STUDIES ON SLOW
RELEASE ANTIBIOTIC
MIDDLE EAR PELLETS

Emma Hoskison MA MB BChir

Thesis submittedo the University of Nottingham for the degree of Doctor of

Philosophy

May 2018






ABSTRACT

Otitis Media with Effusion (OME) is the commonest cause of paediatric hearing
impairment globally Antibiotic laden pellets placed in the middle €ME)present a
potential noveltreatment strategyfor OME disrupting themiddle earbiofilm and
avoiding systemic side effectsin vitro studies of Staphylococcugiureus biofilm
eradication with pellets laden with rifampicin and clindamycin demonstrate a future
potential OME treatment ad this study aims to establish the safety of these peliets

vivo.

Rifampicin(1.8mM)and dindamycin(35.3mM)loaded pellets made of poly lactoo-

glycolic acidand pluronicwere surgically placed in guinea pig middle ears.

Auditory Brainstem Responses (ABtRs3sholdsbetween8-30 kHawere tested over
16 weeks alongside contrdis assess for ototoxiciamplitudes and latenciedidied

to assess foneurotoxicity At one week post insertion of antibiotic laden pellets
marked ABR threshold elevation (4B dB) was observeahd persisted25-40 dB) at
week 16without accompanyingchanges iPABR wave amplitudes and latencidis

pattern thereforedoesnot supporta neurotoxc mechanism

Representative ytocochleogramsand immunofluorescenceof the cochleaglid not
exhibit anyappreciable frank outer or inner hair cell Idssm the guinea pigs loaded
with rifampicin and clindamycin pellet$his suggests that the jets are not causing

thresholdelevation via amtotoxic mechanism.



ME histology revealed pellet remnants causing a moderate inflammatesponse
persistingat 16 weeksWith evidence of chronic inflammation in the middle ean
associatedME effusion which has been undetected experimentally may underlie the
ABR threshold elevation seen witfampicin and clindamycin laden pellet€onfined

to the middle ear, this may also explain the lack of IHC and OHC damage.

As a deliery vehicle to te ME PLGA and Pluronic pellets have potential, but further

studies are required on their antibiotic carriage to the middle ear beflongvouse.
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1.1 Understanding théransduction of soundon
developing therapeutic intervention to OME

Otitis Media with Effusion (OMEp the commonest cause of paediatric hearing
impairment in the developed world (Mandet al., 2008). Current treatment strategies
include ventilation tube insertion (NI@B08) This haspproximately 25% of patients
requiring a repeat surgical procedure within two years of the first procedure (Gattes
al., 1987) andwith a mean number of procedures per persofi2.1 (Daniel et al.,
2006). The ideal treatment strategy alid therefore be to treat OME and prevent
recurrence with a single therapeutic intervention. A putative new treatment for OME
is insertion of an antibiotic laden pellet into the middle ear allowing topical antibiotic
delivery in a sustained releasdashion Such pellets have been designed using
polylactic glycolic acid (PLGA) and pluronic and when loaded with rifampicin and
clindamycin demonstrate biofilm eradicatian vitro (Danielet al., 2010). Inserting
thesepelletsinto the middle ear of animal modgis an important step to establighe

safety of potential new OME treatments.

Before understanding the potential harmful effects of drug pellets on inner ear

function, it is first necessary to consider the middle and inner ear fundticmormal

hearingindividuals and the overall impact of impaired hearing.
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1.1.1 The Sense of Hearing

Thesense of hearingnfluencesall aspects of liféBarkeret al., 2017) Sound is a key

component to human swival throughoutevolution (Manley et al., 2017); through

detection of prey bypredators and hencéas avital role in danger avoidance and

prolonging life. Haring is also a key component ebmmunication with other
AYRADGARdzZ £t &% O2y (i NR O dzii (BgkBoseti &, 2017 H8mad 2 OSNJI f €
progress thraighout the millennia with the development of language and subsequent

learning and passing on knowledge has been greatly influenced by hearing and
communication(Manley et al, 217) Hearing is a component of many hobbies

including music. This evidenced¥ NBY . SS(iK2@0SyQa 1&mé A3Syadl R
age of 31 when he describes his decreased appreciation for his music and subsequent

desperation and reclusiveness due to progressive hearing loss (Van Beethoven 1802).

Impairedhearing inchildhood can a#ct language developmeiiSamelliet al., 2017)

This is seen in conditions such as Otitis Media with Effusion (OME) which is the
commonestcause of paediatribearing impairment in the developed wor{tMandel

et al, 2008) OME causs a conductive hearingss dueto fluid accumulation in the
middle ear(Venekampet al., 2016)and is common in the-B yearage groupduring
languaye acquisitionQureishiet al., 2014) Understanding the detatl mechanisms

of sound transmissiothroughthe ear is a kegomponent to developing therapéic
interventions to treat OME and hence prevent the long term sequelae of speech and

language delay and missed academic potential.
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1.1.2 Overview of anatomy and hearing

Sound is a compressive wave in an elastic mediura.dtarm of mechanical energy
andis caused by changes in air pressures whiehdatected by the ear. Molecules

air are constantly moving ancolliding. This is described Bsownian moion of air
moleculesin contact withthe tympanic membrane (Harré&t al., 1968). Compression

of air molecules creates a sound, whicivelsin the form of a sinusoidalompressive
wave to the pinna. ThEAC éxternal auditory canakchannels the sound wave to the
tympanic membrandSzymansket al., 2018)causing \brations at the frequencies of
the componentsounds. The tympanic membrane vibrations in turn cause ossicular
chain vibrations (mallesj incus and stapgswvhich results in the stapes footplate

vibrating the oval windowo h Q/ 2efal,204F)(Figurel).

Vibrations of the oval window are transmitted to the scala vestibuli in the cochlea
(RaskAndersenet al., 2018) The cohlea has three main componen{Zouet al.,

2015) the SV ¢calavestibul), SM (scala mediadnd ST (scaldympan). Acoustic

energy § transferred from the air containing middle ear to the fluid filled cochlea
(Greeneet al.,, 2015)and thenfrom the oval window to the round wiaow (Figure2).

The wave travels through the scalestibuli first then the flexible partition of the
cochleacalled the basilar membranegibrates(Warrenet al., 2016) This vibrations

OKIF NI OGSNRAGAO T2 Nediirg$ totofopin/ dRo@risatidh MbthedzS y O &
sound(Warrenet al., 2016) Vibration of theOHC @uter hair cellsiand IHC ihner hair

cells) in the Organ of Corti then contribute to signal transduction as channels on the

apical portion of the inner hair cells are mechanically opened via the tip links creating
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a depolarising currenfFettiplaceet al., 2017) Inward flux of Kand C&" ions cause
depolarisation and generation of an action potential whiasults in releaseof
glutamate onto spiral ganglion processg$-ettiplaceet al, 2017) Here action
potentials are generated in response to the gluaminduced depolarisation.hEse
action potentials argoropagated to the brain stem via afferent neuroffsttiplaceet

al., 2017)
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Figurel: Goronal view of theleft middle ear showing the ossidar chain: malleusincus and stapes
(Hlustration by E Hoskison using Paint)
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Figure2: Schematic diagram showing the tapered basilar membrane increasing in width from the base
to the apex (from webnode.com)

A cross section of the cochled&idure 3) showng separation into three main
compartments (ST, SM and SV) ante separation of the perilymph and the
endolymph. This allowfsr the maintenancef a resting potential in th©rgan of Corti
known as endocochlear potentiabefore depolarisationand action potential

generation.
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Figure3: Gross section of the cochlea showing the cochlear duct or scala mgtieyclopedia
Britannica Inc 1997)

The cochlea is adapted fthre transduction of mechanical energyo electricalenergy

whilst preservinghe & 2 dzy' R  térhpgr& Siréicture intensity and amplitude The

ear has several adaptive mechanisms which ensure that minimal energy is wasted in
transmission of the sounds to the cochle€ghis is especially importamtue to the
impedarce mismatch of the aiwater interfacefrom the middle to the inner ear
(Withnell et al., 2013) Without the middle ear acting as energy transformer, over
99.9% of incident sound energy would be reflected at theflaild interface at the
junction ofthe ar in the middle ear and fluid filled inner eafFhis would bethe

equivalent of approximately 30dB hearing loss.
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Amplification mechanisns include OK I yy St f Ay3 GKS &d2dzyRQa
Animals such as cats are designed to rotate their ears to tteetibn of the sound to
improve linearity of the acoustic axis and hence sound detection and spatial awareness
of its source (Musicangt al., 1990). Humans, however do not have this adaptation.
The binaural design allows analysis of the time delay aadsoeaches the two ears
separately and the intensity difference between the two ears is analysed and
processed by the braiqthis is the interaural time difference (ITO)he head shadow
effect creates the interaural intensity differen¢gD)and assist directionality coding

of soundqParisaet al.,2017) Such information is encoded smcomple signal allowing
accurate temporal and spatial information of the sound to be analysed by the brain.

In humars, the accuray of sound localisation is 1.5 degs(Durlachet al., 1978)

The aiffluid interface at the oval window creates an iegance mismatch which the

ear hasadapted to overcome using two mechanisms. The surface @frthe tympanic
membrane is 2Qimes greater than the oval windawrhe ovalvindow is located at

the stapes footplatallowing amplification of signal. The ossicular chain also acts as a
fulcrum with a lever ratio of 1.3 in humans (Guinahal., 1967) amplifying the
mechanical vibrations and limiting dissipation of energg. a esult of these two
mechanismshydraulic press and lever arrapproximately30dB of sound energy is
gained, compensating for the losses frone #ir/fluid interface impedance mismatch

(Withnellet al., 2013)
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The sound amplification andnpedaarce mismatb function of the middle ear is
important to understand when attempting to address pathology of the middle ear such
as OME (titis media with effusioln The preservation of middle ear function is also
important when considering any therapeutic interventifor middle ear diseassuch

as OMETympanic membrane and ossicular chain integaity importantto maintain

optimal middle ear function.

1.1.3Specialised features of sound transduction

Von Békéa € €x@eriments on cochlea physiologiemonstratedthat, when using a
vibrating electrode to record from the basilar membrane, the cochlea monophonic
wave was proportional to the basilar membranegdé&ement and not velocityBékésy

et al, 1974). His work also showed properties of the basilar membrane whichset
the tonotopic mapping along its lengthhe apex is wider anbas resonane with low
frequeng sounds Vibrations of the basilar membrane in a sound specific location
contribute to tuning of the soundThe basilar membranieas a central role in signal
transduction Ehergy is transmitted to a specific locus allowing hair cell vibrations

resulting insignal transduction.

1.1.4Trapdoor model theory

Vibration of the OHGn the organ of Corti at frequency specific longitudinal distance
along the basilar rmabrane has led to thétrapdoormodek for ion channel opening.
The tectorial membrane acts as a sprion top of the OHCAs the basilar membrane

is deflected down, the tectorial membrane is stretched and the vibrations are
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transferred to the OHCThe hai cells are central to signal transduction of mechanical
energy into electricadignals. Asthe OHEA 6 N} G S Ay 'y SEOAGEFOES Tl aAKA2YD
model of ion channel opening and hair cell excitation causes a depolarising current by
Kfand C&'ion influx (Gillespieet al., 1995) Figure4). The tip links connecting the OHC
arean essential component of this motion detection. Tip link destruction byeotgtic
enzyme elastase (Preyet al., 1995) or removal of the Gaions (Assaet al., 1991)
shows doss of signal transduction, supporting this model. Studies on the frog saccular
hair cells have shown that whole bundle stiffness is a property of the open probabilities
of transduction channels (Hudspeth al., 1988 which is evidence that this mechamis
transcends across vertebrates. Stretch on the tip links has been shown experimentally
to be directly proportional to the angle of stageilia deflection (Geislegt al., 1998
emphasising the accuracy and effectiveness of thdiiks as sensors (Geiskt al.,

1993 and their role in transduction of the sound iraa electrical signal.

Figure4:{ OKSYI GAO RAFIAINIY 2F (GKS aidNI}LIR22NE VY2RSt aK2gAy3a KIF AN
displaement mediated bythe tip links (Gillesge et al., 1995)
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Current flow has also been shown to be proportional to stereocilia displacement in the
direction of the kinocilium (Fettiplace 1992) with a sengitivof up to 0.3nm

(Hudspethet al., 1988.

1.1.5Adaptation

The cochlea is also able tmdergo adaptation to a stimulus property which is
function of the stereocilia. Adaptatiooccurs during excitatiomwhen the magnitude

of the tranglucer current slowly decreases to a new resting level. The mechanism of
hair cell adaptation has beeshown to be a functio of calcium ion concentration

with a reduction in speed of adaptation shown in turtle hair cells when thé iGa
concentrationis decreased from 3nM to ImMC(awfordet al, 1991). It has been
proposed that the calcium ions inteswith the transducer channels determining the
state of adaptation (Fettiplacet al., 1992).Adaptation involves movement of the ion

channel up or down the stereocilium.

Thed Y2 G2 NE G KS2NE p@dposed by HudSpktl dn@ illeshie1894

with actinmyosin interaction causing increased tension in the tip links during
excitation, gradually dragging the adaptation motor downwards and hence reducing
tension until a new equilibrium is reactieConversely, when deflectedtime opposite
inhibitory direction, the tip links have a reduced tension allowing the motor

mechanism to climb upwards to counteract this.
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1.1.6Frequency selectivity

Hair cells are adapted to have a greater sensitivity to sinusoids of a certain frequency
along the length of thdasilar membrandFettiplaceet al., 1992) This selectivity is a
function of the tonotopic organisation of the basilar membrane due to the physical
change in properties of the basilar membraaleng its length. The OHilso have a

role fine-tuning this mechanism byrefining the signal.

1.1.7 Amplification

Measurements of basilar membrane displacement in response to sound waves were
first performed by Von &ésy (Von Békésy 19y4ising stroboscopic light and large
amplitudes. This produced displacementstlie micrometre range. Johnstone and
Boyle used a Doppler shift technique in 1967 to measure basilar membrane
displacements (Johnste et al,, 1967) Khanna and Leonard were the first to use
submicron measurementsf the basilar membranasing laser interferometry (Khanna

et al., 1982).Interferometry is a technique used to detect small displacements using
the principles of a coherent single beam being split into two identical beams of
electromagnetic radiation. Each beam travelseparae path and then they combine

at a detector. Any resulting phase difference in the beams as they arrive at the detector
is analysed to determine the difference in path length or a refractive difference along
the path. Such measurements show the fine tuning the basilar membrane for

frequencyspecificsounds and alssuperior accuracy for low sound levels.
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The identification of sound emissions from human ears in response to brief clicks

(Kempet al,1978) LINB @A RSR | Of dzS (12 céskeS. EVlenOek f S Q& G NI y &
that these sounds were generated by outer hair cells was supported by Brownell

(1985 with the identfication of the OH@s the source of otoacoustic emissiqAR

as they mechanically deform when stimulated with a current (Browetedl., 1985).

The reticular lamina and the basilar membrane were seen to move towards #zeh o

as the OHContracted. These rests showed the OHEnhancing the responses of the

basilar membrane in a frequency selective manner acting as a feedback mechanism

This amplification mechanism varies in extent along the length of the basilar

membrane explaining the variation in fine tunibgtween more basally placed high

frequency andapical lowfrequency sounds.

1.1.8Innervation

Signal transduatin occurs at he IHCgenerating an action potential which is
transmitted abng spiral ganglia neuronés the brain. Each IHEnNnects with 1€80
afferent neurons with a single synapse to type | myelinated neurons and multiple
synapses with type Il unmyelinated neuroB8sich complex innervation is required for
rapid, accurate coding of temporal events (Geigéeral,, 1998. The presence of
efferentinnervationsyia the olivocochlear systerhas a mechanism in the fine tuning
and hence accurate transduction of tledectrical signal. Feedback is directed to the
outer hair cells or the axonshich supply the IHC his mechanism allows sharp signal

generation.

42



1.1.9Summary of sinal transduction

Mechanical energy travelling thrgh the middle ear is amplified minimise energy

dissipationat the air fluid interface between the middle and inner ears. This is achieved

using tvo mechanisms 1) reducingthe surface area of the @l windowrelative to the

TM and 2) the fulcrum mechanismof the ossiclesThe cochlea utilss a number of

different processedor signal transductio utilising the IHGvhich are situated along

the basilar membraneTonotopic organisation of th© 2 OKf S Q& ol aAf NI YSYd NI
assists the organisation ofamsduction. The OH&hd efferent feedback méanisms

have a role in signal tuning to preserve temporal, spatial, intensity and frequency

information, accurate discriminationvhich is important to human communication,

interaction and survival.

Understanding the mechanisms of signal transduction iseggial prior to designing
andimplementingpotential invasve treatments for ME conditions such @ME This
is where fluid accumulates in theME cavity affecting the impedancemismatch

mechanism and transmission of sound to the inner ear.
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1.2 Otitis Media with Effusion

OME is the commonest causképaediatric hearing impairment in the developed world
(Mandelet al., 2008).Understanding the detailed aetiology and pathogenesis of OME
allows for design of therapeutic interventions which areesaffective and acceptable

to the paediatricpopulation.

OME is the chronic inflammation of the middle ear mucosa associated with
development andaccumulationof mucusbehind an intact tympanic membrarand
without the symptoms and signs of acute infecti (Venekampet al., 2016) The
mastoid air cell systemmay also be inMeed due taits anatomical connectiowith the
MEvia the mastoid antrunfAbdutAzizet al., 2017) OMEhas a clinical diagnosis with
the presenceof mucinand resultantconductive hearing losgSchilderet al., 2016) If
the mucus is present for ethree monthtimescale, the effusion is considered to be
chronic (Bluestonet al.,, 1984).1t is common for a middle ear effusion to develop after
an upper respiratory tract infectiofSchider et al.,, 2016)with a majority of these
resolvingnaturally. Anymiddle ear irritationcan lead to an effusion developirgnd
hence tke causes ofOME are widespread including traumg@Miller et al., 2016)

infection and inflammation (Wiebickaet al., 2012).

1.2.1Symptoms

Fluidwhich is either serous or mucoid in consistency @emmulate in the middle ear

and affects the transmission of sound froeound wave from the external eato the
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cochlea Thefluid decreases tympanic membrane and ossicular chain vibration and
hence attenuates theropagation of thesound signathrough the middle earChildren
with OMEtherefore experiencea 18-35dBconductive hearig loss(Caiet al., 2017)
due to the impairel ME function Pregntation maybewith heaing impairment and
preschool childremay demonstratespeech and language deladlthoughsymptoms

are transient in most children, a proportion require treatment because of the impact
OME has on hearing and subseqgt education and speech andiguage development
(NICE 2008). Children may havereceding history cAOM @cute otitis mediawith
fever and otalgialn young infants this otalgia may manifest with ear pullingemeral
malaise for example being una&blto sleep, irritable and unable tolerate a normal
diet. OME, AOMand recurrent AOM with three or more episodes in a six month
interval are all closely related conditions (Akioal., 1995. Studies okchoolchildren
have shown that patients witAOMare more likely to deMep OME Martineset al.,

2011).

1.2.2Prevalence

Otitis Media with Effusion (OME) is the commonest cause of hearing impairment in the
developed world (Mandedt al., 2008)with a point prevalence of 20¥proportion of
patients haing OME at any one timend upto 80% ofthe population ofchildren
being affected before the age of 10 years (Mandet al., 008 NICE2008. OME is
common in the preschool age group with two peaks ofdance seen at 2 and 5 years
(Zielhuiset al., 1990) as seen i study ofDutch children. Aumulative incidencef

OME has been shown preschool children in the USA with 53% incidence in the first
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year and 61% in the secori@asselbrandet al., 1995) A European cohort has found
that 35% of childrerhave had at least one episode of otitis media before the age of
two (Braueret al., 2006). A large study of #2233 in Pittsburgh USfParadiseet al.,
1997)showed that 91.1% of children developed OME in the first two years of life and
of these, 52.5% had bilateral effusioifiese effusionm the Paradise studyere due

to both OME and AOM; two conditionshich other studies showare interlinked
(Martinesetal., 2011).

Draining the OME with ventilation tube insertion is also one of the most common
surgical procedureperformed in children. This is the rcant treatment regimen for
OME according to th&lICE guidelines of 2008oWever, it does not address ¢h
underlying infection and hence many children have OME recurrence. Approximately
25% of patients require a repeat surgical proceduni¢ghin two years of the first
procedure (Gateset al., 1987) and studies have shown that the mean number of
proceduresper person is 2.1 (Daniek al., 2006). The ideal treatment strategy should
therefore be to treat OME ah prevent recurrencewith a single therapeutic

intervention.

1.2.3Aetiology

OME is a multéctorial disease processisk factorsfor OME however have been
identified through extensive epidemiological studies. There are still many theories
regarding the aetiology of OME and hence this is an active area of ongoing research.
The numerous theories underlying the pathogenesis of OME explaénsnultiple

different treatmentswhich are offered to patients, without a consensus for one single
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effective treatment strategy. It is possible that OME is a multifactorial disease process
but with different dominant factors causing OME in differemdividuals. Tts would
resultin treatment taibred to each separate patieto initially addresshe dominant
factors with the aim of eliminatin@ME. This is the case in other multifactorial disease
processes in medicine and therefotbere would be a precedent fohe treatment of

OME to followa similarpattern. The challenge posed, therefore, is to determine the

dominant factor in each patient arta tailor this treatment accordingly

Genetic studies have shown th&@ME has a significant genetic componeri
prospective twin sudy in Pittsburgh USA showed a&trong correlation between
monozygotic sets compared to dizygatits experiencing middle ear effusions over a
24 month periodCasselbrangét al., 1999) It has been speculated théhis may have
an anatomical basis with a hereditability of degree of pneunsti of the mastoid
(Dahlberget al., 1945 and differences in Eustachian tube dimensions amdttion
according to racéBeey et al., 1980).In an attempt to further characterise genetic
suseptibility, genomic scanning has been donel&ti onchromosomal regions 104,
199 and 3p have been identified as possible gene locafmmshronic and recurrent

OME (Dalyet al., 1999.

OME has a seasonal prevalence with approximately twice as maay tathe winter
months compaed to the summer monthgRoverset al., 2000 Sasseret al., 1997).
This may be due to an increase in upper respiratory tract fities and closer contact

with other children during these colder montldse to increased timepent indoors
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Attendance in day care with more than four children under 3.5 yeaegehasalso
been identified as a risk factor for OMIBeweyet al., 2000). This supports the contact
theory with the mainaetiologicalcausebeing a contagiousnvironmental factosuch
asvirusesand bacterighat may surviveas a biofilm on toys and surfacea the day-

careenvironment(Walkeret al., 2017).

1.2.4Pathogenesis

The middle ear communicategth the nasopharynx vithe Eustachian tubéJufaset

al., 2016) both have arepithelial lining.The epithelial cells are similar to those in the
upper respiratory tractacting asa defence mechanism against the environment. The
epithelium ofthe middle ear varies depending ¢ocation(Luoet al., 2017) Near the
Eustachian tube opening, it is cuboidalcolumnar turninginto flat epitheliumnear

the mastoid air cell system and cuboidal on the promontory. Inside the mastoid, the
epithelium is squamous and the Eustachian tube is lined with tall columriteéal

cells which are ciliated and secretqiyentzeret al., 1984) This creates a mucociliary
transport system carrying pathogens from the middle ear down the Eustachian tube
and into the nasopharynflomékiet al., 2016) Insults to the cilia in théorm of upper
respiratory tract infectionsresult in impaired function or destuction of the cilia

causngtubal dysfunction andmpaired mucociliary clearang®hashet al., 1991)
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The healthy middle ear secretes fluisbdn the mucosal epithelial cell$he mucosal
fluid is composed of mucingolzbacheeet al., 2003, antibodies(Bernsteinet al,
1993) defensins(Underwoodet al., 2011) protegrins(Bolintineanuet al., 2011)
collectins(van Rozendaadt al., 2001) cathlecidingLehreret al., 2002) lysozyme
(Traviset al., 1999) histatins(Melino et al., 2014)and nitric oxide(Brukdorferet al.,
2005) All of these molecules have a defensive @btingproducinga physical barrier
and with their antimicrobial propertiegsee Tablel). The mucus secreted by the
respiratory epithelium in the body has a variable thickness according to the fsite o
secretion. For example the edras thinner mucus than in thenucus lining the
stomach.Mucus is also constantly in motiam a healthy individuadlue to the action

of the beating respiratory ciliéLuoet al., 2017)

In a healthy individualniddle ear fluiddoesnot accumulate Clearance mechanisms
which act on fluid elimination includeilia beating towards thenasopharynx via the
Eustachian tubeThus, the fluid and any accumulated debris are swallowed and the
low pH of the gasic envionment has a bactericidal effect eliminaticgntaminants

of the middle ea(Schuberet al., 2014)

Although the healthy middle eanucosais constantly secretm fluid, no effusion is
seen. This suggests that there may be a difference in the composspacially
regarding theviscosityof the middle ear fluid in a patient withNMJE andbr a defective

fluid clearance mechanism.
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Molecule

Role in defence

Reference

Mucins

Faciliates bindingoacteria
to initiate mucodiary
clearance/
phagocytosis/cytokine
mediated destruction

Slzbacheret al.,, 2003

Antibodies

IgE mediated
hypersensitivity ang
activation of inflammatory
cascade

Bernsteinet al., 1993

Defensins

Antimicrobialaction,
proinflammatory,
chemoattractants

Underwood et al., 2011

Protegrins

Small peptides with 148
amino acid residues.
Integrate into
lipopolysaccharide in
bacterial membranes and
permeabilize them

Bolintineanuet al., 2011

Collectins

Family of collagen
containing Qype lectins.
Soluble pattern recognition
receptors which bind to
micro organisms prior to
phagocytosis by
macrophages

van Rozendaal et al,
2001

Cathlecidins

Bipartite molecules with an
N-terminal cathelin doman
and Gterminal
antimicrobial domain

Lehreret al., 2002

Lysozyme

Large antimicrobial protei
with action against Gran
positive organisms

Traviset al.,, 1999

Histatins

Metal binding peptides with
antibacterial properties

Melinoet al., 2014

Nitric Oxide

A free radical which binds t
haem and activatecGMP
signalling cascade

Reacswith other radicals to
produce oxidants resultin

in protein damage

Brukdorferet al., 2005

Tablel: Components of middle ear secretioasd their le on defence against pathogens
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In an attempt to investigate the composition of middle ear effusion in patients wit
OME aspirates of the fluid have frequently been taken for scientific analpsakeet

al., 2012 Danielet al., 2012, Xwet al., 2011). This fluid is easily available from patients
and has provided many research units with material to investigate to determine the
components of the effusion and hence elucidate the pathogenesis of OME. There has
been a huge focus on analysistlois fluid in recent year@rakeet al., 2012, Danieét

al., 2012, Xwet al,, 2011),however it must be stated that this has been biased by the
easy availability of the material and hence may not be the best source to determine
the pathogenesis of OMHEhe composition of middle ear effusions have been shown
to comprise ofwater, cells, cell debris, electrolytes and high molecular weight
compounds of which most are mucins and a smaller number proteirdsliand

deoxyribaucleic acid (DNA).

OME is causkby nflammation of the ciliated, pmudostratified columnar epithelium

of the Eustachian tube and the hypotympanum. This causes mucus secretion and a
differentiation into thickened pseudostratified mucuscseting epithelium (Ishit al.,

1980, Tos Met al., 1980) with a reduction in cilimumberand cilia function (Takeuchi

et al., 1990).Figure5 demonstrdes histologically the metaplasiseen in OMEn a
mutant mouse model labelled Islet 1 (Hiltehal., 2011) Examination of the middle

ear histologially revealed chronic OElwith an intact tympanic membraneThe
mucosa was thickened with fibrocytes, granulocytes and granulation tissue. The

genetic basis for this in this mouse colony was fobpdHiltonet alto be a tyrosine to
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cysteine missense mutéon onthe Islet 1 gene with further studiesngoing to detect
to exact mechanisms. Islet 1 genes have previously been fouti igastric lining,

suggesting a role in regulating somatostatin gene expresaimh hence gastric

mucosal secretion.

Figure5: Histology of middle ear mucosa in ON
showing metaplasia (Hilton 2011)

Figuretaken from Hiton 2011
1 &) and b) both normal mucosa of

middle ear cavity (MEC) and extern
auditory canal (EA®ith the
malleus (M)

1 c)and d) from mice withslet 1gene
mutation. Note the thickened
mucosal lining of the middle ear
mucosa with mucous productin
fibroblasts, granulocyte and
granulation tissue

Figure 5 Histology of middle ear mucosa in OME showing metaplasia (Hikoal., 2011)

Histologically, the submucosa shows blood vessel dilatation and increased number of
inflammatory cells such as macrophages, plasma cells and lymphoc¢hesniddle
ear effusion is usually mucoid or serous in nature, but its actual origina aratter of
some debate. Fluid can be secreted from the epitheajjablet cells ad mucus glands

as well as an itdmmatory transudate or exudatd he mucins are thought to be the
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main contributing factor to the variabMscosityof the middle ear effasions(Kubbaet

al., 2000).

1.2.5 Mucins

Mucin is secreted by the middle ear epithelial cellsicins are glycoproteins which
consist of a protein backbone, sugar side chains and interconnected disulphide bonds.
Mucins allow lubrication, prevent dehydratiand protect the underlying mucosad
facilitate HO transport Genes expressing mucins in the middle ear are secretory gel
forming, secretory nomel forming and cell surfacd.iidenet al., 2008). Mucins
located on the cell surfaces provide a barggeventingmoleculessuch as bacteria
from attaching and invading the underlying mucas@ther mucins have intracellular
functions with a role in regulation of cell growth and apoptosis wheooentering

microbes or toxinsLindenet al., 2008).

Middle ea effusion aspirateshave identified the main gdbrming mucins in the
middle ear to beMUC2, MUC 5AC and MUC5B (Hu#bual., 1997, Ubelkt al., 2010,
Duahet al., 2016). Patients with OME have also been found to have defects in the
MUCS5AC gene whichap predspose them to this conditionUpell et al., 2010).In
addition to bacterial pathogens, aspirates of the middle déawve been found to be
composed of watercell debris, electrolytes and high molecular weightpounds
which are predominantlynucin.Mucus provides surface for bacterial attachent to
prevent bacterial adherence tine underlying muosa causing an infectigfiReddyet

al., 1997). Mucin molecules have oligosaccharide side chains which bacteria can bind
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via adhesinsln a situation where the bacteriavade elimination, the mucs has the
ability to proliferate in its lysozyme, lactoferrin asdmplement componentslf the

host defence systems fanh the middle ear, OME develops (Kulgtal., 2000).

Detailed sudies d middle ear effusionshas shown that there is a differende
composition of the effusions between children and also a difference in composition of
effusionsbetweenleft and rightears in a bilateral case of OMEofinsoret al., 1997).

In this particular study, the levels of mucins and cytokines3JLTNF" X -m Lwjere
analysed Higher levels of cytokés were found ireffusionswith greater viscosity
caused by a higher level of mucin. This suggests that inflammatory medratyrs
increase the productiof mucin.Inflammatory mediators such as IgG and hgie
been identified in middle ear effusions in higher levels than in sel@imer features

of inflammationwere also identifiedsuch as vascular proliferation, infiltration of
plasma cells and lympho®d and metaplasia of the middle ear with an increase in

goblet cells and mucus glandskiiet al., 1980, Sadet al., 1966 Jone<t al., 1979).

Nitric oxide (NO) has been identified as an important inflammatory mediator which
hascytotoxic actions when released in large quantities (Angga@l., 1994).In vitro
studies have shown that NO increases mucin production in cell cultugesbtdtcells
which is predominantly MUC5ACdppetret al., 2003).In vivomodels have also shown

an increase in mucin with N®oseet al., 1997). Middle ear effusiorisave also been
shown to contain NO metabolites which is further evidence that NO is an important

inflammaory mediator in OME (Johet al.,, 1999). Detailed genetic analysis of samples
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of blood from patients with OME using PCR has shown that there is a potential
susceptibility to OME witlan endothelial NO synthase polymorphism (Attsal.,
2017). Understanding the detailed basis for OME suscdjtyitinay help to select

treatments for individuals.

Evidence of inflammatory mediators causing OME has led to proposed cascades
including the flowchart from Kubbet al., 2000(Figure6). The common pathway is for
mucin secretion and hence a middle eafusfon Recent detailed analysis of mucin in
OME aspirates has shown that children with MUCS5B in their effusions were younger
than other children undergoing ventilation tube insertion (Duah al, 2016)
suggesting that certain types of mucin are more maanic for OME, especially
affecting those under 48 months. This is an important factor when considering the

impact of OME on speech and language acquisition.

¢bCh
activatesPhospholipase C
hydrolysis oPhosplatidylcholine
Phosphatidylcho*ne + Diacylglycerol
activatesProtein Kinase C
activates and induceNitric oxide synthetase
Nitric oxide
activatesGuanylate cyclase

\

cGMP<———GTP

v
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activatescGMP dependent protein kinase
phosphorylation of serine residues on target proteins
up-regulation of mucin genes

Mucin secretion

Figure6: Inflammatory cascade producing mucifadapted from Kubbaet al., 2000

1.2.6 Viruses

Analysis of middle ear effusions has also shown that viruses have been found using
reverse transidptase polymerase chain reactiqRitké&rantaet al,, 1998)and more
recently quantitative PCR identifying viral nucleic acid in 15% of middle ear fluid
samples (Slingest al., 2016) Viruses detected includehuman rhinovirus in 63%,
respiratory syncytial virus and coronavird8tuses activatehe inflammatorycascade
(Figure6) and increase th@roduction of mucincreatinga middle ear effusiomhich

is usually of a short duration.

