; Shuto et al. 2001; Leichtle et al. 2009a; Hirano et al. 2009; Lim et al. 2008).
TLR2 is involved in the recognition of a wide variety of microbial ligands like pep-
tidoglycans, lipoteichoic acid and lipoproteins. On the other hand, TLR4 primarily
binds to LPS specifically associated gram-negative bacteria.

Several animal studies have demonstrated a crucial role for TLRs and TLR-
dependent signaling cascades in the generation and persistence of inflammation as
well as the resolution of OM (Lim et al. 2008; Hirano et al. 2007; Kawano et al.
2013). Both TLR2 and TLR4 deficient mice exhibit persistent inflammation with
impaired bacterial clearance and delays in OM recovery. In addition, genetic dele-
tions of downstream signaling molecules, MyD88, TRIF, TNF, JNK1 and JNK2
also result in prolonged inflammation and abnormal OM recovery (Leichtle et al.
2008; Han et al. 2009; Leichtle et al. 2009b; Yao et al. 2014). In particular, mouse
model studies have shown that in the absence of TLR2 or MyDS88, initial neutrophil
and macrophage recruitments are significantly delayed (decreasing host resistance
and initial leukocyte-mediated inflammation), but also leading to host inability to
clear bacteria with resultant prolonged inflammatory responses (up to 42 days, as
compared to 5 days in wild-type mice). In particular, TLR2-deficient mice were
susceptible to S. pneumoniae infection of the ME and show decreased expression of
NOD2, IL1, NFkB, TNFa, MIP1a, Muc5ac and Muc5b, encumbering timely bacte-
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rial clearance (Han et al. 2009). In turn, TLR4 induces early activation of TLR2 in
OM (Leichtle et al. 2009a) and plays a role in acquired adaptive mucosal immunity
in the ME (Hirano et al. 2009). Moreover, both TLR2 and TLR4 are critical to the
up-regulation of the key pro-inflammatory mediator TNFa early in OM (Leichtle
et al. 2009a). This up-regulation induces the downstream target chemokine CCL3,
promoting macrophage recruitment and bacterial phagocytosis and clearance.
Conversely, IRAK-M, a negative regulator of the TLR family, has recently been
shown to suppress the production of pro-inflammatory mediators in the lung during
NTHi infection (Miyata et al. 2015).

Along with the activation of pro-inflammatory mediators, many anti-inflammatory
mediators are up-regulated with similar kinetics. These include IL-4 and IL-10,
interleukin-1 receptor antagonist, the MyD88 signaling inhibitors SOCs3 and
IRAK3, the TRAF6 inhibitor A20, and the IRF inhibitor ATF3 (Hernandez et al.
2015). These tend to blunt the ME inflammatory response, limiting host tissue dam-
age and balancing the inflammatory responses. For instance, IL10~~ mice show a
reduced number of goblet and mucin-producing cells during OM. While IL10 plays
an anti-inflammatory role by inhibiting the NFxB-dependent pathway down-stream
of the TLRs, it is also known to regulate the ME mucosal hyperplastic response dur-
ing OM via TLR2 (Tsuchiya et al. 2008).

In humans, polymorphisms in genes encoding TLR2, TLR4, and the TLR4 bind-
ing partner CD14, have been identified in genome-wide association studies of OM
susceptibility, as they have effector genes TNFo and ILIR (reviewed in Rye et al.
2011). In addition, changes in the mRNA levels of TLR2, TLR4, TLRS, TLR7, and
TLR9Y in addition to cytokines like IL1, IL6, IL8, and IL10 and chemokines like
CCL2, CCL3, CXCR3 in the ME infiltrate and inflamed mucosa in patients have
also been documented clinically (Si et al. 2014; Lee et al. 2013a, b; Emonts et al.
2007; Granath et al. 2011; Kaur et al. 2015). Taken together with the animal data,
these results provide strong evidence that the TLRs via innate immunity play a sig-
nificant role in generating ME inflammation, but also in OM recovery.

In addition to sensing pathogens, several TLRs also serve as receptors for
damage-associated molecular patterns (DAMPs), which are released from or pro-
duced by damaged or necrotic host cells. The cellular responses to DAMPs are simi-
lar to those evoked by PAMPs. Since infection and inflammation frequently produce
host cell damage, DAMPs provide an additional source of ME inflammation during
OM, which can augment the response to bacteria (E1 Mezayen et al. 2007).

The NLR Family

The NOD-like receptors (NLRs) comprise an additional family of PRRs. All of the
NLRs are located intracellularly, and detect bacterial and viral molecules in the cyto-
plasm. NLR activation leads to the secretion of pro-inflammatory cytokines, includ-
ing TNFa, interleukins and interferons. Members of this family include NOD1 and
NOD?2, as well as the pyrins (NLRP1-14), and the NLR family CARD domain
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containing protein 4 (NLRC4). The NLRs organize large signaling complexes such
as NOD signalosomes and NLRP inflammasomes (Rathinam et al. 2012). Activated
NODs signal via the adaptor RIP2 (receptor interacting protein 2) that, similar to the
TLR/MyD88 cascade, leads to the activation of NFkB and MAPK pathways (Kim
et al. 2008). Alternatively, they can interact with MAVS (mitochondrial antiviral-
signaling), leading to type I interferon production (Lupfer and Kanneganti 2013).
Recent studies in patients with chronic OM revealed that NOD1 and NOD2 mRNA
was reduced in the ME effusions of otitis-prone children when compared to non-
otitis-prone individuals (Kim et al. 2010). However, mucosal tissue samples from
patients with chronic OM revealed that NOD2 expression is elevated when compared
to normal mucosa (Granath et al. 2011). Increased expression of mucosal NOD2 has
also been shown to participate in NTHi-induced B-defensin2 production and in turn
to modulate the recruitment of inflammatory cells and bacterial clearance from the
ME cavity in animal studies (Woo et al. 2014), highlighting the interplay between
inflammatory leukocyte infiltration and mucosal defense of the ME.

Activation of the NLRPs results in the formation of inflammasomes, multi-
molecular signaling platforms consisting of an active NLRP, the bipartite adaptor
protein ASC (inflammasome adaptor protein apoptosis-associated speck-like pro-
tein containing CARD), and Caspase1 (Brodsky and Monack 2009). Inflammasomes,
involving NLRPs, NLRC4, the DNA-sensing AIM2 (absent in melanoma-2) and
RIGI (retinoic acid-inducible gene-1) receptors sense a wide range of PAMPs and
hence are involved in the development of acute and chronic inflammatory responses.
Inflammasomes cleave pro-Caspase-1 to active Caspasel, a key mediator of inflam-
matory processes. Active caspasel in turn cleaves pro-IL1p and pro-IL18 into their
active forms. Caspasel can also execute a rapid, programmed cell death response
termed pyroptosis. Pyroptosis is a Caspasel dependent inflammatory process of cell
self-destruction to eliminate cellular niches that favor microbial growth (Denes
et al. 2012). However, cell damage can release DAMPs, providing another pathway
leading to inflammation.

We, and others, have previously demonstrated that IL1 is important for the
recruitment of inflammatory cells to the ME (Watanabe et al. 2001; Catanzaro et al.
1991). Moreover, mice deficient in the key inflammasome component ASC, which
modulates Caspasel recruitment and activation, are more susceptible to ME infec-
tion than wild-type mice (Kurabi et al. 2015). This heightened susceptibility is asso-
ciated with decreased activation of ILIP due to a reduction in active Caspasel
(Denes et al. 2012). These data indicate that the inflammasome and the NLRPs play
a significant role in recovery from OM.

Nucleic Acid Receptors

PRRs that can detect pathogen DNA and RNA include the RLRs, AIM2 and TLRO.
In addition, Pol-III can transcribe bacterial DNA into RNA, which can be sensed by
RIGI or MDAS receptors which function as cytosolic sensors alerting innate
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immunity to viral and bacterial RNA. These receptors act via proteins associated
with the mitochondria (i.e., IPS1; interferon-f promoter stimulator 1) and the endo-
plasmic reticulum (ER) to induce IRF3 and IRF7 activation, leading to IFN produc-
tion inflammation. RLRs also can cross-talk with TLR signaling through
MyD88-dependent and IPS-1-dependent pathways (Kawai and Akira 2009). As
noted above, AIM2 receptors sensing bacterial DNA complex with the adaptor mol-
ecule ASC and pro-Caspasel to form an inflammasome, leading to IL1p and IL18
processing (Jin et al. 2012). In animal models, genes encoding many of the nucleic
acid sensing molecules are significantly regulated during OM (Leichtle et al. 2010).
Experimentally, RIG1 gene expression was found to be enhanced shortly after
NTHi induced infection, as was AIM2 mRNA (Kurabi et al. 2015), meanwhile mice
deficient in TLRO exhibit a prolonged OM phenotype (Leichtle et al. 2012). In
OM-prone patients, the expression levels of TLR9 and RIG1 mRNA were found to
be lower than in normal patients (Kim et al. 2010), possibly linking these receptors
to OM reoccurrence.

Additional PRRs

Besides TLRs, NLRs and RLRs, inflammatory responses can be triggered by
additional innate immune receptors for residual DNA or carbohydrate mole-
cules from invading pathogens or damaged/dying cells. Those receptors include
members of the PGRP (peptidoglycan recognition proteins) and C-type lectin
receptors (CLRs). PGRPs act both as sensors and scavengers of peptidoglycan
and modulate the level of the host immune response to the presence of infec-
tious agents (Dziarski 2003). The CLRs comprise a large family of receptors
that recognize carbohydrate residues. They are divided into 17 groups based on
their structural features and homology (Geijtenbeek and Gringhuis 2009). The
roles of PGRPs and CLRs in the pathogenesis of OM have only begun to be
elucidated. Recent clinical data from patients with OME and chronic OM
showed increased mRNA expression of CLRs and CLR related molecules such
as DECTIN-1, MR1, MR2, MINCLE, SYK, CARD9, BCL10, MALT1, SRC,
DEC205, GALECTINI1, TIM3, TREM1, and DAP12 in ME effusions (Lee et al.
2013a, b). CLRs also function as DAMP receptors, responding to cytosolic
carbohydrates.

There are additional receptors which respond to DAMPs, such as advanced
glycation end-products, high-mobility group box 1 (HMGB1), SIO0A8 and
S100A9, and serum amyloid A, but have no or a lesser role in innate immunity.
These include receptor for advanced glycation end-products (RAGE) (Bierhaus
et al. 2005), triggering receptor expressed on myeloid cells 1 (TREM-1),
TREM-2 (Weber et al. 2014) and Mincle (Yamasaki et al. 2008).
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4 Hearing Consequences of ME Infection and Inflammation

In the most common form of ME inflammation, AOM, any hearing loss is typically
conductive, due to the presence of ME effusion. ME may result in no hearing loss,
if EM fluid does not reduce the ME volume significantly. Higher levels of serous
fluid in the ME can result in mild (25 dB) hearing loss (Guan and Gan 2011). As the
inflammation of uncomplicated OM typically resolves in a few days, this hearing
loss is temporary.

However, for 10-20% of children, OM can be chronic, persistent or recurrent.
This may result in persistent, mild hearing loss. However, if the effusion occupies
more of the ME, the conductive hearing loss may be more significant, reaching
40 dB. If the fluid is viscous, as in mucoid OM, purulent OM or glue ear, somewhat
more loss may be present, especially at low frequencies, due to decreased compli-
ance of the tympanic membrane and ME conductive apparatus. However, the effects
of even very high viscosity generally do not exceed 5—10 dB (Thornton et al. 2013).

The impact of hearing loss due to persistent or recurrent OM is controversial.
There is little question that children with multiple episodes of OM, which typically
peaks at 6-24 months during the period of early language acquisition, display
delayed language (e.g. Friel-Patti et al. 1982; Friel-Patti and Finitzo 1990; Rvachew
et al. 1999). Moreover, surveys of language and learning in school-age children
have reported significant deficits for those with a history of OM (Holm and Kunze
1969; Luotonen et al. 1996; Winskel 2006). However, other studies found that any
effects on language were temporary, disappearing by the time children reached
grade school age (Grievink et al. 1993; Johnson et al. 2008; Zumach et al. 2010). A
rigorous meta-analysis of the best data (Roberts et al. 2004) concluded that the evi-
dence did not support an effect of early OM on school-age language, but left open
the possibility of a minor effect. More recently, studies of higher-order auditory
processing have detected deficits in school-age children (Haapala et al. 2014; Villa
and Zanchetta 2014) raising the possibility that not all effects of a history of OM
recover with age.

A more significant issue with chronic/persistent OM, especially purulent OM, is
the possibility of permanent damage to the conductive apparatus of the ME. Fibrosis,
a common consequence of inflammation, can also affect ME structures subsequent
to OM. Scarring of the tympanic membrane consistent with prior OM was observed
in 25% of Danish teenagers (Stangerup et al. 1994). Adhesions limiting the mobility
of the ossicular chain is less common, but affects a small percentage of children
after OM (Forsen 2000). These changes in hearing do not recover without surgery,
and can have lasting impacts.

Inflammation in the ME from OM also has the potential to influence the delicate
tissues of the inner ear. TNFa has been shown to directly damage cochlear hair cells
(Haake et al. 2009), while interferon g induces apoptosis receptor expression in the
organ of Corti (Bodmer et al. 2002). Inflammatory mediators can enter the cochlear
via the round window membrane or the annular ligament (Juhn et al. 2008). High-
frequency hearing loss reflecting the loss of basal turn hair cells has been reported
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after persistent or recurrent OM, especially in the case of purulent OM (Mittal et al.
2015).

Mastoiditis and cholesteatoma are serious conditions that occur as sequelae of
chronic, suppurative OM (Minovi and Dazert 2014). Mastoiditis is an inflammation
and infection of the mastoid air cells. While involvement of the mastoid occurs in
virtually all OM, infection and inflammation can persist in the mastoid even when
the ME has cleared. It can lead to erosion of bone in the mastoid, ME and inner ear,
leading to conductive and sensorineural hearing loss. Cholesteatoma is an ingrowth
of the keratinized epithelium on the external surface of the tympanic membrane,
through to be caused due to negative ME pressure inducing a retraction pocket in
the membrane. The resulting structure of keratinized epithelium within a capsule of
mucosal tissue induces inflammation and grows destructively within the ME. If
untreated, this can result in destruction of the ME conductive apparatus and even the
inner ear. The treatment for chronic mastoiditis and cholesteatoma is typically
surgical.

The possibility of permanent hearing loss due to OM are greatly magnified in
certain areas of the developing world, especially sub-Saharan Africa and Southeast
Asia. Due to the combination of low socioeconomic status, reduced opportunities
for personal hygiene and limited access to health care, the consequences of OM are
dramatically more severe. The WHO estimates that one half of the world’s burden
of serious hearing loss (approximately 175 million individuals) is the result of OM,
and that 28,000 children die from complications of undertreated OM each year
(WHO 2004).

5 Conclusions

The results of the studies reviewed above indicate that inflammation plays a central
role in the pathobiology and resolution of OM. A wide variety of inflammatory
mediators have been identified in the effusions of OM patients. This reflects not
only initial inflammatory events evoked by pathogens, but also the ability of inflam-
mation to recruit additional inflammatory pathways via cytokine receptors and tis-
sue damage. Inflammatory mediators are critical for the resolution of OM, as
evidenced by the association of polymorphisms in TNFa gene with OM proneness
in humans, and the dramatic persistence of experimental OM in animals deficient in
this cytokine (Leichtle et al. 2010). However, it is axiomatic that inflammation is a
double-edged sword, contributing also to OM pathogenesis.

The source of these mediators in AOM appears to be the innate immune system,
although cognate immunity can also generate inflammation if a pathogen is subject
to immunologic memory (Ryan et al. 1986). Deficiencies in any of the innate
immune receptors and signaling molecules that have been examined to date in ani-
mals have resulted in the persistence of bacterial OM beyond the period normally
observed in wild-type animals. Virtually all of the innate immune pathways exam-
ined to date appear to be required for appropriate resolution of OM. Some pathways
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do, however, appear to be more central than others. A prominent example is the
deletion of the TLR adaptor molecule MyD88 in mice which results in persistence
of NTHi-induced OM for several weeks, as compared to a few days for wild-type
mice (Hernandez et al. 2008). In contrast, deletion of the alternative TLR4 adaptor
TRIF results in a much milder OM phenotype (Leichtle et al. 2009b) likely due to
the fact that MyD88 operates downstream from many more TLRs than does
TRIF. Nonetheless, all deficiencies appear to decrease the host tolerance mecha-
nisms and increase susceptibility to inflammation.

While many individual PRRs appear to be required for normal OM resolution,
the results from animal studies also make it clear that there is significant collabora-
tion, complementation and some redundancy in innate sensing through the multiple
PRRs present. For example, deletion of the inflammasome adaptor ASC hindered
the normal timely OM resolution in mouse models due to decreased IL1f levels.
However, all mice eventually cleared the ME infection. Such an outcome is to be
expected since there are other PRR pathways which can redundantly, albeit less
efficiently, activate many of the same effector genes as those whose expression is
most effectively induced by the inflammasomes. However, it is apparent that these
alternative pathways are not enough to mediate normal resolution on their own.

Innate immunity also involves contributions from phagocytic cells like neutro-
phils and macrophages capable of direct migration, microbial uptake and clearance.
Pro-inflammatory molecules like TNFa, IL1f, and CCL3 appear to play a key role
in promoting cellular migration into the ME and/or activation of the cells for micro-
bial clearance. Addition of recombinant TNFu to the guinea pig ME was sufficient
to induce an inflammatory response in the absence of microbial infection (Catanzaro
et al. 1991), while a knockout mouse OM model showed that lack of TNF reduced
both neutrophilic migration into the ME and macrophage phagocytosis. Interestingly,
addition of recombinant CCL3, a chemokine expressed at high levels during the
course of OM, abolished infection by restoring normal macrophage phagocytic
function in the knockout mouse. Similarly, exogenous CCL3 aided the return of
phagocytic function in TLR2-, MyD88- or TNF-deficient macrophages. Future
therapeutic approaches to OM should focus on small molecules that can boost key
innate immune mechanisms in addition to factors that block microbial virulence at
the host level. For instance, the use of infliximab (monoclonal TNFa antibody)
reduced the inflammatory activity of OM in animal models (Kariya et al. 2013; Lee
et al. 2008). It would be interesting to see if the use of antibodies like canakinumab
(monoclonal anti-IL1$ antibody) would have similar effects. While anti-
inflammatory therapies have the potential to reduce pathology in OM and hearing
loss due to ME inflammation, any such therapies must be applied carefully, since
they also have the potential to interfere with OM recovery.

OM inflammation can induce high fever, headaches, irritable pain and dimin-
ished hearing. While ultimately resulting in the resolution of ME infection, the
pathology induced by inflammation produces temporary and permanent hearing
loss. This has been shown to lead to delays in speech and language acquisition and
learning. For most children in developed countries, this hearing loss is temporary.
As fluid within the ME resolves, their hearing returns to normal. Even for otitis-
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prone children, deficits in language typically recover over time, so that by age 7 they
perform normally. However, it should be noted that some recent studies showing an
association of deficits in higher-order auditory processing with a history of OM
raise the possibility of more lasting changes. Of course, more severe OM can pro-
duce permanent damage to ME conduction or inner ear sensorineural structures.
Recent results from a large population study identified significant hearing loss in
Scandinavian adults who had been diagnosed with chronic suppurative OM as chil-
dren (Aarhus et al. 2015). As noted above, the problem of permanent hearing loss is
particularly acute in developing countries ME infection and inflammation are the
greatest single cause of hearing loss at the world level (WHO 2004), providing great
need for more effective treatment.
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Chapter 7
Inflammation Potentiates Cochlear Uptake
of Ototoxins and Drug-Induced Hearing Loss

Check for
updates

Peter S. Steyger

Abstract Serious bacterial infections are often treated with aminoglycosides, espe-
cially when the cause of systemic infection is unknown. Severe infections trigger
specific systemic inflammatory response pathways. Aminoglycosides are primarily
trafficked across the cochlear blood-labyrinth barrier into the stria vascularis, prior
to clearance into endolymph and entry into hair cells with subsequent cytotoxicity
and loss of auditory function: cochleotoxicity. Systemic inflammation potentiates
cochlear uptake of aminoglycosides and increases the risk of hearing loss in both
preclinical models and human studies. Here, we review the data that establishes the
above narrative, and articulate the need for translational studies to promote ototox-
icity monitoring in neonatal intensive care units and cystic fibrosis clinics.

Keywords Aminoglycosides - Ototoxicity - Stria vascularis - Drug trafficking -
Infection

1 Infection and Inflammation

Any person can potentially become infected by bacteria, viruses, fungi or parasites.
These infections can trigger specific systemic inflammatory responses that facilitate
recovery to good health. Severe infections cause obvious systemic symptoms includ-
ing fever, chills, lethargy, and decrease cognitive function—as the initial inflam-
matory response is vastly amplified to combat the infection. Contemporaneously,
however, our sense of hearing and vision is rarely compromised, except when infec-
tions are localized to the middle or inner ear, or within the eye. Until recently, the
inner ear has been considered, systemically, an immunologically-privileged site, as
few components of the inflammatory response (e.g., immune cells, antibodies) are
detected within the inner ear, excluded by the blood-labyrinth barrier that is akin
to the blood-brain barrier (Oh et al. 2012). This immunologically-isolated view of
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the inner ear has been displaced in recent years by several pioneering studies that
show the inner ear actively participating in classical local and systemic inflamma-
tory mechanisms, with unexpected and unintended consequences.

Middle ear infections degrade the ability to hear low level sound, primarily
through impaired conductive transmission of acoustic stimuli. Recent studies show
that middle ear infections can trigger intra-cochlear inflammatory responses, dis-
rupting cochlear homeostasis, and initiate cochlear tissue remodeling, all of which
transiently or permanently impact auditory function (Trune et al. 2015). Middle ear
inflammation increases the permeability of the round window to macromolecules,
enabling pro-inflammatory signals and bacterial endotoxins in the middle ear to
penetrate through the round window into the perilymphatic scala tympani of the
cochlea (Kawauchi et al. 1989, Ikeda et al. 1990). Spiral ligament fibrocytes lining
the scala tympani respond to these immunogenic signals, releasing inflammatory
chemokines that attract immune cells to migrate across the blood-labyrinth barrier
into the inner ear (Oh et al. 2012, Kaur et al. 2015b). Inner ear recruitment of sys-
temic immune cells is also evident after selective hair cell death (Kaur et al. 2015a,
b). In addition, macrophage-like cells are localized adjacent to blood vessels (peri-
vascular macrophages) within the inner ear (Zhang et al. 2012); and supporting cells
in the organ of Corti exhibit glial-like (anti-inflammatory) properties by phagocy-
tosing cellular debris following sensory hair cell death (Monzack et al. 2015, Francis
and Cunningham 2017). These data imply that inner ear tissues can mount a local
response to inflammatory signals similar to that accomplished in other tissues fol-
lowing sterile induction, e.g., after a crushing injury resulting in necrotic cell death
(Rock et al. 2010), and more specifically, by noise-induced cochlear cell death
(Fujioka et al. 2014, Hirose et al. 2005). Yet, it is not fully understood how cochlear
inflammation induced by middle ear infections could cause auditory dysfunction.
Middle ear infections and inflammation can down-regulate the expression of
cochlear gene products for ion channels and transporters in the stria vascularis that
are crucial for cochlear fluid homeostasis, and the integrity of the blood-labyrinth
barrier (BLB). Remarkably, glucocorticoids can partially reverse this dysregulation
and restore ion homeostasis and improve auditory function (MacArthur et al. 2011,
2015), indicating that these drugs can modulate cochlear physiology, as well as hav-
ing anti-inflammatory effects.

Three meningeal membranes envelop cerebrospinal fluid (CSF) to protect the
brain and spinal cord, and are nourished by the highly-vascularized blood-brain bar-
rier. Infection of the meningeal membranes—meningitis—has long been known to
induce labyrinthitis, cochlear fibrosis and ossification that can impair optimal
cochlear implantation procedures (Caye-Thomasen et al. 2012). Strikingly, menin-
gogenic bacteria migrate from CSF through the cochlear aqueduct into the perilym-
phatic scala tympani at the base of the cochlea (Takumida and Anniko 2004), and
can induce temporary (when treated rapidly with non-ototoxic antibiotics) or per-
manent hearing loss (Richardson et al. 1997, Perny et al. 2016, Bhatt et al. 1993).
Over time, bacteria spread through perilymph via the helicotrema to the basal region
of the scala vestibuli before entering cochlear endolymph and the vestibular appara-
tus, inducing widespread inflammation (Takumida and Anniko 2004). Preclinical
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models with untreated meningitis frequently develop hearing loss, and this was
closely correlated with rapid elevation of markers for inflammation in CSF (Bhatt
etal. 1993, Perny et al. 2016). Local infusion of bacterial endotoxin into the cochlea
also induced a dose-dependent increase in inflammatory infiltrates and hearing loss
(Darrow et al. 1992, Tarlow et al. 1991).

In contrast to these direct inflammatory challenges to the cochlea, systemic
infections or inflammation do not generally modulate auditory function, as shown
experimentally (Hirose et al. 2014b, Koo et al. 2015). Nonetheless, systemic inflam-
mation changes cochlear physiology. Systemic administration of immunogenic
stimuli (e.g., bacterial lipopolysaccharides, LPS) triggers cochlear recruitment of
mononuclear phagocytes into the spiral ligament over several days (Hirose et al.
2014b). While LPS and inflammation typically vasodilate blood vessels, facilitating
greater extravasation of plasma and immune cells into the interstitial fluids, the tight
junctions between endothelial cells of cochlear capillaries are thought to remain
intact (unpublished data). Yet, systemic LPS-induced inflammation altered the per-
meability of the blood-perilymph barrier, with a two- to threefold increase in fluo-
rescein in perilymph (Hirose et al. 2014a). In addition, systemic LPS also increased
cochlear levels of inflammatory markers (Koo et al. 2015, Quintanilla-Dieck et al.
2013). This is significant, as higher serum levels of individual cytokines (e.g., IL-1f;
IL-10) was not replicated in cochlear tissues, suggestive of a general paucity of
paracellular flux between the tight junction-coupled endothelial cells comprising
the blood-labyrinth barrier of the cochlear lateral wall (Koo et al. 2015). The
cochlear expression of specific cytokines after LPS challenge was further empha-
sized at later time points, when cochlear tissues continued to express higher levels
of individual cytokines (e.g., IL-6, IL-8; MIP-1a) while serum levels returned to
very low baseline levels, suggestive of local, cochlear (parenchymal) production of
cytokines. This was confirmed by upregulation of mRNA for these cytokines in
cochlear tissues (Koo et al. 2015). Thus, the cochlea contributes to inflammatory
responses induced by systemic, as well as cochlear, immunogenic bacterial ligands,
or other sources of inflammation, e.g., cellular debris.

