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Mr Raguwinder Singh Sahota MBChB MRCS (Eng) DoHNS (ENG)

Abstract:

Noise-induced hearing loss (NIHL) is one of the most common sensory disabilities in humans.
NIHL is ranked as the world's top industrial injury and a significant cause of hearing loss in
teenagers, thus affecting many age groups. This research is timely since a recent study has
demonstrated that NIHL has increased dramatically in adolescents, with a 30% increase in this
group in the past 10 years, thus coining the term “MP3” generation. The implications of the
"MP3" generation will lead to increasing long-term health costs and life-long hearing problems
necessitating the use of hearing aids from a young age. Research has shown that exposure to
acoustic trauma causes an increase in metabolic activity within the inner ear, with a initial peak
in free radical production during the acoustic trauma (within hours) followed by a secondary
peak at seven to 10 days after the trauma. Free radicals cause decreased cochlear blood flow,
excitotoxic neuronal swelling, and induction of cell death within the inner ear. Recent studies
have demonstrated that antioxidant treatments can scavenge free radicals and thus attenuate
downstream effects of free radical production. While this has been a major breakthrough for
NIHL research, the specific roles played by the different classes of free radicals (reactive

nitrogen/oxygen species) remains unclear.

The aims of this project were:
AIM 1: To determine whether inhibition of reactive nitrogen species can prevent NIHL, using
taurine as a nitric oxide scavenger.

AIM 2: To establish if there was a dose-dependant response to any effect observed.

The research directly addresses a prominent and recognised otolaryngological disease that affects
mental and social health. The long-term goal is to develop a pharmaceutical therapy for NIHL to
ultimately prevent a debilitating disease and improve human health. Our work also looks at early

use of stem cell therapies to repair after acoustic trauma.
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Chapter 1: Noise-induced Hearing Loss Overview

1.1- Introduction and Epidemiology:

Deafness impairs communication, contributes to social isolation and may impact upon mental
health, causing a global health problem with a profound socioeconomic impact. Over many
years the organ of hearing (cochlea) undergoes damage from the loss of hair cells, the sensory
cells of the auditory system. The leading causes of acquired hearing loss are as a consequence of
modern day damage by man; from noise-induced hearing loss and ototoxic insults via
medication. However, there are also other causes of congenital or acquired hearing loss,
including (but not limited to) infectious disease (meningitis, measles, mumps), neonatal jaundice,

trauma to the head and ear, as well as age related hearing loss (presbycusis).

Hearing loss is the third most prevalent chronic disability within America and is estimated to
affect 29 million Americans of working age', equating to 16% of the American population. It is
one of the most widespread, expensive and poorly understood disabilities. In 2013 the World
Health Organisation (WHO) estimated that 360 million people suffer from moderate to profound
hearing loss in both ears”. They also report that 80% of these cases live in low and middle-
income countries. This number is expected to increase to 900 million by the year 2050°. In the
United Kingdom there are more than 34,000 children who are deaf and approximately nine
million deaf or hard of hearing people, of which 3.5 million are of working age (16-65 years)’.
The estimated costs of communication disorders to the US economy equate to 154-186 billion

dollars annually®.

From a national health burden point of view, in relation to hearing aids, there are approximately

two million used in the UK, but there are a further four million people who could benefit from
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using hearing aids’. The cost of a hearing aid varies from around £800 to a few thousand pounds
per unit. This equates to several billion pounds worth of equipment and a multi-billion pound
industry in the UK alone. Current production of hearing aids meets less than 10% of global

need’. In developing countries, fewer than one in 40 people who need a hearing aid have one’.

The prevalence and health importance of NIHL is controversial due to multiple factors, including
but not limited to:

¢ Difficultly to define NIHL- due to audiometric “shifts”

* Variable audiological definitions, these lead to different inclusion and exclusions from an
epidemiological point of view hence the prevalence varies as a function of the used
definition. Some audiological definitions include:

o Occupation Safety & Health Administration (OSHA) Standard threshold shifts-
10dB from baseline in averages at 2,3,4 kHz when age corrected.

o OSHA “recordable” hearing loss- 10dB shift from baseline as in averages at 2,3,4
kHz with an average of absolute hearing threshold at 2,3,4 kHz greater than or
equal to 25dB

o American Medical Association (AMA)- hearing threshold averages at 0.5,1,2,3
kHz greater than 25dB hearing loss with 1.5 % monoaural impairment for each
decibel over 25dB.

* Near impracticable nature of removing confounding factors of other additive causes of
SNHL, most notably the effects of presbycusis (age related hearing loss), these types of

issues are well documented in multiple legal cases.

Current state-of-the-art technological treatment for hearing loss consists of devices such as
hearing aids (including bone anchored hearing aids) for mild to severe hearing loss or cochlear

implants for profound hearing loss. Hearing aids amplify sounds but require intact inner hair
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cells to transfer sound to the cochlea nerve. Damage to inner hair cells can be bypassed by a
cochlea implant, a neural prosthesis designed to electrically stimulate the spiral ganglion neurons
comprising the cochlear nerve. In this procedure a curled linear array of up to two-dozen
electrodes are placed into the scala tympani of the cochlea. Despite their successes, hearing aids
and cochlear implants are far from perfect. In particular, the efficacy of cochlear implants differs
greatly among patients and throughout the world a multitude of laboratories specialise in clinical
research of this field. Cochlear implants are very good pieces of technology that allow people to
hear but have many limitations. An obvious limitation is due to the small number of electrodes
that cannot simply stimulate the tens of thousands of hairs cells that are normally found within a
normally functioning cochlea. Cochlear implants are poor for allowing a significant appreciation
of complicated music’. A vast quantity of research is being carried out in the subjects of gene
therapy, nerve cell regeneration and stem cells to act as new, powerful and novel treatment
modalities for hearing loss. There is a massive economic and social demand to develop

therapies/treatments for hearing loss to ameliorate the associated disability.

Within the cochlear system, the sensory receptors of hearing or hair cells are the weakest link in
the chain. Human hair cells are deficient in their ability to regenerate, but the mammalian
cochlea evolved from common ancestors with the capacity for hair cell self-repair.
Demonstrations of this can be seen in non-mammalian vertebrates that can regenerate auditory

hair cells that restore sensory function™™.

Hair cells are divided into outer and inner hairs cells
(OHC and IHC respectively), the former being more sensitive to acoustic damage and age-
related loss, but the latter can also become damaged. Moreover the death of hair cells leads to a

subsequent progressive degenerative atrophy of the primary afferent neurons; the spiral ganglion

1
neurons9’ O.
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Aging, drugs or other disease processes can cause hearing loss, however a large proportion is
caused from exposure to acoustic trauma. NIHL is the second most common cause of
sensorineural hearing loss, after age related hearing loss, and is the single largest industrial injury
in the entire world. The National Institute of Deafness and other Communication Disorders
estimates that 600 million people in the world are affected by NIHL. Though the aetiology of
NIHL is multifactorial — involving a complex interplay between environmental and genetic
factors — it is a disease predominately caused from acoustic trauma and a disease of modernised
mankind, from an evolutionary point of view ‘“natural” noises seldom broke past the 100dB
range until the existence of modern tools and machinery. NIHL has been documented since the
first occupational health publication, almost 300 years ago'', in copper metal workers due to the
acoustic trauma induced by hammering. Humans are at risk from significant acoustic trauma

from both industrial and recreational injury'?.

The only treatments currently available for NIHL are prevention and symptomatic control (e.g.
hearing aids or cochlear implants), but these fail to halt ongoing neurodegeneration and disease
progression. The long-term goal of this research project is to develop a treatment or combination
of treatments to ameliorate NIHL through prevention of disease onset and disease progression.

These are the first few steps on the journey of otoprotection.

1.2- Occupational Health Issues:

The occupational significance of NIHL has been published for more than three centuries, first
published in 1713 by Bernardino Ramazzini in his seminal occupational health publication De
Morbis Artifactum (disease of workers)'!'. This identified 52 occupational types that were
associated with afflictions caused by their vocation. Bernardino Ramazzini made vivid
illustrations of the illnesses in these cases including, but not limited, to tailors slumped posture

due to leaning forwards to use sewing machines and bakers becoming bow-legged from
12



kneading dough. He also identified coppersmiths in Venice who lived in the industrial quarter
who would beat sheets of copper with wooden and then iron hammers to help it achieve the
shape that was required. Due to the sound of the banging he stated they inevitably became hard
of hearing or if they lived long enough completely deaf, the only comparative natural cause of
such problems that he encountered was the people who dwelled near the Nile in Egypt whom
were deaf from the excessive uproar of the falling water. His work highlights the important facts
that NIHL is a disease of modern mankind, there are seldom causes in the natural world and the
vast majority of causation has been associated with industrial growth using tools or machinery in

different forms.

Industrial groups at particular risk include (i) military workers from a consequence of firearms,
transport vehicles or machinery; (ii) transport workers especially involved in aviation or rail
work; (iil) manufacturing, construction, mining, plumbing, forestry, farming, the list is
potentially endless. Ten million people in the USA and 25-30 million people in Europe work
daily in conditions that pose a potential threat to hearing'”. The military has a particular interest
in firearm related injury, for example the United States military spent almost one billion dollars

on its annual disability cost related to NIHL in 2006 alone'.

NIHL raises a very specific challenge for the military; the soldiers, sailors, aviation personnel,
marines and civilians who serve beside them are exposed to noise levels that are much higher
than the vast majority of the general population, placing them all as a significantly more high-
risk group than the general population. The perverse issue is that military (and associated
personnel) rely on their hearing in particular for communication in training and combat
environments because they will need to determine multiple conflict related noise factors
(including, but not limited to; direction of enemies, direction of enemy fire, distance of enemy,

enemy versus friendly fire, ground vehicles, aircraft, radio signals, warning from fellow
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combatants in field and the civilians who are in the field of battle). Obviously many military
personnel are not directly involved in fighting, but are still at risk from the same noisy
environments associated with training. For example, the sound output of an M16 rifle, used in
basic military training and standard issue for American soldiers, has been measured to discharge
at 156 dB impulse burst. It is physically difficult to protect against the acoustic trauma at such
high levels, and code 29 of Federal Regulations (CFR 1910.95, 2009) states that exposure to
impulse or impact noise should not exceed 140 dB peak SPL. Certainly sound exposure in the
military can be at a much larger magnitude than a 140 dB, for example firing a 155 mm
Howitzer, previously used by the US military, has an gigantic peak impulse output of 181 dB.
This obviously makes this a very unique predicament due to the immense variability in military-
related noise during training and combat environments, going from ambient noise levels to

greater than 140 dB in a fraction of an instant.

Pure tone audiometry (PTA) is the foundation of clinical audiometric assessment. It is a
psychoacoustic test that aims to establish a subject’s hearing threshold, that is the minimum
sound level at which a specific response can be obtained. The decibel scale is a logarithmic scale
to the base of a factor 10, this is due to the huge variance in sounds that can be heard and the
practical aspects of documenting hearing. The decibel scale is not dissimilar to the pH or Richter
scale, both being logarithmic scales. There are a variety of decibel (dB) scales used in differing
applications of sound intensity measurement. The most commonly used dB scales are:

» dB SPL (sound pressure level)- this scale ranges from 20- 200x10° microPascals. The
human auditory system is less efficient at detecting both low and high frequencies than
middle frequencies. The detection of sounds in DB SPL produces an audiogram for a
normal hearing subject that would not be flat, hence this type of test would make it more

difficult to identify abnormalities in hearing due to non linear normal diagrams.

14



dB HL (hearing level)- this scale was primarily designed so that 0 dB hearing level (HL)
would be the expected threshold, it is important to note that the amount of energy at 0 dB
HL at each frequency is not the same. As specified above there is variance in sensitivity
within the human auditory system for the detection of sound at different frequencies. It is
measured in relative terms where a reference zero has been set as internationally agreed
standard. The standard represents the thresholds at each test frequency for otolgoically
normal young adults. Due to the above reasons, a normal hearing individual would expect
to have a flat audiogram on a dB HL scale (centred at 0 dB HL). This is used as a clinical
PTA, allowing a subjects hearing to be tested and compared to a known accepted norm.

dB A (A-weighted scale sometimes referred to as assessment weighted scale)- is used for
measures of sound field assessments. The ear is most sensitive to ‘speech frequencies’
(500-4000 Hertz) and less so to frequencies outside of this range, interestingly the ear is
damaged less easily at frequencies to which it is less sensitive. To take the above into
account an A weighting is used that reduces the contribution of very low and very high
frequencies to the overall noise level measurement. This scale is often used for open field

testing of hearing which include industrial and noise exposure settings.

As many as 10-15% of US armed forces personnel show a significant change in their long—term
hearing levels'®. This is not an isolated risk to only American military personnel, however the
majority of data is based on US citizens, 11% of Israeli soldiers have significant temporary
changes in hearing 56 days after firearms exercises'®. Noise-induced hearing loss alone was
estimated to cost approximately 2% of the gross domestic product in America®. NIHL is not the
only pathology that industrial workers suffer from as a consequence of repeated acoustic trauma,
tinnitus is an important co-morbidity that has been estimated to be involved in almost half
(41.7%-56.6%) of all occupational NIHL claims'”'®. However, it is not simply a problem of

impulse weapon associated noise, but also the industrial noise from equipment such as aircraft.
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It is known that naval aircraft carrier flight deck noise levels can reach up to 152 dBA", this
level of noise is double the level that can be protected by a combination of hearing protection

devices (HPD) using both ear plugs and over ear noise muffs together.

The use of HPD is not a recent development and their use has been claimed since ancient Greece.
In the major ancient Greek poem Odyssey by Homer, Odysseus’s crew used wax earplugs to
avoid to be ensnared by the song of Sirens that would cause sailors to hit rocks and sink.
However modern earplugs have been available since early in the 1900s. The earliest mention of a
widely commercial device to act as a HPD was from 1907. Maximilian Negwer, a pharmacist,
founded the “Max Negwer factory for pharmaceutical and cosmetic specialities” in Berlin-
Schoneberg the Germany in 1907. His first product was Ohropax, from German and Latin
meaning, “ear peace”. This company still exists today to produce HPDs. Their initial
commercial HPD were incredibly basic and more modern earplugs have been around since 1967
and this is due to a change in the materials that were used to produce the HPDs. In 1967 Ross
Gardener and his team from the USA were developing a resin that sealed joints and produced a
resin with energy absorption properties. They produced what was termed E-A-R material, which
was later developed into commercial memory foam earplugs. HPD are still changing, which

demonstrates there is still emerging advancement in this field.

The problems associated with the military and acoustic trauma with consequential sequela is a
predicament that does affect the UK even though we have a relatively small military compared to
other countries. There is public information available under the freedom of information act from
the Ministry of Defence (MOD) relating to hearing claims and poor hearing (MOD Ref: 19-12-
2013-081103-002). As of 1% November 2013 there were 156,220 full time service personnel in
the UK Armed Forces. Of these personnel 3,530 had impaired hearing of which 470 had a

coding of NIHL recorded on their medical records, a further 630 personnel had poor hearing of
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which 90 also were coded for NIHL in their medical records. This leads to a significant health

burden as a direct consequence of acoustic over exposure.

There are significant industries that are at high risk from the consequences of excessive noise
exposure and the associated financial compensation that is paid as a result of acoustic over
exposure. The Department of Energy and Climate Change (DECC) in the UK is the body that is
responsible for dealing with claims for compensation from former mineworkers, as the inheritor
of liabilities of the former nationalised coal industry. Under the Freedom of Information Act
2000 they have released information regarding NIHL claims. Between April 2011 and up to July
2014 they received 11,230 claims, of which they have paid out for 3,147 claims for a total of
£7,026,878, this equates to approximately £2,232 per claimant. See (Table 1) for further
information. Claims are not limited to coal related work, there are widespread claims associated
with NIHL and tinnnitus. As of November 2013 the UK police force has paid more that 135
million pounds in compensation to 8,641 former police officers, averaging £2,546 per claimant
while many other claims are coming through. There are multiple claims within the armed forces
and are supported by the Armed Forces Compensation Scheme (AFCS). AFCS came into force
on 6™ April 2005 for people injured, made ill or killed as a result of service in the armed force
from that day onwards. This scheme operates on a “no fault basis”, meaning that you do not
need to show negligence by the forces to make a claim. Interestingly claiming for deafness does
not have to caused by active service or combat to qualify, if for example a member of the armed
forces contracted an ear infection as result of service that lead to deafness they can still claim.
All claims must be carried out within 7 years from the day of the injury, first sought medical
advice or retired from service (whichever is the earliest date applies). The condition is very
costly for the U.S. military too, they receive more than 22,000 claims a year for NIHL and it is
still the most common reason that U.S. soldiers cannot be redeployed. The estimated cost to the

Department of Veterans Affairs (equivalent of AFCS) is more than $1billion annually.
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Financial Year Number of Claims Number of Claims | Compensation Paid
Received Paid

2014/15 (as at 902 435 £961,005

31/7/14)

2013/14 3589 1393 £3,033,947

2012/13 4081 953 £2,204,861

2011/12 2658 366 £827,065

Table 1- Department of Energy and Climate Change (DECC) claims for compensation from former

mineworkers between April 2011 and July 2014.

Recreational groups at particular risk include (i) persons attending events with loud music
exposure e.g. concerts, musicians, regular patrons of discos and nightclubs; (ii) users of
recreational machinery including firearms, power tools or gardening equipment. NIHL has
increased dramatically in adolescents, with a 30% increase in prevalence observed in the past
two decades. Shargorodsky et al carried out a cross-sectional analysis of the prevalence
American adolescents (aged 12-19 years old) comparing from 1988-1994 with a group from
2005-2006 and showed there was an increased prevalence of 14.9% to 19.5% in each group
respectively, coining the term “MP3” generation'*. NIHL is the most common cause of acquired
hearing loss in the under 40-age group. The true extent of NIHL disease burden within the
general populous remains poorly understood and investigated. However, it undoubtedly plays a

significant role in the global burden of hearing loss.

Action on hearing loss, formally called Royal National Institute for Deaf people (RNID),
launched “Don’t lose the music” a national campaign to highlight the danger of listening to
excessively loud music. The campaign focussed on exposure relating primarily to young people
in nightclubs, concerts, gigs and using personal audio equipment. When this campaign was
launched under RNID the focus was to promote the campaign at music festivals, gigs where
earplugs were distributed and information on the dangers of excessive noise. This has
subsequently been superseded by the “Loud music!” campaign, which has a broader remit and

can also be supported by fundraising. They often use the pneumonic M.U.S.I.C. (MP3 player-
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turn it down, Use chillout zones in clubs, Stand back from speakers, Invest in noise cancelling
headphones, Carry and use earplugs) to help increase awareness of this important health
problem. Action on hearing loss is a charity for hearing related issues, but there are people who
have been affected from the effects of acoustic trauma and set up dedicated services. An
example of a dedicated service would be H.E.A.R. (Hearing Education and Awareness for
Rockers), this is a non-profit organisation that has been around since 1988 that was set up by
Kathy Peck of The Contractions and Flash Gordon who is a General Practitioner (not to be
confused with the comic book character). H.E.A.R. is a non-profit volunteer organisation that
dedicates its work to preventing the deleterious effects of acoustic trauma causing hearing loss,
primarily from loud rock music but not limited to rock music alone. The organisation came into
existence due to the damage encountered to Kathy Peck that led her music career to be cut short

and she wanted to educate others about the potential risks of NIHL and tinnitus.