1.2.7 Bacteria

Although OME is likely multifactorigBchilderet al., 2016) there is a wealth of
evidence for the involvemerf bacteria. There is overlap between the incidence of
AOM in children and the subsequent development of OME &hds been found that
50% of middle ear effusions follow an episode of AOM (&thal., 1995).Identified
risk factors includettendance inday care, increased number of siblings and a low

socioeconomic groupAll of these factorsncrease the risk of infection spread and
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and antiinflammatory propertiesand hence isbelieved to bea protective factor
against OME (Abrahamst al., 2011). Neonatal immunity is alsattributable to
antibodies transferred from the mother to baliy utera This effect lasts 6 months,
therefore breast feeding for greater than 6 mihs may confer additional protection.
There is also likely to be synergy with the risk factors such as breastfeeding and high
socioeconomic classdenoidal hypertrophy in the nasopharynx has been postulated
as a site where bacteria are quiescent befaansfer via the Eustachian tube into the
middle ear. This theory is supported by evidence that there is a higher number of
pathogens in the nasopharyngeal flora of children with Q®MEo)compared to those

without (Hemlinet al., 1991).

Aspirates of OMHUid which has been preseffiir more than 2 months havshown
live bacteia in 91.8% of samples (Danétlal., 2012) indicating their possible role in
the pathogenesis of OME. The most common \Ba®ptococcus pneumonia 8%
(Jeroet al., 1997). Thisstudy was performed on children with a wide age spectrum and

the incidence of pathogens was found to be higher in younger children.

It is also worth commenting that in some studiestop20% of effusions are sterile,
emphasising the multifactorial compongs at play in the aetiology of OME.recent
multicentrestudy from Korea showed that aspirates from children receiving grommets
cultured bacteria in only 13.3% of cases and of thesemophilugnfluenzawas the

most prevalent {Yooet al., 2018).
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Thecurrent 13valent conjugate pneumococcal vaccinatigimenin the UK(Prevnar
13, Pfizer)confers protection against 13 strains 8treptococcus Studies testing
effusions from patients with OME requiring ventilation tube insertion have identified
only septype 19A which is covered by Prevnar suggesting that the other bacterial
serotypes of Streptococcus which are found in the middle ear are not currently

covered by a vaccination schedule (Slingfedil., 2016).

1.2.8 Atopy

There is mixed evidence thatopy has a role in the aetiology of OME. Martimgsl.,
(2017 found a strong association with OME and atopy in a cohort of 2097 Sicilian
schoolchildrenOne theorybehind this includémpaired immunity and a middle ear
inflammatory reaction increasing susceptibility to microbial infection (Zermottil.,
2017).However, otler studies contradict this (Taat al., 1979) Oral antihistamines
have been shown to have no benefit in thedtment of OME (Griffiret al., 2006)

again highlighting the multifactorial nature of OME.
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A theory for the development of OME which has now been largely abandoned is the
GaSEF Odz2¢ G(KS2NRBO® ¢KAA RSaONRo6Sa of2011
negative middle ear pressure and the developmehatransudae effusion. Analysis

of the midde ear effusiorhas shown tht exudates are presenthich contradicts this
theory. Eustachian tube dysfunction may allow acid reflux to pass to the middle ear
causing inflammation. In children, the Eustachian tube is more horizontal than in
adults, hencedcilitating acid reflux to the middle earhi§ aid reflux could also aid
bacterial transfer to the middle ear. Evidence for this theory of Eustachian tube
dysfunction as m aetiological factor for OME includes the presence of pepsin in the
middle ear fluid at concentrations df000 times greater than serunTdskeret al.,
2002).Pepsin is a&omponentof gastricsecretiors and hence its presence at high
concentrations in theniddle ear is evidence supporting refluk.recent study showed
evidence of larggopharyngoreflux in 67% of children with OME (Géretkeejaet al.,

2016) using pH manometry of the oesophagus. This stlidynot investigate the
presence of refluxp tothe ET and potential contribution to the pathogenesis of OME.

It is also important to state that both LPR and OME are common and hence an

association is therefore expected.
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1.2.10Prognosis of OME

A large proportion of patients with OME havsedfresolingcondition which requires

no treatment.

In the USAhere is a muchower thresholdfor referral tosee aspecialist In the UK
children referred tospecialistENTclinics are those that havagmificant behavioural
problems and educational concerns. This variation in threshold for referral may explain
any discrepancies between epidemiology between theatlKompared to th&/SA and
differences in Health care systems (private insurance in the uldSNational Health

Service in the UK).

In the acute setting, AOM has thmtential sequelae of acute mastoiditis which can
lead to intracranial complications includisggittalsinus thrombosismeningitisand
intracranial absced®rmationwith a deathrate of 5% in tk cases which develop into
intracranial omplications (Bluestonet al., 2002) Chronic OMEhas the potetial
complications of deficient expressive speech, poorer concentration skills, high
frequency sensorineural hearing loss, tympanicnmbeane atelectasis, perforation,
retraction and cholesteatana (Dalyet al., 1999). With language delay there is a
subsequentbverall impact on education, career and hence earning poteirtitdter

life.

OME has a recurrent nature in some children wii#®requiring a second grommet

insertion after the first (Gatest al., 1987). Underlying this recurrence are virulence
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factors which result in the bacteria becoming difficult to eliminate including the
presence ofmucin. Another potential virulence factor is tihacteriain OME liven a
biofilm formation in the middle earUnderstanding thdormation andarchitecture of

biofilms in greater detail may assisttieatment of OME and long term eradication,

avoiding ecurrence.
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1.3 Biofilms

There is evidence that OME is a biofilm disg&atStoolleyet al., 2006). A biofilm is

a highly organised multicellular community (Bakaletzl., 2012 which tilfils four
diagnostic criterial) bacteria are aggregated 2) bacteria are associated with a surface
3) bacteria are encased in a complex extracellular matrix and 4) bacteria are
recalctrant to antibiotic treatment HallStoodleyet al., 2009, Parsekt al., 2003). The
community of bacteria is encased iextracelular polymericsubstance(EP$ that is
attached to a surfaceln comparison with their planktonic state, biofilms have a
reduced growth rate due to the limited availability of nutrienésid a distinct
transcriptome (Poset al., 2004, Poskt al., 2007). Biofilms also have the aityl to
exchange genetic material and hence develop the potential for antibiotic resistance,
enhancingheir survival §lingeret al,, 2006).These virulence factors allow biofilms to
evade the ha 4 Qa4 AYYdzyS NBaLRyaS lyR ftaz2z GKS | OGAzy
provides a physical barrigroviding recalcitrancéo biofilm disruption and removal

(Flemminget al., 2010).

OMEis challenging to treat with a high recurrence rat@5% of childrenmequire a
second grommet ins¢éion (Gateset al., 1987). There is evidence of biofilm formation

in the middle ear which explains thigcalcitrance to antibioticand recurrence of the
condition The middle ear effusions that have been collected are culture negative for
bacteria Polymerase chain reaction (PCR)wever, las detected bacterial DNA
(Raynetret al., 1998) and also messenger RNA identifying metabolically active bacteria.

Special techigues are therefore required taletect biofilms asbacterial culture
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appearsto be insufficient. PaluchOleset al looked at effusion samples taken post
ventilation tubeinsertion in childen with OME (Palucbleset al., 2011). Bacterial
growth was demonsated in 40% of samples using conventional culture techréque
but usingthe method ofPCRbacteria werefound in 98% of caseMucosal samples
from children with chronic or recurrent OME also demaoagtd bacterial biofilms

(Homoeet al., 2009).

Bacteria may be transmitted to the middle ear from #denoids which are located i
the nasopharynxclose to the Eustachian tube orificA study by Horét al., in 2010
showed hat children with OME hava higher percentage of their adenoidal mucosal
surface covered with biofilm than that of childrentviobstructive sleep apnoea (Hori
et al,, 2010).Studies on 20 children viitadenoidal hypertrophy and OMtetected
biofilms on all adenoidal specimens after surgery using sogrelectron microscopy
(Tawfk et al,, 2016). This was significantly greater than 20 childreth wtenoidal
hypertrophy wK 2 R 2 y QOME $&upp@drfing the view thatadenoidal biofilm

contributes to the recurrent nature dME

1.3.1Studiesin vitro

Sudies have shown that the maimrganisms associated with {Haemophilus
influenza Streptococcus Pneumoniae and Mottxeatarrhalig readily form biofilms
both in vivo (Ehrlichet al., 2002 van Hoecket al., 2016 andin vitro (Murphy et al.,

2002, Allegrucat al., 2006,Pearsoret al., 2006) In the animal model of the chinchilla,
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Haemophilus influenzaas showrto develop a biofilm in the midd ear cavity after
five days Ehrlichet al., 2002).Haemophilus influenzhas been the most extensively
studied biofilm and it hs been shown that proteinsxpressed on the surface are
unigue in the biofilm format coared to the planktonic stateMurphy et al., 2002).
In addition tothe proteins identifiedadhesins, enzymes and lipopséccharides have
been locatedon the surfaceof Haemophilus influenzhiofilms which are thought to
act as a vulence factos (Websteret al., 2006).Sialylation of the lipopolysaccharide
hasalsobeen shown to be a major virulenéactor both in vitro andin vivo (Bouchet

et al, 2003.

1.3.2Studiesin vivo

Analysis of specimens taken from the middle ear mucosa in childretfergoing
ventilation tube insertiorwith recurrentAOMor chronic OMEhas shown biofilms of
Haemophilusinfluenza Streptococcus pneumonia and Moraxella catarrhéall
Soodley et al, 2006). Despite the culture negative status of the effusions, a large
number of viable bacteria were seen aftdead fluorescent staining using confocal
sanning laser microscopy (CSLatd 92% showed biofilms which were identified as
clusters of pathogenic bacteria with a matrix attached to a surf&sedence of Gram
positive cocci infection of the middle ear mucosal epithelium has been shown in
mucosal biopsies from children with OME. This may explain the persistent nature of
infection ard recalcitranceto antibiotic treatment (Coateset al,, 2010. Bacterial

messenger RNA has been detecteduim to 35% of culture negative middle ear
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effusions from children undergoingryringotomy insertion for OMER@yner1999.

This finding reinforces theole o bacteria in the biofilm model

1.3.3Implications of biofilms onOMEtreatment

Bacteria in biofilms have been shown to be 1000 times more resistant to the action of
antibiotics han in their planktonic formsStarneret al., 2008, Kajet al., 2008).This is

due to their multiple virulence factoiacludingthe EP@ndability toexchangeyenetic
information conferring antibiotic resistanc@iofilms therefore pose a challenge for
eradication and in the treatment of OMHue antibiotic recalcitrace and the
persistence of pathogen®elfieldet al.,, 2015) There maybamplications of inserting

a potential substraten the form of ventilation tubesor the biofilms to grow or{Jang

et al, 2007)creating an inflammatory reaction and chronic infectidrnere is also
evidence that the adenoids are a reservoir for biofiims and hence when OME is
eradicated, bacteria can ascend into the middle areform a biofilm Nisticoet al.,

2011, Saafaret al., 2012 Tawfiket al., 2016). This may be one dhe explanations for
recurrent OME. The treatment for OMBas to account for thgresence of biofilms

and therefore antibiotic delivery should be ideally targeted to disrupt the biofilm

matrix.
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1.3.4 Bofilms in nature and disease

Studies of aquatic environments shothat bacteria grow in communities which we
know as biofilms, encased in a matrix, adherent to a surfaug with a sufficient
nutrient supply. It is rare to find bacteria in the free floating planktonic form.
Microscopicobservations and quantitative studies have shown tbaer 99.9% of
bacteria can growin biofilms on different surfaces (Donlan and Costerton 2002).
Biofilms are a major problerim the water industryas they adhere to water pipes
GComplex methods for sampling, examining and ttoling the growth in this
environment have beedeveloped (Donlaand Costertor2002). Medical specialities
have since accepted the presence of biofilmsclinical infections. Microbiologists
classify bacteria into mucoid and nomucoid species depending on their ability to

produce slimewhich is a mucitike layer produced by the biofilm.

The US National Institute of Health states that biofilms cootabto over 80% of
microbial infections in humans (Daviesal., 2003).Many clinical infections are the
result of biofilm infections such as cystic fibrosis, perahritis and infective
endocarditis Most indwelling medical devices are a substrate fiofilm adherence
including cathetersprosthetic heart valves, extra ventricular des$ (Baystowet al,
2007) which all featurein neurosurgeryand in the field of Ear, Nose and Throat,
tracheostomy tubesand ventilation tubes Biofilms are also founih many ENT
infections such as chronic rhinosinusitis (ClRE®rshaket al, 2017) recurrent
tonsillitis, chronic suporative otitis media (CSOMMniddle ear cholesteatomand

implantinfections(Smith Aet al., 2011)
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1.3.5 Adherence

The initial step obiofilm formation is adherence to a surface which may be a cell,
mucin or an artificial implargéuch as a ventilation tub& hesurfacetype andbacterial
characteristicboth influence adherenceA solidliquid interface and a rough texted
surface are hought to befavourable mediums for micradl attachment and growth
(Donlanand Costerton2002) similar to thepresence of OME in the middle ear.
Bacteria which adhere strongly tosurfaceare better at producing biofilms. Bacteria
use Brownian mibon to locate a target surfacéVhen the bacteria are inase vicinity,
they useflagella or produce polysaccharideshtelp bridge the gap and overcome any

electrostatic repulsivedrces, assisting adhesion (Hetial., 2010).

1.3.6 Polysaccharides

Two maingroups of polysaccharides are produced Wmcteria: lipopolysaccharide
(LPS) and extreellular polymeric substance (EPS). LPS consists of lipid A, core
polysaccharides and outer O antigen units. LPS is important for the initial stages of cell
surface adhsion whereas EPS is the primary matrix component of biofilms. EPS exists
in three forms: 1) capsular which is tightly boundhe cell wél 2) loosely bound which
creates the slime of biofiims and 3) soluble formhe EPS produced from
StaphylococcuBpidS NJY fs &afedPolysaccharidéntercellular Adhesion (P)And is

the most widely studied. PIA has the basic unit @fddtytglucosamine which is amide
YR KI & NBLISI i SR6 foayatian &igute?).\PIA EeRidudsEontiaup i

to 15% of deN-Acetylated amio groups (Maclet al., 2004).
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adhesin (Leung 2009)
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1.3.7 Biofilm interaction with mucin

The molecular structure fobiofilm polysaccharides shammany similaries with
mucins; both arepeptidoglycans. The glycosylation allows for attraction of water
molecules to form gelike macromolecules. Mucins secreted by the body may act as a
substrate for the growth of biofilms due to their large surface area for attachment.
Therefore, mucins can act as a virulefegtor for biofilms. Studies have demonstrated

a surfacecoatedin mucinresults in growth of biofilms with increased resistance to

antibiotics comparedo plain glass surfaces (Landtyal., 2006).

Due to the similar structure ghucins and biofilms, @mical agents havieeen shown

to breakdown both An example of this ihe mucolytic Ambroxol degradesginates

produced byPseudomonaseXuginosabiofilms (Liet al., 2008).

1.3.8 Biofilm architecture

After adherence to a surface, bacteria multiply éorh a biofilm. They mature to form
pillarsand developspecialised water channetdlowing nutrients to enter and wast
products to leave (Donlaet al.,, 2002. Each colony has a unique structae shown

by CLSM (Tolkeé¥eilsen et al., 2000) which canvary according to the age dhe
colonies. For exampleseudomonas Aeruginokas been shown to form ball shaped
micro-colonies or loose protruding structures depending on the exact species. Bacteria

were also been to be motile, leaving their colonies goiding others. This occurs
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particularly if a certain size is reached allowing the biofilm to change from a compact

micro-colony to loose structures.

The ceexistence of planktonic and sessile populations of bacteria with a constant
interchange is thoughtto be an adaptation to external factors. Thigs been
demonstrated experimentally by growirRseudomonaand Burkholderiatogether in

a commensal environment forming mixadicro colonies When the environment
changes to nortommensal, both bactél spedes form separatemicro colonies
(Nielsen et al., 2000). This phenomenotan be explained by chemotactic signalling
known as quorum sensing and allows bacteria to adapt to their environments altering
to a planktonic form if the conditianfor biofilm formaion are unfavourable. This
adaptability should be considered a virulence factor allowing biofilms to evade and

survive harsh biological conditions.

MPoddh LYITSNOSEtfdzfE F NJ AAIYLFEfAYI avdz2 NHz)

Intercellular signalling is also known as a phenomednt fdZ22RNHay a Sy aiAy 3¢ g KSNB
bacteria in a biofilm detect local densities andardinate their behavioufJamalet

al., 2017) The sensors are thought to beAdetyl Homoserine Lactoneghich control

the expression of targetemes. There is evidence thafjuorum signalling has an

important role in the development of biofilms by controlling the expression of extra

cellular polymeric suttances (EPS) which azentral to the abity to form a biofilm

(Nadellet al., 2008).
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1.3.10 Antibiotic ecalcitrance

Becteria in abiofilm show a marked recalcitrange antibiotics. There are thought to

be severafactors behind this. The exopolysaccharidelggér (slime)formed by the
biofilm provides a protective physical barrier preventing penetratioartfbiotics b
bacteria (Soulet al., 1998). Another theory is that the biofilms have the ability to form
small colony variants (SCVs) when the biofilm is so thick that oxygen and nutrients are
depleted. The SCVs are subpopulations in the dormant state and havdesivibéf

many of the mechanisms that antibiotics target and hermrome recalcitrant

(Baystoret al., 2000).

In the biofilm state, cell wall synthesis inhibitors are affected, resulting in a reduction
of cell wall proteinproduction whichconserve energy Neut et al., 2007). As the
division rate of bacterial cells in a biofilm are reduced, antibiotics which target dividing
cells are less effective. Genetic information can also transfer between adjacent cells
allowing mutations which may confer tbiotic resistance. This can even occur

between diferent bacterial species (Fergeal., 2004).

All of these factors combine to reduce biofilm susceptibility to antibiotic treatment and

hence can cause significant problemsicklly with chronic infeébns such as OME.
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1.3.11 Biofilm examination and measurement in research

Direct imaging of biofilms is the goklandard for examinationScanning Electron
Microscopy (SEM) requires hydrated biofilms to be processed before imaging which
may cause a dgee of distortion. New advances the development of CSLKhave
removed the processing step and allows biofilms to be examined dynamically,

although the resolution is slightly less than SE&Jgimoteet al., 2016).

1.3.12 Clinical diagnosis of biofilm mftions

Biofilm infections are difficult to diagnose clinically. The techniques of SEM and CSLM
are expensive and are impracti¢aluse in the clinical settingHowever, in most cases

the surface of thebiofilm is biologicakuch as the middle ear mucosaOME. Blood
culture alonecan failto pick up sufficient quantiéis of bacteria asyany of the bactedl

arein a dormantform in the biofilm

Future developments are required to develop aable biofilm detection assay that
can be used clinicallyrhis may involve measuringehmetabolites such as quam

sensing signalling molecules arduld have implications for the treatment of OME

1.3.13Therapeutic possibilitie®f treating biofilmsin OME

Successful treatent of OME, for which there is strgrevidence is a biofilm infection,
shouldnot involve increasing the antibiotic dose systemically for prolonged periods of

time as this has the risk of greater side effects for the patient and a limited efficacy
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due to antibiotic recalcitrancéBelfieldet al., 2015) Disruption of the biofilm using
mucolytic agents, altering the substrate surface and hence limiting bacterial
adherenceformation and quorum sensing are all possible therapiégpplying this to

the middle ear in the treatment of OME however ¢hallenging as systemic drug
delivery would not achieve high enough dosesl the middle ear is difficult to access
anatomically.Before the discussion of any novel forms of treatment for OME, it is
worth considering the variety of different treatmentwvailable and the merits and

disadvantages of each.
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1.4 Treatment for OME

1.4.1 Medical management

Medical treatment for OME would reler surgery unnecessary, whidppeals
considering the recurrent nature of OME and the high incidenchildren. Numerous
hospitalvists with interventionshave a potential impact orOK A f RNBy Qa SRdzOF GA2Y |y
wellbeing. Differentmedical treatments for OME havdeen trialled asdiscussed

below.

1.4.2 Nasal topical steroids

Administration of nasal steroidopically treats any potential blockage ofhe
eustachian tube opening in éhpostnasal space&eroids reduce infammation and
encourage opening of the tube. Studies, howewave not shown a significant benefit
from topical nasal steroids the treatmer of OME(Shajiro et al., 1992, Wanget al.,
2017). A well designestudy was a double blind randomized controlled trial with 217
children aged between 4 and 11 yeaokl taking either mometasone furoate or
placebofor 3 months(Williamsonet al., 2009) No clinicaldifferencein the resolution

of OME was found. To reinforce thieg NICE guidelines (2008) have stated that there
is no proven benefit from the use of topical nasal steroldgere is also little benefit
in the use of nasal topical steroids children wio have variable anatomy of the
eustachian tubeand hence are prone to recurrent OM&lich as craniofacial

abnormalitiesincluding midface hypoplasia trisomy 21
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1.4.3Systemic steroids

Systemic steroidsan be used to reduce the inflammation of the middle ear mucosa in
OME. Studie to assess the efficacy of systemic sterdidse had mixed results. A
study comparing theffects of systemic steroids to the effectsyfstemic steroids and
oral antibioticsshowed that OMEesolved quicker in th&reatment groupgiven both
steroids and antibiotic§Mandel et al., 2002). However, this difference wamly
apparent fortwo weeks after treatment had ceased. Similarlysystematic review by
Simpsoret al., (2011)has shown that systemic steroids used in combination with oral
artibiotics causes OME to resolgeicker, but this benefit is not long term and there
is no evidence of ry alleviationof hearing loss §impsonet al., 2011). Systemic
steroids also have cwsiderable side effects when given forydong duration including
gastric ulceration, osteopenia,suppression of the hypotilamoopituitary axisand
growth retardation which is especially relevant when consideritigg paediatric

cohort.

1.4.4Oral antibiotics

Systematic reviews ofral antibiotics to treat OME havleund no benefit if patients
arefollowed up for a long period (Rosenfigtal., 2002). This evidence is frorB66-
1991. A Cochrane review published in 2012 has similar conclusions (vaat &gn
2012) and the NICHuidelines do not recommehthe use of oral antibiotics (NICE

2008) to treat OME.
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1.4.50ther medical treatments

No medcal treatments for OME have shown efficacy to the extdwatt they could
replace ventilation tube (VT) insertioThe use of nasal decongestants with or without
antihistamine administration has not shown any clinicaldférin the management of
OME @riffinet al., 2006 Cantekiret al., 1983. Administraton of oral mucolytics such

as rmucodyne has not shown anyasistically significant increase the resolution of
OME (Comminet al., 2000) Treating OME with homeopathic remedieas not shown

any statistically significant clinical benefit when comghite controls in a prospective
double blindedandomzed controlled trial (Pedrer&scalagt al., 2016) although this
study was based on otoscopy and tympanometry and not audiometric or clinical
outcomes Auto-inflation is a technique which increases pressure in the post nasal
spaceand opens the Eustadn tubes, henceenhancing middle ear drainage. This
manoeuvrehas been shown to improve the likelihooflOMEresoluion over 2 weeks

to 3 months(Williamsonet al., 2011) but requires degree of skill and dextity which

is unsuitable as #&reatment of a condition which mainly affect young childrenlin

addition, thelong term effects ofuto-inflation are not established.

Afurther understanding of immune pathways activated during OME is important when
considering the development of new tragries for ONE. TheOMEsignallingpathway
includes Tollike receptors which have a dual function in OME iniduc and
resolution. Understanding theseecepbrs and signalling molecules is important as

they are possible targetfor novel OME therapiegLeichtleet al., 2009).
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Hearing aids are walid management option in children with OME. They are used to
overcome the conductive hearing loss created by the famdi henceimpedance
mismatch. Their function is to amplify sound rather than as a therapeutic interventio
to treat OME. Wearing hearing aids wouldlp to resolvethe speech and language
difficulties experiencedypchildren Hearing aids are associated with battery ingestion,
which has the rare yet potential life threatening complication of oesophageal
perforation (Litovitzet al., 1992).Hearing aidshoweverhavethe risk of noise trauma
with sound amplification after OME resoluti@nd a higher incidence of bullyingt
school when worn (Le#t al., 1999). Sudies show that over 90% of children who are
fitted with hearing aids wearhem (Ganet al.,, 2017) despite the potential for less
social acceptancerhis high proportiomay result from the numerous stages involved
from diagnosis of OME to referral for hearing aid and eventual fittinghe NHS
(National Health Service) providipgtential opportunitiesfor resolution of the OME

and chance for parents to alter their decision regarding hearing aid fitting.

1.4.6Surgical management

Following the current NICE guidance for OME, childidemhave a hearing loss of 25dB

or worse inthe better hearing ear undergaatchful waiting for three moths (NICE
2008, ENT UK 2009). After this period, if there is still a hearing problem, children
undergo ventilation tube(VT) insertion. This is the nmg common operation in
Otolaryngological practice wit85,225 operations to drain the middle ear fluid in

patents of all ages in the perid@D152016(hospital efisodd).
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1.4.7Ventilation tube surgery

Ventilation tubes are commonly referred to as grommdikey are inserted via a hole

in the tympanic membrane called a myringotomy which also allows the surgeon to
drain the middle ear of fluidThe myringotomy and hence grommet insertion is in the
anterior-inferior aspect of the tympanimembraneto avoid the incudetapedial joint
which is located in the superior posterior quadrafhe gronmet allows the middle

ear ventilationand equalises th@ressure between the middland outer eas (NICE
2008). Ventilation tubes typically last between 9 d®&imaths before sekextrusion

A systematic review shows that myringotomy and aspiration without insertion of a
grommet are not effective at improving hearing &n adequate level (Freemanid

al., 1992).

Clinical trials assessing the efficacy of gmah surgery have had the problems of
randomization of ears and of nestringent audioméric criteria. A large mukcentre

trails (TARGET Trial of Alternative Regimens in Glue Ear Treafrf&RGET 2003)

was set up in the UK using strict audiometric ciéi@nd randomizing patients instead

of ears. A comprehensive Cochrane matealysis (Browningt al., 2010) uses the
TARGET trial results with the MRC (Medical Research Council) results and shows that
grommets on average offer a 10 to 14 dB improvememic®iths post insertion. These
hearing benefits last for honths until the OME haesolved or the grommet self
extrudes.Symptomatic hearing loss from OME is still considered to be best treated

with grommet insertion (Schildegt al., 2017).
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1.4.8 Adenoidectomy
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lymphoid tissue on the upper aerodigestive tract. Adenoidectomy was previously
thought to improve OME by removing Eustachian tube obstruction and hence
improving vetilation of the middle er. However, current opinion that the adenoids

are a source of bacteria irhé form of biofilmwhich causerecurrent infection.
Adenoidectomy was previously the surgical procedure of choice to treat OME before
ventilation tube irsertion (Browninget al, 2008). Adenoidectomy is normally
performed as a adjunct to ventilation tube insertion conferring an additional benefit

of 2.3 dB at 1 year follow up compared to ventilation tubsgeirtion alone. The main
benefit, however, is aeduction n the recurrence rate of OME fmo 4®0to 28%
percent when adenoidectomy is performed at the same time as ventilation tube
insertion, compared to ventilation tubes on their own (Browniag al., 2008).
Adenoidectomyhas been shown from the TARGE#I datato improvethe average
hearing of children by 4.2dB over 18 and 24 months (MRC Otitis Media Study Group
2012). Adenoidectomy also reduced the eligibility for revision surgery from 31% to 14%
at 12 months follow up. However, adenoidectomyn@ without riskof complication
including hypernasal speegrelopharyngeal insufficien@nd most importantly post-
operativehaemorrhage whicls serious enough to requigereturn to theatre &a rate

of 0.6% (MRC Otitis Media Study Gro2@l2). Postoperative haemorrhage is a
particularly serious complication young children with &irculating blood volumef
80mls per kgof body weight Therefore, the addition of adenoidectomy in the

treatment of OME remains debatabl8¢huleret al., 2017).
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1.4.9Eustachian tuboplasty

Eustachian tube dysfunction has a role in the pathogenesis of chemn disease
including OMEThis is due to the anatomical connection between the protympanum
and the ME (Jufast al., 2016) allowing ventilation of the ME and mudizry clearance
pathway for pathogens. If there isdilation dysfunction of theET, there is a potential
for aneffusion to develop in the ME cavity as seen in OME. A treatment strategy for
OME is therefore to open the ET and improve its function. Tdmisbe achieved by
insertion of a balloon down the ET from the ME as an adjunct to ME surgeryi€harab
et al., 2016) or accessing this from the nasopharynx (Ashil., 2017). Results have
shown a syptomatic improvement in 79% of adult cases post ¢aginous balloon
tuboplasty (Ashryet al., 2017). Other options are laser (Kujawskial.,, 2004) or
microdebrider (Metsonet al., 2007) treatment of the ET cartilaginous portido
increase its patency and hence prevent the development of OME. Ballooplasty
however, has the additional benefit of circumferential treatment to the ET as shown

histologically(Kivekat al., 2015).

There are no major adverse outcomes reported to daffeer laser Eustachian
tuboplastywith a complication rate of 4.4% repted (Milleret al., 2017). Eustachian
tuboplasty is a relatively new treatment option for OMihich has a potential
therapeutic benefit for adults and children (Patal., 2015). However, futurdigh
quality evidence in the form afandomised controlledrials and arerequired in ths

area to evaluate the benefit of Eustachian tuboplésityher (Randrupet al., 2015).
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1.410 Failure of current treatment strategies

Medical treatmens of OME show failures and even the current gold standard of
ventilation tube insertion results in a quarter of patits developing recurrent OME
(Gateset al., 1987) after grommet extrusioriThe average number of surgeries per
patient hasalso be found to be 2.1 (Daniet al., 2006) again emphasising the
recurrent nature ofOME.The presence of biofilms in the middle ear and péesits
nature with antibiotic recalcitrancemay explain this rate of recurrence as the
underlying infection has not been treated sufficiently with grommet insertion. The
concept of biofilms also exgghs why oral antibiotics are insufficient to treat OME. An
effective treatment for OME which minimises recurrence therefore must target t
biofilm infection and oral antibiotics do not reach adequate concentrations in the

middle ear to achieve this éfield et al., 2015).

81



1.5 Drug delivery to the ear

In order to develop new treatments for OME, it is important to understand the
different methods of drug deliverio the ear, with a focus on delivery directly to the
middle ear compartmento eradicate biofilm bacteriawvhilst avoidng unwanted

systemic side effects.

1.5.1 Anatomy overview

The ear is divided into three compartments: the outer, middle and inne{@kreson

et al., 2008) The outer ear runs &m the pinna, along the external auditocanal and
ends atthe tympanic membraneseparating the outer ear from the middle ear. The
middle ear also communicates via theigachian tube to the space behind the nose
and via the round and oval windows to the inner ear. The tympanic membrane
comprises of three layer4: the outer skin which is five cells thi& connective tissue
with collagen giving the tympanic membrarts structural integrity and. internal
mucosal lining which is one cell thiekhd comprises cuboidal ciliated respiratory
epithelium Drug delivery to the middle ear via the transtympanic route must cross all

three layers othe tympanic membrane with owithout a physical breach

As discussedreviously (Figure 1), the middle ear contains the ossicular chain
comprising the malleus, incus and stapes and has a mucosal lining which maintains the
moist middle ear environment. Ciliated iffpelium wafts debrisnto the eustachian

tube as a protetive mucociliary clearance meatiam. The aistachian tube
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replenishes the air in the middle ear cavity by letting in air at atmospheric pressure to
the middle ear. The mastoid air cell complex cominates with themiddle ear and

infections can spread from the middle eda themastoidantrum causing mastoiditis.

The inner ear contains the cochlea and ganicircularcanals which are the hearing
and balance organs. The inner ear is protected and surraditjedense émporal
bone. As describd previouslycochleahair cellsareresponsible for detection of sound
and thehair cells in thesemicircuar canals detecmotion. The delicate inner ear
structure (sensory elements) is surrounded by perilymph which is inreotyt with

the cerebrospinal fluid via the perilymphatic duct. Internally, the cochlea samai
circularcanals are interconnected by a system of endolymphatics. The oval window is
a thin membrane which allows the vibrations of the stapes to transmit doun
vibrations to the inner ear. The round window acts as a pressure buffer moving out of
phase with the oval window. Both the round and oval windows facilitate the primary
function of the middle ear of efficient acoustic energy transfer from the air vibnati
from the outer ear to the vibrations of cochlea fluid in the inner ear. Thedwindow
ultrastructure consist®f three cell layers, the outer epithelium, middle connective
tissue layer and inner epitheliurfthe round window has been shown to haviatent
permeabilities to particles depending on their molegulaize, concentration,
liposoluility, chargeand thicknes of the membrane (Goycooled al., 1997).Recent
technology has developed vectors which are viral (&ia., 2001) andhon-viral (Yin

et al., 2014) allowing transfer of therapies to the inner eardajiberatelycrossing the

round window. There is a preference for natral vectors as theeare nd associated
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with carcinogenesisin addition, norviral vectors do not have anpNA packaging
difficulties andare more easily produced ¢onet al., 2016).It is important to consider
the transfer of drugs from the middle ear to the inner ear across the round window
and oval window membranes as potential adverse side effects in thea@weht of

new therapies to treat OME.