2 Aminoglycoside Antibiotics

Severe bacterial infections, such as bacteremia, meningitis or sepsis, are often
treated with aminoglycosides antibiotics, despite their well-known ototoxic effects,
due to their broad-spectrum bactericidal activity. Figure 7.1 shows a classic cross-
sectional diagram of the cochlear duct, with the sensory hair cells within the organ
of Corti, and the lateral wall containing the highly-vascularized stria vascularis and
adjacent spiral ligament. The cochlear duct is divided into three fluid-filled com-
partments, two with perilymph, containing a typical composition of extracellular
fluids, akin to cerebrospinal fluid (CSF) that is high in sodium and low in potassium.
In contrast, endolymph is high in potassium and low in sodium, and is generated by
the stria vascularis (Nin et al. 2008). The distinct electrochemical composition of
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Fig. 7.1 A cross-section of the cochlear duct, with sensory hair cells (light blue) in the organ of
Corti, and the lateral wall containing the stria vascularis and adjacent spiral ligament, within which
are blood vessels (pink). There are three fluid-filled compartments, the perilymphatic scala ves-
tibuli and scala tympani with CSF-like extracellular fluid, and the scala media with endolymph.
The two fluid compartments are separated by tight junctions between all cells lining the scala
media. Tight junctions are also present between adjoining cells enclosing the stria vascularis to
form a fourth distinct intra-cochlear compartment. Tight junctions also couple endothelial cells
lining cochlear blood vessels. Schematic diagram not to relative scale

endolymph and perilymph is maintained by tight junctions between all adjacent
epithelial cells lining the scala media. Tight junctions are also present between
adjoining basal cells of the stria vascularis, which together with the marginal cells,
enclose a fourth distinct intra-cochlear compartment — the stria vascularis with
intra-strial fluid in the very small volume of space between strial cells. In addition,
endothelial cells lining cochlear capillaries are coupled by tight junctions to form
the primary blood-labyrinth barrier. In contrast, endothelial cells in capillary beds of
most other tissues are not conjoined by tight junctions, allowing paracellular flux
(extravasation) between endothelial cells, especially when capillaries are dilated
during inflammation.

In the 1980s, Tran Ba Huy et al. (1986) intravenously infused rats with amino-
glycosides and readily detected these drugs in perilymph, not in endolymph.
Aminoglycosides were also readily detected in hair cells in vivo prior to loss of hair
cell function and hair cell death (Hiel et al. 1993). In vitro studies by Kroese et al.
(1989) reported that aminoglycosides blocked the mechanoelectrical transduction
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(MET) channel located at the tips of stereocilia projecting from hair cell apices,
which in vivo are in endolymph. Marcotti et al. (2005) demonstrated that aminogly-
cosides could also permeate through MET channels into hair cells in vitro.
Furthermore, hair cell uptake of aminoglycosides can be blocked by MET channel
blockers, such as curare, or high levels of extracellular calcium ions (Alharazneh
et al. 2011, Coffin et al. 2009), and that hair cell death was dependent on aminogly-
cosides entering via the MET channel (Vu et al. 2013, Coffin et al. 2009). However,
these in vitro studies begged the question: were intravascular aminoglycosides traf-
ficked directly into endolymph, and if so, how could these drugs cross the blood-
labyrinth barrier?

3 Trafficking across the Blood-Labyrinth Barrier

Numerous prior studies have localized aminoglycosides within cochlear cells, espe-
cially in hair cells, but also transiently in other cochlear tissues, especially within
the lateral wall (Balogh et al. 1970, Imamura and Adams 2003, Hiel et al. 1993,
Yamane et al. 1988). When we systemically administered fluorescently-tagged gen-
tamicin, we found the fluorescent conjugate preferentially localized within the stria
vascularis, and near the endolymphatic surface of hair cells and their stereocilia, as
well as their adjacent supporting cells within 30 min (Wang and Steyger 2009).
Therefore, we tested the hypothesis that intravascular aminoglycosides are primar-
ily trafficked across the strial BLB into endolymph and hair cells. We developed two
in vivo cochlear perfusion paradigms (Li and Steyger 2011). In the first, we systemi-
cally administered fluorescent gentamicin, and simultaneously perfused the scala
tympani with artificial perilymph to remove any aminoglycosides from perilymph
bathing the basolateral membranes of hair cells. Within 30 min, we found gentami-
cin prominently localized in the stria vascularis, and strikingly, readily localized
within hair cells. In the reverse experiment, by perfusing the scala tympani with
artificial perilymph containing gentamicin at a generous 20% dose (Desjardins-
Giasson and Beaubien 1984) of serum levels obtained in the first experiment for
30 min. Gentamicin was not detected in the stria vascularis, and only weak localiza-
tion of gentamicin in hair cells. Cochlear sensitivity was verified as auditory com-
pound action potentials (CAP) were retained, demonstrating that the cochlea was
still physiologically active. Thus, aminoglycosides preferentially traffic across the
BLB into the interstitial fluid of the stria vascularis, prior to clearance into endo-
lymph and enter hair cells (Li and Steyger 2011).

Several physiological mechanisms could facilitate aminoglycoside trafficking
across endothelial cells (Fig. 7.2), collectively categorized as transcellular traffick-
ing, including; (i) transcytosis, which can be one or more of the following: receptor-
mediated endocytosis, non-specific endocytosis, pinocytosis, and/or exocytosis.
Aminoglycosides can also permeate through non-selective cation channels, e.g.,
TRPV4 (Karasawa et al. 2008), and potentially clear into the interstitial fluids via
the same mechanism, since such channels are often permeant in both directions, if
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Fig. 7.2 Aminoglycosides could traffic across the BLB by trans-cellular trafficking, including; (i)
transcytosis, e.g., receptor-mediated endocytosis, non-specific endocytosis, pinocytosis, and/or
exocytosis; (ii) permeate through non-selective cation channels, e.g., TRPV4; and/or (iii) electro-
genic sodium transporters. Alternatively, aminoglycosides could take a para-cellular route if (iv)
tight junctions between endothelial cells become permeable, or (v) the BLB is compromised by
immune cells releasing cytotoxic compounds to enable diapedesis between endothelial cells into
the interstitial space. Schematic diagram not to relative scale

expressed on luminal and ablumenal membranes (Huang et al. 2000, Karasawa
et al. 2008). Also, electrogenic sodium transporters, similar to the sodium-glucose
transporter-2 that can traffic aminoglycosides into renal cells (Jiang et al. 2014),
may also exist in cochlear endothelial cells.

Alternatively, aminoglycosides could cross the BLB via paracellular flux if the
tight junctions between adjacent activated endothelial cells become increasingly
permeable during inflammation (Pober and Sessa 2007). In addition, the integrity of
the endothelial barrier can be directly compromised by immune cells, like neutro-
phils or macrophages, releasing cytotoxic compounds that enable them to pass
through the endothelial cell layer (Stearns et al. 1993, Stamatovic et al. 2016),
potentially allowing aminoglycosides to inadvertently escape the capillary lumen
into the interstitial space.

For aminoglycosides trafficking across the stria vascularis into endolymph and
thence into hair cells (Li and Steyger 2011), there are additional barriers, and per-
mutations to reach endolymph (Fig. 7.3). Strial endothelial cells readily take up
aminoglycosides (Dai and Steyger 2008, Koo et al. 2015), and these capillaries are
largely surrounded by basal cells and intermediate cells, each connected to the other
by gap junctions (Takeuchi and Ando 1998, Takeuchi et al. 2001), however the pres-
ence of gap junctions between endothelial cells and strial cells is disputed
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Fig. 7.3 To cross the strial BLB, aminoglycosides must first enter endothelial cells (dark grey) as
described in Fig. 7.2. Gap junctions could allow aminoglycosides to permeate into intermediate
cells (/) and basal cells (B). Aminoglycosides clear endothelial, intermediate and basal cells via
transporters, exchangers, and/or cation channels, or if within endosomes by exocytosis, into the
intra-strial space. Aminoglycosides are taken up by marginal cells (M) across their basolateral
membranes, presumptively by ATPases, exchangers, and transporters (and ion channels?). Once in
marginal cells, aminoglycosides can clear into endolymph down the electrochemical gradient, pre-
sumptively via permeation of hemi-channels, facilitated glucose transporters (GLUT), and at least
two TRP channels, TRPV1 and TRPV4. Schematic diagram not to relative scale

(Cohen-Salmon et al. 2007). Hemi-channels (akin to gap junctions, allowing perme-
ation between the cell cytoplasm and interstitial fluid) are electrophysiologically
blocked by aminoglycosides (Figueroa et al. 2014), and gap junctions (composed of
two hemi-channels directly connecting the cytoplasm of two cells) are permeant to
fluorescently-tagged gentamicin (unpublished studies). Aminoglycosides could
also enter endothelial cells by permeating non-selective cation channels (like
TRPV4, and the candidate TRPC3) or electrogenic transporters, akin to SGLT2,
expressed by vascular cells (Fian et al. 2007, Karasawa et al. 2008, Jiang et al.
2014). Once in endothelial cells, aminoglycosides could permeate into adjacent
pericytes, intermediate cells and basal cells (Koo et al. 2015, Takeuchi and Ando
1998).

Aminoglycosides are cleared from endothelial cells (or intermediate and basal
cells) directly into the intra-strial space, presumptively via transporters, exchangers,
and/or cation channels (Karasawa et al. 2008, Takeuchi and Ando 1997), or if within
endosomes by exocytosis. Aminoglycosides are readily localized within marginal
cells, presumably following uptake across their basolateral membranes that are
highly populated with a wide variety of ATPases, exchangers, and transporters (Koo
et al. 2015, Yoshihara et al. 1999, Takeuchi and Ando 1997, Iwano et al. 1989,
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Crouch et al. 1997). It is not known if the basolateral membranes of marginal cells
possess non-selective, aminoglycoside-permeant cation channels, as this could
potentially ground the elegant electrophysiological environment of the stria vascu-
laris, where the intra-strial space has a potential of +100 mv relative to perilymph
(Nin et al. 2008). Once in marginal cells with a potential of +90 mV, aminoglyco-
sides could passively be cleared into endolymph (+80 mV) down the electrochemi-
cal gradient.

Aminoglycosides are cleared from marginal cells into endolymph by one or
more hypothesized mechanisms, including permeation of hemi-channels (Zhao
et al. 2005), facilitated glucose transporters (Takeuchi and Ando 1997, Yoshihara
et al. 1999), and by at least two TRP channels that are permeant to aminoglycosides
and expressed near the apical surface of marginal cells, TRPV4 (Karasawa et al.
2008), and TRPV1 (Jiang et al. 2015). Strial endothelial cells have the highest inten-
sity of fluorescent gentamicin (Koo et al. 2015) that, presumptively, overcomes the
intra-strial electrical barrier of +100 mV barrier, potentially in a similar manner as
potassium (Nin et al. 2008, Marcus et al. 2002).

Once aminoglycosides have traversed the strial blood-labyrinth barrier into
endolymph, they preferentially enter hair cells via hair cell stereociliary MET chan-
nels (Li and Steyger 2011, Alharazneh et al. 2011, Marcotti et al. 2005). As amino-
glycosides are cationic molecules, and the potential of endolymph is +80 mV, there
is a tremendous driving force acting on these drugs to enter the negatively-polarized
hair cells via their MET channels, and also supporting cells (Dai et al. 2006, Li and
Steyger 2011), via other activated non-selective, aminoglycoside-permeant cation
channels, such as TRPV1 and TRPV4 (Karasawa et al. 2008, Jiang et al. 2015), or
other potential candidate aminoglycoside-permeant cation channels yet to be identi-
fied. Furthermore, although aminoglycosides do readily enter the perilymphatic
scala tympani (Tran Ba Huy et al. 1986), they are not readily taken up by hair cells
(Li and Steyger 2011), unless the basolaterally-expressed TRPA1 channels are acti-
vated by reactive oxygen species (due to noise or drug intoxication) or other endog-
enous intracellular signaling molecules (Stepanyan et al. 2011). Once in hair cells,
aminoglycosides can then induce hair cell death pathways, including intracellular
inflammatory pathways that are discussed in more detail elsewhere in this book.

4 The Impact of Inflammation on Ototoxicity

Most prior studies of aminoglycoside-induced ototoxicity have been conducted in
healthy preclinical models. Since systemic inflammation readily modulates the per-
meability of the blood-brain barrier (Abbott et al. 2006), we examined whether
inflammation induced physiological changes in the blood-labyrinth barrier to mod-
ulate cochlear uptake of aminoglycosides and subsequent ototoxicity. Low systemic
dosing with LPS to induce inflammation did not alter serum levels of aminoglyco-
sides (relative to control subjects without LPS administration), yet there was
increased cochlear uptake of aminoglycosides, particularly in the stria vascularis
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Fig. 7.4 Three weeks after chronic systemic exposure to low doses of LPS, ABR threshold shifts
for LPS-only mice were similar to DPBS-treated mice. Kanamycin (700 mg/kg, twice daily) alone
induced a significant permanent threshold shifts (PTS) at only 32 kHz (*P < 0.05) compared to
DPBS-treated mice. LPS + kanamycin-treated mice had significant PTS at 16, 24 (**P <0.01) and
32 kHz (P < 0.05) compared to kanamycin-treated mice, and also DPBS- and LPS-only mice at
32 kHz (**P < 0.01). Error bars = s.d. From: Koo JW, Quintanilla-Dieck L, Jiang M, Liu J et al
(2015) Endotoxemia-mediated inflammation potentiates aminoglycoside-induced ototoxicity. Sci
Transl Med 7:298ral18. Reprinted with permission from AAAS

(Koo et al. 2015). There was also a lack of evidence for paracellular flux between
the endothelial cells of dilated cochlear capillaries in the stria vascularis and spiral
ligament, suggestive of transcellular trafficking of aminoglycosides (Koo et al.
2015).

Interestingly, significant auditory threshold shifts occur in cochlear regions
where hair cells appear morphologically intact following ototoxic drug administra-
tion (Koo et al. 2015, Nicol et al. 1992). Recent studies now show that aminoglyco-
sides can, in specific situations, induce cochlear synaptopathy, disrupting the
synapses between inner hair cells and their innervating afferent nerve fibers as well
as decreased neuronal density in the spiral ganglion of the cochlea (Oishi et al.
2015). Remarkably, experimental meningitis and the consequent inflammatory
response, also induced cochlear synaptopathy and significantly decreased spiral
ganglion density (Perny et al. 2016). Thus, cochlear synaptopathy may contribute to
the greater degree of cochlear dysfunction observed relative to that suggested by
actual hair cell loss (Steyger 2017) (Fig. 7.4).

Crucially, chronic low-dose LPS induction of systemic inflammation synergisti-
cally potentiated aminoglycoside-induced ototoxicity. The frequency range of audi-
tory threshold shifts and the degree of hair cell death induced by kanamycin was
significantly greater than in preclinical models without inflammation (Koo et al.
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2015). Inflammation also potentiated cisplatin-induced ototoxicity (Oh et al. 2011).
This raises an important point for the development of otoprotective agents, such as
bisbenzylisoquinoline derivatives (Kruger et al. 2016) or D-methionine (Campbell
etal. 2016, Fox et al. 2016), to reduce drug-induced ototoxicity in preclinical mod-
els: are otoprotective compounds against ototoxicity effective in subjects with
inflammation during treatment, as shown for otoprotectants used for ameliorating
NIHL (Tieu and Campbell 2012)?

5 Human Studies

If systemic inflammation synergistically potentiates aminoglycoside-induced oto-
toxicity, then the very patients treated with aminoglycosides for severe and life-
threatening infections are potentially most at risk from infection- and
inflammation-potentiation of aminoglycoside-induced hearing loss. Prior observa-
tions that bacteremia and hyperthermia (an experimental model for sepsis-induced
fever) also enhanced aminoglycoside-induced ototoxicity in humans and mice,
respectively (Moore et al. 1984, Henry et al. 1983). Endotoxemia (akin to intrave-
nous LPS induction of inflammation) also potentiated aminoglycoside-induced
nephrotoxicity (Zager 1992), and heightened the degree of cisplatin-induced
cochleotoxicity (Oh et al. 2011).

Routine intravenous use of aminoglycosides remains common in neonatal inten-
sive care units (NICUs) and cystic fibrosis clinics in the US (Garinis et al. 2017a,
Cross et al. 2015) for both prophylactically preventing sepsis, as well as eradicating
systemic or exacerbated respiratory infections, respectively. Yet, strikingly, there is
a lack of clinical data showing the dose-dependency of aminoglycoside-induced
ototoxicity in humans (Ahmed et al. 2012, Kushner et al. 2015, Rizzi and Hirose
2007), although several risk factors, e.g., renal insufficiency or age, can predispose
patients to drug-induced ototoxicity (Rizzi and Hirose 2007, Forge and Schacht
2000). Furthermore, the risk of aminoglycoside-induced hearing loss is underesti-
mated as the total dose or duration dosing is rarely stratified, resulting in heteroge-
neous study populations (EBSR 2010).

Fortunately, cumulative intravenous gentamicin dosing can be more accurately
monitored in hospital, and recent pilot data suggest that the risk of hearing loss is
associated with greater cumulative aminoglycoside dosing in NICU infants with 4
or more days of gentamicin dosing (Cross et al. 2015, Garinis et al. 2017b), and also
in subjects with cystic fibrosis with an increasing number of intravenous (14-day)
courses of tobramycin dosing (Garinis et al. 2017a). When NICU subjects with
(suspected) sepsis or clinical signs of inflammation were treated with gentamicin
for >5 days, these subjects were twice as likely to be referred on a higher frequency
distortion product otoaccoustic emissions assessment compared to all other subjects
in this pilot study (Cross et al. 2015). Thus, it appears that patients with (suspected)
sepsis are at an even greater risk of aminoglycoside-induced hearing loss than previ-
ously recognized and a larger observational trial is now needed. If the above data is
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validated in human studies, there will be a need to implement ototoxicity monitor-
ing protocols in NICUs (Garinis et al. 2018), and extend the provision of ototoxicity
monitoring in cystic fibrosis clinics worldwide (Al-Malky et al. 2015, Garinis et al.
2017a).

6 Summary

Cochlear tissues are capable of sustained cellular inflammatory responses to both
local and systemic immunogenic stimuli, despite the blood-labyrinth barrier exclud-
ing the rapid entry of immunogens, immune cells and antibodies. Typically, the
BLB and immune responses would be evolutionarily beneficial for preserving inner
ear function, yet modulation of the BLB physiology by inflammatory responses has
unintended consequences, such as potentiating the uptake and ototoxicity of spe-
cific medications developed only in recent decades. Thus, further work is required
to unravel the implications of local and systemic inflammation on cochlear physiol-
ogy as well as cochlear immune responses to acoustic trauma; infections of the
middle ear, meninges or CSF, in addition to ototoxic medications.
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Abstract The production of high levels of adenosine into the extracellular fluid
during enhanced metabolic activity or ischemic conditions confers cytoprotection to
the affected tissue. This action is mediated by adenosine receptors (ARs) which are
ubiquitously expressed on the surface of cells which respond to the elevation in
levels of adenosine in the extracellular fluid. While endogenous adenosine released
to the extracellular fluid could confer protection under normal physiological condi-
tion, exogenously administered adenosine analogs are required to boost the protec-
tive capacity of these receptors under stress conditions. This chapter provides a
summary of the adenosine/AR system in the cochlea and shows that the adenosine
A, receptor (A;AR) could protect against hearing loss by inhibiting cochlear oxida-
tive stress, inflammation and apoptosis of cochlear cells.
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1 Adenosine and Adenosine Receptors

Adenosine Production and Metabolism

Adenosine is a purine nucleoside composed of adenine base attached to a ribose mole-
cule which is ubiquitously present in the body. The primary source of adenosine, extra-
cellularly and intracellularly, is adenosine triphosphate (ATP). Tissues with high
metabolic rates, such as the cochlea exposed to noise or hypoxia (Munoz et al. 2001),
have high turnover of ATP and accumulate high concentrations of adenosine. During
noise exposures, ATP is released from cells of the organ of Corti and marginal cells of
the stria vascularis. The passage of ATP to the extracellular fluid space is mediated by
connexin/pannexin hemichannels (Zhao et al. 2005). The extracellular metabolism of
ATP to adenosine is tightly regulated by a group of cell surface-located enzymes called
as ectonucleotidases. Specifically, members of the ecto-nucleoside triphosphate diphos-
phohydrolase (E-NTPDase/CD39) family, NTPDase 1, 2, 3, and 8, hydrolyze extracel-
lular nucleoside tri-and diphosphates (ATP and ADP) into AMP. It was reported that
exposure to noise up-regulates the expression and activity of NTPDase 1, 2 and 3
enzymes in the cochlea which results in increased hydrolysis of extracellular ATP and
accumulation of ADP and AMP (Vlajkovic et al. 2004, 2006). The final breakdown of
AMP to adenosine is catalyzed by ecto-5'-nucleotidase (CD73) (Robson et al. 2006).
Intracellularly, ATP is broken down into AMP by ATPase and adenylate kinase. AMP is
then metabolized by cytosolic-5'-nucleotidase to produce adenosine. Adenosine is also
produced intracellularly from the hydrolysis of S-adenosylhomocysteine (SAH) by
SAH hydrolase. However, adenosine generated from SAH contributes minimally
towards total adenosine produced intracellularly. The metabolism of adenosine is regu-
lated by two enzymes: (a) adenosine deaminase which deaminates adenosine to form
inosine and hypoxanthine and (b) adenosine kinase which phosphorylates adenosine to
AMP. AMP is subsequently converted back to ADP and ATP (for review see Adair
2005). These enzymes are essential for maintaining adenosine homeostasis by lowering
its concentration. Inhibition of either of these enzymes would increase the availability of
adenosine in the extracellular space. A study investigating the role of adenosine kinase
in the cochlea reported that inhibition of this enzyme enhanced adenosine signaling and
delayed the onset of age-related hearing loss (Vlajkovic et al. 2011).

Adenosine Transporters

Extracellular adenosine concentration is dependent on nucleoside transporters
which facilitate its release and reuptake across the cell membrane. There are two
main classes of nucleoside transporters, namely equilibrative nucleoside transport-
ers (ENT) and concentrative nucleoside transporters (CNT). The ENT family
(ENT1-4) is bidirectional and passive transporters which can transport adenosine
through facilitated diffusion in either direction depending on its concentration gra-
dient and does not require any energy. On the other hand, CNTs are unidirectional,
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Na*-dependent transporters which require energy from Na*/K*-ATPase to transport
adenosine against its concentration gradient. Investigation into the expression of
nucleoside transporters and adenosine uptake in rat cochlea revealed the presence of
mRNA transcripts for 2 equilibrative transporters (ENT1 and ENT2) and two con-
centrative transporters (CNT1 and CNT2) (Khan et al. 2007). Under physiological
conditions the extracellular levels of adenosine are relatively low (in the nanomolar
range). However, when cells are under stress, adenosine levels can increase signifi-
cantly and reach as high as 100 pm (Fredholm 2010). Therefore, stress signals dif-
ferentially modulates the expression and activity of enzymes and transporters that
are involved in the production and metabolism of adenosine in order to increase the
availability of adenosine in the extracellular milieu (Kobayashi et al. 2000). As
such, drugs which target these transporters to enhance extracellular adenosine could
provide otoprotection.

Adenosine Receptors

Higher adenosine concentrations in the extracellular fluids are important to activate the
adenosine receptors (ARs), which are G protein-coupled receptors. Four distinct sub-
types of these receptors, namely the A, A,a, Asp and A;ARs, have been cloned and
characterized. The A, and A;ARs are coupled to Gy, proteins that inhibit adenylyl
cyclase, leading to reduction in the intracellular levels of cyclic adenosine monophos-
phate (cAMP). In contrast, the A,, and A, ARs couple to G; proteins which stimulate
adenylyl cyclase and increase cAMP levels. ARs can also initiate other signaling path-
ways such as phospholipase C (PLC), protein kinase B (PKB), intracellular Ca**
release and mitogen-activated protein kinases (MAPK) (Jacobson and Gao 2006;
Merighi et al. 2003). Although ARs are ubiquitously present, each AR subtype show
tissue specific distribution and function. With respect to the auditory system, ARs has
been implicated in the regulation of cochlear blood flow (Muifioz et al. 1999) and pro-
tection of cochlear cells against oxidative damage (Hu et al. 1997; Ramkumar et al.
2004). All four subtypes of ARs are differentially expressed in the outer and inner hair
cells of the organ of Corti, spiral ganglion neurons, lateral wall tissues and cochlear
blood vessels of the rat cochlea (Vlajkovic et al. 2007; Kaur et al. 2016).

2 Hearing Loss Induced by Oxidative Stress

ROS Production as a Primary Mechanism for Ototoxicity

Reactive oxygen species (ROS) generation in the cochlea has been considered a criti-
cal event that initiates damage to the outer hair cells (OHC), spiral ganglion neurons
and cells of stria vascularis and spiral ligament, leading to hearing loss (Rybak et al.
2009; Henderson et al. 2006). It is well established that hair cells exposed to noise
(Yamane et al. 1995) or ototoxic drugs, such as cisplatin (Ford et al. 1997b) and
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aminoglycosides (Choung et al. 2009), generate excessive amounts of ROS as a
result of increased metabolic activity (Kopke et al. 1999). ROS also play a major
role in the degeneration of these cochlear cells during aging (Someya et al. 2009).
NOX3, a specific isoform of NADPH oxidase, was found to be responsible for ROS
generation in the cochlea (Banfi et al. 2004). This enzyme is activated and induced
by cisplatin in the rat cochlea, as knockdown of NOX3 by pretreatment with NOX3
siRNA abrogated cisplatin ototoxicity (Mukherjea et al. 2010). Interestingly, NOX3
is also activated by cisplatin in ROS-dependent manner, as scavenging of ROS by
antioxidants reduced cisplatin-induced expression of NOX3 (Mukherjea et al.
2008).

Increased ROS interferes with the physiological function of the cell by reacting
with DNA, proteins, membrane lipids, cytosolic molecules, cell surface receptors
and antioxidant enzymes resulting in the initiation of mitochondrial apoptotic pro-
cess (Kopke et al. 1999; Wong and Ryan 2015). ROS induce lipid peroxidation in
the cell membrane of cochlear tissue through formation of malondialdehyde (MDA)
(Rybak et al. 2000) and 4-hydroxynonenal (4-HNE) (Yamashita et al. 2004).
Increased levels of 4-HNE is associated with excessive Ca** influx and apoptosis in
OHC:s (Ikeda et al. 1993; Clerici et al. 1995). Moreover, superoxide ions (O,") inter-
acts with nitric oxide to form peroxynitrite radical, which reacts with and inactivates
cell membrane proteins to form 3-nitrotyrosine (3-NT) (Lee et al. 2004a, b). MDA
(Kaygusuz et al. 2001), 4-HNE and 3-NT (Yamashita et al. 2004, 2005; Jiang et al.
2007) are frequently used as markers for oxidative stress and free radical damage in
the cochlea. Overall, there is overwhelming evidence suggesting that ROS produc-
tion and accumulation in the cochlear tissue is the key pathological mechanism
responsible for hearing impairment (Kopke et al. 1999; Rybak et al. 2009).