Occupational health strategies (OHS) for hearing protection have generally only been in place
since the early 1970s and recommendations for exposure have been implemented since then
(Table 2). Incidentally, the US military have been aware of the problem since the 1800°s and
audiology grew throughout the world as a consequence of World War I veterans’ needs as a
direct consequence of NIHL. OHS in the work place involve environmental or physical
protection against acoustic trauma in hazardous environments. Environmental protection
decreases the absolute amount of noise by either decreasing the sound intensity or the exposure
duration (Figure 1). Physical protection involves the use of hearing protection devices (HPD) as
the mainstay for physical defence against acoustic trauma (Figure 1). Many military users of
HPD when questioned often admit to non-compliance of HPD, often quoting poor fit, worsened
head movement, discomfort, poor communication ability and worsened enemy detection®. A

large body of current work is aiming to predict groups that will suffer from NIHL and tinnitus
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from time in service or military occupation speciality. The Institute of medicine committees’
recommendations have given guidelines circa 2005 for noise-induced hearing loss associated
with military service from World War Il to the present. These recommendations mean that an
individual going into military service receives audiological assessments prior to entering service

and at the end of service.

(a)
Exposure duration (hours) Sound Level (dBA)
8 90
4 93
2 96
1 99
0.5 102
0.25 105
0.125 108
0.0625 111
0.03125 114
(b)
Area or equipment Typical noise level (dBA)
Library 38-48
Typical office 50-60
Typical laboratory 55-65
Photocopier 59-71
Vacum cleaner 68-74
Typical factory 76-82
Noisy lawn mower 87-94
Belt sander 90-97
Hand drill 95-101
High pressure spray painter 98-103
Angle grinder 95-107
Chain saw 106-115

Table 2- (a) OHS permissible noise exposure levels over a working day, measured in dBA

(b) Typical examples of occupational sound exposure, measured in dBA
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Figure 1- NIHL protection, prevention and repair strategies.

Figure made by author, Raguwinder Sahota, in 2012.

NIHL classically has been defined clinically through the use of so called “notch definitions”.
These determine if there is presence or absence of high frequency notches. Notches are
characteristically (but not limited to) at 3-4 kHz with improvement at 8 kHz on an audiogram.
An example of a typical audiogram of bilateral NIHL is demonstrated below. (Figure 2). This
type of notch is suggestive of NIHL and is often used clinically to differentiate between NIHL
and presbycusis. However, it can be difficult to attribute the cause of hearing loss in groups that
have been exposed to high-noise and then have superimposed presbycusis. This is due to notches
being less apparent when both conditions are present”’ and blurring of the audiological findings

between these two conditions leaving no definite way of attributing the cause of the hearing loss.
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Figure 2- Audiogram demonstrating typical notching associated with NIHL

(image from www.audiometrics.co.uk/hearing_loss.html)

1.3- Pathological Process:

NIHL is the most frequent cause of acquired hearing loss in the under 40-age group”. Previously
it was thought that NIHL was only caused by the mechanical insult of the acoustic trauma,
however the pathophysiology is multi-factorial. Acoustic trauma causes cochlear damage by two

main methods, firstly the direct mechanical forces and by secondary metabolic disruption.

Acoustic trauma leads to sound waves striking the tympanic membrane, the ossicles then move
as a consequence, leading to a transmission of pressure into the oval window. This resulting
pressure leads to displacement of the fluid within the cochlea and consequently displacement of
the basilar membrane. If the force exerted on the basilar membrane is too high this leads to a
shearing force upon the outer hair cells (OHCs). Disruption of the cellular structures within the
cochlea caused by the mechanical force of acoustic trauma was previously ascribed as the
principal and only pathological cause of NIHL**. There is well documented evidence of
prolonged noise exposure causing tearing of the tectoral membrane, detachment of the basilar

4 .
3 ’35. Noise exposure causes

membrane’>*** hair cell loss and loss of synaptic afferents
mechanical forces to drive the basilar membrane to oscillate. The oscillation leads to excessive

motion causing a cascade of structural changes in the cochlear sensory cells and their supporting

22



cells, which compromises cochlear function. It was not until the mid-1990s that two groups

independently demonstrated the production of free radicals®®*

that are part of the secondary
metabolic disruption. Cochlear damage caused by free radicals is sustained once free radicals
are in such high concentrations that they overwhelm the natural endogenous antioxidant defence
mechanisms of the cochlea and of the supporting cells. In the past 10 years, there has been a
rapid growth in interest regarding the role of free radical related damage within the cochlear and
whether free radical inhibition could be manipulated as a potential therapy for NIHL. Scientists
have highlighted a metabolic sequence of events that cause cochlear damage, at which free
radicals sit centrally in the cascade. Other parts of the cascade include calcium excitotoxicity,
glutamate toxicity, metabolic exhaustion/energy depletion and ischemia®™* (Figure 3).
Evidence of cochlear vasoconstriction has been documented as being another pivotal secondary
metabolic effect of acoustic trauma and potential therapeutic area of interest*'**. At high levels

>125 db mechanical disruption predominates, but at low levels <115 dB NIHL pathology tends

to be metabolically driven®.

Free radicals

Calcium |[—— Noﬂ @Oz'
[ / RNS ROS

Glutamate

toxicity s DNA &

Cochlea ’ cell damage
blood flow '

Energy
depletion

_ Mechanical
damage

Figure 3- Simplified pathways involved in NIHL pathogenesis.

Figure made by author, Raguwinder Sahota, in 2012.
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Mechanical damage is sustained only during the duration of noise exposure, where as metabolic
disruption is initiated at the time of the acoustic trauma but continues to develop for days and
even weeks after the initial insult. Structural changes within the cochlea can be classified as
reversible or permanent. Mild structural deficits result in what is described as temporary
threshold shifts on audiometric analysis, while severe structural deficits lead to permanent
threshold shifts; leading to temporary or permanent hearing loss respectively. Temporary

threshold shifts are thus larger than permanent threshold shifts.

Cochlear damage from acoustic trauma leads to multiple pathological issues, including (but not
limited to):

I. Hair cell lesions in the organ of Corti- this is the most evident change in cochlear
morphology after acoustic trauma. Hair cells within the cochlea are arranged in rows as
single rows of inner hair cells (IHCs) and three rows of outer hair cells (OHCs) within the
organ of Corti. Acoustic damage happens in clusters forming lesions of hair cells,
dependent on the sound intensity, time exposure and frequency of noise trauma*® . In the
centre of a lesion there is hair cell degradation and hair cell loss is apparent. There is a
peripheral area of transition, where there is still normally active degeneration of hair cells
occurring. The process of acoustic trauma leads to a compromise in the plasma
membrane of the cells causing increased membrane permeability. This subsequently
causes the release of cellular components to extracellular spaces and loss of structural
integrity. This cascade often leads to hair cell death, and any irreversible features are the
pathological basis of permanent hearing loss*’. Lesions start during noise exposure but
continue after termination of exposure to the acoustic trauma®.

The level of acoustic trauma is associated with the extent of damage that occurs, but is
not parallel and therefore the correlation is linked*”. At high levels >125db mechanical

disruption predominates (damage to Reissner’s membrane, basilar membrane cell
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II.

junctions, damage/loss of stereocillia bundles, leading to leaking of rich endolymh), but
at low levels <115dB NIHL pathology tends to be metabolically driven (free radicals,
calcium excitotoxicity, glutamate toxicity, metabolic exhaustion/energy depletion and
ischemia)®. At lower levels the damage tends to lead to necrosis, but >120dB the damage
increases dramatically and tends to be apoptotic in nature*.

The distribution of hair cell loss is closely associated with the frequency of acoustic
trauma. High frequency sounds traumatise the basal turn, while low frequency sounds
preferentially damage the apical turn of hair cells within the cochleae respectively’.
Therefore experimental lesions can be focused to damage different regions of hair cells>’.
High frequency noise damage is more severe than the equivalent low frequency damage
in animal models”".

Stereocillia- Hair cells are capped by extremely well organised bundles of stereocillia.
Seterocillia are tiny finger like projections arranged in either a W or V pattern in rows.
These have an actin core and are cross-linked together, which makes them act as a unit.
When stereocillia are stretched from acoustic stimulation this opens transduction
channels that activate the cell*®. Acoustic trauma can cause a wide variety of damage to
seterocillia, including but not limited to; disarray, detaching, separation, fusion,
collapsing, shrinking, breaking and simply loss**"".

There is also a variation between the level of damage to stereocillia and the
corresponding hair cells. OHC are more vulnerable than IHC to acoustic trauma, this is
not true for the corresponding stereocillia and often demonstrate an opposite pattern’. It
is not simply the stereocillia that can become damaged, the cross-links between
stereocillia are susceptible to the effects of acoustic trauma. There is a capacity for
stereocillium to recover after acoustic trauma, however it is not currently understood

fully and is an active area of research.
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II1.

IV.

VL

Reticular lamina and circular plates- the reticular lamina is the upmost layer of the
organ of Corti and contains the apical structures of IHC and OHC, called the circular
plates. These structures are essential in the homeostasis of hair cells. Structural defects
in the reticular lamina are often at the circular plates and are associated with hair cell
degeneration. Defects can also take place at cell-cell junctions, these are predominately
caused by acoustic trauma®->>’,

Plasma membrane- is essential to maintain intracellular homeostatis, but can be
damaged by acoustic trauma by direct mechanical stress or subsequent problems caused
from metabolic disturbance. The direct injury is due to excessive motion of the basilar
membrane causing a stretching injury but the metabolic disturbance is due to a result of
metabolic oxidisation and energy exhaustion’’. The effects of metabolic oxidisation
leads to lipid peroxidation and the generation of free radicals that can cause direct and
indirect damage (Figure 3).

Variability of cochlea damage & susceptibility to acoustic overexposure- there is a
significant difference between individuals to the susceptibility of cochlear noise trauma.
There is less variability between both ears of the same animal for NTHL®. Factors of the
acoustic trauma that affect the level of damage include frequency, intensity and duration
of acoustic trauma. There are a multitude of factors involving an individual that can
cause variability to noise trauma, these can be extrinsic (shape of ear canal or pinna) or
intrinsic (age, sex, level of intrinsic antioxidants or genetic factors for susceptibility for
NIHL)

Cell death modes and pathways- There are numerous intricate cell death pathways that
can be activated as a consequence of NIHL. There are three global modes of cell death;
apoptosis, necrosis or atypical cell death. Apoptosis, often termed programmed cell
death, needs an energy supply to happen. There is characteristic shrinkage of cells due to

condensation of cellular structures and subsequent fragmentation. However necrosis is
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premature cell death caused by autolysis and is independent of energy. In this situation
there is swelling of the cell body and nuclear structures leading to eventual rupture. A
third pathway has been identified which is independent of apoptosis or necrosis*®. In the
atypical pathway there is maintaince of cell shape but cellular debris is evident. Bohne et
al demonstrated the presence of cellular debris arranged in the shape of intact OHC with
a nucleus deficient in nucleoplasm®. The reason for this atypical pathway is unclear

currently but tends to happen at only low or moderate levels of sound exposure.

Free radicals are defined as any molecule or ion with a lone electron and they are products of
normal cellular metabolism™. Free radicals can be subdivided into reactive nitrogen species
(RNS) and reactive oxygen species (ROS) each containing a central nitrogen or oxygen atom,
respectively. The most common RNS is the nitric oxide radical (NOe¢) and the most frequently
generated ROS 1is the super oxide radical (O,¢). ROS and RNS cellular damage is termed

. . . . . 61
oxidative and nitrosative stress respectively™

. Free radicals were originally discovered in 1900
by Gomberg® , but the damaging effects were not realised till over half a century later®. The
presence of unpaired electrons renders such radicals highly reactive, so they normally occur only
as transient intermediates in reactions® and have the ability to cause profound cellular damage.
Free radicals can both generate as well as propagate additional free radicals and can change
enzymes or prevalency of metals leading to increased free radical production. At low to
moderate levels, free radicals are beneficial, and actually even essential, to the existence of cells.
For example they are used in cell signalling processes (in a dynamic form of homeostasis termed
‘redox signalling’), immune responses and mitogenic responses, but they are deleterious in
excess causing damage to tissues and hence a balance is needed’”®. Research has shown that
exposure to acoustic trauma causes an increase in metabolic activity in the inner ear, with a peak
in free radical production during the acoustic trauma (within hours) followed by a secondary

peak at seven to ten days after the trauma®®®’.
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Understanding how free radicals are produced within the inner ear needs an understanding of the
principles of normal cell biology. Nutrients, such as glucose, and oxygen enter the cell. They are
converted within mitochondria to a usable form of energy as ATP. This mitochondrial transport
chain system that produces ATP to be available within the cell, consumes approximately 85% of
all oxygen cells and in normal physiological conditions 1-3% are converted in the superoxide
radical (O,¢), subsequently leading to the production of hydrogen peroxide (H,O,) if they react
with water, which itself can then dissociate in to two hydroxy radicals (OHe) and any of these
free radical by products can react causing more free radicals or can cause irreversible cellular
damage™*>%. There is a physiological “leakage” of electrons during normal metabolic processes
and these are implicit in the formation of free radicals. Animals have naturally occurring
antioxidants that act as natural defence systems to protect against the adverse effects of increased
numbers of free radicals, however these systems can become saturated and fail when bombarded
with scores of free radicals. Glutathione (GSH) is an antioxidant that compromises the largest

69-73

antioxidant system within the cochlea and GSH immunoreactivity distribution is observed

within the cochlea in the stria vascularis, spiral ligament and vestibular endorgans’. Depletion

of GSH has been demonstrated to enhance hearing loss as a consequence of the generation of

75,76

free radicals There has been an increasing body of evidence on the use of exogenous

. . .. . . 15.44 _
antioxidants to help mitigate the effects of excessive acoustic trauma'>**¢7-"76,
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Agent Type Route Subjects Type of noise References
Salicylate “Antioxidant P Mice BBN, 113dB,3.5h Adelman et al. (2008)
p-Methionine Antioxidant P Mice 4kHz OBN, 110dB, 4 h Samson et al. (2008)
Salicylate + trolox Antioxidant, anti-nitrosative [P, SC Guinea pigs 4 kHz OBN, 120dB, 5 h Yamashita et al. (2005)
Tempol + creatine Antioxidants Oral Guinea pigs 4 kHz OBN, 120dB, 5 h Minami et al. (2007)
Tempol or 3-aminobenzamide Antioxidant, PARS inhibition  IP Mice 4kHz, 128dB, 4 h Murashita et al. (2006)
Vitamin E + idebenone Antioxidants IP, IM Guinea pigs 6 kHz, 120 dB, 40 min Fetoni et al. (2008)
N-acetyl-cysteine Antioxidant IP, oral Chinchillas Various high-kurtosis Bielefeld et al. (2007)
Idebenone Antioxidant P Guinea pigs 6 kHz, 120 dB, 40 min Sergi et al. (2006)
Vitamin C Antioxidant Diet Guinea pigs 4kHz OBN, 114 dB, 6 h McFadden et al. (2005)
Edaravone Antioxidant Perilymph Guinea pigs 4 kHz ?BN, 130dB, 4 h Tanaka et al. (2005)
Vitamin A+C+E +Mg"" bAntioxidants + Ca** P Guinea pigs 4 kHz OBN, 120dB, 5 h Le Prell et al. (2007a)
inhibition

Hydroxy-phenyl-N-tert- PAntioxidants + energy P Chinchillas 4 kHz OBN, 105dB, 6 h Choi et al. (2008)

butylnitrone + N-acetyl- enhancer

cysteine +

acetyl-carnitine
N-acetyl-cysteine Antioxidant P Chinchillas 4 kHz OBN, 105dB, 6 h Coleman et al. (2007a)
Acetyl-carnitine Energy enhancer
T-817MA Antioxidant and Oral Guinea pigs 4 kHz OBN, 120dB, 5 h Yamashita et al. (2008)

neuroprotectant

BN 82270 Antioxidant, calpain inhibitor Perilymph Guinea pigs 6 kHz, 120 dB, 30 min Wang et al. (2007a)
Cyclosporin A Calcineurin Inhibitors P Guinea pigs 2 kHz, 120 dB, 10 min Uemaetomari et al. (2005)

FK506 Mice 4kHz, 128dB, 4 h
Trimethadione ethosuximide T-type Ca*™* channel blockers IP Mice BBN, 110 dB, 30 min Shen et al. (2007)
Caroverine Glutamate antagonist SC Rats Impulse Noise 160 dB peak 50 Duan et al. (2006)

pulses

Geranylgeranyl acetone Induces heat shock proteins Oral Guinea pigs 4 kHz OBN, 130dB, 3 h Mikuriya et al. (2005)
Human insulin-like growth Growth factor Round window  Rats BBN, 120dB, 2 h Iwai et al. (2006)

factor 1
Amitriptyline Induces neurotrophic factor 1P Guinea pigs 4 kHz OBN, 117 dB, 24 h Shibata et al. (2007)
Retinoic acid Anti-apoptotic Oral Mice BBN, 122 dB, 3 h/d 3 days Ahn et al. (2005)
AM-111 Anti-apoptotic IP, round Chinchillas Impulse noise 155 dB peak 150 Coleman et al. (2007b)

window pulses
D-JNKI-1 peptide Anti-apoptotic Round window  Guinea pigs 6 kHz, 130 dB, 15 min Wang et al. (2007b)
BBN, broadband noise; OBN, octave-band noise.
2 Also intended to de-sensitize OHCs.
" Added benefit from combination.

Table 3- Therapies shown to be successful against NIHL 2005-2008 from Ohlemiller (2008)97.

A recent review of the findings in treating NIHL in animal models summarised studies that
investigated the protective ability of a wide variety of compounds against permanent NIHL’’
(Table 3). This review summarised the different types of pharmacological therapies that were
protective against NIHL. The treatments were predominantly aimed at decreasing the amount of
oxidative damage caused by reactive oxygen species (ROS) that are produced as a consequence

of NIHL, or to pre-condition the hair cells against further damage. Therapies included

44,67,92,93,95,98-105 106,107

antioxidants , growth factors, anti-apoptotics , calcium channel blockers'® |
energy enhancers'™ and less than half a dozen published papers have used a combination of
these. The ultimate aim being that a combination of treatments may be the perfect defensive
mechanism to protect against metabolically driven acoustic trauma causing noise-induced
hearing loss in humans, assuming they can ultimately be delivered orally. There has been a

growing amount of interest into researching therapies to protect and/or treat NIHL in animal

models with the aim of successful translational application to humans.
29



Further to this review, I carried out a more recent review of the literature using PubMed. A
search was carried out using pubmed with keywords ‘“noise-induced hearing loss” and
“antioxidant”. There were 195 search results in December 2015. 1 reviewed all 195 results and
identified 77 suitable publications that identified antioxidants that had been used in pre-clinical
(animal) models of NIHL. The findings are summarised in Appendix 1. The first identified
antioxidant that was used to mitigate the effects of NIHL was glutathione in a guinea pig model
in 1998. Glutathione was an obvious agent to start with because it is the major endogenous
antioxidant within the inner ear. There were only a handful of studies prior to 2003 and after that
point in time there was a growth in otoprotective antioxidant treatments. Reviewing these
studies there is no set standard for subject strain, noise exposure, method of exposure, duration of
noise exposure, method of administration of antioxidants, duration of administration of
antioxidants or type of hearing test carried out. It clearly demonstrates the vast diversity in this

field with a lack of comparable standards between studies.