1.5.2 Overview of treatments for the ear

Various treatments have been proposed for treating the plethora of ear conditions
whether they are infective, inflammatory, metabolic or autoimmuii&is is relevant

in the cortext of OME which is considered to have both an infective and inflammatory
component.Drugs can be delivered systemically or be directed to the middle ear which
has the advantage of increasing the dosage and efficacy without expbsingatient

to unwanted side effects. However, delivery to the middle ear requires the
development of systems which allgwustained release of local high concentrations
Thisposes a challenge when considering absorption of drugs from the middle ear
mucosa and theirransit davn the eustachian tube and also the potential transfer
across the round window to the inner ear where damage to the heasmigalance
mechanisms may occass side effects causingstibulotoxicity(Kinget al., 2013)and

ototoxicity (Stevenst al., 2015)
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1.5.3Topical treatments

The application of topical treatments is used in inflammatory conditions of the outer
ear which have caused secondary inflammation of the tympanic memigideison

et al, 2008) In the clinical setting of OME, inflammatiohthe TM is present after
potential secondary infectiorAntibacterial and antifungal creams are applied to the
ear canal under direct vision usually as an office procedure without the need for any
anaesthetic(Rosenfelcet al., 2014). Care must be takerotavoid excoriation to the
external auditory canal skin or trauma to the tympanic membrane which could both
potentially cause the patient discomforlthough topical medication will treat the
outer layer of the intact tympanic membrane, there will be nartsfer of medication

to the middle ear unless there isTé breach for example in cases of acute otitis media

(AOM)(Wintersteinet al., 2013)

1.5.4Oraltreatment

Oral medication is used in the treatment of many otological conditincisiding AOM
Although there is reduced bioavailability compared to systemic or topical treatments,
the non-invasiveapproach is suitable for tlhse patients deemed unfit for a general

anaesthetic which is required for many other drug delivery systems.

Oral antibiotics argrescribed for the treatment of conditionsuch as AOMSIGN

Guidelines)and CSOMUpper respiratory pathogens involved in AOM and CSOM

include Streptococcus pneumoni&laemophilugnfluenzaand Moraxella catarrhalis
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(Celinet al., 1991)and antibiotic regimens are targeted to cover these organisms with
amoxicillin having the most widespread use. Disadvantages of oral antibiotics include
the possibility of multidrug resistance to these upper respiratory tract organ{Sios

et al., 1980)with particular concern regarding increasing resistanc&ti@ptococcus
pneumonia (SIGN Guidelines)The side effects of oral antibiotics are mainly
gastrointestinal, includinglostridium difficilanfections which are associated with
quinolones such adprofloxacin given for the treatment d#seudomonas aeruginosa
infections. Oral antibiotics have also been shown to give variable concentrations in
plasma and middle ear fluid. For example, a study with amoxicillin has shown that
followingoraladministraion, 1535% of children have no detectable amoxicillin in the

middle ear fluidCelinet al., 1991).

Otitis media with effusion as discussedhis commonest cause of hearing impairment

in children in the developed world and is a biofilm disg@$alSoodleyet al., 2006,
Mandel et al., 2008, Pichicheret al., 2009, Woodfordet al., 2009 requiring 10 to
1000 times higher concentrationsf antibiotics to kill them in comparison with
planktonic bacterigKubbaet al., 2000, Belfieldet al., 2015). Oralantibiotics therefore

are less efficacious than directed topical treatment and do not achieve idjieeh
concentrations required to eradicai biofilm disease such as OM&ral antibiotics

are alsoassociated with side effects including gastrointestinal disturbance and skin

rash (Venekampt al., 2016).
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Steroids can be given orally for treatmeniodfer otological conditions such aadden
sensorineural hearing loss ($48.)(Wilsonet al., 1980 with a significant improvement
in hearing if administered in thaecute setting. As already mentioned in the treatment
of OME, gstemic effects of oral steroids include suppression of the
hypothalamaituitary axis, gastric ulceration and haemorrhage, paattis,
psychiatric disturbance and hyperglycaem{&leeson 2008). Sde effects are
uncommon as the typical regimenashortfive days of 40mgrednisolongaken once

daily.

{2aGSYAO 2NIXt OGNBFGYSyGa FT2N aSyAddBQa
production and accumulation of endolymgpbacksoret al., 1981). Diuretics, such as
bendroflumethiazide, however have significant side effects for the patient including
hypokalaemia and postural hypotensigBantoset al, 1993), requiringpatient

monitoring.

Noiseinduced hearing loss has been assessed experimengally treated by
administering patients with oral antioxidants such asdétyl cysteingLin et al.,
2010).This has shown a protective effect in the clinical setting by reducing the hearing
threshold and is a promising orally administered neuroprotective agent to preserve

hearing. Further clinical trials are required before widespread implementation.

Oral drig administration therefore has a wide application to many conditions involving

the middle and inner ears. Patient compliance and reliability is important especially
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when drugs are to be taken long term. Side effects can be significant especially
involvingthe gastrointestinal tract and hence can affect patient compliance. There is
limited bioavailability when compared to topical drug administration and hévigieer
doses may be requiredThe duration of oral administration also depends on the
underlying codition being treatedln the context of OME, although oral treatment in
the form of antibiotics ison-invasive its efficacyis debatableespecially with the
presence of biofilms andvith corsiderable side effects when giv to children

(Venekampet al.,, 2016).

1.5.5Intravenous administrationof drugs

Middle ear infections which spread to the mastoid bone result in conditions such as
acute mastoiditigObringeret al., 2016)and chronic infections of the temporal bone
known as necrotising otitis externéChawdharyet al., 2017) Acute mastoiditis
treatment typically requires up to a week of intravenous antibiotics, but necrotising
otitis externa requires treatment for a minimum of six weeRatients would require

a cannula or a long intravenous linelie inserted which has a localised infection risk
with subsequent cellulitis or thrombophlebitis. For both of these conditions
mastoiditis and necrotising otitis externthe treatment is targeted to pathogens in
conjunction with local microbiology guidedis and consideration of immunization
status Intravenous antibiotics commenced for acute mastoiditis include ceftriaxone,
betalactam or betaactamase inhibitors (Obringeret al, 2016). Use of
aminoglycoside antibiotics will require blood samples to be taken for monitoring to

minimise the side effectimcludng nephrotoxicity and ototoxicitfHuth et al., 2011).
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The latter is usuallpermanent(Greenwoodet al., 1959).Vestibulotoxicity which is
damage to the balance system, can occur in up to 15% of patients on systemic
aminoglycosidegFee et al, 1980) and ototoxicity occurs between 26 and 25%
(Mulheranet al., 2001). Symptoms of vestibulotoxicity include disequilibrium and
tinnitus, and hearing loss if ototoxicity is present. Gentamicin, which is an
aminoglycoside antibiotic has been found in the outer hair cells of guinea pigs within
30 minutes of intravenous administration in one experimental setting with a peak at 6
hours(lmaimuraet al.,, 2003).This emphasises the importance of dose tinohthese
antibiotics and level monitoring. Gentamickills hair cellsby apoptosis with the

effects takingup tofive days.

Intravenous sterals have also been used for sudden sensorineuedring loss
(Kakehateet al., 2006)in combination with hyperbaric oxygen treatment (Hosokawa
et al, 2017) and also for the treatment @f Sy A § NB ((&heaBt a3 20125 Fhe
side effects of intravenous steroids are similar to #ngeen wheradministered orally

(see section 1.5.4).

Intravenous treatment is not appropriate in the context of OME as patients are
typically systemically well. Expert panel opinion still considers ventilation tube
insertion to be the optimal treatment for OME in tlwentext of symptoms from the

hearing loss (Schildet al., 2017).
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1.5.6 Transtympanic administratiorof drugs without TM breech

The tympanic membrane acts as a barrier to the delivery of drugs to the middle ear
and therefore must be artificially bredned ifit isintact. The possibility of transmitting
drugs acrgs an intact tympanic membrane fideing tested experimentally in the
form of iontophoresigPassalet al., 1984)which works on the principle of ion delivery

by applying an electrical poteatiacross cell membranes and using magnetic fields to
move magnetic nanoparticles to targeted structures in the @&rapiroet al., 2010).
Preliminary animal models of nanopatrticle technology used to deliver prednisolone to
the middle ear has shown increed inflammatory changes in rats after 30 days on a
histological examination of the temporal bones (Laf@tdal.,2018). This technology
has future potential but requires more translational studies usimgivomodels to
ascertain the potential sideffects and safety of this innovative new modality of
treatment. Magnetic nanoparticle technology has the potential to target therapies to
specific sites such as the cochlea to decrease the ototoxic effects obtherapeutic
treatmentssuch as cisplatiwhich are systemically administered (Ramaswahgl.,
2017).Active transport to the cochlea also avoids drug delivery to the middle ear via
transtympanic delivery. Preliminary studies on mice models show the possible

potential of such nanotechnology (Raswamyet al., 2017).

Application ofP407PBP, golymer to the EAC containing 1% ciprofloxacin antibiotic
in chinchilla models has shown formation of a hydrogel and flux across an intact
tympanic membrane with drug delivery to the MEhis haspotential as a new

treatment for OME (Yangt al., 2016), allowingtopical delivery of drugs without
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systemic side effects and TM breech. Future experiments are required however in
these methods which do not breech the TM for long term efficacy in humans and

safety.

Peptides have also been identified which allow transportation across an intact TM and
are hence a potential new treatment strategy for drug delivery to the ME in cases such
as OME (Kuralgit al., 2017). Experiments using rat models have shown that peptid
transport across an intact TM and have the potential to carry drugs to the ME without
changes in the morphology of the ME and IE. Peptide transport therefore is a possible

future therapeutic mechanism for drug delivery to the ME for conditions suctvis. O

1.5.7 Transtympanic adminisation of drugs with TM breech

injection

Transtympanic injection antibioticedal anaesthetiand steroids havéhe advantage

of delivering greater local concentians in the middle ear which is more efficacious
and hasminimal systemic side effect€Chandrasekhaet al., 2001, Hoet al., 2004)
when compared to intravenous treatments. Administration of drugs by transtympanic
injection is performed in the office or operating theatre setting involving usually a local
anaeshetic or less frequently general anaesthetic. A single treatment for patients is
usually offered and there is minimal pain associated with this technique.
Complications of intratympanic injection of medication include a tympanic membrane
perforation whid may persist for more than six mont{Shulmaret al., 2000) Other

limitations of intratympanic injections include the potential of ototoxicity which is seen
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in up to 30% of patient€lacksoret al., 2002)due to the variable uptake to the inner

ear. Factors influencing this include middle ear mucosal status, round window

thicknessand adhesions, patency of theigtachian tube and endolymphatic hydrops

OFt dzOldzr GA2ya Ay GKS SyR2f&@YLKIGAO FtdzARO 6KSy 3
diseasdgBerwhill et al., 2005). Seaial doses maybeequired as the astachian tube

rapidly clears the middle ear. Variations in the permeability of the round window have

been identified through gadolinium contrast studi€goshiokaet al., 2009) also

contributing tovariations in drug delivery to the middle ear through injections.

Local delivery of steroids to the middle ear is used as a treatment for sudden
sensorineural hearing loghenet al., 2010) and tinnitus (Cesaraniet al., 2002)
allowing medication to béransmitted to the inner ear via the round window. Topical
steroid delivery is preferentially used in patients who have contraindications to
systemic steroids such as during pregnancy or patients with active gastric ulceration
(Cheret al.,, 2007).Increaing the dose of dexamethasone to the middle ear has been
shown to increase the local concentration in the inner ear and the duration of action
(Fuet al,, 2011).A trial by Rauclet al., compared the admmistration of oral steroids

in suddenSNHL with trastympanic injection and has shown no superior method
(Rauckhet al., 2011) therefore the transtympanic route would be preferable as systemic

side effects are minimised.
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1.5.8 Transtympanic adminisation of drugs with TM breech:

incision (VT insertion)

Topical drug delivery to the middle ear can also be achieved through the application
of drops tirough a perforation in the tympanic membrane. This may either be a
perforation which has been created surgically via a myringotomy (incision in the
tympanic menbrane) and ventilation tube insertion, or it may occur naturally as a
complication of chronic middle ear disea§€SOM) Patients can therefore self
administer for a prolonged treatment coursghich requiresa degree of patient
reliability, compliance athmanual dexterityPatency of the ventilatiotube can also

be influenced by wax and premature texsion of the grommetrenders them

ineffective after the tympanic membrarseals over.

1.5.9 Transtympanic adminigation of drugs with TM elevation:

tympanomeatal flap

Access to the middle ear can be achieved by raising the edge of the tympanic
membrane surgically creating a tympanomeatal flap. This procedure is performed
under local or general anaesthetic and allows the insertion of catheters, microwicks
and sustained release treatments in the form of pellets or polymers. Considerable skill
is required to insert the drug delivery device into the correct location and therefore
this cannot beesasilyperformed in the office setting. Catheters and microwicks &m

deliver drugs to the round window membrane at the interface of the middle and inner
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ears. Transmission of drugs across the round window allows middle ear drug delivery
to treat inner ear conditions. This can occur either intentionally or unintentigrzela

side effect of middle ear drug delivefyacksoret al., 2002) Studies using the ionic
marker TMPAtrimethylphenylammoniumshow thatup to 65% of the marker crosses

the round window membranéSaltet al., 2012) Factors influencing the rate of uly
delivery include middle ear mucosal status, round window thickaas$he presence

of adhesiongBerryhillet al., 2002).In a scenario of ME inflammation, there is the
potential for increased transmission of drug to IE causing sesensorineural deafness
(MiUnker, 1981).Transmission of drugs to the inner ear is an important factor to
address when developing drug delivery systems for the middle ear in order to minimise
potential ototoxicity with cochlear hair cell damage and vestibulotoxicity resulting in
hearing loss and disequilibriufHuthet al., 2011).Factors increasing the permeability

of the round window to a substance have been found experimentally to include high
osmolality, the presence of benzyl alcohol and suctioning near the round window
membrane (Mikulecet al., 2008).Manufacturing drugs which are to be delivered to
the middle ear with properties that reduce transmission to the inner ear are a future

development that has potential to reduce vestibulotoxicity and ototoxicity.

Catheters havébeen used experimentally to deliver drugs accurately to the round
window niche in the middle earThisallows transmission of medication to the
perilymph of the cochlea through the round window membrane. Animal models using
this technique have shown thatnroprotective agents such amcyclidinea NMDA

(N-Methyl-D-aspartate) receptor antagonisthich maybe of clinical benefit in the
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treatment of salicylate induced tinnitus. Application to the round window niche in
patients for 4063 hours has shown argporary relief of tinnitus in 67¢%Wenzekt al,
2010). Catheters have also been utilised in the treatment of sudden sensorineural
hearing loss allowing continuous application of dexamethasone to the round window

(Plontke2009)showing a mean improvemeint the hearing of 8.5dB.

¢ SOKYAljdzSa dzaAy3a | YAONRBOAO|l KI@S 06SSy RSOSt 2LJ
sensorineural hearing loss and autoimmune inner ear diséagit et al., 2004)

allowing for accurate delivery of drugs to the round window iguatained fashion.

This produces the best pharmacokinetic profile of the drug in the inner ear fluids and

allows for patient sel; administration dter initial insertiord aSYASs§NBQa RAaSFHasS A
treated with the application of gentamicin to the inner eam\the round window

(Suryanarayanaast al., 2009) showing a good symptomatimprovementwith long

term vertigo control shown in 76.8% of patients at 24 mortid et al., 2006) The

Silverstein microwick has also been used in experiments with suddesorsesural

hearingloss(Van Wijcket al., 2007)allowing patients to se administer steroids for

three weeks showing a 67% improvement.

Drug- laden pellets can be insertddto the middle ear byympanomeatal flap This
allows accurate placement ttie pellets in the middle eao treat conditions such as
OME Drugs are released in a sustained profilehigh doss. Pellets, laden with
antibioticshave the potentialto eradicate biofilms in the middle ear. Studiesvitro

have shown the potential &acy of rifampicin and clindamycin for biofilm eradication
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(Akzahidet al, 2011). This approach could show great promise as targeted drug
delivery in the future as a superior way to treat biofilms in the middle eeomnditions

such as OME.

Local appication of polymers containing drugs can be performed by injection into the
middle ear after a tympanomeatal flap is raised. This requires sufficiently low viscosity
of the polymer to pass through a 19G needle. Examiplesdethe administration of
steroids to treat sensorineural hearing loss on a polymer vector such aslOI@®iu

et al, 2011) which isa poloxametbased hydrogel coaining micronized
dexamethasonand lignocaine loaded on polylactic glycolic acid (PLGA) as a treatment
for tinnitus (Horie et al., 2010) This technique can achieve up to three months of
sustained release to the perilymph of the inner ear via diffusion across the round
window without any middle ear inflammatory siddfects observedPiuet al., 2011,
Horieet al., 2010)and it shows potential for the future of drug delivery to the middle

ear.

1.5.10Eustachan tube druqg delivery

Delivery of drugs to the mide ear via the astachiartube, located in the space at the
back of the nose can be achieved using intranasal medic&ouet al., 2008)with
drops showing more efficacy than spray. The mechanism of actiondsadaction in
tubal oedema and improved ventilation of the middle ear. Administration of metered
dose surfactant with or without steroiddamuraet al., 2005)has shown a reduction

in opening pressure, but although this technique has interesting potential, it has not
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gained favour clinically as it is techniggedependent and requires drug passage
through the nasal vestibule dédjitional variables includingariations on nasal anatomy
would therefore cdl into question the reliability and reproducibility of drug delivery to

the ear via the nasal conduit.

The aistachian tube orifice can also be identified endoscopically and cannulated to
facilitate drug deliery to the middle ear. This requires navigation using fibreoptic
equipment through the nasal passage to ek the Eustachian tube orificeThis
procedure is typically performed under a general anaesthdti® close anatomical
proximity to the internal arotid artery and the possible elution of drilpmediately

back into the nasopharynx are also to be considered when selecting this possible route

of drug delivery.

1.5.110ther methods of drug delivery

Localised drug delivery to the middle ear can alsadieeved through boneanchored
devices(McCallet al., 2010).A bone- anchored implantable system consisting of a
subcutaneous micropump, drug reservoir and septum port has been developed in rat
models and has been tested with bolus application of drtgthe round window. A
future aim would be for long term implantation in humans delivering drugs
continuouslywhich would apply to the treatment of OMBut there are the risks of

the implantation procedure, infection and long term safétgaoet al., 2010) and

hence overall acceptability.
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1.5.12 Summary and future perspective

There are numerous methods of drug delivery to the middle ear which can be
categorised as topical, systemic (intravesd transtympanic and via theustachian

tube. Localised tratments have the advantages of directed drug delivery allowing
higher therapeutic doses and minimising systemic side effects. Challenges are posed
by the interventional techniques and the creation of modified release preparations.

The advantages and disadvages of each teclique are summarised ihable2.

Technology assisting drug delivery to the middle ear is likely to evolve in the next
decade. There are exciting developments in the use of iontophoresis allowing charged
ion particles to cross into theiddle ear across an intact tympanic membrane when a
magnetic field is applied. These drugs could then also be transmitted to the inner ear
via the round window(Shapiroet al., 2014) As this would involve applying the drug
topically into the external eathis could be done as an office procedure with minimal
intervention. The ideal future solution would be to have a carrier system which could
cross the intact tympanic membrane which could be loaded with a choice of drugs or
biochemical agents for the te#ment of middle and inner ear and Eustachian tube
pathologies.In contex of OME polymerpellet delivery to the midké ear facilitating
sustained antibiotic release and biofilm disruptidros/s the most promise. Assessing

this techniquen vivois an imprtant next step.
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Condition Advantages Disadvantages
Topical Inflammation of Low technology, | Limited
tympanic membrane| inexpensive, applications,
outpatient unsuitable if
delivery, single | manual dexterity
treatment issues
Oral AOM, Seltadministered | Side effects of
SSNHL, Short course antibiotics, steroids
a Sy A &idge & | No irtravenous | and diuretics
Antibiotics
resistance
Decreased efficacy
of antibiotics with
biofilms
Intravenous Mastoiditis High dose Inpatientdelivery
Necrotizing Otitis Local side effectg
Externa phlebitis
Systemic side
effects:
nephrotoxicity,
ototoxicity ¢ level
monitoring
Transtympanic | lontophoresis Minimally Technology under
delivery Magnetic particles | invasive development
without breach
Transtympanic | Middle ear: AOM Biofilm treatment | Interventional
injection Ly y SNJ S| NJ with pellets/ Requires
SSNHL, tinnitus polymers anaesthetic
Inner ear Perforation risk
treatment via Ototoxicity
round window potential
Variable delivery
RW thickness,

adhesions, middle
ear mucosal status

Transtympanic

Middle ear:AOM,

Sustained

Myringosclerosis

via ventilation OME,CSOM release, single Ototoxicity
tube treatment, Self potential
administered
Tymapnomeatal| Wide application, Accurate delivery| Potential
flap catheter, microwick, | to round window | ototoxicity
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pellet/ polymer Operation for
insettion placement and
removal
Eustachian tube| AOM, CSOM Selfadministered | Dependent on
nasal anatomy,
technique
Implantable {{bl [ X a$]Widespread Infection
delivery tinnitus conditions Longterm safety
systems treated Anaesthetic

Table2: Summary of drug delivery to the ear

1.6 Animal models for middle eaexperimentation

1.6.1 History of animal models for experimentation

Animal experimentatiordates back to the @ century BC from the days of Greek
philosopher Aristotle (38822B(Q. He performed dissecti@non animals during the
reign ofAlexander the Great (Cohet al., 1984). Erasistratus (30258 BC) is believed
to be the first to have exp@mented on live animals. In the'@century n RomeAD,
DFf Sy LISNF2NY¥SR RA&aaSOlGA2z2y 2y LA3IaAa +FyR 32104
GADAASOUA2Y ¢ D Sandiia B@entug $painDah ralbicyplozSdan

named Avenzoarrehear®d surgical proedures on animaldefore humars (Abdet

Halimet al., 2005).

1.6.2 Requlations of animal experimentation

As experimentation on animals grew, so did the controversy and ethical debate from
society.Animal experimentation in the UK is stringently reguldbgdhe Home Office

and enforced by the Animals 8agtific Procedures Act (ASPA 198bheprinciples of
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Replacenent, Reduction and Refinement which are dubldeddza & St f | Y8R . dzZNOK QA&

(Russell and BurctB59) should be considered wherigmning animaéxperiments.

1.6.3 Otological research and animal experimentation

Otological research is commonly performed on animéts Békésy, who won a Noble
prize for his cochlea recordings, initially used human temporal bones tercchs in

his experimentsEélésyet al., 1974). Rodent groups have been popularized in recent
years. Approximately 90% of animal experiments in the USA are on mice and rats (Trull
et al, 1999. In the UK there is a trend for a reduction in pabm experimentsand
hence rodents arehte test group of choice for most experiments including those based
on the auditory systemWhen considering replacement, there aweirrently no
effectivein vitromodels or tissue substitutes to replace animal models for ototoxicity.
This is because the cblea is a complex sense organ with a very high metabolic rate in
vivo and precisely regulated electrochemical environment that cannot be repliagated
vitro. Therefore,when planning auditory experimentssing animal models, rodents

are frequently sele@d.

The guinea pigdavia porcellysvas first described adus porcellupy Linneusn 1758
andis a rodent animal model which is widely used in the UK for hearing and balance
experiments. The guinea pig has a number of qualities which lends itselfrtg ae
experimental model including a large tympanic bulla volume (Wysatcél, 2005).
This feature allows potential drug delivery to the middle ear and also to the inner ear

via transmission across the round window membrane (Hoské$al., 2012). Access
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to the middle ear is required for studies on middle earcosal disease including OME
(Dai et al.,, 2008), inner ear acces$or cochlea recording§Lavigneet al., 2016)
perilymph sampling (Selvadwet al., 2000 and models of ototoxicity (X&t al., 2012

and 2013.

The rat model is also widely used in otological experiments because of the robust

nature, cheaper cost and most importantly similar structural organisatmrihe

human hearing apparatugdkinset al., 1997) with three separate ascles.

1.6.4Knowledge of anatomy of guinea pig and rat ear dimensions

It is known that the guinea pig EAC is narrow allowing a limited view of only the
tympanic membrane and malleus handl&lpuquerque et al, 2009. Detailed
measurements and surgicaimulations however have not been made. There is little
information in the literature of tympanic membrane dimensions surface area and also
the accessible proportion of the tympanic membrane from the ear caath is
important for surgical access via thanstympanic route No detailed dimensions of

the middle ear réations have been published

Studies on guinea pig models of OME have shown that volumes injected into the
middle ear rangeip to0.2mls (Guat al., 2011) in a study using saline. Induci@yE
by injecting lipopolysaccharidento the middle ear Dai and Gar2008 usedup to

0.3mls of solution. Neitherfahese studies focused anducing models of OME for
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experimentation. No detailed measurements of the dia ear bulla volume of rats

havebeen found for comparison.

Measurements of the rat incus and malleassseshave previougl been recorded
(Salihet al., 2001) However, measurements of guinea pig incudomalleal complex
masses have not been made despite anatomical studies which havdfiegnhe

union between the malleus and incus in the guinea pig (Wystcki, 2005).

Regarding the dimensions of the middle ear cavity for the rat and guinea pig, there is
little comparative data. Similarly, when considering the surgical approachdset
middle ear for these animals there is limited informati®vhen considering the use of

an animal model for otological experimentations, guinea pig and rat models are both
favourable. Detailed cadaveric studies of the rat and guinea pig middle eauagidal
access are required to select which animal model is most appropriate to study a

potential new treatment for OME.

1.6.5 Selection of albino vs pigmented animals

Animal speciesselection is importantas is the selection of pigmerd versus albino
animals. The literaturedsa disparate view on this. Bo@nd Steell984 recommend
that information on pigmentation should always be availab& it couldinfluence
results. The Steel grougtates that pigmented animals are prefable, alhough this

review is supersededby more contemporaneous workHowever, studies on
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ototoxicity using kanamycin in guinea pigs show that there is more hearingaiss
hair cell degenerationin the pigmented variety compared to albino animals
(Wasterstiom et al., 1986).However, in studies assessing noise exposure and oxidative
stress levels in spiral ganglion cells, there appears to be darege in albino guinea
pigs Kionget al., 2011). The use of albino guinea pigs in ekpents to assess the
safety ofa treatment andhence ototoxicity wuld therefore appear justifiecs hair

cell damage would be easily detectable.

1.6.6 Physiological differensbetween animal species

The frequency of a sound wave is measured in Hertz (Hz) and represents how many
cyclesof the wave passethirough a given point in spade one second. This frequency

of a wave, correlates to the perceived pitch of the sound; higher frequencies are
perceival as higher in pitch. Physiologiadifferences between species result in ears
which are adapted to hear different ranges of frequencies, with the range of rat and

guinea pig hearing begncomparable as seen kigure8 (Heffneret al., 2007)
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Hearing Ranges of Laboratory Animals
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Figure8: The hearing ranges of some common laboratory animals takenim Heffne et al., 2007.

Thg thir} IiAnes represent frpquencies perceived at 60 dB SPL and the thick lines represent f[equengigs
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Therefore, anatomical differences should be the main decithotpr in determining
whether rat or guinea pig models are usedmsivomodels and not the physiologit
differences as thehave similahearing ranges-orexperiments involvingniddle ear
surgery, the spacious bulla of the guinea pig should be ceridas a positive
discriminatot but a detailed comparison between the rat and guinea pig middle ears

and surgical approaches is required.

105

AyO2YLX SGS

F



1.6.7 Animal models and OME

Laboratory animal models may develop OME over the course of experimentati@n a
side effect of interventionAlternatively, OME can be created by a variety of means in
laboratory animals to study the effects of OME treatments. The Eustachian tube can
be blocked off experimentally using gutta perchate in mouse models creating TM
thickening and OME seet 4 weeks post operatively (Varsak et2016). Rat models

have demonstrated ET blockage using gutta perchate blockage of the ET dresetin

of OME at 1 week and at 1 year there are sterile effusions present in 80% of animals

(Russell et al.1998.

Guinea pig animal models can develop OME experimentally by the injection of LPS into
the ME (Dakt al.,, 2008). Measurements of otoscopy, tympanometry and bisgy

show evidence of OME at 3,ahd 14 days. Saline injection into tigainea pig bulla
develops a MEE which is a simulation of OME (Guan et al., 2011). When ABR is tested
at a range of frequencie®.520kHz) OME has been shown to cause ABR threshold
elevation by 23dB and latency elevation of 0.6msecs. The amount of sgéoted is

proportional to the degree of ABR threshold and latency elevation.

Other experimental models using guinea pigs have injected a nonviable heat killed
pneumococci (HKP) into the ME to create an OME before testing potential new
treatments such as pulmonary surfactantHuang et al, 2005). ABR threshold
elevations in OME for the guinea pig models were recorded as 45@B74B which is

elevated significantly from the baseline values of 140B3+dB measured at 5 days.

106



These results demonstratie potential to have a 40dB elevation in ABR threshold
recordings with the presence of OME in guinea pig animal models and the onset of

such an effusion can develop within a week of experimental insult.

OME causes an ABR threshold elevatiompoto 40dB in animal models and this value
is similar to the levels of hearing loss seen in children with OMEewperiencea 18
35dB conductive hearing loss measured on RNA speech audiometnyith a flat air

conduction profile from BkHz(Caiet al., 2017)

1.7 Ototoxicity

1.7.1 Definition of Ototoxicity

Ototoxicity is injury to theear or more specifichl the cochlegcochleotoxicityland /

or the vestibular system éstibulotoxicity).The source is usually chemigathe form

of pharmacotherapy. As aesult, hearing balance or a combination of both may be
affected. Some widely used drugs which cause irreversible ototoxicity include
aminoglycosides and chemotherapeutic agents such as cisplatin. Other drugs may
cause temporary ototoxicity includingop diuretics and salicylated&minoglycosides

can enter the middlear via gperforation or injection and thenrce in the middle ear,
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transfer can occur across the round window membrane into the inner ear.

Aminoglycosides can also cause ototoxicity frgistesmic administration.

1.7.2 Mechanism of ototoxicityf aminoglycosides

Aminoglycosides agia damaging the inner ear sensory neurobplium with the OHC
being preferentially damgedby apoptosis On a cellular level, the ototoxaxtion of
aminoglycoglesis believed to occuwia disruption of the PERphosphatidylinositol

4,5 bisphosphateyecondary messenger system ial maintains the déemembrane
(Schacheet al., 1986). The aminoglycosides bind with iron intracellularly which is a
toxic metabolie and is involved in the generation of free radicals that cause oxidative
stress to the ceéland result in apoptosis (Somrgjal., 1997, Forgeet al., 2000) taking

approximately 5 days to kill the cell.

1.7.3 Mechanism of ototoxicity of cisplatin

Cisplatinototoxicity has been shown on a cellular level to involve damage to the Organ
of Corti predominantly affectinghe basaregion of the cochlea correspondinghagh
frequency soundsXjaet al., 2014). Disorganisation of the spiral ganglion cells has also
been seeralongside loss of the Organ obr@ architecturewith cisplatn ototoxicity
(Franceschét al., 2011). In the guinea pignodel, losof OHON the basal and middle
turns of the cochleghave been seen after cisplatin administration (Cardetaél.,
2000. Hearing loss after cisplatin administration is also thought to occur via reactive
oxygen spees and cochlea inflammation (She#t al, 2017). Therapies have

developed toscavengeeactive oxygen species and reduce inflammation for example
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through transient receptor potential vanilloid channel inhibition in the cochlea
(Mukherjeaet al., 2008) preventing uptake of cisplatin into the cochlea. Inhibition of
cisplatin induced DNA damagend subsequent apoptosis is also a potential
therapeutic intervention to minimise cisplatin mediatestotoxicity (Shethet al.,

2017)

1.7.4 Mechanism obtotoxicity for noise induced hearing loss

Noise inducedhearing loss in mice and guinea pigs hasrbghown tabe due to spiral
ganglion neura degeneration in the cochle&ifet al.,, 2010. There isome recovery
with repeated measurements at 2 years suggestmgotential synaptic repair

mechanism.

1.7.5Mechanismof ototoxicity without IHC and OHC loss

Damage to thanechanisnof hearing may target the vulnerable synaptic connections
between the cochleahair cells and afferent neuronsvithout hair cell loss
Sensorineural hearing loss which is associated with a #ysaptic connections
between the cochda hair cells and auditory nergdKujawaet al., 2015) is know as
synaptopathy (Mehraegt al., 2016). This is associated with decreased ABR amplitude
in wave | in animal models and increased latency in wave Yeribhentally, the
mechanism of synaptopathy is gainimgerrest, but translatinghis to human caseis

currently limited (Hickoxet al, 2017) as there is no acceptable clinical test to
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demonstrate the loss of synaptic connections from the cochlea torexitenerves
(Mehraeiet al., 2016). The degree of loss of synaptic connections can vary and be
considered as an occult damage to the hearing mechanism which may not be clinically
detectable until a critical level of logd synaptic connections reached and hearing
thresholds are affected (Libermaet al, 2017). Animal studies have shown that
synaptopathy is able to account for hearing loss withoutegponding IHC and OHC
loss (Kujawaet al, 2009. Understanding the mechanisms of synapttipa is
important to allow for future therapeutic intervention (Kobet al., 2017) preventing

loss of synaptic connections and disruption of the auditory pathway.

1.7.6 Animal modelsused to assess for ototoxicity

Bothin vitroandin vivoanimal modelsre used to test for ototoxicityyprga®net al,

2011). Each has its merits and requires consideration when planning experinhents.
vivo models allow a functional easurement of hearing and biological comparison

with humans.This is also important ithe context of translational researchnimal
models of choice are the guinea pig and chinchilla due to their larger size and hence
ease of surgical manipulatian ototoxicity experimentsGuinea pigs have also been
shown to be more sensitive to texmedication than other rodentsnd hence is a
preferred model Poirrier et al., 2010. In contrast, mice models allow for genetic
knockout manipulations and have a short gestation of only 19 days and hencesse |

costly. Rat models amdbust yet have @maller middé ea for surgical manipulation
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andtheir anatomy icomparable with humans with three separate ossicles and a single

middle ear bulla chamber (Judkiesal., 1997).