Cochlear Antioxidant Defense System

The harmful oxidative effects of ROS are neutralized by an endogenous antioxi-
dant defense system present in the cochlea. This defense system includes antioxi-
dant molecules, such as reduced glutathione (GSH) and enzymatic scavengers,
such as superoxide dismutase (SOD), catalase, glutathione peroxidase (GSHPx),
glutathione reductase (GSHRed) and glutathione S-transferase (GST). SOD con-
verts superoxide (O,7) into hydrogen peroxide (H,0,) and oxygen (O,), while
catalase and GSHPx converts hydrogen peroxide into water (H,O) and oxygen.
GSHRed reduces the oxidized GSH (GSSG) to its reduced form (GSH) which
acts as free-radical scavenger. GST catalyzes the conjugation of GSH to xenobi-
otics (e.g., cisplatin and aminoglycosides) to detoxify them, thus playing an
important role defending the cochlea from damage caused by ototoxic agents
(Kopke et al. 1999). Despite having an elaborate antioxidant defense system, the
cochlea is sensitive to excessive ROS production which could overwhelms its
antioxidant defenses, resulting in redox imbalance which can trigger cell death.
For instance, depletion of GSH levels makes the cochlea more susceptible to
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noise- (Yamasoba et al. 1998), cisplatin- (Kopke et al. 1997) and aminoglyco-
side-induced hearing loss (Lautermann et al. 1995), and supplementing GSH led
to significantly reduced severity of hearing loss. Thus, intervention to either pre-
vent excessive production of ROS or initiate a repair mechanism may inhibit the
oxidative damage to the sensory cells of the cochlea and restore their function.

3 Role of A;AR in Otoprotection

Cochlear Expression and Regulation of A;AR

Immunohistochemical studies in the rat cochlea suggest that A;ARs are localized in
the spiral ganglion neurons and the cells of the organ of Corti, namely the inner hair
cells (IHCs), OHCs and the supporting Deiter’s cells (Vlajkovic et al. 2007; Kaur
et al. 2016). In the organ of Corti, A;AR immunoreactivity is higher in IHCs than
OHCs (Fig. 8.1) (Kaur et al. 2016). Interestingly, the IHCs are more resistant than
the OHCs to ototoxic damage caused by noise (Chen and Fechter 2003) or cisplatin
(Nakai et al. 1982; Kaur et al. 2016). Therefore, it could be speculated that the over-
expression of A;AR in IHCs contributes to their resistance against ototoxic insults.
However, a recent study suggests that this is not the case, as inhibition of these
receptors by a selective antagonist did not lead to killing of IHCs (Kaur et al. 2016).

Fig. 8.1 A AR is expressed in the rat hair cells. (a) Whole-mount preparation obtained from adult
rat shows A;AR immunoreactivity (green) on OHCs and IHCs. A AR staining is co-localized with
myosin 7a (red), a marker of hair cells. Cell nuclei is stained with DAPI (blue). (b) Orthogonal
sections of images in (a) shows A;AR immunoreactivity in IHCs and OHCs with a significant
amount of co-localization with myosin 7a. This figure is adapted with permission from Kaur et al.
(2016)
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Radioligand binding studies performed in chinchilla cochlea showed ~5 fold
increase in A;AR levels within 24 h of cisplatin treatment (Ford et al. 1997a). In
another study, cisplatin was shown to induce ~2 fold increase in the mRNA levels
of A;AR in rat cochlea (Kaur et al. 2016). Moderate noise exposure (10 dB SPL)
also increased A ;AR transcript levels by two folds in rat cochlea (Wong et al. 2010),
which is consistent with a previous study demonstrating increased A;AR radioligand
binding in the chinchilla cochlea after exposure to moderate narrow band noise
(Ramkumar et al. 2004). This increase in A;AR expression may represent a unique
compensatory cytoprotective mechanism by the cochlea to counter the toxic effects
of ROS produced as a result of ototoxic insults. ROS can regulate the transcription
of A;AR gene through activation of transcription factor such as nuclear factor
(NF)-xB (Nie et al. 1998). Increased oxidative stress induced by noise exposure in
chinchilla cochlea upregulated A ;AR through activation of NF-kB (Ramkumar et al.
2004). Another mechanism for A;AR regulation involves nitric oxide, which is
found to endogenously regulate A;AR expression also through the activation of
NF-kB (Jhaveri et al. 2006). Such feedback regulation of A;AR could enhance its
cytoprotective activity in response to oxidative stress.

A AR Stimulates Cochlear Antioxidant Defense System

Activation of A;AR has been reported to stimulate antioxidant defenses by
increasing the activity of antioxidant enzymes in the cochlea. Local application
of AAR specific agonist, R-phenylisopropyladenosine (R-PIA), to the round
window of chinchilla cochlea exhibited significant increase in the activities of
antioxidant enzymes such as SOD and GSHPx and reduced the levels of MDA, a
marker of lipid peroxidation and cell damage (Ford et al. 1997b). In organotypic
explants from P-3 rat organ of Corti, R-PIA significantly increased the levels of
catalase, gamma glutamylcysteine synthetase (an enzyme involved in GSH pro-
duction) and GST (Kopke et al. 1997), confirming the antioxidant function of
AAR in the cochlea. AjAR agonists, R-PIA and 2-chloro-N°-cyclopentyl-
adenosine (CCPA), protected against cisplatin-induced hair cell damage
(Whitworth et al. 2004). This effect of A]AR was associated with a reduction in
lipid peroxidation induced by cisplatin. Additionally, co-administration of the
A AR antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), completely
reversed the protective effects of R-PIA, which strongly supports the otoprotec-
tive role of A;AR. By contrast, pre-treatment with A,,AR agonist significantly
increased cisplatin-induced toxicity (Whitworth et al. 2004). In animal model of
noise-induced hearing loss, round window application of R-PIA prior to noise
exposure resulted in less hearing and hair cell loss in treated ears than in the
untreated ears (Hu et al. 1997). In another study, application of CCPA to the
round window membrane of the rat cochlea 6 h after noise exposure provided
significant recovery in hearing thresholds, which was associated with reduced
free radical generation particularly in Dieter’s cells and inner sulcus cells of the
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Fig. 8.2 Otoprotective effect of L-NAC and L-NAC + R-PIA in cisplatin exposed P-3 rat organ of
Corti explants. (a) Mean hair cell density per 0.1 mm of cochlear duct length (a) and stereocilia
bundle integrity index (b) were determined after explants were exposed to either increasing doses
of cisplatin only (untreated), cisplatin + buthionine sulfoximine (BSO) (5 pmol/L), cisplatin +
L-NAC (1072 mol/L) or Cisplatin + L-NAC + R-PIA (100 pmol/L). The explants were pre-treated
with BSO, L-NAC and L-NAC + R-PIA for 24 h after which there were exposed to cisplatin for
another 48 h. Control explants (C) are explants not exposed to cisplatin. (a) BSO treatment
increased the damage to hair cells caused by cisplatin. In contrast, L-NAC protected the hair cells
from cisplatin toxicity and its combination with R-PIA resulted in total protection of hair cells at
all csplatin concentrations tested. (b) Cisplatin eliminated almost all IHC and OHC stereocilia
bundle integrity. Treatment with L-NAC and L-NAC + R-PIA equally preserved IHCs stereocilia
integrity. L-NAC alone significantly enhanced OHC bundle integrity, but its combination with R-
PIA brought the OHC stereocilia bundle integrity index to control levels. Error bars indicate
SEM = mean. This figure is adapted with permission form Kopke et al. (1997)

cochlea (Wong et al. 2010). These studies have identified A;AR as a potential
target for pharmacological interventions to reduce ototoxicity resulting from oxi-
dative stress.

Treatment of A;AR agonist in combination with different antioxidants has also
shown promising results in ameliorating hearing loss. The combination of R-PIA
with an esterified GSH analogue, GSH monoethylester, provided protection against
both impulse and continuous noise-induced hearing loss in chinchilla cochlea
(Hight et al. 2003). The otoprotection afforded by this combination therapy was due
to increased levels of GSH in the perilymph, offsetting the oxidative stress induced
by noise. Kopke et al. (1997) studied the combination of L-N-acetyl cysteine
(L-NAC), a potential source of cellular glutathione, with R-PIA in cisplatin-treated
organotypic explants from P-3 rat organ of Corti. The mean hair cell density of
explants exposed to L-NAC + R-PIA was preserved at the concentrations of cispla-
tin tested (4-12 pg/mL) (Fig 8.2a). The protection produced by this combination
was significantly greater than L-NAC alone, suggesting that R-PIA augments the
otoprotective actions of antioxidant molecules presumably by increasing GSH lev-
els. Interestingly, depleting GSH levels using buthionine sulfoximine (BSO), an
inhibitor of GSH synthesis, sensitized hair cells to the damage induced by cisplatin,
which confirms the importance of antioxidants in protecting the cochlea against
oxidative damage. The combination of L-NAC + R-PIA was also effective in
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maintaining the integrity of IHC and OHC stereocilia, which were severely dam-
aged by cisplatin (Fig. 8.2b). Addition of R-PIA amplified the protective effect of
L-NAC so that complete preservation of IHC and OHC stereocilia was achieved
even at the highest concentration of cisplatin (Kopke et al. 1997). These findings
support the otoprotective role of A;jAR mediated in part by enhancing the cochlear
antioxidant defense mechanisms.

Inhibition of A;AR Sensitizes the Cochlea to Hearing Loss

Caffeine, the active ingredient in coffee, is an antagonist of ARs, including the
A;AR. Based on this information, we predicted that caffeine contribute to auditory
deficits when its consumption is paired with loud sounds or other forms of acoustic
trauma. Caffeine administration to guinea pig (120 mg/kg/day) by the intraperito-
neal route aggravated noise-induced (120 dB for 1 h at 6 kHz) hearing loss by day
10. This was associated with a significant loss of spiral ganglion neurons in the
middle and apical turns of the cochlea, but had no effect on OHC morphology
(Mujica-Mota et al. 2014). In another study, it was shown that patients diagnosed
with tinnitus reported reduced perception of tinnitus when they reduced their con-
sumption of coffee over a 30 day period. Greater reductions in tinnitus perception
were observed in patients who were previously consuming higher amounts of caf-
feine (Figueiredo et al. 2014). However, an earlier study failed to observe a benefi-
cial effect of caffeine abstinence as a therapy for tinnitus (Claire et al. 2010). A
recent study in rats showed that caffeine consumption exacerbated cisplatin-induced
hearing loss, without significant altering loss of OHCs. However, these investigators
demonstrated a significant loss of IHC synapses greater that that observed for cis-
platin alone (Sheth et al. 2017). Based on these data, it appears that caffeine con-
sumption should be reduced or avoided in patients who have some pre-existing
hearing deficits or who are being treated with ototoxic drugs.

As mentioned above, otoprotection was mediated primarily by activation of
AAR, as A,,AR activation exacerbated cisplatin ototoxicity (Whitworth et al.
2004). An interesting finding of this study was that inhibition of the A|AR by a
selective antagonist enhanced cisplatin-induced ototoxicity (Whitworth et al.
2004), suggesting an endogenous protective role of adenosine. However, this
endogenous protective system could be overwhelmed by the intense toxicity pro-
duced by cisplatin. In such a case exogenously administered drug is needed to
supplement the endogenous system. A recent study indicated that mice which are
deficient in AjAR demonstrate high frequency hearing loss (as determined by
lower amplitudes of waves I and II) under ambient noise condition and are more
sensitive to noise than their wild type or A,yAR™~ counterparts (Vlajkovic et al.
2017). Moreover, these mice demonstrate reduced basal levels of ribbon syn-
apses. These data support the conclusion that the A;AR confer a tonic protective
role against cochlear trauma.
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4 Adenosine and Cochlear Inflammation

Adenosine Decreases Inflammatory Markers in Resident Cells
of the Cochlea

Recent studies have indicated a role ROS in mediating hearing loss through the
induction of cochlear inflammation (Mukherjea et al. 2011). The role of inflamma-
tion in sensorineural hearing loss is supported by the fact that middle ear infection
(otitis media) (Paparella et al. 1972) and labyrinthitis (Merchant and Gopen 1996)
are usually associated with hearing loss. Noise trauma induces an inflammatory
response in the inner ear (Fujioka et al. 2006). Cisplatin-induced ROS generation is
reported to be a main contributor to cochlear inflammation and apoptosis of cells in
the cochlea (Mukherjea et al. 2011; Kaur et al. 2011). Cisplatin-induced ROS initi-
ate the inflammatory process and hearing loss by activating the signal transducer
and activator of transcription 1 (STAT1) transcription factor (Kaur et al. 2011) and
possibly NF-kB (Ramkumar et al. 2004). STAT1 is shown to couple the activation
of transient receptor potential vanilloid receptor (TRPV)-1 via NOX3 NADPH oxi-
dase to the induction of inflammation in the cochlea (Mukherjea et al. 2011).
Accordingly, localized knockdown of STAT1 by siRNA protects against cisplatin-
induced hearing loss and damage to OHCs in rats by reducing inflammatory media-
tors, such as tumor necrosis factor-a (TNF-a) (Kaur et al. 2011). Thus, targeting
STAT 1-dependent inflammation could serve as a useful approach to treat ototoxic-
ity. To this end, recent finding from our laboratory has demonstrated that trans-
tympanic administration of the A;AR agonist, R-PIA, protected from cisplatin
ototoxicity by suppressing an inflammatory response initiated by ROS generation
via NOX3 NADPH oxidase, leading to inhibition of STAT1 (Fig. 8.3). R-PIA also
decreased the expression of STAT1 target genes, such as TNF-a, inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) and reduced cisplatin-
mediated apoptosis (Kaur et al. 2016).

It is not clear how activation of A;AR mediates inhibition of ROS and inflamma-
tion. One possibility is that AjAR activation contributes to activation of antioxidant
enzymes as described previously (Ford et al. 1997a). In addition, we show that more
prolonged exposure to A;AR agonist could also suppress the expression of NOX3
(Kaur et al. 2016), a major source of ROS generation in the cochlea. Thus, activa-
tion of the A;AR could produce an acute reduction in ROS by stimulating ROS
scavenging and long term reduction in ROS by suppressing NOX3 expression. An
important insight gleaned from this study is that ROS could serve as proinflamma-
tory molecules in the cochlea through their activation of STAT1 (Fig. 8.4).

A clearer link between oxidative stress, inflammation and hearing loss has
recently been described (Kaur et al. 2011, 2016). These investigators showed that
cisplatin-induced activation of STAT1 is dependent on activation of the mitogen
activated protein kinase (MAPK) pathway. This pathway represents the first step in
the cascade which culminates into death of cochlear cells and hearing loss. We pro-
pose that activation of the A;AR inhibits the MAPK activation thereby suppressing



158 S. Sheth et al.

R-PIA DPCPX+R-PIA
Vehicle Cisplatin  + Cisplatin +Cisplatin DPCPX
o
<
a
.
<
=
2
e
°
-]
2
]
=

Fig. 8.3 R-PIA inhibits cisplatin-induced activation of STAT1 in the rat cochlea. Immunolabeling
studies for Ser’”” p-STAT1 in OHCs was performed on the cochlear sections isolated from the rats
treated with vehicle or cisplatin (11 mg/kg i.p.) for 72 h following trans-tympanic administration
of R-PIA (1 uM). Cisplatin increased Ser’? p-STAT1 immunoreactivity in the OHCs, which was
reduced by pretreatment with R-PIA. Vehicle, R-PIA, and DPCPX alone showed low baseline
Ser’”” p-STAT1 immunoreactivity. The arrow indicates three rows of OHCs and DC represents
Deiters cells. This figure is adapted with permission from Kaur et al. (2016)

STAT1 activation and inhibition of downstream events. STAT1 appears to play a
crucial role in promoting p53 activation following DNA damage (Townsend et al.
2004) and we have shown that cochlear-derived cells in which STAT1 was inhibited
were relatively resistant to cisplatin (Kaur et al. 2011). Thus, STAT1 represents an
ideal target of drugs, such as A;AR agonists (Kaur et al. 2016) and epigallocatechin
gallate (Borse et al. 2017), which provide otoprotection.

Does Adenosine Blocks Activation and Recruitment
of Circulating Immune Cells to the Cochlea?

The above discussion focuses on examining the expression of molecules in the
inflammatory pathways and cytokines in cells which are resident to the cochlea.
However, the impact of these cells to the overall inflammatory response in the
cochlea is unclear at present. Based on studies which showed that round window or
trans-tympanic administration of protective agents provide sufficient protection
against hearing loss, we speculate that modulating the local immune response in the
cochlea by drugs is an adequate otoprotective strategy. This observation begs to
question the role of the circulating inflammatory cells in mediating cochlear dam-
age, resolution of cochlear inflammation and hearing loss. As indicated below,
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Fig. 8.4 Proposed mechanism underlying the otoprotective action of A;AR agonists. Oxidative
stress produced by cisplatin or noise increases the activity and expression of NOX3 which pro-
motes ROS generation and oxidative stress. ROS stimulate MAPK activation, followed by STAT1
activation. ROS could also increase DNA strand breaks and activation of the ATM/p53 cascade.
Full activation of STAT1, apparently through a second signal mediated by DNA damage (activa-
tion of ATM and p53), promotes inflammation and apoptosis of cochlear cells and hearing loss. It
is also possible that DNA damage response could affect the inflammatory and apoptosis pathway
independent of STAT1. Activation of A;AR can inhibit NOX3 expression to reduce ROS produc-
tion. Additionally, A;AR can directly reduce ROS by activating the antioxidant defence system in
the cochlea

circulating immune cells demonstrate high expression of different ARs which sup-
press inflammatory processes.

The anti-inflammatory role of adenosine on established immune cells in the cir-
culation has been well described. Adenosine can significantly modulate the extent
of the initial inflammatory response. For example, adenosine inhibits the recruit-
ment and activation of neutrophils to the site of injury through activation of the
A,,AR. This is mediated through inhibition of leukocyte recruitment, neutrophil
adhesion and damage to the vascular endothelium (Cronstein et al. 1986). Adenosine
can also reduce adhesion of neutrophils to the endothelium mediated by both selec-
tin and integrin (Cronstein et al. 1992). The source of adenosine is likely ATP
released by neutrophils and metabolized by ectonucleotidases present on these
cells. This could inhibit further recruitment of leukocytes by activation of the A;AR
(Chen et al. 2006). Adenosine can also decrease the production of oxygen free radi-
cals and other mediators in neutrophils by activating the A,,AR subtype (Taylor
et al. 2005).
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Fig. 8.5 Potential targets for mediating the anti-inflammatory actions of adenosine in the cochlea.
Adenosine acts on A,,AR on neutrophils to decrease its recruitment and activation. Its actions on
this receptor on M1 macrophages decrease recruitment and activation of these immune cells.
Furthermore, activation of A,sAR stimulates M2 macrophages and promotes resolution of the
inflammation

Macrophages represent another potential target for mediating the anti-
inflammatory action of adenosine in the cochlea. For example, activation of the
A,AARs on pro-inflammatory M1 macrophages suppresses the synthesis of chemo-
kines and cytokines, such as TNF-q, interleukin (IL)-1p, IL-6, IL-12 and macro-
phage inhibitory peptide (MIP)-1a (Mosser and Edwards 2008). Activation of the
As,AR could also suppress the release of cytotoxic mediators such as oxygen and
nitrogen free radicals from activated M1 macrophages (Haské and Cronstein 2013)
and increase the release of the anti-inflammatory cytokine, IL-10 (Haské et al.
2007). M2 macrophages mediate anti-inflammatory functions and are activated by
Th2 cytokines, such as IL-4 and IL-13. These cells are characterized by markers
including arginase-1, tissue inhibitor of metalloproteinases (TIMP-1), macrophage-
galactose type C-type lectin (mgl-1), IL-4 receptor and resistin-like molecules.
Adenosine promotes IL-4 and IL-13-dependent M2 macrophage activation, as indi-
cated by upregulation of its characteristic markers (Ferrante et al. 2013). This action
of adenosine is mediated via the A,gAR. Overall, these studies suggest that multiple
ARs present on immune cells contribute to the anti-inflammatory role of adenosine
(Fig. 8.5). The existence of these receptors on circulating immune cells would sug-
gest that they would contribute this anti-inflammatory function if and when these
cells are recruited to the cochlea in response to cochlear damage. Nevertheless, the
contribution of these mechanisms regulated by the A,, and A,zR in otoprotection is
unclear at present, given the observation that activation of A;AR alone could protect
against cisplatin and noise-induced hearing loss.

5 Conclusion

This study highlights the protective role of activation of the A;AR in the cochlea
against cochlear trauma which produces hearing loss. It also highlights the role of
exogenously applied adenosine analogs in mediating otoprotection, as the endoge-
nous A;AR signaling system could be overwhelmed under certain circumstances.
Therefore, localized administration of selective A;AR agonists by the
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trans-tympanic or round window routes could serve as useful strategy to treat hear-
ing loss, especially that produced by drugs such as cisplatin. Our current under-
standing is that these drugs target A;AR on resident cochlear cells where they
modulate oxidative stress and/or inflammatory pathways, leading to a reduction in
cell apoptosis. Less clear is the contribution of circulating immune cells to the hear-
ing loss induced by cochlear trauma and the role(s) the A;AR and other ARs sub-
types (such as A,AR) play in modulating the recruitment of these cells to the
cochlea. Future studies in this area should shed more light as to the relative roles of
the different AR subtypes in otoprotection.
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Induced Hearing Loss and Otoprotective
Strategies to Limit Hair Cell Death
and Hearing Loss

Stefania Goncalves, Enrique Perez, Esperanza Bas, Christine T. Dinh,
and Thomas R. Van De Water

Abstract Hair cells are highly sensitive units that in response to trauma, inflamma-
tion, and cochlear implantation activate different signaling pathways leading to hair
cell death and hearing impairment. In this chapter we discuss the most recent litera-
ture regarding signaling pathways of hair cell loss, mechanisms and inflammatory
responses after noise exposure and electrode insertion, and otoprotective strategies
that can limit hair cell death and hearing loss.

Keywords Electrode insertion trauma - Apoptosis - Inflammatory process
signaling molecules - Foreign body reaction - Pharmacological treatment -
Cochlear drug delivery - Protective hypothermia

1 Mechanisms of Inflammatory Process Initiated Cell Death
in the Cochlea

Hearing is a complex function relying on a coordinated effort by a multitude of
specialized cells. As the principal organ involved in the conversion of acoustic
energy into electrical stimuli in the inner ear, the cochlea houses some of the most
important cells comprising the auditory system. Like other tissues in the body, these
inner ear structures are subject to inflammatory insults resulting in either transient
or permanent injury.

Sensorineural hearing loss (SNHL) is a type of hearing impairment that may
develop as a result of injury to cochlear or retrocochlear structures along the audi-
tory pathway. This form of hearing loss is highly prevalent, affecting over 48 million
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Fig. 9.1 Schematic representation of apoptotic and necrotic cell death (Reproduced from Dinh
et al. 2015)

Americans and resembling the most common sensory deficit in both the pediatric
and adult populations (Lin et al. 2011; Deltenre and Van Maldergem 2013;
Li-Korotky 2012). Hair cells located inside the cochlea are key to auditory function
and their loss is responsible for the most common cause of SNHL. Unlike in birds
and other selected vertebrates, mammals do not possess the ability to regenerate nor
replace hair cells and therefore any postnatal loss of these cells is associated with
permanent damage and hearing loss (Wan et al. 2013).

There are a variety of insults that may lead to hair cell loss including but not
limited to: noise-induced trauma, ototoxic drugs, infections, cochlear hypoxia, radi-
ation exposure, and cochlear implant electrode insertion trauma (Dinh et al. 2015).
Although these resemble environmental insults, a host of genetic factors have also
been linked with hereditary hearing loss or a higher propensity to cochlear injury in
many cases of acquired hearing loss (Walsh et al. 2010; Ahmed et al. 2011). To
explore potential therapeutic options for SNHL it is essential to understand the
underlying molecular mechanisms that govern cochlear inflammation and ulti-
mately cell death, following an insult. The two most widely studied pathways to cell
death as a result of cochlear injury are apoptosis and necrosis (Fig. 9.1). These, as
well as other forms of non-apoptotic cell death affecting cochlear cell populations
will be discussed in the following sections. It is important to note that some of the
known mechanisms of cell death in cochlear injury are partially extrapolated from
work done in other cell types (Dinh et al. 2015).
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Apoptosis

Apoptosis refers to the active orchestration of specific energy-requiring molecular
pathways resulting in cell death (Kerr et al. 1972). This form of programmed cell
death can affect all cells in the body and is governed by the balance between pro-
inflammatory, pro-death, and pro-survival molecular pathways often involving cas-
pases. Morphologically, hair cells undergoing apoptosis may demonstrate specific
features such as the disruption or loss of stereocilia, shrinkage of cuticular plates,
mitochondrial swelling, nuclear chromatin condensation, and disruption of junc-
tional complexes, which results in extrusion of the cell from the sensory epithelium
(Hirose et al. 2004). Apoptotic cells are eventually broken down into apoptotic bod-
ies, which are then removed by phagocytosis. There are two distinct pathways that
may lead to apoptosis: the Intrinsic and Extrinsic cell death pathways (Fig. 9.2).

Intrinsic Pathway

The intrinsic cell death pathway is most often governed by shifts in the balance of
pro- and anti-apoptotic proteins of the Bcl-2 family, ultimately resulting in mito-
chondrial leakage of pro-death proteins into the cytosol of the affected cell. These
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molecules include cytochrome ¢ (cyt c), apoptosis inducing factor (AIF), endonu-
clease G (EndoG), second mitochondria-derived activator of caspases/direct inhibi-
tor of apoptosis protein binding protein with low pl (Smac/DIABLO), and
mammalian homolog of bacterial high temperature requirement protein A2 (Omi/
HtrA2) (Dinh et al. 2015). Upon release into the cytosol some of these proteins such
as cyt ¢ contribute to apoptotic cell death through direct or indirect activation of
caspase proteins 3, 7, and 9. Others such as nuclease EndoG lead to caspase-
independent apoptotic pathways via nucleosomal fragmentation of DNA or chro-
matin condensation, once translocated into the nucleus.

Of particular importance to cochlear function, the intrinsic pathway is often trig-
gered by oxidative stress. Reactive oxygen species (ROS) are derived predomi-
nantly from enzymatic processes (most frequently associated with the host-defense
function of inflammatory cells such as neutrophils and macrophages) and non-
enzymatic processes such as those carried out by the electron transport chain (ETC)
of a cell’s mitochondria (Dworakowski et al. 2006). In a delicate system such as the
cochlea, stresses such as acoustic trauma can lead to direct mechanical injury to the
organ of Corti, followed by diminished blood supply secondary to edema of the stria
vascularis. This in turn results in cochlear hypoxia and oxidative stress to hair cells
(Smith et al. 1985). Other stresses such as those caused by aminoglycoside or cis-
platin ototoxicity can also lead to increased production of ROS in cochlear tissues
(Rybak et al. 2007; Lesniak et al. 2005). Accumulation of ROS overwhelms the
anti-oxidant protective mechanisms of hair cells and promotes Bax (pro-apoptotic
Bcl-2) protein activation, resulting in a shift towards the intrinsic pathway with
translocation of mitochondrial proteins as previously described. Interestingly, this
mechanism of inflammation followed by oxidative stress and programmed cell
death can partially explain a tonotopic pattern of hair cell loss. It is widely known
that basal outer hair cells are more vulnerable to various cochlear insults such as
ototoxic drugs and acoustic trauma, resulting in reproducible patterns of high-
frequency SNHL (Jensen-Smith et al. 2012). Prior reports suggest that this may be
secondary to an inherent susceptibility to oxidative stress in these cells secondary to
lower production of glutathione, a potent anti-oxidant (Sha et al. 2001).