From the review by Ohlemiller et al and my review of the literature, I have come to the
following conclusions about pharmacological treatments for NIHL:
* Very few papers have studied the inhibition of nitrosative stress alone, often using
generalised free radical inhibitors.
* The research papers that have studied nitrosative stress inhibition have mixed and
conflicting evidence regarding their efficacy (see Chapter 3 for more information).
* Very few studies have tried combination pharmacological therapies against NIHL — there are

a total of five papers that have used combination therapies.
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1.4- Summary:

Hearing loss is one of the most common and significant conditions in humans, however, the
morbidity and disability associated is often both under recognised and undertreated even by
health professionals. NIHL is often overlooked as a major cause of hearing loss, but is the single
largest industrial injury in the world. Hence, the health burden associated with NIHL is
considerable but often underestimated. This coupled with a general increasing of an aging
population and the subsequent confounding of presbycusis, that will also arise as a direct
consequence of increased life expectancy, will lead to an increase in the overall burden of
hearing loss. The military impact of NIHL is well documented and is a very complex problem to
address. As a consequence there is a need for comprehensive hearing research programs in these
types of fields. Research goals should mainly include prevention of hearing loss, but that does
not mean treatment goals should be overlooked. Thus the field of NIHL research should aspire

to expand in the fields of prevention, otoprotection and repair/regeneration.
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Chapter 2: Methods

2.1- Introduction:

This chapter documents the generic methods that were used for chapters 3, 4 and 5.

Specifics for each chapter are included in the relevant sections.

2.2- Experimental design:

All experiments were approved and carried out under the supervision of the Animal Ethics

Committee (AEC) at the Garvan Institute of Medical Research, Sydney, Australia.

2.2.1- Animals:

Multiple different studies have used animal models to highlight the potential role of antioxidants
and membrane stabilisers as a therapeutic agents that can mitigate the deleterious effects of

S . 44,67,92-95,97-107,118
noise-induced hearing loss™ " .

We chose mice because they are a well-studied
analogous model for NIHL research when compared to human hearing. Both the structure of the
murine and human cochlea are similar macroscopically/histologicallly and show a similar
tonotopic arrangement'*’. Many genes in mice have been identified in humans in association

with hereditary hearing losg 417144

. The frequency range of mouse hearing varies from 1 kHz- 71
kHz (most sensitive from 4-24 kHz), while human hearing ranges from 20 Hz-20k Hz (most

sensitive 1-4kHz)

There are documented gender variations to the susceptibility of animals to oxidative stress'*.
Julicher et al demonstrated that male rats have increased rates of ROS damage, decreased ROS

detoxification and greater vulnerability to NIHL damage probably secondary to a difference in
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145

hepatic enzymes when compared to their female counterparts . We decided to select only male

mice because of these known gender variations relating to rates of ROS damage, rate of ROS

detoxification and vulnerability to NTHL'**'*,

We used mice that were aged between 8-16
weeks as cochlear electrical potentials first appear on the eighth day after birth and gradually
increase till the fourteenth day when the responses reach adult values'*®. We decided to use the
CBA strain for this research; CBA mice have previously been well documented to have good
hearing throughout their natural life and do not suffer from presbycusis until late in life around

the age of 60 weeks'®.

Zheng et al. tested hearing in eighty different strains of mice and CBA
mice were used as the gold standard that all other mice were compared against'*’, this work was
carried out the Jackson laboratory (JAX) which is an independent non-profit biomedical research
institution that acts as a worlds source for more than 7,000 strains of mice. The response of the
CBA strain mice to acoustic trauma over time is well documented and the types of thresholds
that are achieved'™. We used the CBA/CaH substrain (all animals were supplied from
Australian BioResources Ltd, Moss Vale, NSW, Australia), the CaH sub-strain is one that has

been imported to Australia by the Garvan Insitute from JAX and further information about this

sub-strain is available at https://www.jax.org/strain/000655. Only male-pigmented mice were

used in our experiments because of the known vulnerability of albino mice with increased

susceptibility to acoustic trauma''.

2.2.2- Experimental groups:

The mice were randomised into their groups, please see specific chapter for information
pertaining to each group. All groups received once daily treatments via intra-peritoneal (IP)
injection. The treatment started one week before acoustic trauma and continued until one week

after acoustic trauma, totalling fourteen days of treatment per mouse. Treatment was given for
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seven days after acoustic trauma because previous research has shown that exposure to acoustic
trauma causes an increase in metabolic activity in the inner ear, with an initial peak in free
radical production during the acoustic trauma (within hours) followed by a secondary peak at 7
to 10 days after the trauma’® and this treatment duration would coincide with this second peak.
Treatment was initiated seven days prior to acoustic trauma to allow suitable time for treatment

concentrations to reach a sufficient level.

2.2.3- Acoustic trauma method:

All subjects were anesthetised (using a combination of ketamine and xylazine, 75mg/kg and
15mg/kg respectively) and exposed to broadband noise between 4-32kHz (delivered by ES1 free
field speakers, Tucker-Davis technologies, Alachua, FL, USA) for 2 hours in a ventilated sound
chamber. Please see the relevant chapter for information regarding the sound output of the
acoustic trauma; this was either 90 or 120dB dependant on each individual experiment. (Figure

4).

Figure 4- Ventilated chamber for acoustic traumatisation with ES1 speakers.

2.2.4- Auditory Brainstem Responses:
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NIHL was confirmed with auditory brainstem responses (ABR). ABR thresholds were
determined using tone pips from the right ears of all subjects at three different time points
(Figure 5). The initial ABR was recorded before commencing treatment and provided a baseline
ABR (t=-7 days). The second ABR was recorded one week after the deafening procedure (t=7
days) to confirm a temporary threshold shift (TTS). The third ABR was carried out one month

after the initial ABR (t=28) to confirm a permanent threshold shift (PTS).

For ABR testing, all animals were anesthetised with a combination of IP ketamine (75 mg/Kg)
and xylazine (15 mg/Kg). Mice had core temperature maintained at 37°C +/- 0.5°C using a
thermal heat pad. The external auditory canal was inspected to ensure the tympanic membrane
was intact, and to ensure a lack of effusion, congenital deformity and wax. Electrodes were
inserted on the vertex, and below the test ear with a grounding electrode placed below the
contralateral ear (Figure 6). Frequencies tested were at 8, 16, 24 kHz (5 ms duration, 0.5 ms rise-
falls, 30/second for an average of 512 samples). All signals were generated with equipment from
Tucker-Davis Technology (TDT, Alachua, FL, USA); TDT system hardware (RP2.1, PAS,
MA3, SA1) and software (SigGen 3.2). Signals were presented with an open field speaker
(delivered by ES1 speaker, TDT) and the counter lateral external auditory canal was blocked
with an ear plug. Sounds were presented at 90 dB baseline, and then incrementally decreased at
5 dB intervals till 10 dB was reached. All hearing tests were performed in the hearing-testing

Laboratory at the Garvan Institute.
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Figure 5- Frequency of ABR testing and acoustic trauma.

Figure 6- Positioning of mice and electrodes for ABR testing within acoustic apparatus.

2.2.5- ABR statistical analysis:

ABR analysis determines the sound intensity at which a neural response first appears (hearing
threshold). Traditionally, threshold has been assessed by visual estimation of a series of ABRs
evoked by different sound intensities. All ABR thresholds were analysed by visual inspection
and by automated threshold detection as described by our laboratory'*” using Axograph software
(Figure 7). Automated detection was carried out to remove any investigator bias when analysis

of ABR thresholds was carried out.

We have previously developed, tested, validated and published this software in 2009'*% Tt is

available, as open source software to be used inside the Axograph program and subsequently has

36



been used in laboratories all over the globe, including at Oxford and in Montreal. The automated
method is a robust computational procedure that detects the sound level at which the peak
amplitude of the evoked ABR signal first exceeds four times the standard deviation of the
baseline noise. The automated detection method avoids the subjectivity of visual analysis and

offers a rapid, easily accessible approach to measure hearing threshold levels in ABR testing.

All data values in the text and figures are expressed as means+SEM; all statistical comparisons
were performed using Graphpad Prism® software. Statistical reliability of group differences in

ABR thresholds and threshold shifts were tested using ANOVA (Dunnets post-hoc testing).
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Figure 7- ABR threshold analysis. Modified from Bogaerts et al., 2009'°* with permission.
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2.3- Summary:

This section relates to generic methodology in our experiments, however specifics of each

experiment are in the relevant chapters.
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Chapter 3: Treatment for Noise-induced Hearing Loss with Magnesium,

Taurine and Manganese TBAP

3.1- Introduction:

Deafness is a widespread sensory disability throughout the world, often neglected due to the
relative invisibility of its nature. Deafness impairs communication, contributes to social
isolation and may impact upon mental health. Noise-induced hearing loss (NIHL) is the second
largest cause of hearing loss. The principal pathological cause of NIHL was previously thought
to be disruption of the cellular structures within the cochlea caused by the mechanical force of
acoustic trauma”>>". There is well documented evidence of prolonged noise exposure causing
tearing of the tectoral membrane, detachment of the basilar membrane®***~'*  hair cell loss and

34,35

loss of synaptic afferents (see chapter 1 for further detail). Evidence of cochlear

vasoconstriction has been documented as also being caused by acoustic trauma®**+1%-'!!,
However, it was not until the mid-nineties that two groups independently demonstrated that the

. . -4
production of free radicals®®*°

to be deleterious to hearing. Free radicals overwhelm the natural
antioxidant defence mechanisms of the cochlea and supporting cells. Over the past 10 years,
there has been a rapid growth in interest a propos the role of free radical related damage within

the cochlea and if inhibition of free radicals could be a potential therapy for N[HL'>¢7-77-96-112-115

A free radical is defined as any molecule or ion with a lone electron. The presence of unpaired
electrons renders such radicals highly reactive, so they normally occur only as transient
intermediates in reactions® and have the ability to cause profound cellular damage. Free radicals
are products of normal cellular metabolism® and can be subdivided into reactive nitrogen
species (RNS) and reactive oxygen species (ROS), each containing a central nitrogen or oxygen

atom, respectively. The most common RNS is the nitric oxide radical (NOe¢) and the most
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common ROS is the super oxide radical (O;¢) in humans. RNS and ROS cellular damage is

termed nitrosative and oxidative stress respectively®''®!"7,

At low to moderate levels, free radicals are beneficial, even essential, to the existence and
functioning of cells. For example, they are used in cell signalling processes (termed redox
signalling), immune responses and mitogenic responses. However, they can be deleterious in
excess, causing damage to tissues and hence a balance is needed’”®. Animals have naturally
occurring antioxidants that act as endogenous defence systems to protect against the adverse
effects of increased numbers of free radicals. These defence systems can become saturated and

fail when bombarded with excessive free radicals.

A recent review of the findings in otoproection related to NIHL within animal models
demonstrated the protective ability of a wide variety of pharmacological treatments against
permanent NIHL?” (Table 3, see chapter 1). The treatments were predominantly aimed at
decreasing the amount of oxidative damage caused by reactive oxygen species (ROS) that are

produced as a consequence of NIHL, or at pre-conditioning the hair cells against further damage.

44,67,92-95,98-102,105,106,118 119-121 106,107
5

Therapies included antioxidants , growth factors , anti-apoptotics
calcium channel blockers'® , energy enhancers'® and a combination of these therapies. There is
hope that some combination of treatments may be the perfect defensive mechanism against
metabolically-driven NIHL in humans, assuming such treatments can ultimately be delivered

orally.

From this review and the literature I have reviewed, I have come to the following conclusions
about pharmacological treatments for NIHL:
* There is minimal research on the inhibition of nitrosative stress alone as treatments often

used generalised free radical inhibitors.
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* The research papers on nitrosative stress inhibition have mixed and conflicting evidence
regarding their efficacy.

* Very few studies have tried a combination of pharmacological therapies against NIHL.
Currently only 5 studies in the literature have used a combination of therapies to prevent or

treat against the effects of NIHL.

This chapter demonstrates our preliminary work in which we identified multiple otoprotective
agents that act on the different pathological processes arising from acoustic trauma. This work

has not been previously published, but has been presented at international meetings.

3.1.1 Magnesium:

Magnesium (Mg>") is the 11th most abundant element in the human body. Mg*‘ions are
essential to all living cells, as they manipulate important biological compounds and aid in the
function of hundreds of enzymes. Mg has previously been shown to be protective to hearing

122,123

including gunshot noise trauma in guinea pigs and prolonged acoustic trauma in guinea

pigs44.

Magnesium compounds are used medicinally as laxatives, antacids (e.g., milk of magnesia),
for nerve stabilization of abnormal nerve excitation (e.g. treating eclampsia) and as a life
saving measure in acute severe asthma. Low levels of magnesium in the body have been
associated with the development of a number of human illnesses such as asthma, diabetes, and
osteoporosis. The adult human daily nutritional requirement, which is affected by various
factors including gender, weight and size, is in the region of 300-400 mg/day. We decided to

administer an intra-peritoneal Mg®'in form of magnesium sulphate at a dose of 343
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mg/Kg/day (Volume=0.2 ml) for a two-week period as this dose was used in a previous study

to ameliorate the effects of acoustic trauma™*.

3.1.2 Taurine:

Taurine, (2-aminoethanesulfonic acid), is one of the few known naturally occurring sulfonic
acids (Figure 8). It is present in food, especially abundant in seafood and meat, but can be
synthesised from cystine within the pancreas'*>. Taurine is a major constituent of bile and can be
found in the lower intestine and, in small amounts, in the tissues of many animals, including
humans'?. Taurine is a metabolic product of sulphur containing amino acids and it is
biosynthesised from cysteine in the liver'*. It has a multitude of functions including: constituent
of bile salts, neurotransmission124, membrane stabilisationlzs, immune response126, calcium
homeostasis'?’, and protection from glutamate excitotoxicity'*®. Recently, cosmetic
compositions containing taurine have been introduced for aesthetic treatments. Taurine is an

129-135

antioxidant that acts as a potent NOe scavenger and to protect against oxidative and

. . 129-1
nitrosative stress 9133

. Liu et al 2008 showed that taurine administered to healthy guinea pigs
prevented hearing impairment as a consequence of aminoglycoside induced hearing damage'**.
Since taurine has not been investigated in a murine model of NIHL, we investigated whether
taurine supplementation can mitigate the effects of acoustic trauma in a mouse model of NIHL.
Studies have reported no significant side effects with taurine supplementation. A 2003 study by
the European Food Safety Authority found no adverse effects for up to 1,000 mg of taurine per

kilogram of body weight per day'>’. We decided to administer an intra-peritoneal dose of taurine

of 400 mg/Kg/day (administered in a volume=0.2ml) for a two-week period'**.
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Figure 8- Structure of Taurine.

3.1.3 Manganese T BAP:

Manganese T BAP (MnTBAP), chemically known as manganese 5,10,15,20 tetrakis (4-benzoic
acid) porphyrin (Figure 9), is a mitochondrial penetrating super oxide scavenger that works as a
superoxise dismutase mimetic and a peroxynitrile scavenger, but does not scavenge the nitric
oxide radical (NOe). Superoxide dismutases (SOD) are metalloenzymes that catalyse the
conversion of superoxide radical (O;¢) to oxygen (O,) and hydrogen peroxide (H,0,). Therefore
SOD play a crucial role in protecting naturally occurring biological systems against damage
generated from deleterious free radicals. They are essential for defending against O, that is a

byproduct of the mitochondrial electron transport chain.

Mutations in genes associated with SOD have been associated with cardiomyopathy, motor
neuron disease and cancer. Mice that lack SOD die shortly after birth, this is in keeping with the
great importance that SOD plays within mammalian life'"*®. Previous work at the Garvan
Institute of medical research has shown that MnTBAP can protect against oxidative stress and
the formation of insulin resistance in diabetes'’. Since oxidative stress has been implicated as an
important mechanism underlying noise induced hearing damage’’, we decided to investigate if
MnTBAP could protect against NIHL. The effect of MnTBAP on NIHL has not been trialed

previously and MnTBAP could act as a novel protective compound. There is no evidence of

known MnTBAP toxicity in 279 research papers worldwide.
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We administered an intra-peritoneal dose of MnTBAP of 15mg/Kg/day (Volume=0.2ml) for a
two-week period as used by Hirschberg et al in 2010"** and Adeagbo et al in 2005" in their

studies, neither of these studies were related to hearing.

Figure 9- Structure of Manganese T BAP.

3.2- Aim:

Our aim was to identify if there was a role for our agents to mitigate the effects of acoustic
trauma in a mouse model of NIHL. Briefly, magnesium is a membrane stabiliser and antagonises
calciums excitotoxicty, taurine is a specific inhibitor of NOe¢ and prevents further propagation of
down stream metabolites which can cause significant DNA and cellular damage and MnTBAP is
a mitochondrial penetrating super oxide scavenger that works as a superoxise dismutase mimetic

and a peroxynitrile scavenger (Figure 10).

44



[ourine MnTBAP pathway

Free radicals

Calcium —k>/NO° .
RNS

ROS

Glutamate DNA & @3@ _ _ %
Causing DNA Causing DNA [/
tOXiCity CE” damage & & cell damage & cell damage

Figure 10- Action of taurine as a NO- scavenger, and action of MnTBAP (SOD)

3.3- Experimental design:

All experiments were approved and carried out under the supervision of the Animal Ethics
Committee (AEC) at the Garvan Institute of Medical Research, Sydney, Australia. See chapter 2

for generic experimental details.

3.3.1- Experimental groups:

The mice were randomised into four different groups, we used the website randomizer.org to
generate each mouse into groups. All groups received once daily treatments via intra-peritoneal
(IP) injection. IP injections were administered by the author into the peritnem and rotated from
left to right on a daily basis in each subject. The treatment started one week before acoustic
trauma and continued until one week after acoustic trauma, totalling fourteen days of treatment
per mouse. Treatment was given for seven days after acoustic trauma because previous research
has shown that exposure to acoustic trauma causes an increase in metabolic activity in the inner
ear, with an initial peak in free radical production during the acoustic trauma (within hours)

followed by a secondary peak at 7 to 10 days after the trauma®® and this treatment duration
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would coincide with this second peak. Treatment was initiated seven days prior to acoustic

trauma to allow suitable time for treatment concentrations to reach a sufficient level.

Group 1 compromised of the control animals (n=5) received 0.9% saline (0.2ml, IP daily).
Group 2 received magnesium (n=3) in the form of magnesium sulphate of a dose of
343mg/kg/day in 0.2ml sterile water. Group 3 were administered taurine (n=5) at a dose of 400
mg/Kg in 0.2ml sterile water. Group 4 were treated with Manganese T-Bap (n=5) with a dose of
15mg/kg in 0.2ml sterile water (Figure 11). All chemicals were purchased from Sigma-Aldrich

(Sigma-Aldrich, PO BOX 970, Castle Hill, NSW, 1765, Australia).

Saline (0.9% NaCl)
0.2 ml/day

Group 1

Magnesium (MgSO,)
343 mg/kg/day

Taurine
400 mg/kg/day

Manganese T-Bap (MnTBAP)
15 mg/kg/day

Figure 11- Schematic of experimental groups.

