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Abstract hearing loss; Lateral wall; Nuclear factor «-light-chain-
The stress response theory is a relatively new concept enhancer of activated B cells; Stress
about the cause of idiopathic sudden sensorineural
hearing loss (ISHL). A number of possible etiologies Core tip: The present review focuses on the following
have been proposed in the literature, as discussed in  four points. First, it summarizes etiologies proposed
this paper, but each proposed etiology has been both in the last decade to confirm what we know about the
supported and refuted in the literature. However, the  cause of idiopathic sudden sensorineural hearing loss
stress response theory can integrate hypotheses that (ISHL). Second, it reviews how systemic stressors af-
have been advocated so far. The word “stress” refers  fect the human body and the cochlea. Third, it reviews

to a constellation of physical and psychological stimuli  the characteristics of the lateral wall that show unique
including systemic viral and bacterial illness, systemic responses to systemic stressors. Finally, it reviews a
inflammatory disorders, and physical, mental or meta- relatively new concept about the cause of ISHL, the
bolic stress. Numerous studies have demonstrated ad- stress response theory, which integrates our knowledge

verse effects of systemic stress on health. Stress causes of the cause of ISHL.
changes in the immune system and cytokine network
through activation of the hypothalamus-pituitary-adre-
nal axis and the sympathetic nervous system. Several Masuda M, Kanzaki J. Cause of idiopathic sudden sensorineural
types of catecholamine and cytokine receptors are in hearing loss: The stress response theory. World J Otorhinolaryngol
the cochlea cells other than capillary cells, and then 2013; 3(3): 42-57 Available from: URL: http://www.wjgnet.
they can respond to systemic stressors. However, there com/2218-6247/full/v3/i3/42.htm DOIL: http://dx.doi.org/10.5319/
are few studies examining how systemic stress is as- wjo.v3.i3.42
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INTRODUCTION

Idiopathic sudden sensorineural hearing loss ISHL) is a
moderately common otologic disorder characterized by
new onset of unilateral reversible or irreversible sensoti-
neural hearing loss, which generally develops over min-
utes or several hours. However, the etiology remains un-
known. During the past decade, a number of papers on
proposed etiologies have been published, including those
on vascular disturbance, viral infection, and immune-
mediated mechanisms. Table 1 summarizes papers about
the cause of ISHL published during this decade! ™.
Papers for and against vascular etiologies with analysis
of genetic polymorphism are increasing. Yet, there is no
conclusive evidence, and many different treatments exist
for ISHL"™. In fact, Nosrati-Zarenoe ¢f al” reported no
significant difference in outcomes between treated and
non-treated patients (300 patients in total).

To develop and apply the best treatment for ISHL, we
must reveal the pathophysiology. Most papers focus on
one cause of the disease, and each proposed etiology has
papers that support and refute it, as shown in Table 1. On
the other hand, the stress response theory can integrate
the various hypotheses proposed up to this point, and can
explain the clinical characteristics of ISHL. Originally, the
theory was advocated by Merchant ez a and Adams'™,
They proposed that ISHL might be a result of pathologic
activation of nuclear factor k-light-chain-enhancer of
activated B cells (NF-kB) in the cochlear lateral wall. NF-
kB is activated by various stressors, acting as a “stress
sensor”. It plays a pivotal role in regulating expression of
genes associated with immune system and inflammatory
responses. For example, interleukin (IL)-6, tumor necro-
sis factor-a. (ITNF-qay), inducible nitric oxide (iINOS), and
intercellular adhesion molecule 1 ICAM-1) are NF-xB
responsive genesm. The authors demonstrated that NF-
kB was activated in the unilateral cochlear lateral wall by
the systemic stressor, ze., intraperitoneal bacterial endo-
toxin lipopolysaccharide (LPS) injection, but not by the
local stressor, ze., intratympanic LPS injection (Figure 1A
and D). Then, they speculated that ISHL would be the
result of pathologic NF-kB activation responding to the
systemic stressof.

In the present review, we describe the association
of stress and the onset of ISHL, extending the original
concept of the stress response theory. To begin, we will
quickly review the influence of the chronic psychosocial
and physiological stressors on the human body.

OVERVIEW OF CHRONIC STRESS
EFFECTS ON HUMAN BODY

Selye e al™™ defined stress response as the body’s non-
specific response when a human being is subjected to
stressors, including psychosocial, physical, and biologi-
cal stimuli. More than half a century ago, Selye ez al™
showed that stress caused damage to organs like the heart
and the kidney. In recent years, there is accumulating
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evidence that chronic stress tesults in many diseases in-
cluding dermatitis, depression, cardiovascular disease, os-
teopenia/osteoporosis, immune suppression, and insulin
resistance through the activation of the hypothalamus-
pituitary-adrenal (HPA) axis and the sympathetic nervous
system (SNS)*"*7,

Briefly, stressors induce release of corticotropin-releasing
hormone (CRH) from the hypothalamus, CRH induces
adrenocorticotropic hormone (ACTH) release from the
anterior pituitary, ACTH induces glucocorticoid (GC)
secretion from the adrenal cortex, and GC induces not-
epinephrine (NEP) and epinephrine (EP) release from
the adrenal medulla. Stressors and CRH also activate
the locus coeruleus of the brainstem, eliciting an SNS
response and resulting in NEP and EP release. Further-
more, chronic psychological stress results in a decrease in
the sensitivity of immune cells to GC that normally ter-
minates the inflammatory response, which then increases
a variety of disease risks™.

Possible direct effects of the autonomic nervous system
on the cochlea

It is well known that the cardiovascular system is directly
regulated by the NEP and EP from the SNS, and ace-
tylcholine from the parasympathetic nervous system. In
addition, converging evidence from animal and human
studies indicates that there is an association between stress
and cardiovascular disease”™. However, the effect of these
systemic stress-induced catecholamines on the cochlea
remains unknown.

Several types of adrenergic and muscarinic acetyl-
choline receptors are located in the cochlea and in the
endolymphatic sac, as well as in blood vessels like the
spiral modiolar artery (Table 2™ Their exact functions
and synapse formation with autonomic nerve fibers are
not clear. However, the stress-induced circulating EP and
NEDP increase will relay the SNS activity to the inner ear.
Parasympathetic nervous system activity will also affect
the inner ear, because the activity can be relayed to the
whole body by the circulating acetylcholine-synthesizing
T cells”™, even if the parasympathetic nerve and the co-
chlea cells do not have synaptic formation.

Considering that these receptors are on the vessels of
the cochlea, the lateral wall, and the endolymphatic sac,
they probably contribute to the following functions: (1)
regulation of the blood flow; (2) maintenance of the in-
ner ear lymphatic ion homeostasis; and (3) enhancement
of the stress response in the lateral wall. We will describe
these again later in this review.

Stress-induced dysfunction of inmune system through

the decrease of natural killer cell activity

Chronic stress disrupts immune system homeostasis and
induces susceptibility to infectious and autoimmune dis-
eases”™”’. Furthermore, there are frequent associations
between infectious diseases and autoimmune diseases’”
The natural killer (NK) cell has critical roles in resistance

99,100

against both viral and bacterial infections | and in
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Table 1 Proposed causes of idiopathic sudden sensorineural hearing loss during this decade

Main category Subcategory Significantly associated factors NOT significantly associated factor Ref.
Vascular MTHER poly., homocysteine FV poly., PT poly., AT, LAC, protein S, protein C [1,2]
impairment Medical history MTHER poly., FV Leiden poly., folate, cardioV [3]
risk factors
Medical history Platelet Glyla poly. Platelet Glyllla poly., Framingham cardioV risk [4,5]
factors, FV Leiden poly., PT poly., history of
cardioV events, brain stroke, antiphospholipid
syndrome
PAI-1 poly. [6]
Medical history CFH poly. with DM HT, lipid [7]
Medical history Low FMD of the brachial artery Low C-IMTI, LDL, cardioV risk factors [8]
Vertebrobasilar junction angulation [9]
High global oxidative stress index [10]
FV Leiden poly., PT poly. [11]
Medical history SBP, personal/family history cardioV events FV poly., PT poly., HT, DM, lipid, smoking, [12]
personal/family history or in the presence of
thrombotic factors
PKCH poly., MTHER poly. [13,14]
Cho, LDL [15]
Cho, LDL, unsaturated fatty acid, coenzyme Q10, ~ MTHER poly., FV poly., PT poly., antithrombin II, [16-18]
folate, homocysteine protein C and S, D-dimer, FG, activated protein C
resistance
MTHER poly., FV Leiden poly., PT poly., platelet [19,20]
GlylllaA1/ A2 poly., homocysteine, Cho, FG, folate
MTHER poly. FV, PT, EPCR, PAI-1 [21]
Medical history ICAM-1, VCAM-1 Cho, triglyceride, FG, ESR, smoking, DM [22]
MTHER poly. with MTR poly., MTR poly. MTHER poly. alone [23]
FV Leiden poly. PT poly. [24]
Auto-immunity Cho, homocysteine, PAI-1, anticardiolipin FV Leiden poly., FII poly., antithrombin, protein [25]
antibodies C and S, lupus anticoagulant, lipoprotein(a)
eNOS poly. [26]
EMD [27]
Whole blood viscosity, erythrocyte deformability ~ Plasma viscosity, FG [28]
index, activated clotting time, clot rate, PAI-1
antigen, factor VI:C
Auto-immunity Antiendothelial cell antibody [29,30]
Cytokine IL-1B poly., TNE-B poly. [31,32]
TNF-a IL-10, IL-12 [33]
IL-6 poly. TL-4R poly., TL-10 poly., TNF-a poly.,, TNFRSFIB  [34]
poly., VEGF poly.
IL-1A poly. IL-1B poly. [35]
Vascular impairment 1L-6, IL-8, ICAM-1, VCAM-1, E-selectin, MCP-1, [36]
lipid, FG
TNF-0, sCD40, sCD40L, T lymphocyte, CD40, Monocyte, macrophage [37]
cyclooxygenase 2, CD38 positive T or B lymphocyte
Cellular stress HSP70 poly. [38]
GPX1 poli., PON1 poli., PON2 poli., SOD2 poli. [39]
GST poly., CYP poly. [40]
Auto-immunity Anti-HSP70 antibody, TNF-a, ESR, ANA, [41]
antiphospholipid antibody
Auto-immunity Anti-HSP70 antibody, anti-phospholipids antibody [42]
HSP70 [43]
GST poly. [44]
Infection IgA to HSV1 IgG and IgM to CMV, VZV, HSV1, and HSV2. IgA  [45]
to CMV, VZV, and HSV2
Borrelia [46]
Herpes zoster [47]
Recent subclinical viral infection (cytomegalovirus, [48]
herpes simplex, Epstein-Barr virus), toxoplasmosis
infections
Enterovirus, cytomegalovirus, Epstein-Barr virus [49]
Auto-immunity Anti-double stranded DNA, RF, antiphospholipid ~ [50]
IgG and M, antinuclear antibody, complements
C3 and C4
T cell responding to cochlin [51]
Stress response Neutrophil, NKCA, IL-6 TNF, hCRP [52]
theory Histological evidence of severe osmotic stress of [53]
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Medical history HIV [54]
Vascular impairment SLE [55]

Vascular impairment  AMI [56]

Migrane with HT [57]

Vascular impairment ED [58]

Vascular impairment DM [59]

Chronic kidney disease with and without DM [60]

Allergy [61]

Male with OSA Female with OSA [62]

Vascular impairment  CardioV risk factors, DM, Cho [63]

Family history of ISHL [64]

Vascular impairment  CerebroV stroke [65]

Other Aquaporin 4 and 5 poly., estrogen receptor o. poly.  [66]
aetiologies Round window membrane rupture [67]
Endolymphatic hydrops [68]

Eustachian tube dysfunction [69]

General anaesthesia [70]

Month, weather [71]

HLA-DQB1 and -DRB1 [72]

Season, weather [73]

Papers on human studies are categorized by the proposed etiologies. Papers that deduce possible etiologies from the effect of a treatment are excluded.
For example, Kang et al™ stated that the cause might be reactive oxygen metabolites produced by inner ear ischemia or inflammation, because high
dose vitamin C was effective. Such papers are excluded from this table in order to save space, although they are noteworthy. AMI: Acute myocardial
infarction; AT: Antithrombin; C-IMT: Carotid intima-media thickness; CardioV: Cardio vascular; CDL: CD ligand; CerebroV: Cerebrovascular; CFH:
Complement factor H; Cho: Cholesterol; CMV: Cytomegalovirus; CYP: Cytochrome P450; DM: Diabetes mellitus; E-selectin: Endothelial selectin; ED:
Erectile dysfunction; eNOS: Endothelial nitric oxide synthase; EPCR: Endothelial cell protein C receptor; ESR: Erythrocyte sedimentation rate; FG:
Fibrinogen; FMD: Flow-mediated dilatation; FII: Factor II; FV: Factor V; Gly: Glycoprotein; GPX: Glutathione peroxidase; GST: Glutathione S-transferases;
hCRP: High sensitivity C-reactive protein; HIV: Human immunodeficiency virus; HLA: Human leukocyte antigen; HSP: Heat shock protein; HSV: Herpes
simplex virus; HT: Hypertension; ICAM-1: Intercellular adhesion molecule 1; IL: Interleukin; ISHL: Idiopathic sudden sensorineural hearing loss; LAC:
Lupus anticoagulant; LDL: Low density lipoprotein; MCP-1: Monocyte chemoattractant protein 1, MTHFR: Methylene tetrahydrofolate reductase; MTR:
Methionine synthase; NKCA: Natural killer cell activity; OSA: Obstructive sleep apnea; PAI-1: Plasminogen activator inhibitor-1; PKCH: Protein kinase
C-Eta; poly.: Polymorphism; PON: Paraoxonase; PT: Prothrombin; RF: Rheumatoid factor; SBP: Systolic blood pressure; SLE: Systemic lupus erythematosus;
sCD: Soluble cluster of differentiation; SOD: Superoxide dismutase; TNF: Tumor necrosis factor; TNFRSF1B: Tumor necrosis factor receptor superfamily 1b;
VCAM-1: Vascular cell adhesion molecule 1; VEGF: Vascular endothelial growth factor; VZV: Varicella-zoster virus.

Table 2 Receptors of catecholamine in the cochlea

Location Adrenergic receptor Cholinergic receptor

at a2 B1 g2 ' M1 M2 M3 M5
IHC o o o o
OHC o o o
Deiters’ cells o o o o o
Hensen'’s cells o o
Outer sulcus o
Stria vascularis® o
Strial marginal cell o o
Capillaries in the stria vascularis
Spiral ligament” o o o o o o
Rissener’s membrane o
Spiral ganglion o o o o o o
Nerve fibers approaching HCs o o o
Efferent fibers of the intraganglionic spiral bundle o o
Spiral modiolar artery o o
Endolymphatic sac o

'The specific receptor subtype, B1 or 2, was not determined; *Note that the receptors were detected in tissues apart from blood vessels. IHC: Inner hair cell;
OHC: Outer hair cell.

regulating autoimmunity"". However, NK cell activity ~ Association of stress and cytokines
(INKCA) is reduced by chronic stress like fatigue, stressful IL-1, IL-6, and TNF atre well known pro-inflaimmatory

life events, inability to cope with stress, and shortness of cytokines. They are pleiotropic and work as both effec-
sleep" "™, Therefore, such chronic stress has the poten- tors and regulators of stress response composed of the
tial to put the host in danger of infectious and autoim- HPA axis and the SNS""". Nitric oxide (NO) is also
mune disease. involved in the HPA axix response'''".
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'f/l"l"l?

)R

Systemic LPS administration

Noise exposure

D

Local LPS administration

E F

Mild energy failure

Severe energy failure

Figure 1 Characteristics of the lateral wall stress response. A-D: The lateral wall is composed of the stria vascularis (SV) and the spiral ligament, in which there
are four types of fibrocytes ( I -IV). Intraperitoneal lipopolysaccharide (LPS) injection mainly activates nuclear factor x-light-chain-enhancer of activated B cells (NF-
«B) (red dots) in the type II fibrocytes asymmetrically between the two ears. However, local LPS injection (i.e., intratympanic injection) does not induce the activation.
Noise exposure activates NF-«B in type 1 fibrocytes symmetrically at first. Systemic cisplatin injection activates NF-«B in the whole lateral wall, outer hair cells (HCs),
and the spiral limbus, and causes HC loss; E: Mild energy failure of the lateral wall causes transient threshold shift (TTS); F: However, severe energy failure causes
permanent threshold shift (PTS) with degeneration of cochlear lateral wall, and mild degeneration of the organ of Corti. HL: Hearing loss.

IL-1 is a potent pro-inflammatory cytokine'", and is
produced centrally and periphery following exposure to
immunological and psychological stressors' . It directly
activates the HPA axis and central nervous system, and
can even cause depressive symptoms. 1L-1 is also known
to induce I1.-6 strongly""".

K
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IL-6 is induced by stress as well as by IL-1. Stress-
induced increases in IL-6 are a robust finding, and increases
are typically higher in adverse psychological conditions""".
Work stress is associated with an enhancement of IL-6 pro-
duction by leukocytes before and after infectious stressor and
with a lower capacity of GC to suppress I1.-6 production'?
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Local and circulating I1.-6 can influence the whole
body #ia classical- and trans-signaling, respectively. In clas-
sical signaling, I1.-6 works in cells that express the mem-
brane-bound IL-6 receptor, but only few cells express it,
so this signaling works locally. In trans-signaling, a com-
plex of circulating 11.-6 bound to the 11.-6 receptor, which
occurs naturally or by cleavage from apoptotic neutrophil,
can control inflammatory response through binding with
glycoprotein (gp130), displayed by all cells"",

The underlying mechanism of I1.-6 increase under
stress is associated with activation of NF-xB!""*'"". Cor-
tisol and catecholamines in the HPA axis and the SNS
induce and enhance NF-xB activation under psychosocial
stress' "' Then, NF-kB induces 1L-6 expression. 1L-6
is not only a transcriptional target of NF-kB, but also an
activator of NF-xB!"""" Therefore, a positive feedback
loop can be made between the two.

Chronic stress also disturbs the circadian rhythm of
serum IL-6 levels. Although serum levels of IL-6 reflect
circadian cycle, 11.-6 decreases less during the night in
individuals experiencing negative mood or fatigue than
those experiencing uplift events", Conversely, IL-6 el-
evation per se generates fatigue, fever, and sleep-related
symptoms such as daytime somnolence!”.

Additionally, TNF-q also increases under chronic psy-
chosocial stress"*'*""*", There is in fact a personality type
associated with high TNF-q, distressed personality“M. It
may be a possible reason why final health status is differ-
ent among individuals under the same stress.

NO is generally identified as a molecule involved in
neurotransmission, neuromodulation, controlling arterial
diameter, and protecting blood vessels from deleterious
consequences of platelet aggregation and activation of
inflammatory responsesms’m]. It is also involved in the
LPS-induced HPA axis response under basal conditions
and during its adaptation to chronic social stress cir-
cumstances' ", Excess NO induced by increased iNOS
expression leads to the formation of a powerful oxidant,
peroxynitrite. It results in cell death by many mechanisms,
including lipid peroxidation, protein nitration, DNA
damage, or the irreversible inhibition of respiration[127].

The description above concerns the stress response
of the whole body. Next, we will review the chatactetis-
tics of the lateral wall that play a leading role in the stress
response theory.

CHARACTERISTICS OF THE COCHLEAR
LATERAL WALL

An essential role for cochlear homeostasis

The lateral wall consists of the stria vascularis and the
spiral ligament, in which there are four types of fibro-
cytes (Figure 1). The fibrocytes are classified based on
general location, and localization of sodium-potassium-
adenosine- triphosphatase (Na /K -ATPase) and the gap
junction protein connexin 26" They have a critical
role in the potassium ion recycling mechanism'*, and
could also be implicated in the mechanisms of glucose
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transport in the cochlea™”. Type II fibrocytes have even
contractility and regulate tension of the basilar mem-
brane, thereby determining auditory sensitivity!™".

In the stria vascularis, there are three types of cells that
express multiple ion-transport apparatusesms]. Therefore,
the lateral wall is essential for maintaining cochlear ho-
meostasis, and thus for normal hearing“ZS’BS]. Degenera-
tion of the lateral wall may be implicated in the survival

of sensory cells"™,

Association between the extent of lateral wall
dysfunction and the degree of hearing loss

Hoya ez al™", Mizutati ez al™ and Okamoto ef a/"™ dem-
onstrated that different degrees of acute energy failure
in the cochlear lateral wall cause different degrees of
degeneration of the lateral wall fibrocytes, resulting in
different degrees of hearing loss (Figure 1E and F). They
administered the mitochondrial toxin 3-nitropropionic
acid (3-NP) in the rat cochlea through the round window.
Five hundred mmol/L 3-NP caused a permanent thresh-
old shift of more than 80 dB at 8-20 kHz 3 h after 3-NP
administration”, Marked degeneration of type II fibro-
cytes, type IV fibrocytes, and cells in the stria vascularis
were detected at the same time. Lateral wall degeneration
was progressive for at least 14 d. In the organ of Corti,
mitochondrial translocation in outer hair cells and mild
degeneration of Deiters cells were observed 7 and 14 d
after the administration, respectively.

On the other hand, 300 mmol/L 3-NP caused a com-
pletely reversible threshold shift at 8 kHz and degenera-
tion of the lateral wall was not observed 3 wk after the
300 mmol/L 3-NP administration™, These suggest that
mild energy failure of the lateral wall causes temporal and
mild disturbance of cochlear homeostasis and temporal
hearing loss without loss of inner ear cells. However,
severe energy failure causes loss of the lateral wall cells,
and then induces structural changes in the organ of Corti
resulting in permanent hearing loss.

Wang ez al"™" demonstrated that different intensities
of an octave band noise (8-16 kHz) resulted in degenera-
tion of different kinds of fibrocytes in the lateral wall and
different degrees of hearing loss. In the lateral wall, 94 dB
SPL noise caused loss of type IV fibrocytes alone, and re-
sulted in only about 10 dB threshold shift at most. How-
ever, more than 112 dB SPL noise caused loss of type I,
I, and IV fibrocytes, and resulted in more than 60 dB
threshold shift.

These findings suggest that degree of the energy fail-
ure and the extent of the dysfunctional region in the lat-
eral wall are the critical indicators of the degree of acute
hearing loss.

Change of a region where NF-«B is activated in the
lateral wall

NF-kB is activated in the lateral wall 24 h or earlier after
loading stressors (Table ) Interestingly, the region
where NF-xB is activated changes in the lateral wall de-
pending on the kind of stressor, the degree of the stress
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Table 3 Nuclear factor «-light-chain-enhancer of activated B cells activation and associated cytokine expression in the lateral wall

Animal Stressor Time point NF-<B Other factors Ref.
Response Location Factor Response Location
CBA/Ca] mice LPS, ip 24 h Activation Unilateral, [141]
I >>1,Lim.
LPS, ip + No activation
dexamethasone, ip
Anti-CD3, ip Activation I
Taxol, ip Activation I
100 dB SPL Activation Bilateral, 1 >> I,
Lim.
CBA mice 117 dB SPL 4h Transcription Lw [142]
2-12h' (4 h) iNOS Transcription LW
0-12h (6 h) ICAM-1 Transcription LW
2-12h (6 h) VCAM-1 Transcription LW
14h ICAM-1 Expression )%
14h VCAM-1 Expression )%
Swiss-Webster Ag 7d Leukocytes  Expression’ sL’ [143]
mice 90 or 100 dB SPL 7d No expression
90 or 100 dB SPL + Ag 7d No expression
118 dB SPL 4h Activation 1,0,V
7d No activation Leukocytes Expression” Lw
ICAM-1 Expression I
118 dBSPL + Ag 4h Activation 1,1, V,HC,SC
7d Activation HC, sC Leukocytes Expression Lw
Activation ICAM-1 Expression o,m>>1*
C57/Bl6] mice 124 dB SPL 2h Activation 1,0, 1,SV iNOS Most of NF-kB [144]
activated cells
72h Activation I, 1,1, V,SV° iNOS Most of NF-xB
activated cells’®
Sprague- Cisplatin, ip 24h Activation I, 1,1, 1v,SV, 1IL-1B Expression o,V>>1,1I,SMV [145]
Dawley rats OHC, Lim.
1L-6 Expression SMV
TNF-a Expression [,0,MmWm,sy,
Lim., SMV, HC
Cisplatin + TNF-a No activation IL-1B No expression,
inhibitor no transcription
1L-6 No expression,
no transcription
TNF-a No expression,
no transcription
Sprague- 124 dB SPL 3h IL-6 Expression m, v [146]
Dawley rats 6h Expression I,I,Im, NV
12h Expression 1,0,Mm,1v,SV,SG
24 h Expression 1, 1,1, V,SG°

'The time in the parentheses is the time of the maximum up-regulation of a factor; *The paper did not show whether it was significant or not in only the
lateral wall, although it was significant in the total number of leukocytes in the modiolus, spiral limbus (Lim.), spiral ligament (SL), stria vascularis (SV),
and the scala tympani. However, the number in the lateral wall showed a clear tendency of increase compared with controls; *There were a small number of
leukocytes in the spiral ligament; ‘The leukocyte number and the intercellular adhesion molecule 1 (ICAM-1) expression intensity were significantly more
than those of Ag alone and 118 dB noise alone in the total of modiolus, Lim., SL, SV, and the scala tympani; *The intensity at 72 h was weaker than at 2 h;
“The intensity at 24 h was much weaker than at 12 h in the lateral wall. Some papers demonstrated nuclear factor k-light-chain-enhancer of activated B cells
(NF-«kB) activation in the lateral wall and cytokine expression. The systemic stressors that induce stress response of the lateral wall are shown in the column
“Stressor”. Each paper used different methods and time points to observe the response. For example, the activation of NF-kB (Activation) (i.e., translocation
of NF-«xB from the cytoplasm into the nucleus), its transcriptional up-regulation (Transcription), and the protein expression (Expression) were analyzed.
Some papers demonstrated which types of cells responded to stressors in the lateral wall, but some did not. Noise was band noise for 2 h in all experiments,
and the intensities are shown in the table. 1-IV, type I -IV fibrocytes in the lateral wall; I >> I, The NF-xB activation was much stronger in type II
fibrocytes than type I fibrocytes; Ag, An adaptive inner ear immune response was created by sensitizing mice to the keyhole limpet hemocyanin. Then,
the mice were sensitized systemically to the antigen in experimental conditions shown as Ag or + Ag in the table. iNOS: Inducible nitric oxide synthase; ip:
Intraperitoneal injection; LPS: Lipopolysaccharide; LW: The transcriptional up-regulation or the protein expression was observed in the lateral wall: but the
specific cell type was not determined; SC: Supporting cell; SMV: Spiral modiolar vein; VCAM-1: Vascular cell adhesion molecule 1; IL: Interleukin; TNF-o:
Tumor necrosis factor a; HC: Hair cell; OHC: Outer hair cell.

intensity, and/or the genetic background of animal. Masuda ¢ al™ applied noise more than two orders of

Adams e7 /""" demonstrated that NF-xB of type 1 magnitude greater (124 dB SPL), and demonstrated that
fibrocytes was mainly activated by an octave-band noise NF-kB of the whole lateral wall was activated using C57/
(90-112 dB SPL) exposure using CBA/J (Figure 1B).  BIGJ mice. Miyao ez a/'™ demonstrated that NF-kB of
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type 1, I, and IV fibrocytes was activated by octave-band
noise (118 dB SPL) exposure using Swiss-Webster mice.
These results suggest that the same kind of stressor at
different intensities or with different genetic backgrounds
activates NF-kB of different regions in the lateral wall.

Different kinds of stressors also cause the different
regional activation of NF-kB. As mentioned above, noise
first induces NF-xB activation of type I fibrocytes in the
CBA/BI6] mice. Howevet, systemic inflammatory stress by
peritoneal injection of LPS, a Gram-negative bacterial com-
ponent, induces the activation in type I fibrocytes with
little activation in type I fibrocytes in mice of the same
genetic background (Figure 1A)"*"*!). Systemic TNF secre-
tion by intraperitoneal anti-CD3 or taxol injection induces
the same NF-xB activation as that by LPS". In another
report, intraperitoneal administration of cisplatin induces
NF-kB activation in the whole lateral wall (Figure 1C),
and this activation was inhibited by TNF-¢ inhibitor"*",
These suggest that LPS and cisplatin induces NF-kB acti-
vation through TNF and/or other factors that remain to
be determined.

Prompt and more intense NF-«B activation in the lateral
wall responding to multiple stressors than a single
stressor

NF-kB activation in the lateral wall is quick after loading a
stressor. For example, activation was confirmed 2 h after
noise exposure in the whole lateral wall of C57/BI6]
mice, and less but still significant activation was observed
after 72 h (Table 3)!"*Y. Using Swiss-Webster mice, the
activation was observed 4 h after noise exposure but not
7 d after™. With intraperitoneal LPS, taxol, ot anti-CD3
injection, it was observed in the type I fibrocytes of
CBA/Ca] mice after 24 h'"*!,

The promptly activated NF-xB regulates expression
of several inflammatory factors like IL-1f, IL-6, TNF-q,
iNOS, ICAM-1, and vascular cell adhesion molecule 1
(VCAM-1). IL-1B, IL-6, and TNF-q are pro-inflammato-
ry cytokines and they are effectors and regulators of the
HPA axis and the SNS, and excess NO induced by iNOS
increase results in cell death, as discussed previously.
ICAM-1 and VCAM-1 ate critical in mediating adhesion
of leukocytes to vascular endothelial cells and transendo-
thelial migration in a variety of acute and chronic inflam-
matory diseases' """, They also play an essential role in
regulating microvascular permeability™*”.

It is noteworthy that multiple stressors enhance and
prolong the NF-kB activation and the target gene expres-
sion, as compared with a single stressor. Miyao e7 al™
demonstrated that noise-exposure plus intrathecal an-
tigen injection induced longer NF-kB activation, much
more intense and wider regional ICAM-1 expression, and
more leukocytes induction in the lateral wall than noise-
exposure alone or antigen injection alone. The NF-kB
activation was observed 4 h after but not 7 d after noise-
exposure alone. On the other hand, with noise-exposure
plus antigen challenge, the activation was observed even
7 d after.
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STRESS RESPONSE THEORY

The original stress response theory of ISHL

There is an anecdotal hypothesis about the onset of
ISHL, in which so-called “stress” (i.e., psychological and
physical stressors) may be associated with the onset of
ISHL. It is reported that fatigue, stressful life events, in-
ability to cope with stress, and shortness of sleep are
involved in the onset of ISHL"™" ", However, this hy-
pothesis has a contradictory survey, as the other hypoth-
eses do (Table 1 and see Merchant ez a/'™). According
to a survey by Japanese Ministry of Health, Labor and
Welfare in 1975, rates of ISHL patients complaining of
psychological and physical stress were unexpectedly low,
13.7% and 22.5%, respectively. This may suggest that a
subjective scale of stress is different among individuals
and it is difficult to analyze individual stress just by ques-
tionnaires.

Concerning the viral hypothesis, many reports could
not show histopathological and biomolecular evidences
of viral invasion or infection of the inner ear. With re-
spect to the vascular hypothesis, it alone is not enough to
explain the clinical characteristics of ISHL. For example,
ISHL is not necessarily more prevalent in the elderly,
does not accompany other vascular disease, and does not
generally recur, making it very different from the cerebral
ischemia. Furthermore, only two of 29 ears with ISHL
examined showed histopathological evidence of vascular
insult to the cochlea, consisting of deposition of connec-
tive tissue and new bone within the cochlea.

Finally, Merchant ez /™ and Adams e# al™*'*" proposed
that the stress response of the lateral wall to systemic stress
is the cause of ISHL. They observed the inner ear of a pa-
tient who died 9 d after the onset of ISHL. In the affected
cochlea, the organ of Corti showed marked swelling with
edema, vacuole formation within the cytoplasm, and blur-
ring of cell boundaries. They interpreted this as evidence
that the cells in the organ of Corti were under severe
osmotic stress, which must have resulted from lymphatic
homeostasis disruption in the cochlea. In their paper pub-
lished in 2005, they speculated that osmotic stress-induced
NF-kB activation within the supporting cells may be an
important mechanism causing ISHL in addition to the
activation in the lateral wall””. However, using a sophisti-
cated animal model in 2009, they demonstrated that cells
of the organ of Corti and spiral ganglion were remarkable
for the lack of NF-kB activation by systemic inflamma-
tory stress' "'l On the other hand, type II fibrocytes in
the lateral wall predominantly showed the activation. The
lateral wall plays an essential role in maintaining the co-
chlear homeostasis. In addition, NF-kB is a well-known
transcription factor that directly leads to inflammatory
cytokine production, and it was observed in animal and
human lateral walls, but not in the organ of Corti. Con-
clusively, the original hypothesis by Adams ez a/'*! is that
ISHL is the result of the stress response of the cochlear
lateral wall through NF-kB activation responding to the
systemic stress and dysfunction of the lateral wall, and
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Decrease of NKCA H Psychological and physical stress
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Disruption of cochlear homeostasis
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Figure 2 The stress response theory. Synchronism of different types of stressors activate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) of
the cochlear lateral wall and cause idiopathic sudden sensorineural hearing loss (ISHL). The causative factors should occur in order to make an effective positive feed-
back loop for breaking open the abnormal NF-«B activation in the lateral wall. Stressful life-events decrease natural killer cell activity (NKCA), stimulate the hypothalam-
ic-pituitary-adrenal (HPA) axis and the sympathetic nervous system (SNS), and increase cytokines. The decrease of NKCA induces subclinical infection and/or immune
system dysregulation, and then neutrophils and cytokines increase acutely, making the positive feedback loop. The acute increase of neutrophils and a cytokine like tu-
mor necrosis factor alpha impede blood flow, resulting in acute energy failure of the lateral wall. Systemic stressors also induce and enhance norepinephrine-dependent
NF-xB activation and cytokine production through the HPA axis and the SNS. They trigger the lateral wall NF-kB activation. Anatomical asymmetry, pre-existing cochlear
injury, and innate factors should be involved in the flow considering the clinical characteristics of ISHL. These factors potentially explain why ISHL usually affects the ear

unilaterally, why prevalence is much lower in childhood than in adulthood, and why ISHL does not affect all persons under stress. Modified from™.

the changes of the organ of Corti cells are the secondary Next, we will discuss and review how a variety of
phenomenon to the lateral wall dysfunction. stressors including psychological and physical stressors
They demonstrated that intraperitoneal LPS injection, converge in lateral wall NF-kB activation and cause ISHL.