Extrinsic Pathway

The extrinsic cell death pathway is characterized by a complex interaction of vari-
ous molecular cascades that ultimately occur as a result of the binding of a death
ligand to its complimentary death ligand receptor. Amongst the most widely studied
death ligand-to-receptor interactions are the TNFa-TNFR1 and FasL-FasR ligand-
receptor interactions (Dinh et al. 2015). The extrinsic pathway often involves down-
stream activation of initiator caspases 8 and 10, which in turn can cleave and activate
effector caspase-3. There is likely crossover with the intrinsic pathway as both cas-
pase-8 and -10 are also capable of activating pro-apoptotic members of the Bcl-2
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protein family, Bax and Bak, which in turn can propagate mitochondrial release of
death proteins as previously described (Chandler et al. 1998). Insults to the cochlea
such as acoustic trauma can also result in the local production of cytokines and
death ligands such as TNFa. Prior studies have demonstrated increased expression
of this molecule by the stria vascularis and spiral ligament, which may in turn serve
to recruit inflammatory cells into the cochlea (Keithley et al. 2008). In a form of
positive feedback, these leukocytes may then release further cytokines and ROS via
enzymatic processes. TNFa signaling in the cochlea can lead to activation of vari-
ous members of the mitogen-activated protein kinases (MAPK) as part of the extrin-
sic pathway. Two distinct MAPK pathways studied in hair cells, the p38 and JNK
kinase cascades, have been implicated in noise-, drug-, radiation-, and direct TNFo-
induced loss of hair cells (Dinh et al. 2015). Considering this intricate and multi-
interactive form of programmed cell death it is no surprise various therapeutic
agents have been proposed to target specific parts of these cascades such as CEP-
1347, a INK inhibitor molecule shown to protect against hair cell loss and hearing
loss in various forms of cochlear injury (Ylikoski et al. 2002; Wang et al. 2003).

Necrosis

Morphological analysis still remains the gold standard to differentiate between
apoptosis and necrosis (Op de Beeck et al. 2011). Unlike the characteristic cell
shrinkage (pyknosis) observed in apoptosis, necrosis is characterized by advance
swelling (oncosis) and early cell membrane disruption (Fig. 9.1). A compromised
cell membrane results in spillage of intracellular contents to the surrounding extra-
cellular space (Naganska and Matyja 2001). These events are thought to propagate
further inflammation and initiation of cell death within surrounding cells. Although
initially thought to only occur passively and unchecked, several different mecha-
nisms of regulated necrosis have now been elucidated. These include receptor inter-
acting protein kinase (RIPK)-dependent necroptosis and mitochondrial permeability
transition (PMT)-dependent necrosis (Galluzzi et al. 2010; Tsujimoto and Shimizu
2007). Although still not fully understood, these mechanisms of “programmed”
necrosis appear to share common signaling elements with extrinsic and intrinsic
apoptotic pathways (Fig. 9.2). Various morphological and molecular studies have
demonstrated a combination of both necrotic and apoptotic cell death following
common cochlear insults such as ototoxicity and acoustic trauma (Zheng et al.
2014). Many of these studies have consistently demonstrated the greater vulnerabil-
ity of outer hair cells of the basal cochlea to these mechanisms of cell death.
Ototoxicity, such as that seen with kanamycin and acoustic trauma has been shown
to induce hair cell death through apoptosis more frequently than necrosis (Taylor
et al. 2008; Yang et al. 2004).



170 S. Goncalves et al.
Other Forms of Non-apoptotic Cell Death

Several less-studied forms of cell death exist, which may resemble biochemically,
genetically, and morphologically distinct pathways from those seen in necrosis and
apoptosis. Ferroptosis is defined as a non-apoptotic iron-dependent oxidative form
of cell death distinct from necrosis and autophagy (Dixon et al. 2012). The hallmark
morphologic features of this type of cell death include small mitochondria with
increased membrane density. Although still controversial Autosis refers to autoph-
agy induced cell death (Liu et al. 2013). Autophagy has been traditionally under-
stood as a pro-survival mechanism for cells, morphologically characterized by the
formation of cytoplasmic vacuoles (Levine and Kroemer 2008). Recent investiga-
tions suggest that at high levels, autophagy itself may function as a driver of cell
death (Liu et al. 2013). Yet another potential distinct pathway for cell death is the
caspase-1 dependent Pyroptosis. This form of cell death appears to share morpho-
logic features resembling both apoptosis and necrosis with caspase-independent
DNA fragmentation and early disruption of plasma membrane, respectively (Kepp
etal. 2010). Finally, if determined to be distinct from regulated necrosis, Parthanatos
may also resemble another form of non-necrotic, non-apoptotic cell death.
Morphologically, these cells appear shrunken with condensed nuclei and undergo
membrane disintegration. The key molecular mechanisms of Parthanatos cell death
involve caspase-independent rapid activation of poly (ADP-ribose) polymerase-1
(PARP-1) and accumulation of poly (ADP-ribose) (PAR), with subsequent nuclear
translocation of apoptosis inducing factor (AIF) from the mitochondria (Andrabi
et al. 2008). Limited research exists into the contribution of any one of these path-
ways in cochlear tissue cell death. One prior study reported on autophagic stress as
a possible mechanism for spiral ganglion neuronal death in a model of age-related
hearing loss (ARHL). This pathway for cell death did not seem to affect other popu-
lations of cells in the organ of Corti or the stria vascularis (Menardo et al. 2012).
Indeed, like the simultaneous activation of both apoptotic and necrotic cell death
pathways observed with certain cochlear insults, it is likely that these other forms of
cell deaths may also play a simultaneous role in the cellular demise of cochlear tis-
sues. This may present new opportunities for targeted therapies.

2 Electrode Insertion Trauma (EIT) Initiation
of the Inflammatory Process

Some authors (Olivetto et al. 2015) described three phases of cochlea injury as a
result of cochlea implantation: (1) EIT within the first 2 days after implantation; (2)
inflammatory response within 14 days; and (3) development of fibrosis over the
long term. Trauma associated to the insertion of an electrode array into the scala
tympani of the cochlea initiates a long-term process from the first second after the
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Acoustic Trauma

Fig. 9.3 Noise-induced cell death pathway leading to hearing loss (Reproduced from Dinh et al.
2015)

insertion of the electrode that triggers the release of different pro-inflammatory
molecules, chemokines, and cytokines that change the environment of the auditory
organ (Fig. 9.3). This new biochemical environment compromises the normal func-
tion of hair cells (HC) and cochlear neural elements impairing residual hearing
putting at higher risk the structures located within the apical and middle turns of the
cochlea responsible for the transduction of low and mid frequencies (Bas et al.
2016). Some of the trauma-associated stimuli during cochlear implantation that
leads to oxidative stress and inflammation within the cochlea affecting HC and spi-
ral ganglion neuron (SGN) survival are: (1) acoustic and vibrational trauma associ-
ated to surgical drilling; (2) insertional trauma to the basilar membrane, spiral
ligament, and/or osseous spiral lamina; (3) displacement of blood and bone particles
into the scala tympani; and (4) bacterial infection of the cochlea (Lehnhardt 1993;
Cohen 1997; Kiefer et al. 2004; Eshraghi 2006; Postelmans et al. 2011; Bas et al.
2012). Therefore, non-traumatic cochlear implantation techniques (soft surgery)
have been proposed. These techniques have been found to help preserve residual
hearing resulting in patients with improvement in music perception as well as sig-
nificant gain in hearing in quiet and in noisy environment.



172 S. Goncalves et al.
Mechanisms of Hearing and Hair Cell Losses

Although, the mechanisms behind EIT remain unclear some hypothesis have been
proposed. During the insertion of an electrode array, injury to the spiral ligament,
stria vascularis, and/or trauma to the boundaries that separate the different compart-
ments within the cochlea may result in mixing of the perilymphatic and endolym-
phatic fluids compromising the endolymphatic potential and affects residual hearing
(Teubner et al. 2003; Wangemann et al. 2004). Cohen-Salmon et al. (2002), Teubner
et al. (2003) and collaborators have also suggested that prolonged depolarization of
HC membranes may lead to apoptosis. Furthermore, EIT can also trigger the expres-
sion of different cytokines and inflammatory molecules that affect hearing preserva-
tion (Takumi et al. 2014) as is the case of TNF alpha, which is a pro-inflammatory
cytokine that has been used in multiple experiments as an ototoxic agent for study-
ing the protective effect of different drugs (Bas et al. 2012; Dinh et al. 2008a, b,
2011; Dinh and Van De Water 2009; Haake et al. 2009, Hoang et al. 2009).
4-hydroxynonenal (HNE, a product of lipid peroxidation), interleukin-1 beta (IL-
1B), intercellular cell adhesion mediator-1 (ICAM-1), inducible nitric oxide synthe-
tase (iNOS) and cyclooxygenase-2 (COX-2), and reactive oxygen and nitrogen
species are other inflammatory molecules that are found in the cochlea after EIT
(Bas et al. 2012; Eshraghi et al. 2013) leading to HC death and loss of residual hear-
ing (Fig. 9.3).

In vitro and in vivo studies have shown the suppressive effects of dexamethasone
on the expression of these cytokines and inflammatory molecules (Guzman et al.
2006; Moriyama et al. 2007, Ichimiya et al. 2000; Maeda et al. 2005; Bas et al.
2012) helping in preservation of the residual hearing after cochlea implantation
(Fig. 9.4).

Mechanisms of Damage to Cochlear Neural Elements

The loss of auditory HCs and Schawnn cells (SC) due to EIT during cochlear
implantation, such as direct trauma to the SGNs through the osseous spiral lamina,
can lower the number and activity of afferent SGNs, which are necessary for hear-
ing (Roehm and Hansen 2005). Even isolated damage to the SC can also compro-
mise SGNs viability considering that these SCs express neurotrophins and their
respective receptors to cross-communicate with SGNs promoting homeostasis
within the ganglion (Hansen et al. 2001), besides assuring proper insulation of the
spiral ganglia axons by myelination of type 1 SGNs (Romand and Romand 1990).
After injury, SCs release pro-inflammatory cytokines, chemokines and adhesion
molecules that result in recruitment of inflammatory cells to the injured area
(Shamash et al. 2002; Tofaris et al. 2002).
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Fig. 9.4 Dexamethasone protects against electrode insertion trauma induced hearing loss in
guinea pigs. ABR thresholds prominently increased after electrode insertion across all frequencies
in non-drug-eluted electrodes. Dexamethasone eluted electrodes at a concentration of 1-10% sig-
nificantly reduced the negative effects of electrode insertion trauma in hearing. ABR auditory
brainstem response, DXMb dexamethasone base (Reproduced from Bas et al. 2016)

3 Inflammatory Process Initiated Cellular and Molecular
Signaling That Occurs Post-EIT. The Role of Cytokines,
Chemokines, and Cell Adhesion Molecules
in the Inflammatory Process

Cochlear implantation can restore hearing perception by bypassing the injured HCs;
however, electrode insertion can initiate a robust inflammatory reaction with the
recruitment of inflammatory cells and deposition of fibrotic tissue surrounding the
electrode that can progressively affect the survival of SGN and residual HCs com-
promising hearing outcome and enhancing the inflammatory environment within
the cochlea (Hughes et al. 2001; Choi and Oghalai 2005; Jia et al. 2011; Wolfe et al.
2013; Mosca et al. 2014). In the nervous system SCs (peripheral nervous system)
and astrocytes (central nervous system) are similar to macrophages and display
polarized phenotypes induced by classical or alternative activation in response to
nerve injury (Reichert et al. 1994; de Waele et al. 1996). Bas and collaborators char-
acterized the action of SGNs and macrophages in neuro-inflammation and scarring
following cochlear implantation using adult mouse in vivo and neonatal rat in vitro
models of electrode analog insertion trauma. Leukocytes were isolated from the
spleen of neonatal rats and co-cultured with the neonatal organotypic organ of Corti
cultures. This study reported an overexpression of chemokines (Ccl2, Ccl3, Ccl12,
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TGF-B) in both damaged cochlear tissues and leukocytes, and cells adhesion mol-
ecules (Vcam, Icam) in damaged cochlear tissues explants that was reduced to lev-
els comparable to undamaged tissue when treating insulted cultures with
dexamethasone (Bas et al. 2016). Therefore, damage tissue in response to EIT
induces an inflammatory phase characterized by the expression and release of che-
mokines for cells recruitment, adhesion molecules to increase cell-cell and cell-tis-
sue interaction in response to the injury, and cytokines inducing the activation of
inflammatory cells, the release of more pro-inflammatory molecules, and the overall
enhancement of the inflammatory environment. Following the initial inflammatory
phase, a proliferative phase is initiated that is characterized by the release of matrix
proteins, mainly fibrins and collagens, by recruited fibroblasts and activated macro-
phages that will constitute the extracellular matrix that will promote migration,
growth, and cellular differentiation (de Waele et al. 1996; Stout 2010; Ydens et al.
2012). After peripheral nerve injury, diverse cell adhesion molecules are released
such as integrin 4-alpha, which is a receptor that binds fibronectin, playing an
important role in neuron regeneration and cell-matrix interactions during leukocyte
recruitment and can also mediate the recruitment of immune cells propagating the
inflammatory response (Vogelezang et al. 2001; Bas et al. 2016). Bas and colleagues
showed an increased expression of Integrin 4-alpha at 1 and 3 days after implanta-
tion that later dropped at 7 days post-implantation in lateral wall tissues, organ of
Corti, SGN, and site of electrode insertion. However, 14 days post-implantation the
expression of this molecule returned to baseline in the lateral wall and organ of
Corti, decreased in the site of electrode insertion, but increased SGNs. Other integ-
rin molecules (Itgal, Itga2, Itga3, Itgav, Itga6) were also described to be upregu-
lated in EIT cochlear tissues (Bas et al. 2016). After the initial inflammatory and
proliferative phases, remodeling of the injury site occurs followed by a reduction in
the inflammatory environment and angiogenesis, together with the maturation of
scar tissue.

Leukocyte Recruitment to Trauma Site and Cell-Cell Interaction

After the traumatic insertion of an electrode into the cochlea, resident SCs release
pro-inflammatory cytokines, chemokines, and cell adhesion molecules for the
recruitment of inflammatory cells to the injured area (Shamash et al. 2002; Tofaris
et al. 2002), where monocytes are transformed into M1 and M2 type macrophages.
The M2 macrophages secrete anti-inflammatory molecules and promote tissue
regeneration and remodeling, in contrast, the M1 macrophages degrades cellular
debris, including bacteria, and release reactive oxygen species and anti-inflammatory
cytokines (IL-1a, IL-1b, IL-4, IL-13) that can be noxious to the cellular environ-
ment (Martinez et al. 2008; Stout 2010).

Bas and collaborators described the behavior of leukocytes exposed to organo-
typic cultures of the organ of Corti after an EIT event showing a reduction in the
trajectory traveled by leukocytes within the culture dish while increasing their



9 Trauma, Inflammation, Cochlear Implantation Induced Hearing Loss... 175

contact interaction with other inflammatory and injured cells. These findings were
significantly different from leukocyte response seen in response to undamaged tis-
sue and dexamethasone treated EIT damaged cochlear tissue explants, where the
trajectory traveled by the leukocytes was increased and the interaction between
these and normal or dexamethasone treated damaged tissues was decreased (Bas
et al. 2016).

Role of Foreign Body Reaction Post-implantation

The robust inflammatory response following EIT also induces the release of differ-
ent growth factors, especially Tgfbl, 3 days after EIT in vitro together with the
downregulation of Tgfb3 and its receptor Tgfbr2, which are associated with reduc-
tion of scarring during wound healing (Bas et al. 2016). In the literature, TFGb1 has
been involved in acute, chronic and malignant environments. In acute settings, this
molecule is involved in damage and regeneration of tissues typical of physiological
wound healing. However, in chronic environments, TFGb1 has negative effects as
consequence of the long-term continuous perpetuation of cell proliferation and
fibrinogenesis leading to fibrosis through the persistent induction of fibronectin pro-
duction, hypertrophy, and hyperplasia.

After the acute phases of inflammation, the receptors of fibronectin (ITGA
4alpha) persist in the organ of Corti, SGNs, and wound bed even 30 days after EIT
in vivo (Bas et al. 2016). Simultaneously, fibroblasts and differentiated myofibro-
blasts proliferate and new collagen is produced and deposited around the electrode
(Bas et al. 2016) together with the upregulation of F-actin suggesting the presence
of reorganization of the actin skeleton and extracellular matrix remodeling that
leads to scar formation and maturation around the electro array where the presence
of myofibroblasts collagen type 1A has been reported (Bas et al. 2016). These
events perpetuate within the cochlea as an unbreakable cycle suggesting an atypical
chronic inflammatory response characterized by the presence of activated inflam-
matory cells even 30 days after the injury, which some authors have also described
as a possible immune response against the electrode (foreign body reaction) (Bas
et al. 2016).

Role of Macrophages and Schwann Cells in Early and Chronic
Inflammatory Responses Post-implantation

SCs are a type of glial cells that are found in the peripheral nervous system. These
cells can be activated or inactivated and their responsibilities differ (cytotoxic ver-
sus cytoprotective) depending on the environment they are interacting with. In their
inactivated state they are found surrounding neurons aiding in axon myelination,
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Table 9.1 Pattern of expression of F4/80, IL-1B, and Arginase in an in vivo model of EIT

Tissue Inflammatory environment

Lateral Progressive increase in F4/80 and IL-1B (peak 14 and 30 days post-implantation)
Wall

Organ of | IL-1B increase by day 14 and remained stable until day 30. Biphasic pattern of
Corti F4/80 and Arginase 1 with peaks at day 3 and day 14 post-implantation. After

4 weeks, levels of Arginase 1 remained higher than IL-1B and F4/80 was reduced

Spiral Arginase 1 levels and F4/80 started rising at day 1 showing a maximum level at day
Ganglion | 7 post-implantation. Arginase 1 levels predominate over IL-1B indicating
involvement of M2 macrophages

Wound site | IL-1B and Arginase 1 expression overlapped at all time

Cochlear | F4/80 and IL-1B expression progressively increase beginning at post-implantation
nerve day 3

phagocytosis of cellular debris, and promotion of nerve regeneration. However,
after these cells are exposed to an inflammatory environment become active devel-
oping actions on neurons that can be detrimental due to the release of different
inflammatory cytokines (such as IL-1B) (Shamash et al. 2002; Tofaris et al. 2002).
In a similar way monocytes can have either similar or opposite actions depending
on the phenotype they acquired after they are activated. While M1 macrophages are
also pro-inflammatory and participate in the production and release of different
cytokines (such as IL-1B), the actions of M2 macrophages are anti-inflammatory
promoting cell survival and tissue regeneration (Martinez et al. 2008; Stout 2010;
Ydens et al. 2012). Bas and colleagues, described monocytes/macrophage infiltra-
tion (F4/80), IL-1B, and Arginase 1 (indirect marker for the alternate activated M2
macrophages) levels in an in vivo model of EIT. The pattern of expression of these
molecules varies based on the tissue under observation (see Table 9.1 for details).

4 Mechanisms of Pharmacological Treatment to Prevent
Post-EIT Initiated Inflammatory Process Damage
to the Cochlea and Loss of Hearing

The most extensively studied pharmacologic treatment of electrode insertion trauma
(EIT) revolves around the use of corticosteroids, partially owed to the abundance of
glucocorticoid receptors located in cochlear tissues, which offer a direct target for
treatment (Bas et al. 2016). Thorough in vivo and in vitro molecular studies on the
signaling pathways of corticosteroids has revealed that medications such as dexa-
methasone can inhibit the ototoxic inflammatory effects of the TNFa signaling cas-
cade, a known mechanism of injury in EIT. This inhibition appears to be modulated
by activation of NFkB signaling pathways, which promote upregulation of anti-
apoptotic genes Bcl-2 and Bcl-xI as well as decrease in expression of pro-apoptotic
genes Bax and TNFRI (Dinh et al. 2008a, b; Dinh and Van De Water 2009).
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The JNK kinase cascade has also served as a target of pharmacotherapy in the
setting of EIT. Through the use of a mini-osmotic pump as well as implantation of
a drug eluting hyaluronate-gel at the round window niche, a JNK inhibitor AM-111
(i.e. dJNKI peptide 1) has been shown to effectively block upstream steps along the
extrinsic apoptotic pathway, which may offer protection against EIT-induced
inflammation cell death (Eshraghi et al. 2006, 2013). This in turn has been shown to
preserve residual hearing (Eshraghi et al. 2006, 2013).

Antioxidants have long been the subject of investigation for the treatment noise-
and drug-induced hearing loss showing positive results at hearing preservation with
a variety of compounds such as sodium thiosulfate (STS), D-methionine, and
N-acetylcysteine (NAC) (Dinh and Van De Water 2009). In a model of EIT pre-
implantation application of NAC-impregnated pledgets to the round window niche
demonstrated protection against residual hearing loss (Eastwood et al. 2010). It is
believed that its ability to dramatically increase levels of intrinsic antioxidant gluta-
thione can make it a potent anti-inflammatory/otoprotective agent inside the cochlea
(Zou et al. 2003). Nevertheless, this therapeutic agent is also associated with a tran-
sient increase in hearing thresholds as well as possible promotion of unwanted intra-
cochlear osteoneogenesis following electrode insertion, likely limiting its clinical
utility (Eastwood et al. 2010).

Other less studied pharmacologic therapies in the setting of EIT include the use
of TNFa-inhibitor etanercept, insulin-like growth factor (IGF), and hepatocyte
growth factor (Ihler et al. 2014; Kikkawa et al. 2014). These compounds have
proven to protect against hearing loss when delivered to the cochlea but require
further research to elucidate their clinical potential (Ihler et al. 2014, Kikkawa et al.
2014).

Soft Surgery

With a better understanding of the mechanisms behind EIT, various recommenda-
tions for soft surgical techniques in cochlear implantation have been proposed to
preserve residual hearing (Bas et al. 2012). Research on vibratory trauma secondary
to drilling in the temporal bone has revealed that high frequency vibrations can lead
to inner ear trauma and significant threshold shifts (Sutinen et al. 2007). Direct
vibrational forces as well as high intensity sounds may mediate this type of injury.
At a molecular level this stimulus has been linked to pro-inflammatory TNFa sig-
naling with downstream apoptotic pathway activation (Zou et al. 2005). Delicate
dissection near the facial recess and the use of lower frequency drilling has been
suggested as a means to reduce this unwanted effect.

Vibration injury also plays an important factor when deciding between inser-
tion approaches to the cochlea. Prior studies have demonstrated that average
drilling time is significantly longer when using a traditional cochleostomy versus
a round window approach to prepare a route for insertion, since the latter often
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involves merely removal of small bony over-hangs at the round window niche
(Usami et al. 2011). Success with preserving residual low-frequency hearing by
using a round window approach for electrode insertion has also been shown
(Skarzynski et al. 2007a, b). Nevertheless, the trajectory of electrode insertion
using this approach may limit its use in cases of perimodiolar implants (Souter
et al. 2011). Furthermore, careful drilling of anterior-inferior cochleostomies
may allow for reasonable residual hearing preservation (Garcia-Ibanez et al.
2009; Kiefer et al. 2004). To balance the potential for injury secondary to vibra-
tory forces with those of direct intracochlear trauma from inappropriate angle of
insertion, soft surgery calls for appropriate selection of insertion technique in
each individual case. This may depend on the electrode to be used and the
cochlear anatomy of the patient. In either case, care should be taken to avoid a
drill injury to the endostium of the scala tympani by using a 1-mm burr at low
speeds and with adequate irrigation (Bas et al. 2012).

Extensive irrigation, hemostasis, and wiping gloved hands in order to prevent
any bone dust or blood products from entering the cochlea should be perform prior
to a cochleostomy (Bas et al. 2012). Intracochlear osteoneogenesis potentially aris-
ing from bone particles displaced into the scala tympani as well as alterations in the
endocochlear potential secondary to lysis of displaced erythrocytes can be detri-
mental to residual hearing (Clark et al. 1995; Radeloff et al. 2007).

Another soft surgery technique for reducing the risk of contaminating intraco-
chlear contents with bone dust or blood is the application of sodium hyaluronate gel
over the cochleostomy or round window site prior to penetration of endostium with
a micro-lancet and then the electrode array. This technique can prevent unwanted
particles from entering the scala tympani and also avoid excessive perilymph leak-
age (Laszig et al. 2002). The gel can also serve as a lubricant to reduce intracochlear
friction forces when inserting the electrode (Kontorinis et al. 2011).

Finally, electrode parameters may also play an important roll in soft surgery
technique. The use of short electrode arrays for shallow insertions has proven effica-
cious at preserving residual low-frequency hearing in appropriately selected cases
(Helbig et al. 2011). Nevertheless, deep insertion can also lead to adequate hearing
preservation with the use of soft surgery techniques (Bas et al. 2012).

Transtympanic and Transcochlear Drug Delivery

Although proven to be otoprotective in models of EIT, soft surgery alone does not
solve the dilemma of intracochlear injury during cochlear implant surgery. With the
expanding knowledge on pharmacological agents capable of offering otoprotection
as previously mentioned in this chapter, significant research efforts have been made
to find the ultimate delivery mechanism for these compounds to reach the inner ear.
Like the blood-brain barrier, the blood-labyrinth barrier offers a significant obstacle
to delivery of drugs into the cochlea via a systemic route (Inamura and Salt 1992).
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Otoprotective drugs such as corticosteroids can also carry significant undesirable
side effects when administered systemically, further encouraging researchers to
develop local inner ear delivery mechanisms, which can obviate the need for sys-
temic therapy.

The literature on intratympanic steroid treatment of sudden sensorineural hear-
ing loss has demonstrated significant benefits of using a middle ear drug delivery
strategy to treat an inner ear process (Wei et al. 2013). Adopting from this knowl-
edge, researchers have demonstrated hearing preservation in partially deaf patients
undergoing cochlear implantation with the use of immediate preoperative intratym-
panic steroid injections (Rajan et al. 2012). An inherent problem with this technique
is the suboptimal delivery of therapeutic agent to the round window niche, with
unpredictable levels of medication reaching intracochlear tissues. The loss of medi-
cation through the Eustachian tube can partially explain the limitations of an uncon-
trolled middle-ear delivery strategy (Silverstein et al. 2004). Researchers looking at
the treatment of other inner ear pathologies such as Meniere’s have further refined
transtympanic treatment strategies with the use of micro-wicks or micro-catheters
inserted through the tympanic membrane into the vicinity of the round window
niche (Silverstein et al. 2004; Marks et al. 2000). Although these drug delivery
methods may supply more predictable levels of medication to the inner ear in
repeated doses, their safety in the setting of an implanted ear has not been studied
and the possibility of introducing a route for developing middle ear infections can-
not be ignored.