3.3.2- Acoustic trauma method:

Broad-band noise was delivered between 4-32kHz (delivered by ES1 free field speakers,
Tucker-Davis technologies, Alachua, FL, USA) at 90 dB for 2 hours in a ventilated sound

chamber, see chapter 2 for further information.
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3.4-Results:

3.4.1- Auditory brainstem responses:

Neither TTS nor PTS ABR responses were statistically improved in any treatment group when
compared to saline controls (Figure 12). The lack of statistical difference may be due to the small
numbers of mice in this preliminary study or due to problems associated with the small threshold
shifts that arise as a consequence of 90dB trauma for only 2 hours. We decided not carry out
labour intensive immunohistological analysis of the mice cochleae due to the lack of significant
differences in the ABR responses. Our future experiments were modified by increasing the
number of mice in each limb of treatment and by increasing the amount of acoustic trauma from
90 dB to 120 dB for 2 hours to establish larger threshold shifts (please see chapter 3 for further
information).

Temporary Threshold Shift (TTS)
16kHz

Thresholds shift (dB)

Saline  Magnesium  Taurine  MnTBAP Saline  Magnesium Taurine ~ MnTBAP Saline  Magnesium Taurine ~ MnTBAP
Treatment Treatment Treatment

Permanent Threshold Shift (PTS)
16kHz

Thresholds shift (dB)

Saline  Magnesium  Taurine MnTBAP Saline  Magnesium  Taurine MnTBAP Saline  Magnesium  Taurine MnTBAP
Treatment Treatment Treatment
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Figure 12- There was no significant statistical difference between any group and saline controls in either TTS or
PTS when traumatised at 90dB for 2 hours. Temporary Threshold Shifts (TTS) represent the difference between
ABRs measured 7 days after acoustic trauma compared to baseline ABRs measured prior to acoustic trauma.
Permanent Threshold Shifts (PTS) represent the difference between ABRs measured 28 days after acoustic trauma
compared to baseline ABRs measured prior to acoustic trauma. Statistical analysis was carried out via ANOVA

(Dunnets post-hoc testing.

3.4.2- Results summary:

* There was no statistically significant difference between groups treated with magnesium,
taurine or MnTBAP when compared to saline control animals when acoustic trauma was
delivered at 90 dB for 2 hours. However, these data helped to identify areas of
improvement in the experimental paradigm for further experiments, please see chapter 4

for more information.

3.5- Discussion:

These data have allowed our research group to advance our future experiments in this field.
Modifications in our experimental paradigm were a direct consequence of these data.
Modifications regarding acoustic trauma arose due to the low level of acoustic trauma, a level
lower than what others have achieved with similar paradigms**’. There is a significant variation
when reviewing sound trauma in published work (see chapter 1). The variations include sound
intensity, duration, method of delivery, and delivery format (impulse or continuous noise).
There is no set gold standard or standard technique for acoustic trauma in animal models. A
reason for this could be due to the simple fact there is no one single method that is representative
of all types of noise trauma. There is a significant variation of the type of trauma that you would

protect against with otoprotective agents. An example for this wide variation would be industrial
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injury versus firearms, these two methods are both causative in NIHL, but the type of sound
trauma that causes the acoustic injury is extremely different. In industry the type of sound tends
to be continuous at certain intensity and therefore the damage is a cumulative effect of the
intensity of the sound and the time exposed (an example being 100 dB for 8 hours in a factory).
Comparatively to firearms, these tend to be rapid impulses of sound for a fraction of a second,
but the sound intensity tends to be significantly higher (156 dB as an impulse burst for an M16
rifle). In our experiments, sound was delivered with anesthetised mice at 90 dB for 2 hours. We
presented these data at the Australian Neuroscience Conference and it was suggested to increase
the intensity of the sound exposure, meaning that we would have larger threshold shifts and there
would be a larger amount of damage to the inner ear. It was suggested we should carry out
histological analysis of the cochleae using cytoccochleogram analysis. These pilot data were
fundamental for improving our experimental paradigm and for refining our future hypotheses,

leading to the work that comprises Chapter 4.
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Chapter 4: Taurine treatment for Noise-induced Hearing Loss

4.1- Introduction

From the work presented in Chapter 3 we identified agents that could act as otoprotective agents
in a murine model. These experiments helped highlight how to modify and improve the
experimental paradigm. There were three significant modifications to the paradigm. Firstly we
used one agent, taurine, allowing us to look more closely at the damage caused by a RNS.
Taurine showed significant potential and has not been used previously in the literature against
the deleterious effects of NIHL. Secondly we used differing doses of taurine in an attempt to
identify if there was a dose dependant relationship to the effects of taurine. Finally, we increased
the intensity of the acoustic trauma from 90 dB up to 120 dB. We found that the threshold shifts
described in Chapter 3 were small and we wanted to deliver a level of acoustic trauma that is
more realistic to the dangerous levels experienced by humans. We kept the duration of noise
exposure at 2 hours. This chapter describes our findings relating to the use of taurine to mitigate

the effects acoustic trauma in a murine model.

4.1.1 Taurine

As described in Chapter 3, Taurine, (2-aminoethanesulfonic acid), is one of the few known
naturally occurring sulfonic acids. Taurine is well documented to protect against oxidative and

. . 129-1
nitrosative stress 9133

. Liu et al 2008 showed that taurine administered to healthy guinea pigs
prevented hearing impairment as a consequence of aminoglycoside induced hearing damage'**.

Since taurine has not been investigated in a murine model of NIHL, we investigated whether

taurine supplementation can mitigate the effects of acoustic trauma in a mouse model of NIHL.

4.2- Aim:
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Our aims were two fold: (1) to identify if there was a role of taurine to mitigate the effects of
acoustic trauma in a mouse model of NIHL, and (2) to establish if there was a dose dependant

response to any effect observed.

Taurine is a specific inhibitor of the nitric oxide radical and prevents further propagation of
down stream metabolites that cause DNA and cellular damage leading to the deleterious effects
of NIHL (Figure 13). We hypothesised that taurine would mitigate the deleterious effects of

NIHL.

Taurine

Free radicals

Calcium |——> NO-

RNS T ROS

|
Glutamate - DNA &
toxicity cell damage

Figure 13- Action of taurine as a NOe scavenger.

4.3- Experimental design:

See chapter 2 for generic methodology, specific details to this experimental paradigm are

included here.

4.3.1- Animals:
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Recent studies highlight that antioxidants are beneficial against the occurrence of noise induced

: . - 44 2- -107,11
hearing loss in micg**67929>7 107118

Mice are an excellent analogous model of hearing for
NIHL research compared to human hearing because they have similar macroscopic/histological
cochlea structure and genes in mice have been identified in humans'*'"'**!>3. Also the frequency
range of mouse hearing is from 1kHz- 71kHz with greatest sensitivity from 4-24kHz, compared
to the human hearing range of 20Hz-20kHz (greatest sensitivity from 1-4kHz)

.. . . . . 14
There are known gender variations in the damage caused by oxidative stress in rats'®.

Julicher
et al demonstrated that male rats have increased rates of ROS damage, decreased ROS
detoxification and greater vulnerability to NIHL damage probably secondary to a difference in
hepatic enzymes when compared to their female counterparts'®’, see chapter 2 for more

information. Therefore only male pigmented mice (aged 4-10 weeks initially, weighing average

24.5gm (range 21.9-26.9gm) were used in these experiments.

4.3.2- Experimental groups:

The mice were randomised into five different groups. All groups received once daily treatments
via intra-peritoneal (IP) injection. The treatment started one week before acoustic trauma and
continued until one week after acoustic trauma, totalling fourteen days of treatment per mouse.
Control animals (n=10) received 0.9% saline (0.2ml, IP daily). Groups 2-5 (n=10/group)
received taurine (2-aminoethanesulfonic acid), with different doses given to each group (50, 100,
200, 400 mg/Kg in 0.2ml sterile water, IP daily) (Figure 14). Taurine was purchased from
Sigma-Aldrich (Sigma-Aldrich, PO BOX 970, Castle Hill, NSW, 1765, Australia). Doses were

selected due to the normal dietary intake in humans and sequentially doubled. IP route was
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chosen to remove issues relating to first pass metabolism. Treatment was given for seven days

after acoustic trauma, see chapter 2 for more information.

* Control (Saline 0.9%)
* 0.2ml/day

* Taurine
* 50mg/kg/day

* Taurine
* 100mg/kg/day

* Taurine
* 200mg/kg/day

¢ Taurine
* 400mg/kg/day

Figure 14- Schematic of experimental groups.

4.3.3- Acoustic trauma method:

Noise exposure was broad-band noise between 1-32kHz (delivered by MF1 free field speakers,
Tucker-Davis technologies, Alachua, FL, USA) at 120 dB for 2 hours in a ventilated sound

chamber. (Figure 4, see chapter 2).

4.3.4- ABR statistical analysis:

All ABR readings were analysed with the automated threshold detection as described by our
laboratory'>? using Axograph software and thresholds were confirmed with a visual inspection
method (Figure 7, see chapter 2). This was carried out to remove any investigator bias when
analysis of ABR thresholds was carried out. All data values in the text and figures are

means+SEM; all statistical comparisons were performed using Graphpad Prism® software.
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Statistical reliability of group differences in threshold and threshold shift were via ANOVA

(Dunnets post-hoc test). More information pertaining to this method is in chapter 2.

4.3.5- Histological analysis:

After the final ABR recording, the mice were sacrificed with decapitation under deep anaesthesia
for cytocochleogram analysis. Noise exposed cochleae were dissected into cold PBS, the round
and oval windows were opened and a small hole fashioned in the apex. The cochleae were
perfused through the oval and round window with succinate dehydrogenase (SDH) and Nitro
Blue tetrazolium (NBT) solution prepared immediately before dissection (0.2 M PBS; 0.2 M
SDH, 0.2 % NBT) and incubated in the same solution at 37°C for 1 hour to develop the reaction
product. The cochleae were washed thoroughly in PBS before being fixed overnight in 4 % PFA
in PBS at 4°C. Cochleae were decalcified in 10 % EDTA in PBS for 2 days at 4°C. Whole-mount
dissections were prepared for cytocochleograms. The sections were viewed using a Zeiss
Axioplan epifluorescence microscope equipped with Plan-Neofluar 10x0.30 NA and Plan-
Neofluar 20x0.50 NA dry objective lens and an AxioCam MRm digital camera (zeiss,
Germany). Hair cells (HC; inner & outer) were counted every 250 mm from the apex to the base
using light microscopy. Alexander Borecki (research assistant) manually counted the HCs, he
was blinded to the treatment that each mouse received. Results were plotted as a percentage of
total hair cell loss as a function of percentage distance from the cochlear apex. A cochlear
frequency place-map (d(%) = 156.5 — 82.5 x log(f) where d is the percentage distance from apex
and f is frequency in Hz) was used to evaluate hair cell loss at specific frequencies'>. Inner and

outer hair cell losses were compared via ANOVA.

4.4-Results:
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4.4.1- Auditory brainstem responses

The original experimental design from our initial project (see chapter 3) lead to several
modifications including modification to the acoustic trauma to allow for larger threshold shifts to
be achieved. All ABR readings were smaller for PTS than TTS, as expected, demonstrating that
some cochlear damage was reversible TTS ABR results were improved and statistically
significant (p<0.05) for every treatment dose group when compared to saline controls, with the
exception of the 100mg dose at 8kHz tone testing (Figure 15). PTS thresholds were smaller in
all taurine treated groups at 16 kHz when compared to saline controls. Taurine groups treated
with 50, 200 and 400 mg/kg demonstrated improved TTS ABR thresholds when compared to
saline controls in all groups. Prevention was essentially equivalent at all doses of taurine tested
for TTS. Interestingly, only a taurine dose of 200mg for 8kHz testing during PTS was
statistically significant, all other doses were lower than the control group but had p>0.05
(ANOVA, Dunnett’s post-hoc test). All doses of taurine at 16 kHz for PTS decreased threshold
shifts for PTS. At 24 kHz, all groups apart from the 100 mg dose were effective in attenuating
ABR thresholds. One of the reasons for this difference in statistical results maybe due to the fact
that two mice passed away for non-experimental reasons and therefore there are only results for
8 mice in this group. Figure 15 demonstrates Temporary Threshold Shifts (TTS) with (A)
representing the difference between ABRs measured seven days after acoustic trauma compared
to baseline ABRs measured prior to acoustic trauma. Permanent Threshold Shifts (PTS) and (B)
representing the difference between ABRs measured 28 days after acoustic trauma compared to
baseline ABRs measured prior to acoustic trauma. Asterisks indicate statistically significant

results between treatment group and control group (P<0.05).

Our results show that taurine provides some protection against NIHL as it decreases hearing loss
after acoustic trauma. Specifically, taurine significantly attenuated the effects of acoustic trauma

as shown by TTS and PTS when compared to saline controls (P<0.05 at 8, 16 kHz for TTS and
55



8, 16, 24 kHz for PTS). Threshold shifts were on average 13.2 dB better in all taurine treated

mice compared to the saline control group (Figure 16). A taurine dose of 200 mg/kg yielded the

greatest effect in mitigating against NIHL compared to saline controls (P<0.05 at 8, 16, 24 kHz

for TTS and PTS). Figure 17 demonstrates examples of ABR traces taken from a saline control

and taurine-200mg treated animal for their baseline ABRs and temporary threshold ABRs.

There does not appear to be a clear dose-response relationship, suggesting there may be a

saturation effect of the taurine treatment. The full raw data is available for review in Appendix 1,

as is the statically testing with p values.
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16 kHz tone

Treatment

16 kHz tone

Treatment
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Treatment
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[ Saline

[ Taurine - 50mg
[ Taurine - 100mg
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*P<0.05 (ANOVA
Dunnett's post-hoc test)

Figure 15- Taurine attenuates both Temporary Threshold Shifts (TTS) and Permanent Threshold Shifts

(PTS). (A) Temporary Threshold Shifts (TTS) represent the difference between ABRs measured 7 days after

acoustic trauma compared to baseline ABRs measured prior to acoustic trauma. (B) Permanent Threshold Shifts

(PTS) represent the difference between ABRs measured 28 days after acoustic trauma compared to baseline ABRs

measured prior to acoustic trauma. Asterisks indicate statistically significant results between treatment group and

control group (P<0.05).
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Saline

Taurine-50mg

Taurine-100mg
Taurine-200mg

Taurine-400mg

Figure 16- Raw Threshold Shifts for all groups. These data are the averages for TTS and PTS in each group at 8,
16,24 kHz. Number of mice that completed the experiment for each group are: Saline n=9, Taurine-50mg n=10,

Taurine-100mg n=8, Taurine-200mg n=10, Taurine-400mg n=10 respectively.

Sound Pressure Level (dB)

<u

Time (ms)

Figure 17- ABR data. This figure shows representative data, each group shows a time frame of 12ms against sound
pressure level (dB). The first two traces show baseline ABR traces for a saline control mouse and a taurine mouse

with 20 and 10 dB thresholds respectively. The third and forth traces are temporary threshold ABRs which are used
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to calculate the temporary threshold shift (TTS) for the same saline control mouse and taurine mouse with 55 and 40

dB thresholds respectively.

4.4.2- Histological analysis:

Manual counting of both IHCs and OHCs along the whole cochlea was carried out for each
treatment group. Figure 18 graphically represents all cytocochleogram data; average inner (A)
and outer (B) hair cell loss after acoustic trauma as a function of distance from apex. The total
length of the basement membrane (BM) was measured and normalized as a percentage distance
from the apex. Average BM length was 5.255mm (SD 0.1399, SEM 0.02693, n=27). Frequency
was mapped using the equation % distance from the apex = 156.5 -82.5 x log (kHz)'>. The
shaded region shows the frequency spectrum of the acoustic trauma (1-32 kHz SPL, 120 dB, 2
hours). Acoustic trauma caused more OHC loss than IHC loss in every treatment group.
Taurine (50, 100, 200, 400mg/kg) decreased the amount of hair cell loss in all groups, but had a

greater effect on OHCs than IHCs, suggesting that OHCs are more prone to NOe related damage.
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Figure 18- Averaged cochleograms (% distance from apex) showing total (%) noise-induced inner (A) and outer (B)
hair cell loss. The total length of the BM was measured and normalised as percentage distance from the apex.
Average BM length was 5.255 mm (SD 0.1399, S.E.M 0.02693, n=27). Frequency was mapped using the equation
% distance from apex = 156.5 — 82.5 x log (kHz) (Miiller et al., 2005). The shaded region shows the frequency
spectrum of the acoustic trauma (1-32 kHz SPL, 120 dB, 2 hours). Taurine (50, 100, 200, 400 mg / kg; n=4, 3,4, 5
respectively) protected inner and outer hair cells when compared to the saline treated control (n=5). These data are

further quantified in Figure 19.

The data from Figure 18 shows cumulative data across the entire length of the cochlea. However,
Figure 19 deconstructs this information into different sections across the entire cochlea. Each
section was labelled to allow location identification, from the apical middle or basal turn of the

cochlea. Figure 19 (A) demonstrates that there is a statistically significant difference between
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taurine treated groups in both OHC and IHC across the entire length of the cochlea. These data
were separated further depending upon which turn of the cochlea the specimen was from; apical,
middle or basal turn. Figure 19 (B) shows data for IHC where the least effect is seen in the basal
turn. Figure 19 (C) demonstrates OHC cell survival across each turn of the cochlea and that
taurine treated animals in every group had increased HC survival in every turn and for every

dose of taurine administered.
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Figure 19- Mean cumulative data of hair cell counts for the entire cochlea for IHC and OHC (A). (B) and (C) are
visual representations of IHC and OHC counts, depending on the location and categorised as apical, middle or basal.
All treatment groups were compared to saline for statistical significance (n= 5 cochlea for saline group. n=4,3,4,5

cochlea for taurine 50, 100, 200, 400 mg/kg dose groups).
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Figure 20 is a typical photomicrograph of cochlear tissue corresponding to the 7-14 kHz range of
the tonotopic map. (A) demonstrates a saline-treated animals OHC, and to a lesser extent ITHC,
show extensive damage 28 days after acoustic trauma. (B) demonstrates a taurine-treated

animals, OHC and IHC rows are predominately intact. Arrows point to areas of OHC loss.

Figure 20- Taurine reduces outer hair cell loss caused by acoustic trauma.

A. Photomicrograph shows extensive damage to outer hair cells (OHC) and to a lesser extent to inner hair cells
(IHC) 28 days after acoustic trauma in saline treated animals. B. In taurine treated animals, IHC and OHC layers
showed minimal loss, the arrows demonstrate areas where there is OHC loss. The photomicrographs represent a

section of the cochlea corresponding to the 7-14 kHz range. Scale bar = 100 pm.

4.4.3- Results summary:

* Nitric oxide scavengers can be used to mitigate the effect of NIHL in an animal model of
NIHL.

* Taurine attenuates hearing loss (ABR) at both 7 and 28 days after acoustic trauma.
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* All doses of taurine aid the survival of both inner and outer hair cells throughout the
entire cochlea following acoustic trauma. A greater protective effect of taurine is
observed for OHC.

* Taurine macroscopically reduces OHC loss after acoustic trauma.

* Taurine is most effective at a dose of 200 mg/kg both acoustically and histologically.
However, there is no obvious dose-dependant response.

* This may have potential for translation to humans as a therapeutic agent in the prevention

and/or treatment of NIHL.

