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The sensory epithelium with the mammalian auditory orgaesontains two groups of
specialised cells: hair cells and dike supporting cells. The sensory hair cells detect seund
induced vibrations and transduce them into neural signalbe sent to the central auditory
pathway. The suppormyg cells promotenormal hair cell development and function which
maintains our sense of hearinggerelated hearing loss (ARHL) is thought to omue to
degeneration othe hair cells over time, the causes of which remain largely unkn&wrce
the supporting cells enarage hair cell longevity, this thesis aimed to investigateratpted
changes in supporting cell protein expression and fioning to evaluate whether they could

influencethis hair cell deterioration associated with ARHL.

Supporting cells express P2¥ripergic receptors during developmenivhich generate
intracellular C#ttransients thought to modula hair cell synaptic maturation. After the onset

of hearing, P2Y receptors are largely desegulated Using immunolabelling and €a
imaging experimenten C57BL/6N mouse cochleae, it was revealed that P2Y receptors are
re-upregulated in the aged supporting celllesembling the expressioabserved during
development.In addition to P2Y receptorthe supporting cells are interconnected via a gap
junction channel network allowing the diffusion of ions and small molecules between cells,
to/from hair cells. Immunolabelling of these gap junction channel plaques revealed a
progressive fragmentation with increasing age (older cells exhibited a higher freqoéncy
significantly shorter plagues per cell). However, this fragmentation did not appear to affect
the channel permeability as no agelated differences were found in Lucifer yellow dye

diffusion experiments.

Theefore, the supporting cellappear to exhili changes in the expression and functioning
of certain membrane proteins unique to the aged cochlea. In conclutiese agerelated
changes couldhaveimportant implications on theiability to support hair cell function and

maintan our sense of heargwith ageing
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Chapter 1Generalitroduction



1.1 $ructure and functioning of the auditogystem

Sound is directed into the ear via the pinna and travels down the ear canal towaeds th
tympanic membrane (ear druniigure 1.1]Mgller, 2012) The inner surface of the tympanic
membrane is connected to the first af chain of three bones called the ossicles (malleus,
incus, and stapes). Incoming sound will induce vibrations across the tympanic membrane,
which are then transferred down this chain of bones across the length of the middle ear
cavity. The ossicles graally decrease in size the clogbey are to the cochlea, causitige
soundinduced vibrations to become significantly amplified as they progress down the chain
(Mason, 2016)The last asicular bone, the stapes, is connected to a membrane called the

oval window which separates the middle ear from the inner ear (cochlea).

Semicircular canals

Pinna I
\ [ ] Oval window
/— Vestibular nerve
Tympanic
membrane
\— Cochlear nerve

Ear canal
.- ———— Cochlea
G
\
\
Malleus O\ —Round window
Ear ossicles Incus

Siapas N ——Eustachian tube

External ear Middle ear Inner ear

Figurel.l: The auditory system

The pinna and ear canal (outexternal ear) lead sound towards thigmpanic membranegardrum)

(grey) The inner surface of the eardrum connects to the ossicles (malleus, incus, and stapes), which
form a chain across the middle eamtardsthe inner ear The ochlea is innervated by theochlear

nerve which relay soundrelated neural messages to auditoprocessing centres in the brain
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The cochlea iesponsible for transducingpundinduced vibrationgrom the middle eainto

neural messages encoding specific acousfarmation(Mgller, 2012% L 4§ Q& & LA NI £ & F
around a structure called the mamlus for ~2.5 turnsin humans Branches of the
vestibulocochlear nerve extend outwards from within the modiolus to gather and relay
soundrelated neural messages to deeper parts of the central auditory pathway. The internal
structure of the cochlea consists of thrélaid-filled compatments: The scala vestibuli, scala

media and sala tympani (Figure 1.2). These compartments span the full length of the cochlea,
starting at the oval and round windows (basal end of cochlea) and ending at the tip of the

spiral known as the helicotrema (@gplend of cochlea)

Helicotrema (apex)
Base

Cochlea

Reissner's membrane

Tectorial membrane

Scala vestibuli

Scala media

Cochlear nerve — ;e

. :]1 ) Organ of Corti
Basilar membrane

Scala tympani

Figurel.2: The internal structure of the cochlea

The cochlea spans from the apical end of the spiral (helicotrema) for ~2.5 turns and ends at the base.
Across sectiorschematidmage of the cochlear spiral shows theK MB/Si SNy I £ &2 Vald NI Y Sy
GSalAodt AS AO0KE K WREAR@AL I yRSAAI O2yidlAya (KS as
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During sound stimulation, the vibration of the stapes resembles a pigtenmovement,
pushing the oval window into and away from the cochlea (Figure 1.3). The inner surface of
the oval window will flexagainstthe adjacent fluid within the sala vestibuli. This will send
vibrations through the fluid, down the length of the cochlea, to the helicotrema. At this apical
point of the cochlea, theaala vestibili compartment joins with theaala tympani, ando the
vibrations then spread basally towards the round window. This means that altogether, the
oval and round windows are flexing towards and away from the cochlea in opposing
directions during sound stimulation. This produces vibrations travelling uglawa the full

length of the coclear compartments (Figure 1.@8Ygller, 2012)

outer ' middle ! inner
ear | ear | ear
m
|
N~ cochlea
S scala vestibuli
e .
A VA — ‘
<> AN i\ o AVATE - M,ﬁ :
7 X
£ helicotrema
: e
t
sf basilar _
. membrane scala media
tympani