1.7.7 Antibiotics and other drugswith known ototoxicity in

rodents

Studieshave shown that aminoglycoside antibiotics are ototoxic in mice mduielat
much higher oncertrations than in humans. @nea pigs have raised ABR thresholds
after exposure to cisplatiriBlakleyet al., 2008. This finding is supported by the
systemic athinistration of gentamicin in mice and guinea pig models with elevation of
ABR thresholds seen after two weeks in the latter group. Mice therefore are not
considered a sensitive enough ototoxicity model (Poirgeal., 2010).Experiments
have also found that there is no evidence of ototoxicity in guinea pig models after
prolonged exposure of ciprofloxacimydrochloride0.3%and dexamethasone 0.1%

(Lemkeet al., 2009. Gther antibiotic groups ar@ot known to be ototoxic in rodents.

1.7.80ther adverse effects of antibiotics in rodents

Rat and guinea pig appear dke two realistic contenders for an animal model when
considering surgical implantati of the middle ear. The tabl@elow givesan overview

of the side effects o&ntibiotic inthese two species (TabR®). The most serious side
effects are related to the gastrointestinal tract causing haemorrhagic colitis and
enterotoxaemia (Harknesset al., 1995) In relation to auditory experiments,
aminoglycosidsare ototoxic and hence shoulae avoided. This information on side

effects is in the systemic form and hence any topical drug application wawd h
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minimal systemic absorptionHowever, it is important when planning ototoxicity
experiments even with localised drug delivery to the diedear to understand that a
small amount of drg may enter the circulatiarin addition, topical treatments also

have the potential to be slow release and hentdere would be a lower total

circulating concentratiomverall.

Antibiotic group | Examples Sde effect Reference
Penicillins Penicillin Enterotoxaemia | Harknesst al.,
Ampicillin 1995
Penicillin G Haemorrhagic
colitis Harknesst al.,
1995
Bottinget al.,
1997
Lincosamides Clindamycin Clindamycin Rehget al., 1980
associated colitis
with a heat labile
toxin
Fluoroquinones Norfloxacin Articular Bendeleet al.,
Enrofolxacin degeneration in | 1980
Ciprofloxacin growing GPg
Orbifloxacin blisters and
cartilage erosion
Norflox¢
cholestasis
Aminoglycosides | Vancomycin Ascending flaccid| Harknes<t al.,
Gentamicin paralysis and 1995
respirabry arrest
(especially under
general
anaestheti¢
Ototoxic
Conleeet al.,
Nephrotoxic 1989 albino
susceptible




McClureet al.,
1998 OD dosage
best practice
Tetracyclines Tetracycline Nephrotoxic Deboyseet al.,
Doxycycline Phototoxicity 1989
Tetratogenic
Hepatotoxicity
Rifarmpicin Rifampicin Hepatotoxicity Collinset al.,
Rifabutin Rash 1985
Rifapentine

Table3: The known side effects of different antibiotic groups rodents

When considering an antibiotic carrier to deliver antibiotics to the middle ear in the
form of a pellet, PLGA and pluronic are selected. As a delivery vehicle, any information
2y t[ D! YR LX dNRBRYyAOQa LR2GSylntbeforegelier G2 EAOAGE aK?2

design.

1.7.9Background opoly lactic-co-glycolic acid PLGAand pluronic

use in rodents

In gudies testing the safety of chemotherapy for glioblastoma using a mouse model
and etoposide with PLGA as a delivery vehttlere is no evidence of toxicity to the
animals (Smittet al., 2014). The applications of PLGA in the fields of neuroscience
include the potential treatment of cerebv@ascular accidents (Bibét al., 2009) acting

as a structural support for neural stem celsbroblast growth factor haalsobeen
incorporated into PLGA fibrous membrane and implanted intweitro andin vivorat
models d rotator cuff tear (Zhacet al., 2014). These studies have begithout any
reported toxicity. Studies using guinea pig models of tuberculosis have used PLGA

nanoparticle technology to deliver isoniazid. This was done to improve bioatlitjlab
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and there have been no repts of toxicity (Hovati et al, 2014) after or&
administration. It is important that even when delivering drugs directly to the middle
ear using a PLGA vector, if there is any systemic absorption, this-texiorio the
animal models. @inea pig modelfiave a propensity to gastintestinal disturbaces
which isimportant as it can be potentially fatdn addition, there have also been some
experiments performed on drug delivery to the éaiguinea pig models. A PLEZEG
PLGA c@olymerwas designed for sustained drug release into the migdie(Fag et
al.,2014) andABR was used to assess for any evidence of ototoxicity with involvement
of the inner ear. The PLEGZEGPLGA cgolymer was injected intrdympanically at
two concentratiors: 0.05ml and 0.1ml. There was no evidence of ototoxicity in the
lower dose. However, there was evidenckeatotoxicity in the high dose witiABR

elevation of thresholdseen especiallgit higher fre&uencies.

Anin vivostudy using PLGA as a drug delivery vehicle to the inner ear for lidocaine
shows sustained releasever three days after application to the round window
membrane. However, there is a degree of temporary hearing loss seen in the guinea

pig models (Horiet al., 2010).

A novel study by Zhargj al., 2013 used the concept of drug delivery to the middle ear
and the transmission of drug to the inner ear vfge round window to assess
intracerebral delivery of therapie§he polymer drug vehicle used was PLGA and the
drugs usedvere salvianolic acid,Branshinon llAand panaxotoginsenoside There

was no evidence of cochlea toxicity vivowhen using guinea pig animal models,
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reinforcing the otological safety of PLGA nanoparticles as a potential drug delivery

system to the middle ear.

1.7.10In vitro studies testing for ototoxicity

In vitrostudies have been developed to reduce the use of animal experimentation and
to test concepts prior to moving tm vivomodels.Neonatal mouse cochlea culture
was first undertaken in 1991 (Richardsenal., 1991) with morphological changes
seen on electron microscopy after adding ototoxic antibiotics. Murine culture rsodel
in vitro allow studies of the underlying cellular mechanisms involved anuigh
throughput of testslin vitrotests however requirekill and the observed response may
not correlde to cellular responses as predicteNeonatal cultures may also not
correlate to mature findings of adult mice (Yorgagtml., 20117). In vitroresults must

be correlated with more time consuming and exp&@ animal studies before any

consideration of translatioof a treatment into a human.

Studiesin vitrohave also attempted to simulate the dimensions of the middle ear and
hence drug delivery to the inner ear via diffusion across the round window mraarab
(Liuet al., 2014).Methods are aimed adlevelopng a sustained release drug delivery
systemin vitroand results have shown the longest sustained delivery using the-PLGA
PEGPGLA cgolymer. However, when testingr ototoxicity, there is no adequati&

vitro model at present.

1.7.11In vivostudies est for ototoxicity
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Hearing tests includinguditory Brainstem Evoked Respond&RB measurements are
widely used in testing for ototoxiciMurillo-Cuestaet al., 2009). Brain stem auditory
evoked potentials were first recorded in neurosurgical patients from surface
electrodes on the nerves VI, medulla, pons, midbrain and the cortexfrand a
removable electrode in the llird, IVth and latevadntricles (Hashimotet al., 1981).

Two potentials were recorded within 10ms after click stimulation with a slow positive
wave (56ms) and a negative wavel®ms with 7 smaller waveformis-between
These waves correspond to different components of the auditory pathway from the

distal VIII nerveo the medial geniculate bodygée section 1.0

In addition cochlear histology studies can performed to assess for hair cell damage
(Furnest al., 1986). The cochlea is highly organised across mammalian speities
three rows ofOHC and @e row of IHCThe IHC bundles face the modiolus and any
displacement in this orientation is thought to contribute to disorders in
mechanoelectrical tmasduction (Hudspethet al, 1983). Both acoustic trauma
(Spoenllin et al, 1971; Libermanet al, 1979) and aminoglycosidantibiotic
kanamycin (Ylikoskat al., 1974; Furneset al., 1986) have been shown to cause a
number of cochlea changes including hair cell loss, stereocilia dissagan and
fusion (Kianget al., 1986).Murine models of hair cell loss show a pattern of basal loss
prior to apical (Mahendrasinghaet al., 2011). Quantitative analysis of the IHhd
OHGin guinea pig models can be udd¢o assess ototoxicity after application of drugs

such asazithromycin (Palowskiet al., 2010).
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Immunohistochemistryprovides information of any damage to other aspects of the
inner earincluding spiral ligment and stria vascularis. The stria vascularsown to

be the histological changes associated waile related hearig loss (Kusunokit al.,
2004). Damage to the spiral ganglion elé also associated with presioysis
(Schuknechet al., 1993). The ototoxic effects of chemotherapy drugs such as cisplatin
havebeen shown to cause IHC and Obk3, degeneration of the stria vascularis and
a decrease in spiral gglion cells (Rybakt al., 1995). It is possible to study the
histological slices of inner ears after drug delivery to the middle ear to attempt to

elucidate any damage to these sttupes which would suggest potential ototoxicity.

1.8 Novel treatmentstrategiesfor OME:

1.8.1 Pellets

The current treatment strategy for OME is ventilation tube insertion and drainage of
the effusion(NICE Guideling2008). This does not include treatnt of any persistent
infection and biofilm eradication which is believed to be the basis for recurrence of
OME.To achieve biofilm eradication in the middle ear and hence treat QNtE
prevent recurrence (Gatest al., 1987, Danieét al., 2006), direct dug delivery to the
middle ear is an attractive solution. The treatment would be optimal over several
weeks in the form of a bidegradable modifiedrelease antibiotic formulation.
Research has already been undertaken in this field developing pelletsiddte ear

insertion with a modified release antibiotic.

117



The use opoly lactieco-glycolic acid (PLGAps been combined with a carrier gel
pluronicF127to create a pellet which has the potential to deliver drugs to the middle
ear in a modified release formula. Two antibiotics have been testedtro for this
purpose:rifampicin and clindamycinTheresults have shown than vitro the pellet
releases atibiotics for up to three weeks and is capable of eradication of a
Staphylococcuéureusbiofilm in anin vitromodel of OME (Danielt al., 2010). PLGA

is one of the most effective bidegradible polymeric nanoparticleslready in
widespread clinical usédt has been approved for clinical use due to its properties
being low toxicity and biocompatibility with tissuefo date, there have been no

reports d adverse effects of PL@Ad pluronic(Horvati et al., 2014).

The antibiotic combination of rifamgin and clindamycin was carefully selected due to
their broad spectrum cover and without evidence of ototoxicity. Rifampicin is a
member of the ansamycin antibiotic gro$ensil983) It is a heterocyclic structure

and is used to treat tuberculosi@/HO D10), leprosy and other Mycobacterial
infections. Rifampicin is a powerful inducer of the hepatic cytochrome P450 and has
side effects including nausea, vomiting, orange discolouration of uaime: drug
interactionwith other medicationgnetabolised by the liver. There is no evidence of

any ototoxicitycaused by rifampicin

Clindamycin is a licosamide and is a ssymthetic derivative of lincomycin which is a

natural antibiotic produced by actinobacteriumStreptomyces lincolnensis

(Birkenmeyer et al., 1970). Clindamycin is used to treat middle ear infections, bone
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and joint infections and pneumonia (Smieja 1998). Side effects include rash, diarrhoea,
vomiting and a metallic taste. Similarly to rifampicin, there are no reports of
ototoxicity. The combination of clindamycin and rifampicin antibiotics loaded onto
PLGA and Pluronic pellets as a potential treatment for OME is therefore considered

safe from an ototoxicity perspective.

Anotherresearchgroup has also studied a slow releaantibiotic middle ear implant
using ampicillin in an animal model (Goycoodal., 1991, Goycoleaet al., 1994).
These studies were performed usiagirug delivery device consisting of PLGA loaded
with ampicillin which was inserted into the middle eair catsand chinchillas with
OME Histopathology showed no adverse reaction to the implantation device and
there was no evidence of ototoxicity on hair cell studies of the cochlea. However, these
models showo assessment difiofilms. In vitroexperimentshave usediodegradable
modified release antibiotic pellets and studied their actionSiaphylococcudureus
biofilms Panielet al., 2012). PLGA pellets containing rifampicin and clindamycin were
tested. The results showed that drug release was cootiistforup to 21 days and that
biofilms were eradicated with pellets containing 7% or 28% of antibiotic.iTkigo

work requires translation intin vivomodels.

1.8.2 Hydrogel

Other novel methods of drug delivery to the middle ear which aim gasusd release
includeintra-tympanic injectiorof hydrogel with ciprofloxacin (Waref al., 2014) into

guinea pig and chinchilla models of otitis media. No evidence ddimir inner ear
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ototoxicity has been reportednd sustained release was achievedup to two weeks.
With such sustained release of antibiotics, there is the potential for biofilm disruption
in vivoand also the potential fora single treatment strategfor OME It is however,
undeterminedin this studyhow long the hydrogel is preseit the middle ear and

whether there is any dissipation down the Eustachian tube.

1.8.3 Biodegradable ventilation tubes

A new, novel treatment for OME is the insertion of biodegradable ventilation tubes
which are impregnated with antibioticiprofloxacin (@n et al., 2013) Over a period

of three months the antibiotic was released and less bacterial adherémdée
ventilation tubewas seen Insertion of foreign bodies into the middle ear such as
ventilation tubess known to be a potential problem in the development of novel drug
delivery systems to the middle eaBé€lfieldet al., 2015)and can createa chronic
inflammatory stateand act as a substrate for bacterial colonisatidmis would
potentially contribute to biofilm formation instead of potential eradication.
Importantly, there was no evidence of ototoxicity inettmiddle or inner ear using

biodegradableventilation tubes as anethod of drug delivery to the middle ear.

1.8.4 Magnetic nanoparticles

Using nagnetic nanoparticles and applying an external magnetic field has the future

possibility of delivering drugs in a némvasive manner to localised targets around the
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body. Such technology would allow precise delivery of drugs to the middle ear to treat
conditions such as OMEShapiroet al,, 2014) Such technology however, is under
development and there are pential limitationsincluding the compx technology of
multiple high poweredmagnes which would allow accedslity to the relativelysmall

and shalow target of the middle earPreliminary animal models of nanoparticle
technology used to deliver prednisolone to the middle ear has shown increased
inflammatory changes in rats after 30 days (Lafehdl., 2018) and therefore more

studies are requireddfore consideration of translating this technology to humans.

Magndic manipulation of nanoparticles, however has the exciting possibility of being
a therapyfree from surgery and hopefully devoid of any side effects due to the

localised delivery mechasm.

Delivery of PLGA and pluronic pellets laden with rifampicin and clindamycin into guinea
pig middle ears is an important step into developing new therapies for OME which
treat the biofilm in a sustained manner. Testing the safety of this potential new
treatment in vivo is essential and requires several differetgchniques ABR,
cytocochleograms and middle ear histology to assess the effects of the pellet and

antibiotics on the middle, inner ear and auditory pathway.

1.9 Auditory Brainstem Response
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The auitory brainstem response (ABR) test is electroencephalograph (EEG) recording
whichmeasures tle neural activity of the animathile differentsounds are presented
In the ABR recording, both a click stimulus and single tone stgané presented to
detemineboth the general thresholds of hearing (click) and the ar@rsdnsitivity to
various frequencies. The click stimulus is a square wave stimulus which consists of a
6ARS NYy3dS 2F FNBI|jdsSSyOASa LINBaSyiSR aavydzZ G yS2dz
click stimulus can be calculated as:
o
0
wheret is the duration of the stimulus in seconds. For the click ABR recordiregs,

duration of the stimuluss 0.01ms hence,
QN —— p mm QU p TRAOA
As the initial frequency of the click stimulus was 100Hz, this means that the click ABR

recording tests across the range of 0.1l¢H£0.1kHz.

Single tme frequency ABR recordings aested at 6, 12, 18, 24, and 30kt
laboratory mice as thisepresants the most sensitive regions in the hearing ranges
(Turneret al., 2005) The hearing for the guinea pig is shown to be most sensitive in

the 16kHz24kHz rang€Figure 9).
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Figure9 Graph showinghe sensitivity to various frequencies of leiglifferent species
including commonly used laboratory animals and hum@sneret al., 2005) The
data has been adapted from Faal., 1988

For both the click andingle tone ABR, measurements are taken by presenting the
stimulus 256512 times at a single intensity, and an average waveform is produced.

This is repeated between 0dB SPL and 95dB SPL with 5 dB increments.

The guinea pigABR consists of five wavesV{l which present within 8ms of the
stimulus being received. These five waves represent distinct regions of the auditory
pathway. Of particular interest in this study are wavesd I, which represent the
SGNs (spiral ganglion neurofe)ditory nerve, and the cochlear nucleus respectively,
with waves IHV representing higher levels of the auditory brainst@vtelcheret al.,

1996; Henryet al, 1979. In addition to this, the ABR can also consist of other,
peripheral evoked potentialsuch as cochleamicrophoneswhich originate from the

hair cells and can therefore provide insight into cochlea function (Eggeretait,

123



1976) The summation potential also originates form the cochlea hair cells and can be

detected during ABR recordjs(Honrubiaet al.,, 1969).

1.9.1 Auditory Brainstem Response Threshold

Analysis of the ABR waveformnceake into account thresholdrlhis ighe intensity of
sound where the waveform is first distinguishable from noiBee amplitude of the
peaks and troughef each wavecan also beneasured over a range of intensities; and
the latency of the peaks and troughs measured over a range of intensities. By using
this analysis, and the knowledge that each wave corresponds to a specific region of the
auditory pathway the ABR measurement can be used to build a picture of how the

animal processes sound before and afpeesentationof a noise stimulus

Studies have shown that ABR threshold elevation occurs after insults su
amikacin (Nekrassost al., 2000) in ginea pigs at 4kHz and 8kHz. Cisplatin is .
known to cause ABR threshold elevation (Chetrg., 2005) in experimental guine
pig animal models and the condition of kernicterus, with an elevated leve
unconjugated bilirubin in a newborn baby has heshown to cause threshol

elevation (Kagat al.,, 1979).
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Domestic House Mouse

Behavior

] 1 1 1 1

{1 14 2 4 8 16 32 64 100
Frequency (in kHz)

Figure11l. ABR recordigs may misrepresent the behawtal thresholds of hearing in
animals(Heffneret al, 2003

Behavioural hearing tests, although they can hialilt and time consuming, have

been shown to produce better estimates of hearing across a rangespeties
(Szymansket al., 1999 Heffner and Heffner2003. Error! Reference source not
found.11shows the measured threshold across a range of frequencies of the domestic
house mouse; here you can seathhere is a distinct differencef average threshold
measured at >2kHz. One theory is these differences aragthtoto arise from the

NBfl GAGSE & aAYLzZNB: G2ySa LINBaSyaSR Ay |
offset of the tones used for ABR analysis, compared to the langeY 2 NJ 400msldzNE ¢
tones presented in behavioural studies; however it is also plessifat the use of
anaesthetics and the inherent electrical background noise could also interfere with the

estimation of threshold in ABR analysis.
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Despite thigdiscrepancy between ABR thresholds and behaviour thresholds,#8Rs
widely used as a simpénd noninvasive test of threshold shifts in laboratory animals
after noise insult, and have been shown to be particularly effective in estimating shifts

of threshold in response to broadband noise and high frequéoicgs

1.9.2Auditory Brainstem Respuse Latency

Measurements in the latency of ABR traces and changes over time also provides
information regarding the transmission of sound from theldea to the brainKigure

10). Therefore a latency shift provides complementary information aboutrineral
transmission and hence the possibility of neurotoxicity. This has been demonstrated
with an increase in latency seen after astia trauma (Gourévitcbt al.,, 2009 and is

seen in aging guinea pigs (Inghathal., 1998; Nozawaet al., 1998. This corelates

with the finding of increased latensgenin elderly patients invaves | and 11l (Konrad
Martin et al., 2012). The underlying pathogenesis is believed to be related to reduction

in auditory nerve units and their synchrony of firifgninoglycosid treatment has

been shown to cause increase in ABR latencies of waves | and V in human subjects

after netilmicin and tobramycin administration (Hatzal., 1990).

Studies have shown thatcreases in latency of RitecedeP3 and P5 and correspond
to ototoxicity d the basal cochlea (Jacobsenal., 1985). This initial effect is thought

to be due to compromise of the vascular supply of the basal cochlea.

Aspirin toxicity in rats causes an increase latency of P1 and P2 andkMzand 2kHz
butwas NE&SNWBSR |G n FyR y1I1 adz23sSadiay3a Gkl
cochlea are susceptibb® aspirin ototoxicity (Kuratat al., 1997). Cisplatin, which is

frequently used aa chemotherapeutic agerind has known ototoxic effects has been
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shownto cause an increase wave V latency (De Laureésal., 1999 This has been
postulated to be an early sign of hearing deterioration which may have some clinical
applications in attempting to calibrate the dose tolerated by individual patients
receiving cisplatin in order to avoid the ototoxic side effedibe patiens with

increases in latencglso havenearing loss detected by audiograms.

1.9.3Auditory Brainstem Response Amplitude

Aspirin studies on rats have shown that the P2 and P4 amplitude was redt2kHiz
but this was not seerat higher fequencies of 4 ah 8kHz (Kuratat al., 1997).
Aminoglycoside antibiotic testing of rats in the form of amikacin has been shown to

decrease amplitude of ABR recorgaifor each wave (Yamamagoal., 1992).

Studies on patients have shown that with age, the amplitudes of all the ABR peaks
were reduced suggesting a reduction in the number of nenreducting units (Konrad
Martin et al., 2012. Similarly, noise exposure in rats has been shown to cause a
decreasein amplitude proportionally to the level of noise exposure and the basal
region of the coblea was most affected (Chenal., 2014) with hair loss notedNoise
exposure experiments using guinea pigs has also shown that the amplitudes of ABR
wave | was aesistently decreased, yet wave IV which was also assessed recovered a
week after the nise exposure period (Heeringgt al, 2014). The mechanism is
postulated to be related to a disturbance of the auditory inputs to the inferior
colliculus with an imbalase between inhibitory and excitatory responses which may

result in hyperacusis after noise exposure in the acute setting.

Table 4 summarises the ABR latency and amplitude changes with different aetiologies.
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Stimulus Latency Amplitude
Acoustic trauma Increase (Gourévitchet | Proportional  decreasg
al., 2009 with  noise  exposure
(Cheret al,, 2014
Presbyacusis Increag guine pig| All  waves reduced
(Ingam et al, 1998;| (KonradMartin et al,
Nozaweet al., 1996 2012)

Humang increase wave
and Il (KonradMartin et

al., 2012
Salicylate IncreaseP1,2 and 4 al Reducel P2 and P4 a
2kHz (Kurat&t al.,, 1997) | 2kHz (Kurat&t al., 1997)
Cisplatin Increase wave V ( D ReducedPl and P3 (Ottq
Lauretiset al.,1999 et al., 1988)
Aminoglycosides Increae | and V (Hotzt | Al waves reduceq
al.,, 1990 (Yamamotcet al., 1992

Table4: Summary of ABR latency and amplitude changes with different stimuli presented to the
cochlea

1.10Cytocochleograms

Creating cytocochleograms igreethod used to count hair cells and to ascertain and
quantify any loss of both IHC and QHRr deta# on preparation please refer to
section 3.11 This method has been widely used before (Mahendrasingbtuail.,
20117). Studies using mouse models CD/1 fioesbyacusihave shown that OH&re
damaged initially in the basal cochlea amdth associated IHQegeneration

(Mahendrasinghanet al., 2011)

It is already known from studying cytocochleograms and hair cell counts that
chemotherapy agents suchs aiplatin cause OHss from base to apex and from
outer most row of hair cells tohe inner hair cells (Tropitzs@014). Increasing the

concentration of cisplatin also resulted in progression of hair cell loss.
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Aminoglycoside antibiotics are also knownctause hair cell lossf both the IHCand
OHCas seen after administration gentamicin (Forget al., 2000 andkanamycin to
rats (Matsudaet al., 1999) Therapid accumulation of aminoglycoside gentamicin in
the hair cells is thought tbe the basis ofhis toxicity (@ Grootet al., 1990)resulting

in apoptosis.

1.11Histology

Looking at the ultrastructure of the middle ear and inner ear is important iasEasg
any morphological changesSuch structural alterations may contribute towards
ototoxicity and hence impact the safety of compounds introduced into the middle ear.
Cisplatin ototoxicity is known to cause such changes includegeneration of
epithelial cells in the st vascularis (Meecht al.,, 1998; Ravet al., 1995)and the
neurones of tke spral ganglbon (Van Ruijveert al., 2005, Zhengt al., 1995 Zhenget

al., 1996). The cisplatin induced degeneration oét®rgan of Corti (Zhere al., 1996;
Van Ruijveret al., 2005)is better appreciated usingytocochleograra to identify IHC

or OHdoss thanusing histology.

It is also important to assess the impact of any surgical intervewoticthe middle ear

on the mucosa and if there is any evidence of fibrosis or scarring. This can be seen in
histology cross secti@looking atnflammatory cells and the presence of fibrithen

using carrier molecules such as PLGA and pluronic in the form of palktdpgy
allows for an assessment of the degree of residual foreign body after a designated time

and any potential inflammatorgesponseassociated with this.
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Noiseexpasure in the acute setting resultssiria vascularis swelling and in the chronic
setting over two weeksesults in degeneration (Hiros2003. The stria vascularis is
also known to be damaged in noise induced hegtbss (Grattori996 Spicerl997.

Ichimaya2000.
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2.1 Overall aims

Delivering rifampicin and clindamycin laden PLGA and Pluronic pellets into an animal
model middle ear and assessing for safety is the primary aim. There is no prior evidence
of ototoxicity from the antibiotics or components of the middle ear pellet and
therefore the hypothesis is that there will be no evidence of ototoxicity after insertion.
There is also the hypothesis of no evidence of inflammation or disruptiétmefion

of the middle ear after pellet insertion.

2.1.1 Selection of animal model

Selecing the correct animal model for implantation of middle ear pellets is important
for reduction and refinement of the experimentRusselland Burch1959. A
comparison of the anatomy and dimensions of the auditory system iaveit rats
and guinea pigs W be made. Studieswill be focused on middle ear dimensiont

differentiate between these two animal models especially in relation to ME volume.

2.1.2 Development of surgical delivery tbe middle ear

Surgical appaches to the middle ear will beompared using cadaveric animals to
determine the best route for delivery of middle ear pellet¢hich have fixed
dimensions. The transtympanic route, posteula ard anterobulla approaches will
be assessedadr their merits and feasibility of insertion ¢ ME pellet with set

dimensions.
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2.2.3Testingthe safety of middle ear surgery

Surgical controls will be undeiten to determine ifmplantation ofmiddle ear pellets

is ototoxic and traumatic in any way.

2.2.4 Testing middle ear pellets made of PLGAdapluronic for

safety including ototoxicity

Pellets made of poly lactimo-glycolic acidPLGAaNnd duronic will beinserted into the
middle ears of animal models and safety tested in the form of ABRisa period of
16 weeks. Rer culling humanely, Bitology sections andcytocochleogramswill be
prepared and analysed to assess for evidence of ototoxidity. adlition,
immunohistochemistry will beperformed on cochlear extions; using DAPI and

Phdloidin staining to assess for morphology and presendéi@fand OHC.

2.2.5Testing middle ear pelletsnade of PLGA anpluronicloaded

with rifampicin and clindamycin for safety including ototoxicity

Poly lactieco-glycolic acidPLGAand pluronic pellets laden with antibiotics rifampicin
and clindamycin wilbe inserted into the middle ears of animal models and safety
tested in the form of ABRsver a period of 16 weeksftar culling humanely, histology
sections anaytocochleogramswill be prepared and analysed to assess for evidence
of ototoxicity. In adition, immunohistochemistry will beerformed on cochlar
sections; ging DAPI anBhalloidinstaining to assess for morphology ame:sence of

IHC and OHC.
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2.2.6Testing middle ear pelletsnade of PLGA anpluronicloaded

with rifampicin and clindamycinndividually for safety including

ototoxicity

PLGA angluronicpellets laden with eitherifampicin or clindamycin will bimserted

into the middle ears of animal models and safety tested in the form of ABRs over a
period of up to 16 weeks. Ater culling humanely, histologysections and
cytocochleogramawill be prepared and analysed for evidence of ototoxicigsessing

the IHC and OHC and evidence of inflammatioraddition, immunostaining will be
performed on cochlear sections; using DAPI Bhdlloidinstaining to assess fahe

presence or absence of both IHC and OHC and their morphology.
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3.1 PrincipalExperimental Groups

The main experimental groupsere carried out usingalbino Dunkin Hartleyguinea
pigs as the test species. Each set of experiments had specific technical variation to

evaluate the following:

1. Biological control gnap of animals to assess the changes in ABR over time

2. Surgical control groupo assess the effects of opening the middle ear bulla
without pellet insertion into the male albino guinea pig

3. Treatment controlgroup to assess the effects of PLGA asidronic pellet
inserted into the middle ear of guinea pigs

4. The effects of PLGA amduronic pellet loaded with rifampicin inserted into
the middle ear of male albino guinea pigs

5. The effects of PLGA apturonicpellet loaded with clindamycin inserted into
the middle ear of male albino guinea pigs

6. The effects of PLGA aruronic pellet loaded with both rifampicin and

clindamycin inserted into the middle ear of male albino guinea pigs
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3.2 Animal Procurement andHusbandry

A total of 48 healthy Dunkin Hartley adult albino male guinea pigs (Harlan UK, Limited)
weighing between 3509 artb0g were used experimentally. Animals were all given a
minimum of 72 hours of acclimatisation prior to experimental use. All experiments
were carried out in accordance with Home Office Regulations in accordance with The
Animals Act (Scientific Procedurel)86 and covered by the appropriate Personal
(60/13670) and Project (60/4436) Home Office Licences with assistance from the
technical support staff at the Clinical Research Facility in Leicester which has a license
covering guinea pig procedures. Advicaswaken from the Home Office vet regarding

anaesthesia and analgesia.

Animals were randomly allocated to cage and housed in groups of up to four in open
cageqScanbur)ldentification marks were as follows: head, back, rump and no mark.
Fresh sawdust ahhaywere suppliedevery 3 days. Water was changed daily and a
guinea pig pellet diet was administered dalNyater and solid food was supplieui
libitum. The water was from the domestic supply and replaced daily and guinea pig

pellet det, FD1 SQC supetl bySpecial Diet Services LimifddK

Temperature was maintained between -26 °c and humidity between 430%.
Lighting was on a 12 hour light/dark cycle (commencing at 7am). There was minimal
natural sunlight. The animal house staff fed and watethd animals daily and
monitored their general wellbeing including inspection of fur, teeth and any surgical

scars.
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Any animal showg signs of general illness wascluded from the study.

Furthemore, any animal with signs of itk ear infection asurgery was excluded.

3.3 Monitoring and maintenance of physiological
function during experiments

After the induction of anaesthesia, ABR electrodes were attached and the guinea pig
was placed on a heated mat with the left ear facing up. Core body temtyrer was
maintained between 37 +/1°c usinga Harvard homeothermic control unit and blanket
placed under the guinea pig with a silicone sealed rectal temperature probe inserted
(calibrated using a water bath and thermometeB. noninvasive plse oximete
(Nonin 8500AV, Nonin Medical inc., Plymouth, WU8&s placed on théeft hind paw

to continuously monitor arterial blood oxygen saturation. This was maintained above
97%. Supplementary oxygen was delivered if requived a facemaskThe pulse
oximeter dso gave a pulse reading and this was kept @ ribrmal range for guinea
pigs: 180-350 beats per minute Respiration rate was also noted throughout the
experiments.

Lacrilube ointment consisting of liquid paraffin, was used to protect the corneas

bilaterally during the ABR recordings and operative proceslure

3.4 Surqical procedure

Prior to sedation or surgery, the guinea pigs were weighed and the expedianog
doseswere calculate accordinglyTable 6)

After an initial ABR recording, threcording electrodes and monitoring equipment
were removed and the guinea ptgansferred to the adjacent surgical suite whilst

under sedation. The animal was then attached via a faw@sk (Blease Boyles
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Apparatus)to isofluorane (1%) in the inductioroom and the skin prepared with
shaving of fur in the left submandibular region and chlorhexidine antiseptic to the skin.
The guinea pig was transferred to the operating table and positioned using a beanbag
cradle with a mouthpiece connection to isoflurane X8t the duration of the
procedure.lntraoperative monitoring was performed using pulse oximetry and rectal
temperature probeThe skin was draped and instrumsrtleaned using an autoclave
(121degrees centigrade). Usimggterile techniquea 2cm incisionvas made over the
mandible using a scalpel. The platysma was divided and tlsseteamuscle exposed
(Figure12). The posterior belly of digastric runs underneath the masseter and was
followed to the bulla of the middle eaflhis approacho the middle ea bulla has
previously been described by @arcelo et al., (1991). The anterior and undersurface

of the middle ear bulla wasxposed gently and a round fenestratiapproximately
2.5mm in diameterwas made in the bonéThis was achieved usin@ahucknecht pick

and joining small perforations together.

temporalis

retractor

masseter  deep

masseter superficial

2cm posterior dioastric

Figurel2. Diagram of surgical approach to guinea pig middle ear bulla (highlighted yellow) with
retraction of theposterior digastric. evel of cervical skin incisioindicated (red dotted line)
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For the surgical control animals, a piece of bone Wa8% beeswax,®%6 Vaselinejas
placed over the bulla hole. For the guinea pigs which have pellets inserted, this was
done prior to the bone waxapplication using Maldoe nontoothed forceps. The
pellets were stored in a fridge at degrees centigrade in separate sterile packages
prior to their insertion into the middle ear bulla. The skin was closed using a
subcuticular 5/0 vicrysuture and glue. Please refer sectin 3.12for manufacture

and preparation of the pellets.