4.5- Discussion:

Taurine is the most abundant intracellular amino acid in the human body. A 70Kg human
contains about 560mmol (70g) of taurine™'. It has a number of physiological functions that
include, but not limited to, cell volume regulation and inhibitory neuro-modulation. Taurine is
found in virtually all cells throughout the animal kingdom. In particular it is enriched in
electricably excitable tissues such as brain, retina, heart and skeletal muscles. In the central
nervous system taurine has been implicated in two major phenomena; cell volume regulation™*
234

e g eq .. 2362 . .
and inhibitory neurotransmission™®***. In other tissues taurine has been shown to act as

anitoxidant in cell protection and to have beneficial effects on cardiovascular function.

Taurine has proved to be neuroprotective in a number of situations. For example, it is effective in
a rat hypoxic model, due to its membrane stabilising actions. Exogenously applied taurine
alleviates neuronal damage evoked by a variety of pathological impacts, including ischemia and

2+ ions which

hypercalcaemia. Taurine can attenuate the excessive neuronal accumulation of Ca
. 2 . . )
predisposes cells to damage™”, and protects neurons from glutamate-induced excitotoxicity™’,

this by preventing or reducing the glutamate-induced elevation of intracellular calcium ions™’.
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Tissues that are excitable and prone to generate free radicals, such as the retina, white blood
cells, platelets, brain, CNS, heart, skeletal muscle and liver, all have high concentrations.
Although it has antioxidant activity, it is not a classical free radical scavenger, therefore, its
mechanism remains unclear. Taurine prevents the formation of superoxide by the mitochondria,
a mechanism related to the formation of a post-transcriptional modification of tRNA in the
mitochondria. This has been shown from taurine-depleted hearts being oxidatively stressed, as
exemplified by decreased glutathione redox ratio™*. Among other damage, taurine deficiency
triggers cell death, as shown by an increase in the percentage of apoptotic cells. In the hamster,
prophylactic dietary taurine can prevent acute NOe -induced bronchioles injury and may avert
other oxidant-induced lung injuries™'. Taurine is neither a classical scavenger nor a regulator of
the antioxidative defenses, leaving uncertain the mechanism underlying the antioxidant activity

of taurine.

NOe is catalysed by the nitric oxide synthase (NOS) enzyme. NOS is found in three distinct

1 1 .
36157 {Nos can

isoforms; inducible, endothelial and neuronal (iNOS, eNOS, nNOS respectively)
be up regulated by immune cells and other tissue when it is required for the cellular immune
response. Macrophages have calcium/calmodulin independent iNOS and it is induced by

gamma-interferon or lipopolysaccharide (LPS)"*!

. eNOS can regulate vascular tone; at normal
calcium levels it is inactive but causes vasoconstriction as calcium levels change. nNOS is

thought to be involved in signalling and responds to calcium changes. eNOS and nNOS are both

calmodulin dependant and therefore are regulated by calcium'*®.

There is a small body of evidence suggesting that NO scavengers fail to mitigate the effects of

NIHL'*'*, However, there is a much larger body of evidence supporting NO scavengers are

63



163-173

effective in protecting against the deleterious effects of free radicals . Our work is in

agreement with the larger body of evidence.

Work by Murishita et al has tested the effects of a plethora of direct therapeutic agents: an O,®
scavenger (tempol), a Poly ADP-ribose inhibitor (3-aminobenzamide), a non-selective iNOS
inhibitor (N-Nitro-L-arginine), a selective nNOS inhibitor (7-nitroindazole) and a selective iNOS

inhibitor (aminoguanidine)'®

. Each agent was tested in a mouse model of NIHL and only the
O,* scavenger and the Poly ADP-ribose inhibitor were shown to mitigate the effect of acoustic
trauma, while none of the NOS inhibitors showed statistically significant results. Ohinata et al
demonstrated that L-Name (an NOS inhibitor) attenuated threshold shifts at 2 kHz but increased
them at 20 kHz in a guinea pig model of NIHL, and attenuated the production of 8-isoprostane (a
by-product of lipid peroxidation) in both stria and vascular core. However, L-Name had no

overall protective effect for hair cell survival'”.

Tabuch et al. have shown that NOS inhibitors protect animal cochleae from the ischemia-
reperfusion injury associated with NIHL'®'**.  Nuttall’s group demonstrated that nNOS
knockout mice have increased defence against acoustic trauma when compared to controls'®. Shi
et al showed an up-regulation of iNOS in LPS induced mice in NIHL when compared to
controls. This was especially evident in HC and stria vascularis marginal cells. There is a known
association with increasing calcium concentrations with eNOS expression and both increase after

NIHL'*.

From this current body of work multiple questions have been raised and our future aims include

(but are not limited to):
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1. The presence of NOe and related enzymes will be tracked with immunocytochemical
probes (eg, anti-nitric oxide synthase, anti-nitrotyrosine etc.) and analysed with light
microscopy at selected frequency locations in the cochlea. We will test whether taurine
mitigates NIHL by attenuating the production of nitrogenous free radicals in cochlea
tissues.

2. Our further studies will test the hypothesis that taurine helps to prevent the loss of
afferent nerve terminals of primary neurons by labelling C-terminal binding protein 2
(CtBP2) with fluorescent immunohistochemistry (see below). Quantitative analysis will
be performed with confocal microscopy at selected frequency locations in the cochlea

between cohorts of normal, traumatised and traumatised taurine treated mice.

To investigate these future aims, cochleae will be histologically prepared following noise trauma
using methods that are routine in our laboratory, including succinate dehydrogenase
histochemistry (Figure 20). Recent work has shown that noise trauma can leave cochlear sensory
cells intact despite acute loss of afferent nerve terminals and recovery of threshold sensitivity
measured by ABRs**. Our study proposes to quantify the ability of taurine to rescue sensory cell
synapses following noise trauma by immunohistochemically labelling C-terminal binding protein
2 (CtBP2) in both fixed and decalcified whole mount preparations. CtBP2 is a structural
component of hair cell afferent synapses (i.e. ‘presynaptic ribbon’) and will be analysed with
confocal microscopy at selected frequency locations in the cochlea that span the site of exposure

(ie., 4 — 64 KHz).

Our future work also proposes to track the production of nitrogen free radicals (i.e., NOe) and

nitric oxide synthetase (NOS; and related isoforms) following noise trauma using
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immunohistological methods including anti-nitrotyrosine, anti-iNOS, and anti-eNOS in fixed,
decalcified and cut cochlea sections. Confocal and/or fluorescence microscopy will be used to
analyse and compare sections at different frequencies (i.e., 4, 8, 16, 24, 48 kHz) to describe the
effect of taurine in the pathophysiology of NIHL, specifically in the organ of Corti, lateral wall,
and spiral ganglion. These experiments can be applied to describe the effect of other free radical
scavengers on the pathophysiology of NIHL in the future. There does not appear to be a clear
dose-dependent effect of taurine to mitigate the effects of acoustic trauma. This might be
explained by a saturation effect, whereby at low doses the taurine has little effect, and at higher
doses it has a better effect up to a point whereby any greater doses do not evoke further
improvement in the mitigatation of acoustic trauma. It would also be prudent to review the
metabolism of taurine and if there is a 1* pass effect to establish the pharmokinetics of taurine

within mamals.

Figure 21 demonstrates the proposed multifactorial actions and effects of taurine to mitigate

against NIHL including:
* As an antioxidant acting as a potent free radical scavenger- having direct effect upon NO«
and indirectly by decreasing the production of 8-isoprostane-F2a. 8-isoprostane-F,, is a

3176 and therefore antioxidants that

vaso-active by-product of free radical formation
reduce free radical formation may stop this mechanism of noise-induced
vasoconstriction. Reduced cochlear blood flow has significant implications for metabolic
homeostasis within the cochlea.

* As a membrane stabiliser due to its capacity to prevent suppression of membrane bound
NaK-ATPase™' "7,

3176 1t is well documented that taurine

* Being involved with calcium homeostasis
compromises over 50% of the total free amino acid pool of the heart. Its actions have a

positive ionotrophic effect on cardiac tissue and in part most of the abilities of taurine are

66



due to its ability to protect the heart from the adverse effects of excessive or inadequate
calcium levels. Taurine regulates calcium both directly be regulating intracellular calcium
ion levels by modulating the activity of voltage dependant calcium channels and,
indirectly, by regulating sodium channels>'*"'"". It has been demonstrated in a situation
where there is an adequate amount of taurine then calcium induced myocardial damage is
significantly reduced™'".

* Protection from glutamate excitotoxicity is known but poorly understood. Theories
include the prevention of membrane depolarization, neuronal excitotoxicity and/or
mitochondrial energy failure*'”. In addition, events that occur downstream of glutamate
stimulation, including altered enzymatic activities, apoptotic pathways and necrosis
triggered by the increased serum calcium levels, can be inhibited by taurine”™'>'” Large
concentrations of glutamate are released as a consequence of acoustic trauma and the
toxic levels of this excitatory amino acid lead to large and rapid influxes of both sodium
and potassium, leading to an osmotic imbalance. The sequela of this leads to swelling and

subsequent rupture of cell membranes®'*'®.

Taurine

Free radicals

Calcium —..>/NO° )
RNS

ROS

DNA &
Glutamate
toxicity ‘ cell damage

Figure 21- Proposed action of Taurine to attenuate Noise-Induced Hearing Loss.

There are multiple different pathological pathways that are closely interwoven to cause necrosis or apoptosis as a
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result of NIHL. Taurine is known to have physiological effects as a membrane stabiliser, in calcium homeostasis,

protection from glutamate excitotoxicity and an antioxidant that scavengers NOe.

Noise trauma leads to permanent loss of sensory receptor hair cells within the inner ear. Current
prevention and treatment strategies are inadequate to deal within the extent of this disease. We
predict from current work that both ROS and RNS inhibition will both be beneficial, but not
100% effective in preventing against all damage caused from acoustic trauma. It is unlikely that
a single agent will be the panacea to protect completely against NIHL, but multiple agents will
be used that act on different parts of the pathological process underlying NIHL. In the long term,
antioxidants will act as adjuncts in the prevention or, acutely, in the treatment of NIHL and have
a significant effect upon the long-term health costs associated with this prevalent disease.

Ultimately, these data may lead to new therapies for this disease of the modern age.
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Chapter 5: Stem cells to repair against Noise-induced Hearing Loss

5.1- Introduction:

Hearing loss due to noise overexposure is one of the most common sensory disabilities in
humans, particularly in industrialised countries. This debilitating disease significantly reduces
quality of life by negatively impacting upon communication in social and professional settings.

The @tiology of NIHL is multifactorial involving a complex interplay between environmental

97,240

and genetic factors . Acute noise trauma results in mechanical damage, enhanced

mitochondrial free radical formation, and reduced cochlear blood flow***’. The sequelae of these

changes are extensive and include necrosis, apoptosis and sublethal pathologies in tissues

92,97

throughout the cochlea™”" (see Chapter 1). Stem cell transplantation is rapidly gaining interest as

a potential therapy to prevent or reverse this cell loss and thereby provide a treatment for NTHL*

241-243

The effects of noise trauma include both transient and persistent increases in hearing threshold

244,245

levels (temporary and permanent threshold shifts, respectively) . Susceptibility to the

21,246

permanent effects of noise exposure differs markedly between individuals in humans and

1247—249

anima models of NIHL with respect to both the extent of hearing loss and the cochlear

tissues affected. The CBA/Ca inbred mouse strain family has proven to be an invaluable model

for the study of the pathology and treatment of NIHL as their hearing levels remain stable with

age” %2, thus eliminating conflicting contributions of presbycusis.

Several studies have identified the cellular targets of noise trauma in CBA/Ca mice. Depending
upon the degree of trauma, these can include the cochlear lateral wall (fibrocytes of the spiral

ligament, and marginal, intermediate and basal cells of the stria vascularis), the organ of Corti

249,253,254

(hair cells and supporting cells), and the spiral limbus . As several of these cochlear cell
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types are epithelial in origin (e.g., hair cells, supporting cells, marginal cell layer of the stria
vascularis), our group postulated that epithelial stem/progenitor cell transplantation could
possess the potential to ameliorate NIHL. Transplanted stem cells can repair tissues by replacing
damaged cells or by secreting factors that enhance the survival and/or proliferation of

255-2
endogenous cells™ ",

Our group and others have demonstrated that the epithelium of the tongue represents an

accessible and abundant source of adult stem and progenitor cells”*?*'

. Adult stem/progenitor
cells have a number of advantages for cochlear transplantation in that they can be used for
autologous transplantation (to resist host rejection) and are less tumourigenic than embryonic
stem cells”. Tissue homeostasis in adult epithelia is maintained by stem cells residing in the
basal-most cell layer that give rise to progenitor cells which proliferate for a finite number of

times generating several epithelial and taste bud cell types®®=>%.

In this study, we isolated adult stem/progenitor cells from CBA/CaH mouse tongue epithelium
and characterised their proliferative capacity and phenotypes in vitro. Subsequently, we
examined the efficacy of cochlear transplantation of these cells in reducing noise ototoxicity.
Epithelial stem/progenitor cells were transplanted into the cochleae of CBA/CaH mice shortly
after noise trauma (48 h) and hearing levels were then measured after 4 weeks. Survival and
incorporation of the transplanted cells were also investigated by cell fate analyses. Together, the
results of these studies provide evidence that epithelial stem/progenitor cell transplantation can

engender a functional rescue of hearing in an animal model of NIHL.

5.2- Materials and methods:
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All procedures were approved by the Garvan Institute of Medical Research/St Vincent's Hospital
Animal Ethics Committee and con- ducted according to the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes (2004) of the National Health and Medical

Research Council of Australia. Every effort was taken to minimise discomfort to the animals.

5.3- Epithelial stem/progenitor cell isolation and culture:

CBA/CaH mice (6 weeks; n = 5) were anaesthetised with CO; and decapitated. The tongue was
dissected free and injected with a solution of 2 mg/ml collagenase D (Roche Pharmaceuticals).
Following 90 min, the dorsal epithelium at the rear of the tongue (surrounding and including the
circumvallate papilla) was peeled off the underlying muscle with fine forceps. This region was
selected as the circumvallate papilla represents a readily identifiable landmark, thus enabling the
same tissue to be isolated across animals. Tissues were minced with fine scissors and incubated
in TrypLE Express (Invitrogen Life Technologies) containing 1 mg/ml collagenase D and 1
mg/ml hyaluronidase (Sigma Aldrich) at 37 °C for 1 h. Dissociated cells were cultured in
Advanced DMEM/F12 medium containing 20 mM glutamine, 10% fetal bovine serum, B-27
supplement minus vitamin A, 20 ng/ml EGF, 20 ng/ml bFGF, 100 U/ml penicillin G and 100
ng/ml streptomycin on plastic tissue culture dishes coated with rat-tail collagen (5 pg/cm?*; Roche
Pharmaceuticals) at 37 °C with 5% CO,. Cells at passage 6 were used for transplantation

experiments.

5.4- Imnmunocytochemistry :

Cells were grown on glass coverslips coated with rat-tail collagen (5 ug/cm2; Roche
Pharmaceuticals) and fixed at confluency for 10 min in methanol at —20°C (for cytokeratin 8 and

cytokeratin 14 immunolabelling) or 4% paraformaldehyde in 0.1 M phosphate-buffered saline
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pH 7.4 (PBS; for p63 immunolabelling) at 4 °C. Cells were then blocked for 1 hour in 10%
normal goat serum in PBS containing 0.3% Triton X-100 (NS-PBSTx). Primary antibodies were
diluted in NS-PBSTx and applied for 2 hours at room temperature. The following primary
antibodies were used: monoclonal mouse anti-p63 (1:50; Santa Cruz Biotechnology; sc-8431),
monoclonal rat anti-cytokeratin 8 (1:20; Developmental Studies Hybridoma Bank; TROMA1),
monoclonal mouse anti-cytokeratin 14 (1:50; Chemicon; CBL197), monoclonal rat anti-5'-
bromo-2'-deoxyuridine (BrdU; 1:250; AbD Serotec; MCA2060) and monoclonal mouse anti-
BrdU (1:20; Developmental Studies Hybridoma Bank; G3G4). Cells were then rinsed for 4 hours
in several changes of PBS and incubated for 1 hour at room temperature in the appropriate
secondary antibodies diluted in PBS. Fluorescent secondary antibodies used were as follows:
Alexa 488- conjugated goat anti-mouse IgG (1:100; Invitrogen; A-11029) and DyLight 649-
conjugated goat anti-rat IgG (1:100; Jackson ImmunoR- esearch; 112-495-167). Sections were
counterstained by incubation overnight at 4°C in rhodamine-conjugated Phaseolus wvulgaris
leucoag- glutinin (PHAL; 1:100; Vector Laboratories; RL-1112), fluorescein- conjugated Jacalin
(1:100; Vector Laboratories; FL-1151), or the nuclear stain DAPI (0.3 puM; Invitrogen Life
Technologies). In experiments examining mitotic activity, BrdU (Sigma Aldrich) was added to
the culture medium at a final concentration of 10 uM 2 h prior to fixation. The fixed cells were
then incubated in 2 N HCI at room temperature for 20 min. Following rinsing in 0.1% Triton X-

100 in PBS for 20 min, cells were processed for BrdU immunolabelling as described above.

5.5- Noise trauma and hearing threshold detection:

CBA/CaH mice (male and female; 4-6 weeks; n = 11) were deafened in both ears by noise

overexposure (120 dB SPL, 1-80 kHz broadband noise, 2-2.5 hours under general anaesthesia)

in a foam-padded, shielded acoustic chamber. This strain of mice was selected to match the stem/
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progenitor cell donors and minimise immunorejection. Animals of this age were selected as

vulnerability to noise exposure declines after 8 weeks of age in CBA/CaJ mice™*.

Auditory function was assessed by measuring auditory brainstem response (ABR) thresholds to
click and pure tone stimuli, as described previously'**. Briefly, acoustic stimuli were delivered to
anaesthetised mice via an electrostatic insert speaker (Tucker Davis Technologies) fitted into the
external ear canal (see Chapter 2 for more information). Clicks and pure tone bursts (20kHz)
were delivered and ABRs were recorded while sound intensity was reduced in 5dB SPL steps
beginning at 90dB SPL. ABR thresholds were determined by identifying the lowest sound
intensity level at which the peak amplitude of the evoked ABR signal exceeded four times the

standard deviation of the baseline noise'>.

To assess the extent of NIHL, permanent ABR threshold shifts were determined by comparing
the pre-trauma threshold levels in the operated (left) ear to threshold levels in the non-operated
(right) ear 30 days post-trauma*®. Animals that did not display a permanent threshold shift (i.e.,

shift b 10 dB SPL) were excluded from study.

5.6- Stem/progenitor cell transplantation:

Prior to transplantation, isolated adult epithelial stem/progenitor cells were grown in flasks
(Corning) to 70-80% confluency and then harvested using TrypLE Express. The collected cells
were rinsed in DMEM/F12 (Invitrogen), centrifuged for 5 min at 300 x g, resuspended in PBS at

20004000 cells/ul, and stored on ice until transplanted.