Z.e., systemic stress, consistently resulted in NF-kB activa-
tion in the lateral wall unilaterally but not bilaterally, and The integrative stress response theory of ISHL

the intratympanic LPS injection, Ze., local stress, did not We have reviewed how psychosocial and physical stress
induce the lateral wall NF-xB activation of the mouse co- affect the HPA axis, the SNS, the immune system, inflam-
chlea (Figure 1A and D). This seems to reflect the clinical matory factors, and a cytokine network. These systemic
characteristics of the onset of ISHL: acute onset is consis- stress responses can synergistically induce and enhance
tent with the prompt activation profile of NF-xB, most of lateral wall NF-kB activation (Figure 2). Although it is
cases with ISHL are unilateral, and it is not accompanied still impossible to demonstrate the live NF-kB activation
with the middle ear inflammation. They speculated that in the human cochlea, Masuda ¢ a/™ recently found evi-
systemic cytokines like TNF-q induced by intraperitoneal dence for the stress response theory using ISHL patients’
LPS injection activate the lateral wall NF-kB. blood sample analysis.

However, intraperitoneal LPS injection alone activates So-called “stress,” as in chronic psychosocial and
NF-kB in the type II fibrocytes alone and did not cause physical stress, results in EP and NEP increases through
hearing loss in mice!*'. Additionally, intraperitoneal the HPA axis and SNS activation, and the cochlear lateral
injection of anti-CD3 and taxol, which are known to in-  wall expresses these receptors (Table 2). Therefore, the
duce TNF secretion, activate NF-xB in the type I cells stress-induced catecholamines can induce and enhance
alone. These observations shed light on the two points: NEP-dependent NF-kB activation. Therefore, the stress-
(1) a wider range of NF-xB activation in the lateral wall induced catecholamines can induce and enhance NEP-
is needed to cause hearing loss; and (2) systemic stress dependent NF-xB activation"™*"*", and induce the target
by infection followed by cytokine increase alone is not gene expression including pro-inflammatory cytokine,
enough to induce such a wide range of NF-kB activation. adhesion molecules, and iNOS (Table 3).

Therefore, the synergistic effect of multiple stressors Stress decreases NKCA, resulting in dysregulation of
must be necessary to induce the wide range of lateral wall the immune system and subclinical infections. This im-
NF-kB activation resulting in hearing loss. mune system disturbance is involved in the stress response

K
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theory. In fact, some authors have suggested that sub-
clinical infection is associated with onset in some ISHL
patients after detecting the elevated erythrocyte sedimen-
tation rate or specific antibodies against viruses"**'*",

Infection also enhances immune system dysregulation,
cytokine production, and psychological stress' . Note
that bacteria and virus do not attack the inner ear directly
in the “infection” we describe here, but they change the
whole immune system and have influence on the inner ear
homeostasis afterward. These will lead to an increase of
circulating neutrophil and cytokines like IL-6; there is a
positive feedback loop between neutrophil and TL-6"""".
Stress also results in an abnormal immune state. Further-
more, the neutrophil increase induces cochlear energy
shortage by impeding the blood flow, because neutrophils
have a thrombogenic profile and are known to have asso-
ciation with the risk and prognosis of myocardial infarc-
tion and stroke! ™', Such an energy shortage induces
stress response of the cochlear lateral wall.

Increase of circulating cytokines can also activate lateral
wall NF-kB. IL-6 is a target and a regulator of NF-kB,
and can have an impact on the NF-kB activation through
classic and trans-signaling because the 1L-6 receptor and
¢p130 are expressed in the lateral wall"*, Circulating
TNF-q, activates NF-kB of the lateral wall. It also en-
hances microvascular tone and reduces blood flow in the
cochlea'™¥, resulting in the lateral wall energy shortage.

The whole systemic stressors mentioned above con-
verge synergistically to the NF-kB activation in the lateral
wall. The NF-kB activation initiates inflammatory re-
sponses in the lateral wall locally. The NF-kB-induced in-
flammatory cytokines will affect the lateral wall cell func-
tion that maintains cochlear homeostasis. The cytokines
will also exacerbate inflammatory responses of the lateral
wall through enhancing vascular permeability and recruit-
ment of leukocytes' ™', because the blood supply to the
lateral wall is abundant. In rabbits, for example, the lateral
wall contains more than 80% of total cochlear blood""".
The disruption of cochlear homeostasis ultimately causes
ISHL. In fact, an ISHIL-affected ear has high concentra-
tion of proteins in the inner ear fluid space using fluid-
attenuated inversion recovery MRI[168'17U], suggesting the
disruption of cochlear homeostasis.

To explain clinical characteristics of ISHL, the inte-
grative stress response theory should be integrated with
other possible factors. At first, ISHL usually affects the
unilateral ear, and the prevalence is much lower in child-
hood than in adulthood. Minor pre-existing subclini-
cal damage in the inner ear or asymmetry of terminal
vascular structure (for example, stenotic or not stenotic,
straight or torturous) could be a potential explanation for
the clinical characteristics of ISHL.

All persons under stress do not suffer from ISHL.
Therefore, there must be innate factors for ISHL onset,
probably including polymorphisms of genes encoding
coagulation factors, vascular tone, and cytokines, among
others (Table 1). Even individual personality is likely be

involved in differential stress response.
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Summary of the stress response theory

A quest for a single definitive cause of ISHL does not
seem to be reasonable after reviewing the literature. The
basic and critical concept of the stress response theory is
that ISHL. must not result from a specific single and local
cause in the inner ear. Moreover, ISHL should encompass
several causes contributing to different degrees of severity
and prognosis. Synchronism of different types of fac-
tors and different degrees of contribution of each factor
could result in the individual ISHL case. Some of these
factors must occur rarely, and each factor must occur in a
temporally appropriate order to trigger pathological NIF-
KB activation in the cochlear lateral wall. Therefore, ISHL
does not recur frequently, even in the same individual.

Future studies about ISHL in terms of the stress
response theory
We have described the possibility that psychosocial and
physical stress increase the likelihood of distuption of co-
chlear homeostasis. Long-term stress should be detected
objectively, as in HbAlc for analyzing blood sugar level
over periods of 1 or 2 mo in diabetic patients. Monocyte
chemotactic protein-1, epidermal growth factor, and vas-
cular endothelial growth factor have been expected to be
prolonged psychosocial stress markers'" but the validity
is still controversial'”?. There are controversies about the
association of pro-inflaimmatory cytokines and ISHL as
well® %% (Table 1). Tt may not be enough to measure
and analyze the value of each biomarker separately. A new
method that analyzes a complicated network consisting of
multiple factors will be needed. Broderick ez al'™ focused
on the network of cytokines in which cytokine-cytokine
associations are demonstrated topologically, and they
demonstrated that the network of subjects with chronic
fatigue syndrome deferred in topology significantly com-
pared with healthy subjects.

Therefore, it is vital to integrate of our knowledge
and comprehensive analysis of possible etiologies to re-

veal the pathophysiology of ISHL.

REFERENCES

1 Fusconi M, Chistolini A, Angelosanto N, Pignoloni P, Tom-
bolini M, De Virgilio A, Pagliarella M, de Vincentiis M. Role
of genetic and acquired prothrombotic risk factors in genesis
of sudden sensorineural hearing loss. Audiol Neurootol 2011;
16: 185-190 [PMID: 20798492 DOI: 10.1159/000319310]

2 Fusconi M, Chistolini A, de Virgilio A, Greco A, Massaro F,
Turchetta R, Benincasa AT, Tombolini M, de Vincentiis M.
Sudden sensorineural hearing loss: a vascular cause? Analy-
sis of prothrombotic risk factors in head and neck. Int | Audiol
2012; 51: 800-805 [PMID: 22928918 DOI: 10.3109/14992027.20
12.705904]

3 Lin RJ, Krall R, Westerberg BD, Chadha NK, Chau JK. Sys-
tematic review and meta-analysis of the risk factors for sud-
den sensorineural hearing loss in adults. Laryngoscope 2012;
122: 624-635 [PMID: 22252719 DOI: 10.1002/1ary.22480]

4 Ballesteros F, Alobid I, Tassies D, Reverter JC, Scharf RE,
Guilemany JM, Bernal-Sprekelsen M. Is there an overlap
between sudden neurosensorial hearing loss and cardiovas-
cular risk factors? Audiol Neurootol 2009; 14: 139-145 [PMID:
19005247 DOI: 10.1159/000171475]

August 28,2013 | Volume 3 | Issue 3 |



10

11

12

13

14

15

16

17

18

Masuda M et a/. Stress response theory

Ballesteros F, Tassies D, Reverter JC, Alobid I, Bernal-
Sprekelsen M. Idiopathic sudden sensorineural hearing loss:
classic cardiovascular and new genetic risk factors. Audiol
Neurootol 2012; 17: 400-408 [PMID: 22948415 DOI: 10.1159/
000341989]

Cho SH, Chen H, Kim IS, Yokose C, Kang ], Cho D, Cai C,
Palma S, Busi M, Martini A, Yoo TJ. Association of the 4g/5¢g
polymorphism of plasminogen activator inhibitor-1 gene
with sudden sensorineural hearing loss. A case control study.
BMC Ear Nose Throat Disord 2012; 12: 5 [PMID: 22672326 DOI:
10.1186/1472-6815-12-5]

Nishio N, Teranishi M, Uchida Y, Sugiura S, Ando F, Shi-
mokata H, Sone M, Otake H, Kato K, Yoshida T, Tagaya M,
Hibi T, Nakashima T. Contribution of complement factor H
Y402H polymorphism to sudden sensorineural hearing loss
risk and possible interaction with diabetes. Gene 2012; 499:
226-230 [PMID: 22426290 DOI: 10.1016/j.gene.2012.02.027]
Ciccone MM, Cortese F, Pinto M, Di Teo C, Fornarelli F, Ge-
sualdo M, Mezzina A, Sabatelli E, Scicchitano P, Quaranta N.
Endothelial function and cardiovascular risk in patients with
idiopathic sudden sensorineural hearing loss. Atherosclerosis
2012; 225: 511-516 [PMID: 23102449 DOI: 10.1016/j.atheroscle-
rosis.2012.10.024]

Kim C, Sohn JH, Choi HC. Vertebrobasilar angulation and
its association with sudden sensorineural hearing loss. Med
Hypotheses 2012; 79: 202-203 [PMID: 22688399 DOI: 10.1016/
j-mehy.2012.04.035]

Capaccio P, Pignataro L, Gaini LM, Sigismund PE, Novem-
brino C, De Giuseppe R, Uva V, Tripodi A, Bamonti F. Un-
balanced oxidative status in idiopathic sudden sensorineural
hearing loss. Eur Arch Otorhinolaryngol 2012; 269: 449-453
[PMID: 21706323 DOI: 10.1007/500405-011-1671-2]

Lan MY, Shiao JY, Hsu YB, Lin FY, Lin JC. A preliminary
study on the role of inherited prothrombotic risk factors in
Taiwanese patients with sudden sensorineural hearing loss.
Eur Arch Otorhinolaryngol 2011; 268: 817-822 [PMID: 21170721
DOI: 10.1007/500405-010-1457-y]

Mosnier I, Stepanian A, Baron G, Bodenez C, Robier A, Mey-
er B, Fraysse B, Bertholon P, Defay F, Ameziane N, Ferrary E,
Sterkers O, de Prost D. Cardiovascular and thromboembolic
risk factors in idiopathic sudden sensorineural hearing loss:
a case-control study. Audiol Neurootol 2011; 16: 55-66 [PMID:
20551629 DOI: 10.1159/000312640]

Uchida Y, Sugiura S, Ando F, Shimokata H, Nakashima T.
Association of the C677T polymorphism in the methylene-
tetrahydrofolate reductase gene with sudden sensorineural
hearing loss. Laryngoscope 2010; 120: 791-795 [PMID: 20213658
DOI: 10.1002/1ary.20809]

Uchida Y, Sugiura S, Nakashima T, Ando F, Shimokata H.
Contribution of 1425G/A polymorphism in protein kinase
C-Eta (PRKCH) gene and brain white matter lesions to the
risk of sudden sensorineural hearing loss in a Japanese
nested case-control study. | Neurogenet 2011; 25: 82-87 [PMID:
21756056 DOI: 10.3109/01677063.2011.591462]

Oreskovic Z, Shejbal D, Bicanic G, Kekic B. Influence of lipo-
proteins and fibrinogen on pathogenesis of sudden sensori-
neural hearing loss. | Laryngol Otol 2011; 125: 258-261 [PMID:
21054908 DOI: 10.1017/50022215110002252]

Cadoni G, Agostino S, Scipione S, Galli J. Low serum folate
levels: a risk factor for sudden sensorineural hearing loss?
Acta Otolaryngol 2004; 124: 608-611 [PMID: 15267180]

Cadoni G, Scipione S, Rocca B, Agostino S, La Greca C, Bon-
vissuto D, Paludetti G. Lack of association between inherited
thrombophilic risk factors and idiopathic sudden sensorineu-
ral hearing loss in Italian patients. Ann Otol Rhinol Laryngol
2006; 115: 195-200 [PMID: 16572609]

Cadoni G, Scorpecci A, Cianfrone F, Giannantonio S, Palu-
detti G, Lippa S. Serum fatty acids and cardiovascular risk
factors in sudden sensorineural hearing loss: a case-control
study. Ann Otol Rhinol Laryngol 2010; 119: 82-88 [PMID:

(49

TR
Raishideng®

WJO | www.wjgnet.com

19

20

21

23

24

25

26

27

28

29

30

31

32

20336917]

Capaccio P, Cuccarini V, Ottaviani F, Fracchiolla NS, Bossi A,
Pignataro L. Prothrombotic gene mutations in patients with
sudden sensorineural hearing loss and cardiovascular throm-
botic disease. Ann Otol Rhinol Laryngol 2009; 118: 205-210
[PMID: 19374152]

Capaccio P, Ottaviani F, Cuccarini V, Bottero A, Schindler A,
Cesana BM, Censuales S, Pignataro L. Genetic and acquired
prothrombotic risk factors and sudden hearing loss. Laryn-
goscope 2007; 117: 547-551 [PMID: 17334320 DOI: 10.1097/
MLG.0b013e31802f3c6a]

Yildiz Z, Ulu A, Incesulu A, Ozkaptan Y, Akar N. The impor-
tance of thrombotic risk factors in the development of idio-
pathic sudden hearing loss. Clin Appl Thromb Hemost 2008; 14:
356-359 [PMID: 18160602 DOI: 10.1177/1076029607306399]
Quaranta N, Ramunni A, Brescia P, D’Elia A, Vacca A, Ria
R. Soluble intercellular adhesion molecule 1 and soluble vas-
cular cell adhesion molecule 1 in sudden hearing loss. Otol
Neurotol 2008; 29: 470-474 [PMID: 18401280 DOI: 10.1097/
MAO.0b013e318170b650]

Gross M, Friedman G, Eliashar R, Koren-Morag N, Gold-
schmidt N, Atta IA, Ben-Yehuda A. Impact of methionine
synthase gene and methylenetetrahydrofolate reductase gene
polymorphisms on the risk of sudden sensorineural hearing
loss. Audiol Neurootol 2006; 11: 287-293 [PMID: 16778415 DOL:
10.1159/000093957]

Goriir K, Tuncer U, Eskandari G, Ozcan C, Unal M, Ozsa-
hinoglu C. The role of factor V Leiden and prothrombin
G20210A mutations in sudden sensorineural hearing loss.
Otol Neurotol 2005; 26: 599-601 [PMID: 16015153]

Marcucci R, Alessandrello Liotta A, Cellai AP, Rogolino A,
Berloco P, Leprini E, Pagnini P, Abbate R, Prisco D. Cardio-
vascular and thrombophilic risk factors for idiopathic sudden
sensorineural hearing loss. | Thromb Haemost 2005; 3: 929-934
[PMID: 15869586 DOI: 10.1111/j.1538-7836.2005.01310.x]
Fatini C, Mannini L, Sticchi E, Cecchi E, Bruschettini A,
Leprini E, Pagnini P, Gensini GF, Prisco D, Abbate R. eNOS
gene affects red cell deformability: role of T-786C, G894T,
and 4a/4b polymorphisms. Clin Appl Thromb Hemost 2005; 11:
481-488 [PMID: 16244776]

Balletshofer BM, Stock J, Rittig K, Lehn-Stefan A, Braun
N, Burkart F, Plontke S, Klingel R, Haring HU. Acute ef-
fect of rheopheresis on peripheral endothelial dysfunc-
tion in patients suffering from sudden hearing loss. Ther
Apher Dial 2005; 9: 385-390 [PMID: 16202012 DOI: 10.1111/
j.1744-9987.2005.00316.x]

Mannini L, Paniccia R, Cecchi E, Alessandrello Liotta A,
Leprini E, Berloco P, Pagnini P, Abbate R, Franco Gensini G,
Prisco D. Reduced erythrocyte deformability and hyperco-
agulability in idiopathic sudden sensorineural hearing loss.
Clin Hemorheol Microcirc 2005; 33: 47-55 [PMID: 16037632]
Cadoni G, Agostino S, Manna R, De Santis A, Fetoni AR,
Vulpiani P, Ottaviani F. Clinical associations of serum anti-
endothelial cell antibodies in patients with sudden sensori-
neural hearing loss. Laryngoscope 2003; 113: 797-801 [PMID:
12792313 DOI: 10.1097/00005537-200305000-00006]

Cadoni G, Fetoni AR, Agostino S, De Santis A, Manna R,
Ottaviani F, Paludetti G. Autoimmunity in sudden senso-
rineural hearing loss: possible role of anti-endothelial cell
autoantibodies. Acta Otolaryngol Suppl 2002; 122: 30-33 [PMID:
12211354]

Um JY, Jang CH, Kim HL, Cho YB, Park ], Lee SJ, Kim YB,
Kim HJ, Ahn KS, Jang HJ, Lee SG, Lee H, Lee KM, Kim 5],
Hong SH. Proinflammatory cytokine IL-1 p polymorphisms
in sudden sensorineural hearing loss. Immunopharmacol Im-
munotoxicol 2013; 35: 52-56 [PMID: 23013363 DOI: 10.3109/08
923973.2012.719523]

Um JY, Jang CH, Kim KY, Kim SJ, Kim NH, Moon PD, Choi
1Y, Myung NY, Jeong HJ, Hong SH, Kim HM. Candidate
genes of cerebrovascular disease and sudden sensorineural

August 28,2013 | Volume 3 | Issue 3 |



33

34

35

36

37

38

39

40

41

42

43

44

45

46

hearing loss. Clin Appl Thromb Hemost 2010; 16: 559-562 [PMID:
19833626 DOI: 10.1177/1076029609348313]

Demirhan E, Eskut NP, Zorlu Y, Cukurova I, Tuna G, Kirkali
FG. Blood levels of TNF-a, IL-10, and IL-12 in idiopathic
sudden sensorineural hearing loss. Laryngoscope 2013; 123:
1778-1781 [PMID: 23382065 DOI: 10.1002/lary.23907]
Hiramatsu M, Teranishi M, Uchida Y, Nishio N, Suzuki H,
Kato K, Otake H, Yoshida T, Tagaya M, Suzuki H, Sone M,
Sugiura S, Ando F, Shimokata H, Nakashima T. Polymor-
phisms in genes involved in inflammatory pathways in pa-
tients with sudden sensorineural hearing loss. ] Neurogenet
2012; 26: 387-396 [PMID: 22385075 DOI: 10.3109/01677063.20
11.652266]

Furuta T, Teranishi M, Uchida Y, Nishio N, Kato K, Otake
H, Yoshida T, Tagaya M, Suzuki H, Sugiura M, Sone M,
Hiramatsu M, Sugiura S, Ando F, Shimokata H, Nakashima
T. Association of interleukin-1 gene polymorphisms with
sudden sensorineural hearing loss and Méniére’s disease.
Int ] Immunogenet 2011; 38: 249-254 [PMID: 21385326 DOI:
10.1111/j.1744-313X.2011.01004.x]

Haubner F, Martin L, Steffens T, Strutz ], Kleinjung T. The
role of soluble adhesion molecules and cytokines in sudden
sensorineural hearing loss. Otolaryngol Head Neck Surg 2011;
144: 575-580 [PMID: 21493238 DOI: 10.1177/01945998103943
24]

Kassner SS, Schottler S, Bonaterra GA, Stern-Striter J, Som-
mer U, Hormann K, Kinscherf R, Gossler UR. Proinflamma-
tory and proadhesive activation of lymphocytes and macro-
phages in sudden sensorineural hearing loss. Audiol Neurootol
2011; 16: 254-262 [PMID: 20980746 DOI: 10.1159/000320610]
Chien CY, Chang NC, Tai SY, Wang LF, Wu MT, Ho KY.
Heat shock protein 70 gene polymorphisms in sudden sen-
sorineural hearing loss. Audiol Neurootol 2012; 17: 381-385
[PMID: 22922572 DOI: 10.1159/000341815]

Teranishi M, Uchida Y, Nishio N, Kato K, Otake H, Yoshida T,
Suzuki H, Sone M, Sugiura S, Ando F, Shimokata H, Nakashi-
ma T. Polymorphisms in genes involved in oxidative stress re-
sponse in patients with sudden sensorineural hearing loss and
Méniere’s disease in a Japanese population. DNA Cell Biol 2012;
31: 1555-1562 [PMID: 22877234 DOI: 10.1089/ dna.2012.1631]
Um JY, Jang CH, Kim SJ, Kim HL, Kim SY, Cho YB, Hong
SH. Steroid combination therapy and detoxification enzyme
gene polymorphisms in sudden sensorineural hearing loss
patients. Otol Neurotol 2011; 32: 872-876 [PMID: 21389901
DOI: 10.1097/MAO.0b013e31821341ac]

Siislii N, Yilmaz T, Giirsel B. Utility of anti-HSP 70, TNEF-
alpha, ESR, antinuclear antibody, and antiphospholipid
antibodies in the diagnosis and treatment of sudden senso-
rineural hearing loss. Laryngoscope 2009; 119: 341-346 [PMID:
19160386 DOI: 10.1002/lary.20050]

Gross M, Eliashar R, Ben-Yaakov A, Ulmansky R, Elidan J.
Prevalence and clinical significance of anticardiolipin, anti-
beta2-glycoprotein-1, and anti-heat shock protein-70 autoanti-
bodies in sudden sensorineural hearing loss. Audiol Neurootol
2008; 13: 231-238 [PMID: 18259075 DOI: 10.1159/000115432]
Park SN, Yeo SW, Park KH. Serum heat shock protein 70 and
its correlation with clinical characteristics in patients with sud-
den sensorineural hearing loss. Laryngoscope 2006; 116: 121-125
[PMID: 16481823 DOI: 10.1097/01.mlg.0000187401.75156.b2]
Cadoni G, Boccia S, Scipione S, Arzani D, Cianfagna F, Ric-
ciardi G, Paludetti G, Agostino S. Glutathione s-transferase
gene polymorphisms in Italian patients with sudden sensori-
neural hearing loss. Otol Neurotol 2006; 27: 1166-1169 [PMID:
16788422 DOI: 10.1097/01.ma0.0000226303.59198.ce]

Scalia G, Palermo CI, Maiolino L, Costanzo CM, Zappal D,
Grillo C, Martines AM, Cocuzza S, Russo R, Serra A. Detec-
tion of serum IgA to HSV1 and its diagnostic role in sudden
hearing loss. New Microbiol 2013; 36: 41-47 [PMID: 23435814]
Bakker R, Aarts MC, van der Heijden GJ, Rovers MM. No
evidence for the diagnostic value of Borrelia serology in pa-

(49

TR
Raishideng®

WJO | www.wjgnet.com

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Masuda M et a/. Stress response theory

tients with sudden hearing loss. Otolaryngol Head Neck Surg
2012; 146: 539-543 [PMID: 22394551 DOI: 10.1177/0194599811
432535]

Sheu JJ, Keller JJ, Chen YH, Wu CS, Lin HC. No increased
risk of sudden sensorineural hearing loss following recent
herpes zoster: a nationwide population-based study. Acta
Otolaryngol 2012; 132: 167-172 [PMID: 22201558 DOI: 10.3109
/00016489.2011.633227]

Kikidis D, Nikolopoulos TP, Kampessis G, Stamatiou G,
Chrysovergis A. Sudden sensorineural hearing loss: subclini-
cal viral and toxoplasmosis infections as aetiology and how
they alter the clinical course. ORL | Otorhinolaryngol Relat Spec
2011; 73: 110-115 [PMID: 21389742 DOI: 10.1159/000324210]
Gross M, Wolf DG, Elidan ], Eliashar R. Enterovirus, cyto-
megalovirus, and Epstein-Barr virus infection screening in id-
iopathic sudden sensorineural hearing loss. Audiol Neurootol
2007; 12: 179-182 [PMID: 17259705 DOI: 10.1159/000099021]
Cho CH, Jung BS, Jung JH, Lee JH, Lee JH. Expression of
autoantibodies in patients with sudden sensorineural hear-
ing loss. Ann Otol Rhinol Laryngol 2013; 122: 131-134 [PMID:
23534128]

Baek M]J, Park HM, Johnson JM, Altuntas CZ, Jane-Wit D,
Jaini R, Solares CA, Thomas DM, Ball EJ, Robertson NG,
Morton CC, Hughes GB, Tuohy VK. Increased frequencies of
cochlin-specific T cells in patients with autoimmune senso-
rineural hearing loss. ] Immunol 2006; 177: 4203-4210 [PMID:
16951386]

Masuda M, Kanzaki S, Minami S, Kikuchi J, Kanzaki J, Sato H,
Ogawa K. Correlations of inflammatory biomarkers with the
onset and prognosis of idiopathic sudden sensorineural hear-
ing loss. Otol Neurotol 2012; 33: 1142-1150 [PMID: 22872174
DOI: 10.1097/MAO.0b013e3182635417]

Merchant SN, Adams JC, Nadol JB. Pathology and patho-
physiology of idiopathic sudden sensorineural hearing loss.
Otol Neurotol 2005; 26: 151-160 [PMID: 15793397

Lin C, Lin SW, Weng SF, Lin YS. Increased risk of sudden
sensorineural hearing loss in patients with human immu-
nodeficiency virus aged 18 to 35 years: a population-based
cohort study. JAMA Otolaryngol Head Neck Surg 2013; 139:
251-255 [PMID: 23429891 DOI: 10.1001 /jamaoto.2013.1709]
Lin C, Lin SW, Weng SF, Lin YS. Risk of sudden sensorineu-
ral hearing loss in patients with systemic lupus erythemato-
sus: a population-based cohort study. Audiol Neurootol 2013;
18: 95-100 [PMID: 23257626 DOI: 10.1159/000345512]

Keller JJ, Wu CS, Kang JH, Lin HC. Association of acute
myocardial infarction with sudden sensorineural hearing
loss: a population-based case-control study. Audiol Neurootol
2013; 18: 3-8 [PMID: 22948477 DOI: 10.1159/000341988]

Chu CH, Liu CJ, Fuh JL, Shiao AS, Chen TJ, Wang SJ. Mi-
graine is a risk factor for sudden sensorineural hearing loss:
a nationwide population-based study. Cephalalgia 2013; 33:
80-86 [PMID: 23197354 DOI: 10.1177/0333102412468671]
Keller JJ, Chen YK, Lin HC. A case-control analysis on the
association between erectile dysfunction and sudden senso-
rineural hearing loss in Taiwan. ] Sex Med 2012; 9: 1411-1417
[PMID: 22429794 DOI: 10.1111/j.1743-6109.2012.02669.x]

Lin SW, Lin YS, Weng SF, Chou CW. Risk of developing
sudden sensorineural hearing loss in diabetic patients: a pop-
ulation-based cohort study. Otol Neurotol 2012; 33: 1482-1488
[PMID: 23064384 DOI: 10.1097/ MAO.0b013e318271397a]

Lin C, Hsu HT, Lin YS, Weng SF. Increased risk of getting sud-
den sensorineural hearing loss in patients with chronic kidney
disease: a population-based cohort study. Laryngoscope 2013;
123: 767-773 [PMID: 22927011 DOI: 10.1002/lary.23669]

Keles E, Sapmaz E, Godekmerdan A. The role of allergy in
the etiopathogenesis of idiopathic sudden sensorineural hear-
ing loss. Eur Arch Otorhinolaryngol 2013; 270: 1795-1801 [PMID:
23008128 DOI: 10.1007/500405-012-2189-y]

Sheu JJ, Wu CS, Lin HC. Association between obstruc-
tive sleep apnea and sudden sensorineural hearing loss: a

August 28,2013 | Volume 3 | Issue 3 |



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Masuda M et a/. Stress response theory

population-based case-control study. Arch Otolaryngol Head
Neck Surg 2012; 138: 55-59 [PMID: 22249630 DOI: 10.1001/ar-
choto.2011.227]

Aimoni C, Bianchini C, Borin M, Ciorba A, Fellin R, Martini
A, Scanelli G, Volpato S. Diabetes, cardiovascular risk factors
and idiopathic sudden sensorineural hearing loss: a case-con-
trol study. Audiol Neurootol 2010; 15: 111-115 [PMID: 19657186
DOI: 10.1159/000231636]

Gickler A, Eickelmann AK, Brors D, Dazert S, Epplen JT,
Kunstmann E. Positive family history of idiopathic sud-
den sensorineural hearing loss. Eur Arch Otorhinolaryngol
2010; 267: 1843-1848 [PMID: 20593290 DOI: 10.1007/
s00405-010-1310-3]

Lin HC, Chao PZ, Lee HC. Sudden sensorineural hearing loss
increases the risk of stroke: a 5-year follow-up study. Stroke 2008;
39: 2744-2748 [PMID: 18583554 DOI: 10.1161/STROKEAHA.
108.519090]

Nishio N, Teranishi M, Uchida Y, Sugiura S, Ando F, Shimo-
kata H, Sone M, Otake H, Kato K, Yoshida T, Tagaya M, Hibi
T, Nakashima T. Polymorphisms in genes encoding aquapo-
rins 4 and 5 and estrogen receptor a in patients with Méniere’
s disease and sudden sensorineural hearing loss. Life Sci 2013;
92: 541-546 [PMID: 23352976 DOI: 10.1016/j.1fs.2013.01.019]
Haubner F, Rohrmeier C, Koch C, Vielsmeier V, Strutz ],
Kleinjung T. Occurence of a round window membrane rup-
ture in patients with sudden sensorineural hearing loss. BMC
Ear Nose Throat Disord 2012; 12: 14 [PMID: 23194317 DOI:
10.1186/1472-6815-12-14]

Chen X, Zhang XD, Gu X, Fang ZM, Zhang R. Endolymphat-
ic space imaging in idiopathic sudden sensorineural hearing
loss with vertigo. Laryngoscope 2012; 122: 2265-2268 [PMID:
22996668 DOI: 10.1002/lary.23452]

Park JJ, Luedeke I, Luecke K, Emmerling O, Westhofen M.
Eustachian tube function in patients with inner ear disor-
ders. Eur Arch Otorhinolaryngol 2013; 270: 1615-1621 [PMID:
22941437 DOI: 10.1007/s00405-012-2143-z]

Punj J, Pandey R, Darlong V. Sensorineural hearing loss after
general anaesthesia: 52 cases reported until now! Anaesthesia
2009; 64: 226 [PMID: 19143715 DOI: 10.1111/}.1365-2044.2008.
05846.x]

Lin HC, Lee HC, Chao PZ, Wu CS. The effects of weather on
the incidence of sudden sensorineural hearing loss: a 5-year
population-based study. Audiol Neurootol 2006; 11: 165-171
[PMID: 16462137 DOI: 10.1159/000091268]

Amor-Dorado JC, Paco L, Martin J, Lopez-Nevot MA, Gon-
zalez-Gay MA. Human leukocyte antigen-DQB1 and -DRB1
associations in patients with idiopathic sudden sensorineural
hearing loss from a defined population of Northwest Spain.
Acta Otolaryngol 2005; 125: 1277-1282 [PMID: 16303674 DOI:
10.1080/00016480510012228]

Danielides V, Nousia CS, Bartzokas A, Lolis CJ, Kateri M, Ske-
vas A. Weather conditions and sudden sensorineural hearing
loss. BMC Ear Nose Throat Disord 2002; 2: 2 [PMID: 12123526]
Finger RP, Gostian AO. Idiopathic sudden hearing loss: con-
tradictory clinical evidence, placebo effects and high sponta-
neous recovery rate--where do we stand in assessing treat-
ment outcomes? Acta Otolaryngol 2006; 126: 1124-1127 [PMID:
17043035 DOI: 10.1080,/00016480600702084]

Nosrati-Zarenoe R, Arlinger S, Hultcrantz E. Idiopathic sud-
den sensorineural hearing loss: results drawn from the Swed-
ish national database. Acta Otolaryngol 2007; 127: 1168-1175
[PMID: 17851927 DOI: 10.1080/00016480701242477]