Analgesiawas given to the guinea pigs in the forof metacam (1mg/kg) initially
subcutaneously anthen orally in theinitial postoperative period and buprenorphine
(0.05mg/kg)was administeredo counteract the hypnorm and tprovide opiate based

pain relief.

In the initial postoperative period, the guinea pigs were monitored carefully in the
recovery area with gel based water, bottled water, carrot, hay and pellet supplements
to eat. The cages were kept on a heated mat. The following day, the guinea pigs were
transferred into their open cage3he guinea pigs were weighed daily for the initial

post-operative period andavere given 72 hours of metacam.

3.5The use of sedation/anaesthesia in the experimental
design

Surgical anaesthesia had to meet the criteria of achieving analgesia, muscle relaxation
and loss of reflexes imrder to optimise recordings. Mimal physiological and
metabolic disturbancéo each guinea pig was achievethemode of administration

of drugs aimedo minimise stress and discomfort to the animal. Historicalypinea

pigs are one of the most difficult animatsanaesthetise with injectabler inhalational
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anaesthetics due to the problems with compromising respiratory or cardiac function

with bradycardia (Cannedt al., 1972).

The overall aim was to develop a regimen allowing surgical intervention and
repeatable auditory recordings. The los$ the guinea pig pedal reflex was used as a
guide to depth of anaesthesi@®arenteral agents were preferred as they did not

require a facemasés thishadthe potential to interfere with the experimental set up.
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3.6 Experimental regimes

3.6.1Reqgimen 1: ABR Recording

A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (Hypnpravas
administered subataneously intathe neck. h addition subcutaneous administration
of midazolam (Hypnovel) was also given. Together, this createdderately deep

anaesthetic allowing electrode placement and ABR recording.

A second regimen was developed for a small subset of additional experiments which
were carried out in 2014 because Hypnorm was discontinued by the manufacturer.
This was aminavoidable dkration inthe drug regimen. Please reféor Regimen 4

section 3.6.4or details of this change.

3.6.2Regimen 2ABR Recording andigyery

A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (htypn) was
administered subcuneously to he neck. An addition subcutaneous administration of
midazolam (Hypnovel) was also given. Together, this created a moderately deep
anaesthetic allowing electrode placement and ABR reogrdifter ABR recording,
Isoflrane was administered using acemask and surgery was undertaken to insert

the pellet into the middle ear.

3.6.3Regimen 3: ABR Recordingd terminal anaesthesia

A subcutaneous injection of 0.6ml/kg of fentanyl/fluanisone (Hypnomwgs
administered subcutaneously tbé neck. An addibn subcutaneous administration of

midazolam (Hypnovel) was also given. Together, this created a moderately deep
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anaesthetic allowing electrode placement and ABR recording. Intraperitoneal injection
of barbiturate Medetomidinewas then performed and deatbertified from clinical

examinationbefore perfusiorfixation.

3.6.4Regimen 4Hypnorm substitution

A small cohort of animal$8) underwent anaesthesia without the availability of
Hypnorm as this was discontinued by the manufacturer. As a substitetembination

of midazolam(4mg/kg), fentanyl (0.04mg/kg) and medetomidine (0.4mg/k@s
developed as a regimermThis was administered subcutaneously and reversed using

atipamezole (1mg/kg) at the end of the experimental recording.

Drug Dose
Midazolam 4.0mg/kg
Fentanyl 0.04mg/kg
Medetomidine 0.4mg/kg
Atipamezole 1.0mg/kg
Hypnorm (fentanyl/fluanisone) 0.6mg/kg
Buprenorphine 0.5mg/kg
Atropine 0.5mg/kg

Table5: Drug doses used in experimental regingesccording toanimal weight
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3.7 Pharmacology of anaestfic agents

3.7.1lsofluorane

Isoflurane is a halogenated methethyl-ether. This is an established anaesihbet
agent for small animaland is ideal for short procedures as there is limited central
nervous systendepressionStudies on isoflurane in guinea pigs haveveh that there

is a dose depend# reduction in the amplitude and increasethe latency of the ABR
(Stronkset al., 2010). It is therefore important that the isoflurane is used after the ABR

recording is completedor the surgical experimental component.

3.7.2Midazolam(Hypnovel)

Midazolam is a water solubleenzodiazepine and acts to potentid@ntany! (Pieriet

al., 1981).Previous studies show that fentanyl and midazolam in combination peduc
good skeletal muscle relaxationdmall rodents and guinea pigécknall and Mitchell
1984). Fentanyl used in combination with diazepam in guinea pigs has been shown to
provide a safe effective anaesthetic regimen with reduced respiratory depressin a

no ateration of ABR thresholds.

3.7.3Fentanyl/Fluanisone lypnorm)

Administration of Fentanyl and Fluanisoneused to initiate neuroleptanggsia in

small laboratory animals including guinea pigs.
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Fentanyl is a poterdnd effective opioid agonist tice against receptors. It is ugo
100 times more effective than morphine regardingalgesia(Greenet al., 1975)
Fentanyl has a rapid onset but short duration of action.

Fluanisone is tranquiliser which potentiateshe analgesic action of fentanyl and

antagoni€s any respiratory depressiomgueet al., 1994).

3.7.4Medetomidine

Medetomidine is a synthetibarbiturateused as an ana#setic or an analgesic acting
as an alpha two adrenergiceceptor agonist. It is dén used in combination with
opioids as premedicationSide effects include peripheral waonstriction and
bradycardia $inclair et al, 2003). It is frequently used in euthanasia with
intraperitoneal or intracardiac injection and is injecteshce deep aaesthesia is

established.

3.7.5Atipamezole

Atipamezole is a synthetic alpkadrenergic reeptor antagonist (Pertovaarat al.,
2005). It is administered subcutaneously and is rapidly absorbed from the periphery

to the central nervous systenit.is usedasa reversal agent for medetomidine.

3.7.6 Atropine

Atropine is an anticholinergic drug and its actions are on the parasympathetic nervous
system to inhibit salivary glanahd mucoussecretions aiming to reduce guinea pig
secretions during the experimestlt is administeredubcutaneously and side effects

include ventricular tachycardia, nausea and blurred vision.
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3.8 Auditory Brainstem Response

3.8.1ABR analysis

In order to generate a short, shaped tone pip suitable faritalg a frequency speaifi
response a computer controlled wave form generator was used. This system was
designed and built to order by Dr. Patrick Jones of Applied Technology at Glaxo Smith

Kline. A schematized diagram ofég@mponents is shown iRigurel3.

Medelec 2A Sapphire
auditory evoked
potential system

Tti TGA 1230 30MHz HP54603B
synthesised arbitary Oscilloscope 60MHz
waveform generator

A4

PA4 programmable attenuators Y
National Instruments
10dB 3dB » SCB68 interface box
attenuation attenuation

T

|

PC based analysis

L

B and K 2804 and data storage
microphone
power supply B and K 4192 microphone

Guinea pig left ear

via a speculum Medelec_ _2A Sapphire
preamplifier

Active, reference and ground
es from guinea pig

Figure13: Schematic diagram of signal generator and recording system

Cosine enveloped wave forms of the desired frequency (8,12,16,24,30) KHz with a total
length of 5 milliseconds including a 1 millisedarise and fall time were generated
using a Thurlby Thandar Arbitary Wave Form Gener@i&A 1230, 30MHz, Tucker
Davis, US)The maximum amplitude of the signal from th&A1230was 20V peak to

peak.
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The signal from this device was fed into pairedkn Davis DA Signal attenuators.

This allowed 99dB attenuation of the maximal output of the signal generator in 1 dB
increments. For increased speed of use one attenuator was set to 10 dB steps and the
other to 1 to 3 dB steps. This signal was fed tailwra high performance Bruel and
Kjaer revese driven microphone (Model 419for transduction. The microphone was

fed by a 200 V bias current to ensure reliable and flat frequency resiB&dthattery
operated microphone power supply 28G2bupled to thesignal line by a 0.0d
capacitor). The signal was concurrently fed tblewlett Packard 54600 oscilloscope

for real time signal monitoring throughout the experiment.

The signal generator was electronically switched by the master PC (Kayak XA, Hewlett
Packard running Microsoft Windows NT4.0). Thus the onset of signal geomer
triggered the onset of compound action potentraicording. The signal was repeated

and recording averaged frommp to 400 times whilst being continuously displayed on

a PC screenstilloscope. This repetition was user determined according to the clarity

of the signal displyed. A high intensities20 to 50 cycles would be adequate.

The CAP signal was gaenplified using a Medele8apphireda x 10 00@&nd filtered
between 5Hz5 kHz thenfed through to the PC. Within the Ptie real time signal

was digitally sampled using a National Instruments sampler at 16kHz. This sampled
signal was then averaged for CAP display with sensitivity (Volts/division) and time base
(ms/division) semanually by the user at each recording. For each recording, captured
data was saved by the cgmter in a userdefined file This allowed offline analysis
using Microsoft Excel for organisation of the data and statistical analysis. Analysis was

carried ou using MINITAB software (Minitab Inc).
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Hearing thresholds were evaluated using ABR auditory brainstem respbesasse
auditory nervefibre thresholds maintain a systemic relationshipr@ss different
degrees of hearing loss (Nga001). After recordig of the ABRs by subcutaneous
electrodes, the waveforms were averaged and stored for offline analysis using GSK
analysis programme and TDT. Qralysis of the waves, thresholdas defined as the
lowest level in dB at which a clear waveform could be obskMéave 1 was the focus

for analysiswith a particular emphasis on 1 When wave 1 was unclear, other

peaks were analysed with IN2 andsubsequentlyP3N3.

Amplitude was measured as the differenoetween P1 andN1 andbetween P2 and

N2 and B to N3. Latencies were measured from the tip of the first deflection to the
bottom of the first, second and third peaks (N1, N2 and N3). We included the first three
waves because N3 is known to have the best signal to noise ratio and hence can be
easiy identified (Gouévitch 2009).The latencies and amplitudes were measured at
16kHz and 24kHzecause these frequencies are thought to be most representative of

cleartraces in the guinea pig animal model.
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Figurel4: Example of cumulativeriews of ABR recording showing peaks P1 (red), P2 (yellow), P3
(green), P4 (turquoise) and P5 (blue).
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Figurel5: Example of selection of peaks 25 with circles and troughs NUI5 (triangles) Threshold
for this ABR recording wdd be at 30dB

P1 o N1 A
P2 N2
P3 N3
P4 e N4 A
P5 o N5 A

Please note amplitude measurements were as followsNR,LP2N2 and P3N3 in
>Volts

Please notdatencymeasuremats were as follows: PAN1, P2N2, P3N3in msecs

After measurements of the amplitude and latency are made, information regarding
the transduction of the electrical signal down the auditory pathway can be deduced.
Both increases and decreases in latency and amplitude can be scientifically important.
The amplitale and latency resultfor each animal in an experimental grougere
pooled and mean values and standard errors calculated for each value for 94, 84 and
74dB. Paired-tests weredone to assess for significance with p<0.05 taken as the level

of significane.

3.8.2 Acoustic Calibration

The ABR machine was set up and calibrated monthly and also in a shorter fashion at
the beginning of each experimental session. The short calibration involved connecting
output 2 to the oscilloscope and holding the calibratmaicrophone connected to the
driver output x. The calibration microphone was held next ttee recording

microphone of 4192nd the oscilloscope recding at 20mv/div.
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With a calibration stimulus of 1kHz at 94dB 84192 modified microphone using

a 20V signalpeak to peak) at 1kHz was us&tlhen coupled with the 4134 calibration
microphone this would produce a reference voltage of 38mV peak to peak or
13.8mVrms. This was monitored on an oscilloscope and used as a quick cheskro

the 4192 driver was generating a calibrated acoustic signal referenced at 94dB SPL
which was referenced as the 0dBssym output. This was concludéiat the system

was operating as required to drive a guinea pig cochlea.

The settings of the equipment shid read as follows, increment 1:10db, increment
2:3db SPL. The Thurlby Thandar machine was turned to the Patrick test and the power

supply chaged with three 1.5V batteries vgaurned on.

Figurel6: The acoustic coupler set up.

The computer programme CAP allowed measurements of click@3;1z 24kHz,
16kHz, 12kHz and 8kHz. Attenuation was used from 94dB in increments of

combinations of 10dB and 3dB. Recordings were saved onto the computer for joint
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analysis the threshold was found and measurements peri threshold taken in
increments of 3dBThe stimulus used to determine CAP responses was carefully
calibrated prior to experimentation as outlined below. It is notable that the results
presented in thahesis generally refer to the stimulus level as dB attenuation, thus the

reader is directed td-igure2.6 for the dB SPL equivalent.

The B&K 4134/4192 driver was coupled via a reciprocity closed calibration chamber
B&K Type 4142 to a B&K 4134 microphantng as the reciprocal calibrator. The B&K
4134 driver was then continuously driven by the TGA1230 at 20 volts peak to peak with
the 200V bias voltage provided by the B&K 2804 power supply which also powered the
4134 microphone. A secondary output fraime B&K 2804 was fed to the Hewlett
Packard 35665A signal analyser, which gave a graphic display of signal intensity in dB
SPL. The driver was calibrated for frequencies between 1 to 30 kHz and found to
operate within the B&K specification. The maximatiput values, in dB SPL, obtained

at 8, 16, 24 and 30 kHze shown irFigurel?.

The acoustic calibration was provided by a 1 kHz tone generator that delivered a 112
dB SPL tone (this device was calibrated by the National Physics Laboratory, Teddington,
UK). The output of the B&K 2804 was also visually checked on an oscilloscope, whic

was used to inspect shaping, and symmetry of the stimulus waveforms.
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Frequency (kHz) Voltage (peak to dB SPL
peak) mV

8 35 92

16 36 92

24 10 83

30 10 84

Figurel7: Maximal driver output (dB SPL) aftelosedfield stimulus at 816,24 and 30kHz

3.8.3Regimen for Auditory Brainstem Responsscordings

Guinea pigs hadn initial ABR recording before any surgery which was either a surgical
control procedure, PLGA pellet insertion or PLGA withb#iic insertion ABR
recardings were then repeated at 1, 2, 4 aridd weeksfor the following groups:
biological control, surgical control, pellet control without antibiotics, pellet loaded
with rifampicin and clindamyciThe guinea pigs tested with pellets loaded witther
rifampicin or clindamycin separately were tested aPp4 and 912 weeksAfter the

final ABR recording, the guinea pigs were killed by a Schedule one procedure of the

Animals and Scientific Procedures Act (ASPA) 1986.
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3.8.4Auditory Brainstem Rsponserecording

Weight was measured prior to each recording and anaesthetic calculations were made
(see Table 6fsuinea pigs were anaesthetised subcutaneously and after 5 minutes was
placed next to the recording apparatus. The animals were carefulljigreed on a
heated mat and a rectal thermometer recorded the core body temperature to ensure
it remained between 388 degrees centigrade. This is important given that ABR
measurements can be affected by core body temperature (Muraletnail., 1992).

Three recording electrodes were positioned subcwtansly as indicated iRigurel4.

Is was important to ensure that the electrodes were placed subcutaneously and not in
the muscle layer as this increased the resistance and hence background noise of the
signaland reduced clarity of the recording. A pair of curved forceps were used to assist
this placement to pick up the skin and avoid placement in theaulas layer. The black
preauricdar reference electrodevas carefully positioned anterior to the pinna &sst

was a hairless field and therefore relatively easy to achieve a good position.
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Figurel8: Image of three electrodes positioned on guinea pig (red: midliive electrode black: pre
auricularreference electrodewhite: rumpground electrodé

To ensure that the electrodes were positioned correctly in the subcutaneous tissue, a
resistance reading was made to ensure recordings werkGi#ms The microphone

and its speculum attachment was then carefully placed into the left external auditory
meatus of the animal to create a closed system and tight seal. Occasionally, a small
amount of debris was required to be removéwm the external auditoy canal to
minimal conductive losses. Whilst ABR recordings were being taken, the guinea pig
was given oxygen via a face mask of 1litre/min and a pulse oximeter attached to the
front left leg to monitor saturations of oxygen and heart rate during the reicm.
Oxygen levels are known to affect the accuracy of ABR recordings with hypoxia causing

threshold elevation and increase in latency (Attias 1990).
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3.9 Terminal anaesthesia and preparation of specimens

3.9.1Schedule JAnimal Scientific Procedures Aeuthanasia

In accordance with Home Office Guidelines, guinea pigs veamhanized by
decapitation after terminal anaesthetic administration. This was given in the form of
intraperitoneal barbiturate cadld pentobarbitone at a dose of 5mland was
performed under NACWO supervision (see acknowledgements). The animals were
monitored for signs of death including loss of respiration, loss of femoral pulses and
rigor mortis. Half of the animals were then decapitated immediately and the middle
ear bulla harvesté and preserved by freezing for histology studies at a ldé¢e. The

other halfunderwent perfusiodfixation.

3.9.2Perfusion andixation

Perfusionfixation was performed on a downflow bench. As soon as death was
established by palpating for asystotee animal was pinned onto a cork mat and the
abdominal skin incised. The peritoneal cavity was opened and the sternum identified.
The sternum was quickly removed using dissection scissors and the immobile heart
identified. The inferior vena cava was thdivided and a perfusion catheter inserted

into the left ventricle. A three way stop tap was then started and fluid for irrigation
IyR GKSY F2NJ FAEFIGA2Yy SYyGiSNBR (GKS OANDdz |
surrounding tissues including the cdeh. The fluid consists of 4% paraformaldehyde

in 0.1M PBS with a pH 7724 and approximately 500 mIs wasn through over a
period of 30 minutes for each animal. Signs of fixation which were obséanckdied
rigidity and extension of the limbs. Once theocedure has been completed, the head
was decapitated and the middle ear bulla dissected out and stored in formalin for

immunostaining and analysis at a later date.
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3.10Middle EarHistology

After the animals wereuthanized the animals were peusedwith fixative and the
temporal bones stored in EDTEthylenediaminetetraacetic acidfor decalcification.
Fixation can be influenced by autolysis of the tissuemfnatracellular enzymes and
bacterial decomposition. The temporal bones were carefathglled anl were stored

in a freezer at minus 18egrees ceisis.

For preparation of the hislogical slides, credit igiven to Dr Jennifer Edwards (see
acknowledgenents). Thestages involved in preparation of the slideglahe steps are
described belovwand were observedThis work was carried out in the MR@edical

Research CouncBuildng at Leicester University.

Three of the temporal bones were embedded in wax and sliced using a microtome to
create slides to visualise and stutlye middle ear higtlogy. Detad d the slide
preparation are gien in sections 3.10.43.10.7. One in twenty slices were takewvery
five microns. The slides were then studied and analysed for evidence of middle ear

chronic inflammation and the pellet remnants were also assessed.

3.10.1 Dehydration

After fixation,temporal bonesvere dehydrated to allow foparaffinwax penetraton.

Immersion in 70% ethyl alcohol prior to dehydration, assists the process.

156



157

3.10.2 Clearing

This stage treats thepecimas with an agent, Wene, to allow the tissue blocks to be
mixed with both alcohohnd paraffin wax. This step alteitse refractive index of the

tissues rendering it almost transparent.

3.10.3 Wax Impregnation

The paraffivaxused ha amelting point of 5PC(TCS Biosciences LTTHe temporal
bones were carefully orientated during mersion allowing blocks to form on

solidification at room temperature.

3.104 Slicing

The specimen bloskwerecarefully sliced in:120 wA { Km etween each slice.

3.105 Removal of paraffin

The paraffin wagemoved using xylene solvent and then washed away with 90%
alcohol as xylene immisciblewith aqueous solutionsA wash with distilled water was

then required for each slice.

3.10.6 Staining

Haematoxylin and EosifH and E) staining waselected for the specimens.
Haeamatoxylin is a basic dye which stains the nucleic acids in the specimeiiaimd
is and acidic dye whicttains the cytoplasm. This combination is the most commonly
used staining method allowing for the histology of the tissues to be stldsing

conventional light microscopy.
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3.10.7 Mounting

A coverslip wa carefully placed over the specimens to preserve and protect the tissue
sections with a smatjuantity of mounting medium DPX distreidri cresyl phosphate

made up in xylene.
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3.11 Cytocochleograms

After the temporal bones in the guinedgs were isolated pogterfusionfixation, they
were treated with10%EDTAdecalcifying agent (made in 0.1M PBS pH774) with

storageat 4°c and rotation over four weeks.

One decalcified, the temporal borsewere kept in PBS at°4 and after an interval,

were dissected to isolate the cochleas. Dissection was supervised by Professor Furness
usingmicro instrumentationand the use ofmicro bladesThis work was undertaken

at Keeté University (please see acknowledgements). These made using slicasf

razor blades mounted on cocktail sticks using superagtlreesive/cyanoacrylate)The

technique of erbloc cochta dissection and then isolation dfie cochlea turns

separately wagound to create the greatest yield in terms of hair cell preservation.

Oncethe turns had been dissecteadthe excess tissue trimmed away, the specimens

were mounted on a slide under a coverslip. Care was taken to ensure that the
specimens were preventefrom dNE A y 3 2 dzll | yriemirdhe wias wpihtd & Y S NI

to ensure correct orientation of the specimens.

Once theslides were mountedusing aNomarskimicroscope, the hair cells both outer
and inner were conted in rows.The presence of a cell was demined by viewing an
intact apical plate and stereocilia (Mahendrasinghatral,, 2011). A template was

used to mark off the absent hair cells. This was provided by Professor Furnes$ and
analysistook place under his supervision at Keele Universitye cochlea were
examined quantitatively allowing a comparison between OHC and IHC in the apex,
middle and basal turns of the coelal Furnes®t al., 1990).This was done sequentially,

starting at the apex and moving in a clockwise manner to the base.
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Cytocochleograms were constructed by plotting the percentage of missing IHC or OHC
as a function of percentage distance from the apex of the cocmMégen hair cells

could not be counted, the size of the gaps were estimated and recorded.

In addition, immunofluorescence was performed in the University Laficester to
demonstrate the hair cells. After specimen dissectidithe individual cochlea turns,
sampes were treated with 0.25% Triton dissolved in PBS for 30 minutes and repeated
twice. Amixture of PE and Triton 0.25%halloidin 2.5% and DAR, 6-diamidino-2-
phenylindolg 4 micrograms (with a concentration of 5Smg/m§pecimens were left
shielded from the ambient light with a foil cover for over 2 hours. After this exposure,
washing the specimens PBS for 10 minutes was required before mounting on a
coverslip. Tie specimens were visualised underismmunofluorescenceamicroscope

and images were captured.

160



161

3.12Pellet manufacture and preparation

Pellet design, manufacture and preparatibas been undertaken at the Wersity of
Nottingham Department of Trauma and Orthopaedics under the supervision of
Professor R Bayston and Professor K Shakesheff. This is recognised in my
acknowledgements. The details of the pellet manufacture are al&tighed (Daniel

et al, 2012).

Pellets are made with PLGA 50:50 56kbiaro particleswith pluronic F127 (20%)
solution. The ratio of the PLGA to the gel is 1 to Tt& oil/water emulsion method
was used to preparenicro particleswith 1g of PLGAvas dissolved in 6.7 mL of
dichloromethane (DCM)SfgmaAldrich, Gillingham, UKh a glass container, and
added to 200 mL of 0.3%lyvinyl alcoho(PVA) (Sigmaldrich, Gillingham, UKThe
mix was homogenised using a Silverson L5M mixer for 2 minute30GORPM

(Silverson Machines, Chesham, (Bilverson 2010)

The emulsion, at room temperature, was then left stirring overnight (16 hours) with a
50 mm glass flea on Variomag Poly magnetic stirrer (Variomag, Daytona BeaAgh, US
set at 300rpm, to allow DCM to evaporaiee following daythe PVA / PLGA emulsion
was aliquoted into 50mLcontainers, and centrifuged at 3000 rpm for 5 minufie$SE
Mistral 1000, London, UK)'he supernatant was discarded, and the particies

suspended in déonised water and centrifuged again

The step was repeated until the samples had been centrifuged three times in water.

The resulting PLGA suspension was filtered through a 40um filter to remove any large

clumps, frozen in liquid nitren and then freeze dried (ModulyoD, Thermo Electron
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Corporation, Walthen, MA USA) prior to storage aninus 20°C.The size of the
particles was determined by laser diffraart with Coulter LS230 particle size analyser
(Beckman Coulter, High Wycombe, ,#did state 780nm las¢rusing the Garnett
optical formula. Using this method, the mean particle diameter size obtained was

12.31 pum, median 11.70 yum and mode 15.37 um.

The pellets were produced byixingU\-sterilisedPLGAmicro particleswith a carrier

gel and antibiotics, placing theix into a Polytetrafluoroethylene mouldesigned to
producepellets 3mm long and 2.5 mm diameter, with a central 2Imm diameter hole
(the result of a stainless steel pin); the pellets thus had the appearance of a small tube,
with the central hole designed to prevent airtight obstruction of the Eustachian tube
should the pellet move in the middle ear following placement. The pellets were
sintered at 60°C for 16 hours, taken out of the mould, and sterilised again with UV

(ultraviolet) light.

The pellets were composed BLGALakeshore Biomaterials, Birmingham, USA) with

2% high viscosity sodium CMC (Blanose®, Aqualon / Hercules, Widnes, UK) or 20%
Poloxamerpluronic F127 SigmaAldrich, Gillingham, UK) (the PLGA to gel raigs w
1:0.8) and antibiotics rifampicin (Codman, Wokingham, UK) and clindamycin {Sigma
Aldrich, Gillingham, UK) at a high concentration of 4% (rifampicin) and 24%

(clindamycin) of the PLGA weight.

The antibiotics added to the pellets are rifampicin fr@gma and clindamycin o
Fluka. The doses of rifampicin and clind/cin used are equivalent ta0° MIC
(minimum inhibitory concentration) and arsufficient to achieve eradication of

biofilms ofStaphylococcuAureus.These are clindamycih10%g; rifanmpicin2.10°g.
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The pellets underwent-Beam sterilisation and were vacuum packed prior to transfer
on ice tothe University oLeicester where than vivowork was carried out. The pellets
were stored in a fridge at°cand individually labelled until imi@ntation in the animal

models.

////,//f

I

Figure19: Image of two pellets laden with rifampicin with cm scale

The concentrations of the pelletsa be calculated with the assumption that the

volume of each pellet isylindrical and isalculated asherefore 14microlitres.

In this volume there is a molar concentration of rifampicin and clindamycin as follows:
Rifampicin 823 g/mol

823 g in 1M in 1litre

1152gisl.4M in 1 litres

1152gis 1M in 1.4 litres
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1152g is 1Mn 1400 000 00@nicrolitres

There i x 10’ g in 14microlitres
So divide 1152¢g by 1®to get how mag grams for 1M in 14microlitres

=1.15x 106gfor 1M in 14microlitres

The concentration is 11f8M for 2.1 x 16g

Clindamycin 425ghol

425gin 1M in Hre

595gis 1.4Min 1 litre

There i x 10%g in 14 microlitres

So divide 5959 by 1®@to get how many grams for 1M in 14 microlitres

=5.95 x 167g for 1M in 14 microlitres

The concentration is 35r8M for 2.1 x 10f%g
The doses of rifampicin and clindgioin used in combination are the same as when

the antibiotics are individually loaded onto the pellets.

Summary

Rifampicin concentration is 1.8mM for 2.1 x°§0

Clindamycin concentration is 35.3mM for 2.1 x*40
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3.13Cadaveric experiments

Tentemporal bones were collected from five adult male guinea pigs of Dttiitley

strain. Their weight ranged from 478589 with a mean of 524g. The guinea pigs were
being used for cardiology research carried out at the University of Leicester. After they
were killed by a schedule one procedure, guinea pig heads were collected. No ethical
approval was required for this study. Guinea pig cadavers were studied and dissected
under the microscope (KAPS DP Medical) and anatomical measurements were made

using aspecially designed sliced transparent ruler in millimetres.

Simulation of surgical access to the middle ear was performed assessing the
transtympanic access and bulla approaches (both anterior and posterior). Volume
measurements were undertaken using nagyringe to inject IMS (Industrial
Methylated Spirit) via the ventral bulla and then the fluid level vsagn at the
tympanic membrane where a myringotomy had been made. IMS was chosen to
eliminate air bubbles in the bulla. This was repeated in triplicaté averaged. The

ossicles were identified and also weighed.

Ten temporal bones were also collected from five adult male Wistar rats. They were
also being used for cardiology experiments at the same site. Again, no ethical approval
was required for thisanatomical comparison studysing cadaveric specimens

Measurements were again made under the microscope, volume measurements using

the same technique and the ossicles were weighed.

Phaograph ofcadaveridmages were taken usidgiage J computer programe.
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3.14 Statistical analysis

Data wasarranged in Excel spreadsheets for analy3#&a was analysed by one tailed
paired ttests witha priori assumption of threshold increase. Significance was set at

p<0.05 (Bonferroni correction). This was usedrnalgse ABR threshold elevation.

Repeated measures ANOVA on all data sets was not justified due to changes in
variance post week Qweek Ostarting on the day of initial ABR recordjnglolm-
Bonferroni correction was made to minimise a Type 1 error given the multiple

comparisms made usingtests (Holm, 197p

C N& S RtWd wayraalysisof variancewas undertaken using software programme
Minitab 17.This was selected as the most appriate test for analysis over time of
the median values and was selected for amplitude and latency analysis of ABR due to

the variability seen.
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4.1 Anatomical comparison

4.1.1 Extanal relations of thetemporal bone

The guinea pig temporal bone is located at the posteinderior aspect of the skull
and is composed of the four main components: squamogspianic, zygomatic and

mastoid. The zygomatic arch articulates with the temgmandbular joint.

The tympanic section is composed of the tympanic ring, ventral and dorsal tympanic
bulla. The ventral bulla is the dominant air space in the guinea pig méaiend
articulates with the smaller dorsal bulla via the incudomalleal complex. The smaller

dorsal bulla is analogous to the epitympanum in theniam.

The rat temporal bone has a similar basic structure and is also found in the posterior

inferior part of the skull. There is only one middle ear bulla compartment in the rat,

unlikethe guinea pig which has both the dorsal and ventral bulla
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4.1.20uter ear:

The guinea pig pinna has a characteristic round shape with a consistent tragal/anti
tragal © widest diameter of 29mm. The rga of this measurement was 80mm
(Table 6). The outer ear canakicartilaginous with a curvature which could be
straightened by pulling the pinna in a posterior dorsal direction to visualise the

tympanic membrane undethe microscope.

The ear canal narrows to its smallest diametEBmmmeasured obliquelgat the bony
canal openingAfter this point, it widens again to reach the tympanic membrane. The
meantotal length of the ear canal is 1&n (fange 16011mm) and thebony length is
3mm. The view of thguinea pigympanic membrane from the ear canal and hence a
transtympanic approach is limited to the malleus handle and the superior part of the

annulus onlyTableb).

Ly O2yiN) ad> 0G§KS NI on@@ith antzanfisidetSrloNeD.KHima | A Y
(range 2621mm). Again this was measured from the tragal/antitragal junction to the
LR2AYG 2F 3INBFrGaSaid RAadGlIyOS 2y (KS LAYyYIl ®
diameter in compariso with the guinea pig ear canas & does not have the fluting

aspect getting narrower and thewidening again before reaching the tympanic
membrane.The narrowest pointof the rat EAChowever, is at the bony canal rim
measuring2mm in diameter. The view of the tympanic membrane unddrwet

microscope is greater than that of the guinea pitpwing a greate view of the

tympanic membrane due to the consistent diameter and lack of fluting.
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Animal | Mean Mean external | Mean bony | Mean bony | Area of
pinna auditory canal | canal canal tympanic
diameter | length/mm diameter/mm | length/mm | membrane

/mm?
/mm
Guinea 29.0 10.2 2.9 3.0 35.2
pig
n=10
Rat 20.2 8.2 2.0 1.0 10.7
n=10

Table6: Measurements of the external auditory canal and tympanic membranehe guinea pig and

rat

Animal | Anterior- | Malleus handle | Malleus handle to | Malleus Malleus
posterior | to epitympanum/mm | handle to handle to
distance | hypotympanum round Eustachian
of /mm window/mm | tube/mm
bulla/mm

Guinea 10.0 7.0 3.0 1.8 7.0

pig

n=10

Rat 6.9 4.0 1.35 1.3 2.75
n=10

Table7: Measurementsof the ventral bulla of the guinea pig and middle ear of the rat.

Measurenents of the mass of the guinea pig malleus and incus in combination can be
plotted as a function of the inverse root to the power 3 against the highest frequency
in kHzguinea pigspeciesan heaFigure 20)There is a linear correlation seen when
other malleus and incusneasurements are made and plotted against bigh
frequency of hearing in kHz for rat (Salih et al., 2001) and human speciesgeemil

al., 1995)
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Figure20: Graph to show the relationship between the highest frequency of hearing (Hz) and mass of
malleus and mcus (mg) for different species: human, guinea pig and rat
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4.1.3Middle ear:

The tympanic membrane of the guinea pig has a diameter of 6.9mm (rangerrd
which was measured using a riniletre gauge rulefrom the inner mucosal surface

after opening up the ventral bulla.

The ventral bulla is the main air spaafehe middle ear and hasraeanvolume of 119
microlitres. The dimensions of the ventral bulla are showiTable7. The anterior
posterior diameter is 13mm and the distance from the malleus neck to the floor of the
hypotympanum 7mm. The width is variabblong the length with the cochlear
positioned posteriorly and the ossicular chain on the medial wall.

The ossicular chain in the guinea pig unusually has a fused malleuscasdaimd a
separate stapesThe mass of the incudatieal complex is 5.4 mffange5.0mg

5.9mg.