To investigate the functional effects of stem/progenitor cell transplantation, mice with equivalent

hearing levels at 2 days post- trauma were divided into two cohorts: Transplant and Sham. The
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Transplant cohort received a unilateral cochlear injection of epithelial stem/progenitor cells (n =
7) and the Sham cohort received a unilateral injection of the vehicle solution alone (n = 4).
Cochleostomies were performed in the lateral wall of the left cochlea at the basal turn, posterior
to the stapedial artery and in line with the round window as described previously'>>. This
cochleostomy site corresponds to the 51.4 £ 2.8 kHz (n = 3) region of the mouse cochlea
according to the place-frequency map of Miiller et al.'>. It is important to note, however, that the
place-frequency map of the mouse cochlea can shift by up to one octave following noise
damage'*®. This cochleostomy site has been shown to deliver transplanted cells primarily to the
two perilymphatic compartments, scala vestibuli and scala tympani*®’. For stem/progenitor cell
transplantations, 1ul of cells suspended in PBS was injected over 1 min to transplant 2000— 4000
cells. The cochleostomy was then sealed with bone wax, with all surgeries completed in 3040

min.

5.7- Cell fate analyses of transplanted adult epithelial stem/progenitor cells:

To investigate the fate of transplanted cells in the mouse cochlea, stem/progenitor cells (prepared
as above) were labelled with the lipophilic dye Vybrant CM-Dil (5 pl/ml; Invitrogen) and
injected into the cochleae of CBA/CaH mice 4-5 weeks old (10,000 cells/ul; n = 6) using the
microsurgical approach described above. Mice were sacrificed 1-4 weeks after surgery by
perfusion through the left ventricle with 4% paraformaldehyde. Transplanted cochleae were
removed and postfixed in the same fixative for 24 h at 4 o C. For decalcification, cochleae were
exposed to 10% EDTA (Sigma) for 48 h at 4 °C. Tissues were rinsed in PBS for 1 h,
cryoprotected in graded sucrose/PBS solutions to 30% sucrose (w/v), frozen in OCT (Sakura
Finetek), sectioned along the modiolar axis at 7 pum on a cryostat, counterstained with

NeuroTrace 500/525 green fluorescent Nissl stain (1:50; Invitrogen), and mounted in Gelmount.

Sections containing transplanted cells were then immunolabelled for Nat/KT-ATPase expression
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using a rabbit monoclonal anti-Na™/K™-ATPase o anti- body (1:100; Epitomics; 2047-1) and

standard immunohistochemical methods®®".

To examine the distribution of transplanted cells along the cochlear axis, Vybrant CM-Dil-
labelled cells were injected into the cochleae of CBA/CaH mice (4 weeks of age; 4000 cells;
n=5) 2 days post-noise trauma. Mice were sacrificed 5 days after surgery by perfusion through
the left ventricle with 4% paraformaldehyde. Transplanted cochleae were postfixed in the same
fixative for 24 h at 4 o C and decalcified by exposure to 10% EDTA for 48 h at 4 °C. Surface
preparations of the cochlear spiral were prepared from the apex to the base and the frequency

locations of transplanted cells were determined using the place-frequency map of Miiller et al.'>’.

5.8- Microscopy and image processing:

Specimens were viewed using a Zeiss Axioplan epifluorescence microscope equipped with Plan-
Neofluar 10 x 0.30 NA and Plan- Neofluar 20 x 0.50 NA dry objective lenses and an AxioCam
MRm digital camera (Zeiss). Images were processed to adjust brightness and contrast using

Adobe Photoshop 8.0 (Adobe Systems).
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Figure 21- Characterisation of tongue epithelial stem/progenitor cells in vitro. A. Light micrograph showing detail
of a colony generated by cells isolated from the dorsal tongue epithelium. These colonies are comprised of small,
densely packed cells surrounding islands of squamous cells. A representative island can be seen in the centre of the
image. B. The small, densely packed cells within the colonies bind the lectins PHAL and Jacalin. C-G. Cells
comprising the squamous islands express the epithelial stem cell marker p63 (C), and the epithelial markers CK8 (D,
F, and G) and CK14 (E and F). H and I. Immunolabelling for BrdU incorporation showing that mitotic activity is
distributed throughout the colonies, including both the populations of lectin-binding cells and the islands of
squamous cells. Abbreviations: CKS8, cytokeratin 8; CKI14, cytokeratin 14; PHAL, Phaseolus vulgaris

leucoagglutinin. Scale bars = 100 pm.

5.9- Statistical analysis:

Statistics are quoted as mean + standard error of the mean (SEM). Significant differences in

mean threshold values were determined using the non-parametric Mann—Whitney one-tailed test
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for comparison of ABR thresholds before and after noise trauma (Fig. 22), and for comparison of
ABR thresholds in Transplant versus Sham cohorts (Figs. 23 and 24). All statistical analyses

were performed using Prism 5.0a (GraphPad).

A i B Tone
~ 801 Click 807
-l
o
n
0 604 601
=2
ke
2 404 40-
%}
o
201 204
14 O Sham
2 @ Transplant 2;152 i
0 T T T J 0 T T T ,
0 10 20 30 0 10 20 30
Time (days) Time (days)

Figure 22- Transplant and Sham cohorts exhibit similar levels of NIHL. A and B. Noise trauma caused significant
increases in mean ABR threshold levels (Pb0.05) in the Transplant and Sham cohorts for click (A) and pure tone (B;
20 kHz) stimuli 2 days and 30 days (permanent threshold shift) post-trauma. Mean ABR threshold shifts did not
differ between the Transplant and Sham cohorts, indicating comparable levels of deafening in the two groups. Inset:
Representative averaged ABR signal prior to noise trauma in response to click stimuli. Mean + SEM.
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Figure 23- Transplanted epithelial stem/progenitor cells attenuate NIHL (Analysis 1). A and B. The mean difference
between pre-trauma and 28 day post-surgery ABR threshold levels (ABR threshold shift) to click stimuli (A) in the
operated (left) ear was significantly less for mice transplanted with stem/progenitor cells (Transplant) than for sham-
injected mice (Sham). No difference was observed between the two cohorts in the threshold shifts to pure tone (20
kHz) stimuli (B). Number of animals indicated in each bar. Mean + SEM; * Pb0.05. C. Return to approximate pre-
trauma levels after stem cell transplantation in an animal's response to pure tone stimuli.
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Figure 24- Transplanted epithelial stem/progenitor cells attenuate NIHL (Analysis 2). A and B. The mean difference
between the post-surgery ABR threshold levels of the operated (left) and non-operated (right) ears in the Transplant
cohort was significantly less than in the Sham cohort for click stimuli (A). Differences were not observed in the
threshold shifts to pure tone (20 kHz) stimuli (B). Number of animals indicated in each bar. Mean + SEM; * Pb0.05.

5.10- Results - Tongue epithelium as a source of adult stem/progenitor cells:

Isolated cells from the posterior tongue epithelium gave rise to a rapidly growing colony after 7
days in vitro (Fig. 21), capable of propagating into additional colonies upon serial passage (n =
12 passages). These colonies were comprised of small, densely packed cells whose plasma
membranes bound the lectins Jacalin and PHAL (Fig. 21B), which label rodent tongue epithelial
cells of the basal and granular layers in vivo™®®. Squamous cells expressing the epithelial stem

269 (Fig. 21C), and the epithelial markers cytokeratin 8 and 14*”° were observed

cell marker p63
in islands within the colonies (Fig. 21D-G). Mitotic activity was extensive throughout the
colonies, including both the lectin- binding cells and the islands of squamous epithelial cells, as
shown by cell proliferation assays using the thymidine analogue BrdU (Fig. 21H and I). The
extensive proliferative potential of these colonies is characteristic of holoclones, stem cell

271-272

derived keratinocyte colonies . Similarly, previous studies have reported the isolation of

holoclone-forming cells from the anterior portion of the adult mouse tongue epithelium®.

5.11- Results - Transplant and sham cohorts exhibit similar levels of NIHL:
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Animals were exposed to noise trauma and separated into two cohorts: Transplant and Sham. To
assess the extent of NIHL, ABR threshold levels were tested 30 days post-trauma and compared
to pre-trauma levels. Previous studies indicate that noise-induced threshold shifts reach
permanent levels 2—4 weeks after exposure’®. For both Transplant and Sham cohorts, ABR
threshold levels for click and pure tone stimuli were significantly increased at 2 days post-trauma
and at 30 days post-trauma in the non-operated ear (permanent threshold shift) compared to pre-
trauma levels (Fig. 22). Mean ABR threshold shifts did not differ between the Transplant and
Sham cohorts at either time point, indicating comparable levels of NIHL were present in animals
assigned to the two cohorts (P N 0.05; Fig. 22). Permanent threshold shifts of 31 + 8 and 28 + 6
dB SPL were observed in the Transplant cohort to click and pure tone (20 kHz) stimuli,
respectively, while threshold shifts of 24 + 5 and 27 + 3 dB SPL were present in the Sham
cohort. Consistent with previous studies examining noise-induced threshold shifts of less than 40

dB SPL**?” significant hair cell loss was not observed at 30 days post-trauma.

5.12- Results - Transplantation of epithelial stem cells attenuates NIHL:

To examine the effects of epithelial stem/progenitor cell trans- plantation on NIHL, mice within
the Transplant cohort received a unilateral cochlear injection of epithelial stem/progenitor cells,
while those of the Sham cohort received a unilateral injection of the vehicle solution. Surgeries
were performed 2 days post-trauma, the time point providing maximal integration of transplanted
stem/progenitor cells following noise trauma**. Transplanted cells occurred primarily within the
region of the cochlea spanning 8.5 = 1.8 to 14.0 £ 1.2 kHz (n = 5), according to the place-

155
1.

frequency map of Miiller et al. ™, though small numbers of cells were distributed sparsely along

the remainder of the cochlea (data not shown).
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Two distinct analyses were performed to assess the effects of epithelial stem/progenitor cell
transplantation following noise trauma (Figs. 23 and 24). In Analysis 1, hearing threshold shifts
were determined for the operated ear by comparing pre-trauma levels in this ear with the levels
observed at 28 days post-surgery (30 days post-trauma; Fig. 23A). Threshold shifts in the
Transplant and Sham cohorts were then compared. This analysis revealed that the ABR threshold
shift between pre-trauma and post-surgery levels in the operated (left) ear of mice in the
Transplant cohort was significantly less than in mice of the Sham cohort in response to click
stimuli (P b 0.05). For pure tone stimuli, the ABR threshold shift was similar in the two cohorts
(P N 0.05; Fig. 23B). Interestingly, one animal showed a return to approximate pre-trauma levels
for pure tone stimuli following cell transplantation (Fig. 23C), an outcome not observed in the

Sham cohort.

In Analysis 2, the non-operated (right) ear of each animal was used as an internal control and
compared against the operated (left) ear. Differences between the hearing threshold levels of the
two ears at 28 days post-surgery were compared between the Transplant and Sham cohorts (Fig.
4). This second analysis was consistent with Analysis 1 in that mice in the Transplant cohort
again showed a significantly smaller ABR threshold shift for click stimuli (Pb0.05) than those of
the Sham cohort (Fig. 24A). For pure tone stimuli, the ABR threshold shift did not differ
significantly between the two cohorts (Fig. 24B). No correlation was observed in the Transplant
cohort between improvements in hearing levels and either sex or the number of transplanted

stem/progenitor cells (data not shown).

5.13- Results - Stem/progenitor cells survive and integrate into the cochlea:
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To examine the fate of adult epithelial stem/progenitor cells upon cochlear transplantation, cells
were injected into the cochleae of mice and tracked using Vybrant CM-Dil labelling (Fig. 25).
Incorporation of stem/progenitor cells was observed primarily into the suprastrial regions of the
spiral ligament (Fig. 25A and B), Reissner's membrane (Fig. 25A), and the simple squamous
epithelial lining of scala tympani 1-4 weeks after transplantation (Fig. 25A—C). These locations

are consistent with the epithelial origins of the transplanted cells.

Figure 25- Stem/progenitor cells survive and integrate into the cochlea.
A and B. Overlaid fluorescence and light micrographs showing the
locations of transplanted stem/ progenitor cells (arrows) labelled with
Vybrant CM-Dil (red) in the spiral ligament of scala vestibuli (SV),
Reissner's membrane (Rm), and the squamous epithelial lining of scala
tympani (ST) 1 week after transplantation. C. Transplanted cells are
present 4 weeks post-surgery and incorporated into the epithelial lining
of scala tympani. Preparations were counterstained with the nuclear dye
NeuroTrace 500/525 (green). Insets: High magnification views showing
incorporation of stem/progenitor cells into the spiral ligament (B) and
into the simple squamous epithelial lining of the scala tympani (C).
Abbreviation: SM, scala media. Scale bars = 10 um (insets) and 50 pm.

Transplanted cells integrating into suprastrial regions expressed the enzyme Na® /KT -ATPase

(Fig. 26), a protein abundantly expressed by superficial fibrocytes of the suprastrial region®’**"".

Immunolabelling for Na® /Kt -ATPase was not observed in transplanted cells present in other

regions of the cochlea (Fig. 26). Examination of the epithelial stem/progenitor cells in vitro

indicated that cells of the squamous islands express Nat/Kt-ATPase (data not shown). As only

those transplanted cells integrating into suprastrial regions showed expression of this enzyme in
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vivo, the observed immunolabelling suggests either that cells of the squamous islands
specifically integrate into the cochlear lateral wall or that expression was induced in lectin-

binding cells following their integration.

Figure 26- Transplanted stem/progenitor cells express markers of endogenous cochlear cells. A. Transplanted
stem/progenitor cells labelled with Vybrant CM-Dil (red) integrate into the lateral wall of the cochlea (square) and

express the ion transport-mediating enzyme Nat/KT-ATPase (green), strongly expressed in cells of the spiral

ligament (SLg) and stria vascularis (StV). Note that immunolabelling for Na*/K+-ATPase is not observed in
transplanted cells present in other regions of the cochlea. Cell nuclei are labelled with a fluorescent Nissl stain
(blue). B-E Higher magnification views of the region highlighted by the square in (A) showing labelling for

Nat/K*-ATPase (B), Vybrant CM-Dil (C), cell nuclei (D), and a merged image of the three labels (E).
Abbreviations: SG, spiral ganglion; SLg, spiral ligament; SLm, spiral limbus; SM, scala media; ST, scala tympani;
StV, stria vascularis; SV, scala vestibuli. Scale bars = 100 um in A; 25 pm in B-E.

Together, these results indicate that the cochleostomy site used in this study delivers epithelial
stem/progenitor cells primarily to scala vestibuli and scala tympani of the mouse cochlea, and
that these stem/ progenitor cells survive within the cochlea for at least 4 weeks (the time period

of the study) following transplantation.
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5.14- Discussion:

Previous studies have tested for a functional rescue of hearing via stem cell transplantation in
animal models of cochlear ischaemia and aminoglycoside exposure?’**°. This study is the first
to examine the functional effect of stem cell transplantation on NIHL. As several of the cellular
targets damaged by NIHL are of epithelial origin, we focussed our attention on the effects of
epithelial stem cell transplantation. Our findings demonstrate, via two distinct analyses, that
allotransplantation of epithelial stem/progenitor cells into adult mice following noise trauma
resulted in a significantly reduced ABR threshold shift to click stimuli. These findings provide
evidence that epithelial stem/progenitor cell transplantation can lessen permanent threshold shifts

resulting from noise trauma.

The exposure of animals to noise levels capable of producing permanent cochlear damage leads
to large thresholds shifts that recover exponentially to smaller stable shifts at 2—4 weeks after
exposure’®. The permanent threshold shifts arise from mechanical, metabolic, and vascular
changes that result in apoptotic and sublethal pathologies in the organ of Corti and lateral
wall’*®’. The nature and extent of these pathologies differ across frequencies in the cochlear

. 104, 281, 282
tonotopic map'** " 2

. Our finding of an improvement in the ABR threshold shift for click but
not pure tone stimuli (20 kHz) suggests that the observed effects of epithelial stem/progenitor
cell transplantation occurred primarily outside the 20 kHz cochlear location (the mid-point of the

cochlear axis in normal hearing mice™

. As the transplanted cells were located primarily within
the portion of the cochlea corresponding to 8.5—14.0 kHz, effects in this region could mediate the
observed improvement to click stimuli. Determination of the specific region/s involved,

however, will be complicated by the shifts that occur in the place-frequency map of the mouse

cochlea following noise damage'>’.
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Transplanted stem cells can repair tissues by replacing damaged cells or by secreting bioactive
factors that enhance the survival and/or proliferation of endogenous cells*>*’. Cell fate analyses
in the present study show incorporation of transplanted cells into the spiral ligament, one of the
principal sites of cochlear damage in NIHL. Constitutive fibrocyte turnover in the spiral ligament
within the cochlear lateral wall is thought to be essential in maintaining normal cochlear function
by regulating potassium recycling, and enhancement of this turnover may act as an endogenous
cochlear repair mechanism™****. Consistent with the importance of potassium recycling for
cochlear function, several NIHL susceptibility genes in humans are linked to potassium
homeostasis®*®. As upregulation of local proliferation via paracrine signalling is commonly
observed following stem cell transplantation, enhancement of fibrocyte turnover may represent
one avenue by which the transplanted epithelial stem/progenitor cells can influence hearing
levels. Additional mechanisms of intervention could include enhancement of cochlear blood flow

or normalisation of mitochondrial free radical levels, which peak at 7-10 days following

67,181 290,291

noise , as transplanted adult stem cells can upregulate angiogenesis and efficiently

292

scavenge reactive oxygen and nitrogen species” . As the transplanted cells integrating into

suprastrial regions of the spiral ligament expressed the ion transport- mediating enzyme Nat /K
-ATPase, these cells could potentially also contribute directly to the maintenance of cochlear

. )
fluid homeostasis®-.

Our cell fate studies indicated that transplanted epithelial stem/ progenitor cells survive for at
least 4 weeks within the cochlea and incorporate within tissues lining the perilymphatic
compartments. Interestingly, integration of neural stem cells injected into noise- deafened mice
was not observed in these tissues, but instead within the spiral ganglion, spiral limbus, and organ
of Corti***. Together these results suggest that cochlear integration sites may be stem cell type

specific. Stem cell therapies combining diverse stem cell types may therefore enable intervention

at multiple sites within the cochlea and provide additive beneficial effects on NIHL.
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Chapter 6: Overview Discussion

6.1- Pathology of NIHL:

NIHL is a significant health problem that has multifaceted implications clinically, socially and
financially. This body of work has aided towards the development of otoprotective agents.
Novel therapeutic agents are an essential part of otoprotection and will make great adjuncts to
other health strategies that are employed to decrease the deleterious effects of excess noise
exposure. The role of free radicals in the causation of NIHL is well documented, but a better
understanding of the specific oxidative and nitrostative processes that underpin the acoustic
injury is needed. These processes can lead to cell death in the form of apoptosis or necrosis,
leading to the associated irreversible nature of acoustic trauma. However, there are multiple
types of acoustic injury that occur and lead to sublethal pathology (see chapter 1 for further

details)****

. Currently most of the research in the field of otoprotection is laboratory based in
pre-clinical animal studies. Realistically the natural progression in this field is to lead towards
clinical acceptance through the demonstration of the effects of otoprotective agents that reduce
PTS in prospective randomised, placebo-controlled human clinical trials. Such studies would
need to be carried out in at-risk populations, who are already exposed to hazardous noise levels
and develop permanent levels of hearing-loss despite the use of conventional Hearing Protection
Devices (HPDs). These types of studies have a multitude of pitfalls and problems. The studies
are costly, time intensive because NIHL normally happens over a period of years, labour

intensive due to long term follow-up that would be needed with regular assessment of hearing

and the ethical clearance that is needed to conduct these types of studies.