Adams JC. Clinical implications of inflammatory cytokines
in the cochlea: a technical note. Ofol Neurotol 2002; 23: 316-322
[PMID: 11981388]

Mattson MP, Culmsee C, Yu Z, Camandola S. Roles of
nuclear factor kappaB in neuronal survival and plasticity. |
Neurochem 2000; 74: 443-456 [PMID: 10646495]

Selye H, Fortier C. Adaptive reactions to stress. Res Publ As-
soc Res Nerv Ment Dis 1949; 29: 3-18 [PMID: 14854281]

K

Gz
Raishideng®

WJO | www.wjgnet.com

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

Selye H, McKeown T. Studies on the physiology of the ma-
ternal placenta in the rat. Proc Roy Soc Lond 1935; 119: 1-35
Selye H, Bajusz E. Sensitization by potassium deficiency for
the production of myocardial necrosis by stress. Am | Pathol
1959; 35: 525-535 [PMID: 13649885]

Grippo A]J, Johnson AK. Stress, depression and cardiovascu-
lar dysregulation: a review of neurobiological mechanisms
and the integration of research from preclinical disease mod-
els. Stress 2009; 12: 1-21 [PMID: 19116888 DOI: 10.1080/10253
890802046281]

Hall JM, Cruser D, Podawiltz A, Mummert DI, Jones H,
Mummert ME. Psychological Stress and the Cutaneous
Immune Response: Roles of the HPA Axis and the Sympa-
thetic Nervous System in Atopic Dermatitis and Psoriasis.
Dermatol Res Pract 2012; 2012: 403908 [PMID: 22969795 DOI:
10.1155/2012/403908]

Gold PW, Chrousos GP. Organization of the stress system
and its dysregulation in melancholic and atypical depression:
high vs low CRH/NE states. Mol Psychiatry 2002; 7: 254-275
[PMID: 11920153 DOI: 10.1038/ sj.mp.4001032]

Cohen S, Janicki-Deverts D, Doyle W], Miller GE, Frank E,
Rabin BS, Turner RB. Chronic stress, glucocorticoid receptor
resistance, inflammation, and disease risk. Proc Natl Acad Sci
USA 2012; 109: 5995-5999 [PMID: 22474371 DOI: 10.1073/
Ppnas.1118355109]

Khan KM, Drescher MJ, Hatfield JS, Ramakrishnan NA, Dre-
scher DG. Immunohistochemical localization of adrenergic
receptors in the rat organ of corti and spiral ganglion. ] Neu-
rosci Res 2007; 85: 3000-3012 [PMID: 17671986 DOI: 10.1002/
jnr.21404]

Khan KM, Sarfaraz N, Siddiqui S, Malik ZA, Salim Z. Ex-
pression of G protein alpha subunits in the lateral wall of the
rat cochlea. | Anat 2003; 202: 293-301 [PMID: 12713269]
Gruber DD, Dang H, Shimozono M, Scofield MA, Wange-
mann P. AlphalA-adrenergic receptors mediate vasoconstric-
tion of the isolated spiral modiolar artery in vitro. Hear Res
1998; 119: 113-124 [PMID: 9641324]

Ross MD. Glycogen accumulation in Reissner’s membrane
following chemical sympathectomy with 6-hydroxydopa-
mine. Acta Otolaryngol 1978; 86: 314-330 [PMID: 213930]
Wangemann P, Liu J, Shimozono M, Schimanski S, Scofield
MA. K+ secretion in strial marginal cells is stimulated via
beta 1-adrenergic receptors but not via beta 2-adrenergic or
vasopressin receptors. | Membr Biol 2000; 175: 191-202 [PMID:
10833529]

Fauser C, Schimanski S, Wangemann P. Localization of
betal-adrenergic receptors in the cochlea and the vestibular
labyrinth. ] Membr Biol 2004; 201: 25-32 [PMID: 15635809]
Mori N, Uozumi N. Evidence that beta 2-receptors mediate
action of catecholamines on endolymphatic sac DC potential.
Am ] Physiol 1991; 260: R911-R915 [PMID: 1852128]
Schimanski S, Scofield MA, Wangemann P. Functional
beta2-adrenergic receptors are present in nonstrial tissues of
the lateral wall in the gerbil cochlea. Audiol Neurootol 2001; 6:
124-131 [PMID: 11474138]

Khan KM, Drescher MJ, Hatfield JS, Khan AM, Drescher DG.
Muscarinic receptor subtypes are differentially distributed
in the rat cochlea. Neuroscience 2002; 111: 291-302 [PMID:
11983315]

Kanzaki J, Masuda M. Correlation between stress and acute
sensorineural hearing loss: stress and sudden deafness (in
Japanese). Audiology Japan 2013; 56: 137-152

Rosas-Ballina M, Olofsson PS, Ochani M, Valdés-Ferrer SI,
Levine YA, Reardon C, Tusche MW, Pavlov VA, Andersson U,
Chavan S, Mak TW, Tracey KJ. Acetylcholine-synthesizing T
cells relay neural signals in a vagus nerve circuit. Science 2011;
334: 98-101 [PMID: 21921156 DOI: 10.1126/ science.1209985]
Dimitrijevic M, Stanojevic S, Kustrimovic N, Leposavic G.
End-point effector stress mediators in neuroimmune interac-
tions: their role in immune system homeostasis and autoim-

August 28,2013 | Volume 3 | Issue 3 |



97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

mune pathology. Immunol Res 2012; 52: 64-80 [PMID: 22396175
DOI: 10.1007/512026-012-8275-9]

Dragos D, Tandsescu MD. The effect of stress on the defense
systems. | Med Life 2010; 3: 10-18 [PMID: 20302192]

Shi FD, Ljunggren HG, Sarvetnick N. Innate immunity and
autoimmunity: from self-protection to self-destruction. Trends
Immunol 2001; 22: 97-101 [PMID: 11286711]

Costantini C, Micheletti A, Calzetti F, Perbellini O, Pizzolo
G, Cassatella MA. Neutrophil activation and survival are
modulated by interaction with NK cells. Int Immunol 2010; 22:
827-838 [PMID: 20739460 DOI: 10.1093/ intimm,/ dxq434]
King PT, Ngui ], Farmer MW, Hutchinson P, Holmes PW,
Holdsworth SR. Cytotoxic T lymphocyte and natural killer
cell responses to non-typeable Haemophilus influenzae.
Clin Exp Immunol 2008; 152: 542-551 [PMID: 18462210 DOI:
10.1111/j.1365-2249.2008.03667.X]

Shi FD, Zhou Q. Natural killer cells as indispensable players
and therapeutic targets in autoimmunity. Autoimmunity 2011;
44: 3-10 [PMID: 20701455 DOI: 10.3109/08916931003782122]
Cohen F, Kemeny ME, Zegans LS, Johnson P, Kearney
KA, Stites DP. Immune function declines with unemploy-
ment and recovers after stressor termination. Psychosom
Med 2007; 69: 225-234 [PMID: 17401058 DOI: 10.1097/
PSY.0b013e31803139a6]

Borella P, Bargellini A, Rovesti S, Pinelli M, Vivoli R, Solfrini
V, Vivoli G. Emotional stability, anxiety, and natural killer
activity under examination stress. Psychoneuroendocrinology
1999; 24: 613-627 [PMID: 10399771]

Fletcher MA, Zeng XR, Maher K, Levis S, Hurwitz B, Antoni
M, Broderick G, Klimas NG. Biomarkers in chronic fatigue
syndrome: evaluation of natural killer cell function and di-
peptidyl peptidase IV/CD26. PLoS One 2010; 5: €10817 [PMID:
20520837 DOI: 10.1371/journal.pone.0010817]

Fondell E, Axelsson J, Franck K, Ploner A, Lekander M, Bilter
K, Gaines H. Short natural sleep is associated with higher T
cell and lower NK cell activities. Brain Behav Immun 2011; 25:
1367-1375 [PMID: 21496482 DOI: 10.1016/j.bbi.2011.04.004]
Bellingrath S, Rohleder N, Kudielka BM. Healthy work-
ing school teachers with high effort-reward-imbalance and
overcommitment show increased pro-inflammatory immune
activity and a dampened innate immune defence. Brain Behav
Immun 2010; 24: 1332-1339 [PMID: 20599495 DOI: 10.1016/
j-bbi.2010.06.011]

Rohleder N, Aringer M, Boentert M. Role of interleukin-6 in
stress, sleep, and fatigue. Ann N Y Acad Sci 2012; 1261: 88-96
[PMID: 22823398 DOI: 10.1111/j.1749-6632.2012.06634.x]
Goshen I, Yirmiya R. Interleukin-1 (IL-1): a central regula-
tor of stress responses. Front Neuroendocrinol 2009; 30: 30-45
[PMID: 19017533 DOI: 10.1016/j.yfrne.2008.10.001]

Elenkov IJ, Wilder RL, Chrousos GP, Vizi ES. The sympa-
thetic nerve--an integrative interface between two supersys-
tems: the brain and the immune system. Pharmacol Rev 2000;
52: 595-638 [PMID: 11121511]

Gadek-Michalska A, Spyrka ], Bugajski J. Psychosocial stress
affects the involvement of prostaglandins and nitric oxide
in the lipopolysaccharide-induced hypothalamic-pituitary-
adrenal response. | Physiol Pharmacol 2005; 56: 287-298 [PMID:
15985709]

Dinarello CA, Simon A, van der Meer JW. Treating inflam-
mation by blocking interleukin-1 in a broad spectrum of dis-
eases. Nat Rev Drug Discov 2012; 11: 633-652 [PMID: 22850787
DOI: 10.1038 /nrd3800]

Bellingrath S, Rohleder N, Kudielka BM. Effort-reward-
imbalance in healthy teachers is associated with higher LPS-
stimulated production and lower glucocorticoid sensitivity
of interleukin-6 in vitro. Biol Psychol 2013; 92: 403-409 [PMID:
23246534 DOI: 10.1016/j.biopsycho.2012.12.003]

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The
pro- and anti-inflammatory properties of the cytokine in-
terleukin-6. Biochim Biophys Acta 2011; 1813: 878-888 [PMID:

K

Gz
Raishideng®

WJO | www.wjgnet.com

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Masuda M et a/. Stress response theory

21296109 DOI: 10.1016/j.bbamcr.2011.01.034]

Bierhaus A, Wolf ], Andrassy M, Rohleder N, Humpert PM,
Petrov D, Ferstl R, von Eynatten M, Wendt T, Rudofsky G,
Joswig M, Morcos M, Schwaninger M, McEwen B, Kirsch-
baum C, Nawroth PP. A mechanism converting psychosocial
stress into mononuclear cell activation. Proc Natl Acad Sci
USA 2003; 100: 1920-1925 [PMID: 12578963 DOI: 10.1073/
Ppnas.0438019100]

Pace TW, Mletzko TC, Alagbe O, Musselman DL, Nemeroff
CB, Miller AH, Heim CM. Increased stress-induced inflam-
matory responses in male patients with major depression and
increased early life stress. Am | Psychiatry 2006; 163: 1630-1633
[PMID: 16946190 DOI: 10.1176/ appi.ajp.163.9.1630]

Richlin VA, Arevalo JM, Zack JA, Cole SW. Stress-induced
enhancement of NF-kappaB DNA-binding in the peripheral
blood leukocyte pool: effects of lymphocyte redistribution.
Brain Behav Immun 2004; 18: 231-237 [PMID: 15050650 DOI:
10.1016/.bbi.2003.08.001]

Iliopoulos D, Jaeger SA, Hirsch HA, Bulyk ML, Struhl K.
STATS3 activation of miR-21 and miR-181b-1 via PTEN and
CYLD are part of the epigenetic switch linking inflammation
to cancer. Mol Cell 2010; 39: 493-506 [PMID: 20797623 DOI:
10.1016/j.molcel.2010.07.023]

Jeong HJ, Hong SH, Park RK, Shin T, An NH, Kim HM. Hy-
poxia-induced IL-6 production is associated with activation
of MAP kinase, HIF-1, and NF-kappaB on HEI-OC1 cells.
Hear Res 2005; 207: 59-67 [PMID: 15913932 DOI: 10.1016/
j-heares.2005.04.003]

Rief W, Mills PJ, Ancoli-Israel S, Ziegler MG, Pung MA,
Dimsdale JE. Overnight changes of immune parameters and
catecholamines are associated with mood and stress. Psycho-
som Med 2010; 72: 755-762 [PMID: 20841563 DOI: 10.1097/
PSY.0b013e3181£367€2]

Chennaoui M, Sauvet F, Drogou C, Van Beers P, Langrume
C, Guillard M, Gourby B, Bourrilhon C, Florence G, Gomez-
Merino D. Effect of one night of sleep loss on changes in
tumor necrosis factor alpha (TNF-a) levels in healthy men.
Cytokine 2011; 56: 318-324 [PMID: 21737301 DOI: 10.1016/
j-cyt0.2011.06.002]

von Kinel R, Bellingrath S, Kudielka BM. Association be-
tween burnout and circulating levels of pro- and anti-inflam-
matory cytokines in schoolteachers. | Psychosom Res 2008; 65:
51-59 [PMID: 18582612 DOI: 10.1016/j.jpsychores.2008.02.007]
Lalive PH, Burkhard PR, Chofflon M. TNF-alpha and psy-
chologically stressful events in healthy subjects: potential
relevance for multiple sclerosis relapse. Behav Neurosci 2002;
116: 1093-1097 [PMID: 12492308]

Weber C, Arck P, Mazurek B, Klapp BF. Impact of a relax-
ation training on psychometric and immunologic parameters
in tinnitus sufferers. ] Psychosom Res 2002; 52: 29-33 [PMID:
11801262]

Mommersteeg PM, Pelle AJ, Ramakers C, Szab6é BM, Denol-
let J, Kupper N. Type D personality and course of health sta-
tus over 18 months in outpatients with heart failure: multiple
mediating inflammatory biomarkers. Brain Behav Immun 2012;
26: 301-310 [PMID: 21983280 DOI: 10.1016/.bbi.2011.09.010]
Heinrich UR, Helling K. Nitric oxide--a versatile key player
in cochlear function and hearing disorders. Nitric Oxide 2012;
27:106-116 [PMID: 22659013 DOI: 10.1016/j.niox.2012.05.005]
Kerr PM, Tam R, Narang D, Potts K, McMillan D, McMillan K,
Plane F. Endothelial calcium-activated potassium channels as
therapeutic targets to enhance availability of nitric oxide. Can
J Physiol Pharmacol 2012; 90: 739-752 [PMID: 22626011 DOI:
10.1139/y2012-075]

Keynes RG, Garthwaite J. Nitric oxide and its role in ischaemic
brain injury. Curr Mol Med 2004; 4: 179-191 [PMID: 15032712]
Zhao HB, Kikuchi T, Ngezahayo A, White TW. Gap junctions
and cochlear homeostasis. | Membr Biol 2006; 209: 177-186
[PMID: 16773501 DOI: 10.1007/s00232-005-0832-x]

Kikuchi T, Kimura RS, Paul DL, Adams JC. Gap junctions in

August 28,2013 | Volume 3 | Issue 3 |



Masuda M et a/. Stress response theory

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

the rat cochlea: immunohistochemical and ultrastructural anal-
ysis. Anat Embryol (Berl) 1995; 191: 101-118 [PMID: 7726389]
Spicer SS, Schulte BA. Differentiation of inner ear fibrocytes
according to their ion transport related activity. Hear Res
1991; 56: 53-64 [PMID: 1663106]

Hirose K, Liberman MC. Lateral wall histopathology and
endocochlear potential in the noise-damaged mouse cochlea.
J Assoc Res Otolaryngol 2003; 4: 339-352 [PMID: 14690052 DOI:
10.1007/510162-002-3036-4]

Kelly JJ, Forge A, Jagger DJ. Development of gap junctional
intercellular communication within the lateral wall of the
rat cochlea. Neuroscience 2011; 180: 360-369 [PMID: 21320575
DOI: 10.1016/j.neuroscience.2011.02.011]

Suzuki T, Matsunami T, Hisa Y, Takata K, Takamatsu T,
Oyamada M. Roles of gap junctions in glucose transport from
glucose transporter 1-positive to -negative cells in the lateral
wall of the rat cochlea. Histochem Cell Biol 2009; 131: 89-102
[PMID: 18787834 DOI: 10.1007/s00418-008-0502-z]

Kelly JJ, Forge A, Jagger DJ. Contractility in type III cochlear
fibrocytes is dependent on non-muscle myosin II and intercel-
lular gap junctional coupling. | Assoc Res Otolaryngol 2012; 13:
473-484 [PMID: 22476723 DOI: 10.1007 /s10162-012-0322-7]
Hibino H, Nin F, Tsuzuki C, Kurachi Y. How is the highly
positive endocochlear potential formed? The specific architec-
ture of the stria vascularis and the roles of the ion-transport
apparatus. Pflugers Arch 2010; 459: 521-533 [PMID: 20012478
DOI: 10.1007 / s00424-009-0754-z]

Hequembourg S, Liberman MC. Spiral ligament pathology: a
major aspect of age-related cochlear degeneration in C57BL/6
mice. | Assoc Res Otolaryngol 2001; 2: 118-129 [PMID: 11550522]
Hoya N, Okamoto Y, Kamiya K, Fujii M, Matsunaga T. A
novel animal model of acute cochlear mitochondrial dysfunc-
tion. Neuroreport 2004; 15: 1597-1600 [PMID: 15232290]
Mizutari K, Matsunaga T, Kamiya K, Fujinami Y, Fujii M,
Ogawa K. Caspase inhibitor facilitates recovery of hearing by
protecting the cochlear lateral wall from acute cochlear mito-
chondrial dysfunction. ] Neurosci Res 2008; 86: 215-222 [PMID:
17722114 DOI: 10.1002/jnr.21470]

Okamoto Y, Hoya N, Kamiya K, Fujii M, Ogawa K, Matsu-
naga T. Permanent threshold shift caused by acute cochlear
mitochondrial dysfunction is primarily mediated by degener-
ation of the lateral wall of the cochlea. Audiol Neurootol 2005;
10: 220-233 [PMID: 15809501 DOI: 10.1159/000084843]

Wang Y, Hirose K, Liberman MC. Dynamics of noise-induced
cellular injury and repair in the mouse cochlea. | Assoc Res
Otolaryngol 2002; 3: 248-268 [PMID: 12382101 DOI: 10.1007/
5101620020028]

Adams JC, Seed B, Lu N, Landry A, Xavier R]. Selective activa-
tion of nuclear factor kappa B in the cochlea by sensory and
inflammatory stress. Neuroscience 2009; 160: 530-539 [PMID:
19285117

Yamamoto H, Omelchenko I, Shi X, Nuttall AL. The influence
of NF-kappaB signal-transduction pathways on the murine
inner ear by acoustic overstimulation. | Neurosci Res 2009; 87:
1832-1840 [PMID: 19185019 DOI: 10.1002/jnr.22018]

Miyao M, Firestein GS, Keithley EM. Acoustic trauma aug-
ments the cochlear immune response to antigen. Laryngo-
scope 2008; 118: 1801-1808 [PMID: 18806477 DOI: 10.1097/
MLG.0b013e31817e2c27]

Masuda M, Nagashima R, Kanzaki S, Fujioka M, Ogita K,
Ogawa K. Nuclear factor-kappa B nuclear translocation in the
cochlea of mice following acoustic overstimulation. Brain Res
2006; 1068: 237-247 [PMID: 16376312]

So H, Kim H, Lee JH, Park C, Kim Y, Kim E, Kim JK, Yun
KJ, Lee KM, Lee HY, Moon SK, Lim D], Park R. Cisplatin
cytotoxicity of auditory cells requires secretions of proinflam-
matory cytokines via activation of ERK and NF-kappaB. |
Assoc Res Otolaryngol 2007; 8: 338-355 [PMID: 17516123 DOI:
10.1007/510162-007-0084-9]

Fujioka M, Kanzaki S, Okano HJ, Masuda M, Ogawa K,

(49

TR
Raishideng®

WJO | www.wjgnet.com

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Okano H. Proinflammatory cytokines expression in noise-
induced damaged cochlea. ] Neurosci Res 2006; 83: 575-583
[PMID: 16429448 DOI: 10.1002/jnr.20764]

Rahman A, Fazal F. Hug tightly and say goodbye: role of
endothelial ICAM-1 in leukocyte transmigration. Antioxid
Redox Signal 2009; 11: 823-839 [PMID: 18808323 DOI: 10.1089/
ARS.2008.2204]

Wagner DD, Frenette PS. The vessel wall and its interactions.
Blood 2008; 111: 5271-5281 [PMID: 18502843 DOI: 10.1182/
blood-2008-01-078204]

Sumagin R, Kuebel JM, Sarelius IH. Leukocyte rolling and
adhesion both contribute to regulation of microvascular per-
meability to albumin via ligation of ICAM-1. Am ] Physiol Cell
Physiol 2011; 301: C804-C813 [PMID: 21653902 DOI: 10.1152/
ajpcell.00135.2011]

Neuser J, Knoop T. Sudden idiopathic hearing loss: psycho-
pathology and antecedent stressful life-events. Br ] Med Psy-
chol 1986; 59 (Pt 3): 245-251 [PMID: 3768272]

Nakamura M, Aoki N, Nakashima T, Hoshino T, Yokoyama
T, Morioka S, Kawamura T, Tanaka H, Hashimoto T, Ohno
Y, Whitlock G. Smoking, alcohol, sleep and risk of idiopathic
sudden deafness: a case-control study using pooled controls.
] Epidemiol 2001; 11: 81-86 [PMID: 11388497]

Nakashima T, Tanabe T, Yanagita N, Wakai K, Ohno Y. Risk
factors for sudden deafness: a case-control study. Auris Nasus
Larynx 1997; 24: 265-270 [PMID: 9251855]

Merchant SN, Durand ML, Adams JC. Sudden deafness: is
it viral? ORL | Otorhinolaryngol Relat Spec 2008; 70: 52-60; dis-
cussion 60-62 [PMID: 18235206 DOI: 10.1159/000111048]
Mazzeo RS, Donovan D, Fleshner M, Butterfield GE, Zamudio
S, Wolfel EE, Moore LG. Interleukin-6 response to exercise and
high-altitude exposure: influence of alpha-adrenergic block-
ade. ] Appl Physiol 2001; 91: 2143-2149 [PMID: 11641355]
Mattox DE, Simmons FB. Natural history of sudden sensori-
neural hearing loss. Ann Otol Rhinol Laryngol 1977; 86: 463-480
[PMID: 889223]

Eisenberger NI, Inagaki TK, Mashal NM, Irwin MR. Inflam-
mation and social experience: an inflammatory challenge in-
duces feelings of social disconnection in addition to depressed
mood. Brain Behav Immun 2010; 24: 558-563 [PMID: 20043983
DOI: 10.1016/j.bbi.2009.12.009]

Kimbrell MR, Warshakoon H, Cromer JR, Malladi S, Hood
JD, Balakrishna R, Scholdberg TA, David SA. Comparison of
the immunostimulatory and proinflammatory activities of
candidate Gram-positive endotoxins, lipoteichoic acid, pepti-
doglycan, and lipopeptides, in murine and human cells. Im-
munol Lett 2008; 118: 132-141 [PMID: 18468694 DOI: 10.1016/
j-imlet.2008.03.009]

Suwa T, Hogg JC, English D, Van Eeden SF. Interleukin-6 in-
duces demargination of intravascular neutrophils and short-
ens their transit in marrow. Am | Physiol Heart Circ Physiol
2000; 279: H2954-H2960 [PMID: 11087252]

Wolters PJ, Wray C, Sutherland RE, Kim SS, Koff ], Mao Y,
Frank JA. Neutrophil-derived IL-6 limits alveolar barrier
disruption in experimental ventilator-induced lung injury. |
Immunol 2009; 182: 8056-8062 [PMID: 19494331 DOI: 10.4049/
jimmunol.0801323]

Nijm J, Wikby A, Tompa A, Olsson AG, Jonasson L. Circu-
lating levels of proinflammatory cytokines and neutrophil-
platelet aggregates in patients with coronary artery disease.
Am ] Cardiol 2005; 95: 452-456 [PMID: 15695127 DOI: 10.1016/
j.amjcard.2004.10.009]

Khuseyinova N, Koenig W. Biomarkers of outcome from
cardiovascular disease. Curr Opin Crit Care 2006; 12: 412-419
[PMID: 16943718 DOI: 10.1097/01.ccx.0000244119.16377.75]
Maugeri N, Manfredi AA, Maseri A. Clinical and experimen-
tal evidences on the prothrombotic properties of neutrophils.
Srp Arh Celok Lek 2010; 138 Suppl 1: 50-52 [PMID: 20229683]
Wakabayashi K, Fujioka M, Kanzaki S, Okano HJ, Shibata
S, Yamashita D, Masuda M, Mihara M, Ohsugi Y, Ogawa K,

August 28,2013 | Volume 3 | Issue 3 |



164

165

166

167

168

169

Okano H. Blockade of interleukin-6 signaling suppressed co-
chlear inflammatory response and improved hearing impair-
ment in noise-damaged mice cochlea. Neurosci Res 2010; 66:
345-352 [PMID: 20026135 DOI: 10.1016/j.neures.2009.12.008]
Scherer EQ, Yang ], Canis M, Reimann K, Ivanov K, Diehl
CD, Backx PH, Wier WG, Strieth S, Wangemann P, Voigt-
laender-Bolz ], Lidington D, Bolz SS. Tumor necrosis factor-a
enhances microvascular tone and reduces blood flow in the
cochlea via enhanced sphingosine-1-phosphate signaling.
Stroke 2010; 41: 2618-2624 [PMID: 20930159 DOI: 10.1161/
STROKEAHA.110.593327]

Wang Y, Yu C, Pan Y, Li ], Zhang Y, Ye F, Yang S, Zhang H,
Li X, Liang G. A novel compound C12 inhibits inflammatory
cytokine production and protects from inflammatory injury in
vivo. PLoS One 2011; 6: €24377 [PMID: 21931698 DOI: 10.1371/
journal.pone.0024377]

Maruo N, Morita I, Shirao M, Murota S. IL-6 increases en-
dothelial permeability in vitro. Endocrinology 1992; 131: 710-714
[PMID: 1639018]

Gyo K. Experimental study of transient cochlear ischemia as
a cause of sudden deafness. World | Otorhinolaryngol 2013; 3:
1-15 [DOL 10,5319/ wjo.v3.i1.1]

Sugiura M, Naganawa S, Teranishi M, Nakashima T. Three-
dimensional fluid-attenuated inversion recovery magnetic
resonance imaging findings in patients with sudden sensori-
neural hearing loss. Laryngoscope 2006; 116: 1451-1454 [PMID:
16885752 DOI: 10.1097/01.mlg.0000228005.78187.23]

Yoshida T, Sugiura M, Naganawa S, Teranishi M, Nakata
S, Nakashima T. Three-dimensional fluid-attenuated inver-

(49

TR
Raishideng®

WJO | www.wjgnet.com

170

171

172

173

174

57

Masuda M et a/. Stress response theory

sion recovery magnetic resonance imaging findings and
prognosis in sudden sensorineural hearing loss. Laryngo-
scope 2008; 118: 1433-1437 [PMID: 18475208 DOI: 10.1097/
MLG.0b013e318172ef85]

Ryu IS, Yoon TH, Ahn JH, Kang WS, Choi BS, Lee JH, Shim
M]. Three-dimensional fluid-attenuated inversion recovery
magnetic resonance imaging in sudden sensorineural hearing
loss: correlations with audiologic and vestibular testing. Otol
Neurotol 2011; 32: 1205-1209 [PMID: 21921851 DOI: 10.1097/
MAO.0b013e31822e969f]

Asberg M, Nygren A, Leopardi R, Rylander G, Peterson U,
Wilczek L, Kdllmén H, Ekstedt M, Akerstedt T, Lekander M,
Ekman R. Novel biochemical markers of psychosocial stress
in women. PLoS One 2009; 4: e3590 [PMID: 19177163 DOI:
10.1371/journal.pone.0003590]

Jonsdottir IH, Hiagg DA, Glise K, Ekman R. Monocyte che-
motactic protein-1 (MCP-1) and growth factors called into
question as markers of prolonged psychosocial stress. PLoS
One 2009; 4: 7659 [PMID: 19888340 DOI: 10.1371/journal.
pone.0007659]

Broderick G, Fuite J, Kreitz A, Vernon SD, Klimas N, Fletcher
MA. A formal analysis of cytokine networks in chronic
fatigue syndrome. Brain Behav Immun 2010; 24: 1209-1217
[PMID: 20447453 DOI: 10.1016/j.bbi.2010.04.012]

Kang HS, Park JJ, Ahn SK, Hur DG, Kim HY. Effect of high
dose intravenous vitamin C on idiopathic sudden sensori-
neural hearing loss: a prospective single-blind randomized
controlled trial. Eur Arch Otorhinolaryngol 2013; 270: 2631-2636
[PMID: 23208525 DOI: 10.1007/s00405-012-2294-y]

P- Reviewers Ciuman R, Gross M, Nakashima T
S- Editor GouSX L-Editor A E- Editor Zheng XM

August 28,2013 | Volume 3 | Issue 3 |



wdJ 0

World Journal of
Otorhinolaryngology

Online Submissions: http:/ /www.wjgnet.com/esps/
wjotorhinolaryngol@wjgnet.com
doi:10.5319/wjo.v3.i3.58

World ] Otorhinolaryngol 2013 August 28; 3(3): 58-70
ISSN 2218-6247 (online)
© 2013 Baishideng. All rights reserved.

REVIEW

Noise-induced hearing loss in the 21* century: A research

and translational update

Ann Chi Yan Wong, Kristina E Froud, Yves Shang-Yi Hsieh

Ann Chi Yan Wong, Kristina E Froud, Translational Neurosci-
ence Facility, Department of Physiology, Faculty of Medicine,
School of Medical Sciences, University of New South Wales,
Sydney, NSW 2052, Australia

Yves Shang-Yi Hsieh, School of Chemistry, University of Syd-
ney, Sydney, NSW 2052, Australia

Author contributions: All authors contributed equally to this
work.

Correspondence to: Ann Chi Yan Wong, PhD, Translational
Neuroscience Facility, Department of Physiology, Faculty of Medi-
cine, School of Medical Sciences, University of New South Wales,
UNSW, Sydney NSW 2052, Australia. acy.wong@unsw.edu.au
Telephone: +61-2-93852443 Fax: +61-2-93851485
Received: May 21, 2013 Revised: July 10, 2013
Accepted: July 17,2013

Published online: August 28, 2013

Abstract

Millions of people worldwide are exposed to harmful lev-
els of noise daily in their work and leisure environment.
This makes noise-induced hearing loss (NIHL) a major
occupational health risk globally. NIHL is the second
most common form of acquired hearing loss after age-
related hearing loss and is itself a major contributing
factor to presbycusis. Temporary threshold shifts, once
thought to be relatively harmless and recoverable, are
now known to cause permanent cochlear injury lead-
ing to permanent loss of hearing sensitivity. This article
reviews the current understanding of the cellular and
molecular pathophysiology of NIHL with latest findings
from animal models. Therapeutic approaches to protect
against or to mitigate NIHL are discussed based on their
proposed action against these known mechanisms of
cochlear injury. Successes in identifying genes that pre-
dispose individuals to NIHL by candidate gene associa-
tion studies are discussed with matched gene knockout
animal models. This links to exciting developments in
experimental gene therapy to replace and regenerate
lost hair cells and post-noise otoprotective therapies
currently being investigated in clinical trials. The aim is
to provide new insights into current and projected fu-
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ture strategies to manage NIHL; bench to bedside treat-
ment is foreseeable in the next 5 to 10 years.

© 2013 Baishideng. All rights reserved.
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Core tip: Noise-induced hearing loss (NIHL) affects mil-
lions of people worldwide irrespective of age, sex, and
race. Hearing aids and cochlear implants are currently
the only available interventions. This review article
summarizes the cellular and molecular mechanisms of
NIHL to-date. Significant milestones in uncovering ge-
netic predisposition to NIHL in humans, experimental
gene therapies and post-noise otoprotective strategies
to reduce the impact of NIHL are reviewed.

Wong ACY, Froud KE, Hsieh YSY. Noise-induced hearing loss
in the 21* century: A research and translational update. World
J Otorhinolaryngol 2013; 3(3): 58-70 Available from: URL:
http://www.wjgnet.com/2218-6247/full/v3/i3/58.htm DOI: http://
dx.doi.org/10.5319/wjo.v3.i3.58

INTRODUCTION

Noise-induced hearing loss (NIHL) is a major health
problem indiscriminately affecting people of all ages, sex,
or race worldwide. A single traumatic exposure to loud
sound, such as gun-shot or fireworks, or prolonged or
repeated exposure to excessive sound over the accept-
able daily exposure (85 dBA for 8 h, a guideline set by the
National Institute for Occupational Safety and Health),
cause sensorineural damage to the cochlea. This damage
leads to either immediate hearing loss (impulse noise) or
chronic progressive NIHL. Besides traditional hazardous
exposure to occupational noise in industrial (construction,
mining, forestry, aircraft, agricultural) and military set-
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tings, recreational exposure is equally accountable, since
many leisure activity venues (clubs, discos, gyms, sport
arenas) exceed recommended sound levels. Further, the
Action on Hearing Loss (United Kingdom) has issued
a serious warning that approximately two-thirds of 18-
to 30-year olds are exposed to dangerously high-intensity
sounds (> 85 dB) which can cause hearing damage,
through personal listening devices™. NIHL causes social
isolation, impaired communication with family and co-
workers, lost productivity, decreased self-esteem, depres-
sion and cognitive decline. With an aging population and
the global expectation to delay retirement age, the com-
pounding socioeconomic impact of NIHL and age-relat-
ed hearing loss (ARHL) is set to become even more sig-
nificant. Despite this, hearing aids and cochlear implants
are the only currently available management strategies for
NIHL. It is therefore crucial to develop pharmacological
and molecular therapies for NIHL that can ameliorate
or repair injury to the cochlea and reduce the impact of
hearing loss. This paper reviews the current knowledge
of the cellular and molecular mechanisms of NIHL as
well as genetic predisposition to NIHL in humans and
matched animal models. Significant research milestones
and treatment avenues including gene therapies and post-
noise otoprotective strategies achieved in recent years are
discussed.