Figurel.3: Sound transduction within the auditory system
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Between the scala media and theaa tympani there is the basilar membrane, whislalso
displaced by theseoundinduced waves (Figure 1.3, Figure)1he basal end of the béesi
membrane is narrow and thick, anddecomes inagasingly wider and thinneilowards the

apex producinga gradient in its stiffnessThis means that different patis along the basilar
membrane will be maximally displaced by different frequencies of sound due to its gradual
change in structure. Hig frequency sounds vibrata the narrow(stiffer), basal end of the
membrane, whereas low frequency sounds travekhe apical end of the membrane and
cause larger vibrations ther@/on Békésy, 1960Thus, each point along the length of the
cochlear spiral is maximally displaced by a different sound frequency, thisovenkas

tonotopical organisation.

i-"--" i, -j._j“--i____ Narrow, stiff
4 48-64KkHz . i basalend
E i kHz i_ _________________ Wide, floppy
! i apical end
5 e R !
) e—
| 12:32kHz |

Figurel.4: The basilar membrane

¢CKS o0F&ATFNI YSYONrYS &Ll ya {paespink dgfsttuctireysadualk 2 F
changes from the basal end (narrow and stiff) towards the apical end (flexible and wide). Different
frequencies of sound are able to maximally displace different areas along the basilar membrane due
to its gradual change in struate. Low frequency sounds cause larger vibrations at the apical end, and
high frequency sounds cause larger vibrations at the basal end. The frequencies labelled represent the
tonotopic organisation of the mouse cochlea. The small red dots along the rbastiambrane
represent the hair cells activated by different frequencies of solrigure modified from (Klotz
Weigand and Enz, 2022)
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1.1.1 The organ of Corti

The cochleasensory epithelium is located within the organ of Corti (Figure 1.5). This is found
above the basilamembrane, in the lining of thecala media cavity (Figure 1.2, Figure 1.3).
The cells in this specialised epithelium work together to detect the séntdiced vibrations
within the compartments of the cochlea and generate neural messagexiergthe acoustic
information (Mgller, 2012) Two groups of specialised cellsre found in this epithelium

sensoryhair cells and glitike supporting cells.
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(2]
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Scala media \ Tectorial membrane
4 (endolymph) \
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of inner sulcus

Reticular lamina  guter hair cells

Deiters' cell Tunnel

phalangeal process

N

Inner Inner spiral sulcus

hair cell

Hensen's cell

Spiral limbus

Spiral
ligament

Deiters’ cells

Pillar cells \
Basilar membrane Scala tympani Cochlear nerve  (gseous
(perilymph) spiral lamina

Figurel.5: The organ of Corti
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1.1.1.1 Theensory hair cells

Hair cellsare theauditory sensory receptors that transduce the sotinducedmechanical

stimuli into electrical signals. The cochleatains two types of hair cellner hair cells (IHS}

and outer hair cells (OHCs), whichcBLIS NF 2 NY RAFFSNByYy U NBdtGSa Ay
sound stimulation. Theresione row of IHCs and three rows of OHCs (Figure 1.5). OHCs
contractand elongate in response to soustimuli, which generatesadditional movement

within the cochlear partition and amplifigee displacement of adjacent cochlestructures
(Brownellet al,, 1985) The IHCs are the primary sensory receptdtiie cochleandas such

are imervated by ~95% of auditory afferent fibr&Spoendlin, 1972)These IHCs releatiee
neurotransmitter glutamate onto auditory afferents in response to sowaduced cochlea

vibrations.

These mechanosensitive cells have a bundle oflkarprojections on their apical surface
known as stereocilialn mice, @ch hair cell in the cochleahas three rows oftereccilia
organisedin a staircasdike formation with the heightof each row gradually increasirag
you move to the bek of the bundlg(Figure 1.8, B (Lim, B86) Theshorter two rows of
sterecciliaexpress mechanically sensitive ion channels at tismamedmechaneelectrical
transducer (MET) channe(8eurget al., 2009) The movement of the stereocilia due to
soundinduced vibrationstriggers the opening/closing of these motiesensitive MET
channels(Kros, Rusch and Richardson, 19%)undinduced deflection of the hair bundles
towards the posteior tallest row of stereocilidriggers the openig of these MET channels,
while bundle deflectionin the opposing direction towards the shortestereccilia row

promotes the closing of thee channelgKros, Rusch and Richardson, 1992)