Sizable research efforts into the treatment of EIT have revolved around develop-
ing intracochlear drug-delivery techniques that can achieve predictable diffusion of
medication throughout the cochlea. Using animal models of this form of hearing
loss, researchers have demonstrated several techniques for intracochlear delivery of
therapeutic agents with promising results. These include the pre-implantation use of
drug-eluting polymers placed in the round window niche, direct injection into the
scala tympani with a microsyringe, and the temporary insertion of drug-eluting sili-
con catheters (Chang et al. 2009; Paasche et al. 2009; Jolly et al. 2010). Studies
employing these delivery mechanisms have demonstrated otoprotective effects
including preservation of low frequency hearing using steroid formulations (Chang
et al. 2009; Jolly et al. 2010). Nevertheless, most of these treatment techniques only
provide a short-term perfusion of medication throughout the cochlea, placing in
question their efficacy at ameliorating delayed injury from continued
inflammation.

To study the prolonged treatment of electrode insertion trauma and combat
delayed pathways of intracochlear inflammation, cell death, and eventual fibrosis,
several authors have used novel osmotic minipump or reciprocating perfusion sys-
tem devices, which can provide continuous controlled delivery of drugs into the
inner ear (Brown et al. 1993; Eshraghi et al. 2007; Chen et al. 2005). Ruling out a
purely washout effect that may occur from the removal of cytokines in the peri-
lymph, these devices have demonstrated significant short- and long-term otoprotec-
tion with the administration of steroid solutions (Eshraghi et al. 2007).
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Drug Elution from the Electrode Array

Evolving biomedical nanotechnology has allowed for the development of drug-
eluting cochlear electrode arrays. Most of the research behind this technology
involves the use of silicon-based electrode array coatings, modified to contain mix-
tures of micronized dexamethasone (mDXM). The steroid compound can be embed-
ded in the silicon itself or be used as a coating. Embedding allows for a slow
sustained release while coating allows for a faster more short-term release of an
incorporated drug (Bohl et al. 2012). Pharmacokinetic studies have also demon-
strated that this form of intracochlear drug delivery can produce sustained release of
medication for up to 2 years, which may provide hearing protection for as long as
1 year post-implantation (Farahmand-Ghavi et al. 2010). Furthermore, in vivo stud-
ies comparing different steroid concentrations have shown that compared to a 2%
mixture, a 10% dexamethasone eluting silicon rod can provide higher levels of ste-
roid in the perilymphatic space up to 24 h post-implantation (Liu et al. 2015). This
may allow for a greater total cumulative dose as well as a stronger early burst
release, which may provide a therapeutic benefit for the EIT pattern of hearing loss
(Liu et al. 2015; Bas et al. 2016). Most importantly, a recent in vivo dose-response
study using electrode arrays containing different concentrations of silicon-
micronized dexamethasone mix showed significant otoprotection against electrode
insertion trauma in a guinea pig model of scala tympani electrode insertion (Bas
et al. 2016). The authors of this work demonstrated significant protection of hair
cells and intracochlear neural elements, as well as a reduction in implant impedance
and intra-scalar fibrosis. Ultimately, this was associated with reductions in the ini-
tial EIT-induced elevations in auditory brainstem response (ABR)- and cochlear
action potential (CAP)- hearing thresholds. Electrode arrays containing the highest
steroid concentration (10% dexamethasone base) provided the best otoprotection
(Bas et al. 2016) (Figs. 9.4 and 9.5).

Other studies addressing the relationship between surviving spiral ganglion neu-
rons and hearing outcomes following cochlear implant insertion have also explored
the use of neurotrophin-eluting polymer electrode coatings with promising results
(Richardson et al. 2009; Staecker and Garnham 2010). With a similar interest some
have also studied the use of growth factor-eluting electrode arrays, which has dem-
onstrated favorable hearing outcomes, although no significant improvement in hair
cell or spiral ganglion cell survival was observed (Kikkawa et al. 2014).

Mild Protective Hypothermia

Therapeutic hypothermia has been established as an important strategy for the treat-
ment of neurological injuries (Polderman 2008). Hypothermia has also been previ-
ously shown to improve hearing outcomes in models of noise-induced hearing loss
(Drescher 1976). Although not extensively studied, recent research has demon-
strated that mild hypothermia (34 °C), provided peri- and intra-operatively in a rat
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Control, no EIT

EIT + 0% DXMD

EIT + 1.0% DXMb

brensty signal arbirary unis RO area

EIT + 0.1% DXMb

Fig. 9.5 Dexamethasone protects against electrode insertion trauma induced Hair cell loss in
guinea pigs 90 days post electrode insertion eluted with different concentrations of dexamethasone
(0, 0.1, and 1%). (a) Whole mounts of organ of Corti specimens immunestained for synaptic con-
tacts (magenta), nerve fibers (orange), hair cells (green), and cell nuclei (blue). (b and c)
Dexamethasone eluting electrodes significantly protected against electrode insertion trauma mea-
sured by the presence of nerve fibers (¢, analysis of neurofilament-H immunostaining) and neural
synapsis (b, analysis of synapsis immunostaining). DXMb dexamethasone base, /HCs inner hair
cells, OHCs outer hair cells. In (b) and (¢) mean values are plotted as bars depicting +/- SEM. *p>
0.05, **p> 0,01, ***p> 0.001. n=3 OC whole mounts/group. (Reproduced from Bas et al. 2016)

model of cochlear insertion trauma, can significantly improve hearing outcomes as
measured by post-operative ABR threshold shifts and distortion product otoacoustic
emission (DPOE) amplitudes (Balkany et al. 2005). Both an immediate as well as a
delayed protective effect was noted in this study. Borrowing from the traumatic
brain injury (TBI) literature, it is likely that the therapeutic properties of hypother-
mia, which have been shown to modulate inflammatory pathways like the TNFa, a
receptor cascade, may protect against damage by similar inflammatory molecular
pathways in the cochlea (Lotocki et al. 2006). Furthermore, alterations in the blood-
brain barrier permeability, which favor accumulation of cytokines and leukocytes
following TBI, have been ameliorated with the use of therapeutic hypothermia
(Lotocki et al. 2009). It is possible that similar effects on the blood-labyrinth barrier
may occur with the use of mild hypothermia, partially explaining its otoprotective
properties in a model of EIT. Further research into the efficacy of mild hypothermia
as a therapeutic agent for preservation of hearing in EIT is needed.



182 S. Goncalves et al.

References

Ahmed ZM, Yousaf R, Lee BC, et al. Functional null mutations of MSRB3 encoding methio-
nine sulfoxide reductase are associated with human deafness DFNB74. Am J Hum Genet.
2011;88(1):19-29. https://doi.org/10.1016/j.ajhg.2010.11.010; Epub 2010 Dec 23.

Andrabi SA, Dawson TM, Dawson VL. Mitochondrial and nuclear cross talk in cell death: par-
thanatos. Ann N'Y Acad Sci. 2008;1147:233—-41. https://doi.org/10.1196/annals.1427.014.
Balkany TJ, Eshraghi AA, Jiao H, et al. Mild hypothermia protects auditory function during

cochlear implant surgery. Laryngoscope. 2005;115(9):1543-7.

Bas E, Bohorquez J, Goncalves S, et al. Electrode array-eluted dexamethasone protects against
electrode insertion trauma induced hearing and hair cell losses, damage to neural elements,
increases in impedance and fibrosis: a dose response study. Hear Res. 2016;337:12-24. https://
doi.org/10.1016/j.heares.2016.02.003.

Bas E, Dinh CT, Garnham C, Polak M, Van de Water TR. Conservation of hearing and protec-
tion of hair cells in cochlear implant patients’ with residual hearing. Anat Rec (Hoboken).
2012;295(11):1909-27. https://doi.org/10.1002/ar.22574; Epub 2012 Oct 8.

Bohl A, Rohm HW, Ceschi P, et al. Development of a specially tailored local drug delivery system
for the prevention of fibrosis after insertion of cochlear implants into the inner ear. ] Mater Sci
Mater Med. 2012;23(9):2151-62. https://doi.org/10.1007/s10856-012-4698-z.

Brown JN, Miller JM, Altschuler RA, Nuttall AL. Osmotic pump implant for chronic infusion of
drugs into the inner ear. Hear Res. 1993;70(2):167-72.

Chandler JM, Cohen GM, MacFarlane M. Different subcellular distribution of caspase-3 and cas-
pase-7 following Fas-induced apoptosis in mouse liver. J Biol Chem. 1998;273(18):10815-8.

Chang A, Eastwood H, Sly D, James D, Richardson R, O'Leary S. Factors influencing the efficacy of
round window dexamethasone protection of residual hearing post-cochlear implant surgery. Hear
Res. 2009;255(1-2):67-72. https://doi.org/10.1016/j.heares.2009.05.010; Epub 2009 Jun 17.

Chen Z, Kujawa SG, McKenna MJ, et al. Inner ear drug delivery via a reciprocating perfusion
system in the guinea pig. J Control Release. 2005;110(1):1-19.

Choi CH, Oghalai JS. Predicting the effect of post-implant cochlear fibrosis on residual hearing.
Hear Res. 2005;205(1-2):193-200.

Clark GM, Shute SA, Shepherd RK, Carter TD. Cochlear implantation: osteoneogenesis, electrode-
tissue impedance, and residual hearing. Ann Otol Rhinol Laryngol Suppl. 1995;166:40-2.
Cohen-Salmon M, Ott T, Michel V, et al. Targeted ablation of connexin 26 in the inner ear
epithelial gap junction netwoek causes hearing impairment and cell death. Curr Biol.

2002;12(13):1106-11.

Cohen NL. Cochlear implant soft surgery: fact or fantasy? Otolaryngol Head Neck Surg.
1997;117(3 Pt 1):214-6.

de Waele C, Campos Torres A, Josset P, Vidal PP. Evidence for reactive astrocytes in rat vestibular
and cochlear nuclei following unilateral inner ear lesion. Eur J Neurosci. 1996;8(9):2006—18.

Deltenre P, Van Maldergem L. Hearing loss and deafness in the pediatric population: causes,
diagnosis, and rehabilitation. Handb Clin Neurol. 2013;113:1527-38. https://doi.org/10.1016/
B978-0-444-59565-2.00023-X.

Dinh C, Hoang K, Haake S, et al. Biopolymer-released dexamethasone prevents tumor necrosis
factor alpha-induced loss of auditory hair cells in vitro: implications toward the development of
a drug-eluting cochlear implant electrode array. Otol Neurotol. 2008b;29(7):1012-9.

Dinh CT, Bas E, Chan SS, Dinh JN, Vu L, Van De Water TR. Dexamethasone treatment of tumor
necrosis factor-alpha challenged organ of Corti explants activates nuclear factor kappa B sig-
naling that induces changes in gene expression that favor hairs cell survival. Neuroscience.
2011;188:157-67. https://doi.org/10.1016/j.neuroscience.2011.04.061.

Dinh CT, Goncalves S, Bas E, Van De Water TR, Zine A. Molecular regulation of auditory hair cell
death and approaches to protect sensory receptor cells and/or stimulate repair following acoustic
trauma. Front Cell Neurosci. 2015;31(9):96. https://doi.org/10.3389/fncel.2015.00096. eCol-
lection 2015.


https://doi.org/10.1016/j.ajhg.2010.11.010
https://doi.org/10.1196/annals.1427.014
https://doi.org/10.1016/j.heares.2016.02.003
https://doi.org/10.1016/j.heares.2016.02.003
https://doi.org/10.1002/ar.22574
https://doi.org/10.1007/s10856-012-4698-z
https://doi.org/10.1016/j.heares.2009.05.010
https://doi.org/10.1016/B978-0-444-59565-2.00023-X
https://doi.org/10.1016/B978-0-444-59565-2.00023-X
https://doi.org/10.1016/j.neuroscience.2011.04.061
https://doi.org/10.3389/fncel.2015.00096

9 Trauma, Inflammation, Cochlear Implantation Induced Hearing Loss... 183

Dinh CT, Haake S, Chen S, et al. Dexamethasone protects organ of corti explants against tumor
necrosis factor-alpha-induced loss of auditory hair cells and alters the expression levels of
apoptosis-related genes. Neuroscience. 2008a;157(2):405-13.

Dinh CT, Van De Water TR. Blocking pro-cell-death signal pathways to conserve hearing. Audiol
Neurootol. 2009;14(6):383-92. https://doi.org/10.1159/000241895.

Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-dependent form of nonapop-
totic cell death. Cell. 2012;149(5):1060-72. https://doi.org/10.1016/j.cell.2012.03.042.

Drescher DG. Effect of temperature on cochlear responses during and after exposure to noise.
J Acoust Soc Am. 1976;59(2):401-7.

Dworakowski R, Anilkumar N, Zhang M, Shah AM. Redox signalling involving NADPH oxidase-
derived reactive oxygen species. Biochem Soc Trans. 2006;34(Pt 5):960—4.

Eastwood H, Pinder D, James D, et al. Permanent and transient effects of locally delivered n-acetyl
cysteine in a guinea pig model of cochlear implantation. Hear Res. 2010;259(1-2):24-30.
https://doi.org/10.1016/j.heares.2009.08.010; Epub 2009 Sep 2.

Eshraghi AA, Adil E, He J, Graves R, Balkany TJ, Van De Water TR. Local dexamethasone ther-
apy conserves hearing in an animal model of electrode insertion trauma-induced hearing loss.
Otol Neurotol. 2007;28(6):842-9.

Eshraghi AA, Gupta C, Van De Water TR, et al. Molecular mechanisms involved in cochlear
implantation trauma and the protection of hearing and auditory sensory cells by inhibition
of c-Jun-N-terminal kinase signaling. Laryngoscope. 2013;123(Suppl 1):S1-14. https://doi.
org/10.1002/1ary.23902.

Eshraghi AA, He J, Mou CH, et al. D-JNKI-1 treatment prevents the progression of hearing loss in
a model of cochlear implantation trauma. Otol Neurotol. 2006;27(4):504—11.

Eshraghi AA. Prevention of cochlear implant electrode damage. Curr Opin Otolaryngol Head
Neck Surg. 2006;14(5):323-8.

Farahmand-Ghavi F, Mirzadeh H, Imani M, et al. Corticosteroid-releasing cochlear implant: a
novel hybrid of biomaterial and drug delivery system. J Biomed Mater Res B Appl Biomater.
2010;94(2):388-98. https://doi.org/10.1002/jbm.b.31666.

Galluzzi L, Vitale I, Abrams JM, et al. Molecular definitions of cell death subroutines: rec-
ommendations of the Nomenclature Committee on Cell Death 2012. Cell Death Differ.
2010;19(1):107-20. https://doi.org/10.1038/cdd.2011.96.

Garcia-Ibanez L, Macias AR, Morera C, et al. An evaluation of the preservation of residual hearing
with the Nucleus Contour Advance electrode. Acta Otolaryngol. 2009;129(6):651-64. https://
doi.org/10.1080/00016480802369278.

Guzman J, Ruiz J, Eshraghi AA. Triamcinolone acetonide protects auditory hair cells from
4-hydroxy-2,3-nonenal (HNE) toxicity in vitro. Acta Otolaryngol. 2006;126(7):685-90.

Haake SM, Dinh CT, Chen S, Eshraghi AA, van de Water TR. Dexamethasone protects auditory
HCs against TNF alpha-initiated apoptosis via activation of PI3K/Akt and NF-kappa B signal-
ing. Hear Res. 2009;255(1-2):22-32. https://doi.org/10.1016/j.heares.2009.05.003.

Hansen MR, Vijapurkar U, Koland JG, Gree SH. Reciprocal signaling between spiral ganglion
neurons and schwann cells involves neuregulin and nuerotrophins. Hear Res. 2001;161:87-98.
https://doi.org/10.1016/S0378-5955(01)00360-4.

Helbig S, Van de Heyning P, Kiefer J, et al. Combined electric acoustic stimulation with the
PULSARCI(100) implant system using the FLEX(EAS) electrode array. Acta Otolaryngol.
2011;131(6):585-95. https://doi.org/10.3109/00016489.2010.544327.

Hirose K, Westrum LE, Cunningham DE, Rubel EW. Electron microscopy of degenerative changes
in the chick basilar papilla after gentamicin exposure. J] Comp Neurol. 2004;470(2):164-80.

Hoang KN, Dinh CT, Bas E, Chen S, Eshraghi AA, van de Water TR. Dexamethasone treatment
of naive organ of corti explants alters the expression pattern of apoptosis-related genes. Brain
Res. 2009;1301:1-8. https://doi.org/10.1016/j.brainres.2009.08.097.

Hughes ML, Vander Weff KR, Brown CJ, et al. A longitudinal study of electrode imped-
ance, the electrically evoked compound action potential, and behavioral mea-
sures in nucleus 24 cochlear implant users. Ear Hear. 2001;22:471-86. https://doi.
org/10.1097/00003446-2001120000-00004.


https://doi.org/10.1159/000241895
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.heares.2009.08.010
https://doi.org/10.1002/lary.23902.
https://doi.org/10.1002/lary.23902.
https://doi.org/10.1002/jbm.b.31666.
https://doi.org/10.1038/cdd.2011.96.
https://doi.org/10.1080/00016480802369278
https://doi.org/10.1080/00016480802369278
https://doi.org/10.1016/j.heares.2009.05.003
https://doi.org/10.1016/S0378-5955(01)00360-4
https://doi.org/10.3109/00016489.2010.544327
https://doi.org/10.1016/j.brainres.2009.08.097
https://doi.org/10.1097/00003446-2001120000-00004
https://doi.org/10.1097/00003446-2001120000-00004

184 S. Goncalves et al.

Ichimiya I, Yoshida K, Kirano T, Suzuki M, Mogi G. Significance of spiral ligament fibrocytes
with cochlear inflammation. Int J Pediatr Otorhinolaryngol. 2000;56(1):45-51.

Ihler F, Pelz S, Coors M, Matthias C, Canis M. Application of a TNF-alpha-inhibitor into the
scala tympany after cochlear electrode insertion trauma in guinea pigs: preliminary audiologic
results. Int J Audiol. 2014;53(11):810-6.

Inamura N, Salt AN. Permeability changes of the blood-labyrinth barrier measured in vivo during
experimental treatments. Hear Res. 1992;61(1-2):12-8.

Jensen-Smith HC, Hallworth R, Nichols MG. Gentamicin rapidly inhibits mitochondrial metab-
olism in high-frequency cochlear outer hair cells. PLoS One. 2012;7(6):e38471. https://doi.
org/10.1371/journal.pone.0038471; Epub 2012 Jun 8.

Jia S, Zhao Y, Law M, Galiano R, Mustoe TA. The effects of collagenase ointment on the pre-
vention of hypertrophic scarring in a rabbit ear scarring model: a pilot study. Wounds.
2011;23(6):160-5.

Jolly C, Garnham C, Mirzadeh H, et al. Electrode features for hearing preservation and drug deliv-
ery strategies. Adv Otorhinolaryngol. 2010;67:28—42. https://doi.org/10.1159/000262594.

Keithley EM, Wang X, Barkdull GC. Tumor necrosis factor alpha can induce recruitment of
inflammatory cells to the cochlea. Otol Neurotol. 2008;29(6):854-9. https://doi.org/10.1097/
MAO.0b013e31818256a9.

Kepp O, Galluzzi L, Zitvogel L, Kroemer G. Pyroptosis—a cell death modality of its kind? Eur
J Immunol. 2010;40(3):627-30. https://doi.org/10.1002/eji.200940160.

Kerr JE, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer. 1972;26(4):239-57.

Kiefer J, Gstoettner W, Baumgartner W, et al. Conservation of low-frequency hearing in cochlear
implantation. Acta Otolaryngol. 2004;124(3):272-80.

Kikkawa YS, Nakagawa T, Ying L, et al. Growth factor-eluting cochlear implant electrode: impact
on residual auditory function, insertional trauma, and fibrosis. J Transl Med. 2014;12:280.
https://doi.org/10.1186/s12967-014-0280-4.

Kontorinis G, Paasche G, Lenarz T, Stover T. The effect of different lubricants on cochlear
implant electrode insertion forces. Otol Neurotol. 2011;32(7):1050-6. https://doi.org/10.1097/
MAO.0b013e31821b3c88.

Laszig R, Ridder GJ, Fradis M. Intracochlear insertion of electrodes using hyaluronic acid in
cochlear implant surgery. J Laryngol Otol. 2002;116(5):371-2.

Lehnhardt E. Intracochlear placement of cochlear implant electrodes in soft surgery technique.
HNO. 1993;41(7):356-9.

Lesniak W, Pecoraro VL, Schacht J. Ternary complexes of gentamicin with iron and lipid catalyze
formation of reactive oxygen species. Chem Res Toxicol. 2005;18(2):357-64.

Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008;132(1):27-42. https://
doi.org/10.1016/j.cell.2007.12.018.

Li-Korotky HS. Age-related hearing loss: quality of care for quality of life. Gerontologist.
2012;52(2):265-71. https://doi.org/10.1093/geront/gnr159.

Lin FR, Niparko JK, Ferrucci L. Hearing loss prevalence in the United States. Arch Intern Med.
2011;171(20):1851-2. https://doi.org/10.1001/archinternmed.2011.506.

Liu Y, Shoji-Kawata S, Sumpter RM Jr, et al. Autosis is a Na+,K+-ATPase-regulated form of cell
death triggered by autophagy-inducing peptides, starvation, and hypoxia-ischemia. Proc Natl
Acad Sci U S A. 2013;110(51):20364-71. https://doi.org/10.1073/pnas.1319661110.

Liu 'Y, Jolly C, Braun S, et al. Effects of dexamethasone-releasing implant on cochleae: a func-
tional, morphological, and pharmacokinetic study. Hear Res. 2015;327:89-101. https://doi.
org/10.1016/j.heares.2015.04.019.

Lotocki G, de Rivero Vaccari JP, Perez ER, et al. Therapeutic hypothermia modulates TNFR1
signaling in the traumatized brain via early transient activation of the JNK pathway and sup-
pression of XIAP cleavage. Eur J Neurosci. 2006;24(8):2283-90.

Lotocki G, de Rivero Vaccari JP, Perez ER. Alterations in blood-brain barrier permeability to
large and small molecules and leukocyte accumulation after traumatic brain injury: effects


https://doi.org/10.1371/journal.pone.0038471
https://doi.org/10.1371/journal.pone.0038471
https://doi.org/10.1159/000262594.
https://doi.org/10.1097/MAO.0b013e31818256a9
https://doi.org/10.1097/MAO.0b013e31818256a9
https://doi.org/10.1002/eji.200940160
https://doi.org/10.1186/s12967-014-0280-4
https://doi.org/10.1097/MAO.0b013e31821b3c88
https://doi.org/10.1097/MAO.0b013e31821b3c88
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1093/geront/gnr159
https://doi.org/10.1001/archinternmed.2011.506
https://doi.org/10.1073/pnas.1319661110
https://doi.org/10.1016/j.heares.2015.04.019
https://doi.org/10.1016/j.heares.2015.04.019

9  Trauma, Inflammation, Cochlear Implantation Induced Hearing Loss... 185

of post-traumatic hypothermia. J Neurotrauma. 2009;26(7):1123-34. https://doi.org/10.1089/
neu.2008.0802.

Maeda K, Yoshida K, Ichimiya I, Suzuki M. Dexamethasone inhibits tumor necrosis factor-alpha-
induced cytokine secretion from spiral ligament fibrocytes. Hear Res. 2005;202(1-2):154-60.

Marks S, Arenberg IK, Hoffer ME. Round window microcatheter administered microdose of
gentamycin: an alternative in the treatment of tinnitus in patients with Meniere’s disease.
Laryngorhinootologie. 2000;79(6):327-31.

Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and polarization. Front
Biosci. 2008;13:453-61. https://doi.org/10.2741/2692.

Menardo J, Tang Y, Ladrech S, et al. Oxidative stress, inflammation, and autophagic stress as the
key mechanisms of premature age-related hearing loss in SAMP8 mouse Cochlea. Antioxid
Redox Signal. 2012;16(3):263-74. https://doi.org/10.1089/ars.2011.4037.

Moriyama M, Yoshida K, Ichimiya I, Suzuki M. Nitric Oxide production from cultures spiral liga-
ment fibrocytes: effects of corticosteroids. Acta Otolaryngol. 2007;127(7):676-81.

Mosca F, Grassia R, Leone CA. Longitudinal variations in fitting parameters for adult cochlear
implant recipients. Acta Otorhinolaryngol Ital. 2014;34:111-6.

Naganska E, Matyja E. Ultrastructural characteristics of necrotic and apoptotic mode of neuronal
cell death in a model of anoxia in vitro. Folia Neuropathol. 2001;39(3):129-39.

Olivetto E, Simoni E, Guaran V, Astolfi L, Martini A. Sensorineural hearing loss and ischemic
injury: Development of animal models to assess vascular and oxidative effects. Hear Res.
2015;327:58-68. https://doi.org/10.1016/j.heares.2015.05.004.

Op de Beeck K, Schacht J, Van Camp G. Apoptosis in acquired and genetic hearing impairment: the
programmed death of the hair cell. Hear Res. 2011;281(1-2):18-27. https://doi.org/10.1016/].
heares.2011.07.002.

Paasche G, Tasche C, Stover T, Lesinski-Schiedat A, Lenarz T. The long-term effects of modi-
fied electrode surfaces and intracochlear corticosteroids on postoperative impedances
in cochlear implant patients. Otol Neurotol. 2009;30(5):592-8. https://doi.org/10.1097/
MAO.0b013e3181ab8fba.

Polderman KH. Induced hypothermia and fever control for prevention and treatment of neurological
injuries. Lancet. 2008;371(9628):1955—-69. https://doi.org/10.1016/S0140-6736(08)60837-5.

Postelmans JT, van Spronsen E, Grolman W, et al. An evaluation of preservation of residual hear-
ing using the suprameatal approach for cochlear implantation: can this implantation technique
be used for preservation of residual hearing? Laryngoscope. 2011;121(8):1794-9. https://doi.
org/10.1002/lary.21866.

Radeloff A, Unkelbach MH, Tillein J, et al. Impact of intrascalar blood on hearing. Laryngoscope.
2007;117(1):58-62.

Rajan GP, Kuthubutheen J, Hedne N, Krishnaswamy J. The role of preoperative, intratympanic
glucocorticoids for hearing preservation in cochlear implantation: a prospective clinical study.
Laryngoscope. 2012;122(1):190-5. https://doi.org/10.1002/lary.22142.

Reichert F, Saada A, Rotshenker S. Peripheral nerve injury induces schwann cells to express two
macrophage phenotypes: phagocytosis and the galactose-specific lectin MAC-2. J Neurosci.
1994;14:3231-45.

Richardson RT, Wise AK, Thompson BC, et al. Polypyrrole-coated electrodes for the delivery of
charge and neurotrophins to cochlear neurons. Biomaterials. 2009;30(13):2414-24. https://doi.
org/10.1016/j.biomaterials.2009.01.015.