Mechanisms of noise induced cochlear injury

Sound detection by the cochlea is made possible by its
sensorineural cellular elements, namely sensory hair cells
and supporting cells. Outer hair cells (OHC) are elec-
tromotile and contract upon depolarization (reverse-
transduction). These cells mechanically enhance the
vibration of a narrow region of the basilar membrane to
improve detection sensitivity (approximately 40-60 dB)"
and frequency selectivity of the organ of Corti through
cochlear amplification. The mechanical vibration is then
transduced by inner hair cells IHC), the classical sensory
receptor cells, into auditory neurotransmission. This trans-
duction is achieved through electrochemical coupling to
its postsynaptic auditory afferent neurons, the spiral gan-
glion neurons (SGN). The structural organization of the
cochlea is maintained by supporting cells lining the sen-
sory epithelium and lateral wall tissues, the stria vascularis
and spiral ligament. The supporting cells are also critical
in maintaining endolymph ion homeostasis and cochlea
blood supply.

The classical features of NIHL at the cellular level
include damaged hair cell stereocilia, hair cell loss, swell-
ing of afferent dendrites and SGN in Rosenthal’s canal.
The organ of Corti is compressed as result of damages
to the supporting pillar cells, strial shrinkage, and loss of
fibrocytes in the spiral limbus and spiral ligament. The
cellular architecture of the high-frequency encoding basal
region of the organ of Corti is more vulnerable to noise
injury compared to the low-frequency apical region. This
is consistent with the “half-octave shift” phenomenon™”
whereby the largest noise-induced threshold shifts are
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observed at the frequency approximately one-half oc-
tave above the stimulus frequency. This is especially true
with pure tone and higher-level noise exposure, since the
OHC are more prone to noise induced damage affect-
ing their cochlear amplifier function. This sensorineural
tissue damage is irreversible in the mammalian cochlea
since the hair cells, which provide trophic support to the
SGN, cannot regenerate. Figure 1 shows the cochlear cell
types affected in NIHL.

Research using animal models of NIHL suggests two
routes of cochlear damage following noise exposure.
The first is that intense noise causes direct mechanical
disruption of the hair cell stereocilia and direct damage
to supporting and sensory cells leading to hair cell loss®".
The other route is metabolic damage through various bio-
chemical pathways that converge and cumulatively trigger
hair cell death through either apoptosis or necrosis™.

Current theories of metabolic damage focus on oxida-
tive stress, which includes excessive generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
in the cochlea triggered by exposure to loud sound, fol-
lowed by caspase-mediated cell death by apoptosis™""?.
ROS have been detected in cochlear tissue immediately
after noise exposurem] and seen to persist for 7-10 d after,
spreading from the basal end of the organ of Corti to
the apical turn; the RNS product peroxynitrite (ONOO)),
generated by the combination of nitric oxide (NO) and
superoxide has also been found"". This prolonged oxida-
tive stress is proposed to induce the delayed and contin-
ued cochlear injury. This time might, therefore, provide
a “window of opportunity” for post-noise otoprotective
interventions to ameliorate or repair injury to the co-
chlea and reduce the impact of hearing loss. Apoptosis-
inducing factor and EndoG are also released by mito-
chondria into the cytosol of cochlear cells following noise
exposure . Translocation of these pro-apoptotic factors
into the nucleus triggers apoptosis. Activation of the
c-Jun N-terminal kinase/mitogen-activated protein kinase
(NK/MAPK) signaling pathway is also implicated in
OHC apoptosis in response to oxidative stress' .,

Free radicals (ROS and RNS) can cause damage by
reacting with DNA, proteins, cytosolic molecules, cell sur-
face receptors, and breaking down membrane lipids. ROS
produced by the mitochondria induce lipid peroxidation
in the cochlea through the formation of malondialdehyde
and 4-hydroxynonenal byproducts' . This overloads the
cochlear antioxidant enzyme system, including superoxide
dismutase, catalase (CAT), glutathione peroxidase and
glutathione reductase, and depletes glutathione, the en-
dogenous antioxidant. Figure 2 provides an overview of
oxidative stress pathways and the production of free radi-
cals. In addition to apoptosis, ROS generation also leads
to inflammation, and production of the pro-inflammatory
cytokines interleukin-6 (IL-6)""" and tumor necrosis fac-
tor a"®. The presence of vasoactive lipid peroxidation
products such as isoprostanes potentially also lead to the
reduced cochlear blood flow associated with excessive
noise” !, Noise-induced ischemia and subsequent re-per-
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fusion further potentiate the generation of ROS. A recent
study has implicated the NO synthase/cGMP-dependent
protein kinase (Prkg-1) signaling pathway, normally in-
volved in vasodilation, in NIHL". Treatment with the
phosphodiesterase type 5 inhibitor vardenafil (Levitra)
almost completely prevented NIHL in the rat model.

Excessive noise also leads to an increase in free Ca™*
in cochlear hair cells immediately post—noisemj. This in-
crease can be caused by Ca™ entry through ion channels,
such as L-type Ca’" channels and P2X> ATP receptor
subunit, and lead to further release of Ca”" from intracel-
lular stores”". Elevated Ca”" levels in the cochlea may
link to ROS production as well as triggering apoptotic
and necrotic cell death pathways independent of ROS
formation™. In knock-out mice lacking expression of
the canonical transient receptor potential channel subtype
3 (TRPC3 channel), a non-selective cation-permeable
receptor expressed in sensorineural cochlear tissue”*,
cochlear hair cells displayed approximately 40% reduc-
tion in Ca”™* re-entry following intracellular calcium
depletion. The TRPC knockout mice have hyperacusis
at frequencies tonotopically encoded by mid-apical basi-
lar membrane, a region highly reliant on OHC cochlear
ampliﬁcation[27]. The consequence of disrupted calcium
homeostasis on noise susceptibility is also demonstrated
in plasma membrane Ca*"-ATPase isoform 2 (Pmea2 or
Atp2b2) mutant mice. The C-terminally truncated PM-
CAZ2a is the only isoform detected in the stereocilia of
hair cells™. Pmea2 null mice are deaf while their hetero-
zygous littermates have significant hearing loss®”. People
carrying a homozygous mutation in cadherin 23 (CDHZ23)
and a heterozygous, hypofunctional variant in PMCA2
have exaggerated hearing loss compared to those having
CDHZ23 mutation alone™.

An established mechanism of NIHL damage is the
excess release of the excitatory neurotransmitter gluta-
mate at the IHC afferent synapse. Glutamate excitotoxic-
ity resulting from excessive glutamate release following
noise overstimulation leads to an influx of cations such
as Ca”" across the post-synaptic membrane. The osmotic
imbalance results in swelling of the postsynaptic affer-
ent dendrites. Secondary to this cellular degeneration is
calcium-dependent caspase-mediated apoptosis by intrin-
sic (mitochondria-mediated) pathwaymm]. This may lead
to degeneration of type 1 SGN weeks and months after a
noise exposure[34]. The inhibitory neurotransmitter y-amino
butyric acid (GABA) is also associated with the regula-
tion of auditory function””. Mice lacking the GABAs:
receptor subunit have elevated hearing thresholds but in-
creased resistance to permanent acoustic injury".

A theory much revisited recently is the role of intrin-
sic feedback pathways providing endogenous cochlear
tissue protection against noise damage. Purinergic signal-
ing through ATP activation of the ATP-gated ion chan-
nel P2X> receptor subunit within the cochlea is known
to modulate cochlear function through regulating ion
homeostasis™* . In a recent study, Housley ¢ a/”” have
shown that ATP is released into the cochlear partition
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upon sound exposure, activating P2X> receptors, which
reduce the sensitivity of the hair cells through K shunt-
ing. This purinergic regulation of hearing sensitivity was
revealed by the absence of noise-induced temporary
threshold shift (TTS) in P2X> receptor knockout mice.
P2Xo receptor knockout mice also showed higher thresh-
old shifts in response to moderate noise exposure and
more substantial permanent loss of hearing sensitivity
compared to their wild-type littermates, supporting the
protective role of P2Xz receptor signaling pathway in
NIHL".

Noise causes psychological stress. The hypothalamic-
pituitary-adrenal (HPA) axis can be activated by noise
stress and directly modulate the sensitivity of the audi-
tory system'" . Glucocorticoid receptors are expressed
in human and rodent cochlea™*. Systemic glucocorti-
coids or steroid hormones are widely used to treat sud-
den hearing loss with variable success'. For example,
dexamethasone decrease the auditory thresholds in mice
subjected to a moderate acoustic trauma, while the pre-
treatment with glucocorticoid receptor antagonists ex-
acerbates threshold shifts””. The corticotropin-releasing
factor (CRF) involved in the activation of the HPA axis
also modulates hearing sensitivity. CRF receptor-1 knock-
out mice showed elevated auditory thresholds, while CRF
receptor-2 knockout mice exhibits lower auditory thresh-
olds than wild type mice, but increased susceptibility to
acoustic trauma 7, Figure 3 summarizes the mecha-
nisms of NIHL discussed.

Genetic predisposition to NIHL

NIHL is a complex condition caused by the interaction
of genetic and environmental factors. Therefore, individ-
ual vulnerability to NIHL is highly variable. Understand-
ing the genetic makeup of people susceptible to NIHL
will assist in early interventions and may lead to personal-
ized therapies. Knockout mouse studies have implicated
deficits in genes involved in antioxidative pathways or
the structure of the cochlea to increase susceptibility to
acoustic overstimulation. These include genes encoding
proteins of the hair cell (Cd/aZﬁm, PmmZ[Zg]), oxidative
stress (Sod1™"; Gpx1™™), stress-activated heat shock fac-
tor (HJﬂ[SG‘ﬂ) and potassium recycling[ss’sg]. In contrast,
until recently little was known about the genetic factors
that influence NIHL in humans. The advance in high-
throughput DNA sequencing technologies, or next-gen-
eration sequencing (reviewed in Metzker™) has greatly
accelerated understanding of human NIHL genetic pre-
disposition. Genes shown to be associated with oxidative
stress and cochlear function in mice are obvious candi-
date genes for human studies.

Some original linkage studies on oxidative stress genes
apparently showed a link between NIHL and mutations
in these genes. Glutathione S-transferase Mu 1 and theta
1 (GSTMT1 and GSTTT) deletion polymorphisms were
found in 58 noise-exposed workers” and deletion poly-
morphisms of antioxidant genes paraoxonase 1, paraox-
onase 2 and superoxide dismutase 2 (§ODZ2) were seen in

August 28,2013 | Volume 3 | Issue 3 |



Wong ACY et a/. Noise-induced hearing loss mechanism and interventions

94 noise-exposed male workers'™. However, these studies
need to be interpreted with caution due to sample size
and conflicting results from repeated studies with larger
populations[“‘ (Swedish workers, 103 susceptible to noise
and 114 resistant to noise). Association with the CAT
gene was revisited by Konings ez Y in two large inde-
pendent populations (Swedish and Polish). In their study,
additional single nucleotide polymorphisms (SNPs) were
investigated to cover most of the common genetic vari-
ants. Interactions between noise exposure and genotypes
and their effect on NIHL were also analyzed. Konings’
study confirmed that two SNPs in CAT have associations
with NIHL susceptibility, but only when noise exposure
levels are taken into account. Konings ez al® extended
their study in the two populations and analyzed 644 SNPs
in 53 candidate genes. Positive associations were shown
for protocadherin 15 (PCDHT5) and myosin 14 (MYH14).
These are of great importance to hearing function since
cadherins 23 and PCDH15 form hair cell tip links to
convey force to mechanotransduction (MET) channels in
sensory hair cells*” and patients with MYH14 mutations
are affected by autosomal dominant hearing impairment
(DFNA4)7,

Hair cell stereocilia are bathed in endolymph with
high K" content, which provides the driving force for
mechanosensory transduction. K enters the hair cells
through MET channels, exits through basolateral K*
channels, and is recycled back to the endolymph through
the outer sulcus cells, Reissner’s membrane, spiral liga-
ment and spiral limbus'®. Mutations in genes involved
in K" recycling, including GJB2, G|B3, G]B6, KCNET,
KCNQT1, and KCNQ4 cause both syndromic and non-
syndromic hearing loss (detailed in the Hereditary Hear-
ing loss Homepage http://hereditaryhearingloss.org).
Indeed, three SNPs in KCINE7 have been shown to have
significant associations with NIHL"" and the D85N
polymorphism variant, when expressed in cell culture
model, showed faster channel opening and larger K
entry current. The same KCINE7 SNPs and one KCNQ4
SNP was confirmed to associate with NIHL in a later
study'™".

TTS

In their seminal papers, Kujawa ¢z @/ have demonstrated
that early-life exposure to noise exacerbates ARHL and
that SGN are initially unharmed but dramatically degener-
ate 2 years after exposure to noise levels that cause TTS™,
Their studies provided insight into the synergy between
NIHL and ARHL, and also reinforced the importance
of TTS in the development of progressive NIHL. A re-
cent study of a rare heterozygous allele, P2X2 ¢.178G>T
(p-V60L), presented in the DFNA41 type of progressive
sensorineural hearing loss, in two unrelated large Chi-
nese families has demonstrated neatly how environment
and genetic predisposition interplay leading to NIHL™,
DFNA41 family members heterozygous for the mutated
ATP-gated P2Xo receptor (P2X2) exhibited elevated
hearing thresholds in their 20 s. Mutation carriers with
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history of occupational noise exposure as young adults
have increased threshold shifts of 10-20 dB in the 2-
8 kHz range compared to carriers with no previous noise
exposure. On par with their human counterparts, p2rx2-
null mice showed aggravated high-frequency hearing loss
following continuous exposures to moderate noise from
birth (8-16 kHz at 75 dB SPL). Patch-clamping and the
use of fluorescent probes for membrane permeability
analysis of transfected cells expressing P2X2 p.V60L
showed abolished P2X: receptor ion channel activity, sug-
gesting impaired channel function in the mutant allele
carriers. P2X> receptors ate expressed in the sensory hair
cells and supporting cells of the organ of Corti and the
afferent SGNP*". Sustained noise exposure causes up-
regulation of the p2x2 transcripts and P2Xz protein™™,
Noise induced ATP release into the endolymphatic
compartment (the scala media) activates P2X2 receptors,
producing a cation shunt across the cochlear partition
that reduces the driving force for both inner and OHC-
mediated sound transduction™ """, The collective find-
ings suggest the cochlear P2Xz receptor/ATP-gated ion
channel signaling pathway confers protection from NIHL
and the absence or mutation of P2X> receptor increases
susceptibility to NIHL and presbyacusis.

THERAPEUTIC STRATEGIES

Gene therapy for NIHL

Given the vital need for therapeutic options for NIHL
and the known genetic influences on individual suscepti-
bility as discussed above, gene therapy is clearly an attrac-
tive prospect. The inner ear has an anatomical advantage
for gene therapy; its relative isolation in the temporal
bone encapsulated in the bony labyrinth minimizes un-
wanted effects of the introduced gene into other tissues.
Also, as a fluid-filled organ, transfection reagent can ac-
cess all functionally important cells. Several different gene
therapy approaches, including those focused on neuro-
trophic or antioxidant support and cellular regeneration,
have been explored.

Neurotrophic factors and their receptors have crucial
roles in the development and maintenance of SGN, and
so increasing their endogenous expression by gene therapy
has been widely explored to treat NIHL!", Experimental
viral vector delivery of neurotrophic genes to the cochlea
to induce endogenous expression of the gene product, in-
cluding the secretion of glial cell line-derived neurotrophic
factor, hepatocyte growth factor, and brain-derived neuro-
trophic factor BDNF)"™, has shown promise in preserving
SGN following ototoxic and noise-induced cochlear dam-
age (reviewed in Hildebrand ez al™). Alternative routes of
BDNF gene delivery include the use of cochlear implants
to deliver fibroblasts transduced with BDNF gene cassette
giving rise to BDNF secretion™. In addition, the grafting
of transfected BDNF-secreting NIH3T cells to the pos-
terior semicircular canals of the adult mouse inner ear has
been found to elevate BDNF production™”

Given the importance of antioxidant enzymes in
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Figure 1 Cochlear cell types susceptible to noise-induced hearing loss. Fluorescence micrographs of mouse cochlea tissues by confocal scanning microscopy.
Transverse cochlear section was immunolabelled to show spiral ganglion neurones and neuritis (with anti-neurofilament-F200 antibody, green), actin filament of the
sensory hair cell stereocilia (Phalloidin stain, orange), and cell nuclei (DAPI, blue). In cochlea exposed to noise stress, the integrity of inner and outer hair cell (IHC
and OHC) stereocilia is affected, loss of the hair cells and nerve fiber (NF), damage to supporting pillar cells (pc) and Deiters cells (dc), swelling of spiral ganglion
neuron (sgn) nerve fiber (intraganglionic spiral bundle, igsb) in the Rosenthal’s canal as well as loss of fibrocytes in lateral wall stria vascularis (sv) and spiral ligament

(sl) can be detected.

GSH reductase

GSH GSSG

Reduced Oxidized
glutathione glutathione

\_/

NADH/NADPH oxidase
Mitochondrial oxidative phosphorylation

Lipoxygenase
Cycloxygenase
SOD GSH peroxidase
02 02" H202 H20 + Oz
Superoxide Hydrogen Catalase
anion peroxide
Fe2+
NO Fenton reaction
Nitric oxide
3+
Fe DNA oxidation
ONOO ‘OH —— > Protein oxidation
Peroxynitrite Hydrloxyl Lipid peroxidation
anion radical
NO2 4“
Nitrogen dioxide
radical
HOONO
Peroxynitrous
acid

Figure 2 Mechanism of oxidative cellular damage. Mechanism of oxidative
cellular damage. Reactive oxygen species (ROS, including superoxide anion,
02", and hydroxyl radical, ‘OH), reactive nitrogen species (RNS, nitrogen di-
oxide radical, NO2), and lipid peroxides are generated as result of oxidation of
oxygen (Oz) to superoxide anion by multiple cellular oxidases. Oxidases convert
oxygen to Oz", which is then dismutated to H202 by superoxide dismutase (SOD).
H202 can be converted to Hz0 by catalase or glutathione peroxidase (GSH-Px)
or to hydroxyl radical (-OH) after reaction with Fe**. In addition, Oz reacts rap-
idly with nitric oxide (NO) to generate peroxynitrite (OONO). This further leads
to production of NO2 and cellular damages through membrane lipid peroxida-
tion and oxidation of DNA and proteins.

curbing noise-induced free radical damage™, gene ther-
apy to ovet-express antioxidant enzymes in the cochlea
may provide improved efficacy over systemic antioxidant
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delivery. Antioxidant gene therapy has been tested in co-
chlear injury induced by ototoxic drugs. Kawamoto ez al®
have shown a protective effect of adenovirus-mediated
delivery of CAT and the SOD1 and SOD2 superoxide
dismutase genes against aminoglycoside-induced cochlear
injury in a guinea pig model.

Gene silencing through antisense oligonucleotides,
microRNA and siRNA has been explored for otopro-
tection against cisplatin-induced hearing loss. Round
window membrane delivery of siRNA against the tran-
sient receptor potential vanilloid 1 and transtympanic
injection of siRNA against the NADPH oxidase NOX3
have shown to offer protection against cisplatin ototoxic-
ity[84,85j.

A recent advance in gene therapy is to regenerate hair
cells in the adult organ of Corti. A potential strategy is
to stimulate supporting cells of the organ of Corti to
transdifferentiate into hair cells by the forced expression
of the transcription factor Atohl (also known as Math
1). Tzumikawa et a/*” showed that transfer of adenoviral
vectors expressing Atohl resulted in the formation of
“hair cell like” cells in the guinea pig organ of Corti 5
wk post-inoculation in ototoxic drug deafened cochleae.
However, there are caveats in the study such as the num-
ber of new hair cells was not clear and that these cells
could not be traced back to their precursors, making it
difficult to delineate from hair cells that had recovered
from the trauma. Further, although transdifferentiation
of supporting cells to hair cells is possible, such has only
been demonstrated in prenatal and neonatal prepara-
tions where both cell types are still developingmsoj. Other
studies have shown inhibition of Notch signaling to in-
crease hair cell differentiation from stem cells in the otic
placode. This mechanism is also dependent on Atohl
activation, since silencing the transcription factor in the
y-secretase inhibitor-treated stem cells prevented the in-
duction of hair cell fate™. A recent study has shown that
post-noise application of a potent y-secretase inhibitor

to inhibit Notch signaling upregulates Atohl, and leads
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Figure 3 Overview of the mechanisms of cochlear injury in noise-induced hearing loss and interventions. HPA: Hypothalamic-pituitary-adrenal; CRF: Cortico-
tropin-releasing factor; BDNF: Brain-derived neurotrophic factor; JNK: c-Jun N-terminal kinase; ADAC: Adenosine amine congener; ROS: Reactive oxygen species;

RNS: Reactive nitrogen species; NMDA: N-methyl-D-spartate.

to transdifferentiation of supporting cells into functional
hair cells and improved ABR thresholds"".

Perhaps even more innovative is the intensive research
into cell-based therapy through transplantation of cells
into the inner ear (reviewed by Hildebrand ¢z a/”" and Shi
et al’®). Efforts include the generation of neurons from
pluripotent embryonic stem cells and bone marrow-de-
rived stem cells to replace ot supplement auditory neurons
in afferent innervation compromised by NIHL. Targeted
delivery of the progenitor cells to the sensory epithelium
and long-term survival and differentiation of stem cells
into sensorineural cochlear tissue thus holds promise to
ameliorate NIHL.

Otoprotective agents for the prevention and mitigation
of NIHL

Several drugs and dietary supplements are currently in
preclinical development against NIHL. The chemical
structures of these otoprotective compounds are shown
in Figure 4. Drug interventions in clinical trials, as de-
picted in the clinical database http://www.clinicaltrials.
gov maintained by the National Library of Medicine at
the National Institutes of Health, ate included whete ap-
propriate.

Otoprotective agents against glutamate excitotoxicity,
apoptosis and intracellular calcium overload
Compounds that can prevent NIHL by inhibiting gluta-
mate excitotoxicity and apoptosis include glutamate recep-
tor (N-methyl-D-spartate) antagonists[%] and INK/MAPK
inhibitors!"*”!. The JNK group of cytoplasmic MAPKSs
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mediate oxidative stress-induced apoptosis and are activat-
ed by environmental stress, pro-inflammatory cytokines,
and excitotoxicity”. CEP-1347 (KT7515) is a mixed
lineage kinase (upstream regulators of MAPK kinases)
inhibitor, which shows promising protection from hair
cell death induced by neomycin and noise™. Studies using
a specific inhibitor of JNK, D-JNKI1-I peptide, have also
demonstrated protection against NIHL and aminoglyco-
side-induced hair cell loss when delivered directly into the
scala tympani or locally to the round window membrane
of the cochlea within 24 h of noise exposure' ™. Devel-
oped under the name of AM-111 (Xigen/Auris Medical),
a Phase 2b clinical trial has recently been completed (No-
vember, 2012) in three European countries and has shown
promise for the treatment of acute sensorineural hearing
loss (ClinicalTrials.gov Identifier: NCT00802425).

Direct manipulation of intracellular Ca”™" levels phar-
macologically is not practical, but an alternative route to
minimize calcium-mediated apoptosis by blocking down-
stream cell death pathways has been attempted. Calpain is
a family of calcium-dependent cysteine proteases ubiqui-
tously expressed in mammalian cells. Calpain immunola-
beling in the cochlea is upregulated upon noise exposure,
particularly in the synaptic region of the OHCs and the
nerve fibers projecting to the organ of Corti””. Cochlear
perfusion with leupeptin, a potent calpain inhibitor, prior
to noise exposure reduces noise-induced hair cell loss""™.
Another drug target is calcineurin, a serine-threonine
phosphatase activated by calcium-dependent calpain acti-
vation. Increased calcineurin immunoreactivity was found
at the cuticular plate of hair cells immediately after noise
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Figure 4 Chemical structures of otoprotective compounds in development or in clinical trials.

exposurem]. Local delivery of calcineurin inhibitors cy-
closporine A and FK506 to the cochlear perilymph using
an osmotic mini-pump prior to and after noise exposure
reduced noise-induced OHC death and hearing loss™””.

Otoprotective agents against noise-induced oxidative
and metabolic stress
Ameliorating oxidative stress and buffering mitochondrial
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overproduction of free radicals is becoming an attractive
avenue for the treatment of NIHL™", The potential for
these therapies is highlichted by mutant mouse models.
Mice with homozygous deletion of Cu/Zn superoxide
dismutase 1 (sod1 knockout)®™", the endogenous antioxi-
dant enzyme that catalyzes the conversion of superoxide
into oxygen and hydrogen peroxide, or homozygous de-
letion of glutathione peroxidase 1 (Gpx7 knockout; the
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enzyme reducing hydrogen peroxide to water) ® have in-
creased noise vulnerability and noise-induced hair cell loss.

All the agents aforementioned require intra-cochlear
or round window administration to be effective, and
most of them are used prophylactically. The sutgical ad-
ministration route is obviously less attractive compared
to oral intake against petiodic noise exposure. Therefore,
orally administered antioxidant supplements with low risk
of side effects constitute the majority of otoprotective
therapies in preclinical development[g’gz’lOZ’W]. N-acetyl-
cysteine (NAC), Ebselen, D-methionine, and ACE Mg
(AuraQuell, a combination of B-carotene, vitamins C and
E plus magnesium) are amongst the most studied dietary
antioxidant supplements approaching different phases
of clinical trials for noise injury protection. NAC is a
substrate for the antioxidant glutathione synthesis, acti-
vated upon de-acetylation to L-cysteine by the liver and
local tissues. It is Food and Drug Administration (FDA)-
approved for respiratory disease and for reversing acute
hepatoxicity following acetaminophen overdose. NAC
has previously been administered either intraperitoneally,
ot locally through the round window membrane to pre-
vent acute acoustic trauma’ ", A recent double-blind
study conducted on male employee of a steel manufac-
turing company has found oral NAC administration to be
prophylactic to TTS, particularly in subjects with suscep-
tibility to NIHL due to their deletion polymorphism for
glutathione S-transferases (GSTMT7 null, GSTTT null, and
GSTP1 Tle(105)/Tle(105))"",

D-methionine is currently funded by the United
States Department of Defense and approved by the
FDA for Phase 3 clinical trial for treatment of perma-
nent threshold shift (PTS) (Clinicaltrials.gov Identifier:
NCT01345474). The amino acid D-methionine can be
converted to cysteine through the intermediate homo-
cysteine. Racemic methionine (D- and L-isoforms) is
FDA-approved to acidify urine and is well tolerated when
administered at doses ranging from 500 to 1000 mg/d.
Like NAC, D-methionine can be administered orally, by
systemic injection, or by direct application to the round
window!”""?, Ebselen is a mimic of glutathione per-
oxidase and has strong activity against the peroxynitrite
anion (ONOO)". Ebselen was protective against PTS
and TTS when tested in guinea pigs and rats!"'%. Eb-
selen in oral capsule (200-600 mg) is also approaching
Phase 2 clinical trials for TTS (Clinicaltrials.gov Identifier:
NCT014448406; Sound Pharmaceuticals).

Creatine is another dietary supplement with potential
for noise-injury prevention. Catalyzed by the enzyme
creatine kinase, which is present in the mitochondria,
brain and muscle tissue in different isoforms, creatine
and phosphocteatine engage in phosphate buffering to
provide rapid regeneration of adenosine-5-triphosphate
(ATP) in tissue with high metabolic energy demand, in-
cluding cochlear hair cells and stria vascularis' """, The
creatine transporter controls cellular availability of cre-
atine and mutations in its gene, SL.C6.4S, lead to creatine
deficiency and X-linked syndromes showing mental re-
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tardation, developmental delay, epilepsy, speech and lan-
guage delay, and bilateral sensorineural hearing loss!" !,
Creatine kinase and the creatine transporter are both
expressed in the sensory hair cells, SGN, supporting cells
and in the lateral wall of the organ of Corti' "', A high
creatine diet has been found to reduce noise-induced
TTS and PTS and hair cell loss in guinea pigslmj. Clini-
cal trials of creatine as a single drug or adjuvant against
neurodegenerative diseases (Huntington’s, Parkinson’
s, Amyotrophic lateral sclerosis) and bipolar depression
have also been carried out. These trials are based on evi-
dence that creatine can be neuroprotective by relieving
oxidative stress, and that creatine can also inhibit apop-
totic neuronal death through its inhibitory action on the
mitochondrial transition pore'**"*,

Otoprotective agents against inflammation and reduced
blood flow

Mice exposed to noise and treated with the anti-IL-6 an-
tibody MR16-1 show improved ABR thresholds, reduced
SGN loss and a reduction in the number of activated co-
chlear macrophagesm. Combined treatment with the ste-
roid prednisolone and the nootropic drug piracetam may
rescue subjects from gun-shot noise damage[u()]. In spite
of the lack of a control group, results look promising. A
larger number of patients recovered when treatment was
given within the first hour after the acute trauma com-
pared to those receiving treatment 1-16 h after, and only
13% recovered when treatment was given after 24 h or
more.

AuraQuell, developed by OtoMedicine, is a combina-
tion of antioxidant vitamins (B-carotene, and vitamins
C and E) and the mineral magnesium. The magnesium
acts in part as a vasodilator and in part as an antioxi-
dant. AuraQuell is currently in Phase 2-3 clinical trial
for prevention of NIHL (ClinicalTrials.gov Identifier:
NCT00808470).

Compounds that provide hearing recovery after
exposure to traumatic noise

Adenosine amine congener (ADAC), a selective A1 ad-
enosine receptor agonist, has been shown to mitigate
noise-induced threshold shifts, reduce oxidative stress,
and facilitate hair cell survival when applied 24 h post-ex-
posure to noise-exposed rats (8-12 kHz band noise for 2
to 24 h at 110 dB SPL)"*. ADAC provides neuroprotec-
tion in experimental animal models of cetrebral ischemia
and Huntington’s disease! ", Adenosine receptors are
expressed in the cochlea in most cell types'"*. Prophy-
lactic administration of the broadly selective A1 adenosine
receptor agonist R-phenylisopropyladenosine through the
round window membrane can also reduce noise-induced
cochlear damage!™"*", and post-exposure administration
of the selective A1 adenosine receptor agonist CCPA pro-
vides partial recovery of hearing loss"””. Yet ADAC has
advantages over other adenosine A1 receptor agonists, as
it causes minimal peripheral side effects such as bradycar-
dia, hypotension and hypothermia, and it is able to cross
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the blood-brain-barrier when applied systemically" ",

Other agents that have been shown to attenuate NIHL
post exposure include D-methionine"”, ferulic acid"”,

L . 138
and a combination of salicylate and trolox!,

CONCLUSION

NIHL is a preventable condition. However, even tempo-

rary hearing loss can incur cochlear injury that eventuate
to permanent damage and hearing loss. Noise manage-
ment and hearing loss prevention remain the principal
strategies for reducing the burden of NIHL on the so-
ciety and individuals. On the bright side, signifiant mile-
stones have been reached in understanding the underly-
ing cellular and molecular mechanisms of NIHL. The
clucidation of oxidative stress as a major cause of NIHL
has opened up therapeutic avenues, which was previously
limited to electrical interventions of cochlear implants
and hearing aids. Orally administered otoprotective com-
pounds with antioxidant actions to protect against NIHL
and “hearing pill” for post-exposure rescue will likely be
available within the next decade. Advance in decoding
the genetic predisposition for NIHL will facilitate early
screening and will aid the development of personalized
NIHL prevention and treatment strategies. Synergisti-
cally, advances in gene and stem cell therapy in animal
models provide a promising path to remedy these genetic
defects, and to regenerate sensory cells in the inner ear
to restore hearing. These interventions would have been
unthinkable until recently and these novel developments
will likely change the face of NIHL research in the 21"
century and reduce the impact of this sensory disability

on global health.
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Abstract

Animal models of middle ear surgery help us to explore
disease processes and intervention outcomes in a man-
ner not possible in patients. This review begins with an
overview of animal models of middle ear surgery which
outlines the advantages and limitations of such models.
Procedures of interest include myringoplasty/tympano-
plasty, mastoidectomy, ossiculoplasty, stapedectomy,
and active middle ear implants. The most important is-
sue is how well the model reflects the human response
to surgery. Primates are most similar to humans with
respect to anatomy; however, such studies are un-
common now due to expense and ethical issues. Con-
versely, small animals are easily obtained and housed,
but experimental findings may not accurately represent
what happens in humans. We then present a system-
atic review of animal models of middle ear surgery.
Particular attention is paid to any distinctive anatomical
features of the middle ear, the method of accessing the
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middle ear and the chosen outcomes. These outcomes
are classified as either physiological in live animals,
(e.g., behavioural or electrophysiological responses), or
anatomical in cadaveric animals, (e.g., light or electron
microscopy). Evoked physiological measures are limited
by the disruption of the evoking air-conducted sound
across the manipulated middle ear. The eleven identi-
fied species suitable as animal models are mouse, rat,
gerbil, chinchilla, guinea pig, rabbit, cat, dog, sheep,
pig and primate. Advantages and disadvantages of
each species as a middle ear surgical model are out-
lined, and a suggested framework to aid in choosing a
particular model is presented.

© 2013 Baishideng. All rights reserved.