When considering injury caused by excessive noise, the physical damage effects of direct loud
noise can be reduced with appropriate use of HPDs. The problem in this scenario simply comes

down to the issue that insult is added to injury as a consequence of the metabolic changes that
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arise from excessive noise exposure. Clearly impulse noise does cause a substantial amount of
direct trauma, but in a large proportion of acoustic trauma it is the secondary metabolic effects of
free radicals, changes in blood flow, glutamte excitotoxicity and energy depletion that lead to
damage. Free radical formation in the inner ear is well documented, with an initial peak arising

with 1-2 hours!>¢718!

and a secondary peak arising as a consequence of free radicals 7-10 days
post initial exposure®®®’. All animals have naturally occurring antioxidants that act as natural
defence systems to protect against the adverse effects of increased numbers of free radicals due
to normal electron “leakage” as part of energy production. The principle of using free radical
scavengers to mitigate the effects of acoustic trauma can either be carried out by increasing the
naturally occurring endogenous antioxidants within the cochlea or by introducing exogenous
antioxidants. Endogenous antioxidants production within the cochlea can be increased by

effecting glutathione, super oxide dismutase (SOD) enzyme, catalyse enzyme or other smaller

antioxidant pathways.

6.2- Free radical scavengers used to mitigate the effects of NIHL:

Free radical scavengers used in the prevention of NIHL include (but are not limited to):

* N-Acetylcystine (NAC) is an agent that has he largest amount of information for its use
in the prevention of NIHL as an otoprotective agent. More than 20 studies have identified
it to work in this field. NAC is a derivative of cysteine with an adjoined acetyl group. It
is an acceptable medication that is commonly used in humans for the treatment of
paracetamol poisoning, as a mucolytic agent, nephroprtective agent, along with other
uses. NAC is a pro-drug of L-cystenine, which itself of a precursor of glutathione and
hence administering NAC replenishes glutathione. As previously mentioned glutathione

is the major antioxidant within the inner ear and is crucial for redox homeostasis. Studies
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have shown a reduction of up to 25dB in differing animal models when delivered either

13,115 6

. . . . . 14 .
singly prior to noise trauma , multiple dose prior to sound exposure'**®, or with

. . 1 .
multiple treatments after noise exposure'®. However, there is also some contrary

evidence from Hamernick et al’>'®

where NAC did not provide protection against
prolonged acoustic trauma of 8 hours over a 5-day period in chinchillas. Given the
numbers of animal studies that demonstrate positive results to defend against the
deleterious effects of acoustic trauma, it has lead to 2 clinical trials in humans using NAC
as an otoprotective agent (see later in this chapter for more information).

D-Methionine is a micronutrient in the form of an amino acid that has been demonstrated
to reduce noise-induced lipid peroxidation and increases both catalyse and SOD to lead to
a decreased amount of free radicals due to effect on GSH'®. There has been a
significant amount of interest for the use of D-Methionine to mitigate the effects of
acoustic trauma. A group in Southern Illinois headed by Prof Campbell have carried out
several studies in animal models, which have yielded positive results in animal due to

. . . 2,183,184
acoustic trauma and also due to drug-induced hearing loss™'*'®

. This group have now
moved forward and been approved for a phase 3 clinical trial by the U.S. Food and Drug
Administration (FDA). Studies have shown a reduction of up 15-20dB in differing animal
models, smaller than treatment with NAC. At this current time there are many
unanswered questions relating to the differences between D-Methionine and NAC, this
will need to be investigated further.

Ebselin is a compound that contains selenium and acts as a catalyst similar to glutathione
peroxidase, which acts to catalyse the reduction of free radicals by GSH. Fascinatingly,
ebselin is more efficient than glutathione peroxidase. Ebselin has been shown to reduce

ischemia-reperfusion injury in a model of acute lung injury'”'®. Lynch and Kil, amongst

others, have shown definite effects at reducing PTS thresholds'"'®'**. Currently there are
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no clinical trials that I am aware of using ebselin and Lynch & Kil have registered a
patent relating to this therapy, this is expanded in more detail shortly.

Vitamin A (retanoic acid) & B-carotene (Vitamin A precursor that is converted within the
human body into Vitamin A) have been shown to prevent against the deleterious effects
of NIHL. Biesalski et al identified those deficiencies in Vitamin A led to an increase in
the damaging effects of NIHL'®. Both Vitamin A and B-carotene act as an antioxidant
and have demonstrated promising effects to protect against acoustic trauma'**"'*®,
Vitamin C (often termed ascorbic acid or ascorbate) is synthesised by all mammals, with

21,189,190

the exceptions of guinea pigs, monkeys and humans Vitamin C increases

endogenous amount of antioxidants, induces the effects of enzymes involved in
production of antioxidants (including SOD and catalase) and it also acts dirreclty as a free
radical scavenger™'. So far studies have shown a reduction of up to 20dB in animal
models for NTHL******2_ 1t is often used in combination with magnesium and vitamins
A & E by Coleen Le Prell’s group, see below for more information®*'*#+11,

Vitamin E is the generic term for members the tocopherol family; alpha-tocopherol is the
most biologically active of this group. Vitamin E is involved in prevention of lipid
peroxidation by scavenging lipid peroxyl radicals that are extremely deleterious to
constituents of the cell and in particular DNA. Studies have shown a mitigation of the

34,35,192,193

deleterious effects of acoustic trauma when using Vitamin E in a dose

36-40,82,193,194

dependant fashion Some studies have shown protection up to 45dB

compared to controls*'**17*1%°,
Magnesium was previously discussed in detail in Chapter 2, it has been shown to be

41-44,109,191,195
5 > B and

protective to hearing including in gunshot noise trauma in guinea pigs
. 16,44,79,191,195-2 . .
prolonged acoustic trauma'®**+1*112% There has been a dose dependant relationship

documented'*>?°2%_ The effects of magnesium to mitigate the effects of excessive noise

are attributed to the prevention of reduction in coclear blood flow**** due to ischemia
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and the subsequent reperfussion injury. The ischemia causes hypoxia, with loss of
aerobic metabolism and accumulation of local metabolites, all of which lead to damage
directly and or indirectly. Calcium also has effects on calcium permeability, influx of
calcium into the coclear hair cells and glutamate, which is known to cause excitotoxic

35,210

damage There is also work now suggesting that magnesium is increasingly

considered to mediate oxidative stress and DNA damage*®*''"3,

There has been a significant amount of interest of using combination therapies to
compliment each other synergistically and act on different pathways involved in
pathological process that underpins NIHL. A combination of magnesium with Vitamins
A/C/E, often termed MACE, is the combination therapy that has had the most interest in
pre-clinical studies and currently has a clinical trial registered. Le Prell’s group lead on
this combination with multiple publications™**-'*2**2% 1p their initial work the vitamins
or the magnesium alone did not give rise to statically significant protection when
compared to controls in an guinea pig model, however, when given together this gave rise

to a synergistic effect that lead to up to 35dB reductions in NTHL***®.

6.3- Military implications of noise exposure:

Basic laboratory research in this field does not allow for direct systematic comparisons due to

variation in species, noise insult, administration routes, and treatment time schedules. There is a

considerable amount of basic auditory science work being carried out in the field of

otoprotection, but it is fundamental to allow for translation from the laboratory bench to the

bedsides of patients. The logical advancement in this research area is to move towards research

in humans. Moving to human subjects adds a very important dimension of the ethical challenges

faced when designing and conducting studies in humans without placing research subjects at risk

of the deleterious effects of acoustic trauma. Such studies would need to identify populations
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who are all ready at risk from acoustic trauma even though they actively use appropriate HPDs.
There would need to be very high levels of noise exposure on a regular basis and the obvious
groups would be high risk of industrial or military acoustic exposure, who are already well
established to gain problems with PTS with associated hearing impairment. It is possible that
military personnel, already exposed to excessive noise due to weapons and machinery, are an
obvious choice of group. As alluded to in chapter 1, military personnel are in a fairly unique
predicament due to the profound variability in military-related noise during training and combat
environments. Noise can range from ambient low noise levels to exceptionally loud sounds
(greater than 140dB) in a mere fraction of a second. Military weapons are producers of excess
sound in milliseconds, and standard issue weapons for the American military such as a M16 rifle
has a discharge of 156dB as an impulse burst. These are also the same weapons that are used in
weapons training and military personnel are given HPDs, but it is physically impossible to
protect against the acoustic trauma at such high levels. Weapons training makes up a crucial and
fundamental part of military training. This leads to both a fortuitous and distinctive
environment, where groups of young, healthy individuals, who have been screened for illnesses,
are exposed to sounds in excess of 140dB, which is technically against code 29 of Federal
Regulations (CFR 1910.95, 2009). These cohorts of military personnel would be ideal to enter
studies for otoprotective agents to mitigate the effect of acoustic trauma. The design for said
studies would involve using HPDs alone (as is currently being practiced) versus HPDs with
added protection with novel otoprotective agents. These types of studies would need to be
carried out over sufficient longevity to allow NIHL to develop and would therefore need long-
term hearing testing with follow up. There is controversy over the type of test metrics that
should be used in these types of studies: conventional pure-tone audiometry (PTA), extended

high frequency (highPTA) or distortion product otoacoustic emissions (DPOAE).

6.4- Metrics used to test the effects of NIHL:
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Conventional PTA 1is the normal metric that is used for assessment of hearing. There are
multiple reasons for this, including that they are easy to carry out, cheap, generally reliable,
reproducible and there is a massive amount of historical data available in the medical field. Most
audiometric diagnoses are confirmed via PTA, see Chapter 1 for more information. Legally
PTAs are used to define if a patient has NIHL and for the grounds for a claim due to excessive
noise exposure. Human hearing ranges from 20Hz-20kHz and PTA are limited because the
upper limit is normally at 8kHz. Using highPTA in conjunction with conventional PTA would
be a very useful metric tool. The range for highPTA ranges from 9-20kHz, extending into the
high-frequency range. Since 1969 the use of highPTA have been shown to detect ototoxic

. . . 214-21
changes before a change arises in the conventional PTA range’” 5

Even though this
information has been recognised for over 4 decades, it is still not standard practice for testing
high-risk groups. However, highPTA has been proven to be variable, which reduces usefulness
in clinical settings. This brings us onto DPOAE as a significant metric because of the unique
fact that this test specifically is an objective and sensitive test of outer hair cell function
(OHC) "2 As discussed in chapter 4, OHC are particularly prone to the insults of acoustic

51,222

trauma and are more sensitive to damage when compared to inner hair cells (IHC) . Over

many years there have been a number of suggestions that DPOAE are predictive for subsequent

elevated threshold changes in PTA*2322

and as a consequence, have been suggested by many
that they should be used for surveillance and early diagnosis of the consequences of acoustic
trauma in high risk industries’>>****°, DPOAEs are not standard practice in high-risk groups
and conventional PTAs dominate the hearing surveillance market. I am not sure if this is due to
problems with equipment, funding, learning new techniques, apprehension towards change or a
failure to review the current evidence as part of evidence-based medicine from a surveillance

point of view. There is also the problem that there is a lack of national and international

standards for DPAOE settings, calibration and testing, coupled with the fact that normative data
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for large populations is missing. The usefulness of DPAOE testing in early diagnosis of NIHL is
an expanding field and the Department of Veteran Affairs (USA) is currently inviting people to
be recruited into a clinical trial [clinicaltrials.gov  identifier NCTO01022710,

https://clinicaltrials.gov/ct2/show/NCT01022710]. This trial has been registered since 2009,

started recruiting in January 2010, is still recruiting in mid 2015 and aims to be completed by
December 2015, however no data has been published as of yet. The goal of this study is to
identify features of DPOAEs that will improve clinical methods for the early detection of NIHL.
There is testing for subtle post-noise changes in DPOAE and this will give rise to a new
diagnostic metric. I hope this will help to develop an effective early diagnostic and monitoring

test for NIHL.

6.5- Current clinical trials to treat and/or prevent NIHL:

There are limited clinical studies using otoprotective agents in NIHL. A review of
clinicaltrials.gov, which is a service of the US National Institutes of Health and the National
Library of Medicine, confirms the sparse number of these type of trials. This service is a registry
of clinical trails and acts as a results database of clinical studies of human participants conducted
around the world. I carried out a review of clinicaltrials.gov, the website was searched for
“Noise-induced hearing loss”, identifying 19 studies either in progress or completed. When
these were further scrutinised 12 were not relevant to the specific topic relating to otoprotective
agents. 7 trials were identified that were registered with clinicaltrials.gov that related to both
NIHL and the use of otoprotective agents in a clinical trail. The findings are summarised in
Table 4. Of the seven trials, two involved NAC, one involved steroids, the other four used
different antioxidants. Three of the seven studies used a combination of treatments. Currently

only two trials are completed. All study participants are adults, often-young adults specifically,
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with no gender bias, who are already exposed to excessive amounts of noise trauma. Patients

enrolled must have excessive noise exposure while using conventional methods of hearing

protection, occupations in studies included (but not limited to) drill sergeant instructors or steel

workers. Dependent on the precise trial, patients are/were either treated with a single medication

or combination of treatments or a placebo. An interesting point that arose when reviewing the

study designs is that only one of the studies, Guo et al, crosses over treatment arm between

treatment and placebo. Currently these data appears to be limited, however promising, and will

pave the way forward in the field of otoprotection entering the clinical realm.

Name of study

Senior

Author(s)

Location

Testing

Registered

date

Completion

date

Weblink

Mg, Vit A,C,E

https://clinicaltri

Micronutrients to Miller, Le Florida and (Soundsbites
als.gov/ct2/sho
Prevent NIHL Prell Sweden and Auraquell) Dec-08 Completed w/NCT00808470
. https://clinicaltri
Protective Effects Feb 15
als.gov/ct2/sho
of EPI-743 on NIHL Le Prell Florida EPI-743 Aug-14 (delayed) w/NCT02257983
Phase 3 Clinical
Trial: D-Methionine Campbell, Southern Illinois
. . . https://clinicaltri
to reduce NIHL and Bimson, University/Fort
als.gov/ct2/sho
tinnitis Anderson Jackson, USA D-Methionine Apr-11 Mar-17 W/NCT01345474
Prevention of NIHL
using zonisamide Washington zonisamide or
i https://clinicaltri
or School of methylprednisol
als.gov/ct2/sho
methylprednisolone Lieu Medicine, USA one Jan-14 Jan-19 w/NCT02049073
Prevention of NIHL University NAC and
using Antioxidants- Hospital magnesium https://www.clin
. icaltrials.gov/ct2
NAC & magnesium Antwerp, combo
/show/NCT0172
combo Giles Belgium (Antiocidantia) Sep-12 Unknown 7492
Antioxidation
Medication in NIHL- National Taiwan
. . https://clinicaltri
NAC vs placebo University NAC vs placebo
als.gov/ct2/sho
(cross over) Guo, Shih Hospital with cross over Nov-07 Completed w/NCT00552786
Study to determine Tyson, North Carolina, HPN-07 vs HPN- Oct-14 Jan-15

https://clinicaltri
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safety, tolerability, Kopke USA 07 with NAC vs als.gov/ct2/sho

& pharmacokinetic placebo
profile of HPN-07

or HPN-07 & NAC

w/NCT02259595

Table 4- Current clinical trials registered with clinicaltrials.gov in the field of otoprotective Noise-Induced

Hearing Loss, currently only 7 registered.

The military has an interest in otoprotection and are funding projects in this field. For example

Prof Campbell’s group from Illinois have been awarded a $1.2 million by the U.S. Department of

Defence for their clinical trail of D-methionine. Intriguingly there are more patents registered for

the use of otoprotective agents in NIHL than there are clinical trials registered. Reviewing the

United States Patent and Trademark office there are quite a few patents awarded and registered.

These include (but are not limited to):

Formulation involving NAC in the form of “The Hearing Pill”, which is already sold by
American BioHealth Group. The patent for which as been registered to Richard Kopke,
Donald Henderson and Micheal Hoffer since 2003.

Magnesium with Vitamins A/C/E in the form of Auraquell® developed by OtoMedicine
Incorporated. The funding for which was provided by General Motors and the United
Auto Workers and registered in 2009. Subsequently a similar formation in the form of
chewable mints has been released termed “Soundsbites”, both of which are the brain
childs of Joseph Miller and Coleen Le Prell.

MRX-1,024 has been patented by Kathleen Campbell with the Molecular Therapeutics
company. This is based upon D-Methionine.

Ebselin which is being developed by Sound Pharmaceuticals and marked as SPI-1,005
and has been register to Kil and Lynch since 2010.

The hearing loss pill by Audiens which contains Vitamins D3, Methyl B12, magnesium,
L-glutathione, alpha lipoic acid, vinpocetine, Quercetin, Acetyl-L-Carnitine.
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There are many more patents registered than these 5 that I have mentioned. The reason for
patenting is often due to intellectual property but it may also be due to the potential financial
incentives that could arise as a consequence of patenting such otoprotecive agents. Such financial
incentives may account for the difference to the number of trails registered when compared to

the larger number of patents registered in this field.

6.6- Closing summary:

Antioxidants that are able to halt the deleterious effects of free radicals are novel and have
significant appeal clinically. Free radical production has been implicated in many diseases
including, but not limited to, Parkinson’s disease, Alzheimer’s disease, diabetes'?’ , stroke, and
age related diseases involving degeneration®. There is widespread evidence to support the role
of free radical scavengers in reducing neurodegenerative processes and NIHL. When agents are
trialled against the deleterious effects of acoustic trauma, they should ideally be compared to the
same type of acoustic trauma and animal model, use similar metrics to assess hearing, and use
immunohistochemical analysis. Only then will this allow for comparison of different therapeutic
agents. As discussed in chapter 1, there is a widespread variety in models including (but not
limited to) animal selection (type, strain), acoustic trauma (impulse or continuous, broad or
narrow band), hearing assessment (ABR, DPOAE, ECOG, CAP). However, it is important to
establish a standard paradigm to allow for direct comparison of results, but in real life there is a
variation in the type of sound and acoustic trauma that leads to hearing loss, therefore as a
consequence of this fact it gives rise to the need for multiple scientific paradigms for different
models to test otoprotective agents against the deleterious effects of NIHL. There is not a “single

glove” that fits all experiments in this situation. Initially, agents need to demonstrate an efficacy
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against the deleterious effects of acoustic trauma, ideally in a paradigm where they can be
compared directly. Once a primary effect has been demonstrated, these agents should be tested
at differing doses to identify the lowest dose to have an effect and a maximal dose to have an
effect without any significant deleterious effects, leading to a dose-response curve for the agent.
Dose-response curves will be pivotal for otoprotective agents to lead towards clinical trails, even
though drug metabolism differs vastly from species to species. This will lead to the inevitable

translation of bench work to the bedside and improve the care that patients with NIHL receive.
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7.1- Appendix 1:

Raw data and threshold shifts for chapter 3 experiments. Any mice thresholds that are

marked — detonate a mouse that did not complete the experiment.

i.) Saline Control Absolute Thresholds:

ii.) Saline Control Threshold Shifts:

iii.) Taurine 50mg Absolute Thresholds:




[ Averagethreshold | 26.50 | 1350 | 1850 | 4950 | 4050 | 4350 | 4650 | 36.00 | 3850 |

iV.) Taurine 50mg Threshold Shifts:

V.) Taurine 100mg Absolute Thresholds:

Vi.) Taurine 100mg Threshold Shifts:

Vii.) Taurine 200mg Absolute Thresholds:
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Viii.) Taurine 200mg Threshold Shifts:

iX.) Taurine 400mg Absolute Thresholds:

X.) Taurine 400mg Threshold Shifts:
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The statistical testing associate with data for chapter 3

multiple 1-way ANOVA.