All stereocilia within the bundle of one haiell move together because of small connections
betweenadjacent stereocilia known as tip link complexes (Figure 1.5@idkles, Comis and
Osborne, 1984)These connections joistereocilia within the same row, and algon the tips

of shorterstereociliato the middle oftaller ciliain the rowbehind The MET channelsa
located adjacent to theip linksat the top of the shorter rowsand it is believed that the
tension applied to these links during bundle deflection is responsible for the opening of these
mechanosensitive channeldssad, Shepherd and Corey, 199The larger the deflection of

the stereocilia, the greater the stretching apgali to the tip links and the larger the open

probability of the MET chanels Thus, these linkages are crucialr fhair cell
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mechanotransduction, sincenutations affectingthe proteins whech make up the tip link
(cadherin23 and protocadherifi5) are known to cause deafness, further highlighting how

critical these linkages affer hearing (Kjure 1.6 (Zhenget al,, 2005)
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Figurel.6: Hair cell stereocilia bundle structure and tip links

IZYOKkYyYyAy3 St SOAN2Y YA GRENIBCHIHEGNO S NI & 0aAING NBROfA £ A I
0dzy Rt S 2MKSPSF NRFEP2F A0SHBACATFRNYRAARYI & ya ®I12A M
aSOKISYSBOUGNKOIEQWKY yHRBUAZASNNSE 2 O ( SRA BKA i KBK S K dayli
IMNI yaAYAaaAzy St SOUNRY &AIONREANTIABRRSE i AyL) 22dF0 I NJ 3KKI-2
G2 GKS YARRES 2% SKAYRPOXKNEIY i3 D5 Za®H {IENENY/EDK 56 Ry 3
FR2F OSy i (2 aKRINIISNY 1R tAy ORNER OKIyyStox (GKdza aid
AYyFEdzSyOS GKS 2LISyAy3a 2F GKSAS OKIFIyyStaod ¢KS (A
ONHzOA | S OH 2 NOdAFDNINIZ ¥y A Y K Sl F1A B R A KOKRNGIERSE RON dz(i | (A 2 v 2
Faad20AFGSR 6AGK G(KSasS O2RALRFSINRIyalRS I A2GaEy aKENI NB 4

AeYRNREYNB 3K26y Ay NBR2YRZNBSBHENEICS SN INET SSG | hyniv



The hair cells are situated between two vernferent ionic environments which creates
steep electrical gradienfv. Békésy, 1951; Casade al, 2022) The apical surfacef the
sensory epithelium, including th&tereocilig are bathedin endolymph fluid within the sla
media compartment (Fige 1.5, Figure 1)7 This has a*iich composition with low Caand

a very positiveelectricalpotential compared to the perilymph solutio(Bosher, Warren and
Hallpike, 1997)K*transport pumps onhe stria vascularis, located on the lateral wall of the
scala mediaare responsible for maintaining the higk" concentration in the endolymph
(Figure 1.5)Wangemann, Liu and Marcus, 1998 apical hair cell surfaces are adhered to
other surrounding cells in the epithelium via tight junctiofigenYosefet al., 2003) This
creates a barrier known as the ratiar lamina, separatg the endolymph fluid in thecsla
media from the basal part of the hair cells, which instead are surrounded by intdecell
perilymph fluid (Figure 1)7 Perilymph fluid has an ionic composition like that of typical
extracellularfluid (high Ndand C&*and low K concentrations)Smith, Lowry and Wu, 1954;
Citron, Exley and Hallpike, 1956@)he difference in ionic composition between these
neighbouring compartments generates a potential difference known as the endocochlear
potential of about+80mVin the endolymph compared to the pdyimph (v. Békésy1951;
Hibinoet al,, 2010)

Due to these specific ionic environments, the opening of taie tell MET channels will drive
the flow of ions down the electrical gradient. This is between the ypasitively charged
endolymph (approximately+80mV) surrounding the stereocilia and the more negative
intracellular environment of the hair cell (approximatefg0mV) giving avery large driving
force of ~10OmV (v. Békésy, 1952The MET channels are ngelective cation channels and

so positive ions, such &and C&*, will flood into the hair cell from the endolymph to balance
out the large potential difference. Thus, souimdluced vibrations and stereocilia deflection
(towards the taller posterior rowjesults in the depolarisation of hair ce(Bigure 1.}. This
transducion of mechanical stimuli into an electrical response in hair cells relies on the

maintenance of this largelectricaldriving force within the organ of Corti.
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Figurel.7: Hair cell stereociliadeflection and depolarisation
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Inner hair cell depolarisation following sourdduced stereocilia deflection triggers the
opening of itsvoltage gated Cav1.3 €ahannels, and Cainflux (Lewis and Hudspeth, 1983)