The cochlear impression is clearly seen in the ventral bulla with the round window and
oval window via the stapes footplate clearly identifiable. This is the anatomical
connection from the middle to the inner ear and hence can bes®ed to facilitate

recording or drug delivery to the inner ear.

In contrast, the rat tympanic membrane has an oval shape with a diameter of 4mm.
Again this was measured from the inner mucosal surface after opening up the ventral
bulla. The rat middle eahasone main compament, unlike the guinea pig which has
both the ventral and dorsal bulla. The rat middle éasa volume of 40 microlitets

The anteriorg posterior diameter is 6.9mm and the distance from the malleus neck to
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the hypotympanum 4mm. Thpromontory is less defined. The dimensions & tht

middle ear bulla are shown in Table
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4.2 Surgical approaches to the middle ear

4.2.1Transtympanic

Transtympanic access to the middle ear in the guinea pig is possible for surgical
implementation down the External Auditory Canal (EAC) but is limited by 3mm
diameter at its narrowest point. This constriction makes manipulation of instruments
and hence swgery difficult or impossible. The tympanic membrane area accessible
down the transtympanic approach is limited to the superior quadrant. With the benefit
of cadaveric work, transtympanic injections and myringotomy are possible although
technically challerigg. Insertion of a mini Shah grommgidept medicalwith a
diameter of 1.5mm wald be feasible (Adept medicabut not a regular siz&hah

grommet with a diameter of 2.5mm.

Instrumentation down the EAC of the guinea pig and surgical manipulation of the
ossicles would be very difficult. Due to the narrowing and then funnelling out of the
EAC, raising a transtympanic flap would also not be possible to allow access to the

middle ear for ossiculoplasty, myringoplasty or drug delivery routes to the middle ear

The rat EAC does not narrow in the same manner as the guinea pig, but it has an overall
narrower diameter of2mm. A relatively larger areaf the tympanic membrane is
accessible in comparison with the guinea pig, but restricted access is again
problematic.Instrumentation and insertion of ventilation tubes down the EAC would

be technically challenging in the rat due to the narrow dimensions.
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4.2.2Retrobulla

In the guinea pig, a post daular incision and removing post auricular muscle
attachmentswould expose the ventral bulla posteriorly. This would allow a hole to be
made in the bulla wall and visualise the cochlea and access the ratmabw.
Catheter insertion and sampling of the perilymph could be done via this route
(Selvaduraet al., 2000) The distance from the posterior ventral bulla to the anterior
becomes constricted between the cochlea and the tympanic membrane and hence
accessto the anterior aspet of the ventral bulla from thigosterior approachis

limited.

In the rat model, the e&trobulla approach also allows exposureth® cochlea and
round window. However Here is less constriction between theatdea and tympanic

membraneat its narrowespoint allowing aconduit from posterior to anterior bulla.

4.2.3Anterobulla

This approah to the middle ear would be challengingedto the proximity of the
temporomandibular joint to the anterior aspect of the ventral bulla. Disruption of this
joint would prove to be disabling to the animal post operativedpecially regarding
feeding Acess can be achieved via an incision inrteekand dissection. Bfpllowing

the posterior belly of digastric superiorly to its insertion at ttgloid process, the
adjacent middle eabullacan be identifiedPinillaet al., 2001). The anterior bulla whl

can be breeched and access to the ventral bulla gai@d¢der important structures
which should be recognised and preserved include the facial nerve, facial vein and

branches of the internal carotid artery.
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The anterebulla approach in the guinea pign®ore technically difficult than the rat
model because of the larger mandible and the thicker anterior bulla wall. In both the
rat and guinea pig animal models this approach is possible allowing access to the

Eustachian tube and ventral bulla.

Access totlte ME bulla via the anterobulla approach allows careful placement of pellets
away from the ossicular chain. This situation differs from transtympanic access where
0KS LIStfSG Aa aLRaldSRé GKNRAAK | Ye@NRy3I2i
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4.2 .4 Discussion of cadaveric work

With the fixed pellet dimensions, both the guinea pig and rat models are unsuitable
for transtympanic insertion of the pellet via a myringotomy into the midelte as
would be the futwe potential clinical scenario in patientShis isprecluded in the
rodent animal modelgiue to the diameter of the pellet at 2.5mm and the relative
diameters of thebony ear canals othe rat ard guinea pig a.0mm and 2.9mm

respectively.

The guinegpig modelis the preferredto the rat model because of thdarger bulla
volume of 119 microlitregompared to40 microlitres. Insertion of the pellets into the
ventral bulla via a fenestration of the anterior wall allows careful placement away from
the osscular chainand in a consistent location of the ventral bulla which is important
for experimental ototoxicity testingMinimising variables between experiments
including the position of the pellet is important to standardise testing. This can be

more readly achieved through the surgical anterobulla approach.
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The anterobulla approach has technical challenges due to the access via a cervical
incision and careful dissection aasgtoidance oftructures including the facial nerve,

vein and branches of the aatid artery. The tempromandibular joint is also at risk of
potential damage and should be carefully preserved. The surgical approach and its
success can be reviewdabm the postoperativecomplication rateandthe response

of the surgicalcontrol groupsto surgery.

The gunea pig model is suitable when considering its similarities with the human
temporal bone. There is a ME compartmerihe bulla which contains the ossicles and
communicates with the IE. The guinea pig ossicular chain is fused wiithdheo

malleal complex, whereas the human has three separate ossicles. This is an anatomical
difference but is not considered to impact on the guinea pig use as an animal model.
The human ME communicates with the mastoid air cell complex for aeration in a
similar manner to the guinea pig tympanic bulla connecting to the mastoid air cell
system (Gokseet al., 1992). These anatomical similarities between the human and
guinea pig temporal bones emphasige suitability of using guinea pigsan animal

modelin experimentsassessin/E pellet insertion.
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5.1.1 ABR thresholdesults analysis

Data was analysed by one tailed pairetsts witha priori assumption of threshold
increase. Significance was set at p<0.05 (Bonferroni correction). Repeated measures
ANOVAanalysion all data sets was not justified due to changes in variance post week
0 which is defined as the initial ABR recordifibe HolmBonferroni correction was

also applied to the data.

For thesehree treatment groups, biological control, surgical control and PLGA pellets
(see Figures 2122 and 23), the mean ABR thresholds at week 0 were directly

comparable falling between 352 dB SPL

5.1.2 Changes in ABthreshold over 830 kHz over weks Q16:

biologicalcontrol group

Figure21 shows the changes in threshdiar the Biological, oritne Control Group. In
this nonintervention group withoutsurgery, mean ABR thresholds oveB® kHz
remained stable with relatively low variability. Mean thresholds from weekizh is
the day of initial ABR recordingiried from-1 to 6 dB. Only one excursioh6dBat
30 kHzreached significance at week Hhd was not considered to be of marked

biological significance.
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ABR Thresholds 8-30 kHz
90 Biological Control dveess
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Figure21: Biological Control showing no signifiont changes in rman ABRhresholds over @16 weeks
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5.1.3 Changes in ABRireshold over 830 kHz over weks Q16:

surgical ontrol group

Figure 22 shows the changes in thresholidr the surgical control @up. ABR
thresholds over 80 kHz showed greater variance post wee#stt@he onset of ABR
recording Mean ABR thresholds from week 0 varied from 1 to about 10 dB. Only one
excursionof 10dB at 16 kHz reachedignificancewhich would be considered of
biological significance. By week 16 mean thresholds were wittorddiB of those at

week Owhen ABR recording commenced

B ABR Thresholds 8-30 kHz _ Control
Surgical Control Week |
80 -
. Week 2
- L — Week 4
7
m 60 - Week 16
T
T ‘
< 50 -
=
7]
40
=
=
30 4
20 1 ‘ » ; ; . |
5 10 15 20 25 30 35 40

Frequency (kHz)

Figure22: Surgical Control groughowing only one significant change lBRthresholdat 16 kHz at
week 1 (marked with a *).
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5.1.4 Changes in ABR threshold over38 kHz over weks Q16:

PLGAand pluronic gllet control goup

Figure 23 summarises threshold changes for the PLGHNep Goup. Mean ABR
thresholdshifts over 830 kHz fell betweenl to about 12 dB. Whilst some elevations

at 24-30 kHz were significaponly one was above 10 dB (12.3 dB) at 30 kHz for week

16 (p=0.016).
ABR Thresholds 8-30 kHz Carital
Pellets Alone
2005 e Week |
W
80 - o eek 2
............. Week 4
a
w0 _ Weekl6
=
©
" —
§ 50 -
£
|_
40 -
30
20 ‘ , : ; ‘ ; ;
5 10 15 20 25 30 35 40
Frequency (kHz)

Figure23: PLGAand pluronicPellet alone showing one significant change in thhedd of 10 dB at 30
kHz at week 16 (marked with a *)
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5.1.5 Changes in ABRhteshdd over 830 kHz over weks Q16:

Pellets withrifampicin and clindamycin in@mnbination

Figure24 shows thehighly significant changes inean ABR threshold acrosstually
all frequencies over eeks 116. A number of unusual featurese present in these

thresholdelevations which are discussed at the diffiertime points.

ABR Thresholds 8-30 kHz
Pellets + Antibiotics
Week |

LR

90

80

VW eek 2

Week 4

70
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&0

50

Threshold dB SPL

40
30

20
5 10 15 20 25 30 35 40

Frequency (kHz)

Figure24: Rifampicin and indamycin loaded PLGAnd pluronicpellets. Highly significant changes at
virtually all frequencies over wekes 116. Not all significance levels indicated.

Week 1
Highly significant (P< 0.0@20.0001) threshold elevations of between-80 dB are
seen at all frequencies dtweek post pellet implantatioo which occurrednitially at

week Q The pattern of elevation isnusual as iaffects all frequencies. This would be
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consideredan atypical pattern of los®f ototoxicity as higher frequencies are typically

affected more than lower frequencies

Week 2
Meanthresholdelevationsremainhighly significant across dtequencies of btween
25-40dBat week 2post pellet implantation. There is some evidence of slight recovery

at 1624 kHz.

Week 4

InFigure24 at week 4there appeasmore marked recovery over 24 kHz with mean

threshold elevations of between 126 dB. The mean eletrans of about 10 dB at 16
and 24 kHz are statistically signifitagp=0.05 and 0.07) However, mean ABR

thresholds at 8, 12 andi3kHz remain clearly elevatéetween 2035 dB.

Week 16

Signifcant threshold elevation rangeasetween 1130 dB over 80 kHzat week 16.
Hevationat 1624 kHz vas significant p=0.019¢ 0.005). The largest elevations of
nearly 30 dB were seen at 8 and 30 kHz. The unymaitdrn of threshold elevation

affecting low and high frequenciés maintained.

5.1.6 Changes in ABkhreshold over 830 kHz over weks 016:

pellets with rifampicin tested separately

Following the findings with the antibiotics in combinatjdine effed of the PLGA ad
pluronicpelletsloaded separately with either rifampicin or clindamywias examind.

This was performed in two separate experimental sittings: 2012 and 2013. There was
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an altered anaesthetic regimen for experimeperformedin 2013 due to the lack of
availability of Hypnorm (see section 631 anaesthetic regimen 4: Hypnorm

substitution).

Figure25 shows the results for ifampicin aloneat weeks 0, 2, 4 and 12. At week 2
thresholds were elevated by 280 dB across all frequencies. Notwithstanding these
elevations the variability means thatost Bonferroni correctionsignificance was
marginal (p=0.031 to 0.083) apdrom at 8 kHz where the 28 dievation was highly
significant at p =0.006. Ovexperimentalweeks 212, mean thresholds gradually
showrecovery firally falling to within €15 dBof initial values atveek 0. These didot
reach significangebut are considered likely to be biologically real. Again, the pattern

of thresholdelevation is of interest as it involves all frequencies.

ABR Thresholds 8-30 kHz
100 Pellets + Rifampicin — Week 0
20 m— \Week 2
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o
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5 10 ) 20 25 30 35 40
Frequency (kHz)

Figure25: PLGA and lpronic pellets loaded with rifampicimlone (n=8.
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5.1.7 Changes in ABR Threshold oveB8 kHz over Weeks-06:

pellets with dindamycin tested separately

Figure26 shows the results for ¢indamycin alone (n58 Mean elevations at week 2
were between 15830 dB. Only one value r@ched sigricance at week 230kHz with a

mean threshold elevation of 32dB.

ABR Thresholds 8-30 kHz
100 Pellets + Clindamycin Alone
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Week 2

— VVeek 4

50
Week 12

40

Threshold dB SPL

30

20
5 10 I5 20 25 30 35 40

Frequency (kHz)

Figure26: PLGAand pluronicpelletsloadedwith clindamycin alone (n=8

Over weeks 22, meanthresholds again gradually demonstrated recovery reaching
within approximately0-25 dB ofnitial week 0 values. These again were not significant
¢KS W' Q aKFLISR StS@lriAz2y LI GGSNY @fF (§KNBa

relative sparing of mal frequency values seen.
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5.1.8 HolmBonferroni correction for the ABR threshold data

Multiple comparisons were performeon the ABR threshold data and therefore the
HolmBonferroni correction was applied to the p values. This was done to minimise

the risk of a Type | error.

Tables 813 show the Him Bonferroni corrections applied to the ABR threshold data.
There is only sporadic rejection of the null hypothesis which is highlighteexezpt

for Tablel1which shows the null hypothesis rejected for rhosthe p valuesOverall,

this statistical correction therefore confirms the sifgrance of the results from the t
tests with no significant threshold elevation seen in the control groups and pellet with
either rifampicin or clindamycin separately. Tads significant threshold elevation
seen in the pellet loaded with both rifampicin and clindamycin across all thresholds at

weeks 1 and 2 with some low frequency recovery at week 16.

BC Frequency
8kHz 12kHz 16kHz 24kHz 30kHz
Week
1 0.040 2 0.070 1 0.950 4 0.534 3 0.070 1>0.0125
>0.0125
2 0.088 3 0.070 1 0.350 3 0.090 2 0.150 2
>0.0125 >0.167
4 0.030 1 0.550 3 0.169 2>0.167 | 0.686 4 0.250 4
>0.0125
16 0.579 4 0.870 4 0.002 1 <0.001 1 0.210 3
<0.0125 <0.0125

Table8: Biological control threshold p values and the Holm Bonferroni correction. Values where the
null hypothesis is rejected are highlighted red.
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SC Frequency

Week | 8kHz 12kHz 16kHz 24kHz 30kHz

1 0.084 2 0.227 3 0.6773 0.0361 0.2333

>0.0125

2 0.864 4 0.908 4 0.3651 0.7324 0.1152
>0.0125 >0.0167

4 0.052 1 0.164 1 0.5532 0.1382 0.2333

>0.0125 >0.0125

16 0.3343 0.2252 0.702 4 0.398 3 <0.001 1
>0.0125

Table9: Surgicalcontrol threshold p values and the Holm Bonferroni correction. Values where the null

hypothesis is rejected are highlighted red.

P Frequency
Week | 8kHz 12kHz 16kHz 24kHz 30kHz
1 0.603 4 0.842 4 0.1291 0.1773 0.1314
>0.0125
2 0.277 3 0.2732 0.3652 0.0291 0.0231
>0.0125 >0.0125
4 0.1371 0.1111 0.656 4 0.0702 0.0282
>0.0125 >0.0125
16 0.1422 0.814 3 0.605 3 0.9414 0.0333

Tablel0: Pelletcontrol threshold p values and the Holm Bonferroni correction. Values where the null

hypothesis is rejected are highlighted red.

PA Frequency

Week | 8kHz 12kHz 16kHz 24kHz 30kHz

1 0.00004 1 0.000012 1 | 0.0011 1 0.0009 1 0.00008 1
<0.0125 <0.0125 <0.0125 <0.0125 <0.0125

2 0.0003 0.001 0.005 0.005 0.0009
3<0.025 2<0.0167 2<0.0167 2<0.0167 3<0.025

4 0.00015 0.007 0.101 4 0.136 4 0.0136 4
2<0.0167 3<0.025

16 0.001 4 0.009 4 0.037 0.010 0.0008

3>0.025 3<0.025 2<0.0167

Tablel11l: Pellet with rifampicin and clindamycithreshold p values and the Holm Bonferroni
correction. Values where the null hypothesis is rejected are highlighted red.
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PRif Frequency
Week | 8kHz 12kHz 16kHz 24kHz 30kHz
1 0.012 0.166 0.106 0.062 1 0.090
1<0.0125 1>0.0125 1>0.0125 >0.0125 1>0.0125
4 0.441 3 0.2022 0.1782 0.146 2 0.1252
12 0.251 0.499 3 0.427 3 0.620 3 0.199 3
2>0.0167

Tablel12: Pellet with rifampicinthreshold p values and the Holm Bonferroni correction. Values where
the null hypothesis is rejected are highlighted red.

PClind Frequency
Week | 8kHz 12kHz 16kHz 24kHz 30kHz
1 0.2252 0.201 0.197 2 0.074 0.049
1>0.0125 1>0.0125 1>0.0125
4 0.3183 0.6182 0.4323 0.5703 0.1242
12 0.051 0.966 3 0.192 0.1202 0.1883
1>0.0125 1>0.0125

Tablel3: Pellet with clindamycirthreshold p values and the Holfonferroni correction. Values where
the null hypothesis is rejected are highlighted red.
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5.1.9Summary and discussion of ABR threshold results

The ABR threshold results do not show any significant exaiwr$iominitial week 0
valueswhen initial ABR testing occurréal the hiological control, surgical control and
PLGA and pluronic pellet groups. As ABR threshold elevation is used as a measure of
safety of ME pelletdt can be concluded that the surgical access to the middtdoula

and insertion of the PGA and Pluronic pellet did not affect the heanmgchanism

These results support the guinea pig animal mddeiniddle ear experimentation and

was an interesting finding for model development because of the significant surgical
and experimental intervention in a small middle ear spadee anterobulla access to

the middle ear in the guinea pig has also been shown to be reproducible and safe

method without damaging to the hearing mechanism.

The ABR threshold elevation seen dtfedquencies after PLGA and pluronic pellet
loaded with rifampicin and clindamycin in combinatipersistsat the high and low
frequencies at week 16 however, there was some recovery in the mid frequency range.
This ABR threshold elevation suggests thatantibiotics in the pelletmay affect the

ME hearing mechanism

The significant and sustained elevation of threshold seen with the antibiotic
combination of rifampicin and clindamycin was unexpected and unusual in
appearance. The partial mid frequen®@covery and persistent elevation at 8 and 30
kHz seen at week 16 does not appear to have been reported elsewhere. This first
reporting would suggest that the drugs in combination at these levels in the pellet may

not be suited for use in humans.
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The AR threshold results for pellets loaded with either rifampicin or clindamycin
tested separately also resulted in unusual patterns of threshold elevation. These
results are not as pronounced as the drugs used in combination, suggesting a

synergistic effect étween the two antibiotics when used together.

Analysis of the amplitude and latency changes of the ABR waveformsitiitah
readings atwveek 0 to week 16 would show if there is any evidence of neurotoxicity
with waves P2 and PiBdicating an effect orthe central processes in thauditory

pathway.
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5.2 ABRamplitude results analysis

5.2.1 Changes idBR amplitude of mlogical control group over

74-94dB at 16kHz

The amplitude of ach ofthe waveforms P1,P2 and P3 wasalysedn turn at 94dB,

84dB and 74dB. The amplitude of wave P1 did not show any significant changes over

16 weeks.
ABR P1 Biological Control 94 dB SPL
16 kHz: Amplitude vs Time
2 84 dB SPL
3 15 _ 74dBSPL
)
3
= 1
o
E
0.5
O |
0 4 8 12 16
Time (Weeks)

Figure27: Changes in ampiide over time forbiological control group atl6kHz analysing the P1
wave. Significance idenoted by a *
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Wave P2 showedne significant decrease in amplitude for week 1 at 94dB frd&@4l.

uV to 0.976 uV (sekeigure28).

ABR P2 Biological Control 94 dB SPL
16 kHz: Amplitude vs Time
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Figure28: Changes in amplitude against time biological control groupl#kHz analysing the P2 wave.
Significance is denoted by a *

Analysis of wave P3 at 16kHz shows a significanictiedh in amplitude at week 1 from

2.02 uV to 1.029V (p 0.037 at 94dB SeeFigure29.
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Figure29: Changes irmmplitude against time biological control group at 16kHz analysing the P3 wave.
Significance is denoted by a *
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Overall, there are some excursions seen in dneplitude for the biological control
group from initial ABR readings ateek O at all three leus of hearing (74, 84 and
94kHz)when analysingat 16kHz The most significant results however seem to be at
week 1 with resolution at weeks 2, 4 and Te most pronounced results also appear

to be seen in waves P2 and P3.

5.2.2 Changes iABR amplitudeof biological ®ntrol group over

74-94dB at 24kHz

Biological control group at 24kHz shows no significant excursions fromitiaéweek

0 ABRvalues m analysis of P1 famplitude. Sed-igure30.

1 5 ABR P1 Biological Control ____ 94dBSPL
' 24 kHz: Amplitude vs Time

84 dB SPL

_____ 74dBSPL
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Figure30: Changes in amplitude against time biological control group at 24kHz analysing the P1 wave.
Significance is denoted by a *
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Analysis of wave P2 at 24kHz showed that there was one significant reduction in

amplitude at 94kHz from 1.348uxbm initial ABR recordings ateek O to 0.722 uV at

week 1 ( p=0.0438). Séégure31.

5 . ABR P2 Biological Control __ 94dBSPL
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Figure31: Changes in amplitude against time biological control group at 24kHz analysing the P2 wave.
Significance is denoted by a *

Wave P3 for bioldgal control group at 24kHz also shows a significant decrease in

amplitude at week 1 for both 94d@=0029) and 84dB (<0.01).SeeFigure32.

ABR P3 Biological Control __ 94dBSPL

24 kHz: Amplitude vs Time
84 dB SPL

74 dB SPL
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Figure32: Changes in amplitude against tim@r biological control group at 24kHanalysing the P3
wave. Significance is denoted by a *
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Overall, the amplitude results for éhbiological control group shodecreased values

at both 16kHz and 24kHz in waves P2 and P3 at week 1. 94dB showed significant

decreases in waves P2 and P3 for bbtkHz and 24kHz and for wave P3 was also a

significant amplitude reduction for 84dB at week 1.

5.2.3 Summary bchanges ilABRamplitude of biological control

groups at 16kHz and 24kHz

There are no changes in the P1 wave amplitude seen at both 16kH24&khtt. For

wave P2 there is a decrease in amplitude at week 1 only seen at 94dB for both 16kHz

and 24kHz. There is also a decrease in amplitude for wave P3 at week one in both

16kHz and 24kHz at 94dB and also 84dB at week one for ZRable 1.

P1 P2 P3

BC 16kHz - @ 6SS1T N @ 6SS1 M

BC 24kHz - @ 6SS1 @ 6SS1
94dB,84dB

Table14: Changes in amplitude for waves PR3 measued at 16kHz and 24kHz for thedbogical

control group.
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5.2.4 Changes ilABRamplitude of surgical control group wer 74

94dB at 16kHz

There are no significant excursions framtial ABR recordings ateek 0 on analysis of

wave P1 in the surgical contrgroup for 16kHzRigure33).
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Figure33: Changes irmmplitude against timefor surgical control group at 16kHz analysing the P1
wave. Significance is denoted by a *

Wave P2 shows one significant decrease in amplitude at week 1 for 94dB in the surgical
control groupat 16kHz. There is a decrease from 1.503 uV to 0.771 uV (p =8iad)

a two tailed testFigure34 demonstrates this.
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Figure34: Changes in amplitude against tim@r surgical control group at 16kHz analysing the P2
wave. Signiicance is denoted by a.*

Wave P3 showsignificant decreases in amplitude at weeks 1 for 94dB with actéxiu
F2NY H Ppn derp<0.@1) amdmsy at wéel at 74dB with a reduction fro

1.091uV to 0.653uV (©:02). This is shown Figure35.
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Figure35: Changes in amplitude against tim@r surgical control group at 16kHz analysing the P3
wave. Significance is denoted by a *
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5.2.5 Changes ilABR amplitude of grgical control group over 74

94dB at 24kHz

There were no significant excursions fronitial ABR recordings ateek 0 seeron

analysis ofvave P1 at 24kHz (s&#gure36).
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Figure36: Changes in amplitude against tim#@r surgical control group at 24kHz analysing the P1
wave. Significance is denoted by a *

For wave P2 there was one significant reduction in amplitude seen at 94dB. At week 1
the amplitude was 1.396 uV and this changed to 0.664uV (p=0.049). At week 1 there
was also a reduction in amplitude for 84dB frar821 to 0.6 uV and this did not reach

statistical significance but was close with a p value of O(Biure 37)

197



198
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Figure37: Changes in amplitude against timir surgical control group at 24kHz analysing the P2
wave. Signifiance is denoted by a.*

Wave P3 shows a significant reduction in amplitude at week 1 for 94dB (p=0.05) and

74dB (pH.012). Please refer tBigure38.

ABR P3 Surgical Control __ 94dBSPL
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Figure38: Changes in amplitude against tinfer surgical control group a4kHz analysing the P3
wave. Significance is denoted by a *

198



199

5.2.6 Summary ofchanges inABRamplitude of surgical control

group at 16kHz and 24kHz

P1 P2 P3
SC 16kHz - @ ©5SS] @ $SS]
94dB,74dB
SC 24kHz - @ 5SS] @ 5SS w™m
74dB

Tablel5: Changes in amplitude for waves PR3 measured at 16kHz and 24kHz for the surgical control

group.

Overall, thereare no changes in amplitude for wave P1 in the surgical control group at

16kHz and 24kHz. For wave P2 there is a significant decrease in amplitude seen in wave

P2 at 94dB week 1 at both 16kHz and 24KHRable 15) There is a decrease in

amplitude seen invave P3 at both 16kHz and 24kHz for 94dB and 74dB.
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5.2.7 Changes inABR amplitude of PLGA andluronic pellet

control groupover 7494dB at 16kHz

There were no significant excursefmom weeks 616 for the pellet contol group at

16kHz oranalysis of themplitudeof waves PF2 andP3 (Figures39,40,4).

rao | ABR P1 Pellet Control 94 dB SPL

16kHz Amplitude vs Time
1.20 ___ 84dBSPL

74 dB SPL

v.ouU

Amplitude uV

Time (weeks)

Figure39: Changes in amplitude against time PLGA gpidronicpellet control group at 16kHz
analysing the P1 wave. Significance is denoted by. a *
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Figure40: Changes in amplitude against time PLGA gvidronicpellet control group at 16kHz
analysing the P2 wave. Significance is denoted by. a *
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Figure41: Changes in amplitude against time PLGA guidronicpellet control group at 16kHz
analysing the P3 wave. Significance is denoted by. a *

5.2.8 Changes in amplitude of PLGA apldironic pellet over 74

94dB at 24kHz

There were no significant excurseflom weeks0-16 for the pellet control groujat

24kHawhen analysig amplitude of waves P1,2 andRdures 42,43,44.
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Figure42: Changes in amplitude against time PLGA guidronicpellet control group at 24Hz
analysing the P1 wave. Significance is denoted by. a *
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Figure43: Changes in amplitude against time PLGA guidronicpellet control group at 24Hz
analysing the P1 wave. Significance is denoted by. a *
15 ABR P3 Pellet Control 94 dB SPL
' 24 kHz: Amplitude vs Time
84 dB SPL
74 dB SPL

Amplitude (uV)

12 16

0 4 8
Time (Weeks)

Figure44: Changes in amplitude against time PLGA guidronicpellet control group at 24Hz
analysing the P1 wave. Significance is denoted by. a *
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5.2.9 Summary of changes innmaplitude of PLGA andluronic

pellet at 16kHz and 24kHz

Overall, there was no significant consistent changes seen in the adgtifithe pellet

control groups on analysis of waves, Rland 3 at 16kHz and 24k(zable 16.

P1 P2 P3

PLGA + pluronic - - -

16kHz

PLGA + pluronic - - -

24kHz

Tablel16: Changes in amplitude for waves PR3 measured at 16kHz and 24kHz for the PLGA and
pluronicpellet control group.
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5.2.10 Changes in amplitude ofadlets loaded with rifampicin and

clindamycin in combinatiorover 7494dB at 16kHz

For wave P1 there were no significant excursions in amplitude betwegal ABR
recordings atveek 0 and week 16 for the pellet group loaded with both rifampacid

clindamycin tested at 16kHEigure45).
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Figure45: Changesn amplitude against time PLGA angluronicpellet with rifampicin and
clindamycin at 16kHz analysing the P1 wave. Significance is denoted by a *

For wave P2 there were no significant excursions in amplitude betwetal ABR
recordings atveek 0 andveek 16 for the pellet group loaded with both rifampicin and

clindamycin tested at 16kHz.
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5 ABR P2 Pellet Rif + Clind __ 94dBSPL
16 kHz: Amplitude vs Time

84 dB SPL

74 dB SPL
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Figure46: Changes in amplitude against time PLGA gpldronicpellet with rifampicin and
clindamycin at 16kHz analysing the P2 wave. Significance is denoted by a *

On analysis of wave P3 there was a significant decrease in amplitude at week 2 for
94dB from 1.901nitially recorded atveek 0 to 1.199 at week 2 (p06465). There was

also a significant reduction in amplitude at 74dB at w2elp=0.0365) and week 16

(p=0.029).
ABR P3 Pellet Rif + Clind 94 dB SPL
16 kHz: Amplitude vs Time
2 84 dB SPL
2 15 . 74 dB SPL
[
e
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0
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Figure47: Changes in amplitude against time PLGA gpldronic pellet with rifampicin and
clindamycin at 16kHanalysing the P3 wave. Significance is denoted by. a *
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5.2.11 Changes iABRamplitude of pellets loaded with rifampicin

and dindamycinover 7494dB at 24kHz

For wave P1 there were no significant excursions in amplitude betwesial
recordings atveekO and week 16 for the pellet group loaded with both rifampicin and

clindamycin tested at 24kHz.

| 5 ABR P1 RIF + CLIND Pellet _ 94dBSPL
' 24 kHz: Amplitude vs Time
84 dB SPL
3 74 dB SPL
0
O
2
£
£ 0.5
<
O |
0 4 8 12 16
Time (Weeks)

Figure48: Changes in amplitude against time PLGA gpidronicpellet with rifampicin and
clindamycin at 24kHz analysing the P1 wa&gnificance is denoted by a *

For wave P2 there were a significant increase in amplitude seen at véeak84dB

from 0.6 uMnitially atweek Oto 0.829uV at week 16 (p<0.01).
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9 ABR P2 RIF + CLIND Pellet _ 94dBSPL
24 kHz: Amplitude vs Time

_ 84dBSPL

o _ 74dBSPL
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0 4 8 12 16
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Figure49: Changes in amplitude against timell&A andluronicpellet with rifampicin and
clindamycin at 24kHz analysing the R2ave. Significance is denoted by a *

For wave P3 there were no significant excursions in amplitude betvieiial
recordings atveek 0 and week 16 for the pellet grolgaded with both rifampicin and

clindamycin tested at 24kHEigure 50)

5 - ABR P3 RIF + CLIND Pellet __ 94dBSPL
24 kHz: Amplitude vs Time
84 dB SPL
1.5
74 dB SPL

Amplitude (uV)
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Figure50: Changes in amplitude against time PLGA guldronicpellet with rifampicin and
clindamycin at 24kHz analysing the P3 wave. Significance is deholy a *
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5.2.12 ummary of changes in PLGA andupdnic pellet loaded

with rifampicin and clindamycin in combination over 744dB at

16kHz and 24kHz

P1 P2 P3
Pellet + ifampicin - - Q@ %251
94dB,74dB

and  clindamycin
@ 6SS1 wmc
16kHz 74dB

Pellet + ifampicin - msSS] N -
84dB
and  clindamycin

24kHz

Tablel7: Changes in amplitude for waves PR3 measured at 16kHz and 24kHz for the PLGA and
pluronicloaded with rifampicin and clindamycin in combination

Overall the amplitude results for pellet loaded with rifampicin and clindamycin show
no significant excursions fromitial recordings awveek 0 for P1 at both 16kHz and
24kHz. An increase in amplitude at 84dB at week 16 for P2 is seen in 24kinhbut

no associatec¢hanges in 16kHz. For wave P3 at 16kHz there is a significant reduction
in amplitude at week 2 compared to week 0 for 94dB and 74d®re was also a

reduction in amplitude at wde16 for 74dB (Table L7
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5.2.13 Changes in ABR amplitude péllet loaded with iifampicin

over 7494dB at 16kHz

PELLETS WITH RIFAMPICIN ABR AMPLITUDE P1 16kHz

Amplitude uV

0 2 - 6 8 10 12
Time (weeks)

Figure51: Changes in amplitude against time PLGA guldronicpellet with rifampicin at 16kHz
analysing the P1 wave. Significance is denoted by. a *

For wave P1 there were no significant excursions in amplitude betvieiial
recordings atveek 0 and week 12 for the pellet group loaded with both rifampicin at

16kHz(Figure51).