Roehm PC, Hansen MR. Strategies to preserve or regenerate spiral ganglion neurons.
Curr Opin Otolaryngol Head Neck Surg. 2005;13:294-300. https://doi.org/10.1097/01.
moo0.0000180919.68812.b9.

Romand MR, Romand R. Development of spiral ganglion cells in mammalian cochlea. J Electron
Microsc Tech. 1990;15:144-54.

Rybak LP, Whitworth CA, Mukherjea D, Ramkumar V. Mechanisms of cisplatin-induced ototoxic-
ity and prevention. Hear Res. 2007;226(1-2):157-67.


https://doi.org/10.1089/neu.2008.0802
https://doi.org/10.1089/neu.2008.0802
https://doi.org/10.2741/2692
https://doi.org/10.1089/ars.2011.4037
https://doi.org/10.1016/j.heares.2015.05.004
https://doi.org/10.1016/j.heares.2011.07.002
https://doi.org/10.1016/j.heares.2011.07.002
https://doi.org/10.1097/MAO.0b013e3181ab8fba
https://doi.org/10.1097/MAO.0b013e3181ab8fba
https://doi.org/10.1016/S0140-6736(08)60837-5
https://doi.org/10.1002/lary.21866
https://doi.org/10.1002/lary.21866
https://doi.org/10.1002/lary.22142
https://doi.org/10.1016/j.biomaterials.2009.01.015.
https://doi.org/10.1016/j.biomaterials.2009.01.015.
https://doi.org/10.1097/01.moo.0000180919.68812.b9
https://doi.org/10.1097/01.moo.0000180919.68812.b9

186 S. Goncalves et al.

Sha SH, Taylor R, Forge A, Schacht J. Differential vulnerability of basal and apical hair cells is
based on intrinsic susceptibility to free radicals. Hear Res. 2001;155:1-8.

Shamash S, Reichert F, Rotshenker S. The cytokine nerwork of wallerian degeneration: turmor
necrosis factor alpha, interleukin- 1 alpha, and interleukin-1 beta. J Neuroscie. 2002;22:3052—-60.

Silverstein H, Thompson J, Rosenberg SI, Brown N, Light J. Silverstein MicroWick. Otolaryngol
Clin N Am. 2004;37(5):1019-34.

Skarzynski H, Lorens A, Piotrowska A, Anderson I. Preservation of low frequency hearing in
partial deafness cochlear implantation (PDCI) using the round window surgical approach. Acta
Otolaryngol. 2007a;127(1):41-8.

Skarzynski H, Lorens A, Piotrowska A, Anderson I. Partial deafness cochlear implantation in chil-
dren. Int J Pediatr Otorhinolaryngol. 2007b;71(9):1407-13.

Smith DI, Lawrence M, Hawkins JE Jr. Effects of noise and quinine on the vessels of the stria
vascularis: an image analysis study. Am J Otolaryngol. 1985;6(4):280-9.

Souter MA, Briggs RJ, Wright CG, Roland PS. Round window insertion of precurved peri-
modiolar electrode arrays: how successful is it? Otol Neurotol. 2011;32(1):58—63. https://doi.
org/10.1097/MAO.0b013e3182009f52.

Staecker H, Garnham C. Neurotrophin therapy and cochlear implantation: translating ani-
mal models to human therapy. Exp Neurol. 2010;226(1):1-5. https://doi.org/10.1016/].
expneurol.2010.07.012.

Stout RD. Editorial: macrophage functional phenotypes: no alternatives in dermal wound healing?
J Leukoc Biol. 2010;87:19-21. https://doi.org/10.1189/j1b.0509311.

Sutinen P, Zou J, Hunter LL, Toppila E, Pyykké I. Vibration-induced hearing loss: mechanical and
physiological aspects. Otol Neurotol. 2007;28(2):171-7.

TakumiY, Nishio SY,Mugridge K, etal. Gene expression pattern after insertion of dexamethasone-
eluting electrode into the guinea pig cochlea. PLoS One. 2014;9(10):e110238. https://doi.
org/10.1371/journal.pone.0110238.

Taylor RR, Nevill G, Forge A. Rapid hair cell loss: a mouse model for cochlear lesions. J Assoc
Res Otolaryngol. 2008;9(1):44—-64.

Teubner B, Michel V, Pech J, et al. Connexin 30 (Gjb6)-deficiency causes severe hearing impair-
ment and lack of endocochlear potential. Hum Mol Genet. 2003;12(1):13-21.

Tofaris GK, Patterson PH, Jessen KR, Mirsky R. Denervated Schwann cells attract macrophages
by secretion of leukemia inhibitory factor (LIF) and monocyte chemoattractant protein-1 in a
process regulated by interleukin-6 and LIF. J Neurosci. 2002;22:6696-703.

Tsujimoto Y, Shimizu S. Role of the mitochondrial membrane permeability transition in cell death.
Apoptosis. 2007;12(5):835-40.

Usami S, Moteki H, Suzuki N, et al. Achievement of hearing preservation in the presence of an
electrode covering the residual hearing region. Acta Otolaryngol. 2011;131(4):405-12. https://
doi.org/10.3109/00016489.2010.539266; Epub 2011 Jan 5.

Vogelezang MG, Liu Z, Relvas JB, Raivich G, Scherer SS, French-Constant C. Alpha4 integrin
is expressed during peripheral nerve regeneration and enhances neurite outgrowth. J Neurosci.
2001;21:6732-44.

Walsh T, Pierce SB, Lenz DR, et al. Genomic duplication and overexpression of TJP2/Z0-2 leads
to altered expression of apoptosis genes in progressive nonsyndromic hearing loss DFNASI.
Am J Hum Genet. 2010;87(1):101-9. https://doi.org/10.1016/j.ajhg.2010.05.011; Epub 2010
Jun 17.

Wan G, Corfas G, Stone JS. Inner ear supporting cells: rethinking the silent majority. Semin Cell
Dev Biol. 2013;24(5):448-59. https://doi.org/10.1016/j.semcdb.2013.03.009; Epub 2013
Mar 29.

Wang J, Van De Water TR, Bonny C, de Ribaupierre F, Puel JL, Zine A. A peptide inhibitor of
c-Jun N-terminal kinase protects against both aminoglycoside and acoustic trauma-induced
auditory hair cell death and hearing loss. J Neurosci. 2003;23(24):8596-607.

Wangemann P, Itza EM, Albrecht B, et al. Loss of KCNJ10 protein expression abolishes endoco-
chlear potential and causes deafness in Pendred syndrome mouse model. BMC Med. 2004;2:30.


https://doi.org/10.1097/MAO.0b013e3182009f52
https://doi.org/10.1097/MAO.0b013e3182009f52
https://doi.org/10.1016/j.expneurol.2010.07.012
https://doi.org/10.1016/j.expneurol.2010.07.012
https://doi.org/10.1189/jlb.0509311
https://doi.org/10.1371/journal.pone.0110238
https://doi.org/10.1371/journal.pone.0110238
https://doi.org/10.3109/00016489.2010.539266
https://doi.org/10.3109/00016489.2010.539266
https://doi.org/10.1016/j.ajhg.2010.05.011
https://doi.org/10.1016/j.semcdb.2013.03.009

9 Trauma, Inflammation, Cochlear Implantation Induced Hearing Loss... 187

Wei BP, Stathopoulos D, O'Leary S. Steroids for idiopathic sudden sensorineural hearing
loss. Cochrane Database Syst Rev. 2013;7:CD003998. https://doi.org/10.1002/14651858.
CD003998.pub3.

Wolfe J, Baker RS, Wood M. Clinical case study review: steroid-responsive change
in electrode impedance. Otol Neurotol. 2013;34:227-32. https://doi.org/10.1097/
MAO.0B013e31827b4bba.

Yang WP, Henderson D, Hu BH, Nicotera TM. Quantitative analysis of apoptotic and necrotic outer
hair cells after exposure to different levels of continuous noise. Hear Res. 2004;196(1-2):69-76.

Ydens E, Cauwels A, Asselbergh B, et al. Acute injury in the peripheral nervous system trig-
gers an alternative macrophage response. J Neuroinflammation. 2012;9:176. https://doi.
org/10.1186/1742-2094-9-176.

Ylikoski J, Xing-Qun L, Virkkala J, Pirvola U. Blockade of c-Jun N-terminal kinase path-
way attenuates gentamicin-induced cochlear and vestibular hair cell death. Hear Res.
2002;163(1-2):71-81.

Zheng HW, Chen J, Sha SH. Receptor-interacting protein kinases modulate noise-induced sensory
hair cell death. Cell Death Dis. 2014;5:e1262. https://doi.org/10.1038/cddis.2014.177.

Zou J, Bretlau P, Pyykko 1, et al. Comparison of the protective efficacy of neurotrophins and antiox-
idants for vibration-induced trauma. ORL J Otorhinolaryngol Relat Spec. 2003;65(3):155-61.

Zou J, Pyykko I, Sutinen P, Toppila E. Vibration induced hearing loss in guinea pig cochlea:
expression of TNF-alpha and VEGF. Hear Res. 2005;202(1-2):13-20.


https://doi.org/10.1002/14651858.CD003998.pub3.
https://doi.org/10.1002/14651858.CD003998.pub3.
https://doi.org/10.1097/MAO.0B013e31827b4bba
https://doi.org/10.1097/MAO.0B013e31827b4bba
https://doi.org/10.1186/1742-2094-9-176
https://doi.org/10.1186/1742-2094-9-176
https://doi.org/10.1038/cddis.2014.177

Chapter 10 )
Anti-inflammatory Therapies
for Sensorineural Hearing Loss

Check for
updates

Alanna M. Windsor and Michael J. Ruckenstein

Abstract Anti-inflammatory and immunosuppressive therapies have been widely
employed in the treatment of sensorineural hearing loss in the context of autoim-
mune inner ear disease (AIED) and idiopathic sudden sensorineural hearing loss
(ISSHL). While steroids are the mainstay of treatment for these disorders, numer-
ous other therapies, including cyclophosphamide, methotrexate, azathioprine, ritux-
imab, anakinra, anti- TNF-o agents, and plasmapharesis have been investigated.
Here we will describe the most commonly-studied of these immune-modulating
therapies and review the evidence for their efficacy in the treatment of inner ear
disorders, focusing on AIED and ISSHL. Further investigation of the potential
inflammatory mechanisms mediating these forms of sensorineural hearing loss may
ultimately identify targets for future treatments.

Keywords Sensorineural hearing loss - Autoimmune inner ear disease -
Corticosteroids - Immunomodulation - Sudden hearing loss

1 Introduction

The role of inflammatory mechanisms in the pathogenesis of sensorineural hearing
loss (SNHL) holds great interest for researchers as it suggests the possibility of
reversing hearing loss through the use of anti-inflammatory or immunosuppressive
medical therapies. Corticosteroids, in particular, have been employed in the treat-
ment of hearing loss since the 1950s with varying degrees of success, and their
effectiveness in certain cases has been used as evidence of an underlying immune-
mediated mechanism (Trune and Canlon 2012). One entity, autoimmune inner ear
disease (AIED), has been partially defined by its response to immunosuppressive
medications (McCabe 1979). However, immunosuppressive therapies have also
been used in other conditions including idiopathic sudden sensorineural hearing
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loss (ISSHL), Meniere’s disease, and SNHL related to systemic autoimmune dis-
eases such as granulomatosis with polyangiitis, systemic lupus erythematous, and
Cogan syndrome. Each of these conditions can have considerable overlap in their
presentation, may be difficult to distinguish on initial presentation, and may in fact
encompass many different disorders with heterogeneous pathologic mechanisms.

This lack of clarity in the underlying inner ear pathophysiology of these diseases
makes the directed study of therapeutic options challenging. Indeed, many treat-
ments have been tested empirically on the basis of their efficacy in systemic autoim-
mune diseases, under the presumption that the SNHL seen in AIED and a least a
subset of patients with ISSHL and Meniere’s disease is related to an underlying
inflammatory or immune-mediated process. In several studies examining the effects
of various immunosuppressive medications on hearing loss, patients considered to
have Meniere’s disease have been included under the umbrella of ‘AIED’ or been
labeled as having ‘immune-mediated Meniere’s disease’ (Matsuoka and Harris
2013; Matteson et al. 2000, 2005). The absence of a definitive diagnostic test, vari-
able presentation, fluctuating course, low incidence, and often spontaneous improve-
ment of hearing in these diseases create additional challenges for study design in
this population.

Despite an extensive body of literature examining the use of steroids in hearing
loss, our understanding of the primary mechanisms through which steroids act in
the inner ear is limited. Steroids have become first-line therapy for both AIED and
ISSHL although the optimal choice of drug, dose, and route are debated. Many
other immunosuppressive therapies have been studied in the treatment of AIED,
though these studies tend to be retrospective or observational in nature and are lim-
ited by small sample sizes. The clinician must therefore balance the potential ben-
efits against the considerable risk of side effects from these therapies. This chapter
will review the role of anti-inflammatory and immunosuppressive therapies in vari-
ous inner ear disorders, with a particular focus on AIED and ISSHL.

2 Autoimmune Inner Ear Disease

Steroids in Autoimmune Inner Ear Disease

Corticosteroids are a class of molecule with a wide array of effects in nearly every
organ system. Upon binding to the glucocorticoid receptor, a member of the nuclear
receptor family, they allow translocation of the receptor to the cell nucleus, where
they regulate transcription of corticosteroid-responsive genes. Signaling through
this pathway leads to apoptosis of inflammatory cells and suppression of expression
of the proinflammatory cytokine tumor necrosis factor-o (TNF-a) and interleukin- 1§
(IL-1p) expression, among other effects (Flammer and Rogatsky 2011). Steroids
have been the primary therapy for AIED ever since McCabe first described, in 1979,
a series of patients with an unusual form progressive, bilateral sensorineural hearing
loss which he postulated was autoimmune in etiology and which responded to
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treatment with dexamethasone and cyclophosphamide (McCabe 1979). Indeed,
response to steroids has been used as a diagnostic criterion for AIED, as no single
definitive diagnostic test exists (Garcia-Berrocal et al. 2003). Since McCabe’s study,
numerous case series and animal studies have emerged to evaluate the efficacy of
steroids in AIED, develop treatment algorithms, and elucidate the mechanisms
underlying the steroid response in AIED.

Animal Studies

Despite their effectiveness in reversing hearing loss related to AIED, the actions of
steroids in the inner ear are unclear. Animal models have therefore proven useful not
only in investigating the pathogenesis of AIED but also in revealing potential path-
ways through which steroids may exert their effects. One such model is the MRL-
Fas'™ mouse, which carries a mutation in the Fas gene that prevents apoptosis of
self-recognizing T lymphocytes. These mice develop a systemic autoimmune dis-
ease similar to systemic lupus erythematous as well as elevated auditory brainstem
response (ABR) thresholds and pathologic changes within the stria vascularis,
which is responsible for maintaining the endocochlear potential; these changes
include intracellular edema, cellular degeneration and intra-capillary antibody
deposition (Ruckenstein et al. 2009; Ruckenstein and Hu 1999).

Trune et al. demonstrated that administration of oral prednisolone in MRL-Fas'"
mice prior to the onset of systemic autoimmune disease and hearing loss could pre-
vent hearing loss in treated animals compared to untreated controls (Trune et al.
1999a). Moreover, a companion study showed that when prednisolone was admin-
istered after the onset of clinical disease, ABR thresholds stabilized or improved in
53% of mice as compared to 25% in untreated controls (Trune et al. 1999b).
Ruckenstein et al. investigated the pathogenesis of strial disease in AIED by treating
MRL-Fas" mice with dexamethasone beginning at 6 weeks of age, before autoim-
mune disease onset, and examined inner ear histology in animals sacrificed at
20 weeks (Ruckenstein et al. 1999). The authors found that dexamethasone admin-
istration reduced serum immunoglobulin levels, decreased lymphoid hyperplasia,
improved renal function, and prevented antibody deposition in the stria vascularis of
treated mice. However, steroid-treated mice still developed strial cellular edema and
degeneration similar to mice that were untreated, suggesting that, while steroids
were able to eliminate antibody deposition, strial degeneration was mediated
through another process.

Though steroids’ improvement of cochlear dysfunction in AIED has often been
ascribed to inhibition of the immune-mediated inflammatory response, glucocorti-
coids can also bind to mineralocorticoid receptors expressed in the inner ear and
thereby influence ion transport (Trune and Canlon 2012). Trune et al. have hypoth-
esized that corticosteroids, by acting on mineralocorticoid receptors, may reverse
hearing loss in AIED by restoring ion homeostasis in the stria vascularis (Trune
et al. 2006). Using the MRL-Fas" mouse model for autoimmune SNHL, the authors
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tested hearing in mice treated with either aldosterone, a mineralocorticoid, or pred-
nisolone (Ruckenstein 2004). Mice treated with aldosterone experienced similar
hearing improvement to those given prednisolone. Examination of stria vascularis
morphology of mice in the aldosterone treatment group revealed a reversal of the
edema and degeneration seen in the untreated mice. Mice in the prednisolone group
showed some improvement in the appearance of the stria, though not to the same
degree as in the aldosterone group. A follow-up study demonstrated that mice
treated with prednisolone and spironolactone, a mineralocorticoid receptor antago-
nist, had a hearing decline similar to mice who were not treated at all, suggesting
that prednisolone’s hearing effects in this mouse model were mediated through its
action on the mineralocorticoid receptor (Trune et al. 2006). While these studies
point to an interesting means by which steroids can reverse inner ear damage,
whether or not the mouse model accurately reflects the true pathogenic events of
AIED in human populations is unknown.

Human Studies

An early report of AIED treatment in human subjects emerged in 1984, when
Hughes et al. reviewed the clinical experience with AIED at their institution (Hughes
et al. 1984). The authors advocated initiating treatment with high-dose, short-term
prednisone, followed by a lower maintenance dose over a subsequent period of
weeks to months, reserving cytotoxic medications for those patients who did not
respond to steroids. They noted that response time to treatment was variable, rang-
ing from rapid recovery within weeks to a delayed recovery of hearing over the
course of months. While no prospective, randomized clinical trials have compared
the efficacy of various steroid doses, routes of administration, and duration of treat-
ment, initial treatment with oral prednisone 1 mg/kg/day or 60 mg for a period of
4 weeks has come to be most commonly used (Broughton et al. 2004; Niparko et al.
2005; Ryan et al. 2009; Ruckenstein 2004). Hearing is tested at the start of treat-
ment and at the end of 4 weeks. Various criteria have been used to define who is a
steroid-responder, for example: if pure-tone thresholds improve by at least 15 dB at
one frequency or 10 dB at two or more consecutive frequencies; if speech discrimi-
nation scores improve by 12%; if the average (PTA) threshold improves by 10 dB
(Broughton et al. 2004; Niparko et al. 2005). Steroid-responders are then tapered
over a variable length of time. If steroid-responders experience a deterioration in
hearing after tapering of steroids, they are then restarted on high-dose steroids.
Patients who show no response after the initial treatment period, however, are rap-
idly weaned off and considered for alternative therapies.

Clinical response to steroids is variable. Rauch et al. reported an overall steroid
response rate of 60% in patients with AIED treated at their institution, though it is
unclear over what length of time this was measured (Rauch 1997). In a cohort of
patients with AIED reviewed by Broughton et al., 70% showed an initial response
to steroids however the response was often not sustained over the mean follow-up
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period of 34.4 months (Broughton et al. 2004). Patients often required a repeat
course of high-dose steroids and 71% of initial steroid responders ultimately
required treatment with alternative immunosuppressive therapies at some point.

In a prospective study of 116 patients with AIED, Niparko et al. sought to
describe with more precision the effect of prednisone treatment on the audiometric
profile of patients after 4 weeks of therapy (Niparko et al. 2005). Most subjects
experienced improvement in or stabilization of their hearing over that time period.
Pure-tone averages (PTA) improved by 1 dB or more in 53.5% of subjects and
remained stable in 29% of subjects while mean PTA improved from 52.4 dB to
48.3 dB in the better-hearing ear. Similarly, 59.5% of subjected experienced at least
a 2% improvement in speech discrimination, with speech discrimination remaining
stable in another 18.1% of subjects. Across all subjects, speech discrimination
improved from 71.4 to 78.1% in the better-hearing ear. Loveman et al. reviewed 30
patients with a diagnosis of AIED (Loveman et al. 2004). In their series, the mean
initial steroid dose was 35.1 mg and mean initial duration of treatment was
2.2 weeks, with a mean total duration of therapy of 7.3 weeks. Patients who did not
respond to treatment were then given a 2- to 3-week course of prednisone at a higher
dose of 1 mg/kg/day; steroids were discontinued if they did not respond to this dose,
and patients were considered for treatment with methotrexate. Patients who were
initial responders to steroids but relapsed after steroids were discontinued were
given a second course of therapy at the previously successful dose. Fifty percent of
patients in this cohort met criteria for audiometric improvement with steroids, while
12% experienced stable hearing. The authors found that this management strategy,
while achieving hearing outcomes consistent with previous reports, resulted in a
lower average dose and duration of steroid therapy. They suggest that the commonly
recommended initial prednisone dose of 1 mg/kg and treatment duration of 4 weeks
may be unnecessary for satisfactory outcomes, though other studies suggest a
shorter duration of treatment may place patients at a higher risk of relapse (Rauch
1997).

Corticosteroids can have serious long-term side effects including osteoporosis,
hypertension, glaucoma, weight gain, hyperglycemia, and adverse psychological
effects, however one prospective, long-term study suggests that they are safe and
generally well-tolerated in patients being treated for AIED (Alexander et al. 2009).
Alexander et al. analyzed adverse events in 116 patients with AIED who were given
high-dose prednisone as part of a prospective trial comparing methotrexate to pred-
nisone treatment (Alexander et al. 2009). Study subjects received prednisone 60 mg/
day as part of a 1-month challenge, and those whose hearing improved underwent
an 18-week prednisone taper. Subjects were followed for a mean of 66 weeks, with
few serious adverse events occurring during that period. A total of 16 patients (14%)
experienced adverse events during the initial 1-month prednisone challenge, and 7
patients (6%) were unable to complete 1 month of treatment due to an adverse
event. Of patients who completed the full 22-week prednisone course, the most
common adverse events were hyperglycemia (17.6%), abdominal pain, shortness of
breath, elevated liver function tests, and joint pains (5.9% each). Weight gain was
also common. No incidences of osteonecrosis or fractures were reported.
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In order to avoid the toxicities of systemic steroids as well as potentially benefit
from higher inner ear drug levels, the use of intratympanic (IT) steroids has been
investigated (Parnes et al. 1999). One animal study suggested IT steroids were not
effective in improving hearing or reducing inner ear inflammatory infiltrates in a
guinea pig model of immune-mediated labyrinthitis, and human studies have been
limited to small case series (Parnes et al. 1999; Yang et al. 2000; Harris et al. 2013;
Garcia-Berrocal et al. 2006). Harris et al. described a series of 4 patients with AIED,
of which 3 demonstrated improved hearing after IT steroid injections; however the
patients were also receiving other immunosuppressive medications at the same
time, including systemic steroids, so it is difficult to determine which, if any, inter-
vention was effective (Harris et al. 2013). A retrospective case series of patients
with AIED who were either refractory to or unable to wean from steroids included
11 patients who additionally failed or refused methotrexate therapy and were treated
with IT methylprednisolone (Garcia-Berrocal et al. 2006). Patients were given
6-methylprednisolone (0.3-0.5 mL of 40 mg/mL solution), weekly over a period of
at least 2 months. Hearing was improved in 6 patients (54.5%) stable in 3 (27.3%),
and worse in 2 (18.2%) and vestibular symptoms improved in all affected patients.

Identification of markers of steroid-responsiveness has been an active area of
investigation. In 1990, Harris and Sharp detected antibodies to a 68-kD inner ear
antigen in patients with suspected immune-mediated hearing loss using Western
blot analysis of patient serum (Harris and Sharp 1990). In one series, 89% of patients
with idiopathic, bilateral, progressive SNHL had antibodies to this protein and,
moreover, 75% of those who were seropositive responded to treatment with predni-
sone while only 18% of seronegative patients responded (Moscicki et al. 1994). The
authors suggested that the presence of these antibodies could therefore be used to
predict which patients will have favorable responses to steroids in order to guide
treatment decision-making. However, more recent studies have failed to find this
correlation between anti-68-kD antibody status and steroid responsiveness
(Broughton et al. 2004; Zeitoun et al. 2005). This discrepancy could be explained by
the test’s high specificity (90%), but low sensitivity (42%) in predicting steroid-
responsiveness in a series of patients with suspected AIED; many patients who are
antibody-negative will therefore also respond to steroid therapy (Hirose et al. 1999).
Zeitoun and colleagues used an immunofluorescence-based assay to detect antibod-
ies against an inner-ear supporting cell antigen in patients with suspected AIED
(Zeitoun et al. 2005). Though they found no correlation between steroid-
responsiveness and presence of the 68-kD protein based on the Western blot serum
analysis as described by Harris and Sharp, they found that the presence of antibod-
ies using the immunofluorescence was significantly associated with steroid-
responsiveness. Immunofluorescence-positive patients were almost three times as
likely to respond to treatment as those who were negative. The authors suggest that
the Western blot test could be detecting other clinically-irrelevant proteins of a simi-
lar weight while the immunofluorescence test more specifically targets antibodies
with a specific binding pattern on inner ear supporting cells. Therefore this assay
may hold value in the future in guiding the use of steroids in patients with AIED.
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In addition to specific antibodies, alterations in expression of the cytokine IL-1p
and its receptor may be markers for steroid-responsiveness in AIED (Pathak et al.
2011; Vambutas et al. 2009). Recent studies have pointed to a potential role of cyto-
kines in the pathogenesis of AIED, in particular, those in the interleukin-1 (IL-1)
family (Pathak et al. 2011; Vambutas et al. 2009). For instance, IL-1f, a proinflam-
matory cytokine, is expressed by fibrocytes in the spiral ligament and spiral limbus
in response to cochlear injury, and expressed by infiltrating inflammatory cells after
the introduction of antigen into the cochlea of a systemically sensitized mouse
(Satoh et al. 2002). Vambutas et al. examined interleukin 1 Receptor Type II
(IL1R2), a protein expressed on the surface of B cells, macrophages, and neutro-
phils that sequesters IL-1f and thereby inhibits its proinflammatory effects
(Vambutas et al. 2009). Expression of IL1R2 is induced by steroids. The authors
found that patients with AIED who responded to corticosteroids had peripheral
blood mononuclear cells (PBMC) that showed a robust increase in IL1R2 expres-
sion in vitro in response to dexamethasone, while PBMC:s of steroid non-responders
showed minimal increase. In a follow-up study, corticosteroid-responders also had
lower circulating plasma levels of IL-1f and their PBMCs showed suppressed tran-
scription of IL-1f3 in response to dexamethasone in vitro compared to non-responders
(Pathak et al. 2011). These studies together suggest a potential method of predicting
steroid-responsiveness as well as a mechanism through which steroids may exert an
effect by altering IL-1f signaling pathways. However, the methodology incorpo-
rated in these studies has been questioned as their entry criteria and the audiometric
criteria used do not conform to accepted norms.