This high intracellulaE&* promotesthe exocytosis of glutamateontaining vesicles from the

hair cellgpresynaptic membrane (Figure ) (Beutneret al, 2001; Nouviaet al., 2006) Large
groups of these vesicles are located adjacenthe pre-synaptic membrane attached to
structures called synaptic ribbons; this specialised setup allows for teorporally precise
glutamate release thatan be sustaiad throughout long periodsf sourd stimulation (Figure

1.8) (Smith and Sjostrand, 1961; Vincental, 2015) Gluamate in the synaptic clefiindsto

h -amino-3-hydroxy5-methyl-4-isoxazolepropionic acid (AMPA) receptors on postsynaptic
neurons (Matsubaraet al, 1996) This leads to the depolarisation of the neuron via the
induction ofanexcitatory postsynaptic current and the generation of action potentials which
are relayed to central auditory centré&lowatzki and Fuchs, 200Zheseauditory afferent
neurons innervating the hair cells can be split into two groups. Type 1 afferent neurons make
up 95% of thisndzNR y LJ2 Lddzf F GA2Y F YR SIFOK FT2N¥Y | &adyl L
(Spoendlin, 1972; Berglund and Ryugo, 198fi¢se neurons carry soudlated information
regarding frequency and intensity to deeper auditory centres. Type 2 afferent neurons make
up the remaining 5% and they each innervate multiple OHCs; these neurons are believed to
relay information regarding aoxious stimuli to auditory centres in the braibut their exact
function is still uncleafLiu, Glowatki and Fuchs, 2015)

11



caniiERRReRe. . Synaptic
' Ribbon

A Calcium
4 > Channel
I' \\; &
i 9@ Q
gy lons
] Q [
r Q Q 3 ' Docked
: : !~ Vesicle
\ )
\ ]
V008, o ! Docking
' -, Q LS (———“"
\ i rotein
v ‘ \ H P
R R T N
\ “HE %
« 9 oo © o g > Neuro-
RN 9 %OO gc gO OOC o "
Y 0® o® "oy transmitter
. .--~" Receptor
-~ - o
I Channel
&lons

Figurel.8: Inner hair cell ribbon synapse
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1.1.1.2Sensory hair cdiring duringdevelopment

As discusseth the previous sectionsound stimulatiordeflects hair celstereocilia triggering

the opening @& their MET channels< influx, and hair celldepolarisation(Figure 1.7)This
producesa graded receptor potential which depends on the size of the stimiifabner and
Russell, 1986)Louder sounds will cause greater stereocilia deflection and MET channel
opening, which will lead to greater IHC depolarisatandthe release of more glutamate
containing vesicles at the synapstair cells in the mature cochléa2 i@ éction potentids

and instead exhiib this graded voltage responsgue to the presence of a fasictivating
outward K" current (k9 and a negatively activated outwakdcurrent (k) (Figure 1.9JKros,
Ruppersberg and Risch, 1998; Marcettal., 2003a) These potassium aents enhance IHC

hyperpolarisation and lower the resting membrane potential to stop spiking activity.

However, during cochlear development, the difference in potassium currents allows for
immature IHCs to fire action potentials. Specificalhe liks is absentand the Ik is instead
known aslkiand only activates at very hyperpolarised membrane poten{idiarcotti et al.,
2003a) This produces a higher resting membrane potential and allows for spiking activity up
until the onset of hedng at P12 (postnatal day 12) in neonatal ni€gure 1.9)Furthermore,
these immature IHC action potentials occur spontaneo(wgithout sound stimulatiopand

so are believed to be generated intrinsically by the 1Hss, Ruppersberg and Riusch, 1998;
Marcotti et al,, 2003b; Johnsoat al., 2011) The pattern ofthis IHCfiring can be modulated

by ATPmediated/ %% @#Sa 2NAIAYIGAy3 A¢NYSGaEQE S ¥ BzZLJLJ3 NH
. o 81 EI & diisyaitern differs between more apical and more basal IHCs and so it
is thought to be important for the refinement of synapsego the correcttonotopic

organisation along the cochlédohnsoret al., 2011; Johnsoat al., 2008)
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A: The diagram shows the timing of the appearance and disappearancecafrénts and spike
activity during maturation. The change in width of the horizontal bars gives an approximatimmlic

of developmental changes in the size of the currents. The timing is valid for the apical coil (changes in
basal coil IHCs were usually shifted forward % days). Figure and legend modified fréktarcotti

et al, 2003a)

B: Voltage raponses of inner hair cells to current steps (duration 250 ms, step size labelled next to

voltage records). On the left are the voltage responses frd?2,ammature cell. Currents as small as

n LY StAOAGSR af 2¢ RS OrtheligNUardtheivditaye rasponsedNiford ABNA y 3 &
adult IHC showing rapid, gradel voltage responses withoutegenerative depolarisationsor

spiking For the largest current steps, progressively mogeis activated in the P31 cell, hence the
RADGSNHSYOS Ay (KS @2t GF3aS NBaLRyaSad C2NJ Of F NR (&

GKIFdG dzytl oSttt SR GAO] YINJ a

NBLINBa Sy

Figureand legend modified froniKros, Ruppersberg and Riisch, 1998)
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1.1.1.3Thesupporting @lls

Surrounding the hair cells in the cochlesgnsory epithelium are nesensory suppotingcells

(Figure 110). These includghe DeiterQ0 St f & X | S yildr SefisQriner gh&ldnded > LJ
cells,/ f I dzR A dgarder c@lSaubdithe Eells of the inner and outer sulc{Mgller, 2AL.2).