Xi.) 1-way ANOVA of 8kHz TTS data:

experiments.

Results from

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 12.00 2.648 Yes * 0.2394 to 23.76
Saline vs 100mg 9.375 1.957 No Non-significant -3.062 to 21.81
Saline vs 200mg 13.50 2.980 Yes * 1.739 to 25.26
Saline vs 300mg 11.50 2.538 No Non-significant -0.2606 to 23.26
Saline vs 400mg 14.50 3.200 Yes * 2.739 to 26.26
Xii.) 1-way ANOVA of 16kHz TTS data:

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 13.00 3.000 Yes * 1.754 to 24.25
Saline vs 100mg 15.00 3.274 Yes ** 3.107 to 26.89
Saline vs 200mg 16.50 3.808 Yes ** 5.254 t0 27.75
Saline vs 300mg 15.00 3.462 Yes ** 3.754 to 26.25
Saline vs 400mg 14.50 3.347 Yes ** 3.254 t0 25.75
Xiii.) 1-way ANOVA of 24kHz TTS data:

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 13.89 2.899 Yes * 1.452 to 26.33
Saline vs 100mg 13.26 2.618 Yes * 0.1117 to 26.42
Saline vs 200mg 15.89 3.316 Yes ** 3.452 to 28.33
Saline vs 300mg 11.39 2.377 No Non-significant -1.048 to 23.83
Saline vs 400mg 16.39 3.421 Yes ** 3.952 to 28.83
XiV.) 1-way ANOVA of 8kHz PTS data:

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 8.889 1.749 No Non-significant -4.304 to 22.08
Saline vs 100mg 7.639 1.421 No Non-significant -6.314 to 21.59
Saline vs 200mg 13.39 2.634 Yes * 0.1955 to 26.58
Saline vs 300mg 7.889 1.552 No Non-significant -5.304 to 21.08
Saline vs 400mg 10.39 2.044 No Non-significant -2.804 to 23.58
XV.) 1-way ANOVA of 16kHz PTS data:

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 13.06 2.991 Yes * 1.724 to 24.39
Saline vs 100mg 13.68 2.963 Yes * 1.697 to 25.66
Saline vs 200mg 17.56 4.021 Yes el 6.224 to 28.89
Saline vs 300mg 14.56 3.334 Yes ** 3.224 to 25.89
Saline vs 400mg 15.06 3.449 Yes ** 3.724 to 26.39
XVi.) 1-way ANOVA of 24kHz PTS data:

Dunnett's Multiple Significant?

Comparison Test Mean Diff. q P <0.05? Summary 95% CI of diff
Saline vs 50mg 13.89 2.988 Yes * 1.825 to 25.95
Saline vs 100mg 12.64 2.571 No Non-significant -0.1198 to 25.40
Saline vs 200mg 17.39 3.741 Yes ** 5.325 to 29.45
Saline vs 300mg 9.889 2.128 No Non-significant -2.175 t0 21.95
Saline vs 400mg 13.89 2.988 Yes * 1.825 to 25.95
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7.2- Appendix 2:

There were 195 search results in December 2015. All 195 results were reviewed and identified

77 suitable publications that identified antioxidants that had been used in pre-clinical (animal)

models of NIHL. This appendix summarises the findings of these 77 studies.

Subject Hearing

Author Year | Agent(s) Name Agent action Strain Noise Trauma | Testing
BBN, 102dB,

Guinea Pig 3hrs for 5
Yamosaba Antioxidant (ROS M, consectuive
(1) 1998 | Glutathione primarily) pigmented) days ABR
(1) Iron
chelator/Antioxidant
(1) Deferoxamine (works on Fenton
mesylate, reaction) Guinea Pig
Yamosaba (2) Deferoxamine (2) Iron chelator with | (F, 4kHz, 115dB,
(2) 1999 | mesylate with manitol hydroxyl scavenger pigmented) | Shrs, ABR
Antioxidant (Xanthine 2-3kHz, 125dB,
Attanasio 1999 | Alopurinol oxidase inhibitor) Guniea Pig 1.8hrs CAP
Guinea Pig
Antioxidant (ROS (M, 4kHz (octave),

Ohinata 2000 | Glutathione primarily) pigmented) 115dB, 5hrs ABR
13.6kHz
(octave),
100dB, 2hrs,

*also exposed
PBN (Phenyl-N-tert- Rat (M, to carbon
Rao 2000 | Butylnitrone) Antioxidant Long Evans) | monoxide CAP
Antioxidant
(Glutiathione pre- Chincillias
NAC (N-acetyl- cursor/ROS primarily) | (F, 4kHz (octave),

Kopke 2000 | cysteine) and salicylate | and COX inhibitor Lanigers) 105dB, 6hrs ABR

0.25-10kHz,
Guinea Pig 100+/-2dB,

Karlidag 2002 | Melatonin Anitoxidant (M, albino) 60hrs ECOG
Impulse (100
presentations),
145dB SPL or
Continous

Glutathione Antioxidant noise 4kHZ
monoethylester and R- | (Glutiathione pre- (ocatve),

Hight 2003 | PIA cursor/ROS primarily) | Chincillias 105dB, 4hrs EP
6-12kHz, at

Rat (F, 105dB SPL for
Sprague- 2hrs or 110dB

Canlon 2003 | PBN Antioxidant Dowley) SPL for 4 hrs ABR
4kHz (octave),

Guinea Pig 100dB, 8hr for
Antioxidant (Xanthine | (M, 3 consecutive

Hou 2003 | Alpha-tocopherol oxidase inhibitor) pigmented) | days ABR
White noise,
120dB SPL,
2hrs or
Impulse noise,

Antioxidant (Xanthine 114dB SPL,
Franzé 2003 | Alopurinol oxidase inhibitor) Guniea Pig 5hrs ABR
Antioxidant (Xanthine Impulse, 2-
Alopurinol and Cu/Zn oxidase inhibitor) and 3kHz, ECOG
Cassandro 2003 | SOD Antioxidant (ROS Guniea Pig (presentation and CAP
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primarily) 4/second),
1.8hrs
4kHz (ocatve),
115db SPL,
Diao 2003 | Alpha-Lipolic acid Antioxidant Guniea Pig 5hrs ABR
(1) Antioxidant
(Glutiathione pre- Guinea Pig
(1) N-acetyl-cysteine cursor/ROS primarily) | (M, 4kHz (octave),
Ohinita 2003 | (2) +MK801 (2) NMDA Blocker pigmented) 115dB, 5hrs ABR
Antioxidant 4-16kHz,
(Glutiathione Rat (F, F- 110/113/115dB
Lynch 2004 | Ebselen peroxide mimic) 344) SPL, 4hrs ABR
Preyers
Rat (M, 5kHz, 103- reflex
Zhuraushii 2004 | Carnosine Antioxidant Wistar) 107dB, 4hrs alone
Guniea Pig 4kHz, 130dB,
Takemoto 2004 | Endaverone Anitoxidant (Hartley) 3hrs ABR
Minnows 0.3-4kHz,
(M, 142dB, 2 or
Scholik 2004 | Vitamin E Anitoxidant Fathead) 20hrs ABR
Impulse (50
Anitoxidant Rat presentations),
NAC (N-acetyl- (Glutiathione pre- (Sprague- 0.5-7kHz,
Duan 2004 | cysteine) cursor/ROS primarily) | Dowley) 160dB SPL ABR
Rabbit (New
Vitamin C (Ascorbic Zealand 1kHz, 100dB,
Derekdg 2004 | acid) Anitoxidant strain) 1hr OAE
Anitoxidant (ROS
primarily) and
Antioxidant (xanthine
oxidase inhibitor, pre- | Guinea Pig
cursor of alpha- M, 4kHz (octave),
Yamashita 2005 | Salicylates and trolox tocopherol) pigmented) 120dB, 5hrs ABR
Antioxidant
(Glutiathione Guinea Pig 4kHz, 115dB,
Yamosaba 2005 | Ebselen peroxide mimic) (M, albino) 3hrs ABR
Antioxidant
(Glutiathione pre- 4kHz (octave),
NAC (N-acetyl- cursor/ROS primarily) 100dB, 6hrs for
cysteine) and Src and Glutiathione pro- 4 consecutive
Bielefeld 2005 | inhibitor drug Chinchilla days EP
Antioxidant
NAC (N-acetyl- (Glutiathione pre- Impulse (150
cysteine) and Acetyl-L- | cursor/ROS primarily) presentations),
Kopke 2005 | Carnitine and Energy enhancer | Chinchilla 155dB ABR
Guinea Pig
Vitamin C (Ascorbic (Hartley 4kHz (octave),
McFadden 2005 | acid) Anitoxidant albino) 114dB, 6hrs ABR
Guinea Pig 4Khz, 130dB
Tanaka 2005 | Endaverone Anitoxidant (M, Hartley) | SPL, 3hrs ABR
4kHz (octave),
100dB, 8hrs for
3 consecuive
Hou 2005 | Vitamin E Anitoxidant Guniea Pig days ABR
(1) Antioxidant (ROS
primarily)
(2) Antioxidant (Poly 4kHz (pure
(1) Tempol ADP Synthase Mice (F, tone), 110-
Murishita 2006 | (2) 3-aminobenzamine | inhibitor) ddy) 128dB, 4hrs ABR
Guinea Pig 6kHz (pure
(Hartley tone), 120db
Sergi 2006 | Idebenone Anitoxidant albino) SPL, 0.66hrs ABR
Antioxidant Rat
LNAC (L-N-acetyl- (Glutiathione pre- (Sprague- 8kHz (octace),
Lorito 2006 | cysteine) cursor/ROS primarily) | Dowley) 105dB, 4hrs OAE
Rat Impulse (50
Anitoxidant and (Sprague- presentations),
Duan 2006 | Caroveine Glutamate blocker Dowley) 160dB SPL ABR
Antioxidant
(Glutiathione 4-16kHz,
Kil 2007 | Ebselen peroxide mimic) Rat 113dB, 4hrs ABR
Chinchilla 4kHz (narrow
Campbell 2007 | D-Methionine Anitoxidant (F, Langier) | band), 105dB ABR
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SPL, 6hrs

Antioxidant
NAC (N-acetyl- (Glutiathione pre- Chincillias 4kHz (ocatve),
cysteine) and Acetyl-L- | cursor/ROS primarily) | (F, 105db SPL,
Coleman 2007 | Carnitine and Energy enhancer | Lanigers) 6hrs ABR
Guinea Pig 4kHz (ocatve),
Magnesium and Blood flow regulator (M, 120db SPL,
Le Prell 2007 | Vitamins A/C/E and antioxidants pigmented) 5hrs ABR
Guinea Pig 4kHz (ocatve),
Anitoxidant and (M, 120db SPL,
Minami 2007 | Tempol and Creatine Energy enhancer pigmented) Shrs ABR
Antioxidant 4kHz (ocatve),
NAC (N-acetyl- (Glutiathione pre- 105db SPL,
Bielefeld 2007 | cysteine) cursor/ROS primarily) | Chinchilla 6hrs ABR
Guinea Pig
(MI
pigmented 4kHz (ocatve),
L-NAME (Nitro-L- Antioxidant (RNS Long- 115db SPL,
Diao 2007 | Arginine Methyl Ester) primarily) Evans) 5hrs ABR
0.25-8kHz,
Mice (M, 113dB SPL,
Adelman 2008 | Salicylic acid Anitoxidant Albino) 3.5hrs ABR
0.125-15kHz,
Guinea Pig 105dB,
Cheng 2008 | D-Methionine Anitoxidant (M, albino) 0.167hrs ABR
6kHz (pure
Idebenone and Vitamin Guinea Pig tone), 120db
Fetoni 2008 | E Anitoxidants (albino) SPL, 0.66hrs ABR
4kHz (octave),
Mice 110dB SPL,
Samson 2008 | D-Methionine Anitoxidant (C57BL/6) 4hrs ABR
Guinea Pig
Vitamin C (Ascorbic (M,
Heinrich 2008 | acid) Anitoxidant pigmented) 90dB, 1hr ABR
4-OHPBN (4-hydroxy 4kHz (ocatve),
phenyl N-tert- Chinchilla 105db SPL,
Choi 2008 | butylnitrone) Anitoxidant (F, Langier) | 6hrs ABR
Rat (M,
Anitoxidant Sprague
LNAC (L-N-acetyl- (Glutiathione pre- Dawley 8kHz, 105db ABR and
Lorito 2008 | cysteine) cursor/ROS primarily) | Albino) SPL, 4hrs OAE
4kHz (centred),
Guniea Pig 130dB SPL,
Hirose 2008 | Co-enzyme Q10 Anitoxidant (M, Hartley) | 3hrs ABR
Anitoxidant
(Glutiathione pre- 125dB SPL,
Gao 2009 | Endaverone cursor/ROS primarily) | Guniea Pig 2hrs ABR
16kHz (pure
NAC (N-acetyl- Guinea Pig tone), 120dB
Fetoni 2009 | cysteine) Anitoxidant (F) SPL, 0.5hrs CAP
Vitamin C (Ascorbic
Fischer 2009 | acid) Anitoxidant Guniea Pig 90dB, 1hr ABR
Salicylic acid and NAC Chinchilla 4kHz (octave),
Coleman 2010 | (N-acetyl-cysteine) Anitoxidant (F, Langier) | 105dB, 6hrs ABR
(1) NAC (1) Anitoxidant
(2) Frusemide (Glutiathione pre-
(3) NAC & Frusemide cursor/ROS primarily)
(4) Magnesium & (2) Diuertic
Vitamins A/C/E (5) (4) Blood flow Mice (M, 2kHz (centred),
Magnesium & Vitamins | regulator and Sabra 113dB SPL,
Tamir 2010 | A/C/E & Frusemide antioxidants Albino) 3.5hrs ABR
1-20kHz,
Anitoxidant 110dB, 8hrs for
NAC (N-acetyl- (Glutiathione pre- Rat (M, 10 consecutive
Wu 2010 | cysteine) cursor/ROS primarily) | Wistar) days ABR
6kHz (pure
Guniea Pig tone), 120db
Fetoni 2010 | Ferulic acid Anitoxidant (Hartley) SPL, 1hr ABR
L-NAME (Nitro-L- Antioxidants (RNS
Arginine Methyl Ester) and ROS scavenger Mice (M, 8kHz (octace),
Nagashima 2010 | and Tempol repectively) Std-ddY) 110dB, 1hr ABR
Guniea Pig 4kHz (octave), ABR and
Lin 2010 | Hydrogen Anitoxidant (M, Hartley) | 115dB, 3hrs OAE
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NAC (N-acetyl-

Anitoxidant
(Glutiathione pre-
cursor/ROS primarily)

4kHz (ocatve),

cysteine) and Src and Glutathione pro- 107db SPL,
Bielefeld 2011 | inhibitor drug Chinchilla 2hrs ABR
4kHz (ocatve),
Magnesium and Blood flow regulator 110db SPL,
Le Prell 2011 | Vitamins A/C/E and antioxidants Guniea Pig 4hrs CAP
Impulse (assult
rifle), 10 shots
Anitoxidant (inhibits Guinea Pig (0.35ms each),
Xiong 2011 | Astragaloside RNS) (pigmented) | 176dB SPL ABR
4-OHPBN (4-hydroxy
phenyl N-tert-
butylnitrone), NAC (N- 4kHz (ocatve),
acetyl-cysteine) and Antioxidant and Chinchilla 105db SPL,
Choi 2011 | acetyl-L-carnitine energy enhancer (F, Langier) | 6hrs ABR
4kHz (ocatve),
D-Methionine and NAC Chinchilla 105db SPL,
Clifford 2011 | (N-acetyl-cysteine) Anitoxidant (F, Langier) | 6hrs ABR
ACUVEL 400
(Coenzyme Q10,
Vitamin Rat
B1/B2/B6/B12/E, (Sprague- 6kHz, 115dB
Cascella 2012 | melatonin) Anitoxidant Dowley) SPL, 2hrs ABR
4-OHPBN (4-hydroxy
phenyl N-tert-
butylnitrone), NAC (N-
acetyl-cysteine) and Antioxidant and 4kHz (octave)
Du 2012 | acetyl-L-carnitine energy enhancer Chinchilla 105dB, 6hrs ABR
1.05-20.3kHz,
Impulse
(Assualt riffle),
Radix Astragali, alpha- 10 shots,
Xiong (1) 2012 | lipoic acid, vitamin E Anitoxidant Guniea Pig 176dB SPL ABR
1.05-20.3kHz,
Impulse
Antioxidant and (Assualt riffle),
involved with calcium | Guinea Pig 10 shots, ABR and
Xiong (2) 2012 | Astragalode homeostasis (pigmented) | 176dB SPL OAE
Anitoxidant Blast
(Glutiathione pre- stimulator, 3
NAC (N-acetyl- cursor/ROS primarily) consecutive ABR and
Ewert 2012 | cysteine) and HPN-07 and Antioxidant Rat (Black) 14psi blasts OAE
10kHz, 120dB,
Fetoni 2012 | Co-enzyme Q10 Anitoxidant Rat (Wistar) | 4hrs ABR
4kHz, 115dB, ABR and
Zhou 2012 | Hydrogen Anitoxidant Guniea Pig 4hrs OAE
10kHz centred,
100dB SPL, an
hour for 10
consecutive
Fetoni 2013 | Co-enzyme Q10 Anitoxidant Rat (Wistar) | days ABR
4kHz (ocatve),
Mice 110db SPL,
Rewerska 2013 | D-Methionine Anitoxidant (C57BL/6) 3hrs ABR
Rat
Seidman 2013 | Resveratol Anitoxidant (Fischer) 105dB, 24hrs N/A
4kHz (ocatve),
Antioxidant/NSAID Guinea Pig 102db SPL,
Pourbakht 2013 | Celecoxib (COX 2 Blocker) (M, albino) 3hrs ABR
White band
noise, 105dB,
Yenigun 2013 | Ozone (03) Anitoxidant Rat (Wistar) | 4hrs ABR
4kHz (ocatve),
Mohamadk Anitoxidant 102db SPL,
hani 2013 | Silgmarin (flavanoid) Guniea Pig 6hrs ABR
Hydrogen-saturadted Guinea Pig 2.5-3.5kHz, ABR and
Chen 2014 | saline Anitoxidant (albino) 130dB SPL, 1hr | OAE
Mice
Park 2014 | Renexin Anitoxidant (C57BL/6) 110dB SPL, 1hr | ABR
4-OHPBN (4-hydroxy Anitoxidant 4kHz (octave)
Choi 2014 | phenyl N-tert- (Glutiathione pre- Chinchilla 105dB, 6hrs OAE
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butylnitrone) and NAC
(N-acetyl-cysteine) and
acetyl-L-carnitine

cursor/ROS primarily)
and Antioxidant

Lu

2014

NAC (N-acetyl-
cysteine) and HPN-07

Anitoxidant

Rat

10-20kHz,
115dB, 1hr

ABR and
OAE
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