Non-steroid Immunosuppressive Therapies for Autoimmune
Inner Ear Disease

Given the undesirable side effects of long-term steroid treatment, significant pro-
portion of patients with AIED who fail to respond to steroids, and frequent lack of
sustained response to steroids over time, many have sought to identify alternative
therapies (see Table 10.1 for summary). In McCabe’s description of immune-
mediated SNHL, he advocated the use of cyclophosphamide in addition to steroids
(McCabe 1979). Other treatments described have included therapies such as plas-
mapharesis; immunosuppressive agents such as mycophenolate mofetil, methotrex-
ate, and azathioprine; and biologic agents such as etanercept, adalimumab,
infliximab, anakinra, and rituximab. Nonetheless, the relative rarity of AIED and
often challenging diagnosis have resulted in a paucity of rigorous studies evaluating
the efficacy of various treatment options relative to steroids. Indeed, a recent sys-
tematic review of non-steroid therapies for AIED concluded that “clear evidence of
an effective treatment for AIED from high-quality prospective trials remains lack-
ing” (Brant et al. 2015).
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Table 10.1 Summary of immunosuppressive therapies investigated in AIED and their mechanisms

Therapy Mechanism Role in AIED
Corticosteroids Act on glucocorticoid receptor | Mainstay of treatment, showing benefit
(prednisone, to influence transcription of a in both animal and human studies
prednisolone, wide array of corticosteroid-
dexamethasone, responsive genes; results in
methylprednisolone) | up-regulation of anti-
inflammatory cytokines and
suppression of proinflammatory
cytokines
May also interact with
mineralocorticoid receptor to
control sodium reabsorption
Methotrexate Inhibitor of dihydrofolate Small retrospective and prospective
reductase, thereby interfering series suggest benefit (Matteson et al.
with DNA synthesis 2000; Sismanis et al. 2016; Lasak et al.
2001; Salley et al. 2001), however 1
RCT showed no effect compared to
placebo (Harris et al. 2003)
Cyclophosphamide | Alkylating agent that cross- Early case reports and small case series
links DNA strands and disrupts | suggested benefit when used with
cell growth and division; may | steroids (McCabe 1979; Clements et al.
act through other 1989; Berrettini et al. 1998; Plester and
immunomodulatory Soliman 1989); equivocal results
mechanisms reported in retrospective studies
(Broughton et al. 2004; Lasak et al.
2001; Veldman et al. 1993)
Use limited by significant systemic
toxicities
Azathioprine Purine analog that interferes One uncontrolled prospective study

with nucleic acid metabolism

suggested benefit when used with
steroids (Saragaydin et al. 2016);
equivocal results in retrospective
studies (Broughton et al. 2004; Lasak
et al. 2001)

Use limited by significant systemic
toxicities

(continued)
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Table 10.1 (continued)

Therapy

Mechanism

Role in AIED

TNF-a inhibitors
(etanercept,
infliximab,
adalimumab, and
golimumab)

Antagonists to the activity of
TNF-a, a proinflammatory
cytokine

Etanercept showed benefit in 1
uncontrolled prospective study
(Rahman et al. 2001) while another was
less favorable (Matteson et al. 2005);
one RCT showed no benefit compared
to placebo (Cohen et al. 2005)
Infliximab improved hearing in case
reports after failure of conventional
therapies (Heywood et al. 2013; André
et al. 2015); showed no benefit in 1
retrospective study (Liu et al. 2011); 1
small uncontrolled prospective study
showed benefit of local infliximab
infusion in patients who relapsed or
could not wean from steroids (Van Wijk
et al. 2006)

IT gomalimumab did not clearly show
benefit in a small prospective study
(Derebery et al. 2014)

Anakinra

Competitive inhibitor of the
IL-1 receptor type, part of IL-1
proinflammatory signaling
pathway

Showed benefit in steroid non-
responders in a small open-label,
uncontrolled prospective study
(Vambutas et al. 2014)

Rituximab

Monoclonal antibody against
the CD20 antigen found on the
surface of lymphocytes that
results in elimination of B cells

Showed hearing benefit in a case report
in a patient with Cogan’s syndrome
(Orsoni et al. 2010); no clear benefit in
a retrospective study (Matsuoka and
Harris 2013)

1 prospective study suggested patients
able to maintain hearing gains from
steroids with rituximab (Cohen et al.
2011)

Plasmapharesis

May remove autoantibodies,
immune complexes, and other
disease mediators from
systemic circulation

Case reports show benefit in systemic
autoimmune disease (Alpa et al. 2011;
Hamblin et al. 1982; Kobayashi et al.
1992; Brookes and Newland 1986); one
small prospective series did not show
statistically significant hearing
improvement with treatment (Luetje
and Berliner 1997)

Abbreviations: TNF-a tumor necrosis factor-a, /L-/ interleukin-1, /7 intratympanic, RCT random-

ized controlled trial
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Methotrexate

Methotrexate, an inhibitor of dihydrofolate reductase that is commonly used in the
treatment of rheumatoid arthritis and other autoimmune and neoplastic disorders, is
among the most studied alternative therapies to steroids for the treatment of AIED. In
1994, Sismanis et al. suggested methotrexate may hold benefit when they reported
on a series of five patients with AIED who were treated with methotrexate, most of
whom had discontinued steroid therapy due to adverse effects (Sismanis et al.
2016). Patients were given oral methotrexate 7.5 mg weekly, which was then
increased to 15 mg weekly in most cases. The authors observed a significant
improvement in speech discrimination after treatment as well as patient-reported
symptoms of tinnitus and vertigo, though no significant change in PTAs. One patient
experienced mild hair thinning, however methotrexate was otherwise tolerated well.
Since then, other retrospective studies have indicated possible therapeutic benefit of
methotrexate in stabilizing or improving auditory or vestibular symptoms associ-
ated with AIED, including one study that examined patients with bilateral Meniere’s
disease (Lasak et al. 2001). In particular, because methotrexate is well-tolerated
over the long term, it was felt to be a promising substitute for prednisone in those
patients whose disease was steroid-dependent.

Nonetheless, evidence from prospective studies is mixed. Several open-label,
prospective studies of patients with AIED (two of which included patients with
Meniere’s disease and Cogan’s syndrome) found hearing improved with methotrex-
ate treatment in 53-82% of patients who had initially been treated with steroids
(Matteson et al. 2000; Salley et al. 2001). However, the only randomized, placebo-
controlled, double-blind trial aimed at assessing the efficacy of methotrexate in
maintaining hearing improvements in patients with AIED after prednisone treat-
ment did not show any benefit (Harris et al. 2003). One hundred and sixteen patients
with AIED underwent a 1-month prednisone challenge and those patients deemed
steroid-responders were then randomized to receive either methotrexate or placebo
while being tapered from prednisone. Serial audiograms were obtained at defined
time points during the study. The authors found no statistically significant differ-
ence in the rates of continued hearing loss in the methotrexate group compared to
those in the placebo group, and concluded that methotrexate was no more effective
than placebo in maintaining hearing improvement in patients with AIED who
showed initial response to prednisone.

TNF-a Antagonists

Tumor necrosis factor-a (TNF-a), a cytokine that drives inflammation in many
immune-mediated diseases, has been studied as a target for therapies treating AIED
(Keithley et al. 2008). TNF-a has many actions in the inflammatory cascade, includ-
ing attracting leukocytes to tissues and inducing apoptosis via the TNF receptor 1.
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Moreover, it can induce recruitment of inflammatory cells from the systemic circu-
lation into the cochlea (Keithley et al. 2008). Inflammatory cells infiltrating the
inner ear expressed TNF-a and, to a lesser degree, IL-1f, in an animal model of
immune-mediated labyrinthitis induced by systemic exposure to keyhole limpet
hemocyanin (KLH) followed by injection of KLH into the cochlea (Satoh et al.
2002). Etanercept, a TNF receptor blocker, reduces hearing loss and the degree of
inner ear inflammation in the KLH guinea pig labyrinthitis model when given sys-
temically or when infused into the cochlea (Wang et al. 2003). Several biologic
agents have been developed that act as antagonists to TNF-a activity and which are
used in the treatment of various autoimmune conditions, including etanercept, inf-
liximab, adalimumab, certolizumab, and golimumab.

Lobo et al. found etanercept to be as effective as corticosteroids in reducing hear-
ing loss in the KLH guinea pig model, though human studies have shown mixed
results (Lobo et al. 2006). A pilot study in human subjects with AIED who either
failed or were intolerant of conventional therapies showed audiologic improvement
in 7 of 12 subjects (58%) and stabilization in 4 of 12 subjects (33%) treated with
subcutaneous injections of etanercept (Rahman et al. 2001). However, a subsequent
open-label, prospective study of etanercept in 23 patients with AIED showed less
favorable results, with improvement in only 30% of patients and stabilization in
57% of patients after 24 weeks of treatment (Matteson et al. 2005). Of note, both of
these studies also included patients considered to have bilateral Meniere’s disease.
Cohen et al. conducted a blinded, randomized, placebo-controlled trial of 8 weeks
of treatment with etanercept in 20 AIED patients and concluded that etanercept was
no more effective than placebo in improving PTA or speech discrimination in this
population (Cohen et al. 2005).

Infliximab, a monoclonal antibody that binds and inhibits TNF-a has also been
investigated. A retrospective study of 8 patients with AIED refractory to steroids
and cytotoxic therapy did not show any benefit of infliximab treatment in producing
audiometric improvement, though one patient reported a subjective improvement in
hearing (Liu et al. 2011). Case reports have described hearing improvement after
infliximab treatment in a patient diagnosed with AIED who initially responded to
steroids and azathioprine but continued to experience fluctuations and progressive
decline in hearing, and in a congenitally blind woman with steroid-dependent epi-
sodes of SNHL and vertigo who was able to wean from steroids after starting inflix-
imab (Heywood et al. 2013; André et al. 2015). Van Wijk et al. treated 9 AIED
patients who relapsed from or could not be weaned from steroids with weekly infu-
sions of infliximab delivered locally to the round window niche over a 4 week
period (Van Wijk et al. 2006). The authors reported favorable results, with 4 of 5
patients who were steroid-dependent ultimately able to taper from steroids and 3 of
4 patients who had relapsed after the discontinuation of steroids showing improve-
ments in their PTA.

In one case report, a patient with rheumatoid arthritis and SNHL recovered hear-
ing after starting adalimumab, for treatment of her systemic autoimmune disease
(Vergles et al. 2010). Intratympanic gomalimumab was studied as a treatment option
in 10 patients with steroid-dependent AIED (Derebery et al. 2014). Gomalimumab
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was injected into the tympanic membrane of a single ear over a 6-week period. At
the study end, 6 of 10 subjects experienced stable PTAs in the injected ear while the
remainder showed progression. Word recognition improved in 3 patients, worsened
in 3 and improved in 4 injected ears. However, the non-injected ears also showed
stable thresholds in 7 patients and stable word recognition in 7 patients. Seven of the
ten patients enrolled were able to taper from steroids with 3 of those patients main-
taining stable hearing overall.

Anti-TNF-a agents were generally well-tolerated in each of these studies, with
no adverse effects reports with the exception of minor injection-site reactions in the
case of etanercept (Rahman et al. 2001). The safety profile of these therapies in
other autoimmune diseases has been generally been very favorable, though rare
adverse effects that have been reported include lymphoma, tuberculosis reactiva-
tion, congestive heart failure, a lupus-like syndrome, infections, and skin eruptions
(Scheinfeld 2009).

Anakinra

Anakinra, a competitive inhibitor of the IL-1 receptor type, has been investigated as
a potential therapeutic option in select patients who fail steroid treatment given
preliminary data reviewed above suggesting a role for IL-1p signaling in the patho-
genesis of AIED (Vambutas et al. 2014). Case reports have linked anakinra to
improved hearing in patients with Muckle-Wells syndrome, a hereditary autoin-
flammatory disorder characterized by urticaria, rash, fever, and progressive SNHL
and whose pathogenesis is felt to involve IL-1f dysregulation (Mirault et al. 2006;
Yamazaki et al. 2008). Vambutas et al. conducted a phase I/II, open-label, prospec-
tive trial of subcutaneous injections of anakinra in 13 subjects with AIED whose
hearing failed to respond to corticosteroid treatment (Vambutas et al. 2014). Seven
of the ten subjects who completed the treatment protocol showed improvement on
audiometric assessment as well as a reduction in IL-1p plasma levels. The most
common adverse event was an injection site reaction, which occurred in 70% of
patients and led 2 subjects to drop out of the study.

The incorporation of anakinra into the therapeutic armamentarium for AIED
would be attractive both because of its excellent tolerance and because it could also
address possible ‘autoinflammatory’ etiologies. However, the currently available
studies pertaining to the use of anakinra in this patient population have questionable
validity. It is not clear that the patients included in these studies were steroid resis-
tant or simply patients whose hearing initially fluctuated spontaneously, with some
of these fluctuations occurring at the same time as the administration of steroids.
Furthermore, the audiometric criteria used to define a positive therapeutic response
do not meet currently accepted standards.
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Azathioprine

Azathioprine, an immunosuppressive agent that interferes with nucleic acid metab-
olism and affects the rapidly dividing cells of the immune system, has been investi-
gated as a potential therapeutic agent for patients with AIED in several small studies.
Case reports have described improvement in SNHL linked with systemic autoim-
mune disease after treatment with azathioprine (Dowd and Rees 1987; Khalidi and
Rebello 2008). One prospective, open-label study investigated the effects of aza-
thioprine in addition to prednisolone on hearing outcomes in 12 patients with AIED
(Saracaydin et al. 2016). Ten of the twelve patients experienced significantly
improved PTAs and speech discrimination after 4 weeks of treatment; the other two
patients experienced no change in their hearing. No adverse events were observed
related to azathioprine use. The authors did not test the effects of azathioprine alone
or report long-term outcomes, so it is unclear if these results are due to azathioprine
rather than the steroids, or if the hearing improvements observed are sustained.

One retrospective study of patients with AIED treated with steroids alone or
steroids with a cytotoxic medication suggested that azathioprine may be beneficial
in some of these patients (Lasak et al. 2001). Seven of the thirty-nine patients in the
study were treated with azathioprine as a second- or third-line cytotoxic agent and
after failing steroid therapy. Five of seven patients experienced audiometric improve-
ment after a mean treatment period of 7 months. However, significant toxicities
were observed: one patient experienced lymphoblastic vasculitis and another was
diagnosed with pancytopenia/sepsis. Another retrospective study by Broughton
et al. failed to demonstrate benefit of azathioprine treatment. The authors reviewed
a series of 42 patients with AIED treated at their institution, of whom five received
azathioprine at some point during their treatment (Broughton et al. 2004). One
patient was treated for 30 months with stabilization of hearing. Three improved with
azathioprine and steroids but experienced a relapse after tapering of steroids. One
patient experienced subjective improvement in hearing and vertigo however discon-
tinued the medication due to gastrointestinal upset. Given the small numbers of
patients treated with azathioprine, lack of standardized treatment protocols, and ret-
rospective nature of these studies, it is difficult to draw any conclusions about
which, if any, patients with AIED may benefit from this treatment.

Cyclophosphamide

Cyclophosphamide is an alkylating agent used in various neoplastic and inflamma-
tory diseases which acts by cross-linking DNA strands and disrupting cell growth
and division in rapidly proliferating cells (Langford 1997). Though its use was
described in the treatment of AIED in McCabe’s first characterization of the disease,
no rigorous, prospective studies have demonstrated its efficacy (McCabe 1979).
Case reports and small case series have shown improvement in SNHL linked to
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systemic vasculitis and Cogan’s syndrome with cyclophosphamide, generally in
conjunction with steroids (Clements et al. 1989; Berrettini et al. 1998; Plester and
Soliman 1989). Veldman et al. found treatment with prednisone plus cyclophospha-
mide was no more effective in treating hearing loss than prednisone alone in a small
series of patients with rapidly progressing SNHL (Veldman et al. 1993). In the ret-
rospective review of 42 patients with AIED by Broughton et al., 6 patients received
cyclophosphamide treatment (Broughton et al. 2004). Two of the six patients
derived benefit, with hearing improving in one and stabilizing in another; 2 patients
experienced continued hearing decline and 2 discontinued the medication due to
adverse effects. In another retrospective review, 10 patients with AIED were given
cyclophosphamide either as a first-line cytotoxic therapy after steroid failure or as a
second-line therapy after methotrexate (Lasak et al. 2001). The authors reported a
positive response in half of the patients over a mean treatment duration of 2.7 months.

Adverse effects related to cyclophosphamide use are frequent and severe. These
include nausea and vomiting, serious infections, bone marrow suppression, hemor-
rhagic cystitis, infertility, teratogenicity, alopecia, pulmonary toxicity, and the malig-
nancies including transitional cell carcinoma (Langford 1997). Thus, caution should
be exerted with regard to its use in AIED given limited data showing efficacy.

Rituximab

Rituximab, a monoclonal antibody against the CD20 antigen found on the surface
of lymphocytes, causes the elimination of B cells and is used in conditions felt to
involve autoantibody production. Its use was reported to improve hearing in a
woman with Cogan’s syndrome with persistent hearing loss despite therapy with
prednisone, cyclophosphamide, methotrexate, cyclosporine, and adalimumab
(Orsoni et al. 2010). Matsuoka and Harris retrospectively reviewed treatment out-
comes of 47 patients with AIED (including those considered to have immune-
mediated Meniere’s disease), of whom 5 had been treated with rituximab after
failing steroids (Matsuoka and Harris 2013). Hearing improved in 2 patients, while
all 5 experienced improvement in tinnitus, aural fullness, and vestibular symptoms
and all reduced their dose of prednisone maintenance steroid. An open-label, pilot
study of steroid-responsive AIED patients reported that 5 of 7 enrolled subjects
were able to maintain the hearing improvement seen after steroids with rituximab
infusions (Cohen et al. 2011). This effect persisted through 24 weeks of follow up,
after steroids had been tapered off. No adverse events were reported.

Plasmapheresis

An alternative approach to the treatment of AIED that has been investigated is plas-
mapheresis, which may remove autoantibodies, immune complexes and other dis-
ease mediators from circulation. Luetje reported on eight patients with suspected
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AIED, of whom four had been diagnosed with systemic autoimmune disease and
who were treated with plasmapheresis (Luetje 1989). The patients in this small
series had variable clinical courses with differing courses of treatment, including
various combinations of steroids and cytotoxic medications. In some cases, plasma-
pheresis was used as an adjunct to steroids and/or cytotoxic medications, while in
others, it was used as an alternative treatment while attempting to taper steroids.
Thus, it is difficult to draw conclusions about the effect of plasmapheresis in each
case. Overall, hearing was improved in 3 patients, declined in 2, and was essentially
stable in the remaining 3 (though many patients experienced fluctuations through-
out their clinical course). A follow up study, which included an additional 13
patients, reported longer-term results of plasmapheresis therapy (Luetje and Berliner
1997). Data was able to be collected on 28 ears from 16 patients who had at least
2 years of follow up (mean follow-up time: 6.7 years). Of those ears, 39.3% demon-
strated audiometric improvement or stability during the follow-up period, though
mean changes in speech reception thresholds and speech discrimination scores were
not statistically significant. Only 4 of the 16 patients were using immunosuppres-
sive medications at follow up. Other case reports have observed improvement after
plasma exchange in a patient with sudden SNHL suspected to be of autoimmune
origin, in patients with systemic lupus erythematous, and patients with SNHL asso-
ciated with elevated serum immune complexes (Alpa et al. 2011; Hamblin et al.
1982; Kobayashi et al. 1992; Brookes and Newland 1986).

Additional Therapies

In the retrospective review by Broughton et al., intravenous gamma globulin was
administered to one patient with AIED after failing treatment with methotrexate and
discontinuing cyclophosphamide due to adverse effects (Broughton et al. 2004).
The patient’s hearing initially stabilized, but subsequently began to decline.
However, the patient was able to taper to a lower dose of steroids and subjectively
reported less severe fluctuations in hearing.

Mycophenolate mofetil, an immunosuppressive medication commonly used in
solid organ transplantation, was successfully used to treat SNHL in a pediatric case
of Cogan’s syndrome, allowing the patient to taper off of steroids (Hautefort et al.
2009). Broughton et al. also report on one patient with AIED who failed azathio-
prine and methotrexate therapy and was treated with mycophenolate mofetil with
good results (Broughton et al. 2004). The patient’s hearing stabilized and steroids
were able to be tapered to a low dose.

Cyclosporine, an immunosuppressive agent used in organ and bone marrow
transplantation, was reported beneficial in a patient with steroid-dependent sudden
SNHL, a patient with presumed AIED, and in a series of patients with SNHL associ-
ated with Behget’s disease (Elidan et al. 1991; McClelland et al. 2009; Di Leo et al.
2011). However, of note, this drug has also been associated with the development of
hearing impairment in transplant patients (Gulleroglu et al. 2015; Rifai et al. 2005;
Marioni et al. 2004).
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3 Idiopathic Sudden Sensorineural Hearing Loss

Corticosteroids have long been the mainstay of treatment for idiopathic sudden sen-
sorineural hearing loss (ISSHL), initially given empirically in early reports under
the hypothesis that their anti-inflammatory effects could be beneficial in presumed
cases of virally-mediated hearing loss (Glasscock et al. 1971; Whitaker 1980). The
first systematic, prospective, placebo-controlled, double-blinded study of the use of
steroids in patients with ISSHL appeared in 1980 when Wilson et al. showed recov-
ery of hearing in patients with moderate hearing loss after treatment with steroids
(Wilson et al. 1980). Since then, an abundance of retrospective studies have appeared
which purport to show beneficial effects of systemic steroids in this population (Byl
1977; Moskowitz et al. 1984; Fetterman et al. 1996; Zadeh et al. 2003; Slattery et al.
2005; Chen et al. 2003). However, a Cochrane review first published in 2006 and
updated in 2013 found only 3 randomized controlled trials evaluating the used of
steroids in ISSHL that met the authors’ inclusion criteria, including the study by
Wilson et al. (2006). Among the two other studies included in the review, neither
showed a statistically-significant difference in hearing recovery in steroid-treated
patients versus controls. Due to the small size of the included studies, inconsistent
treatment protocols, differing definitions of hearing recovery, and methodological
limitations of the included studies, the review authors write that “no conclusions can
be drawn about the effectiveness, or lack thereof, of steroids in the treatment of
idiopathic sudden sensorineural hearing loss.” Two recent meta-analyses support
this finding in its failure to find a statistically-significant treatment effect of steroids
over placebo (Crane et al. 2015; Conlin and Parnes 2007).

Despite limited data to support the use of steroids in prospective studies, current
clinical practice guidelines recommend offering a short course of steroids in patients
without contraindications as steroids are one of the few treatment options with any
evidence to support its use (though it may only be retrospective in nature); more-
over, the risk of serious adverse effects in short-term use of steroids is low while the
consequences of a major hearing loss can be quite significant (Stachler et al. 2012).
These guidelines suggest the use of oral prednisone 1 mg/kg/day (up to a maximum
of 60 mg daily) for 10-14 days, with therapy being initiated within the first 2 weeks
of symptom onset as recovery is greatest during this time window.

Intratympanic steroids represent a promising alternative to systemic steroids and
have been extensively studied recently both as a primary treatment for ISSHL or as
salvage therapy after failure of systemic steroids. A multi-center, randomized trial
demonstrated that I'T methylprednisolone was not inferior to oral prednisone in the
treatment of ISSHL (Rauch et al. 2011). A meta-analysis examined 8 randomized
controlled trials evaluating the efficacy of IT dexamethasone in treating ISSHL
(Sabbagh El et al. 2016). The studies differed in the dosing regimen, technique of
drug administration, and whether or not dexamethasone was the first- or second-line
therapy. Hearing improvement was reported in 50-80% of subjects in the IT dexa-
methasone arms, though the meta-analysis did not find a statistically-significant dif-
ference between the steroid and control groups. However, two studies did show a
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significant improvement in hearing in the treatment arm compared to controls, both
of which used IT dexamethasone as a salvage therapy after failure of conventional
treatment and both of which used a drug concentration of 4 mg/mL (Wu et al. 2011).
Crane et al. examined randomized controlled trials involving any IT steroid, specifi-
cally the subset in which IT steroids were used as salvage therapy (Crane et al.
2015). In a meta-analysis of these studies, the authors did find a significant treatment
effect of IT steroids with an odds ratio of 6.04, though they caution that poor quality
of the studies comprising the analysis limit interpretation of these results. As IT
steroids have been found beneficial, current practice guidelines recommend offering
this therapy in patients with ISSHL who fail systemic steroids. In patients with dia-
betes, IT steroids may be attractive as an initial treatment option in order to avoid
uncontrolled hyperglycemia (Han et al. 2009). Finally, side effects of IT steroids
tend to be minor, and have included otalgia, aural fullness, headache, temporary diz-
ziness/vertigo, and tympanic membrane perforation (Sabbagh El et al. 2016).

Steroids remain the only anti-inflammatory therapy whose use in ISSHL has
been extensively investigated. Clarifying the role of these therapies in ISSHL
remains challenging since, by definition, the pathogenesis of ISSHL is unknown
and has been proposed to involve as varied mechanisms as viral infection, vascular
occlusion, immune dysfunction, and membrane breaks within the inner ear. More
recently, ISSHL was hypothesized to involve the abnormal activation of cellular
stress pathways (Merchant et al. 2005). Likely, multiple etiologies may combine to
result in a similar clinical presentation. If different pathogenic events are found to
be mediated through common inflammatory or immunologic mechanisms, a new
role for anti-inflammatory treatments may emerge. For example, a study in guinea
pigs suggested that inhibitors of TNF signaling could reverse TNF-induced reduc-
tions in cochlear blood flow, suggesting a pathway through which modulation of
inflammatory pathways could affect the microvascular disturbances which have
been postulated to cause a subset of ISSHL (Sharaf et al. 2016). Further research
into the complex interactions between inflammatory events and cochlear injury will
lead to the identification of targets for future therapies. Many alternative, non-
immunomodulating therapies have also been studied for use in ISSHL including
antivirals, vasodilators, antioxidants, vitamins, fibrinogen or LDL apheresis, and
hyperbaric oxygen; none of these interventions, however, with the exception of
hyperbaric oxygen, are supported by enough evidence to merit recommendation in
clinical practice guidelines (Conlin and Parnes 2007; Stachler et al. 2012; Suckfiill
2002; Agarwal and Pothier 2009; Angeli et al. 2012; Sano et al. 2010; Hatano et al.
2009; Westerlaken et al. 2016).