These supporting celldisplay a diverse range of physiological properties which allow them

to contribute to a plethora of cellular processes crucial for the development and functioning

of the cochlea.

Tectorial membrane

Cochlear
nerve fibers

BC IBC IPhC

Tunnel of Corti J L Nuel’s space

Figurel.10: The supporting cells in the organ of Corti

Inner and outer hair cells are shown in blue (labelled IHC, OHC). The tunnel of Corti lies between these
two subtypes of hair cell and is formed by inner and outer pillar shftsvn in yellow (IPC, OPC). The

IHC is adjacent to an inner phalangeal cell shown on the right in teal (IPhC) and an inner border cell on
the left in orange (IBC). To the left of the IBC are additional border cells (BC) followed by the inner
sulcus cellsI$C). The OHCs sit upon the Defieeis shown in green (DC). To tight of the OHCs

andDC$ N (GKS | SyaSyqQa OStta Ay NBR o1 /0% /[t dzRAdza

(OSC). Figure frofdanget al., 2022)
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C2NJ AyaulyoSs (KS 5SAGSNAQ OStfta |yR LWAffIN
filaments giving them a firm, but flexible cytoskelet@mngelborg and Engstrom, 1972; Zetes,
Tolomeo and Holley, 2012y his provides structural integrity to the sensory epithelium when
sound stimulation sends vibrations throughout the cochl&bso,adjacent to the IHCs, the

inner phalangeal cells and border cells express glutamate transporters (glutamate aspartate
trangporter: GLAST) which clear excess neurotransmitter from the IHC syr{&psesss and
Lehre, 1997; Glowatzkt al., 2006) This clearance isuxial to prevent excitotoxicity, where

the accumulation of glutamate can cause swelling of spiral ganglion neuron afferent
terminals, synaptopathy and hearing lq$sakubaet al., 2000) Furthermore all supporting

cells are connected by gap junction channels which create passageways between the cytosol
of neighbouring cell§SantosSacchi and Dallos, 1983; Kikuehal,, 1995; Jagger and Forge,
2006) This creates a functional syncytium allowing the transport of a variety of molecules
across the epithelium. Secondary messengers suéT &sutilise this gap junction network to
propagate intracellular signalling cascades into neighbouring supportingAefiglmiet al.,

2008) One example of this being the purinergic receptor signalling cascade which generates
intercellular/ F% I @Sa& | ONRP&aa (KS KIAJAYERINAGZIWAS OLSIf /f aa LK)
RS@St 2 (INSlyel al, 2007; Babolaet al, 2020) Additionally, following IHC
depolarisation, Kions must be recyclelack to the endolymph to replenish the endocochlear
potential (v. Békésy, 1952; Hibirat al., 2010) It is hypothesised that this is facilitated by the
diffusion of Kionsback to the stria vascularis via the supporting cell gap junction channels
(Kikuchiet al., 2000; Wangemann, 20Q6)his is followed by the*kons being pumped back

out into the enddymphto maintain thesteep electrical gradient for cation movement into

the IHC withithe opening of the MET channels.

Within this thesis,only two types of the many membrane proteins expressed the

supporting cells will be discussed in detpilrinergic receptors and gap junction channels
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1.1.1.31 Purinergiceceptors

Purinergic receptors are a group of transmembrane proteins which respond to the
extracellular Iinding of purines such asTP, ADBndadenosingBurnstock, 1972; Burnstock,
1980) These receptors are split into two subfamilies based on their agonist selectivity: P1
receptors bindadenosine and the P2 receptors bind ATP, UTP andBWirstock, 1978)he

P2 familyis further separatednto two more sulgroups: the ionotropic P2X subtype and the
metabotropic P2Y subtypérigure 1.1) (Burnstock and Kennedy, 19892X receptors are
ATRgated cation channels and have seven members within their subgroup (A2XX%)
(North, 2002) The metabotropic P2Y receptor family has eight members(AF2Y¥, P2Y,

P2¥%, P2Y1, P2Y>, P2Y3 P2Ys) and can initiate intracellular -@rotein coupled signalling
pathways following agonist bindin@-redholmet al., 1994; Abbracchi@t al, 2009) The
diversity between these different purinergic receptors can explain the wide variety of cellular

functions they perform across the majority adsues in the bodgBurnstock, 2018)

ATP _»

P2y
o

26

increased /

intracellular Ca?*

Figurel.11: P2 purinergic receptors
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Within the organ of Corti, members of the P2 purinergic receptor family are expressed in both
hair cells and supporting cellslousleyet al,, 1999; Xiang, Bo and Burnstock, 1999; Hugng
al.,, 2010) ATP, or other agonists, released into the endolymph and perilymph will bind and
activate these P2 receptors triggering a range of different celpracesses. In this thesis, the

functioning of P2Y receptors in cochlear supporting cells will be discussed in detail.