Key words: Otologic surgical procedures; Middle ear;
Animal models; Electrophysiology; Microscopy

Core tip: Animal models provide an invaluable insight
into physiological and anatomical responses to middle
ear surgical interventions. The choice of which animal
model to use depends on the question which needs
to be answered and on the available resources. Acute
terminal experiments permit greater access and expo-
sure of the middle ear structures, but the behavioural
and long-term outcomes are not available. Chronic
experiments conversely have more limited options for
exposure, but allow long-term observation of tissue
recovery and tolerance of the surgery. Both options are
considered in this review.

Bergin M, Vlajkovic S, Bird P, Thorne P. Systematic review of
animal models of middle ear surgery. World J Otorhinolaryngol
2013; 3(3): 71-88 Available from: URL: http://www.wjgnet.
com/2218-6247/full/v3/i3/71.htm DOI: http://dx.doi.org/10.5319/
wjo.v3.i3.71

REVIEW AIM

This review aims to assess the strengths and weaknesses
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of different animal models of middle ear surgery by not-
ing particular anatomical features; methods of surgical
access to the middle ear; middle ear surgical outcomes,
with particular attention to the hearing frequency spec-
trum; and advantages or disadvantages of each animal
model. Unless otherwise indicated, the hearing frequency
spectra are taken from work by Faym and Warfield”.

DEFINITION AND ANATOMY

Middle ear surgery is a broad term which encompasses

any manipulation of the structures of the middle ear
and adjoining air spaces. The human middle ear, or tym-
panum, is bounded laterally by the tympanic membrane
(TM); medially by the promontory of the cochlea; anteri-
otly by the Eustachian (auditory) tube; and posteriotly by
the aditus ad antrum and subsequent entry into the mas-
toid air cells. Superiorly is the tegmen, a bony roof on
the other side of which is the middle cranial fossa; and,
inferiorly is another plate of bone which separates the
middle ear from the jugular fossa. On the lateral aspect,
the tympanic cavity is only partly bordered by the TM
and so the cavity is partitioned into the mesotympanum,
which is directly medial to the TM; the hypotympanum
and the epitympanum (attic) which are below and above
the mesotympanum respectively.

The middle ear is an air-filled space with specialised
features to transmit acoustic energy from the terrestrial
air environment to the fluid filled space of the inner ear.
This is referred to as the middle ear transformer and in
mammals consists of the malleus, incus and stapes; a
chain of three articulating bones, which joins the TM to
the oval window of the cochlea'™. Several other structures
of note are also present and include muscles and nerves.
The tensor tympani muscle attaches to the TM, and the
stapedius muscle to the neck of the stapes. The facial
nerve coutses along the medial wall of the tympanic cav-
ity while the chorda tympani passes across the middle ear
between the malleus and incus.

Disease processes of the middle ear manifest with
symptoms of hearing impairment, otalgia (pain), otos-
rhoea (discharge), tinnitus, aural fullness, imbalance and
vertigo due to the proximity of the vestibular system in
the inner ear”. The aetiologies of these processes may be
infective, neoplastic, traumatic, congenital, degenerative,
metabolic or iatrogenic. The role of surgery in these pro-
cesses is primarily to provide a safe and dry ear, and sec-
ondarily to improve hearing”. Other indications include
access to other structures (inner ear, posterior or middle
cranial fossa) or tissue biopsy'”. In this regard the concept
of a safe ear is one in which any destructive tissue such
as tumout, cholesteatoma, or other nidus of infection has
been removed and the middle ear is sealed off from the
external environment.

Surgical access to the human middle ear is commonly
gained either directly down the ear canal with reflection
aside of the TM (transcanal), or by drilling away the mas-
toid air cells and entering from behind (posterior tympa-
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notomy or facial recess approach). Any operation upon
the tympanum is generally referred to as a tympanoplasty
and was classically categorised by Wullstein into Types I -
V, depending on how medial the reconstruction pro-
ceeded”. In tympanoplasty Type I the TM is patched,
whereas a Type V operation requires fenestration of
the inner ear due to an immobile stapes footplate. This
classification has now been largely abandoned in favour
of terms which describe the procedures performed in
any given operation. An ossiculoplasty is any procedure
which endeavouts to restore sound conduction from the
TM to the oval window either by direct opposition or
with coupling »iz a prosthesis or tissue. Special note is
made of the situation previously encountered in a Type
V tympanoplasty, where the stapes footplate is immobile.
Since John Shea’s popularising of oval window fenestra-
tion, this procedure is referred to as a stapedectomym.

WHY ANIMAL MODELS?

The primary goal of modelling middle ear surgery is to
improve outcomes in humans. The outcomes of interest
are improvement in hearing, resolution of disease and
safety of the procedure. As discussed later, there are sev-
eral limitations to hearing assessment in animal models,
but safety evaluation of an intervention is where models
offer much utility. Even before interventions are assessed,
animal models can aid in understanding disease aetiology
and natural historymls]. While there are many differences
between humans and other animals, it is possible to com-
pare specific disease states in animals with their human
counterparts through transgenic or knockout models or
gene expressionm'l(’]. Animal models also allow research-
ers to investigate the impact of concomitant diseases on
surgery outcomes' . With careful experimental design,
variable extremes not possible in humans can also be
studied"®"”. If the animal has a shorter life cycle than
humans, it is possible to see the effects of these diseases
or interventions from many individual animals over a
shorter and more practical timeframe.

Middle ear surgical animal models enable operators to
gain experience, confidence and competence with proce-
dures, thereby reducing complications from the learning
curve on human patients. In stapes surgery, live animal
models expose operators to complications found in hu-
man surgery. For example, a floating or depressed foot-
plate, incus dislocation, overhanging or dehiscent facial
nerve, excessive bleeding, or perilymph drainage with a
dry vestibule ate all possible ﬁndingsm. Animal research
explores the foundations of treatments, reinforces surgi-
cal techniques and brings advances to patient care",

Artificial temporal bones have been available since
19984 and provide an additional way for operators to
refine their skills without the need for human or other
temporal bones. These bones may be used where hu-
man temporal bones are unavailable™, and offer the
advantage over animal models in that they may be fash-
ioned with equivalent dimensions to human temporal
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bones. They may be constructed from synthetic resins™,
y 24} Y
olyurethane™ three dimensional printing with a cast
poly > p g

powder and bonding agentm]

6]

, or selective laser powder

sintering[2 . However, resin does not look or handle like

bone™ some processes leave construction materials in
the finished product[%], the detail from artificial bones is
less than bones from animals and may miss structures
such as the chorda tympani or round window"” or other
soft tissue structures such as skin and subcutaneous
tissues. Furthermore, artificial temporal bones do not
model complications such as bleeding, or leaking of ce-
rebrospinal fluid or perilymph which are possible in live
animal models.

INTERVENTIONS

The scope of this review specifically pertains to middle
ear surgical interventions. These include materials used
for tympanoplasty and their bio-tolerance in the middle
P71 as well as their impact on
hearing. Such experiments include different tympanoplas-
ty reconstruction techniques[zs’zm, middle ear packjng[amz],
support matetials” " B> and active middle
ear implantsm’m

. The impact of mastoid surgery has
been modelled with noise

30 vibration”™™, and ossicu-
lar contact!"” interventions. Examined variables include
drilling duration and speed, burr size and composition
(diamond or cutting). Stapedectomy is a very reproduc-
ible procedure in terms of pathology and outcomes;
however, there are several variables which have been ex-
amined in animal models” . These include the degree
and method of footplate removal™™* choice of prosthe-

sis and graft material®” ™, and effects of tensor tympani
[20]

ear mucosal environment

, tissue glues

tendon transection

Complications are also able to be closely evaluated in an
animal model. These include blood in the vestibule™ "
and induction and effect of infection”*””. Noise induced
injuries were not included in this review unless the noise
was specifically related to middle ear surgery, such as from
drilling or the blast wave and cavitation effects of the
erbium-doped yttrium aluminium garnet laser ™. Noise
injury is distinct from, but analogous with the acoustic
injury which comes from the impact of excessive surgical
forces applied to the middle ear and transmitted down the
ossicular chain to the cochlea™**™, Taser surgery avoids
acoustic injury by virtue of its no-touch method, but oth-
er laser complications may include perilymph temperature

. : [ 58,59,61,63,64,79,8
elevation or direct cochlear injury™” s,

OUTCOME MEASURES

The outcomes of interest in models of middle ear sur-
gery can be broadly classified as either physiological and
behavioural in live animals or anatomical in cadaveric
studies. The importance of these outcome measures
is to provide information on changes in middle or in-
ner ear function as a consequence of the manipulation
and which is relevant to human surgery. Measurements

K

3ni§l:ﬂ£ng® WJO | www.wjgnet.com

73

Bergin M et a/. Animal models of middle ear surgery

of changes in hearing as an outcome can be performed
with behavioural tests of auditory threshold or other
behavioural tests. Physiological methods, such as audi-
tory brainstem responses (ABR), electrocochleography
(ECochG) or otoacoustic emissions provide information
on sound transfer through the middle ear and inner ear
function, while more specific techniques, such as using la-
ser Doppler vibrometry (LDV) gives information on the
integrity of middle ear structures.

Behavioural measures of auditory threshold have an
advantage that they can be more directly applied to hu-
mans, but these tests are difficult to perform, costly and
require considerable specialised expertise in behavioural
animal testing. The advantage of physiological meth-
ods is that they do not require any training and can be
performed in anesthetised animals during or soon after
the middle ear manipulation. The physiological meth-
ods, apart from LDV are also ones that can be routinely
used in human ear function assessment. A limitation of
all techniques, however, is the ability to differentiate the
influence of the middle ear manipulation on middle ear
and inner ear function using air conducted (AC) sound.
When the middle ear is surgically manipulated, such as by
experimental stapedectomy or ossiculoplasty, sound con-
duction through the middle ear will potentially change.
When AC-evoked auditory thresholds are measured, the
magnitude of any post-intervention conductive hear-
ing loss (CHL) or threshold shift is confounded by a
potential surgically-induced sensorineural hearing loss
(SNHL). This inner ear trauma from middle ear surgery
is frequently cited as a cause of SNHL in humans®™ ™"
Studies which only assess AC-evoked thresholds and note
a hearing loss after the intervention are therefore not able
to differentiate whether this loss was due to a conductive,
sensorineural or mixed pathology[w. Some authors have
attempted to define a SNHL on AC by decreased wave-
form amplitude or latency[SS], while other authors have
tried galvanic stimulation of the cochlea to bypass the
middle ear™

The conventional method for direct stimulation of
the cochlea is with a bone-conducted (BC) stimulus
which bypasses the middle ear to give an indication of
cochlear function. Bone conduction thresholds are rou-
tinely measured in humans using calibrated bone vibra-
tors in audiometry, but as conventional BC transducer
performance significantly deteriorates at frequencies
greater than 5 kHz"" bone-conduction thresholds are
not routinely measured at higher audiometric frequen-
cies. Measuring physiological responses with BC stimuli
in smaller animals which have a higher hearing frequency
spectrum, is therefore impractical and studies with BC
stimuli are generally limited to the lower frequency spec-
trum". Unfortunately it is the high-frequency basal re-
gion of the cochlea which is most susceptible to trauma,
whether due to noise””, chemotherapy[%] or surgical
aetiologies[%]. Being unable to investigate this region
significantly limits the sensitivity of BC-evoked auditory
potentials to detect cochlear injury in small animals.
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Because of this difficulty in accurately assessing co-
chlear function in small animals undergoing middle ear
surgery, histopathological outcomes of cadaveric tissue
have been favoured. This may involve light microscopy
or transmission (TEM) or scanning electron microscopy
(SEM). These outcomes have the advantage of directly as-
sessing tissue injury, such as hair cell loss or saccule perfo-
ration, and also allow assessment of the middle ear at the
same time. Biocompatibility studies of exogenous material
rely on this outcome for signs of rejection, extrusion or
dissolution. The disadvantages of this approach are that
the animal must be euthanised to gain access to the tissue
and so many animals are needed for longitudinal studies
of the development and recovery of any injury.

Histology may not be a sensitive enough indicator of
structural or functional injury after middle ear surgery.
For example, Tkeda ez al® showed that cochlear histol-
ogy remained unchanged when vestibular perilymph was
removed during stapedectomy, even though the endo-
cochlear potential (EP) was substantially reduced, which
would have caused a significant loss of auditory threshold
as reduction in EP is strongly correlated to loss of audi-
tory sensitivity”™,

A more recent indicator of middle ear function is
LDV As with evoked auditory potentials, LDV has
the advantage of being performed on live animals, but it
is also able to use AC evoking sound to directly visualise
TM and ossicular displacements without having to rely
on the cochlea for the outcome measure™. While LDV
is not a direct measure of auditory function, acoustic cot-
relates of surgical interventions are possible[woj.

LIMITATIONS

The key limitation with any animal model is that it is the
extent of comparability to humans. Animal models only
approximate humans and have their inherent limitations.
Results of animal studies may not directly apply to hu-
mans due to anatomical, physiological or pathological dif-
ferences between speciesm’go’m”. This fallibility is inherent
with all basic scientific research!” but valuable informa-
tion is still obtained when animals are exposed to the same
conditions as human surgery. Tissue healing and repair of
the delicate inner ear can be studied in great detail®.
Sometimes the outcome differences between animal
and human studies may be explained by anatomical dif-
ferences in the middle ear, or the ossicular chain structure
and its transformer properties. For example, the lever
ratio of the malleus and incus in humans is significantly
smaller than in cats; a human stapes weighs more than
four times that of the cat; humans have a wider anterior
annular ligament »s posterior, whereas the cat’s is sym-

metrical; and, the rotational component of stapes motion
[

is more prominent in humans than cats 72109 Removing
an extensively diseased otosclerotic footplate in humans
is likely to be more traumatic than removing than the
mobile footplate in the catV. The anatomical differences

between the squirrel monkey and human mean the tym-
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panic cavity is much smaller in the monkey and therefore
more likely to develop adhesions due to the proximity of
structures' . Clinically, this means the results of experi-
mental surgery in a clean and dry monkey ear may not be
relevant in the human with active infection.

Occasionally, however, the differences between ani-
mals and humans are advantageous. Laser assisted middle
ear surgery offers excellent results in humans" """ but the
reported success of argon laser stapedotomy in patients
contradicts the poor results anticipated by animal experi-
mentation. This was thought to be due to differences in
footplate pigmentation or mineralisation, and vatiations
of vestibular anatomy. Bellucci ez al” found fibrosis in-
vading the inner ear occurs in cats in stapes surgery, and
later studies suggested it was due to invasion of the mid-
dle ear through the defect in the atticotomy. But Fee did
not note any significant cases in humans and concluded
this was not clinically important in human stapes sur-
gery“[m. Foreign body giant cells were seen within 3 wk on
aluminium oxide ossicular prostheses in a rabbit model,
but this was not a consistent finding in human studies" .
And the human TM can tolerate capped polyethylene
prosthesis when reinforced with vein much better than in
feline models”.

Difficulties also arise when attempting to compare
results from different animal models. Hydroxyapatite has
been used as a substrate for crafting ossicular reconstruc-
tion prostheses, however, early animal studies produced
conflicting accounts of biodegradation". Tt was recog-
nised that this divergence may be due to using different
animal species. Audiometric differences between species
have also been noted and are due to differences in con-
figuration of the pinna and external auditory canal (EAC),
the bulla size and the middle ear transformer ratio, and
potentially the cross sectional area of the helicotrema at
the cochlea apexlm]. Conflicting reports about the safety
of cyanoacrylate tissue glues in the middle ear were in part
due to different compounds being used, but even with a
single compound, butyl cyanoacrylate (Histoacryl), there
were different outcomes across six species used to test
this glue®.

Some species have particular anatomical features
which limit their usefulness as a middle ear surgical model.
The anatomy of smaller animals poses particular chal-
lenges, both in terms of access and tissue response to
intervention. For example, models of myringoplasty with
iatrogenic TM perforation are limited by the excellent
intrinsic reparative ability of the TM™™ The rat stape-
dial artery, a branch of the internal carotid artery, passes
across the stapedial footplate and limits access to the oval
BatA although it is possible to cauterise this vessel
and proceed[ml. Sheep have an adipose-filled and poorly
pneumatised mastoid cavity which restricts a postauricular
approach and cortical mastoidectomy™®'™. Similarly, the
mastoid in pigs is also poorly pneumatised and hidden
by the atlanto-occipital joint[ml. For clarity, postauricular
in relation to most animal models denotes a postauricu-
lar incision, soft tissue reflection, exposure and opening

window
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of the bulla. Non-human primates are the only animals
which have a similarly developed mastoid air cell system

20
and antrum to humans™’

, and postauricular may denote
cither the skin incision or the subsequent transmastoid
approach, or both. Non-human primates also have a
cartilaginous EAC which approximates the human one,
although the bony canal is too long and narrow in most
species for a transcanal approach to the middle ear™.
Other specific-species limitations are further identified
later in this review.

Another limitation of animal models of middle ear
surgery may come from researcher inexperience with
new species or techniques, which can lead to inadvertent
injury. This learning curve with new species or techniques
may reduce the number of research subjects. In a study
of nine baboon ears, Siedentop“m
the hotizontal semicircular canal in three ears, three ears
sustained bur injury to the facial nerve, and two cochleae
promontory were injured. Following a monkey death
from suppurative labyrinthitis and meningitis, Hohmann
et al”” advocated pilot studies for researchers to become
familiar with new middle ear surgical techniques. Krupala
et al”” and Antonelli ¢z al'™ both used three animals to re-
fine study procedures and achieve technical skill. In such
pilot studies it is possible to find safe operating param-
eters to guide further research. In examining the effect of
the CO: laser on the middle ear, Lyons ¢z 2/ found ani-
mals which received between 20 and 30 watt laser lesions
did not recover from anaesthesia. While pilot studies are
useful for reducing unintended injury, Rutledge ez a/* ac-
knowledged that while operative experience reduced seri-
ous complications, it does not completely eliminate them.

Experimental injury may cause unnecessary distress
when the animal wakes from anaesthesia and consid-
eration should be given to acute non-recovery experi-
ments!”. Operative facial nerve injury may cause facial
paralysis and have animals unable to maintain adequate
nutrition or eye care, and even cause death!""”. Some-
times, however, this injury is unavoidable such as in the
guinea pig where the facial nerve runs posteriorly over
the oval window niche and needs to be sacrificed to
widely expose this area™"™ or in rat where the stapedial
artery limits access to the oval windows". An insensate
guinea pig or rat auricle after a postauricular incision is
at risk of being bitten though social activity, so animals
may need to be kept separate for several days'™". Injury
to the vestibule may result in abnormal head tilt"™ or in
extreme cases poor oral intake and death. However, acute
experiments prohibit behavioural outcome assessment
and intervention outcome follow up over time.

accidentally opened

SEARCH

"The Medline, Cochrane and Embase databases were searched
for the terms model, middle ear and surgery. The search
was expanded by searching for the interventions of os-
sicular replacement, stapes surgery, myringoplasty, tym-
panoplasty, mastoidectomy and active middle ear implant.
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8250 articles were then limited to animal studies and the
English language. The resulting 278 titles and abstracts
were reviewed for inclusion. Studies of surgical anatomy
of the animal middle ear were included, but studies not
pertaining to surgical intervention of the middle ear
were excluded. These included interventions to induce a
medical model of disease, as it was only the treatment of
such diseases which were of interest. The full text of 121
articles was sought and the references of these checked
for further pertinent studies. A total of 176 articles were
subsequently included in this review.

MOUSE

Anatomical features

The mouse EAC is 6.25 millimetres (mm) long and has a
slight rostral curve as it approaches the TM. All rodents
lack mastoid air cells. The malleus and incus are firmly
joined by a synarthrosis. The ossicular system is of a mi-
crotype which has restricted mobility, o5 the freely mobile
synovial joints in humans"*'. The microtype system is

better for high-frequency hearing“zz].

Approach

Only one study was identified which used the mouse as a
model of middle ear surgery, and as there was only need
to access the TM to model the mitotic activity of TM
healing, the transcanal route was chosen"”.

Outcomes

The mouse hearing frequency spectrum is 1000-91000 Hz.
No mouse middle ear surgical models used heating as an
outcome. The only identified study used radio-identified
mitotic repair of TM"*,

Advantages

Mice are relatively cheap to acquire and house, so mouse
studies can have greater numbers of subjects. Fundamen-
tally, there are no important differences of the structure
of the TM between mice and humans, except the rela-
tively large size of the pars flaccida in mice!".

Disadvantages

The small size of the mouse middle ear makes access and
exposure challenging. Their short lifespan may compli-
cate longer term studies by presbycusis'

RAT

Anatomical features

The rat facial nerve exits the temporal bone motre supet-
ficially and anterorostrally than in humans. The ossicles
are thinner than human ones and are almost totally hid-
den in the epitympanic region'"”. The stapedial artery
runs between the stapes crura' .

Approach

The cervical approach to the ventrolateral wall of the
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tympanic bullae is the traditional method of accessing
the middle, and inner, ear in rodents””*'">'*, The post-
auricular approach is relatively straightforward, provides
good access and is less invasive than the ventral ap-
proach!™> 1 Similarly, the supra-auricular ap-
proach exposes the middle ear above the TM, leaving this
attached to the meatal skin. This approach gives full view
of the incus and its articulations and has the advantage
of not having to remove bone from the bulla or cavity
wall®”"*" The transcanal route is possible, but challenging

due to the dimensions of the EAC!"*.

Outcomes

The rat hearing frequency spectrum is 200-76000 Hz. This
was audiometrically assessed with air-conducted ABR
broadband clicks®™'*", Pathological examination included:
otomicroscopy; SEM and TEM; X-ray microanalysis and
bone fluorescence; haematoxylin and eosin (HE) staining,
autoradiography; and methyl green-pyronin staining which
clarifies the ribonucleic acid content and allows a better
differentiation between living and dead cellg®> ORI
Perilymph temperature elevation has also been used as an
outcome measure in laser studies'®”

Advantages

The rat middle ear ventilation and drainage system is
similar to humans due to the Eustachian tube, middle
ear and attic communication, so the rat middle ear might
have advantages over the chinchilla or guinea pig in tubal
occlusion research with associate middle ear infections,
as these infections occur naturally in the ratl 7O,
The rat middle ear structures are more similar to humans
than for guinea pigs, with the exception of the facial
nerve which is more superficial and anterorostral in rats.
The rat ossicles are clearly defined and can be removed
separately, as in humans"". Tt is easier to open the tym-
panic bulla in rats than guinea pigs due to weaker bulla
jointsl74J The Long Evans rat is not known to have hear-
ing deficits™. The Fat Sand rat is found in the deserts
of the Middle East and northern Africa and provides
easier access to middle and inner ear anatomy due to the
large bulla cavity, a thin otic capsule, and an inner ear that
cleatly projects into the middle ear cavity“%’mj.

Disadvantages

The rat stapedial artery runs through the stapes crura,
making stapes and oval window manipulations extraor-
dinarily difficult™ """, Exposing the oval window can
cause haemorrhage, cochlear injury and death!"”. Rat
ossicles are nearly a quarter the size of their human
counterparts and are nearly completely hidden within the
epitympanumlmj. Albuquerque ¢ a/" believed the rat is
harder than the guinea pig to handle as it is less docile and
also the tympanjc bulla was more fragile, making handling
more delicate”™, Transcanal or intact TM exposure of the
middle ear was impossible unless approached ventrally”.
Following induced middle ear infection, the bone was
stronger and so opening the tympanic bulla was more
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difficult which in turn facilitated damage to the cochlea,
vestibular system and ossicles. Wistar Albino rats have
hearing deficits™. Rat middle ear packing with Gelfoam
induces osteoneogenesis and connective tissue formation
with adhesions”™'*.

MONGOLIAN GERBIL

Anatomical features

The Mongolian gerbil’s enlarged bulla enhances low fre-
quency hearing sensitivity, which allows it to detect ap-
proaching predators faster' . The pars flaccida is circular
and relatively large, 10%- 20% TM surface, compared
with only 2%-3% in humans"*”. The anterior mallear
process extends from the anterior process of the malleus
to the temporal bone, and is not seen in humans'”". The
ossicular system is of micro type, whereby the handle of
the malleus is fused to the tympanic ringmﬂ.

Approach

Postauricular’™” routes have been used
for middle ear surgical models, but as these studies were
chronic experiments, no comment is able to be made
about the suitability of the ventral approach which is

commonly used in rodents.

33
and transcanal®™

Outcomes

The Mongolian Gerbil hearing frequency spectrum is 100-
60000 Hz, but there were no studies identified which
used hearing as an outcome. Pathological specimens were
examined under TEM, HE or polychrome staining and
examined under the light microscope with routine and

polarized hghtm 133,134]

Advantages

Similar to mice and rats, gerbils are small and easy to care
for. The comparatively large bulla assists in dissection
and exposure, in much the same way as in the Fat Sand
Rat. Gerbils are naturally relatively free of otitis media!*”.
Liening ef a/™ used the gerbil in their model because it
is the least phylogenetically advanced animal known to
form retraction pockets, and it does this quickly in re-
sponse to Eustachian tube cautery.

Disadvantages

The researchers in these studies did not identify any spe-
cific weaknesses to using gerbils as a middle ear surgical
model, however, there were few reports and the general
concerns with small animal external validity apply.

CHINCHILLA

Anatomical features

Similar to the gerbil, for its size the chinchilla has a com-
paratively large bulla and TM"*"™, The ossicular system
is freely mobile, whereby the bones are suspended on

ligaments, as they are in humans'”". The incus and mal-
leus are fused with cartilage, functioning as a horizontal
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bar. Compared with humans, the crura are more central
on the stapes footplate. A bony strut, the crista stapedis
is persistent, as in the human embryo and guinea pig!"™”.
It passes through the stapes arch from the fallopian canal
to the rim of the round window'"”.

Approach

Browning e# 4™ in their foundational work describe
four surgical approaches to the labyrinth and ossicular
chain. The dorsal, labyrinthine, and combined approach
through the mastoid and labyrinthine parts of the bulla all
go through the bulla, while the fourth approach is down
EAC. No single approach demonstrates all of the middle
ear, so the chosen approach is tailored to the kind of sut-
gery required.

Outcomes

The hearing frequency spectrum of the chinchilla is 90-
22800 Hz, which is remarkably similar to humans and re-
flects the enhanced hearing in the lower frequencies due
to the proportionally large TM and bulla. Hearing mea-
sures included ABR"™, cochlear microphonics (CM)™
and compound action potentials (CAP)""”. The chinchilla
can also be trained in behavioural audjometry“m. Middle
ear implant studies have used tone evoked CMH47
CAP and ABR™. The same studies also used LDV to
examine stapes motion. Other outcomes of note were
tympanometry and histology*”, and vestibular tempera-

tur 6[1 . .

Advantages

As noted with mice, rats and gerbils, the chinchilla is cheap
to acquire and look after. The large bulla is thin and allows
for easy immobilisation, middle ear access and histological
preparation. After it is opened, the bulla heals firstly with
fibrous tissue and then with bone so that recovery expeti-
ments are possible. The cochlea is also thin and projects
into the labyrinthine bulla, so is easily accessed for elec-
trophysiological measurements. The chinchilla’s hearing is
relatively susceptible to noise trauma . As with gerbils,
chinchillas are naturally relatively free of otitis media"*’.
The life span of the chinchilla is 12 to 20 years'*?, so they
are useful for studies requiring normal hearing, but less
good as a model of presbycusis.

Disadvantages

The chinchilla venous sinuses atre within the skull bones,
instead of the dura as in humans. As such, removing bone
can be challenging due to the tisk of haemorrhage!™". It
is difficult to identify the TM via the transcanal route due
to the direction of the EAC, even following removal of
the convoluted cartilaginous folds of the pinna[m]. The
EAC runs dorsal-ventral where the lateral wall is continu-
ous with, and in the same plane as, the lateral walls of the
labyrinthine and mastoid bulla sections"”". The chinchilla
round window membrane is only one sixth the thickness

as that of humans""”.
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GUINEA PIG

Anatomical features

There is a foramen in the anteroinferior aspect of the
EAC which resembles the foramen typanicum seen in
the first few years of human life. The guinea pig TM is
proportionally larger than in humans and only has pars
tensa, above which is a bony area called the supratympanic
crest. The cochlea has 3.5 turns and projects well into
the middle ear, dividing it into bulla below and epitym-
panum above, the bulla corresponding to the meso- and

hypotympanum of the human ear. The epitympanum is
a slit like space which contains the fused malleoincudal
complex. Compared to humans, there is a simplified air
cell system of four large cells which do not have fine par-
titions. The oval window is orientated vertically while the
round window sits horizontally. The stapes is identical to
that in humans but has a bony bridge passing between
the crura which is known as the crista stapedius. This
structure is present in the human embryo, chinchilla and
guinea pig and represents the calcified remnants of the
stapedial artery. The guinea pig Eustachian tube consists
entirely of cartilage. The facial nerve exits in a postero-

superior position between the tympanic ring and the
bulla®+1241361431

Approach

There is a large body of literature on the guinea pig as a
model of middle ear surgery, and this is reflected in the
number of different methods of access to the middle
ear. The head is strapped to table" or immobilised with
a custom head holder. Most authors favoured a postau-
ricular approach to the bulla™*""'"¥ sometimes referring
PLEL 61 postaural™™ approaches. This
gives excellent access to the round window with a slight
turn of the animal’s head, however, the stapes is hidden
by an overhanding facial nerve and a shelf of bone me-
dial to the nerve also obscures the incudostapedial joint
(IS]). Full access to the oval window therefore requires
removal of the bony shelf, sacrifice of the facial nerve
and removal of the crista stapedius”™. Special care needs
to be taken of animals with facial nerve sacrifice as they
are liable to develop ocular complications or feeding
problems"™'*. As a slight variant, the supra-aural ap-
proach comes down onto the epitympanum first, before
exposure of the rest of the ossicular chain, cochlear
promontory, and the facial nerve™'"™. This approach was
particularly useful for homograft reconstruction which
required removal of the TM from its annulus®™. The
transcanal approachmm’]47’]48J is facilitated by incision of
the pinna base™ or removal entirely, however, the inci-
sion leaves the pinna insensate and it is at risk of being
bitten in social activitym[)]. The inferior ™ or ventral®"™
approaches give excellent exposure, but are more suited
to non-recovery anaesthesia experiments.

to retroauricular

Outcomes
The hearing frequency spectrum of the guinea pig is 54-
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50000 Hz, of which the lower half of this spectrum is
commonly interrogated with AC sound. Evoked poten-
tials include tone* and click™"" evoked CAP!""*'*1,
tone evoked CM"™" and tone®* and click™*” evoked
ABR"®. Middle ear surgical implants are also capable
of evoking ABR potentials with clicks!*>*! 1)
coupling to the ossicular chain or round window

or tones' ' via
[41,45,46]
EP changes correlate with hearing impairment, and are
another physiological outcome measure which indicates
cochlea injury®®. The direct current extracochlear poten-
tial has also been measured, however this does not reflect
underlying function of the cochlea, rather the heating
39 Other studies have also examined
[60,79]

. Post-

. . (2148151 . .

mortem analysis includes histology with HE stain-
ingm(ﬂ, hair cell counting“sz] and SEM™".

influence of a laser
thermal effects in a more conventional fashion

Advantages

The large tympanic cavity affords excellent exposure of
the middle ear and the Eustachian tube is always patent[zsl.
This has the advantage of excellent postoperative middle
ear ventilation to reduce the influence of infection or TM
retraction. The facial nerve anatomy resembles that in hu-
mans, but the exit point is more superficial in the guinea
pig“w]. Noise-induced hearing loss, which is thought to
be analogous with surgical injury, is well established as an
experimental model in the guinea pig which complements
the surgical models™”. The guinea pig is chosen in models
of laser-assisted otosclerosis surgery because the basal turn
of the cochlea is readily accessible and is of a similar thick-
ness to the otosclerotic human footplate (150-200 pm)[ﬁz’“].

Disadvantages

Guinea pigs live to about 3 years. For the first half of
their life ear infections atre rare, but in later years they
tend to have an increasing incidence of spontaneous in-
fections”™. Guinea pig anaesthesia is notoriously difficult
for long operations with conventional techniques[zsl. Such
procedures benefit from a gaseous anaesthetic circuit,
which increases complexity of the experiment. The fu-
sion of the malleoincudal process limits the external
validity of ossiculoplasty procedures to humans. The
prominence of the cochlea is more suited to inner ear
experiments”. Compared with rat, the guinea pig bulla
is thicker and may requite drilling away, whereas in rat the
bulla can be gently taken apart in a piecemeal fashion'™”.
Despite the relatively large bulla, simultaneous access to
the oval window for interventions and the round window
for ECochG may be difficult”™.

The guinea pig cochlea is more susceptible than hu-
mans to ototoxicity due to the thinner round window
membrane in guinea pigs“m, and is also ten times more
sensitive to acoustic trauma than humans®”. Cochlear
harm may also be overestimated in guinea pig stapes sur-
gery because the structures most traumatised are the basi-
lar membrane and the organ of Corti, whereas in humans
it is the utricle and saccule which are most exposed'™. Ad-
ditionally, the guinea pig cochlear aqueduct is patent. This
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can lead to flow of cerebrospinal fluid from the subarach-
noid to the perilymphatic space which may continue to
leak through the oval window following stapedectomy'™,
The net effects of these features may overestimate the in-
ner ear harm in guinea pigs from interventions.