For wave P2 there were no significant excursions in amplitude betvieiial

recordings atveek 0 and week 16 for the pellet group loaded with both rifampicin and

clindamycin tested at 16kHEigure52).
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PELLETS WITH RIFAMPICIN ABR AMPLITUDE P2 16kHz
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Figure52: Changes in amplitude against time PLGA guldronicpellet with rifampicin at 16kHz
analysing the P2 wave. Significance is denoted by. a *
PELLETS WITH RIFAMPICIN ABR AMPLITUDE P3 16kHz
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Figure53: Changes in amplitude against time PLGA gsidronicpellet with rifampicin at 16kHz
analysing the P3 wave. Significance is dendtey a *

On analysis of wave P3 there was a significant decreaseam amplitude at week 2

for 74dB from 1.273 at week 0 to 0.58Fweek 2 (p=0.04p6
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5.2.14Changes in ABRwlitude of pellet loaded with fampicin

over 7494dB at 24kHz

PELLETS WITH RIFAMPICIN ABR AMPLITUDE P1 24kHz

Amplitude uv

Time (weeks)

Figure54: Changes in amplitude against time PLGA guidronicpellet with rifampicin at 24kHz
analysing the P1 wave. Significance is denoted by. a *

For waves P1, P2 and P3 there were no significant excursions in amplitude between
initial recordings atweek 0 and week 12 for the pellet group loaded with both

rifampicin at 16kH#Figures 54,55,56)
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PELLET WITH RIFAMPICIN ABR AMPLITUDE P2 24kHz

Amplitude uvy
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Figure55: Changes in amplitude against time PLGA guidronicpellet with rifampicin at 24kHz
analysing the P2 wee. Significance is denoted by a *

PELLET WITH RIFAMPICIN ABR AMPLITUDE P3 24kHz
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Figure56: Changes in amplitude against time PLGA auidronicpellet with rifampicin at 24kHz
analysing the P3 wave. Significance is denoted by. a *
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5.2.15 Summary of changes iamplitude of Pellet loaded with

Rifampicinat 16kHz and 24kH

P1

P2

Pellet + Rifampicir
16kHz

&\

W4

| w
—
I

Pellet + Rifampicir

24kHz

Tablel8: Changes in amplitude for waves PR3 measured at 16kHz and 24kHz for the PLGA and
pluronicloaded with rifampicin group.

For wave P3 there is one significant decrease in amplitude seen at week 2 and 74dB

on analysis of ABR for guinea pigs loaded with fseb@d rifampith and tested at

16kHz (Table 18
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5.2.16Changes in ABR amplitude of pellet loaded widlmdamycin

over 7494dB at 16kHz

On analysis of wave P1 there was a significant decrease in mean amplitude at week 2

for 74dB from 0.953 at week 0 to 0.79 at week 2 (p=0.03).

PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P1 16kHz

*
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0 2 B 6 8 10 12
Time (weeks)
Figure57: Changes in amplitude against time PLGA auharonic pellet with clindamycin at 16kHz
analysing the P1 wave. Significance is denoted by a *
PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P2 16kHz
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Figure58: Changes in amplitude against time PLGA guidronicpellet with clindamycin at 16kHz
analysing the P2 wave. Significance is déed by a *
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For wave P2 there were no significant excursions in amplitude betwekial
recordings atweek O and week 12 for the pellet group loaded with clindamycin at

16kHz.

PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P3 16kHz

Amplitude uv

Time (weeks)

Figure59: Changes in amplitude against time PLGA guhgronic pellet with clindamycin at 16kHz
analysing the P3 wave. Significance is denoted by a *

On analysis of wave P3 there was a significant decrease in mean amplitude at week 12

for 74dB from 1.217 at weekt® 0.76 at week 12 (p=0.03).
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5.2.17Changes in ABRwlitude of pellet loaded with indamycin

over 7494dB at 24kHz

On analysis of wave P1 there was a significant decrease in mean amplitude at week 12

for 74dB from 0.757 at week 0 to 0.59va¢ek 12 (p=0.04(Figure 60).

PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P1 24kHz
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Figure60: Changes in amplitude against time PLGA gpidronicpellet with clindamycin at 24kHz
analysing the P1 wave. Significance is denoted by. a *
PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P2 24kHz
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Figure61: Changes in amplitude against time PLGA guidronicpellet with clindamycin at 24kHz
analysing the P2 wave. Significance is denoted by. a *
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For wave P2 there were no significant excursions in amplitude betweiial
recordings atweek O and week 12 fohe pellet group loaded witlelindamycinat

24kHz(Figure 61).

PELLETS WITH CLINDAMYCIN ABR AMPLITUDE P3 24kHz

Amplitude uV

Time (weeks)

Figure62: Changes in amplitude against time PLGA guidronicpellet with clindamycin at 24kHz
analysing the P3 wave. Significance is denoted by. a *

For wave P3 there were no significant excursions in amplitude betwekial
recordings atweek 0 and week 12 for the pellet groupatied withclindamycin at

24kHz(Figure 62).
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5.2.18 Summary of changes in amplitudef pellet loaded with

clindamycinat 16kHz and 24kHz

P1 P2 P3
Pellet + Clindamyci @ week 2 - @ $SS]
16kHz 74dB 74dB
Pellet + Clindamyci @ 6SS| - -
24kHz 74dB

Tablel19: Changes in amplitude for waves PR3 measured at 16kHz and 24kHz for the PLGA and
pluronicloaded with clindamycin group.

For wave P1 there is a significant decrease in amplitude seen at 74dB week 2 for 16kHz
and week 12 for 24kHZ.here are no changes ABR amplitude for waves P2 in the
groupat 16kHz and 24kHz and P3 for 24kHuz.wave P3 there is a significant decrease

in amplitude seen for 16kHz at 74¢{Bable 19.
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5.2.19 Summary of amplitude results

219

P1 P2 P3
BC 16kHz - @ 6SSHUBM|@ 6SS1 ™
BC 24kHz - @ 5SSHBM|@ 5SS ™
94dB,84dB
SC 16kHz - @ 6SSHUBM|@ 6SS1 ™
94dB,74dB
SC 2kHz - @ 6SSHUBM|@ 6SS1T ™
74dB
P 16kHz - - -
P 24kHz - - -
PA 16kHz - - @ 6SS1 =
94dB
@ 6SS1 HZ
74dB
PA24kHz - m ¢SS B4dBu -
PRif 16kHz - - @ 6SS1 Hw
74dB
PRIif 24Hz - - -
PClind 16kHz @ week 2 - @ 6SS1 M™MH
74dB 74dB
PClind 24kHx @ 6SS1 w™ - -
74dB

Table20: Summary of he changes irmmplitude for waves P43 measured at 16kHz and 24kHz for all

experimental groups.

All of the changes in amplitude seen in the control groupslogical control and

surgical controlare in P2 and P3 and all measured at week 1 and showed decreases.

Thisis unexpected as the control groups ideally would not show any amplitude

changes. This may be due to backgroahectromagneticnoise and dficulties with

interpretation oftraces.Figure 63 is an example of a poor ABR traice shows the

difficulties in determining the waveform peaks. In contrast, Figure 64 is an example of

a good quality ABR trace with clear waveforms easily identifiable.
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Figure63: Example of ABRace with poor definition of waveforms. Y axis: amplitude/mV, X axis
time/msecs

'*bmw.awmmmuu
]

Figure64: Example of ABR trace with good definition of waveforms. Y axis: amplitude/mV, X axis
time/msecs
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The significant changes identifiadith pellets loaded with both rifampicin and
clindamycin were seeim P3 at weeks 2 and 16 at 74dBhis is the same finding with
rifampicin pellets tested at 2 weeks and clindamycin pellets tested at 12 weeks
suggesting that both rifampicin and clindamy@are contributing to this decrease in
amplitude seenOtherwise, the elevation seen from pellets loaded with antibiotics
rifampicin and clindamycin at week 16 measured at 84dB cannot be attributed to any
results seen from rifampicin and clindamycin stubfeparately. This &lsothe only
significant result which is elevated, all other significant changes measured in amplitude

are decreases

The decreased mean amplitude in P1 measured at W&tkHzand 24kHz for ABR
measured in guinea pigs laden witmdamycin pellets at weeks 2 and 12 without any
changes seen in P1 values with pellets loaded kifiimpicinand clindamycin together
cannot be clearly explained. This inconsistency could potentially be attributable to
noise and diftulties with interpreation of poor quality tracesThis can be seen with

some of the graphs having large error bars.

5.2.20 Amplitude resultsud Ay 3 CNRASRYIvyvQa (g2

variance

Due to the variability of results around the meanued which is seen witthe error
0l NRBR I CMdhGaRavidlygisnds used to identify significant excursions from the
value at week OThe results are shown fdi6kHz and 24kHanalysing ABR waveform

P1(Table 21), for P2 (Table )2&ndfor P3(Table 23
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P1 94 84 74
16kHz | BC 0.49 0.31 0.32
16kHz | SC 0.386 0.23 0.153
16kHz | P 0.131 0.525 0.267

16kHz | PA Rif + Clind 0.576 0.55 0.149

24kHz | BC 0.298 0.876 0.515
24kHz | SC 0.166 0.674 0.768
24kHz | P 0.058 0.714 0.532

24kHz | PA Rif + Clind 0.478 0.802 0.766

Table21: Results of FriedmaR &vo way analysisof amplitude of wave P1 Significance denoted as
p<0.05marked with *.

b2y S 27F (i KtdoveaNdhadds 6flthg Bndplitude results for ABR waveform
P1 reached significance. Therefore there are no significant excursionit@iweek

0 for the amplitude results on analysis of P1.
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P2 94 84 74

16kHz BC 0.04* 0.663 0.252
16kHz SC 0.064 0.386 0.166
16kHz P 0.136 0.055 0.258
16kHz | PARIif+Clind| 0.277 | 0.043* 0.71

24kHz BC 0.509 | 0.019* | 0.021*
24kHz SC 0.367 0.17 0.534
24kHz P 0.949 0.385 0.421
24kHz | PARIf+ Clind| 0.478 0.234 0.283

Table22: Results of Friedmaf fivo way analysis ofamplitude wave P2. Significance denoted as
p<0.05 marked with *

¢KS

' YLIX AddzRS &

2T+ !

. W g Hvid SvRy2 adalysist show dza A Y 3

significant excursions frommitial recordings atweek 0 at 16kHz in the biological

control group at 94dB and the group of guinea pigs laden with pellet containing

rifampicin and clindamycin at 84dB. At 24kHz, significant excursions ifribial

recordings aiveek O were seen in thieiological control group at 84dB and 74dB.
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P3 94 84 74
16kHz | BC 0574 048] 0.627
16kHz | SC 0.057| 0.42| 0.219
16kHz | P 0.214| 0.296| 0.701
16kHz | PARif+Clind | 0.076] 0.226] 0.115
24kHz | BC 0.153] 0.195] 0.155
24kHz | SC 0.155| 0.347| 0.069
24kHz | P 0.053| 0.946| 0.461
24kHz | PARIif+Clind | 0.925] 0.081] 0.104

224

Table23: Results of Friedmaf &vo way analysisof amplitude of wave P3. Significance denoted as
p<0.05 marked with *

' A AY 3

recordings atveek 0 at 16kHz and 24kHz for ABR waveform P3.

C Ndo SvByMahalydisAthere are neignificant excursions dm initial
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5.2.21{ dzY Y| NB 2 T twe WNdy &halysik of @nbtude

Overall, there are no consistent excursions frimitial recordings atveek 0 values for
the amplitude results for ABR waveforms P1, P2 and P3. There are occasional
excursions seen on analysis of the P2 waveform, but no pattern can be identified and

three out of four involve the biological control group.

5.2.22 Holm Bonferroni correction fo the ABR amplitude data

Multiple comparisons were performed on the ABR amplitude data and therefore the
Holm-Bonferroni correction was applied to the p values. This was done to minimise

the risk of a Type | error.

Tables 2435 show the Holm Bonferronoarection applied to the ABR amplitude data.
There is only sporadic rejection of the null hypothesis which is highlighted red. Overall,
this statistical correction therefore confirms the significance of the results from the t
tests with no significant amjplide changes seen in the experimental groups in waves

P1, P2 and P3 when analysed at 16kHz and 24 kHz.
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BC 16kHz P1 P2 P3

94dB H1:0.783 4 H1:0.014 1<0.012{ H1:0.037 1>0.0125
H2:0.479 3 H2:0.912 4 H2:0.732 3
H3:0.460 2 H3:0.052 2 H3:0.981 4
H4:0.143 1>0.0125 H4:0.071 3 H4:0.467 2

84dB H1:0.169 2 H1:0.513 4 H1:0.082 1>0.0125
H2:0.069 1>0.0125| H2:0.304 3 H2:0.532 4
H3:0.539 4 H3:0.184 1>0.0125| H3:0.278 3
H4:0.439 3 H4:0.258 2 H4:0.097 2

74dB H1:0.427 2 H1:0.119 2 H1:0.191 1>0.0125
H2:0.982 4 H2:0.488 3 H2:0.874 4
H3:0.262 1>0.0125 H3:0.861 4 H3:0.845 3
H4:0.805 3 H4:0.115 1>0.012|{ H4: 0.448 2

Table24: Biological control amplitude p values at 16kHz and the Holm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.

BC 24&Hz P1 P2 P3

94dB H1:0.238 1>0.0125| H1:0.044 1>0.0125 | H1:0.029 1>0.0125
H2:0.346 3 H2:0.612 3 H2:0.296 3
H3:0.300 2 H3:0.379 2 H3:0.161 2
H4:0.591 4 H4:0.614 4 H4:0.713 4

84dB H1:0.960 4 H1:0.092 2 H1:0.0001 1<0.0125
H2:0.600 2 H2:0.068 1>0.012{ H2: 0.480 2>0.0167
H3:0.678 3 H3:0.976 4 H3:0.964 4
H4:0.462 1>0.0125| H4:0.556 3 H4:0.802 3

74dB H1:0.367 4 H1:0.102 2 H1:0.106 1>0.0125
H2:0.278 3 H2:0.515 3 H2:0.269 3
H3:0.091 1>0.0125 H3:0.583 4 H3:0.639 4
H4:0.115 2 H4:0.093 1>0.012} H4: 0.107 2

Table25: Biological control amplitude p values at 24kHz and tHelm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.
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SC 18Hz P1 P2 P3

94dB H1:0.484 3 H1:0.009 1<0.0125| H1:0.005 1<0.0125
H2:0.103 1>0.0125| H2: 0.747 2 H2:0.262 4
H3:0.464 2 H3:0.847 4 H3:0.151 3
H4:0.558 4 H4:0.699 3 H4:0.072 2>0.0167

84dB H1:0.200 1>0.0125 | H1:0.017 1>0.0124 H1:0.215 2
H2:0.899 3 H2:0.324 2 H2:0.535 4
H3:0.561 2 H3:0.334 3 H3: 0.074 1>0.0125
H4:0.965 4 H4:0.871 4 H4:0.372 3

74dB H1:0.804 4 H1:0.727 4 H1:0.022 1>0.0125
H2:0.157 2 H2:0.529 2 H2:0.809 4
H3:0.065 1>0.012F5 H3:0.393 1>0.012{ H3: 0.502 2
H4:0.541 3 H4:0.565 3 H4:0.505 3

Table26: Surgical control amplitude p values at 16kHz and the Holm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.

SC 2&Hz P1 P2 P3

94dB H1:0.975 4 H1:0.049 1<0.0125 | H1: 0.030 2
H2:0.603 2 H2:0.160 2 H2:0.015 1>0.0125
H3:0.367 1>0.0123 H3:0.617 4 H3:0.216 4
H4:0.750 3 H4:0.346 3 H4:0.118 3

84dB H1:0.253 2 H1:0.054 1>0.0125| H1:0.092 1>0.0125
H2:0.215 1>0.0125 H2:0.566 3 H2:0.885 4
H3:0.351 3 H3:0.739 4 H3:0.317 3
H4:0.374 4 H4:0.494 2 H4:0.140 2

74dB H1:0.995 4 H1:0.167 1>0.012} H1: 0.012 1>0.0125
H2:0.556 1>0.0125 H2: 0.555 3 H2:0.449 4
H3:0.573 2 H3:0.460 2 H3:0.408 3
H4:0.691 3 H4:0.799 4 H4:0.024 2

Table27: Surgical control amplitude p values at 24kHz and tHelm Bonferroni correction.

where the null hypothesis is rejected are highlighted red.
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P 16kHz P1 P2 P3

94dB H1:0.152 2 H1: 0.059 2 H1:0.195 2
H2:0.049 1>0.0125 H2:0.016 <40.0125 | H2: 0.060 1>0.0125
H3:0.470 4 H3:0.115 4 H3:0.504 4
H4:0.402 3 H4:0.063 3 H4:0.430 3

84dB H1:0.178 1>0.0125 | H1:0.106  1>0.012] H1: 0.144 1>0.0125
H2:0.842 3 H2:0.470 3 H2:0.824 4
H3:- H3:0.331 2 H3:0.437 3
H4:0.545 2 H4:0.934 4 H4:0.271 2

74dB H1:0.518 4 H1:0.129 1>0.012} H1: 0.551 1>0.0125
H2:0.056 1>0.0125| H2:0.559 3 H2:0.930 3
H3:0.424 2 H3: 0590 4 H3:0.930 4
H4:0.428 3 H4:0.484 2 H4:0.921 2

Table28: Pellet control amplitude p values at 16kHz and the Holm Bonferroni correction. Values where
the null hypothesis is rejected are highlighted red.

P 2&Hz P1 P2 P3

94dB H1:0.827 4 H1:0.438 2 H1:0.195 2
H2:0.241 2 H2:0.388 10:0125 | H2: 0.060 1>0.0125
H3:0.739 3 H3:0.728 3 H3:0.504 4
H4:0.069 1>0.0125 H4:0.857 4 H4:0.430 3

84dB H1:0.592 2 H1:0.214 1>0.012} H1: 0.144 1>0.0125
H2:0.512 1>0.0125 H2:0.982 4 H2:0.824 4
H3:0.680 3 H3:0.702 2 H3:0.437 3
H4:0.813 4 H4:0.783 3 H4:0.271 2

74dB H1:0.320 1>0.0125| H1:0.352 1>0.012] H1: 0.551 1>0.0125
H2: 0.350 2 H2:0.884 4 H2:0.930 3
H3:0.750 3 H3:0.775 3 H3:0.930 3
H4:0.933 4 H4:0.556 2 H4:0.921 2

Table29: Pellet control amplitude p values at 24kHz and the Holm Bonferroni correction. Valuesaev
the null hypothesis is rejected are highlighted red.
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PA 1&Hz P1 P2 P3

94dB H1:0.431 3 H1:0.191 1>0.0125| H1:0.001 1>0.0125
H2:0.811 4 H2:0.464 3 H2:0.047 2
H3:0.233 2 H3:0.619 4 H3:0.332 4
H4:0.142 1>0.0125| H4:0.273 2 H4:0.060 3

84dB H1:0.467 2 H1:0.475 3 H1:0.396 4
H2:0.528 3 H2:0.207 1>0.012| H2: 0.123 3
H3:0.418 1>0.0125| H3: 0.470 2 H3:0.116 2
H4:0.759 4 H4:0.731 4 H4:0.097 1>0.0125

74dB H1:0.756 4 H1:0.430 1>0.012} H1:0.474 3
H2:0.072 1>0.0125| H2: 0.530 2 H2:0.037 2
H3:0.454 3 H3:0.819 4 H3:0.816 4
H4:0.345 2 H4:0.542 3 H4:0.030 1>0.0125

Table30: Pellet with rifampicin and clindamycin amplitude p values at 16kHz and the Holm Bonferroni
correction. Values where the null hypothesis is rejected are highlighted red.

PA 24Hz P1 P2 P3

94dB H1:0.220 2 H1:0.880 4 H1:0.830 1>0.0125
H2:0.580 3 H2:0.520 3 H2:0.980 3
H3:0.150 1>0.012F5 H3:0.110 1>0125 | H3:0.990 4
H4:0.810 4 H4:0.350 2 H4:0.850 2

84dB H1:0.320 2 H1:0.770 3 H1:0.300 2
H2:0.170 $0.0125 | H2: 0.160 2 H2:0.850 4
H3:0.390 3 H3:0.070 1>0.012{ H3: 0.370 3
H4:0.590 4 H4:- H4:0.140 1>0.0125

74dB H1:0.710 4 H1:0.850 4 H1:0.070 1>0.0125
H2:0.580 2 H2:0.600 3 H2: 0.070 1>0.0125
H3:0.670 3 H3:0.160 1>0.01245 H3:0.440 4
H4:0.170 1>0.0125| H4:0.590 2 H4:0.120 3

Table31: Pellet with rifampicin and clindamycin amplitude p values at 24kHz and the Holm Bonferroni
correction Values where the null hypothesis is rejected are highlighted red.
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PRif 1&Hz P1 P2 P3

94dB H1:- H1:- H1:-
H2:0.800 3 H2:0.890 2 H2:0.200 1
H3:0.260 1>0.012§ H3:0.280 10-0125 | H3: 0.330 2
H4:0.520 2 H4:0.970 3 H4:0.400 3

84dB H1:0.370 2 H1:- H1:-
H2:0.310 1>0.0125 H2:0.810 3 H2:0.120 1>0.0125
H3:0.580 4 H3:0.130 1>0.012} H3: 0.500 2
H4:0.520 3 H4:0.700 2 H4:0.570 3

74dB H1:- H1:- H1:-
H2:0.740 1>0.0125| H2: 0.650 3 H2:0.040 1>0.0125
H3:0.800 2 H3:0.260 1 H3:0.150 2
H4:0.800 2 H4:0.260 1>0.0124 H4:0.150 2

Table32: Pellet with rifampicin amplitude p values at 16kHz and the Holm Bonferroni correction.
Values where the null hypothesis is rejected are highlighted red.

PRif 2&Hz P1 P2 P3

94dB H1:- H1:- H1:-
H2:0.430 2 H2:0.680 1>:0125 | H2:0.087 16.0125
H3:0.477 3 H3:0.705 2 H3:0.781 3
H4:0.196 1>0.0125 H4:0.947 3 H4:0.217 2

84dB H1:- H1:- H1:-
H2:0.560 3 H2:0.182 1>0.012| H2: 0.912 3
H3:0.142 1>0.0125| H3: 0.420 2 H3:0.281 1>0.0125
H4:0.227 2 H4: 0.459 3 H4:0.759 2

74dB H1:- H1:- H1:-
H2:0.991 3 H2:0.587 2 H2:0.483 3
H3:0.162 1>0.0125| H3:0.825 3 H3:0.481 2
H4:0.260 2 H4:0.346 1>0.0124 H4: 0.140 1>0.0125

Table33: Pellet with rifampicin amplitude p values at 24kHz and the Holm Bonferroni correction.
Values where the null hypothesis is rejected are highlighted red.
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PClind 1&Hz P1 P2 P3

94dB H1:0.370 1>0.012§ H1:0.154 H1:0.614 3
H2:0.970 3 H2:0.630 2A»0125 | H2: 0.070 16.0125
H3:0.452 2 H3:0.690 3 H3: 0.158 2

84dB H1:0.410 1>0.0125| H1: 0.420 H1:0.423 2
H2:0.580 2 H2:0.510 1>0.012} H2: 0.156 1>0.0125
H3:0.940 3 H3:0.540 2 H3: 0.633 3

74dB H1:0.030 1>0.012§ H1:0.510 1>0.0125 H1:0.320 2
H2:0.540 3 H2:0.940 3 H2:0.977 3
H3:0.529 2 H3:0.560 2 H3:0.030 1>0.0125

Table34: Pellet with clindamycin amplitude p values at 16kHz and the Holm Bonferroni correction.
Values where the null hypothesis is rejected are highlighted red.

PClind 24&Hz P1 P2 P3

94dB H1:0.260 1>0.012Y H1:0.663 3 H1:0.305 3
H2:0.540 2 H2:0.540 2 H2:0.890 2
H3:0.970 3 H3:0.218 1>0.0124 H3:0.080 1>0.0125

84dB H1:0.980 3 H1:0.186 2 H1:0.640 3
H2:0.530 1>0.0123 H2:0.210 3 H2:0.617 2
H3:0.770 2 H3:0.040 1>0.012} H3: 0.300 1>0.0125

74dB H1:0.890 3 H1:0.840 3 H1:0.220 3
H2:0.780 2 H2:0.280 2 H2:0.145 2
H3:0.040 1>0.0125| H3: 0.060 1>0.0125 H3:0.052 1>0.0125

Table35: Pellet with rifampicin clindamyciramplitude p values at 24kHz and the Holm Bonferroni
correction. Values where the null hypothesis is rejected are highlighted red.
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5.2.23Discussion of ABR amplitude results

The results of ABR amplitude measurement show that there is no considteration

in ABR amplitude across the groups. This is seen on analysis of ABR amplitude using
thet0 Sad | yI f & aAtdo wayamlysd Nivaidnsehdyaspsing the Holm
Bonferroni correction The ABR amplitudeduction of waves P1, P2 and R&uld

indicate potential neurotoxicity to the auditory pathways a sound wave is
propagated fom the cochleao the cortex. Both amplitude decrease and increase

may indicate damage to the auditory pathway.

ABR amplitude can be reduced, as seen with noise exposure (Kejaala2009),
amikacin antibiotics (Nekrassat al., 2000) and hyperthermia (Goldt al., 1985,
Takahashet al, 1991). These associations are frequently seen in conjunatitn

ABR theshold elevationbut not always.

ABR amplitude can also be increased as measurdteiadministration of sildenafia
type-5 phosphodiesterase inhitor (Hong 2008)Other studies using kanamycin in rats
have shown an increase in ABR amplitude to pec&®BR threshold elevation (Kueste

al., 2011). Both of these elevations indicate decreased auditory function.

No consistent changes in amplitude does not support any damage to the auditory

pathway from the control groups and pellets loaded with rifampgnd clindamycin.

Another important measure for potential neurotoxicity is changes in the ABR latency.

Both ABR amplitude and latency changes can be associated with threshold elevation.
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Therefore, this was assessed for waves PlamPP3 for each of thexperimental
groups. Analysis of waves P2 and P3 assessed the transmission of the auditory signal
from the periphery to centrdy and henceis anotherassesment for evidence of

neurotoxicity.
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5.3 ABRlatencyresults analysis

5.3.1 Changes in latency ofiblogical cantrol group over 7494dB

at 16kH

On analysis of wave P1dte was one significant increase in latency at 84dB at week

1from 1.825msecs to 2.1 mse¢p=0012) (Figure 65).

ABR P1 Biological Control ____ 94dBSPL

25 16 kHz: Latency vs Time
84 dB SPL

i 74 dB SPL

Latency (msecs)
N

0 4 8 12 16
Time (Weeks)

Figure65: Changes in latency oventie for biological control group at 16kHz analysing the P1 wave.
Significance is denoted by a *

Wave P2 showed two latency values that were significantly elevated at wdek 1

94dB and 74dB (sd€igure66). The standard errarfor this cohort of resultiowever

is high due to the variation in values.
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4 ABR P2 Biological Control ____ 94dBSPL
16 kHz: Latency vs Time
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Figure66: Changes in latency over time for biological control group at 16kHz analysing the P2 wave.
Significance is denoted by a *

Analysis of wave P3 at 16kHz shows one signtfielevation of latency at week 1 at

84kHz (©0.043)(Figure 67).

45 ABR P3 Biological Control 94 dB SPL
' 16 kHz: Latency vs Time
84 dB SPL
R
0 74 dB SPL
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835
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Figure65: Changes in latency over time for biological control group at 16kHz analysing the P3 wave.
Significance is denoted by a *
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5.3.2 Changes in latencgf biological controlgroup over 7494kHz

at 24kHz

The bological control group at 24kHz shows no significant excursions iindial

recordings atveek 0 valuesn analysis of P1 for laten¢lyigure 68).

05 ABR P1 Biological Control 94 dB SPL
' 24 kHz: Latency vs Time
) 84 dB SPL
™ i
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0 4 8 12 16
Time (Weeks)

Figure66: Changes ifatencyover time for biological control group a24kHz analysing the P1 wave.
Significance is denoted by a *

The hological control group at 24kHz shows no significant excursions iindral

recordings atveek 0 values on analysis of P2 for late(ieigire 69).

a5 ABR P2 Biological Control 94 dB SPL
' 24 kHz: Latency vs Time
84 dB SPL
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Figure67: Changes in latencgver time for biological control group a24kHz analysing the P2 wave.
Significance is denoted by a *
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Analysing the latency of theiddogical control group at 24kHz for P3, thereoise
significant excursion frormitial recordings atveek Owhich iselevation atweek 16 at

94dB(Figure 70).

45 ABR P3 Biological Control 94 dB SPL
' 24 kHz: Latency vs Time
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Figure68: Changes in latencgver time for biological control group at 16kHz analysing the P3 wave.
Significance is derted by a *

5.3.3 Summary of latency results of biological control group at

16kHz and 24kHz

P1 P2 P3
Biological control 16kH] r,4 S S | oSS Ho SS1 84dB
84dB 74dB,94dB
Biological control 24kH; - - o S3q 94dB

Table36: The changes in latency for waves B measured at 16kHz and 24kHz for the biological
control group.
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5.3.4 Surqical control group latency over time at 16kHz

On analysis of wave P1 there are significant increases in latencyimeeat week 1
and week 16 for 94dB at 16kKzigure 71) There is an increase fromitial latency
value of1.656 msecat week 0 to 1.95msecs at week (p=0.01). There is also an

increase to 1.836 msecs at week 16 (p=0.05).

95 ABR P1 Surgical Control __ 94dBSPL
' 16 kHz: Latency vs Time

_ 84dBSPL

_ 74dBSPL

Latency/msecs
(o]

0 4 8 12 16

Time (Weeks)

Figure69: Changes in latencgver time for surgical control group at 16kHz analysing the P1 wave.
Significance is denoted by a *

Wave P2 shows a significant increase in latency frotial recordings oR.55 msecs
week 0 to 2.819 msecat week 1 (p=0.03) at 94dBigure 72) At 84dB there is a
significant increase from 2.638 msecs at week 0 to 2.788 msecs at week 4 (p=0.04). At
74dB there is also an increase in latency finitial recordings oR.725msecs at week

0 to 2.917 msecs ateek 1 (p=0.02).
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a5 ABR P2 Surgical Control ____ 94dBSPL
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Figure70: Changes in latencgver time for surgical control group at 16kHz analysing the P2 wave.
Significance is denoted by a *

Analysis of wave P3 at 94dBows a significant increase fndnitial recordings 08.463
msecs at week 0 to 3.813 msecs at week 1 (p<0.01) and againrBséz28 at week 2
(p =0.04)Figure 73)At 84 dB there is an increase in latency frioitial recordings at
week 0 of3.52msecd0 3.83msecs at week 2 which reaes significance (p=0.05) and

also at we& 1 (p=0.02) for 74dB from 3.B%&cesc to 3.8 msecs.

4 N ABR P3 Surgical Control __ 94dBSPL
16 kHz: Latency vs Time 64 B SPL
74 dBSPL
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Figure71: Changes in latencgver time for surgical control group at 16kHz analysing the P3 wave.
Significance is denoted by a *
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5.3.5Surgical control group latency over time at 24kHz

On analysis of wave P1 there was a significant increase in latency from 1.538 msecs

initially at week 0 to 1.857 msecs at week 1 (p<0.01) at 94itiRire 74)

5 ABR P1 Surgical Control __ 94dBSPL
* 24 kHz: Latency vs Time
] 4} 84 dB SPL

% 74 dB SPL

Latency (msecs)
o

0 4 8 12 16
Time (Weeks)

Figure72: Changes in latencgver time for surgical control group at 24kHz analysing the P1 wave.
Significance is denoted by a *

For wave P2and P3there were no significant excursions from theeam latencyat

the onset of recordingweek Q seen overthe expeimental period of 16 weeks

(Figures 75 and }6

240



241

3 ABR P2 Surgical Control __ 94dBSPL
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Figure73: Changes in latencgver time for surgical control group at 24kHz analysing the P2 wave.
Significance is denoted by a *
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Figure74: Changes in latencgver time for surgical control group at 24kHz analysing the P3 wave.
Significance is denoted by a *
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5.3.6Summary of latency results of surgical control group at 16kHz

and 24kHz
P1 P2 P3
surgical control 16kH| yg SS1 mM94dB| m6 S S oSS M 3
eSSl wmc 94dB 94dB
mo SS| oSS M 3
84dB
surgical control 24kH| i, S S{ m94dB| - -

Table37: Changes iatency for waves PP3 measured at 16kHz and 24kHz for the surgical control

group.

Overall, the latency results for the SC group slebanges in P1 at week 1 for 94d8

16kHz and 24kHg¢Table 37) There was also an increaselatency for week 16 at

16kHz. Waves had increase at week 1 for 94dB and 74dB for 16kHz and week 4 increase

at 84dB. Wave P3 had increased latency seen in week 1 for 84 and 94dB. There were

no significant excursions from week 0 values for P2 and P3 over 16 weeks.
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5.3.7Pellet control group latency over time at 16kHz

There wasa significant increase in latepdor wave P1 at 94dB from 1.Tdsecs at

initial week Oreadingsto 1.89 msecs at week(p=0.05) (Figure 75).

25 ABR P1 Pellet Control 94 dB SPL
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Figure75: Changesn latency over time for PLGA and pluronic control group at 16kHz analysing the P1
wave. Significance is denoted by a *

At 16kHz there are wasne significant increase in latency frayb7 msecsnitially at

week 0 to 2.86nsces at week 2 (p=0.02) 94dB (Figure 78).
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Figure76: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P2
wave. Significance is denoted by a *
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There is one significant decreaselatency at 74dB m analysis bwave P3 from 3.92

msecameasured initiallyat weekO to 3.62msecs at week 16 (Figure 79).

ABR P3 Pellet Control 94 dB SPL
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Figure77: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P3
wave. Significance is denoted lay*.

5.3.8Pellet control group latency over time 24kHz

There wereno significant excursions fromitial readings atveek 0 for lateay values

on analysis of waves P1 a2 fr the pellet cotrol group at 24kHzRigures 78 and 79.
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Figure78: Changes in latency over time for PLGA and pluronic control group at 16kHz analysing the P1
wave. Significance is denoted by a *
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Figure79: Changes in latency over time for PLGA and pluronic control group at 24kHz analysing the P2
wave. Significance is denoted by a *

For wave P3 there was a signifitadecrease in latency from 3.61mseecorded

initially at week 0 to 3.47 msecs at weekpt+0.067) at 94dB.
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Figure80: Changes in latency over time for PLGA and pluronic control group at 24kHz analysing the P3
wave. Significance is denoted by a *

5.3.9Summary ofchanges inatency results ofPLGA and pluronic

pellet control group at 16kHz and 24kHz

P1 P2 P3

pellet control 16kHz | 5SS |m week 2l@g SS|

94dB 94dB 94dB

pellet control 24kHz - - @6 SS

94dB

Table38: Changes in latency for waves PR3 measured at 16kHz and 24kHz for the PLGA@ubnic
pellet control group.