Before hearing onsetinner hair cells and theispiral gangliomeurons fire spontaneous
action potentials (Marcotti et al, 2003b; Johnsowt al, 2011)which are crucial for the
maturation of their synaptic connections anefinement of the tonotopic magClauseet al.,

2014; Mulleret al., 2019) This spontaneous activity within their cells is believed to be
modulated by a P2Y signalling cascade originating in nearby supportingTegdshet al,,

2007; Babolat al., 2020) The cells of the immature inner suls [Kélliker'sorgan (Hinojosa,

1977) (Figure 1.1Pexpress P2Y.areceptors(Huanget al., 2010; Babolat al,, 2020) At this
neonatal ageATP is spontaneously released into the endolympith can bind and activate
these metabotropic P2Y receptaianselmiet al, 2008) The resultant intracellular-@rotein
coupled signalling cascade generates the intracellular secondary messenger inositol 1, 4, 5
triphosphate(IPs), which is known to induce €aelease from the endopkanic reticulum into

the cytosol(Figure 1.1B(Beltramelloet al., 2005; Piazzat al,, 2007) This IR can also travel

to neighbouringcells,via gap junction channels, and trigger furthe?Galease across other
Kolliker'scells in the epithelium(Mammano, 2013)This rise in intracellular Ca will also
trigger the opening of connexin hemichannat® the Kolliker'scells allowing ATP efflux to

the extracellular space, and furth@utocrine activation of P2Y receptor¢Anselmiet al.,
20080 ¢ KAa YSOKI yARWRMEGS Ri SINOISRNBH! ItASQ YR FI
intracellularC&* transients tavelling across the supportireglls in the epitheliungTritschet

al., 2007) Theincreased intracellula€&* will also trigger the opening of TMEM16A chloride
channels and G¥fflux from these supportingells(Wanget al., 2015) This is followed by*K
FYR 61 GSN) STFtdzE (2 O2dzyiSNI OG GKA&a OKIy3IS A
cells to shrink and increases the concentration 9dKdvolume ofwater, extracellularlyThis

is hypothesised tmfluence IH@epolarisation as the increased extracellulac&ncentration

in the perilymph will delay Kefflux from basolateral IHCs, amsd this wouldinfluence the

firing of ontaneous action potentials immature hair cell§Babolaet al, 2020; Ceriangt

al,, 2019a)
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e Tectorial membrane
Kolliker's organ

Inner hair cell

Outer
hair cell

Figurel.12: Maturation of the organ of Corti

A: Schematic image of the immature organ of Corti. An inner hair cell is shown in yellow. Next to the
inner hair cell there are the cells Bblliker'sorgan (pink) also known as the greater epithelial ridge
(GER)B: Schenatic image of the mature organ of Co#ifter the onset of hearing, thi€élliker'sorgan

is lost and replaced by the inner sulcus cells (piRigure nodified from(Hoolet al., 2023)
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Figurel.13: P2Y receptor signalling cascades initiated in supporting cells affect
the depolarisation of immature inner hair cells

P2Y receptors are expressed by the supporting cel&@lliker'sorgan prior to hearing onsdigrey

cell). The extracellulabinding of AP to these receptors triggers antracellular Gorotein coupled
signalling cascade resulting in the productiomnaisitol 1, 4, Sriphosphate (IB). This molecule binds

to IPsreceptors on the endoplasmic reticulum and stimulates the releas@afinto the cytoplasm.

The TMEM16£&1 channes (red)will be activated by high intracellular €and so Cwill leave the cell

into the extracellular space. This will be followedsiter andK" and so theelectrical potential the
extracellularfluid surroundng the hair cells will become more positiveEhis willmean there is a
smaller driving force foK' to leave the hair cells which will influenbair cell depolarisation and the
firing of action potentials. Therefore, the activation of P2Y receptors on the supporting cells can
influence the ionic composition of the intercellular fluid and impact the firing of inner hair cell action
potentials.Addtionally, the supporting cells are connected by gap junction channels a@dtsand
IP;can diffuse into neighbouring cells and trigger the same signalling cascade again. Figure modified
from (Kersbergen and Bergles, 2024)
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These action potentials within the inner hair cells will cause glutamate release into the
synaptic cleft and elicit action potential firing in spiral ganglion neurons §3@MNangHooks

et al, 2016) This event is reliant upon the P2Y purinergic signalling cascade withibyne
supporting cells as the use of P2Y receptor antagonists abolished action potent#siand
SGNgBabolaet al., 2020; Babolat al., 2021)