Several authors have also noted the guinea pig pos-
sesses the ability to lay down new bone in the middle
ear. Dost ez al™™ found a control group of animals were
apparently able to regrow crude stapes superstructures
from the remnants of their crurae. This osteoblastic
response was also seen in relation to generic middle ear
bony trauma and with granulation tissue by Holzer",
He proposed this response was unique to the guinea
pig and this notion was supported by Wells 7 al"™ who
found bony overgrowth at the Histoacryl site in guinea
pigs, whereas bony destruction was seen in the cat™¥ and
the rabbit"™, but not in the dog"™. This finding limits
the external validity of guinea pig ossiculoplasty surgery
in humans, but also causes problems in the guinea pig
where uncontrolled bony fixation between an implant
and other middle ear structures complicated what may
have been an otherwise successful operation“sﬂ.

RABBIT

Anatomical features
The rabbit bulla is larger than most mammals and has a
longer EAC. The bulla is rounder and does not project

past the level of the occipital bone, as found in the cat
and dog[m]

Approach

The transcana route was most common and
exposure was aided by a postauricular incision with re-
flection forward of the pinna and incision through the
cartilaginous EAC, before raising the tympanomeatal
ﬂap“54]. While the postauricular incision was used for pin-
na control, the postauricular approach through the bulla
was only advocated in one study which compared it to
a human atticoantrostomy'”". Another group did, how-
ever, advocate a combined transcanal and postauricular
approach[m]. The ventral approach once again was better
suited to non-recovery experiments

(1108,156-159)

Outcomes
The hearing frequency spectrum of the rabbit is 360-
42000 Hz. Stieve e al”™ attempted to get around the
problem of ossiculoplasty disrupting the AC stimulus by
using BC click-evoked ABR, however, no comment was
made as to the frequency response of transducer. Manual
positioning of transducer may also provide inconsistent
pressure and therefore energy transfer of stimulus. An-
other publication from the same group used click and
8 kHz pip stimulus ABR, traditional and SEM, but did
not report their audiological findings"™. In addition to
SEM""; Giemsa!™'"! HE"™"" von Gieson’s stain and
fibroblast growth factor stains'™”
transmission and fluorescent light microscopy

were also used with
[164]
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Advantages

As with rodents, the rabbit is cheap and easy to obtain"*,
but being larger, the ear is much easier to examine peri-
operativelym(’]. Rabbits provide a close model of human
middle ear anatomy and have a standardised surgical ap-
proach™™"™ Their response to middle ear surgery shares
the same bone remodelling processes as in humans'"*’
without showing the ossicular osteogenic response seen in
guinea pigs[ls()]. The anaesthesia depth can be better con-
trolled with inhalational techniques rather than barbiturates
which enabled mortality to be considerably reduced'™”.
This was, however, complicated by bradycardia on endo-
tracheal tube insertion and associated cardiac arrest. The

tube effect was mitigated against with Glycopyrrolate[1 I,

Disadvantages

Gaining access to the rabbit middle ear is still more dif-
ficult than in humans due to the small dimensions in-
volved™. There are differing opinions whether the facial
netve is dehiscent in the middle ear or not™™. A dehis-
cent nerve is at greater risk from middle ear surgery, but
would only be a problem in non-acute experiments.

CAT

Anatomical features

The middle ear cavity of the cat is separated in two by a
bony septum. This has a small hole in it so that the ear
functions in a similar way to the mastoid, aditus, middle
ear arrangement in humans, although the cavity effect
i1s much greater in cats""”, While the cat TM is smaller
and thinner than in humans, the structure is essentially
the same. There are two collagenous bundle layers in the
middle layer of the pars tensa which are oriented radially
and in a circular fashion respectively. The pars flaccida
middle layer does not have a specific fibre arrangement.
The lateral layer of the TM is covered by the same kera-
tinising squamous epithelium as the EAC, and medially
the TM is lined by the mucosa of the middle ear cavity"*”.
The pyramidal process is bony in humans but in the cat
it is cartilaginous, located next to the cartilaginous rim of
the TM, and referred to as the pyramidal cone to reflect
these differences””. The cat has the ability to regenerate
its stapedius tendon””.

Approach

Access to the cat middle ear was aided by removing the
pinnam, and by suitable head immobilisation, such as ear
bars and a snout clamp"”. Once again, the postauricular
route was the most popular[zu’z1’29’57’70’80’124’168]. This entailed
extending the postauricular incision to the postetior sut-
face of the pinna cartilage to find the bony EAC, and
then drilling posterior to the EAC until the middle ear
space was blue lined and could be opened with picksm’153].
This has also been referred to as the posterosuperi-
ot tetroauriculat!™ | transmastoid® or squamomas-
toid approachesmg]. In a similar way it was also possible to

approach from above through the attic®™. Davey began
3ni§l:£ng® WJO | www.wjgnet.com
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with a postauricular incision and drilled down the EAC
to reach the middle ear »iz an attic approachlm]. The me-
diolateral approach is also possible, but requires removal
of the parotid gland, digastric muscle, hyoid chain, liga-
ture and cutting of the ICA and posterior facial vein"*.
As such, along with the ventral approachesm’m”, the me-
diolateral approach is better suited to non-recovery ex-
periments. The transcanal approach was not used in any
identified studies due to the narrow EAC in cats, and the

excellent exposure afforded by other means'”!

Outcomes

The hearing frequency spectrum of the cat is 45-64000 Hz.
Cats have been trained to behaviourally respond to
tones for audiometric testing. Traditionally, this involved
shock avoidance techniquesm, however, as the same in-
formation can be gained electrophysiologically“69J with
CMP**' such techniques are now uncommon. Active
middle ear implants were evaluated on cat stapes in the
early days of this technologym. Histopathological stud-
ies used HE stainingm’65’68’70’80’123’170], inverted-phase and
SEM!"Mor other histologylSS’m’msj. Vestibular tempera-
ture response to laser has also been investigatedm.

Advantages

As with guinea pigs, there is a large body of literature on
feline middle ear surgical models, and researchers often
chose cats as a model to allow comparisons with carlier
work!"”. Being larger than rodents, the middle ear struc-
tures are more easily accessed and manipulated”""™ while
the cat is still cheaply acquired, housed and cared for™.
Being larger also confers an anaesthetic survival advan-
tage, sometimes for many months after surgery””. The
cat middle ear also resembles the human ear much closer
than the guinea pig in relation to ossicular orientation
and shape, facial nerve, and middle ear muscles"”. Cats
are responsive and agile, so accurate postoperative clini-
cal observations of hearing and balance are possiblem.
Anaesthesia can be difficult to titrate in other species, but
barbiturate anaesthesia in the cat eliminates middle ear
muscle activity when appropriately deep, and can be used
as a guide to anaesthesia adequacy

Disadvantages

The middle ear structures are robustly protected deeper in
the temporal bone than rodents""” and drilling is required
for access, as the epitympanum cannot be exposed by the
transcanal route due to the long, narrow and convoluted
EAC"™. The EAC can also harbour a large number of
bacteria, fungi and parasites[zo’]73]. While the ossicles are
larger than rodents, they are still smaller than in humans
and surgery is therefore much more challenging with
cochlear injury much more likelym. It would also appear
that the cat TM is less robust than in humans as extrusion
of a polyethylene strut was a common finding in cats'"”,
A patent cochlear aqueduct was not infrequently found in
cats”” and may contribute to perilymph overflow not usu-

ally found in human stapedectomym.
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The cat was also prone to osteoneogenesis, although
this was in association with mucosal injury™ and the
significant fibrosis reaction which followed™. When the
mucosa was not traumatised, fibrosis was not a significant
problem™”. Tt is likely that this repair process is influenced
by the small epitympanic area and associated proximity of
the middle ear structures to the wall of the cavity" ™.

DOG

Anatomical features
As in the cat, the cartilaginous EAC of the dog is convo-
luted and can be a reservoir of bacteria and parasites[zo].

Approach

Only two authors were identified who utilised a canine
model of middle ear surgery. Siedentop“SS] accessed the
middle ear through the bulla, but does not describe his
approach any further. Guilford ez a/''*'™'"" describe dif-
ferent approaches in their three publications. They used
a postauricular incision with transection of the cartilagi-
nous EAC and a transcanal approach with removal of the
skin of the posterior EAC and overhanging canal roof in
a study on incus repositioning[m], what appears to be a
standard transcanal approach in a study on TM perfora-

tion repair''?, and a postauricular approach with opening
of the bulla in a third study'".

Outcomes

The canine hearing frequency spectrum 67-45000 Hz,
however, none of the above studies assessed hearing as an
outcome. Pathological evaluation was with HE, trichrome
or Weigert’s elastic tissue stains”">"*) Siedentop11551 also
used histological evaluation, but did not elaborate further.

Advantages
In these studies, mongrel dogs were appatently easily ac-
quired and their middle ears are bigger than those in cats.

Disadvantages

In the perforation study it was observed that iatrogenic
TM petforation would generally heal spontaneously with-
in a few weeks'"”. This limits the utility of this model in
tympanoplasty when the control group can do as well, or
better, than the surgical intervention group. As there is
very little data on the use of dogs as a middle ear surgi-
cal model, comparisons are difficult. Dogs are larger and
more energetic than cats and rodents and so require more
specialised care.

bone and annulus"'”. As such, the hypotympanum is
particularly large. The pars tensa is proportionally large
compared with other animals. The sheep middle ear is
morphologically equivalent to the human middle ear™,
although the size is about two thirds smaller!”. The
long process of the incus is shorter, thicker, and closer
to the body of the malleus""”. As with the chinchilla
and human, the ossicular system is freely mobile, being
suspended by collagenous fibres or mucosal folds carry-
ing blood vessels and nerves. The malleus head articular
sutface forms a diarthrosis with the incus body, wheteas
the ISJ is similar to the enarthrosis seen in humans'".
Human and sheep round windows are similar, but sheep
have no mastoid antrum and the mastoid cells are filled

by adipose“m.

Approach

The only studies identified explored the potential of us-
ing sheep as a middle ear surgical model. Based on these
studies, the postauricular approach was not recommend-
ed due to mastoid adiposems], however, the transcanal

. 53,115
route provides adequate exposure”™'"”,

Outcomes

The sheep hearing frequency spectrum is 100-30000 Hz,
however, no identified studies used hearing outcomes in
sheep. The outcomes from stapedectomy training models
focused on successful placement of the prosthesis, dura-

. . s31B
tion of procedure, and comphcanonsl AL

Advantages

Sheep easily managed in a laboratory as they do not need
special cate in confinement and are docile animals. They
are more expensive to acquire than rodents, but tolerate
surgical procedures well and have a longer lifespan. Sheep
are specifically bred for human consumption so there is
less objection from animal rights organisations to their
involvement in research! ™. The smaller attic allows the
ossicles to be accessed in the same axis as the EAC down
the transcanal route, so there is no need to open the doz-
sal bone of the head"”. Such a model is advocated for
myringotomy, tympanotomy, ossiculoplasty and stapedec-
tomy™,

Disadvantages
The postauricular approach and mastoidectomy are pre-
cluded by mastoid adipose[48‘53’”5]. The facial nerve is
thicker than in humans and often dehiscent in the tym-
panic cavityms].

SHEEP

PIG

Anatomical features

The EAC of the sheep is highly curved and projects over
the pars flaccida which is triangular and smaller than the
circular pars tensa'”". This leaves part of the lateral bulla
under the bony shelf of the ventral EAC. Similarly, the
inferolateral bulla extends laterally under the tympanic

(49
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Anatomical features

The atlanto-occipital joint is faces posteriorly and par-
tially overlaps the mastoid"”. The mastoidectomy land-
marks of the temporal line and suprameatal spine are
not seen, and the pneumatised mastoid air cells are not
found, rather there are pneumatised air cells inferior to
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the tympanic cavity"™. The external ear canal of the pig
is very long and orientated posterosuperiorly[lm. The
body of the incus is shorter than in humans and has an-
other process, perpendicular to the short processmgl. The
remaining ossicles are approximately the same size as
their human counterparts.

Approach

As with the sheep, the only studies identified explored
the potential of using pigs as a middle ear surgical model.
Based on these studies, the postauricular approach was
not recommended due to the overhanging atlanto-occipi-
tal joint and lack of mastoid pneumatization. The transca-
nal technique requires drilling to enlarge the narrow EAC,

modelling the human canalplastymg].

Outcomes

The pig hearing frequency spectrum is 42-40000 HZ"",
and due to the small volume of literature is yet to be as-
sessed as an outcome of middle ear surgery in this species.

Advantages
While the external ear is conspicuously different to hu-
mans, the middle ear is very similar, both in terms of

. . .. (17918
structure dimensions and posmon[ 1

Disadvantages

The pig temporal bone has a very different appearance to
the human one, which leads to increased difficulty with
middle ear exposure! . The temporal bone also has a
significant amount of soft tissue coverage and mastoid

PRIMATE

Anatomical features
The squirrel monkey has a straight EAC™, the bony por-
tion of which is very short as it consists of only an exag-

gerated bony annulus”™. The temporalis muscle is large
and permits fashioning of a rotation flap"™. As noted
earlier, primates are the only animals which have mastoid
air cell system and antrum which are similar to humans®”.
The cynomolgus monkey has a cartilaginous EAC
which resembles the human, but the bony EAC is too
long and narrow to permit the transcanal approach®™,
The baboon EAC is short and narrow with a diameter

of less than 4 mm and length of approximately 25 mm!"*,

Approach

The straight EAC facilitated the transcanal route similar to
that used in humans, either with”” or without"™ endaural
releasing incisions. Paparella’™ initially used a postauricu-
lar incision in the squirrel monkey, but abandoned this
because of the required length of incision and associated
postoperative wound infection. They too moved to the
transcanal approach with endaural incisions and the opet-
ation was well tolerated. The postauricular approach was,
however, favoured for the cynomolgus monkey”” and ba-

(49
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boon!"" with drilling down of the posterior EAC wall™®,

Outcomes
The hearing frequency spectrums for the squirrel and cy-
nomolgus monkeys are 100-43000 and 28-42000 Hz, re-
spectively*. Pure tone auditory thresholds were assessed
in squirrel monkeys with behavioural conditioning using
the shock avoidance technique while employing a double
grill box™. This study noted hearing losses of 30 to
40 dB and assumed this was a conductive loss as the inner
ears were normal on histological examination. Hardcastle
et al™ also assumed hearing losses to be conductive in
nature due to normal cochlea histology. Lima ez al™ as-
sessed AC and BC thresholds up to 16 kHz with ABR
and shock avoidance behavioural testing, but they make
no comment about BC masking and the BC transducer
they used was the Radioear B-70A bone vibrator, which
artificial mastoid testing demonstrates a poor response
for frequencies above 5 kHz"".

The single cynomolgus monkey and 18 baboons only

. . : 20,117,183
underwent histopathological review™'"*".

Advantages

In the squirtel monkey, the transcanal approach is straight-
forward and is the preferred method of middle ear expo-
sure™ ™. The squirrel monkey is small and manageable
and can survive for extended periods after surgeryw.
It can be readily conditioned so that pure tone auditory
thresholds can be established even more quickly than in
cats.

Old World monkeys, including baboons, are phy-
logenetically closer to humans than most other living
primates, the closest being anthropoid apeslmj. Results
from baboons are expected to stand the best chance of
being transferable to the human middle ear. Paparellal1781
also notes that the phylogenetic proximity of the squir-
rel monkey to man may increase the external validity of
experimental findings. The same may be said for the phy-

logenetic closeness of the cynomolgus monkey"™”.

Disadvantages

The mastoid cavity is shallow so the semicircular canals
may be inadvertently exposed and opened during sur-
gery™. The TM possesses a remarkable ability to repair
itself which makes myringoplasty modelling difficult as
even large lesions heal spontaneously within a week!™.
The cynomolgus monkey has a weak annular ligament
which made it difficult to remove the stapes crura and
not the footplatelzoj. The baboon transverse and sigmoid
sinuses are close to the posterior EAC wall, which re-
duces the space for surgical manipulation. The hotizontal
semicircular canal and the facial ridge limit visibility of
the stapes footplatelm?’], but the stapes head and some of
the crura could usually be seen!'".

CONCLUSION

The choice of animal model to use when evaluating a
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Table 1 Advantages and disadvantages of each animal model of middle ear surgery

Species Advantages Disadvantages

Mouse Inexpensive to acquire and house. Genetic models of hearing loss Small size makes access and exposure challenging

Rat Relatively inexpensive to acquire and house. Anatomy bigger than mouse  Stapedial artery. Less docile than guinea pig

Mongolian ~ Small and easy to care for. Comparatively large bulla. Naturally relatively =~ Few published middle ear surgical models

Gerbil free of otitis media. Able to form retraction pockets

Chinchilla ~ Inexpensive to look after. Large, thin bulla. Similar hearing frequency Venous sinuses within skull bones. Difficulty identifying the
range to humans. Naturally relatively free of otitis media. Long lifespan  tympanic membrane via the transcanal route

Guinea Pig ~ Well established middle ear surgery and noise literature. Large tympanic ~ Middle ear infection common with age. Challenging
cavity. Docile and easy to handle. Bigger than rodents anaesthesia. Fused incudomalleal complex. Osteoneogenesis

after trauma

Rabbit Larger anatomy than rodents. Close model of human middle ear anatomy  Challenging anaesthesia. Facial nerve frequently dehiscent
and response to trauma

Cat Well established middle ear surgery and noise literature. Anaesthesia Compared to rodents, drilling required to access structures.
tolerance. Behavioural outcomes easy to assess Many bacteria, fungi and parasites in ear canal. Patent

cochlea aqueduct

Dog Larger anatomy than cats and rodents. Behavioural outcomes easy to Few published middle ear surgical models. More energetic
assess animals require specialised care

Sheep Docile animals. Easy to care for. Tolerate surgical procedures well. Long More expensive than rodents. Mastoid adipose. Frequently
lifespan. Ossicles easily accessed via the transcanal route dehiscent facial nerve thicker than humans

Pig The middle ear is very similar, both in terms of structure dimensions and  Difficult middle ear access due to very different temporal bone
position to humans with significant soft tissue coverage and mastoid adipose

Primate Phylogenetically closest group of animals to humans. Mastoid air cell Difficult to acquire and house. Ethical objections to research.

system and antrum present

Shallow mastoid cavity

middle ear surgical intervention depends on two key fac-
tors, the goals of the experiment and the local resources
available. Table 1 summarises some of the key advantages
and disadvantages of the species investigated.

The research question must clearly identify what the
outcome measures are and what method is required to
achieve this outcome. If only a few animals are needed to
answer the research question, then larger animals may be
considered as a model as they are likely to model the hu-
man response more closely. There are specific limitations
identified for many of the above species which need to
be considered when selecting an animal model. For ex-
ample, if the stapedial artery cannot be worked around,
then the rat should not be selected. Larger animals tend
to be more robust and tolerate surgery and anaesthesia
better than small animals, but the effect of bolus intra-
peritoneal anaesthesia may be less predictable in a larger
animal and so gaseous anaesthesia may be required.

The experimental outcomes may be histopathological,
functional or both. Either outcome may be assessed with
acute or chronic experiments, but where chronic experi-
ments permit observation over time, acute experiments
have the ability to sacrifice key structures which impede
surgical access. The ventral approach is more suited to
acute experiments as it provides excellent exposure of
the middle ear in most species, but this wider exposure
is at the cost of greater tissue sacrifice which may not
be compatible with animal survival beyond anaesthesia.
Another limitation of the ventral approach model is that
there is no equivalent approach in humans because of the
destructive access. The postauricular approach is suited
to most chronic experiments and provides adequate ex-
posure of the middle ear, but is not possible in the sheep
or pig due to the adipose filled mastoid and overhanging
atlanto-occipital joint respectively[48’53’179]. The transcanal

(49
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route provides the least invasive but technically most
challenging exposure of the middle ear due to the narrow
confines of the EAC and the limited visibility and access
this provides to the middle ear. This is obviously an issue
for smaller animals such as rodents, but even primates
have a narrow bony portion of the EAC. Exposure may
be enhanced by widening the EAC with a drill and both
the postauricular and especially the transcanal approaches
are facilitated by amputation of the pinna.

Middle ear surgery which manipulates the sound
conducting apparatus limits audiometric outcomes by
introducing a variable CHL. By itself this would not be a
problem, however, middle ear surgery is also associated
with SNHL from inner ear injury[s’m’lss] and so it may be
impossible to distinguish the cause of a hearing loss with
conventional techniques. This is an issue with any model
of hearing reconstruction surgery and may be overcome
by direct stimulation of the cochlea electrically™™"™ or
with BC"'. No identified studies used galvanic stimula-
tion in animals, and BC is problematic in animal models
because of the mismatch between the frequency output
capability of the transducer and the hearing frequency
spectrum of the animal. There was no artificial mastoid
for calibration of BC identified in animals, but when a
human artificial mastoid was used there was a significant-
ly sharp deterioration in transducer performance above
4 kHZ"™"". This frequency response limit is satisfactory
for assessing low frequency hearing structures located to-
wards the cochlea apex, but the higher frequencies in the
basal turn of the cochlea will be missed. Of the common
animal models identified in this review, the upper hearing
limits for guinea pig, cat and rat are 50, 64, and 76 kHz
respectively?. Further compounding this problem is that
injury from middle ear surgery is focussed on hearing in
the basal turn®®""**""*,
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The second significant consideration when choosing
an animal model of middle ear surgery are the available
resources. The choice of animal will be restricted by the
animals available. While primates are the closest model
of human middle ear anatomy, they are expensive to ac-
quire and care for and legislation may significantly limit
the kind of study permissible. Society may also deem
certain species undesirable as research subjects. Research
with the chinchilla and gerbil models are limited to places
in the world where they occur naturally, as any advantage
in importing the animal is likely to be offset by the cost
differential with locally available rats or guinea pigs. Local
facilities may also limit what kinds of animals are able to
be cared for, and whether the animal unit has previous
experience with that species. Anaesthetic modality may
also influence the types of research able to be supported,
as not all laboratories will have gaseous anaesthesia or
perioperative support services. Choice of model is also
influenced by the human resources available and experi-
menter experience as well.

This review has identified a significant body of evi-
dence for tolerance of novel materials (packing, oval win-
dow graft, prostheses), and laser surgery, most of which
has utilised histological rather than functional outcomes.
Few studies were found which actually modelled surgery
and investigated hearing outcomes. This is likely to be
due to the inherent difficulty in assessing cochlear reserve
in small animals when the middle ear has been disturbed.
Further research is needed to develop models which are
compatible with any disruption caused by middle ear sut-
gical exposure or other intervention. Nevertheless, animal
research has made a significant contribution to the devel-
opment of middle ear surgical techniques and brought
advances to treatments and patient care.
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Abstract

Hearing loss is the most common sensory disability
with considerable social and economic implications. Ac-
cording to recent World Health Organization estimates,
360 million people worldwide suffer from moderate to
profound hearing loss. Exposure to excessive noise is
one of the major causes of sensorineural hearing loss,
secondary only to age-related hearing loss (presbya-
cusis). Since cochlear tissues have limited abilities of
repair and regeneration, this damage can be irrevers-
ible, leading to cochlear dysfunction and permanent
hearing loss. Recent studies have shown that cochlear
inflammation can be induced by noise exposure and
contribute to the overall pathogenesis of cochlear in-
jury and hearing loss. The cochlea is separated from
the systemic circulation by the blood-labyrinth barrier,
which is physiologically similar to the blood-brain bar-
rier of the central nervous system. Because of this fea-
ture, the cochlea was originally considered an immuno-
logically privileged organ. However, this postulate has
been challenged by the evidence of an inflammatory
response in the cochlea in the presence of bacterial
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or viral pathogens or antigens that can cause labyrin-
thitis. Although the main purpose of the inflammatory
reaction is to protect against invading pathogens, the
inflammatory response can also cause significant by-
stander injury to the delicate structures of the cochlea.
The cochlear inflammatory response is characterised by
the generation of proinflammatory mediators (cytokines,
chemokines and adhesion molecules), and the recruit-
ment of inflammatory cells (leukocytes). Here, we pres-
ent an overview of the current research on cochlear in-
flammation, with particular emphasis on noise-induced
cochlear inflammation. We also discuss treatment strat-
egies aimed at the suppression of inflammation, which
may potentially lead to mitigation of hearing loss.

© 2013 Baishideng. All rights reserved.

Key words: Cochlea; Inflammation; Noise; Hearing loss;
Otoprotection

Core tip: Noise exposure, either occupational or recre-
ational, is a major cause of sensorineural hearing loss
in the industrialised world. Hearing loss is a devastat-
ing disability with considerable social and economic
implications. Recent studies have demonstrated that
an inflammatory response induced in the cochlea by
noise exposure may contribute to the development of
noise-induced hearing loss. Better understanding of
the underlying inflammatory processes will help define
pharmacological interventions that can potentially miti-
gate noise-induced cochlear inflammation and the as-
sociated hearing loss.

Tan WIJT, Thorne PR, Vlajkovic SM. Noise-induced cochlear in-
flammation. World J Otorhinolaryngol 2013; 3(3): 89-99 Available
from: URL: http://www.wjgnet.com/2218-6247/full/v3/i3/89.htm
DOI: http://dx.doi.org/10.5319/wjo.v3.i3.89

NOISE-INDUCED HEARING LOSS

The human ear is an exquisitely sensitive organ, allowing
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us to perceive and distinguish among the myriad sounds
around us, be they pleasurable, informative or damaging,
Located within the inner ear is the cochlea, the specialised
peripheral end organ of the auditory system, which medi-
ates the transduction of sound waves into electrical nerve
impulses that travel to the brain for central processing of
auditory information. Unfortunately, this extreme sensi-
tivity of the cochlea comes at a cost as it makes it highly
susceptible to injury when exposed to loud sound. The
consequence of this injury is the loss of hearing, which
can be either temporary or permanent. Noise-induced
hearing loss may result from either brief exposure to an
intense “impulse” noise or sustained and repeated expo-
sure to excessive sound levels (i.e., continued exposure
to high levels of noise over an extended period of time).
The hearing loss from noise exposure is typically binaural
(symmetric), and the severity of it is related to the inten-
sity, frequency, duration and temporal characteristics (eg.,
impulse/impact, intermittent or continuous noise) of the
noise exposure' .

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

Noise-induced hearing loss is the second most com-
mon sensorineural hearing deficit, after age-related hearing
loss (presbyacusis), and is the leading cause of preventable
sensorineural hearing loss (SNHL) in the industrialised
world"”. According to recent global estimates released by
the World Health Organization (WHO, 2012), there are
360 million people worldwide (over 5% of the world’s
population) with disabling hearing loss. Disabling hearing
loss, as defined by WHO, is “hearing loss greater than 40
dB in the better hearing ear in adults and a hearing loss
greater than 30 dB in the better hearing ear in children”.
A significant proportion (16%) of the disabling heating
loss in the adult population in the world is attributed to
occupational noise exposurew. In the United States, ap-
proximately 15% (26 million) of people between 20 to
69 years of age have high frequency hearing loss from
overexposure to loud noise at work or during leisure ac-
tivities. Hearing loss has considerable social and economic
implications at both the individual and societal levels. This
devastating sensory disability and the serious communica-
tion difficulties has a negative impact on the quality of life
of the affected individual and can lead to feelings of lone-
liness, social isolation and depression.

Although it can be permanent and not fully treatable,
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noise-induced hearing loss is virtually 100% preventable.
Obviously, the best preventive measure against noise-
induced hearing loss is to completely avoid or minimise
exposure to excessively noisy environments. When this is
not possible, the only preventative measure available is the
consistent and proper use of hearing protection devices
such as earplugs and earmuffs. When used correctly, these
protective devices can provide 20 to 40 dB of attenuation,
however their use is often impractical in many settings and
they are not completely effective in harsh environments,
or because of incorrect use.

Avoiding or reducing modifiable risk factors associ-
ated with noise-induced hearing loss such as voluntary
exposure to loud noise, non-use of hearing protection,
cigarette smoking, lack of exercise, poor diet (low dietary
intake of antioxidant-rich food), and poor oral health
(tooth loss) may reduce the risk or delay the onset of this
debilitating condition™. The presence of cardiovascular
disease and diabetes are also major risk factors. In addi-
tion to these, several non-modifiable risk factors related
to noise-induced hearing loss exist, particularly age and
geneticsm. Age plays the most significant role, with the
risk typically increasing with advancing age. Furthermore,
great genetic variability in the susceptibility to noise-in-
duced hearing loss has been documented in both humans
and mice”.

The association between noise exposure and hearing
loss was first recognised by the physician Sir Francis Ba-
con (1561-1626)". In 1890, Habermann was the first to
describe the cochlear histopathological features of noise-
induced hearing loss from examining the temporal bones
of an elderly ex-boilermaker”. However, it was not until
1907 that Wittmaack conducted the first experimental re-
search of noise-induced deafness in animals™". Substan-
tial insights into the pathophysiology of noise-induced
cochlear injury were gained by Wittmaack’s experiments
and the many others that followed, including Hallowell
Davis’s systemic studies on guinea pigs and humans at
Harvard University in 1943.

The cochlea sustains dramatic cellular injury following
noise overexposure. The pathological consequences (pat-
tern and extent) depend on the acoustic characteristics of
the noise (ze., sound intensity, frequency and duration),
age and geneticsm. The two types of hearing loss from
noise exposure - temporary and permanent hearing loss
(also known as temporary and permanent threshold shift)

11 . .
M Noise exposure is

- also vary in their mechanisms
known to produce a variety of structural changes to the
various cells within the cochlea. The most vulnerable are
sensory hair cells, particularly the outer hair cells, which
have traditionally been the focus of most hearing loss
studies. A major impact is on sensory hair cell stereocilia
which can undergo mechanical damage during noise ex-
posure. Other changes include the loss of outer hair cells,
damage to the inner hair cell - auditory nerve synapse,
swelling of the primary auditory neurones in the spiral
ganglion, damage to the supporting cells, acute swelling
of the stria vascularis, reduced cochlear blood flow and

August 28,2013 | Volume 3 | Issue 3 |



the loss of fibrocytes in the spiral ligament[z’“’m. In addi-
tion, direct mechanical disruption of the cochlea can be
induced by impulse noise exposure, eg., rupturing of the
organ of Corti and its separation from the basilar mem-
brane.

COCHLEAR INFLAMMATION

Cochlear inflammation has been implicated as a major
etiologic factor in a range of conditions that cause hear-

ing loss. These include acoustic trauma (noise-induced
cochlear damage), otitis media (middle ear infection),
meningitis, autoimmune inner ear disease, and ototoxicity
(drug-induced inner ear damage, ¢.g., aminoglycoside an-
tibiotics, platinum-based chemotherapeutic agents)m’m.
Labyrinthitis can also be evoked by cochlear surgery and
the insertion of cochlear irnplantsmzs]. Pathogen-induced
labyrinthitis as a consequence of otitis media or meningi-
tis is usually associated with bacterial and viral infections.
Labyrinthitis secondary to otitis media (tympanogenic
labyrinthitis) primarily occurs by the spread of the infec-
tion from the middle ear into the inner ear through the
three-layered round window membrane!******. Menin-
gogenic labyrinthitis most likely occurs by the spread of
infection from the meninges into the perilymphatic space
of the cochlea through the cochlear aqueduct“g’zs’zol.
Mycotic (fungal) labyrinthitis is rare, and is usually as-
sociated with systemic debilitating diseases and occurs by
either the tympanogenic, meningogenic or hematogenic
route.

Labyrinthitis usually affects the cochlea more severely
than the vestibular system, resulting in adverse effects on
cochlear function™. A well-documented complication
of cochlear inflammation is partial or complete SNHL.
Pathological consequences that have been observed in
animal models of cochlear inflammation include degen-
eration of hair cells of the organ of Corti, disruption
of fibrocytes in the spiral ligament, loss of interdental
cells of the spiral limbus, swelling of the stria vascularis,
and vascular damagem’%m. The disruption of the spiral
ligament fibrocytes has been suggested as a major con-
tributor to the inflammation-induced cochlear dysfunc-
tion"™. Decreased immunostaining for gap junction
protein connexin 26 in type [ and type II fibrocytes and
decreased Na'-K'-ATPase staining in type II fibrocytes,
both of which are critical in the maintenance of cochlear
homeostasis, were observed in a guinea pig model of lab-
yrinthitis induced by inoculation of the protein antigen
keyhole limpet hemocyanin (KLLH) into the scala tym-
pami[35
in the spiral ligament was also demonstrated in a mouse
model of otitis media induced by the transtympanic in-
oculation of viable Streptococcus pmﬂmam'aem.

Analogous to the central nervous system and the ret-

| In addition, reduced connexin 26 immunostaining

ina of the eye, the cochlea is separated from the systemic
citculation by a blood-labyrinth bartier, which has similar
physiological characteristics as the blood-brain barrier
and the blood-retinal barrier. This barrier is important in
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maintaining the ionic composition of the cochlear fluid
compartments, and is essential for the functional integrity
of the cochlea®. Because of the existence of this blood-
labyrinth barrier and the relative absence of resident tis-
sue macrophages, the inner ear was originally considered
an immunologically privileged organ, isolated from the
immune system and protected from immune surveillance.
However, this hypothesis has been refuted by research
demonstrating that the inner ear is capable of rapidly
generating an active inflammatory/immune response in
the presence of antigens or pathogens. In addition, con-
nections exist between the inner ear and the systemic
lymphatic system through cervical lymph nodes"™.

Although the intended purpose of the immune re-
sponse in the inner ear is to defend the hearing organ
against invading pathogens and to clear cellular debris, the
inflammatory response can also cause significant bystand-
er injury to the delicate structures of the cochlea®™ .,
Because mammalian inner ear tissues have limited abilities
of repair and regeneration (unlike avian auditory hair cells
which have the capacity to regenerate), this damage is ir-
reversible, leading to permanent hearing loss. Immune-
related cochlear inflammation is increasingly recognised
as a potential mechanism of inner ear disease and associ-
ated hearing loss. Systemic administration of immuno-
suppressive drugs (e.g., corticosteroids) has been shown
to effectively ameliorate some cases of idiopathic, rapidly
progressive bilateral SNHL, implicating inner ear inflam-
mation as an underlying mechanism of the hearing loss™.
Histopathological studies of human temporal bones
also support the hypothesis that a number of otological
disorders are linked with inflammatory responses’* . The
severity of hearing impairment and the potential for re-
covery correlate with the extent of inflammation-induced
tissue damage. Animal studies have demonstrated that the
development of inflammation and hearing loss following
an immunological challenge can be rapid, with the onset
of hearing loss occurring at 12 to 15 h, and peaking at 24
to 48 h**).