4 Conclusion

Anti-inflammatory therapies have played an important role in the treatment of AIED
and ISSHL. Corticosteroids are the most commonly employed immunosuppressive
medication in these disorders, though the exact mechanisms through which they act
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in the inner ear is unknown. Intratympanic steroids may also benefit patients with
ISSHL who fail systemic steroid therapy, or may be a preferable first-line treatment
in patients with diabetes. A variety of immunosuppressive therapies have been stud-
ied in the treatment of AIED on the basis of their effectiveness in other autoimmune
and inflammatory conditions. These have included cyclophosphamide, methotrex-
ate, azathioprine, rituximab, anakinra, anti- TNF-a agents, and plasmapharesis.
While studies of these agents have suggested improvement or stabilization of hear-
ing loss in some cases, these studies are generally limited by small sample sizes and
are often retrospective or observational in nature, and lack adequate controls.
Furthermore, they may have significant side effects, the risks of which may not be
acceptable in an era in which cochlear implantation is a viable option. Further elu-
cidation of potential immunologic or inflammatory mechanisms underlying differ-
ent forms of SNHL may pave the way for the development of targeted therapies for
inner ear disorders.
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Implementation and Outcomes of Clinical
Trials in Immune-Mediated Hearing Loss
and Other Rare Diseases
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Andrea Vambutas and Martin L. Lesser

Abstract Clinical trials for rare diseases can be challenging to design, meet tar-
geted enrollment, and obtain sufficient evidence of efficacy for FDA labeling of new
drugs to treat these orphan diseases. Autoimmune inner ear disease, and related
diseases of immune mediated hearing loss are yet to be classified orphan diseases.
In this chapter, we have addressed some of the unique challenges in designing clini-
cal trials for Autoimmune Inner Ear Disease, Sudden Sensorineural Hearing Loss,
Meniere’s Disease and Autoinflammatory Diseases.

Keywords Autoimmune Inner Ear Disease (AIED) - Sudden Sensorineural
Hearing Loss (SSNHL) and Meniere’s Disease (MD) - Autoinflammatory Disease
- Rare disease - Orphan disease

There are several clinical diseases of hearing loss that are potentially immune-
mediated and may benefit from intervention with traditional or experimental immu-
nomodulators. The way in which we rigorously test the safety and efficacy of these
agents is through clinical trials. The purpose of this chapter is to both discuss some
of the challenges in implementing clinical trials in rare diseases and to review out-
comes of some of the trials completed to date for new therapies for these diseases.
Immune-mediated hearing loss potentially includes Autoimmune Inner Ear Disease
(AIED), Sudden Sensorineural Hearing Loss (SSNHL) and Meniere’s Disease
(MD). Additionally, a family of rare monogenic autoinflammatory diseases has
emerged that has sensorineural hearing loss among their clinical features. Clinical
trials for hearing restoration in immune-mediated hearing loss have been difficult to
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execute for a variety of reasons. All of these diseases would be classified as rare
diseases, and have the advantage of qualifying for orphan status for drug and bio-
logic therapy development that provides incentives to pharmaceutical companies, as
less than 200,000 individuals are afflicted for each disease in the population in any
given year (Wellman-Labadie and Zhou 2010). Moreover, unequivocally establish-
ing a clinical diagnosis of AIED or autoinflammatory disease can be challenging.
The following chapter is devoted to describing and defining some of the compo-
nents required for clinical trial implementation and results achieved to date as it
relates to immune-mediated hearing loss.

1 Study Population

Adequately defining the population to be studied such that other investigators can
recruit patients into clinical trials, and results can be generalizable to the population
in the event of a trial that demonstrates efficacy is one of the most critical compo-
nents in trial design. Inclusion and exclusion criteria must be carefully stated such
that the population to be studied is unambiguous. Methodology to enhance the
homogeneity of a cohort of potential participants to be studied include presence of
a particular biomarker, or response (or lack of response) to another non-study drug
for trial entry. Whereas this may enhance homogeneity, it also may result in dimin-
ished recruitment, especially in rare diseases. Thus one must consider both aspects
in appropriately designing a trial.

AIED Autoimmune Inner Ear Disease (AIED) can be a difficult disease to appro-
priately define. Typically, both ears are afflicted, and the patients experience a pro-
gressive decline in hearing in one or both ears. The disease affects fewer than 50,000
individuals annually (Vambutas and Pathak 2016), and although 70% of patients are
initially steroid responsive, only 14% remain responsive after 3 years (Broughton
et al. 2004), highlighting the need to develop alternate treatments. During the meth-
otrexate trial, a phase 2 trial in which investigators hoped to prove that in corticoste-
roid responsive patients with AIED, that methotrexate was superior to placebo in
maintaining hearing, the investigators defined audiometric enrollment criteria as
hearing loss progressing in greater than 3 but less than 90 days (Harris et al. 2003).
Some patients with AIED may have steroid dependent SNHL or fluctuating
SNHL. Those with fluctuating SNHL are particularly problematic to study as it is
difficult to distinguish clinical efficacy from natural fluctuations in this cohort.
Similarly, steroid dependent SNHL is also problematic as steroids must be tapered
as the new drug to be studied is added: this may result in an increased number of
adverse events from drug interactions, and difficulties in ascertaining efficacy
depending on the outcome to be measured.

SSNHL Sudden sensorineural hearing loss (SSNHL) is defined as a loss of 30 dB
or greater at 3 contiguous frequencies that evolves within 3 days (Wilson et al. 1980),
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with 15,000 new cases worldwide per year (Hughes et al. 1996). Although timely
oral corticosteroid use has been the gold standard, a multicentered phase 3 clinical
trial identified that intratympanic corticosteroid therapy was not inferior to the gold
standard (Rauch et al. 2011). It became apparent, during a recent phase 2 clinical
trial assessing the efficacy of a c-Jun N-terminal kinase (JNK) inhibitor, that a high
rate of spontaneous improvement was observed in the placebo group (Suckfuell
etal. 2014). This lead the investigators to determine the drug of interest was effective
in severe-profound sudden hearing loss, however, no concrete conclusions could be
reached about those participants with mild-moderate SSNHL.

MD Although more prevalent than AIED or SSNHL, the incidence of Meniere’s
Disease is still under 100,000 individuals (Stahle et al. 1978). For some,
Meniere’s Disease (MD) may be immune-mediated (Hietikko et al. 2014). Given
that some patients experience control of vertigo with corticosteroid use in this
disease, an immunologic role in the pathogenesis of this disease is possible
(Barrs et al. 2001), although hearing improvement with intratympanic corticoste-
roids in Meniere’s Disease has been disappointing (Arriaga and Goldman 1998;
Silverstein et al. 1998).

Autoinflammatory Diseases Sensorineural hearing loss has been observed in the
genetically inherited family of Cryopyrin-Associated Autoinflammatory Syndromes
(CAPS) such as Neonatal-Onset Multisystem Inflammatory Disease (NOMID) and
Muckle-Wells Syndrome (MWS) whose hallmarks are IL-1p dysregulation. This
family of autoinflammatory diseases have a number of systemic signs including
transient skin rashes, periodic fevers and sensorineural hearing loss (see www.auto-
inflammatory.org for detailed clinical manifestations). Although case reports exist
attesting to the hearing improvement with IL-1 inhibition (Mirault et al. 2006;
Yamazaki et al. 2008), in general the improvement in auditory acuity is limited
(Ombrello and Kastner 2011), with only 25% improvement at 4000 Hz and below
(Kuemmerle-Deschner et al. 2015). Here, a diagnosis can be obtained through
genetic testing for a mutation in NLRP3, in the case of Muckle-Wells Syndrome
(Kuemmerle-Deschner et al. 2013).

2 Study Design/Trial Phase

What question are you answering? Clinical trials can be divided into phases.
Each phase serves a different purpose. Typically, the phase of the clinical trial cor-
responds to what question is to be answered. If questions of safety of a new drug are
to be addressed, this is typically through a phase I trial. If questions of efficacy are
to be addressed, this may be initiated in a phase 2 trial and refined during a phase 3
trial. The purpose of each phase is outlined in the below table.


http://www.autoinflammatory.org
http://www.autoinflammatory.org

214 A. Vambutas and M. L. Lesser

In immune-mediated hearing losses, for many of the diseases listed, current stan-
dard of care is to treat with corticosteroids. Development of new therapies therefore
requires a comparison to this reference therapy. An ethical concern that exists is
whether there is compelling evidence that the experimental therapy is comparable
to the reference therapy, because delayed treatment with the reference therapy may
render the patient refractory to responding whereas earlier treatment would have
resulted in a more favorable outcome. One method that has been employed in AIED
is to enroll patients that have either responded to or failed to respond to corticoste-
roids as a strategy to be able to compare a new drug against placebo. This approach,
while increasing the homogeneity of the study group, may biologically alter the
patients’ ability to respond to the new therapy and therefore could potentially lead
erroneously discarding the new therapy for lack of efficacy. Another method is to
use the new drug in combination with corticosteroids as compared to corticosteroids
alone, however this does not provide assurance that the new drug, if more effective
in combination with corticosteroids, will act similarly as monotherapy.

Basic Trial Design Although there are many different designs for later phase com-
parative clinical trials, two of the more common designs are parallel arm and two
period crossover. In a randomized parallel arm trial, participants receive one treat-
ment or the other. In a randomized crossover design, patients receive both treat-
ments in opposite sequence. Therefore, crossover trials in immune-mediated hearing
loss, whereas gold standard for other diseases, may be difficult to execute or inter-
pret here because the delay in treatment may preclude response. Furthermore in a
crossover design, all patients must return to the original disease state for the second
phase, which may not possible if there is a carryover effect of an antibody-mediated
biologic therapy with a long half-life.

Trial
phase Purpose Types of design

Preclinical | Animal studies to determine
mechanism, potential efficacy and

safety

0 Pharmacokinetics, bioavailability First in human, very small cohort, open

label

1 Exploratory, assessment of toxicity, 3 + 3 dose escalation; continual
pharmacokinetics, determination safe | reassessment model (CRM); fixed multiple
dose dose; open label studies for toxicity

2 (2a) Evaluation of dosing requirements

2 (2b) Evaluation of efficacy in a select Single primary outcome; single arm-open

group, estimation of treatment effect label; single arm-blinded evaluator; Simon
2 stage design

3 Comparative trial of new therapy to Larger cohorts; randomized-placebo
commonly used treatments, hypothesis | controlled; multicentered
testing

4 Establish new indication, post-

marketing surveillance for side effects
from long term use
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Rare Disease Considerations In rare diseases, there is clear precedent for acceler-
ated clinical trials and novel trial designs that may combine several phases. Clinical
trials for autoinflammatory diseases have taken advantage of accelerated trial
designs to bring new therapies to rapid FDA approval. Several IL-1b inhibitors that
are currently FDA approved for the rare diseases of Muckle-Wells, CAPS and
NOMID have been approved on the basis of a positive clinical result in small cohorts
of patients.

Study | Test products; Number subjects enrolled
design | dosage
Phase/ | and regimen;
type of | type of | route of FDA Total Total
Indication | Study number |study | control | administration | action Total drug | placebo | subjects
CAPS NCTO00685373 | III Open | Canakinumab, | FDA 166* 0 166
(Kuemmerle- label 150 mg SQ approval | rollover
Deschner et al. q8wk x for trial, actual
2011) 2 years FCAS patient
and recruitment
MWS is 78
NOMID | NCT00069329 | Orphan | Single | Anakinra FDA 26 0 26
(Goldbach- center | 1-5 mg/kg/ approved
Mansky et al. Open | day x for
2006) label 36 months NOMID

* indicated that the 166 was a total number but only 78 patients were enrolled in the first phase of
this trial

Packaging the design: components of the protocol and Manual of Procedures
(MOP) Once a design has been identified, a detailed protocol must be drafted.
Requisite components include: background/rationale for the study; study objec-
tives; study design; subject selection and withdrawal; study drug; study procedures;
statistical plan; safety and adverse events including Data Safety Monitoring Board
(DSMB); data handling and record keeping; data handling and record keeping;
study monitoring, auditing and inspecting; ethical considerations; study finances
and publication plan. The protocol is submitted to both the FDA to receive an
Investigational New Drug application (IND) and to the local IRBs. Some studies
may use centralized IRBs, but ultimately it is at the discretion of the local IRB to
accept the central IRBs’ approval of a study. The Manual of Procedures (MOP)
provides an even greater amount of detail regarding operationalizing of study
procedures.

IND Submissions/Trial Registry: All clinical trials require trial submission to the
FDA as an IND, or Investigational New Drug, regardless of the phase of study. The
trial may be sponsored by either the Principal Investigator or by the pharmaceutical
company. In the event the trial is successful in achieving its efficacy target, all sub-
sequent phases are submitted as “protocol amendments”, but are covered under the
original IND. The ultimate goal is if efficacy is determined, the FDA will approve
this new drug for the indication for which it was tested.
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All phases of clinical trials, in addition to obtaining local IRB approval, require
registry on clinicaltrials.gov in the United States prior to trial inception (there are
similar European and Japanese trial registries).

3 Special Considerations

Especially in rare diseases, trial design can be complicated, and potential bias can
arise. Methods to mitigate bias include randomization, and blinding. Determination
of sample size, and recruitment pose special challenges in rare diseases. Moreover,
comparison of new therapies to placebo in lieu of steroids is controversial, as
patients may miss the timely opportunity to recover hearing. Therefore, trials in this
area have been designed to test the new drug either compared to oral corticosteroids,
following corticosteroid therapy, in conjunction with corticosteroids or in patients
that have not responded to corticosteroids.

Randomization Clearly, if all patients with mild hearing loss received standard
treatment and all patients with profound hearing loss received the experimental
treatment, it is possible that the standard treatment may be deemed superior because
the milder hearing loss was more responsive to treatment rather than a true drug
effect. In order to avoid this type of “selection bias” random allocation of patients to
the treatment groups is preferable. In many situations, it is advisable to classify
participants with respect to prognostic factors and may refer to clinical site, degree
of hearing loss, gender, or other variables. This process is known as stratification
whereby participants are randomized separately within each of the strata combina-
tions. In a large clinical trial confounding variables often will even out and bear
minimal effect on the results in each arm. However, in small clinical trials, strong
confounders may exert large effects.

Blinding Early stage clinical trials, especially in rare diseases, may involve open-
label assessment of efficacy, where all participants are given the active drug to be
studied. Whereas this certainly assists recruitment efforts (who would not want to
receive the active drug rather than placebo), bias may be incurred, as participants
may experience a “placebo effect” by virtue of feeling they should achieve benefit
with the active drug, especially in clinical trials that are more subjective in nature
such as mood improvement, reduction of joint pain, or tinnitus. As the stage of clini-
cal trial advances, there is a clear need to exclude a placebo effect. Therefore, in
phase 2 and 3 clinical trials, the drug of interest is compared to either placebo (when
there is no acceptable standard therapy) or an active reference therapy (one that is
known to be clinically effective). Issues that may arise for immune-mediated hear-
ing loss is the timing of the placebo period: for instance, a delay in treatment, espe-
cially in SSNHL, may render the patient incapable of clinically responding. Thus
for AIED or SSNHL, crossover trials that involve use of a placebo may be difficult
to execute. Ideal blinding for clinical trials is double-blind trial, where both the
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investigator and the participant is unaware of which treatment are they have been
randomized to. In these studies, one study team member, usually from the biostatis-
tics and/or pharmacy group remains unblinded, and in the event of serious adverse
events, can provide data to the Data Safety Monitoring Board (DSMB) of a clinical
trial.

Sample Size Although estimated numbers of patients for each phase of clinical
trials are readily available, these numbers are generally applicable to common dis-
eases. Rare diseases such as AIED, SSNHL, Meniere’s Disease and the autoinflam-
matory diseases may, based on statistical parameters, require larger samples than
may be available. In such cases, the trial may only be able to detect large differences
between treatment groups as opposed to more modest effect sizes if the sample size
were larger. Given the rare nature of the diseases studied in immune-mediated hear-
ing loss, sample size is of paramount consideration. The sample size needs to be low
enough for realistic recruitment, but robust enough to detect differences between
arms of the drug to be studied. The trap the investigative team may fall into is pro-
posing an unrealistically large treatment effect between arms (either between active
drug and placebo or between new drug and standard reference therapy (i.e. oral
corticosteroids) in order to reduce sample size requirements based on the power
calculation. Many of the studies performed to test new drugs in immune-mediated
hearing loss have fallen just below primary efficacy targets rendering the overall
trial as “unsuccessful”.

Recruitment Recruitment for clinical trials in immune-mediated hearing loss can
be exceedingly challenging, and requires multiple centers to participate. One impor-
tant potential challenge to conducting such trials is to gain interest and commitment
from many geographically separate sites in order to maximize recruitment. Study
design and perceived benefit to the patient is critically important to recruitment.
Here, investigators should view the study from both the participant’s and referring
physician’s perspective. If the clinical trial is comparing a new drug to standard
therapy without compelling evidence of efficacy of the new drug, it is unlikely
recruitment would be successful. Furthermore, in the case of the sudden sensorineu-
ral hearing loss trial (Rauch et al. 2011), comparing oral to intratympanic therapy,
recruitment challenges existed from referring physicians, as the referring physician
had access to and could offer the same therapy in their office and receive reimburse-
ment, or they could refer the patient to a participating investigator and potentially
lose that patient and that revenue.

4 Data Collection/Quality

Subject Compliance In studies of intratympanic therapies, subject compliance is
not an issue as the investigator at each site is administering the study medication. In
studies of oral or daily injectable medications, subject compliance is more difficult
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to monitor. Some medications can be monitored by measuring blood levels of the
study medication. For many biologic therapies, since the drug is intended to modu-
late the immune system, the drug and the endogenous proteins in the circulation
may be indistinguishable making compliance monitoring more difficult. Counting
remaining pills or syringes is routinely performed, but does not exclude the
possibility that the participant is discarding the study medication. Ultimately, the
study team must rely on the integrity of the participant for adequate data.

Response Variables Some trials may have a numerical value for response such as
decibel, pure tone average (PTA) or Word Recognition Score (WRS). Some out-
comes may be simpler dichotomous binary outcomes. However, some of the mea-
sures used in hearing loss research are numerical and might be consider “continuous”
variables. However, it is not uncommon to define a binary outcome (i.e. response
yes/no) which is a function of one or more variables (i.e. PTA of greater than x and
WRS >y%). The investigators should make very attempt to understand and control
for these variables apriori in the randomization process. Furthermore, restriction of
certain activities during the course of the trial may also reduce response variables.
Recording and restriction of certain concomitant medications known to interact
with the study drug should be performed. Finally, response variables may be deter-
mined at the end of the trial, once the data is unblinded to the investigative team.

5 Reporting Results

Consort Diagrams: In order to increase transparency and reduce inadequate report-
ing of clinical trials, clinical trials should be reported according to a minimum set of
recommended criteria as set forth in the CONSORT Statement. The acronym
CONSORT stands for Consolidated Standards of Reporting Trials, and includes a
25 item checklist and flow diagram recommended for reporting clinical trial results
(www.consort-statement.org).

Adverse Events During any trial, adverse events may occur. These adverse events
may be from mild, moderate, severe or life-threatening. Severity for any condition
can be graded using the NCI Common Terminology Criteria for Adverse Events
(CTCAE) manual which is regularly updated, but allows for consistency of grading.
Serious adverse events require immediate reporting to the local IRB and the study
sponsor who, in turn, is responsible for reporting the event to the FDA. Furthermore,
the adverse event must be designated whether it is attributed to the drug undergoing
study, where the attributions to be considered are: definite, probable, possible, or
unlikely. Ultimately it is up to the local site investigator to attribute whether the
adverse event is the result of the study medication. All trials should have pausing
and stopping rules based on the number of adverse events incurred. If this threshold
is reached, the study would be unblinded to the DSMB for a decision whether the
trial should be suspended for safety concerns. The following table is standardly used
to define whether the adverse event is related to the study drug.
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Adverse event severity
The intensity or severity of Adverse Events are as follows:

*  Mild—awareness of sign or symptom, but easily tolerated. Not expected to have a
clinically significant effect on the subject’s overall health and well-being. Not likely to
require medical attention

*  Moderate—discomfort enough to cause interference with usual activity or affects clinical
status. May require medical intervention

e Severe—incapacitating or significantly affecting clinical status. Likely requires medical
intervention and/or close follow-up

e Life Threatening—patient is in imminent danger of death
e [Fatal—results in death of patient

Adverse event attribution

Adverse events may be attributed to use of the experimental drug/investigational agent as
follows:

e Definite—a clinical event, including a laboratory test abnormality, that is a known effects
of the drug and/or procedure, there is a clear temporal association with the use of the drug
and/or procedure, and there is improvement upon withdrawal of the drug if induced by
drug, not procedure

e Probable—a clinical event, including a laboratory test abnormality, in which a relationship
to the study drug and/or procedure seems probable because of such factors and consistency
with known effects of the drug and/or procedure, a clear temporal association with the use
of the drug and/or procedure, improvement upon withdrawal of the drug, lack of alternative
explanations for the experience, or other factors

e Possible—a clinical event, including a laboratory test abnormality, with a reasonable time
sequence to administration of the study drug and/or procedure, but which concurrent
disease, procedure or other drugs or chemicals could not explain

e Unlikely—a clinical event, including a laboratory test abnormality, with a temporal
relationship to administration of the study drug and/or procedure, which makes a causal
relationship highly improbable and in which other factors suggesting an alternative
etiology exist. Such factors include a known relationship of the adverse experience to
concomitant medication, the subject’s disease state, or environmental factors including
common infectious diseases

Intention-to-treat (ITT) vs. per protocol Intention-to-Treat principle in clinical
trials analyzes each subject in the group they were randomized to rather than how
they were actually treated. For instance, in our early efficacy trial of anakinra for
corticosteroid resistant AIED, seven out of ten participants improved by pure tone
average, as these ten participants all received the requisite 84 days of anakinra,
thereby resulting in a Per Protocol response rate of 7/10 or 70%. Twelve patients
actually were recruited to, and commenced anakinra therapy, however two dropped
out prior to day 28 because of intolerable injection site reactions, thus, in the ITT
analysis 7 out of 12 patients responded to anakinra as measured by pure tone aver-
age, corresponding to a 7/12 or 56% response rate (Vambutas et al. 2014).
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6 Completed Trials in IMED

In order to understand the rationale for new drug therapies in immune-mediated
hearing loss, the potential molecular targets for these drugs is shown in the follow-
ing diagram (Fig. 11.1). Notably, many of these agents act on different targets in the
same signaling pathway.

AIED Several clinical trials have been conducted in AIED. Perhaps the earliest
observational study, which would loosely be considered a retrospective analysis of
an open label trial is the description of clinical benefit of the combination of steroids
and cyclophosphamide put forth by McCabe in the late 1970s (McCabe 1979).
Methotrexate has been shown to be no better than placebo in patients that responded
to corticosteroids in a large clinical trial (Harris et al. 2003). Similarly, clinical trials
of anti-TNF-a therapy have also shown limited benefit (Cohen et al. 2005; Matteson
et al. 2005). In both the methotrexate and TNF trials, these agents were used follow-
ing successful corticosteroid therapy. We have previously shown in corticosteroid
responsive patients, that plasma TNF levels drop in those patients that respond to
corticosteroids, thereby potentially removing the antigenic target needed for TNF
therapies to be effective. Of the 70% of AIED patients that initially respond to cor-
ticosteroids, that response is lost over time with only 14% demonstrated improve-
ment after 34 months follow-up (Broughton et al. 2004). We performed an early
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phase-open label clinical trial in corticosteroid resistant patients using anakinra, an
interleukin-1 receptor antagonist. The trial was prematurely closed as the efficacy
target was achieved before total anticipated subject recruitment occurred, and hear-
ing improvement correlated with a reduction of plasma IL-1 (Vambutas et al. 2014).

SSNHL Because SSNHL is readily defined, and more common than AIED, more
new drugs or new treatment modalities have been identified through clinical trials.
Notably, given the proven efficacy of corticosteroids for SSNHL, placebo controlled
trials are virtually non-existent. Comparators in clinical trials has been again the
reference therapy corticosteroids. In a non-inferiority, multicentered phase 3 clini-
cal trial comparing oral and intratympanic steroids for sudden deafness
(NCT00097448), intratympanic therapy was deemed “non-inferior to traditional
oral corticosteroids (Rauch et al. 2011). Other intratympanic therapies have also
been studied for SSNHL. An inhibitor of JNK has been noted to be effective in a
phase 2 clinical trial of SSNHL patients (Suckfuell et al. 2014). Interestingly, this
study identified a higher than expected rate of spontaneous improvement in mild-
moderate SSNHL, leading the investigators to determine efficacy in the severe-
profound cohort of SSNHL participants. Intratympanic Insulin-like growth factor
(IGF-1) was compared to intratympanic dexamethasone in patients with SSNHL
that failed oral corticosteroid therapy in a multicentered clinical trial of 120 sub-
jects, and IGF-1 was found to be superior to dexamethasone (66.7% vs. 53.6%,
Japanese clinical trial registry number UMIN000004366) (Nakagawa et al. 2014).
The IGF-1 signaling pathway is antagonistic to JNK signaling, and therefore may
represent another method to inhibit JNK signaling (Yin et al. 2013). Furthermore,
Presence of inflammatory mediators TNF and IL-1 may repress IGF signaling and
induce resistance to IGF-1 (O’Connor et al. 2008). Recently, N-acetylcysteine was
shown to be potentially more effective in SSNHL than corticosteroids (Chen and
Young 2016). This is consistent with our observations that N-acetylcysteine lowers
TNF levels in corticosteroid responsive patients (Pathak et al. 2015), and that when
corticosteroids are used in combination with N-acetylcysteine, the clinical response
was greater than with steroids alone (Angeli et al. 2012). Of note, these observations
were made in studies that were retrospective observational studies rather than pro-
spective clinical trials.

Meniere’s Disease Corticosteroids have been studied in the treatment of Meniere’s
disease. Here, corticosteroids have been used for the control of vertigo, adminis-
tered through an intratympanic route. In a phase 2 study of OTO-104, a proprietary
injectable steroid formulation that, upon intratympanic administration, transforms
from a liquid to a gel that provides sustained release of corticosteroids over the
round window was tested to see if control of vertigo was superior to placebo.
Efficacy for control of vertigo exceeded placebo for several secondary endpoints,
but missed significance for improvement at 90 days (primary endpoint), with the
drug achieving 61% compared to placebo at 43% (Lambert et al. 2016). These
results are in contrast to an earlier study of dexamethasone perfusion of the inner ear
for Meniere’s that failed to demonstrate benefit (Silverstein et al. 1998).
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Autoinflammatory Diseases Notably, no prospective clinical trials have been per-
formed specifically to determine the effect of IL-1 inhibition on hearing restoration
in this family of diseases. Perhaps, the most well characterized, genetically inherited,
autoinflammatory disease associate with sensorineural hearing loss has been Muckle-
Wells Syndrome (Vambutas and Pathak 2016). Observational studies in Muckle
Wells Syndrome patients demonstrate 25% improve hearing at 4000 Hz or below,
however this has not been rigorously tested (Kuemmerle-Deschner et al. 2015).

7 Conclusions

In summary, there are a number of considerations that should be addressed in
designing effective clinical trials for rare diseases. As seen in the trials completed to
date, a number of well-designed trials missed their efficacy targets, possibly due to
lack of efficacy, but potentially because of issues of a requisite large effect size for
studies with limited numbers of available patients.
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