Though the mechanism is well established, there is some @disagnt within the literature

as to which P2Y receptors are involved in modulating these spontaneous hair cell action
potentials. In the developing rat cochlea, RaMd P2Y receptors have been shown to be
expressed irKdlliker'sorgan cell{Huanget al., 2010) Furthermore,UTP (a potent agonist

for P2¥ and P2Y, but not for P2Y) was eported to triggedarge C&* oscillationsacross the
Kdlliker'scells of the rat cochle@Piazzaet al., 2007) Inaddition to this,a significantlylarger
C&*response was observed in the Kollikertdisfollowing ATP administration compared to
ADP administration. ATP is known to be the principal agonif®2dand P2Y receptors,
whereas P2)¥eceptors have a weak response to ATP and respond most strong§yR{von
Kigelgen and Hoffmann, 201@herefore, these papers sugge2¥and P2¥receptorsare
responsible for theC&* transients observed withifKolliker's orga before hearing onset.
However it has also been reported th&2Y is the main receptor responsible for modulating
0KS KI AN OGardciofpotentialshs poathieous activityn ISCs, IHCs and SGNs
was shown to be absent whétRY receptor activity wa blocked via an antagonidiRS2500)
(Babolaet al., 2020) Even though Huang et al., 2010 show no P&xpression in Kolliker's
organ. Thus, further investigation would be beneficial to confirm which receptors drive this

important process in the immature cochlea.

Following the onset of hearing, spontaneous hair cell action potentialseceasl sound
stimulation is nowrequired totrigger large enough hair cell depolarisations to elicit action
potentials in SG8I(Tritsch and Bergles, 2010n addition to this, there is limited data
regarding the role of P2Y receptors in the adult inner sulcus and so their function in the
mature cochlea remains unknown. For example, some data suggest a complete lack of P2Y
receptor expression, and activity, in the cells of the inner sulcus after cochlear development.
Rat Kolliker'sorgan cells have been reported to completely lose P2Y receptpression
following hearing onset at ~P1@uanget al, 2010) Furthermore,C&* responseswere

compared betweenneonatal and zZmonth-old gerbil inner sulcus cells following ATP
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application; it was showthat the 2month-old cells elicited no response at the inner sulcus
whereas the neonat&lliker's cellglisplayed popagating intracellula€&*waves(Chan and
Rouse, 2016)Therefore this implies the P2Y receptors expressed in the neonatal Kélliker's
organ cells, Wich drive intracellulaC&* transients, are no longer expressed in the mature

inner sulcus cells.

However, other papers have presented evidence to suggespBivergic signallingnay be
maintained in the poshearinginner sulcusFor examplejt was reported that P16 murine

inner sulcus cells displagewvaves of intracellulaCa&* transients, and inward currents, in
response to ATP or UTP (P2Y specific agapgplication(Tritsch and Bergles, 20100his
suggests P2Y receptor expression is maintained at P16 in the inner sulaushewegh the
spontaneousC&™* oscillations they are believed to mediate cease before hearing onset at
~P12. Therefore, these receptors potentially serve another function in the mature cochlea
involving the propgation of intracellulaiC&* transients. In support of thisATRinduced
intracellularC&* transients, and associated inward currentsyve been reportedicross the

inner sulcus of the adult mouse cochlé&irko, Gale and Ashmore, 201B)owever, it was
concludedhat it was likely a combination of both P2X and R&¥¢éptors driving the observed
C&*responses tAATP. This is because tGe* response observed following UTP application
was significantly smaller compared to the ATP response, suggesting P2Y receptor activation
Ff2yS AayQld &adzFFAOASY (G of2activitNRéveittetess, litknds & | Y'S
proposal that these P2¥ssociate C&*transients in the mature inner sulcus may contribute

to regulation of ger expression, as simil&@&* oscillations have been shown to influence
gene expression and transcription factor activity in numerous otlssues(Dolmetsch, Xu

and Lewis, 1998; Het al, 1999) Thus overall, it is apparent thairther investigation of P2Y
purinergic receptor expression and activity is required within the mature cochlea inner sulcus
to confirm whether these receptors are expressed, and if they are, what is their function

following development.
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1.1.1.32 Gap jaction dannels

Gap junction membrane channelsform a passageway between the ogbl of two
neighbouring cells allowinghe transport of ions and small molecule$éBennett and
Goodenough, 19788x connexin proteins arrange to form a hexametric nwith a central

pore at the cell membrangthis is known as a connexdBruzone, White and Paul, 1996;

Beyer, Paul and Goodenough, 1990he alignment of two connexon complexes on
neighbouring cells creates a passageway between their intracellulairaaments, also

1y26y I a | (Mighile LIx3\ddifiadally, & sinGle, unpaired connexon complex is
1y26y a I WKSYAOKIYyYyStQ> FyR GKSasS Oly T O

cytosol and the extreellular spaceinder certain cicumstancegLiet al., 1996)