Regardless of the cause, the cochlear inflammatory
response follows a similar course with three characteristic
stages: an initial acute stage, a fibrotic stage, and an os-
sification stagew. The acute phase of cochlear inflamma-
tion, which lasts approximately 3 to 7 d, is characterised
by the production of proinflammatory mediators such
as cytokines and chemokines, an increased expression
of adhesion molecules, the recruitment and infiltration
of inflammatory cells such as polymorphonuclear leu-
kocytes (mostly neutrophils), monocytes, macrophages
and lymphocytes, and the breakdown of the blood-
labyrinth barrier”"*. In the chronic stage of the cochlear
inflammatory response, a fibrotic matrix is formed in the
perilymphatic spaces, which later becomes calcified. This
bony occlusion of the fluid-filled cochlear scalae, known
as labyrinthitis ossificans, is most extensive in post-men-
ingitis cases!”

The cochlea itself can mount an immune response.
Resident cells in the cochlea can express a range of in-
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flammatory mediators, which are thought to play criti-
cal roles in the inflammatory responsem’m. The cochlea
communicates with the immune system iz the systemic
circulation. Entry of inflammatory cells occurs primar-
ily through the spiral modiolar vein and its tributaties
(collecting venules) situated at the base of the scala tym-
pani[48]. Inflammatory cells accumulate in the perivascular
space surrounding the spiral modiolar vein, and then
stream into the scala tympani along the extravascular
space of the collecting venules. Other areas where cir-
culating inflammatory cells enter the cochlea include the
blood vessels of the spiral ligament and the spiral gangli-
on. The lateral wall of the cochlea and the spiral ganglion
represent the most permeable parts of the blood-laby-
rinth barrier, partly due to their high vascularisation”".

The mammalian cochlea contains resident macro-
phages at normal/steady state" %! These macrophages
are phenotypically similar to the tissue macrophages in
other organs of the body (eg., microglia of the central
nervous system) and are found in small numbers pre-
dominantly in the spiral ligament and the spiral ganglion.
Moreover, it was recently reported that a large number of
perivascular resident macrophages (PVMs) are present
in the stria vascularis surrounding the endothelial cells
of the capillariesml. Data from radiation chimeras have
shown that these resident macrophages in the cochlea
form an exchanging and migratory population, supplied
continuously from haematopoietic precursors in the bone
marrow, and exhibiting slow turnover during steady-
state conditions™"*. These haematopoietic precursors
migrate into the cochlea and differentiate into tissue
macrophages. Bromodeoxyuridine (BrdU) labelling has
demonstrated that the marked increase in macrophage
numbers in the cochlea following an insult such as noise
exposure is not due to the proliferation of these resident
cochlear macrophages, but rather occurs by the migration
of macrophages from the vascular system! ™,

The signals that initiate the recruitment and infiltra-
tion of inflammatory cells into the cochlea are still under
scrutiny, and a wide range of soluble mediators (e.g.,
cytokines, chemokines) may be involved. The sources of
proinflammatory mediators in the cochlea include various
resident cochlear cells types (e.g., spiral ligament fibro-
cytes, supporting cells) and infiltrating leukocytes migrat-
ing from the cochlear vasculature. Iz vitro studies using
cultured murine spiral ligament fibrocytes have shown
that upon stimulation with proinflammatory cytokines,
fibrocytes secrete a variety of inflammatory mediators
such as tumor necrosis factor oo (ITNF-a), interleukin
(IL)-1B, IL-6, monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-2 (MIP-2),
keratinocyte-derived chemokine, soluble intercellular ad-
hesion molecule-1 (SICAM-1) and vascular endothelial
growth factor, which play important roles in the recruit-
ment of inflammatory cells into the cochlea®™>"*! The
secretion of sSICAM-1 is compatible with an eatlier study
that reported strong intercellular adhesion molecule-1
(ICAM-1) expression in the spiral ligament and spiral
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modiolar vein in the early phase of labyrinthitis induced
by the inoculation of KLH into the scala tympaniﬁs‘. It is
speculated that chemokines produced by the fibrocytes
are presented to the surface of vascular endothelial cells
via the process of transcytosis, which consequently at-
tracts inflammatory cells. Fibrocytes, vascular endothelial
cells, and inflammatory cells together may form networks
interconnected by cytokines, chemokines and vatious
other inflammatory mediators”>"",

It is well documented that inhibition of TNF-¢ with
the soluble TNF-q receptor-FC fusion protein Etaner-
cept, given either systemically or directly into the cochlea,
significantly attenuates the cochlear inflammatory re-
sponsem. This suggests that TNF-ou plays a major role
in the development of cochlear inflammation. Studies on
organ of Corti explants have shown that TNF-q, alone,
in the absence of antigens or pathogens, has the ability
to induce the recruitment of inflammatory cells into the
cochlea from the systemic circulation””. TNF-q is also
expressed by infiltrating leukocytes, suggesting that it is
likely involved in a positive feedback loop that further
amplifies the recruitment of inflammatory cells. This is
supported by the evidence that TNF-q inhibition can
prevent the recruitment of inflammatory cells into the
cochlea®™. TNF-q can also induce nitric oxide synthesis
by stimulating the expression of inducible nitric oxide
synthase (INOS), which can further aggravate inflamma-
tion and degeneration in the cochlea®™.

The expression of many proinflammatory mediators
1s mostly regulated by nuclear factor kB (NF-kB) Pl NF-
kB comprises a family of inducible transcription factors
that play a pivotal role in immune and inflammatory re-
sponses. Activation of NF-kB induces the transcription
of cytokines such as TNF-q, IL-1f and 1L-6, as well as
iNOS, and the adhesion molecules, ICAM-1 and vascular
cell adhesion molecule-1 (VCAM-1). NF-kB activation in
the cochlea has been demonstrated following intraperito-
neal injection of lipopolysaccharide LPS)™, suggesting
that the cochlea can become immunologically active even
after systemic administration of bacterial toxins. Cochlear
activation of NF-kB has also been reported to occur fol-
lowing acoustic trauma (see the following section) and in
cisplatin-induced ototoxicity™!,

At present, it is technically impossible to positively
identify inflammatory processes within the human inner
ear. There are no well-defined detection methods avail-
able and diagnostic biopsy of the human cochlea is not
feasible. To overcome this limitation, high field magnetic
resonance imaging (MRI) techniques were recently devel-
oped by our group to quantitatively evaluate the develop-
ment of cochlear inflammatory processes in a guinea pig
model induced by the intratympanic injection of LPS™
For the first time, dynamic changes in cochlear vascular
permeability following cochlear inflammation was quanti-
fied using dynamic contrast enhanced-MRI and ultrasmall
superparamagnetic iron oxide particles were used to char-
acterise the recruitment of macrophages into the cochlea.
These methodologies therefore hold considerable poten-
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tial as diagnostic tools for human inner ear diseases such
as labyrinthitis and could also be used to quantitatively as-
sess the efficacy of treatments for cochlear inflammation.

NOISE-INDUCED COCHLEAR
INFLAMMATION

Recent years have advanced our understanding of the un-

derlying mechanisms of noise-induced cochlear damage.
One of the most compelling hypotheses postulates oxi-
dative stress (the excessive formation of reactive oxygen
species or free radicals) in the cochlea as a key mecha-
nism of noise-induced hearing loss"""**. An increase
in reactive oxygen species is also thought to be involved
in age-related and drug-induced hearing loss (ototoxic-
ity). Oxidative stress alters the redox balance of the cells,
leading to the activation of cell death pathways (apoptosis
and necrosis) in the cochlea and hearing loss.

Other studies, however, have implied the intrinsic
involvement of inflammation in noise-induced cochlear
tissue damage. Early ultrastructural studies in the noise-
exposed mammalian cochlea have identified macrophage-
like cells in the damaged organ of Corti, mainly in the
tunnel of Corti and in the outer hair cell region, appear-
ing 5 d after acoustic overstimulation'””. These mac-
rophages are likely involved in mopping up cell debris.
The presence of transforming monocytes in the area and
mononuclear leukocytes within the spiral lamina blood
vessels suggested that these dendritic macrophages origi-
nated from blood-borne monocytes'®”.

Several studies have demonstrated that after acoustic
trauma, a large influx of inflammatory cells from the vas-
culature can be observed in the cochlea, generally peaking
between 2 and 7 d after exposure to traumatic noise, and
diminishing thereafter! '+
the cochlea were identified immunohistochemically us-

. Inflammatory cells within

ing their cell surface markers CD45, a receptor tyrosine
phosphatase present on all hematopoietic/bone marrow-
derived leukocytes or F4/80, a marker of activated mac-
rophages and monocytes. The study by Tornabene ef a/'”
showed that CD45-positive cells increased from an aver-
age of 0.3 cells/section in the non-exposed cochlea to
a maximum of 88 cells/section at 2 and 4 d after noise
exposure. These infiltrating cells were localised predomi-
nantly in the spiral ligament, particularly in the inferior
region among type | and type IV fibrocytes and in the re-
gion adjacent to the bony cochlear capsule among type III
fibrocytes, and in the perilymph-filled spaces of the scala
tympani and scala vestibuli ", Leukocytes were also
observed within the spiral limbus, another region known
to be susceptible to acoustic injury, and in the spiral gan-
g]jon“()’M’GS]. A few cells were also found in the stria vascu-
laris and the perivascular spaces of the modiolus" ™. This
recruitment of macrophages to the cochlea following
excessive stimuli is similar to what occurs in other sensory
organs, such as the retina of the eye. Thus, exposure to
damaging light causes an infiltration of inflammatory cells
to the light-damaged region of the retina®.
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BrdU labelling has demonstrated that these inflam-
matory cells migrate from the vasculature, and it ap-
pears that most of these cells enter the cochlea through
the blood vessels of the lateral wall'”. The lateral wall
is highly vascularized, and the spiral ligament is the site
where the large majority of inflammatory cells can be
found. Immunostaining with other monocyte/macro-
phage markers (CD68, CX3CR1, Iba-1) demonstrated
that the vast majority of these infiltrating cells are derived
from the monocyte/macrophage lineage, with a small
number representing other leukocytes such as T and B
lymphocytes' **!. Hirose e a/'* coined the term “cochlear
macrophage” for those inflammatory cells, to indicate an
inducible exchanging population of phagocytic cells that
respond to acoustic injury.

The recruitment and extravasation of these inflam-
matory cells into the cochlea is mediated by cytokines (e.g.,
TNF-q, IL-1, IL-6), chemokines (¢.g., MCP-1, MCP-5,
MIP-1p) and cell adhesion molecules [e.g., ICAM-1, plate-
let-endothelial cell-adhesion molecule-1 (PECAM-1)],
which are upregulated immediately after noise expo-
surel M7, Fujioka ez al™ demonstrated an upregulation
of the proinflaimmatory cytokines TNF-q, IL-1f and
IL-6 in the noise-damaged cochlea as early as 3 h after
noise exposure. I1.-6 immunoreactive cells were observed
initially in the lower and lateral regions of the spiral liga-
ment, specifically in the cytoplasm of type IV and Il
fibrocytes, then throughout the spiral ligament and even
in the stria vascularis™”. Double labelling with NeuN, a
neuronal marker, showed IL-6 expression in the spiral
ganglion neurons 12-24 h after noise exposure. IL-6 up-
regulation in the noise-exposed cochlea likely contributes
to cochlear injury, as the inhibition of IL-6 suppressed
cochlear inflammation and mitigated the hearing loss™.
Chemokines that are chemotactic for macrophages such
as MCP-1/CCL2, MCP-5/CCL12, and MIP-1B3/CCL4
are upregulated in the noise-exposed cochlea 2 h follow-
ing acoustic trauma ", The early expression of chemo-
kines suggests that resident cochlear cells may be respon-
sible for this upregulation.

ICAM-1/CD54 is a vascular adhesion molecule that
plays a critical role in mediating temporary adhesion/im-
mobilisation of leukocytes to vascular endothelial cells
in preparation for extravasation. Increased expression of
ICAM-1 at the protein level is seen 24 h after noise ex-
posure, reaching a maximum at 2 and 4 d, and returning
to basal levels by 14 d"". This elevated expression is seen
chiefly in the vascular endothelial cells and fibrocytes oc-
cupying the root region of the spiral ligament, and less
intensely in the region of the spiral ligament adjacent to
the cochlear bony capsule. The endosteal cells lining the
scala tympani and scala vestibuli and capillaries of the stria
vascularis also show increased ICAM-1 immunolabelling,
Upregulation of ICAM-1 at the mRINA level is first ob-
served 2 h after noise exposure. The increased ICAM-1
expression in these cells regulates and directs the extrava-
sation and cellular infiltration of inflammatory leukocytes.
Results from our recent study on ICAM-1 expression fol-
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Pre-noise

Post-noise

Figure 1 Intercellular adhesion molecule-1 immunolabelling in the spiral
ligament of the cochlear basal turn in C57BL/6 mice. A: In the non-noise
exposed cochlea, intercellular adhesion molecule-1 (ICAM-1) was expressed
by type IV fibrocytes and vascular endothelial cells in the lowest region of the
spiral ligament; B: Mice exposed to traumatic noise (100 dB SPL, 8-16 kHz) for
24 h showed increased expression of ICAM-1, peaking at 24 h following acous-
tic trauma. ICAM-1 immunolabelling became more intense and expanded to
cover a much greater area in the inferior region of the spiral ligament. ICAM-1
immunoexpression was determined by immunoperoxidase histochemistry and
photomicrographs of mid-modiolar cochlear sections were taken with a digital
light microscope (Nikon Eclipse 80i) at 40 x magnification. SL: Spiral ligament;
SM: Scala media.

lowing acute noise exposure in mice are compatible with
these findings (Figure 1). Other adhesion molecules that
show increased expression following noise exposure in-
clude P-selectin, PECAM-1 and VCAM-1"". Shi ¢t /™
demonstrated that the expression of these adhesion mol-
ecules is modulated by poly(ADP-ribose) polymerase-1
(PARP-1), a DNA repair enzyme. They suggested that
noise activates PARP-1 in capillary endothelial cells of the
spiral ligament and stria vasculatis, which may act through
NF-kB to regulate the expression of adhesion proteins in
the lateral wall.

The expression of many proinflammatory media-
tors that participate in the acute inflammatory response
is broadly regulated by the transcription factor NF-xB.
Apart from its pivotal role in immune and inflammatory
responses, NF-kB is also implicated in a range of pro-
cesses such as cell survival, apoptosis, development, dif-
ferentiation and cell growth™. NF-kB comprises a family
of five inducible transcription factors, p50/p105 (NF-
kB1), p52/p100 (NF-kB2), p65 (RelA), RelB, and c-Rel™.
They exist as hetero- or homo-dimeric complexes, with
the p50/p65 hetero-dimer being the predominant form.
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In quiescent cells, NF-xB is expressed in the cytoplasm
in a latent form, with an inhibitory protein (IxB) bound
to the dimer. Upon stimulation, the inhibitory protein is
degraded, activating the NF-kB dimer, which then trans-
locates to the nucleus where it binds to the promoters of
its target genes. NF-kB activation in the cochlea has been
demonstrated following noise exposure[73’76’77]. Following
a 2 h exposure of mice to traumatic noise (124 dB SPL),
translocation of p65 and p50 to the nucleus of fibrocytes
in the lateral wall was observed, indicating NF-xB activa-
tion"”. Prominent nuclear localisation of NF-kB occurred
2 h after noise exposure, but the nuclear immunostaining
subsided after 72 h, suggesting an catly response of NF-
kB to acoustic overstimulation.

As mentioned earlier, a large population of PVMs
exist in the stria vasculatis, however, these cells are not
found elsewhere in the cochlea, including the spiral liga-
ment”. The PVMs play an important role in regulating
the integrity of the intrastrial fluid-blood bartier by mod-
ulating the expression of tight- and adherens-junction
proteins between the endothelial cells vz the secretion
of pigment epithelium growth factor (PEDF)"™., The
integrity of the barrier is critical for establishing and
maintaining the endocochlear potential and preventing
the entry of toxic substances into the cochlea™. Expo-
sure to excessive noise leads to breakdown and increased
permeability of the blood-labyrinth barrier by causing
PVMs to change morphology and detach from strial
capillaries and also by causing a significant downregula-
tion of PEDF production and tight junction protein
expression”'!. Similar to the cochlea, the retina of the eye
contains petivascular macrophages, which also contribute
to the maintenance of the blood-retinal barrier™. Recent
evidence has demonstrated that bone marrow-derived
cells (BMDCs) ate recruited to the stria vascularis during
the first week after acoustic injury to repair and restore
the noise-damaged blood vessels™ . These cells promote
angiogenesis and neovascularization, differentiating into
PVMs, pericytes and endothelial cells and integrating into
the strial blood vessels by 4 wk after noise exposure. This
recruitment is mediated by an intrinsic INOS)-dependent
stromal cell-derived factor-1ow (SDF-1q) signalling path-
way. Blocking the activity of iNOS or SDF-1q signifi-
cantly reduced both the number of infiltrating BMDCs
and the capillary density (vascular repair) in the stria vas-
cularis of the noise-exposed cochlea.

Similar to noise-induced hearing loss, oxidative stress
and inflammation are major contributing factors to
cisplatin-induced ototoxicity. Cisplatin has been shown
to increase the expression of inflammatory mediators
such as INOS, cyclo-oxygenase-2 and TNF-q, which are
downstream targets of the transcription factor, signal
transducer and activator of transcription-1 (STATD)™.
Cisplatin-induced activation of STAT1 is dependent on
ROS generation through NOX3, a member of the NOX
family of superoxide-generating nicotinamide adenine
dinucleotide phosphate oxidases. NOX3 is expressed al-
most exclusively in the inner ear and serves as the primary
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source of ROS generation in the cochlea™. siIRNA-medi-
ated gene silencing of NOX3 mitigates cisplatin-induced
hearing loss, demonstrating a key role of NOX3 in the
development of cisplatin-mediated ototoxicity[w. In con-
trast to these findings, recent data from our group showed
that exposure to noise results in a significant down-
regulation of NOX3 in the cochlea®™. We propose that
the reduction in NOX3 may represent an endogenous
protective mechanism to reduce oxidative stress in the
noise-exposed cochlea. These studies provide evidence
that NOX3 is involved in the development of noise- and
cisplatin-induced cochlear injury, albeit in a different way.

The exact role inflammatory cells play once recruited
to the noise-damaged cochlea remains unclear. It is pos-
sible that the inflammatory response exacerbates the
cellular damage in the cochlea by causing bystander
tissue injury. It has also been suggested that the recruit-
ment of inflammatory cells following acoustic injury is
part of a wound healing response, given that infiltrat-
ing cells are largely observed in the region of the spiral
ligament where noise-induced fibrocyte loss is most
evident"*"""| Teukocytes may play a critical role in
promoting repair by removing cellular debris created
by the primary insult. These cells may contribute to the
repair process by changing the local environment zia the
secretion of chemical mediators such as cytokines and
growth factors. Inflammatory leukocytes could function
along with resident fibrocytes of the spiral ligament to
regulate repair of the noise-damaged cochlear structures.
It has been speculated that the fibrocytes initiate the local
inflammatory processm. These cells express similar cyto-
kines, chemokines and adhesion molecules, and also re-
spond to signals used by leukocytes for cell-cell signalling.
Cochlear fibrocytes can perhaps be considered facultative
resident macrophages, serving some functions normally
performed by circulating macrophages.

TREATMENT STRATEGIES FOR
MITIGATING NOISE-INDUCED COCHLEAR
INFLAMMATION

At the present time, there is no cure for noise-induced
hearing loss, or any other types of hearing loss. The only
therapeutic intervention for the hearing impaired is the
use of hearing devices such as hearing aids that amplify
sound or cochlear implants. A cochlear implant is a neu-
ral prosthesis that functions by electrically stimulating
residual spiral ganglion neurons, the primary auditory
neurons of the cochlea.

Corticosteroids (glucocorticoids) are widely used in the
treatment of numerous acute and chronic inflammatory
diseases, and have also long been used in the management
of SNHL of various causes, including noise-induced
hearing loss. Corticosteroids ate typically administered sys-
temically, either intravenously or orally. Appropriate doses
of steroids supress excessive inflammation, but are unable
to completely recover the associated hearing loss. Higher
doses, on the other hand, can be deleterious to cochlear
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function in the long term and are often accompanied by
a wide range of adverse side effects™. Glucocorticoids
exert their actions by binding to and activating soluble
cytoplasmic glucocorticoid receptors, which translocate to
the nucleus and bind to specific DNA sites, culminating
in the downregulation of proinflammatory cytokines and
adhesion molecules™". Experiments have demonstrated
that dexamethasone, a popular glucocorticoid, suppresses
TNF-o-induced inflammatory mediator release from cul-
tured spiral ligament fibrocytes™. The otoprotective ef-
fects of steroids may be mediated through the actions of
NF-kB, as glucocorticoids are shown to be potent inhibi-
tors of NF-kB activation »iz the induction of the IxBo
inhibitory protein™. Local routes of steroid delivery have
been developed without the unfavourable side effects.
Direct infusion of dexamethasone into the perilymphatic
space using osmotic mini-pumps has been reported to
show protective effects against noise-induced injury in the
guinea pig cochlea™. Intratympanic administration of ste-
roids have also shown good therapeutic efficacy™.

From our existing knowledge of the underlying
mechanisms and pathways of the cochlear inflamma-
tory response, rational therapeutic approaches can be
devised to supress the inflammation and reduce cochlear
injury. It is speculated that there are networks in the co-
chlea among inflammatory cells, fibrocytes and vascular
endothelial cells, which are interconnected by various
proinflammatory mediators (chemokines, cytokines, and
adhesion molecules)*”. Appropriate control of these
networks could potentially attenuate the inflammatory
reaction in the cochlea. Because of their eatly expression
in the inflammatory response and their role in recruiting
inflammatory cells into the cochlea, targeting chemo-
kines/cytokines through direct inhibition may represent
an effective novel therapeutic strategy.

Satoh ¢ a/*” examined the therapeutic potential of
anti-TNF-q, therapy and showed that blocking the activity
of TNF-a using Etanercept, a soluble TNF-q receptor-
FC fusion protein, significantly attenuated the cochlear
inflammatory response (reduced inflammatory cell in-
filtration and cochlear fibrosis) in an animal model of
immune-mediated labyrinthitis induced by immunisation
with KLH. A further study showed that neutralisation of
TNF-o using Etanercept markedly decreased the expres-
sion and secretion of proinflammatory cytokines (INF-q,
IL-1p and IL-6) in the cochlea after cisplatin injection[zﬂ

Another potential treatment strategy would be to block
IL-6 signalling in the cochlea. It is interesting in this regard
that specific humanised neutralising antibodies against
IL-6 have recently been used clinically with promising ef-
fects in patients with rheumatoid arthritis and inflamma-
tory bowel disease. In fact, a recent study by Wakabayashi
et al*" showed that inhibition of IL-6 with TL.-6 receptor
neutralising antibody (MR16-1) resulted in a dramatic sup-
pression of the cochlear inflammatory response (reduced
infiltration of inflammatory cells) and significantly im-
proved hearing function in noise-exposed mice.

Recently, Nakamoto ¢# a/”" showed that administra-
tion of geranylgeranylacetone (GGA), an anti-ulcer drug,
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suppressed the expression of proinflammatory cytokines
(IL-6 and IL-1B) in the noise-exposed cochlea and also
improved auditory function. GGA activates heat shock
transcription factor 1 (HSF1), which induces the expres-
sion of heat shock proteins. HSF1 is also known to
directly or indirectly regulate cytokine expression, such
as inhibiting the expression of 1L-6 and IL-13. GGA
can also reduce inflammation in other organs (eg., liver)
without apparent side effects even at large doses. GGA
may therefore provide a novel beneficial strategy for the
prevention of noise-induced hearing loss.

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

Extensive evidence from 7 vitro and in vivo studies has
demonstrated the strong anti-inflammatory potential of
adenosine, a ubiquitous slgnalhn% molecule and neuro-
modulator, in a range of tissues” . Adenosine exerts its
anti-inflammatory action by influencing almost all aspects
of the immune response | The Aza receptor, reported
to be the crucial receptor involved in the suppression of
inflammation, is a promising target for the treatment of
inflammatory conditions. Selective A2 receptor agonists
have been used successfully in the therapy of sepsis,
inflammatory bowel disease, skin inflaimmation and ar-
thritis™, and a similar effect could be postulated in the co-
chlea. In addition, A2a receptor agonists have been report-
ed to suppress neuroinflammation in animal models””. In
the mammalian (rat) cochlea, A2a receptors are expressed
in the inner hair cells and supporting Deiters’ cells of the
organ of Corti, spiral ligament, spiral ganglion neurons,
and blood vessels'"”. This broad distribution suggests an
important role of Aza receptors in the cochlea. The sys-
temic administration of exogenous adenosine is limited
by its peripheral side effects” . An alternative approach
for augmenting the availability and actions of endog-
enous adenosine that has received increasing attention in
recent years is the inhibition of adenosine kinase™*'""'"?.
Adenosine kinase inhibitors, such as ABT-702, have dem-
onstrated excellent efficacy in animal models of acute and
chronic inflammation”'""" and may have considerable
therapeutic potential in cochlear inflammation. Adenosine
kinase is extensively distributed in the adult cochlea"™'",
and may have a critical role in the regulation of adenosine
signalling under physiological and pathological conditions.

CONCLUSION

The cochlea responds to trauma and infection like organs
elsewhere in the body by eliciting an inflammatory re-
sponse. Exposure to excessive noise triggers a cochlear in-
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flammatory response that is characterised by an initial up-
regulation of numerous proinflammatory mediators and
adhesion molecules by various resident cochlear cell types,
followed by the rapid recruitment and infiltration of in-
flammatory cells into the cochlea from the systemic circu-
lation. Much has been learned over the years of the noise-
induced inflammatory process in the cochlea from animal
models, but the exact mechanisms by which noise elicits
this response is still unclear. The noise-induced inflam-
matory response may be involved in propagating cellular
damage in the cochlea, but there is also a possibility that it
may be involved in reparative processes. The mechanism
and importance of this response in the noise-injured co-
chlea requires further exploration. With deeper knowledge
of the underlying cochlear inflammatory response, we can
explore and develop novel therapeutic interventions to
protect cochlear tissues from inflammation-induced injury
and noise-induced hearing loss.
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Abstract

AIM: To investigate a novel pharmacological interven-
tion to mitigate cisplatin ototoxicity using a selective
adenosine A: receptor agonist adenosine amine conge-
ner (ADAC).

METHODS: Male Wistar rats (8-10 wk) were exposed
to a two-cycle cisplatin treatment similar to clinical
course of cancer chemotherapy. Each cycle comprised
4 d of intraperitoneal cisplatin injections (1 mg/kg twice
daily) separated by 10 d of rest. ADAC (100 pg/kg) or
drug vehicle solution (control) was administered intra-
peritoneally for 5 d at 24 h intervals during the second
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cisplatin cycle (Regime 1), or upon completion of the
cisplatin treatment (Regime 2). Hearing thresholds
were measured using auditory brainstem responses
(ABR) before cisplatin administration (baseline) and
7 d after the end of cisplatin treatment. Histological
analysis of cochlear tissues included hair cell counting
and qualitative assessment of apoptosis using terminal
deoxynucleotidyl transferase mediated dUTP nick end
labelling (TUNEL) staining.

RESULTS: ABR threshold shifts in cisplatin-treated
Wistar rats ranged from 5-29 dB across the frequency
range used in the study (4-24 kHz). Higher frequencies
(16-24 kHz) were mostly affected by cisplatin ototoxic-
ity (mean threshold shift 25-29 dB). ADAC treatment
during the second cisplatin cycle reduced cisplatin-
induced threshold shifts by 12-16 dB (P < 0.01) at
higher frequencies compared to control vehicle-treated
rats. However, the treatment was ineffective if ADAC
administration was delayed until after the completion
of the cisplatin regime. Functional recovery was sup-
ported by increased survival of hair cells in the cochlea.
Qualitative analysis using TUNEL staining demonstrated
reduced apoptosis of the outer hair cells and marginal
cells in the stria vascularis in animals treated with ADAC
during the second cisplatin cycle.

CONCLUSION: A: adenosine receptor agonist ADAC
mitigates cisplatin-induced cochlear injury and hearing
loss, however its potential interference with antineo-
plastic effects of cisplatin needs to be established.

© 2013 Baishideng. All rights reserved.

Key words: Cisplatin; Cochlea; Ototoxicity; Hearing
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Otoprotection

Core tip: This study investigated a novel pharmacologi-
cal intervention to mitigate cisplatin ototoxicity using
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systemic administration of a selective adenosine Al
receptor agonist adenosine amine congener (ADAC).
Our study demonstrates that systemic administration of
ADAC confers partial protection from cisplatin-induced
ototoxicity. In rats exposed to cisplatin, ADAC amelio-
rated high frequency hearing loss, improved the surviv-
al of the outer hair cells and reduced apoptosis of the
outer hair cells and marginal cells in the stria vascularis.
This study provides support for the otoprotective role
of ADAC with potential clinical benefits extending from
noise-induced hearing loss to cisplatin ototoxicity.

Gunewardene N, Guo CX, Wong ACY, Thorne PR, Vlajkovic
SM. Adenosine amine congener ameliorates cisplatin-induced
hearing loss. World J Otorhinolaryngol 2013; 3(3): 100-107
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INTRODUCTION

Two major classes of therapeutic agents can induce sen-
sorineural hearing loss: aminoglycoside antibiotics and
platinum-containing chemotherapy agents'’. These drugs
primarily target the outer hair cells in the basal region of
the cochlea and cause high frequency sensorineural hear-
ing loss. Oxidative stress, triggering downstream cell death
signalling pathways, appears to be the common mecha-
nism of ototoxicity?.

Platinum-containing agents, such as cisplatin, carbo-
platin and oxaliplatin, are widely used to treat malignancies
ranging from testicular, ovarian and bladder cancers to
lung, head and neck malignanciesm. These platinum com-
plexes cause cross-linking of DNA and proteins and for-
mation of adducts which ultimately trigger apoptosis in
tumor cells'™”. The use of these anti-cancer drugs is lim-
ited by setious side effects, which include nephrotoxicity,
neurotoxicity, gastrointestinal toxicity, leukopenia, throm-
bocytopenia and ototoxicity'. Cisplatin is considered the
most ototoxic among platinum-containing agents, but it is
generally more effective than carboplatin and oxaliplatin
against different forms of cancer'”, Cisplatin ototoxicity
affects most patients, and is mainly manifested as tinnitus
and bilateral high-frequency hearing loss, in the absence
of the vestibular symptoms'. With prolonged cispla-
tin treatment, hearing loss extends to lower frequencies
necessary for speech perception, and the spiral ganglion
neurons degenerate concomitantly with the loss of hair
cells”, Platinated DNA has been detected in the nuclei of
the outer hair cells, marginal cells of the stria vascularis
and the fibrocytes of the spiral ligament"”. Cross-linking
of DNA by cisplatin may lead to p53-mediated apoptosis
of the outer hair cells and the lateral wall tissues, the spiral
ligament and stria vascularis” . A reduction in the endo-
cochlear potential, probably resulting from a dysfunctional
stria vasculatis, often precedes outer hair cell loss in the

. : .0
acute model of cisplatin ototoxlcrtyl !
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Cisplatin reacts with the outer hair cells to form the
highly reactive monohydrate complexesm, and these com-
plexes activate the NOX3 isoform of NADPH oxidase,
which in turn generates superoxidem’m. This leads to
formation of more toxic reactive oxygen species (ROS),
such as hydroxyl radicals and peroxynitrite”. Excessive
ROS production can overwhelm endogenous anti-oxidant
mechanisms (e.g., glutathione, superoxide dismutase, cata-
lase, glutathione peroxidase and glutathione reductase),
and activate c-Jun N-terminal kinase signalling pathways
in cochlear tissues, leading to apoptosis via caspase-
dependent mechanisms!". ROS can also activate nuclear
factor kB (NF-kB), which regulates the expression of
pro-inflammatory cytokines such as interleukin-1f§ and
tumor necrosis factor-o' " and triggers the inflammatory
cascade.

Cisplatin ototoxicity can be ameliorated by vatrious
protective agents targeting oxidative stress, inflammation
and apoptosis' . Enhancing the endogenous antioxidant
system of the cochlea and administration of free radical
scavengers has been the main approach to reduce ototox-
ic effects of cisplatin[z’m]. Systemic antioxidant administra-
tion, however, can interfere with the anti-tumour activity
of cisplatin, whilst local (intratympanic) administration is
an invasive procedure with its own limitations™'®. There
is no ideal protective agent for clinical use at present,
and finding safe and effective treatments for cisplatin
ototoxicity would significantly improve the quality of life
of many cancer sufferers. In this study, we investigated a
novel pharmacological intervention to mitigate cisplatin
ototoxicity using systemic administration of a selective
adenosine A1 receptor agonist adenosine amine congener
(ADAC).

It has been shown that cisplatin treatment induces a
fivefold increase in adenosine A1 receptor expression in
the chinchilla cochlea'”, suggesting a potential role of
these receptors in cochlear response to cisplatin. Other
studies have reported that the local administration of ad-
enosine A1 receptor agonists R-phenylisopropyladenosine
(R-PIA) or 2-chloro-IN6-cyclopentyladenosine (CCPA)
to the round window membrane of the cochlea reduces
cisplatin-induced auditory threshold shifts". The capac-
ity of A1 receptor agonists to protect the cochlea from
cisplatin opened a new realm of therapeutic strategies to
combat cisplatin ototoxicity.