Overall, the latency results for the pellet control group show increase in P1 and P2 at

week 2 and 94dB. There is a decrease in latency seanalysis of P3 at 94dB at week

16 for 16kHz and week 4 94dB at 24kHaljle38).
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5.3.10 Changes in ABR latency of PLGA plndonic pellet with

rifampicin and clindamycinn combination over 7494dBat 16kHz

On analysis of the waves P1, P2 and P3 there wersignificant excursions from the

values at week Gor latencyat 74-94dB (Figures 83,84 and)385

o5 ABR P1 Pellet Rif + Clind __ 94dBSPL
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Figure81: Changes in latency over time for PA@ndpluronic pellet with rifampicin and clindamycin
in combination at 16kHanalysing the P1 wave. Significance is denoted by. a *
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Figure82: Changes in latency oveimhe for PLGA angluronic pellet with rifampicin and clindamycin
in combination at 16kHz analysing the P2 wave. Significance is denojea H
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Figure83: Changes in latency over tienfor PLGA angluronicpellet with rifampicin and clindamycin
in combination at 16kHz analysing the P3 wave. Significance is denoted by a *
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5.3.11 Changes in ABRtency of PLGAand pluronic pellet with

rifampicin and clindamycinn combinationover 74-94dBat 24kHz

On analysis of wave P1 there are no significant excursions from the latency values

betweeninitial recordings atveek 0 and week 16 (Figure 86).
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Figue 84: Changes in latency over time for PLGA and pluronic conttith rifampicin and clindamycin
in combination at 24kHz analysing the P1 wave. Significance is denoted by a *

For wave P2 there was one significant increasatency from 2.65msedgitially at

week 0 to 3.006 msecs atwk 2 (p<0.01) at 84dB (Figure 87).
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Figure85: Changes in latency overtie for PLGA and pluronic pelletith rifampicin and clindamycin
in combination at 24kHz angking the P2 wave. Significance is denoted by.a *

On analysis of wave P3 there are no significant excursions from the latency values

betweeninitial recordings atveek 0 and week 16 (Figure 88).
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Figure86: Changes in latencgver time for PLGA and pluronpellet with rifampicin and clindamycin
in combination at 24kHz analysing the P3 wave. Significance is denoted by a *
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5.3.12 Summary ofchanges inlatency results of pellet with

rifampicin and clindamycin pellets at 16kHmnd 24kHz

P1 P2 P3
Pellet rifampicin + - - -
clindamycin16kHz
Pellet rifampicin + - b 5SS -
clindamycin?4kHz 84dB

Table39: The changes in latency for waves B measured at 16kHz and 24kHz for the PLGA and
pluronicloaded with rifampicin and clindamycin group.

Overall, the latency results for the pellet loaded with rifampicin and clindamycin show
no significant excursionsdm week 0 for 16kHz at P1, P2 and P3 and also P1 and P3
for 24kHz(Table 39) A significant increase in latency for P2 seem at week 2 for 84dB

at 24kHz.

5.3.13 Changes in ABRténcy of PLGA andluronic pellet with

rifampicin over 7494dB at16kHz
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Figure87: Changes in amplitude over time for PLGA and pluronic contiith rifampicin and
clindamycin in combination at 16kHz analysing the P1 wave. Significance is denoted by a *
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On analysis of the waves P1, P2 and P3 there ssgnificant exasions from thenitial

values at week @r latency & 74dB, 84dB and 94dB for 16kHz (Figures 89, 90 and 91).
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Figure88: Changes in amplitude overrtie for PLGA and pluronic pelletith rifampicin at 16kHz
analysing the P2 wave. Significance is denoted by. a *
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Figure89: Changes in amplitude overrtie for PLGA and pluronic pellatith rifampicin at 16kHz
analysing the P3 wave. Significance is denoted by. a *
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5.3.14 Changes ilPABR latency of PLGA angluronic pellet with

rifampicin over 74-94dB at24kHz

Latency (msecs)

PELLET WITH RIFAMPICIN ABR LATENCY P1 24Hz

B!

Time (weeks)

Figure90: Changes in amplitude overrtie for PLGA and pluronic pelletith rifampicin at 24kHz
analysing the P1 wave. Significance is denoted by. a *

On analysis of wave Rfiere wasone significant increasén meanlatency at week?

for 74dB from 1.35nitially at week Oto 1.49at week 2 (p=0.49) (Figure 90).

PELLET WITH RIFAMPICIN ABR LATENCY P2 24Hz
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Figure91: Changes in amplitude overrtie for PLGA and pluronjeellet with rifampicin at 24kHz
analysing the P2 wave. Significance is denoted by. a *
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On analysis of the waves P2 and P3 tleeno significant exasions from the values

at week Ofor latency at 74dB84dB and 94dB (Figures 93 and.94

PELLET WITH RIFAMPICIN ABR LATENCY P3 24Hz
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Figure92: Changes in amplitude overrtie for PLGA angluronicpellet with rifampicin at 24kHz
analysing the P3 wave. Significance is denoted by. a *

5.3.15Summary of latency results pellet loaded with rifampicin

16kHz and 24kHz

P1 P2 P3

Pellet + Rifampicir - -
16kHz
Pellet + Rifampicil H% S S| - -
24kHz 74dB

Table40: Changes in latency for waves PR3 measured at 16kHz and 24kHz for the PLGA@ubnic
loaded with rifampicin group.

For wave P1 there is a significant increase in amplitude seen at 74dB week 2 for 24kHz.

There are nmther changes in ABR latenioy waves P2and P3n the group at 16kHz

and 24kHZTable 40.
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5.3.16 Changes in ABRitency of PLGA andluronic pellet with

clindamycin pellet ovei74-94dB at16kHz

PELLET WITH CLINDAMYCIN ABR LATENCY P1 16Hz

*

0 0
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Figure93: Changes in latency over timier PLGA angbluronic pellet with rifampicin at 16kHz
analysing the P1 wave. Significance is denoted by. a *

On analysis of wave P1 there wasignificant increase in mean latency at week 2 for

74dB from 1.48nsecdnitially at week O to 1.6nsecsat week 2 (p=0.02) (Figure 95).
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Figure94: Changes in amplitude over time for PLGA anpluronicpellet with clindamycin at BkHz
analysing the P2 wave. Significance is denoted by. a *
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On analysis of wave P2 there was a significant increase in mean latedvbyBatrom
2.63 msecsinitially at week 0 to 2.62nsecsat week 2 (p=0.004). There is also a

significant increase in mean latency at 74dB from 2.33 misdtly at week 0 to 2.52

msecs at week 20€0.03) (Figure 96).

PELLET WITH CLINDAMYCIN ABR LATENCY P3 16Hz
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Figure95: Changes in latency oventie for PLGA angluronicpellet with clindamycin at 16kHz
analysing the P3 wave. Significance is denoted by. a *

On analysis of the wave P3 thexe= no significant exasions from thdnitial values at

week Ofor latency at 74dB, 84dB and 94dB (Figure 97).
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5.3.17 Changem ABR &tency of PLGA angluronicpellet over 74

94dB at24kHz

On analysis of the waves P1, P2 and P3 there are no significant excursions from the

initial values at week O for latey at 74dB, 84dB and 94dB (Figures 98,99 and 100).
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Figure96: Changes in latency oveime for PLGA angluronicpellet with clindamycin at 24kHz
analysing the P1 wave. Significance is denoted by. a *
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Figure97: Changes in clindamycin ovemntie for PLGA angluronic pellet with rifampicin at 24kHz
analysing the P2 wave. Significance is denoted by. a *
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PELLET WITH CLINDAMYCIN ABR LATENCY P3 24Hz
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Figure98: Changes ilatency over time for PLGA argluronicpellet with clindamycin at 24kHz
analysing the P3 wave. Significancedenoted by a *

5.3.18Summary ofchanges inatency resultsof PLGA angluronic

pellet loaded with clindamycirover 16kHz and 24kHz

P1 P2 P3
Pellet + Clindamycil 4 week 2| ™ week 2 -
16kHz 74dB 74dB,AdB
Pellet + Clindamyci - - -
24kHz

Table41: Changes in latency for waves PR3 measured at 16kHz and 24kHz for the PLGA@ubnic
loaded with clindamycin group.

Overall there are increases in latency seen for P1 at week 2 at 74dB and P2 at 74 and
94dB on analysis of pellet and clindamycin group. There are no significant changes in

latency for P3 at 16kHz or wavie§, P2 and P3 at 24kHz (Tablg 41

258



5.3.192ummary of overallABRlatency results

259

P1 P2 P3
BC 16kHz o S 3 HsSS|T ™ HmeSS]T ™
84dB 74dB,94dB 84dB
BC 24kHz - - meSS|T MH
94dB
SC 16kHz oSS HsSS|T ™ meSS|T mMZ
94dB 74dB, 94dB 94dB
HheSS1T mc|megSS] n oSS MIH
94dB 84dB 84dB
SC 16kHz HeSS]T ™ - -
94dB
P 16kHz H 6SS1 H|m 6SS1T H |@sSS]T wmc
94dB 94dB 94dB
P 24kHz - - @SS n
94dB
PA 16kHz - - -
PA24kHz - m 6SS1 H |-
84dB
PRif 16kHz - - -
PRif 24Hz oSS - -
74dB
PClind 16kHz rpweek 2l 6 S S (74dBy -
74dB 94dB
PClind 24kHx - - -

Table42: Summary of the changes in latency for waves-P3 measured at 16kHz and 24kHz for all
experimental groups.

Significantchanges in latecry seen in the control groupsidbogical control, surgical
control and pellet without antilotics are inwaves P1P2 and P3 and demonstrated
latency increases from weekweek 16(Table 42) These were predominantly seen

at 16kHz.It is also interesting to note that changes in lateramg pre dominantly
elevations. ldwever, when testing the pllet without antibiotics, at 94dB there were
latency decreases seen at weeks 4 and Bignificant changes in ABR latency are
unexpected in the control groups. This may be due to background noise and difficulties

with measurement with traces.
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The signitant changes identified with pellets loaded with both rifampicin and
clindamycin were seen only in wave &2veek2 at 84dBand24kHz. When pellets are
separately loaded with rifampicin or clindamycihere is ABR latency elevation at
week 2 in Pht 748 at both 16kHz and 24kldnd P2 vaves at 16kHz at both4dB

and 94dB.

Inconsistencies in resgltould potentially be attributable to noise and difficulties with
measurements using poor quality traces. This can be seen with some of the graphs

having lage error bars.

53.20[ I § Sy 08 NXadz (ito wdpsahalydds CNA SRY | vy

Due to the variability of results around the mean values which is seen with the error
OFNEX CNASRYlIYyQa Gg2 gte tylfeara ol a dzaS|
initial values at week 0. The results are shown for 16kHz and 24kHz analysing ABR

waveform P1(Table 26)P2 (Table 2) andP3(Table 43.
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P1 94 84 74
16kHz | BC 0.392 0.053 0.971
16kHz | SC 0.015 | 0.413 0.74
16kHz | P 0.269 0.56 0.262

16kHz | PARIif + Clind | 0.858 0.015 | 0.484

24kHz | BC 0.05 0.219 0.365
24kHz | SC 0.00%* | 0.107 0.891
24kHz | P 0.835 0.843 0.836

24kHz | PARIf+ Clind | 0.578 0.078 0.674

Table43:wSadz (& 2 Two@dyAnslyRiy of Mtenay of wave PSBignificance is denoted by a *

¢KS flLGSyde 27F ! . w g Iu@SvegamNlysistshowsdigniigalt C NA S
excursions fromnitial week Ovaluesat 16kHz in the surgical control group at 94dB

and the group of guinea pigs laden with pelteintaining rifampicin and clindamycin

at 84dB. At 24kHz, significant excursions fiiaitial recordings atveek 0 were seen

in the surgical control group at 94dBable 43
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P2 94 84 74
16kHz | BC 0.032 | 0.406 0.102
16kHz | SC 0.013 | 0.385 0.57
16kHz | P 0.073 0.186 0.57

16kHz | PARIif + Clind | 0.629 0.562 0.01%

24kHz | BC 0.513 0.681 0.117
24kHz | SC 0.01r | 0.157 0.07
24kHz | P 0.725 0.135 0.838

24kHz | PA Rif + Clind | 0.382 0.046° | 0.335

Table4dwSadzf G & 2 Two@dyAnslyRiy of ténay of wave PBignificance is denoted by a *

¢KS flLGSyd0e 27F ! . w g Iu@SvegamNlysistshowsdigniigadt C NA S
excursions fromnitial week Orecordingsat 16kHz in the biologicabntrol groupand

surgical comol group at 94dB and the group of guinea pigs laden with pellet
containing ifampicin and clindamycin a4dB. At 24kHz, significant excursions from

initial values atveek 0 were seen in theurgical control group at 94dB and the group

of guinea pigs ladewith pellet containing rdmpicin ad clindamycin at 84dB (Table

44),
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P3 94 84 74
16kHz | BC 0.504 0.35 0.814
16kHz | SC 0.00r | 0.117 0.124
16kHz | P 0.37 0.185 0.103

16kHz | PARif+ Clind | 0.046° | 0.268 0.207

24kHz | BC 0.117 0.876 0.267
24kHz | SC 0.139 0.674 0.638
24kHz | P 0.507 0.714 0.037*

24kHz | PA Rif + Clind | 0.053 0.802 0.059

Table45:wSadzf G & 2 Two@dyAnslyRiy of ténay of wave PBignificance is denoted by a *

The latency of ABR waveform P3 ushiyh S RtWd wayaaalysis shows significant
excursions fromnitial week Ovaluesat 16kHz in the surgical control group and the
group of guinea pigs laden with pellet containing rifampicin and clindamycin at 94dB.
At 24kHz, significant excursions franitial week Orecordingswere seen inhhe PLGA

and Pluronic pellet control group aé@B (Table 46

5.3.21{ dzY Y| NE 2 T twG WNdy &Rysis of Iténcy

Overall, there are no consistent excursions frioitial week Ovaluesfor latency results
for ABR waveforms P1, P2 and P3. There are excursions seen irgeuxgryincluding
the control groups biological, surgical and pellet. There is no clear pattern of change

identified.
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5.3.22 Holm Bonferroni correction for the ABR latency data

264

Multiple comparisons were performed on the ABR latency data and therefore the

HolmBonferroni correction was applied to the p values. This was done to minimise

the risk of a Type | error.

Tables 467 show the Holm Bonferroni correction applied to the RBatency data.

There is only sporadic rejection of the null hypothesis which is highlighted red. Overall,

this statistical correction therefore confirms the significance of the results from the t

tests with no significant latency changes seen in the erpantal groups in waves P1,

P2 and P3 when analysed at 16kHz and 24 kHz.

BC 16kHz P1 P2 P3

94dB H1:0.067 1>0.012{ H1:0.0001 1 <0.012] H1:0.826 4
H2:0.615 4 H2: 0.33 4 H2:0.414 3
H3:0.548 3 H3:0.167 3 H3:0.1751 >0.0125
H4:0.229 2 H4:0.122  2>0.016| H4:0.289 2

84dB H1:0.0117 1 >0.012] H1:0.21 1<0.014 H1:0.043 1>0.0125
H2:0.6293 3 H2:0.863 4 H2:0.751 3
H3:0.2667 2>0.016 H3:0.323 2 H3:0.225 2
H4:0.7949 4 H4:0.415 3 H4:0.962 4

74dB H1:0.614 1>0.012§ H1:0.017 1>0.012} H1:0.183 1>0.0125
H2:0.694 2 H2:0.495 3 H2:0.647 2
H3:0.820 3 H3:0.635 4 H3:0.766 4
H4: 1 4 H4:0.389 2 H4:0.66 3

Table46: Biological control latency p values at 16kHz and the Holm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.
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BC 24kHz P1 P2 P3

94dB H1:0.0615 1>0.0125| H1: 0.0635 1>0.012] H1: 0.083 2
H2:0.105 2 H2:0.3445 2 H2:0.121 3
H3:0.6036 3 H3:0.4681 3 H3:0.312 4
H4:0.6132 4 H4:0.6555 4 H4:0.033 1>0.0125

84dB H1:0.082 1>0.012| H1:0.172 1>0.0125| H1:0.163 1>0.012%
H2:0.664 4 H2:0.593 4 H2:0.977 4
H3:0.338 2 H3:0.426 3 H3:0.976 3
H4:0.581 3 H4:0.239 2 H4:0.224 2

74dB H1.0.1869 1>0.012{ H1:0.192 1>0.012{ H1:0.084 1>0.0125
H2:0.4422 3 H2:0.898 4 H2:0.394 2
H3:0.338 2 H3:0.830 3 H3:0.612 4
H4:0.581 4 H4:0.266 2 H4:0.447 3

Table47: Biological control latency p values at 24kidnd the Holm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.

SC 16kHz Pl P2 P3

94dB H1:0.006 1<0.012{ H1:0.026 1>0.012} H1: 0.001 1<0.0125
H2:0.075 3 H2:0.438 4 H2: 0.039 2>0.0167
H3:0.187 4 H3:0.211 3 H3:0.118 3
H4:0.048 2>0.0167 H4:0.239 2 H4:0.533 4

84dB H1:1.000 4 H1:0.841 3 H1:0.033 1>0.0125
H2:0.161 #0.0125 | H2:0.883 4 H2:0.051 2
H3:0.889 3 H3:0.044 $0.0125 | H3: 0.131 3
H4:0.824 2 H4:0.300 2 H4:0.659 4

74dB H1:0.953 4 H1:0.016 1>0.012{ H1:0.018 1>0.0125
H2:0.271 1>0.0125| H2: 0.714 3 H2:0.269 3
H3:0.901 3 H3:0.921 4 H3:0.099 2
H4:0.419 2 H4:0.621 2 H4:0.707 4

Table48: Surgical control latency p values at 16kHz and the Holm Bonferroni correction. Values where
the null hypothesis is rejected are highlighted red.
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SC 24kHz P1 P2 P3

94dB H1:0.006 1<0.0124 H1:0.004 1 <0.012} H1:0.050 2
H2:0.039 2>0.0167 H2:0.235 4 H2:0.753 4
H3:0.047 3 H3:0.368 3 H3:0.042 1 >0.0125
H4:0.799 4 H4:0.323 2>0.0164 H4: 0.323 3

84dB H1:0.642 3 H1:0.103 1>0.012{ H1:0.103 1>0.0125
H2:0.142 1>0.0125| H2:0.107 4 H2:0.107 2
H3:0.485 2 H3:0.542 2 H3:0.542 4
H4:0.932 4 H4:0.276 3 H4:0.276 3

74dB H1:0.771 4 H1:0.304 2 H1:0.304 2
H2:0.329 1>0.0125 H2:0.493 3 H2:0.493 3
H3:0.394 2 H3:0.830 4 H3:0.830 4
H4:0.552 3 H4:0.070 1>0.012{ H4: 0.070 1>0.0125

Table49: Surgical control latency p values @kHz and the Holm Bonferroni correction. Values where
the null hypothesis is rejected are highlighted red.

P 16kHz Pl P2 P3

94dB H1:0.307 3 H1:0.321 2 H1:0.050 2
H2:0.339 4 H2:0901 4 H2:0.753 4
H3:0.305 2 H3:0.426 3 H3:0.042 1 >0.0125
H4:0.280 1>0.0125| H4: 0.237 1>0.0125 H4:0.323 3

84dB H1:0.178 20.0125 | H1:0.200 3 H1:0.103 1>0.0125
H2:0.422 2 H2:0.766 4 H2:0.107 2
H3:1.000 3 H3:0.021 1>0.01249 H3:0.542 4
H4:1.000 3 H4:0.128 2 H4:0.276 3

74dB H1:0.053 1>0.012§5 H1:0.161 2 H1:0.304 2
H2:0.165 2 H2:0.309 4 H2:0.493 3
H3:0.620 4 H3:0.102 1>0.012{ H3: 0.830 4
H4:0.299 3 H4:0.217 3 H4:0.070 1>0.0125

Table50: Pellet control latency p values at 16kHz and the Holm Bonferroni correction. Values where

the null hypothesis is rejected are highlighted red.

266




267

P 24kHz P1 P2 P3

94dB H1:0.572 4 H1:0.622 H1:0.852 4
H2:0.279 1>0.0125 H2:0.538 2 H2:0.791 2
H3:0.523 2 H3:0.516 16-0125 | H3:0.014 1>0.0125
H4:0.553 3 H4:1.000 4 H4:0.832 3

84dB H1:0.486 2 H1:0.254 2 H1:0.371 2
H2:0.284 1>0.0125| H2:0.438 4 H2:0.864 3
H3:0.594 3 H3:0.435 3 H3:0.958 4
H4:0.775 4 H4:0.174 10:0125 | H4: 0.100 130125

74dB H1:0.698 3 H1:0.775 4 H1:0.147 1060125
H2:0.216 2 H2:0.275  16.0125 | H2: 0.254 3
H3:0.207 1>0.012F5 H3:0.289 2 H3:0.424 4
H4:0.710 4 H4:0.365 3 H4:0.154 2

Table51: Pellet control latency p values at 24kHz and the Holm Bonferroni correcaiues where
the null hypothesis is rejected are highlighted red.

PA 16kHz P1 P2 P3

94dB H1:0.589 3 H1: 0.622 H1:0.852 4
H2:0.502 2 H2:0.538 2 H2:0.791 2
H3:1.000 4 H3:0.516 1»0125 | H3:0.014 20.0125
H4:0.388 1>0.0125 H4:1.000 4 H4:0.832 3

84dB H1:0.112 30.0125 | H1:0.254 2 H1:0.371 2
H2:0.183 2 H2:0.438 4 H2:0.864 3
H3:0.953 4 H3:0.435 3 H3:0.958 4
H4:0.390 3 H4:0.174 $0.0125 | H4: 0.100 130125

74dB H1:0.144 1>0.0125 H1:0.775 4 H1:0.147 1G:0125
H2:0.194 2 H2:0.275 1»0125| H2:0.254 3
H3:0.245 3 H3:0.289 2 H3:0.424 4
H4:0.527 4 H4: 0.365 3 H4:0.154 2

Table52: Pellet with rifampicin and clindamycin latency p values at 16kHz and the Holm Bonferroni
correction. Values where the null hypothesis is rejected are highlighted red.
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PA 24kHz P1 P2 P3

94dB H1:0.097 4 H1:0.800 4 H1:0.852 4
H2:0.296 1>0.0125 H2:0.780 3 H2:0.791 2
H3:0.920 2 H3:0.410 16-0125 | H3:0.014 1>0.0125
H4:0.937 3 H4:0.580 2 H4:0.832 3

84dB H1:0.660 2 H1:0.140 1(0125| H1:0.371 1
H2:0.369 1>0.0125| H2:1.000 3 H2:0.864 2
H3:0.271 3 H3:0.970 2 H3:0.958 3
H4:0.868 4 H4:1.000 4 H4:0.100 40:0125

74dB H1:0.443 3 H1:0.410 1:0125| H1:0.147 10:0125
H2:0.400 2 H2:0.760 3 H2:0.254 3
H3:0.736 1>0.0125 H3:0.800 4 H3:0.424 4
H4:0.172 4 H4:0.460 2 H4:0.154 2

Table53: Pellet with rifampicin and clindamycin latency p values at 24kHz and lteém Bonferroni
correction. Values where the null hypothesis is rejected are highlighted red.

PRif 16kHz P1 P2 P3

94dB H1: - H1: - H1l: -
H2:0.724 3 H2:0.770 3 H2:0.920 2
H3:0.854 4 H3:0.820 1>0.0125 | H3: 0.560 1 >0.0125
H4:0.716 2 H4:1.000 2 H4:0.850 3

84dB H1: - H1: - H1l: -
H2:0.126 1>0.0125| H2: 0.500 3 H2:0.390 2
H3:0.514 3 H3:0.830 2 H3:0.920 3
H4.0.500 4 H4:0.370 4 H4:0.500 40:0125

74dB H1: - H1: - H1: -
H2:0.881 2 H2:0.620 3 H2:0.710 3
H3:0.655 1>0.0125 H3:0.590 4 H3:0.680 4
H4.0.656 4 H4:0.590 2 H4:0.680 2

Table54: Pellet with rifampicin latency p values at 16kHz and the Holm Bonferroni correction. Values

where the null hypothesis is rejected are highlighted red.
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PRif 24kHz P1 P2 P3

94dB H1: - H1l: - H1: -
H2:0.399 2 H2:0.785 3 H2:0.074 1>0.0125
H3:0.777 3 H3:0.155 130125 | H3:0.928 3
H4:0.141 1>0.0125| H4:0.405 2 H4:0.385 2

84dB H1: - H1 - H1: -
H2:0.658 1>0.0125| H2:0.835 2 H2:0.439 3
H3:0.783 2 H3:1.000 3 H3:0.375 2
H4:0.669 3 H4:0.604 1>0.012{ H4: 0.251 130125

74dB H1: - H1 - H1: -
H2:0.063 1>0.0125 H2:0.903 3 H2:0.844 3
H3:0.249 2 H3:0.375 1>0.012|{ H3: 0.676 2
H4:0.650 3 H4:0.781 2 H4:0.575 160125

Table55: Pellet with rifampicin latency p values at 24kHz and the Holm Bonferroni correction. Values
where the null hypothesis is rejected are highlighted red.

PClind16kHz P1 P2 P3

94dB H1:0.190 1>0.0125| H1:0.004 1<0.0125 | H1:1.000 3
H2:0.230 2 H2:0.210 2>0.0164 H2:0.830 2
H3:1.000 3 H3:0.500 3 H3:0.290 1 >0.0125

84dB H1:0.490 #0.0125 |H1 0950 3 H1:0.225 3
H2:0.530 2 H2:0.890 2 H2:0.057 1>0.0125
H3:0.840 3 H3:0.740 1>0.0124 H3:0.185 2

74dB H1:0.020 1>0.012§5 H1:0.030 1>0.012] H1: 0.460 2
H2:0.810 2 H2:0.760 3 H2:0.192 1>0.0125
H3:0.840 3 H3:0.420 2 H3:0.480 3

Table56: Pellet with clindamycin latency p values at 16kHz and the Holm Bonferroni correction.
Values where the null hypothesis is rejected are highlighted red.
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PClind 24kHz P1 P2 P3

94dB H1:0.200 1>0.0125| H1:0.580 2 H1: 0.652 3
H2:0.320 2 H2:0.400 1 H2:0.370 1>0.0125
H3:0.740 3 H3:1.000 3»0125 | H3: 0.530 2

84dB H1:0.190 30.0125 | H1:0.580 2 H1:0.423 2
H2:0.420 2 H2: 0.400 1>0.0125 | H2: 0.260 1>0.0125
H3:0.830 3 H3:1.000 3 H3:0.640 3

74dB H1:0.120 1>0.012§ H1:0.150 1>0.012] H1: 0.800 2
H2:0.150 2 H2:0.640 3 H2:0.370 1>0.0125
H3:0.157 3 H3:0.270 2 H3:0.830 3

Table57: Pellet with clindamycin latency p values at 24kHz and the Holm Bonferroni correction.
Values where the null hypothesis is rejected are highlighted red.

5.3.23Discussion of ABRitency results

The results of ABRtency measurement show that there is no consistent alteration in

ABR latency across the groups to account for the ABR threshold eley/dtiosis seen

on analysis of ABR latengging thetl S&a G I y I f & & Atdo wayamlysBNA SRY | v
variance andHolmBonferroni correction. The ABR latency changesild indicate

potential neurotoxicity to the auditory pathway as sound waves are propagated from

the cochlea to the cortex.

Studies have shown latency increases in hyperbilirubinaemia in waves P1 @g¢abR5
et al,, 1979), noise exposuréGoukvitch et al., 2009), aminoglycosides in waves P1
and P5 (Hotet al.,, 1990, Nekrassoet al.,, 2000) and cisplatin (De Lauregisal., 1999).
ABR latency decreases are also seen in hyperthermia experimentédhhégs et al.,

1991, Golckt al., 1985) with reversibility on cooling to normal body temperature.

Without consistent changes in the latency values identified, there is no evidence of

neurotoxicity on analysis of waves P1, P2 and P3. This indicatebé¢hyaBR threshold
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elevation recordeds attributable to a peripheral effect on the auditory conduction
pathway as opposed to central. In order to assess this further, a detailed analysis of
the cochlea is requiredhe technique of cytocochleograms can lsed to assess for
inner or outer hair cell presence or loss in the different experimental groups.
Cytocochleograms carefully assess the entire length of the cochlea from the apex to
the base. In addition,immunofluorescenceallows a detailed analysis of dh
morphology and presence of the inner and outer hair cells in sample sections of the
cochlea. The hypothesis of ABR threshold elevation in the pellet group with rifampicin
and clindamycin in combination being attributable to outer and/or inner hair oed |

can therefore be tested (Chapter 6).

Before the onset of each ABR experiment, the weights of the guinea pigs were
recorded. This allowed for accurate anaesthetic drug calculation and as a measure of
SFOK | yAYlIf Qa Querdin@kdrsdal 0 KBS HIANG® 4 Q ISy S
including weight gain over time is important to ensuaehigh standarcbf animal

husbandry(section5.4).
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5.4.0 Weight changes seerudng ABR testing

5.41 Guinea pig weight chang&ith treatment

The initial mean values of weight for treatment groups show variation as they were of
different ages when experimentation starteéthis was due to procurement of a subset
of animals for theesting thepellet loaded with either rifampicin or clindamycinaat
interval fromanother source. This subset of animals whder (at 8 week$ywhen the

ABR tested was performe8tandard errors are not shown as they are relatively small.
Changes in weight were expected over time. All growpse n=8. There were two
experimentalcohorts; 1) Biological control, surgical control, pellet control and pellet
laden with rifampicin and clindamycin tested up to 16 weeks and 2) pellets loaded with

rifampicin and clindamycin separately tested up to 12 weeks.
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1100 Weight Change by Treatment Group
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Figure99: Weight change (gramgsover time (weeks) for different treatment groups.

5.4.2 Biological control, surgicadontrol andpellet control groups.

The mean starting values of 5410g are accompanied by largely comparable
gradient over weeks Q6 finishing at around 1000g with a slemgrowth rate over

weeks 416 (Figure 99).

5.43 Pellets loaded with Rampicin and Clindamycin in

combination

Figure99 shows the growth rate is clearly affected over weeksiut then appears to
recover over weeks-26. This clearly indicates that the antibiotics in combination

delivered via the middle ear affected acute weight galiere is evidence of slower
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acute gowth in drug animals treated with drug laden pe#lefhis recovers in weeks

12-16 with the final recorded weight comparable with the first cohort.

5.4.4 Pellets loaded withRifampcin or Clindamycin separately

The aimals in these groups were utiliseti alater date and were significantlplder
andheavieras shown on the graph at we@kvhen ABR recordings commencddhey
were subject tdewer time points following pellet placement. Compared to the other
groups and their exapolated growth ratesthere appears to be a slowing over weeks
0-4 which then recovers over weeks#2. At the end of the experimenttdime course

their weight is comparable to the otlmdreatment groups at about 95@.0509.

5.4.5 Dominant boars

Several of the guinea pigs showadgressive dominant behaviour. This was noticed
and monitoredoy animal house aff and the Home Office Vethese boars dominated
the other three in the cage with biting, scratchiagd general aggression. Section 8.2
discusses the animalusbandryissues with the aggressive boars and animals which
were victimsed. It was noted in the aninghich had scratches and bites, there was
less weight gainThis correlated with ahigh proportion of guina pigs who had
undergonepellet placement with rifampicin rad clindamycin in combinatianThis
indicates that the pellet may result in a systemic distudzathat the other animals
exploited or there is adecrease in appetite following pellet placement. Thss i

discussed further alongside animal husban(@sction8.2).
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6.1.1 Cytocochleogram ofhe biological controlgroup

One full cochlea from a guinea pig in the biological control group was prepared,
dissected and a cytocochleogram was made. Hair cells were counted systematically
from base to apex and marked off on a template (Figure 16&)ir cell counts from

the cytocahleograms show very few missing inner or outer hair cells for the biological
control group analysed. There weamly two areas of the cochlea that were difficult

to visualiserows 16 and 20The greatest loss of inner hair cells was seen in the middle

section of the cochlea with approximately 12f6row 19 Figurel02).

Consistently there does appear be hair cell losses in row 1 which correlates i

most apical section of the cochlea.

Using thesemi quantitativeanalysisthere does nbappearto be any appreciable loss

of IHC or OHC in the biological trahgroup throughout the cochlegFigure 10Q)At

row numbers 16 and 20 there werg to 20% of IHC which were unable to be counted
due to cell distortion, mounting or dissection traum@ochle from the biological
control group show normal arrangement of three rows of outer hair cells and one row
of inner hair ells. This result is consistemtith the ABR threshold results for the
biological control group which do not show any significant esioms from thanitial

mean value at week 0.
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Figurel00: Cytocochleogranof biological control group inner hair cell rosfrom apex (row0) to
base.

The innermost row of outer hair cells (OHC 1) shows loss of cells atLy@&8, 89,
15,19 and 21. These losses were spread throughout the cochlea from the apex to the
base and none of the losses in a row reached more than 10%. This is shown as a

cytocochéogram in Figure 103

Figurel01 Cytocochleogram of biological control group OHC row 1 (innermost row) from apex (row 0)
to base.
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