Systemic administration of A1 receptor agonists is
generally limited by their cardiovascular side effects'”.
However, a selective A1 receptor agonist ADAC is charac-
terized by reduced cardiovascular side effects (bradycardia,
hypotension and hypothermia) compared to other drugs
acting on adenosine Ai receptors” . This suggests that
ADAC can be administered systemically, avoiding the sut-
gical procedures required to deliver drugs to the inner ear.
Our previous studies have shown that ADAC can attenu-
ate noise-induced heating loss and ameliorate cochlear in-
jury in instances of acute and extended noise exposure™.
The improvement of hearing thresholds was supported
by increased survival of sensory hair cells and reduced
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expression of oxidative stress markers in the cochlea.
Here, we demonstrate that ADAC ameliorates cochlear
injury and partially prevents cisplatin-induced hearing loss,
providing further support for the role of A1 receptors in
cochlear protection from ototoxic anti-cancer drugs.

MATERIALS AND METHODS

Animals

Male Wistar rats (8-10 wk) were used in this study. Ani-
mals with pre-existing hearing loss or abnormalities in the
external or middle ear were excluded from the study. All
procedures complied with international guidelines for the
ethical use of animals and were approved by the Univer-
sity of Auckland Animal Ethics Committee.

Cisplatin administration

A two-cycle cisplatin treatment resembling a clinical
course of chemotherapy was used in this study. This
model has a low mortality rate, and provides an excellent
tool to study cisplatin ototoxicity and its prevention'
Each cycle consists of 4 d of cisplatin injections (1 mg/kg
7p twice daily) separated by 10 d of rest. Each rat received
a total of 16 mg/kg of cisplatin. Cisplatin (Sigma Aldrich)
was dissolved in saline (0.5 mg/mL), aliquoted and stored
at -20 C. Cisplatin aliquots were heated in a 37 ‘C water
bath before administration.

Treatment with ADAC

ADAC treatment was initiated concomitantly with the sec-
ond cycle of cisplatin administration (Regime 1) or immedi-
ately after completion of cisplatin administration (Regime 2)
(Figure 1). In both studies, ADAC was given as five daily
injections (100 pg/kg pet day 7) at 24 h intervals. This is
the same dosing schedule that was previously used to miti-
gate noise-induced hearing loss™. In the control group,
injections of the drug vehicle (200 pul./100 g per day 7)
wete administered at the same intervals as ADAC. ADAC
(Sigma-Aldrich) was dissolved in 1 mol/L HCI and then
in 0.1 mol/L phosphate buffered saline (PBS; pH 7.4) to
prepatre a 50 ug/mlL stock solution, as desctibed previ-
ously™. The stock solution was then aliquoted and stored
at -20 C. Light-protected ADAC aliquots were heated in a
37 °C water bath for 30 min before administration.

Auditory brainstem responses

Auditory brainstem responses (ABR) were measured be-
fore cisplatin administration (baseline) and 7 d after the end
of cisplatin treatment. The acoustic stimuli for ABR were
produced and the responses recorded using a digital signal
processing package and associated BioSig software (Tucker
Davis Technologies, Alachua, FL, United States). ABR
measurements were conducted in a double walled sound at-
tenuating chamber (Shelburg Acoustics, Pty Ltd., Croydon
North, Australia). The rats were anesthetized with a mix-
ture of ketamine (75 mg/kg) and xylazine (10 mg/kg), and
placed on a heating pad to maintain body temperature at

K

3ni§l:ﬂ£ng® WJO | www.wjgnet.com
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Cisplatin Cisplatin
1% cycle 2" cycle
ABR ABR
baseline final

Figure 1 Study design. Cisplatin injections (1 mg/kg ip) were given twice daily
in two cycles separated by 10 d of rest, and adenosine amine congener (ADAC)
(100 nglkg ip) was administered as five daily injections at 24 h intervals. ADAC
treatment was administered along with the second cisplatin cycle (Regime 1) or
immediately after completion of both cycles (Regime 2).

37 °C. To obtain ABR responses, fine Grass F-E3 stain-
less steel electrodes were placed subdermally at the vertex
(reference), at the mastoid region of the ear of interest
(active electrode) and the ground electrode was inserted
at the mastoid region of the opposite ear. The electrodes
were attached to a TDT Bioamp head stage and ampli-
fied 100000 times in a TDT DB4 amplifier. Sound stimuli
were supplied va a DT 48 Beyerdynamic transducer con-
nected to a 10 cm plastic tubing placed into the external
auditory canal of the animal’s ear. Rats were tested by ap-
plying a series of tone pips (5 ms duration, 1.5 ms rise and
fall times) at varying intensities to determine the auditory
threshold at the set frequency (4-24 kHz). The threshold
of the ABR complex (waves i-v) were determined by
progressively attenuating the sound intensity in 5 dB steps
until the wave i-v complex of the averaged ABR wave-
forms was no longer distinguishable from noise floor in
recorded traces. The ABR threshold was defined as the
lowest intensity (to the neatest 5 dB) at which a response
could be visually detected above the noise floor. Repeat
waveforms were analysed at each frequency to determine
the consistency of the responses and to identify the recur-
ring peaks.

Hair cell counts

After the last ABR measurement, rats from the first
ADAC treatment group (Regime 1, see Figure 1) were eu-
thanised with an overdose of anaesthetic (Pentobarbitone,
100 mg/kg 7p) and cochleae removed for histological
analysis. After the overnight fixation in 4% paraformal-
dehyde (PFA), the cochleae were decapsulated and the
organ of Corti removed. The surface preparation of the
organ of Corti was separated into the apical, middle and
basal turns, and the tissues were permeabilized with 1%
Triton-X 100 for 1 h. Alexa Fluor 488 phalloidin (Invit-
rogen) dissolved in 0.1 mol/L PBS (pH 7.4) was used to
stain F-actin in the hair cells and their stereocilia. Tissues
were incubated in 1% phalloidin (2 U/mL) for 40 min,
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Figure 2 The effect of adenosine amine congener on cisplatin-induced auditory brainstem responses threshold shifts. A: Auditory brainstem responses (ABR)
thresholds before (baseline) and 7 d after cisplatin administration (final). Adenosine amine congener (ADAC) was co-applied with cisplatin during the second cycle
(Regime 1); B: ADAC reduced ABR threshold shifts when administered concomitantly with the second cisplatin cycle; C: ABR thresholds before (baseline) and 7 d af-
ter cisplatin administration (final). ADAC was administered after the completion of cisplatin treatment (Regime 2); D: ADAC had no effect on cisplatin-induced threshold
shifts when applied after the completion of cisplatin treatment. In the control group, injections of the vehicle solution were administered at the same intervals as ADAC.
ABRSs were measured in response to tone pips (4-24 kHz). Data are expressed as mean + SE (n = 8). °P < 0.01 vs control group, one-way analysis of variance.

washed with PBS for 30 min, and mounted onto glass cubated with the TUNEL reaction mixture (fluorescein
slides using Citifluor AF1 antifading mounting medium nucleotide label solution and TdT enzyme solution at 1:10
(Agar Scientific, London, United Kingdom). The slides dilution) for 2 h at 37 'C in a dark humidified chamber.
were visualised using a Zeiss epifluorescence microscope Negative controls were incubated with the label solu-
equipped with an Axiocam camera and Axiovision v3.1 tion only. The sections were rinsed several times in PBS,
software. Images were taken for the entire length of the mounted in Citifluor, and visualised using a laser scanning
cochlea, and the number of missing hair cells was count- confocal microscope (FluoView™ FV1000, Olympus)
ed for each turn and presented as a percentage of total and processed with Olympus FluoView v.1.6a software.
number of hair cells in that turn. The cochleae obtained from the ADAC treatment Re-
gime 1 were analysed and the images representative of at
Assessment of cell death using transferase mediated least five individual experiments are shown.
dUTP nick end labelling staining
Apoptosis in the cisplatin-treated rat cochleae was identi- Statistical analysis
fied by terminal deoxynucleotidyl transferase (TdT) medi- Results were presented as the mean = SE (# = 8 per
ated dUTP nick end labelling (TUNEL) using a commer- group). The comparison of ABR thresholds was per-
cial In S7tu Cell Death Detection Kit (Roche Diagnostics formed using one-way analysis of variance followed by

GmbH, Mannheim, Germany). After fixation with 4% a Holm-Sidak pairwise multiple comparison and hair cell
PFA, decalcification in 5% EDTA solution for 7 d and loss was analysed using a Student’s unpaired #test assum-
overnight cryoprotection in 30% suctose, the cochleac ing unequal variances. The ¢ level was set at 0.05.

were embedded in Tissue-Tek optimal cutting tempera-
ture compound (OCT, Miles Laboratories, Elkhart, IN,
United States), snap-frozen in isopentane, and stored RESULTS

at -80 'C. Mid-modiolar cochlear cryosections (30 pm) ABR threshold shifts

from ADAC- and vehicle-treated rats were permeabilised ABR were used in this study as a standard functional
with 1% Triton X-100 and blocked with 5% normal goat method of assessing cochlear function in animals. ABR
serum in PBS for 1 h. The sections were washed and in- thresholds were measured prior to the start of the first
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Figure 3 The effect of adenosine amine congener on hair cell loss in the rat cochleae exposed to cisplatin (Regime 1). A: The surface preparation of the
middle turn organ of Corti in the vehicle-treated cochlea; B: The middle turn organ of Corti in the adenosine amine congener (ADAC)-treated cochlea; C: Percentage
of hair cell loss in the cochleae exposed to cisplatin treated with ADAC or drug vehicle solution. Data presented as mean % SE (n = 8). °P < 0.05, °P < 0.01 vs control

grou, unpaired ¢ test. IHC: Inner hair cells; OHC: Outer hair cells.

Vehicle

Figure 4 Transferase mediated dUTP nick end labelling staining in the
rat cochleae exposed to cisplatin. A: Apoptotic marginal cells (MC) of
the stria vascularis (SV) in the control vehicle-treated cochlea; B: Reduced
number of apoptotic marginal cells in the adenosine amine congener (ADAC)-
treated cochlea; C: Terminal deoxynucleotidyl transferase mediated dUTP
nick end labeling assay staining in the organ of Corti of the control vehicle-
treated cochlea; D: Reduced apoptosis in the organ of Corti of the ADAC-
treated cochlea. Images are single optical sections of the middle turn. IHC:
Inner hair cells; OHC: Outer hair cells.

cisplatin cycle and 7 d after the completion of cisplatin
treatment, and the threshold shift was calculated for each
animal as a difference between these two measurements.
Baseline ABR thresholds before cisplatin administration
were similar in all groups of animals (Figure 2A and C).
Intraperitoneal administration of cisplatin caused signifi-
cant elevation of ABR thresholds in all animals (Figure 2),
which was more substantial at higher frequencies (16-
24 kHz; mean threshold shift 25-29 dB). ADAC treat-
ment during the second cycle of cisplatin (Regime 1)
reduced ABR threshold shifts by 12-16 dB at higher fre-
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quencies (P < 0.01) compared to control vehicle-treated
rats (Figure 2B). However, when ADAC treatment was
delayed until after the completion of both cisplatin cycles
(Regime 2), there was no improvement of ABR thresh-
olds (Figure 2D).

Hair cell loss

To determine the extent of hair cell loss with ADAC
treatment during the second cycle of cisplatin administra-
tion (Regime 1), the outer hair cells were counted in the
basal, middle and apical turns of the cochlea. Figure 3A is
a representative image of the surface preparation of the
middle cochlear turn showing cisplatin-induced loss of the
outer hair cells in the vehicle-treated cochlea. The inner
hair cells were mostly unaffected by exposure to cisplatin.
The survival of the outer hair cells was improved in the
ADAC-treated cochlea (Figure 3B), suggesting a cytopro-
tective effect of this compound. Quantitative assessment
of the cisplatin-induced hair cell loss in the vehicle-treated
cochleae (Figure 3C) demonstrated a high percentage of
missing hair cells in the basal and middle turns (36% and
25%, respectively), whilst the hair cell loss in the apical
turn was less than 5% (data not shown). ADAC treatment
during the second cisplatin cycle significantly (P < 0.05 for
the middle turn and P < 0.001 for the basal turn) reduced
hair cell loss in the basal and middle turns of the cochlea

(Figure 3C).

TUNEL staining

TUNEL staining is a technique used for detection of
apoptosis at a single cell level, based on labeling of frag-
mented DNA in the nuclei of apoptotic cells. In this
study, TUNEL staining was used for qualitative assess-
ment of apoptosis in the midmodiolar cross-sections of
the cisplatin-treated cochlea (Figure 4). This study was
performed on cochlear tissues of animals treated with
ADAC or vehicle solution during the second cycle of cis-
platin treatment (Regime 1). TUNEL staining was mostly
limited to the marginal cells of the stria vascularis and the

August 28,2013 | Volume 3 | Issue 3 |



outer hair cells, whilst the inner hair cells were occasion-
ally positive for TUNEL staining (Figure 4A and C). As
expected, the number of apoptotic cells was the highest
in the basal turn, slightly lower in the middle turn and
minimal in the apical turn. In the basal and middle turns,
we mostly observed 1 out of 3 or 2 out of 3 TUNEL-
positive outer hair cells, whilst in the apical turn TUNEL-
positive cells were observed only occasionally. Supporting
cells were mostly unaffected except in the basal turn,
where some TUNEL-positive Deiters’ cells were ob-
served. Figure 4C shows two TUNEL-positive outer hair
cells and an inner hair cell in an advanced stage of apop-
tosis, judged by diffuse TUNEL staining which correlates
with disrupted chromatin and cellular disintegration. In
all turns, however, there were more advanced stage outer
hair cells than inner hair cells, and in extreme cases com-
plete disintegration of the outer hair cells was observed.
TUNEL staining in the spiral ganglion was limited to
satellite cells, whilst the neurons appeared unstained (data
not shown). ADAC treatment during the second cycle of
cisplatin regime consistently decreased TUNEL staining
in the stria vascularis and the organ of Corti in the basal
and middle turns of the cochlea (Figure 4B and D).

DISCUSSION

Our study demonstrates that systemic administration of
ADAC, a selective A1 adenosine receptor agonist, con-
fers partial protection from cisplatin-induced ototoxic-
ity. In rats exposed to cisplatin, ADAC ameliorated high
frequency hearing loss and improved the survival of the
outer hair cells. As a qualitative outcome, ADAC treat-
ment reduced apoptosis of the outer hair cells and mar-
ginal cells in the stria vascularis.

In this study we have taken advantage of the two-
cycle model of cisplatin treatment, which mimics the
clinical course of chemotherapy™ and avoids a high
mortality rate known to exist in other animal models of
cisplatin toxicity™*!. A previous study using the two-
cycle model® established that hearing loss and the loss
of outer hair cells occurs after the second cycle of cispla-
tin injections, suggesting that this period should be thera-
peutically targeted to reduce cisplatin ototoxicity. Indeed,
ADAC was most effective when administered concomi-
tantly with cisplatin during the second cycle. After the
completion of cisplatin treatment, the ototoxic effects
of cisplatin were irreversible and the hearing loss was
permanent. These results suggest that the role of ADAC
is to facilitate the recovery process of the hair cells and
other cochlear tissues at early stages of cochlear injury.

Previous studies have shown that apoptotic cell death
is the main mechanism of cisplatin ototoxicity™. In the
present study, ADAC reduced the loss of outer hair cells
and apoptosis in the organ of Corti and stria vascularis,
cochlear tissues particularly vulnerable to cisplatin ototox-
icity®. Our results thus suggest that ADAC improves
the survival of sensory and secretory tissues critical for
normal cochlear functioning,
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It is possible that ADAC targets multiple mechanisms
of cochlear injury, reducing oxidative stress and apoptosis
upon stimulation of adenosine A1 receptors. It has been
established that A1 receptors exert a strong cytoprotec-
tive role in the cochlea”* most likely by inducing
the activation of antioxidant enzymes™". A1 adenosine
receptors are up-regulated after local cisplatin admin-
istration to the cochlea, and this is considered to be a
compensatory mechanism to counter excessive ROS pro-
duction"”. Local administration of R-PIA (A1 adenosine
receptor agonist) to the round window membrane can
increase the production of antioxidant enzymes super-
oxide dismutase and glutathione peroxidase and signifi-
cantly reduce the levels of malondialdehyde, a marker of
lipid peroxidation™. In addition, selective A1 adenosine
receptor agonists, such as CCPA and ADAC, reduce the
production of a toxic metabolite nitrotyrosine (marker
of oxidative stress) in the noise-exposed cochlea™?,
providing further support for antioxidant actions of ad-
enosine A1 receptor agonists. Anti-apoptotic activity of
At receptors has also been established. A1 receptors are
positively coupled to extracellular signal-regulated kinase
1/2 mitogen-activated protein kinases””, known to medi-
ate pro-survival signals in tissues™. In addition, the in-
creased expression of adenosine receptors in response to
oxidative stress is regulated by transcription factors NF-
kB and activator protein 1, which facilitate cell survival in
tissues exposed to oxidative stress .

At adenosine receptors have been previously shown
to reduce cisplatin-induced auditory threshold shifts
after local administration of adenosine A1 receptor ago-
nists, such as R-PIA or CCPA, onto the round window
membrane of the cochlea®. The potential advantage of
ADAC in comparison with other adenosine A1 receptor
agonists is the possibility of systemic administration due
to reduced cardiovascular effects™ . However, transla-
tion from animal models to clinical practice is essential
to assess the effectiveness of ADAC. Further studies are
required to assess potential side effects, optimal dose and
route of drug administration, and bioavailability. Another
important caveat is to establish whether systemic admin-
istration of ADAC interferes with anti-cancer effects of
cisplatin. Nevertheless, this study provides further sup-
port for the otoprotective role of ADAC with potential
clinical benefits extending from noise-induced hearing
loss to cisplatin ototoxicity.

COMMENTS

Background

Cisplatin is one of the most commonly used chemotherapeutic agents highly
effective in treatment of various malignancies. The principal dose-limiting side
effects of cisplatin include ototoxicity, neurotoxicity and nephrotoxicity. Cisplatin
ototoxicity affects most patients, and is manifested as tinnitus and bilateral high-
frequency hearing loss.

Research frontiers

Cisplatin ototoxicity can be ameliorated by various protective agents targeting
oxidative stress, inflammation and apoptosis. There is no ideal protective agent
for clinical use at present, and finding safe and effective treatments for cisplatin
ototoxicity would significantly improve the quality of life of many cancer sufferers.
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Innovations and breakthroughs

Cisplatin-induced cochlear injury and hearing loss can be reduced after local
administration of adenosine A1 receptor agonists. The advantage of adenos-
ine amine congener (ADAC) in comparison with other adenosine A+ receptor
agonists is the possibility of systemic (e.g., oral) administration due to reduced
cardiovascular effects of ADAC at the therapeutic dose.

Applications

This study may lead to therapeutic management of ototoxic side effects in pa-
tients receiving cisplatin anti-cancer therapy. An important caveat is to establish
whether systemic administration of ADAC interferes with anti-cancer effects of
cisplatin.

Terminology

ADAC is a selective A1 adenosine receptor agonist. Adenosine acts as a cy-
toprotective substance released from tissues in response to stress. Released
adenosine may account for tissue protection and regeneration in a range of tis-
sues via adenosine A1 receptors.

Peer review

The authors present compelling evidence for the ability of ADAC to reduce loss
of hearing function and loss of cochlear hair cells induced by cisplatin in Wistar
rats, a recognized model of cisplatin ototoxicity. These data are of particular in-
terest due to the possibility of systemically treating humans undergoing cisplatin
cancer therapy with ADAC, which has reduced cardiovascular side effects com-
pared to other adenosine agonists.
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Abstract

Although the pectoralis major myocutaneous flap is of-
ten used in head and neck reconstruction, the extension ~ INTRODUCTION
of the skin paddle beyond the inferior limits of the mus-
cle has not been well described. We aim to clarify the
design and application of this extended flap in head and
neck reconstruction. In this retrospective study, con-
secutive cases of extended pectoralis major myocutane-
ous flap reconstruction of post-ablative head and neck i .
defects at a single tertiary referral center were included ~ n¢¢k region. Currently however, free dssue transfers,
for analysis. In 7 cases an extended pectoralis major ~ Which offer superior pliability and ability to be contoured
flap was utilized, in which the skin paddle was extended ~ t© the defect, have largely superseded the pectoralis major

The pectoralis major flap was first described in 1968
and later popularized for head and neck reconstruction
by Ariyan™ in 1979. Due to its ready availability, ease
of harvest and reliability, it soon became the choice of
reconstruction for post-ablative defects in the head and

beyond the inferior border of the pectoralis major to in-  flap- Nevertheless, the latter retains an important place in
clude the rectus sheath. Skin and soft tissue as well as ~ contemporary head and neck reconstruction, particularly
composite defects of the oral cavity, parotid/temporal in resource constrained settings, high risk patients and as
region and neck were reconstructed. All flaps healed salvage after free flap failure.

satisfactorily with no loss of skin viability. The extended The principal blood supply to the flap is from the

pectoralis major myocutaneous flap is robust and has thoracoacromial artery, a branch of the axillary artery
versatile applications for reconstruction of large, high that enters the deep muscle surface from beneath the
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middle third of the clavicle. In most large series, the skin
paddle has been limited to within the surface area of
the pectoralis major muscle, Ze., territory supplied by the
thoracoacromial artery, as extension beyond this border
is thought to compromise blood supply™. In this report,
we describe our experience with the extended pectoralis
major flap, wherein the skin paddle was extended beyond
the inferior border of the pectoralis major to include rec-
tus sheath.

CASE REPORT

All cases of head and neck defects reconstructed by the
pectoralis major myocutaneous flap at our tertiary referral
center from 2010 to 2013 were retrospectively reviewed.
Among these, cases of extended pectoralis major flap re-
constructions were selected for analysis. For the purpose
of this report, an extended flap was defined as the design
and harvest of a skin paddle with the proximal portion
ovetlying the pectoralis major muscle, and the distal por-
tion extending beyond the inferior border of the muscle
to include rectus sheath. The dimensions of the skin
paddle were as closely matched as possible to that of the
defect. The distal margin of the skin paddle was designed
in a curvilinear manner to avoid a sharp tip. The pedicle
length was designed so as to ensure an adequate arc of
rotation (pivoted on the middle third of the clavicle) and
sufficient tension free reach of the inferior margin of the
skin paddle to the highest or most distal reach of the de-
fect. A curvilinear line was drawn from the supero-lateral
corner of the skin paddle to the anterior axillary fold
(Figure 1). From this line an inferior flap was raised su-
perficial to the pectoralis fascia to define the inferior bor-
der of pectoralis major muscle. This border was assessed
in relation to the inferior border of the skin paddle. The
portion of skin paddle extending beyond the inferior
border of muscle was harvested with the correspond-
ing underlying rectus sheath in a plane just superficial
to rectus muscle. The cut margin of rectus sheath was
sutured to the subcutaneous layer of the skin paddle to
prevent shearing and disruption in blood supply during
harvest. Further proximal harvest continued in a plane
deep to pectoralis major muscle and superficial to pec-
toralis minor muscle. The vascular pedicle was identified
on the deep surface of pectoralis major and protected
during further harvest. If a second lateral pedicle (lateral
thoracic artery) was present, it was divided to obtain ade-
quate arc of rotation. Muscle around the vascular pedicle
was thinned if necessaty to facilitate distal reach of skin
paddle. Pectoralis major muscle fibers were released from
rib attachments and the humeral head was also detached
completely. The flap was finally mobilized superiorly un-
der the neck skin and the skin paddle was sutured to the
defect margins in a single layer. Care was taken to ensure
minimal tension and kinking of the vascular pedicle.

In the postoperative petiod, normal saline was infused
at the rate of 100-120 cc/h for the first 24 h. Urinary
output was monitored with the Foley catheter in-situ to
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Figure 1 Flap design and elevation. A: Marking of skin paddle with inferior
line representing costal margin; B: Flap being elevated along with rectus sheath
(exposed rectus muscle inferiorly).

ensure it remained above 50 cc/h. Packed red blood cell
was transfused to maintain blood hemoglobin concentra-
tion at or above 9 g/dL. Oral or nasogastric tube feeding
was commenced 24-48 h following surgery and gradu-
ally increased to approximately 3 L/d at which point
intravenous fluids was completely stopped. The patient’s
head was kept elevated by 45 degrees and maintained in a
neutral position as far as possible. On the first postopera-
tive day, the patient was made to sit in a chair and daily
chest physiotherapy was commenced. Ambulation was
started on the second postoperative day, and the Foley
catheter was typically removed on the third day. In cases
that required mucosal repair, nasogastric feeding and nil
by mouth orders were continued until at least the 14"
postoperative day and full healing of mucosal incision
lines. Flap viability was checked on the first postopera-
tive day by needle prick and then by visual inspection of
skin color and turgor on a daily basis until discharge from
hospital. Any loss of viability, such as skin necrosis, was
recorded.

A total of 7 cases of extended pectoralis major myo-
cutaneous flap repairs were done. Patient demographics
are given in Table 1. No patient had received preoperative
radiotherapy. The distal tip of the skin paddle extended
beyond the lower border of pectoralis major by 2-5 cm.
In all cases, this cut distal margin was confirmed to ex-
hibit brisk bleeding during harvest. The indications for
the extended flap were large defects of mucosal and/or
skin surface, high defects involving soft palate or extend-
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Table 1 Patient demographics and operative details

Pt No. Age (yr)/sex Primary tumor Defect nature Approximate skin
paddle dimension (cm)
1 60/F CA thyroid Large cutaneous and soft tissue defect 7x4
2 54/M CA retromolar trigone Composite defect of oral mucosa and mandible 6x3
3 45/F CA buccal mucosa Large full thickness composite defect cheek 5x4
4 56/F CA alveolus Composite defect of oral mucosa and mandible 6x4
5 66/M CA retromolar trigone Composite defect of oral mucosa and mandible 6x4
6 55/M CA parotid Large cutaneous defect of cheek reaching temporal line 8x6
7 50/F CA alveolus Large full thickness composite defect cheek 8x4

F: Femal; M: Male.

Figure 2 Reconstruction of large cutaneous defect (Patient 1). A: Large locally invasive thyroid malignancy with skin involvement; B: Post-ablative defect; C:

Marking for flap; D: Wound 1 wk after surgery.

ing up to and beyond the temporal line, and complex,
multi-dimensional intraoral defects requiring tension-free
circumferential closure. Patients 3 and 7 had full thick-
ness defects of the cheek with loss of skin, buccal soft
tissue and mucosa. In the former patient, the surface area
of the cutaneous defect was near-identical to that of the
buccal defect (5 cm X 4 cm), while the cutaneous defect
was much smaller (2 cm X 1 c¢m) in the latter. The skin
paddle of the flap was used to resurface the cutaneous
defect in the former and the buccal defect in the latter.
The corresponding large buccal and small external cuta-
neous defects were reconstructed with split skin grafts.
The donor site was closed primarily in 6 cases and a local
rotation flap was required in 1 case. No patient required a
second simultaneous flap for reconstruction (Figures 2-5).

One patient developed a seroma in the neck anterior
to the flap muscle that settled on repeated aspiration.
Two other patients developed orocutaneous fistula that
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healed by daily dressing. All flaps survived fully with no
loss of skin viability or necrosis over a minimum follow-
up of 60 d. Similarly, there was no major donor site com-
plication.

DISCUSSION

The pectoralis major myocutaneous flap offers a very im-
portant reconstructive option in contemporary head and
neck surgery. However, limiting the skin paddle to within
the surface area of the pectoralis major muscle may oc-
casionally restrict the ability to reconstruct large, high
or complex defects. In this report, extension of the skin
paddle inferiotly beyond the pectoralis major muscle has
been shown not to compromise blood supply and this
extended and robust skin paddle can be utilized to reli-
ably reconstruct large or high defects.

The main blood supply to the pectoralis major is the
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Figure 3 Reconstruction of full thickness cheek defect (Patient 3). A: Post-ablative defect; B: Marking for skin paddle; C: Immediate post-reconstruction; D: Two

months following surgery.

Figure 4 Reconstruction of large mucosal defect (Patient 4). A: Elevation of flap; B: Two months following surgery.

thoracoacromial artery. There are two other vessels sup-
plying the muscle: internal mammary artery with its per-
forating branches and lateral thoracic artery. The internal
mammary vessels continue into the rectus sheath as the
superior epigastric artery and vein with large perforators
in the periumbilical region of the abdomen. The cutane-
ous vascular territories of these three vascular systems
overlap to supply the skin of the antetior chest and up-
per abdomen'. Cadaveric dye injection studies have con-
firmed overlap of the skin territories of perforators from
the internal mammary, superior epigastric and thoracoac-
romial systems over the sternum and upper abdominal
wall™”. It has been shown that in some cases, the skin
paddle of the traditional pectoralis major flap can have
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a limited supply by the thoracoacromial artery, with the
remaining area borne by the perforating branches of the
internal mammary artery®”. Extending the skin paddle
inferiotly to include the rectus sheath as done in this
report can capture the rich fascial vascular plexus of the
lower chest and anterior abdominal wall. The distal skin
must be designed in a curvilinear fashion to avoid a sharp
tip and include the fascia covering the anterior abdominal
wall to maintain the fascial vascular plexus. Proximally,
the skin island must be designed to ovetlie the pectoralis
muscle to allow the thoracoacromial perforating vessels
access into the distal fascial plexus. The edges of the
rectus sheath and superficial layers of pectoralis muscle
must be sutured to the corresponding subcutaneous layer

August 28,2013 | Volume 3 | Issue 3 |



Dhiwakar M et a/. Extended pectoralis major myocutaneous flap in head and neck reconstruction

Figure 5 Reconstruction of large parotid skin defect (Patient 6). A: Tumor parotid with skin involvement; B: Post-ablative defect; C: Skin paddle with marked line
representing approximate level of inferior border of pectoralis major muscle; D: Immediately following reconstruction.

of the skin paddle to prevent shearing and loss of blood
supply. Further harvest must be done gently, avoiding
tension or torsion of the pedicle. Similarly, when muscle
around the pedicle needs to be thinned, care must be
taken to avoid thermal or crush injury to the pedicle. Pro-
vided these principles are strictly adhered to, we believe
an inferiotly extended skin paddle can be safely harvest-
ed, avoiding previously reported complications with the
pectoralis major flap™'”. Further, the distance between
the lower skin margin and the inferior border of the
pectoralis major muscle has been limited to 5 cm or less
in this report. Future studies may assess whether further
extension of the skin paddle inferiorly is feasible.

The indications for the extended flap in this report
were large defects of mucosal and/or skin surface, high
defects involving soft palate or extending up to and be-
yond the temporal line, and complex, multi-dimensional
intraoral defects requiring tension-free circumferential
closure. In our assessment, the traditional pectoralis
major flap would have been insufficient for tension-free
resurfacing of these defects. Even though a few flaps in
this series had a relatively smaller skin paddle size, the
extended flap conferred the advantage of superior reach,
rotation and contouring for high and complex defects.
We believe the extended flap overcomes several of the
limitations imposed by the traditional pectoralis major
flap by conferring a larger skin paddle for big defects and
superior reach for high defects, thereby minimizing ten-
sion and overall compromise of blood supply to the flap.
It is plausible that some of the complications reported

K

,‘)Zui:l::;ng‘D WJO | www.wjgnet.com

previously with the pectoralis major flap®™” might have
been avoided by utilizing the extended flap. Done in an
appropriate manner as outlined here, the extended flap
increases the versatility of pectoralis major myocutaneous
flap in head and neck reconstruction.

Post-ablative head and neck defects that involve large
surface areas of the skin and/or mucosa, or extend high
to involve the soft palate or up to and beyond the tempo-
ral line, are challenging to reconstruct. In this report, the
extended pectoralis major myocutaneous flap has been
shown to be ideal for repairing these large and complex
defects. Further larger studies are required to confirm
and expand our findings.
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Statistical data
Write as mean * SD or mean * SE.

Statistical expression

Express 7 test as # (in italics), I test as I (in italics), chi square test as
XZ (in Greek), related coefficient as 7 (in italics), degree of freedom
as v (in Greek), sample number as # (in italics), and probability as P (in
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h,
blood glucose concentration, ¢ (glucose) 6.4 £ 2.1 mmol/L; blood
CEA mass concentration, p (CEA) = 8.6 24.5 pg/L; CO, volume
fraction, 50 mL/L CO,, not 5% CO,; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, ef. Arabic
numerals such as 23, 243, 641 should be read 23243 641.

The format for how to accurately write common units and
quantums can be found at: http://www.wjgnet.com/2218-6247/
g info_20100724224620.htm.

Abbreviations

Standard abbreviations should be defined in the abstract and on
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful
to the reader. Permissible abbreviations are listed in Units, Symbols
and Abbreviations: A Guide for Biological and Medical Editors and
Authors (Ed. Baron DN, 1988) published by The Royal Society of
Medicine, London. Certain commonly used abbreviations, such as
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR,
CSE, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly
without further explanation.

Italics

Quantities: # time or temperature, ¢ concentration, 4 area, /length,
m mass, 17 volume.

Genotypes: gyrA, arg 1, ¢ mye, ¢ fos, ete.

Restriction enzymes: EcwRI, Hind1, BanHI, Kbo 1, Kpn 1, et.

Biology: H. pylori, E coli ete.

Examples for paper writing
All types of articles’ writing style and requirement will be found in the
link: http:/ /www.wignet.com/esps/NavigatonInfo.aspxrid=15
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