A Gap junction
channel

Connexon

) (hemichannel)
Conp_gxm

Cell 1 cytosol

Cell 2 cytosol
Figurel.14: Gap junction channel structure
'Y ! aAay3aftS O2yySEAY &dzodzyAl A& aK2b WOBRNIRMEKS  SF
I KSEINRGY NI G K | OBYFAWY OR¥PINSE (1 2NFR8XA OKI yy St o
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O2yySEAY &dzodzy Sijae yaFNBEY yRY R y LIdzraakiS &3 (OG NMNEE Saady S
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At celkcell junctions, housands of gap junction channels (GJCs) congregate together to form

WiLY [ dzZSaQd 2 A0KAY (GKS YIFGdzZNBE 2NHBIFY 2F [/ 2NUAZ
junction plagues composed ofbonexin 26 (Cx26) and connexin 30 (Cx@oyure 1.1pb

(Kikuchiet al,, 1995; Lautermanet a., 1998) The only exceptionio thisare Deiter<zell GJCs
whichhave been reportd to express mainlZx30(Jagger and Fge, 2015; Jagger and Forge,

2006) Thereforein the cochleathere are likely to be homomeric Cx26 and Cx30 gap junction
channels which consist of just one type of connexin subunit, as well as heteromeric Cx26/Cx30

gap junction channels where both connexin subunits comhiitkein one channe(Ahmadet

al., 2003; Defourny and Thiry, 2023he sensorair cells do not express GJCs.

Deiters’ cells
IHC = inner hair cell mm Cx26/Cx30 gap junction plaque
OHCs = outer hair cells mm Cx30 gap junction plaque

Figurel.15: Gap junction channel expressian the organ of Corti

Schematic diagram of the organ of Corti illustrating the location and type of gap junction plaques. The
inner and outer sulcsl cells contain GJC plaques containogh connin 26 and connexin 30
Whereas the Deite@ell plagues contain connexin 30 only. Hair cells do not express any gap junction
channels Figure taken fronfDefournyet al., 2021)
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This widespread expressiaf gap junction channels throughotite organ of Cortforms a
transport network across the epithelium in which molecules can travel batveeds folarge
distanceqKikuchiet al., 1995; Forget al., 2003) The size of the GJC pore allows the passage
of a wide variety of molecules ranging from secondary messengers IR.gnd ATP)
(Hernandezt al,, 2007) ions (e.g. Caand K) (Kikuchiet al,, 2000; Zhangt al., 2005)and
metabolites (e.g. glucos€Changet al, 2008) Therefore,the GJC network ikkely to be
involved in numerous aspects of cochlear functibhis could explain why uations affecting

the C26 protein GJB2yene) and the G0 protein GJB&ene) are the most common causes

of nonsyndromicgenetichearing losgdel Castillo and del Castillo, 2017; Chan and Chang,
2014; Cheret al,, 2022) However, even though this confirrtitee supporting cell GJC network

is crucial for hearing, the specific mechanisms by which it contributes to cochlear function
remain uncertain Furthermore, mmerous connexirelated mutations have been identified
which can present aa wide variety of hearing loss phenotypes, ranging from deafness at
birth to progressive hearing loss later in lf€han and Chang, 2014)his heterogeneity
suggests the presencéd wumerous pathological mechanisms associated with GJC dysfunction
which can affect both cochleadevelopment and maintenance of hearing functiofhe
limited understanding of the pathological mechanisms leadin@gd&elated hearing loss

prevents the gearation of effective treatments.

It is hypothesisedhat GJCs contribute to the ionic homeostasis witlihe cochlea by
promoting the recycling of ions back to theendolymph following hair cellepolarisaton
(Figure 1.1% Specifically, K leaves the hair cell basolaterally and is taken ypnearby
supporting cells(SantosSacchi and Dallos, 1983; Kikuehial, 2000) The GJC network
connecting the supporting cells then facilitates the diffusion of theidds across the
epithelium to the stria vascularis, wherthey are pumped back into the endolymph
(Wangemann, 2006)This replenishment of endolymphatié¢ i crucial for hearing function

as it restores lte steepelectricaldriving force for hair cell depolarisationhen the MET
channelsopen. However, this proposed route fof i€cycling via the supporting cell GJCs is
still a hypothesis as there is yet te bny direct confirmation dhis mechanism. Nertheless,
there is evidencavhich suggestan association between GJC function and the maintenance
of the endocochlear potential. For example, both homozygous mutant Cx26 and Cx30 mice

were shown to have significantly smaller endocochlear potentials awdrl endolymphatic
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K" concentrations than wildype mice (CohenSalmonet al, 2002; Teubneet al., 2003;
Crispinoet al, 2011) In addition to this,adult homozygous Cx26 loxP mice displayed
decreased Cx26 expression, lowered erachlear potential and hearing loss following the
injection of BAAV containing cre recombing€ispinoet al, 2017) Therefore, these data
suggest that defective GJCs somehow negatively influence the maintenance of a highly

positive endolymph with a high*Koncentration, and this has a damaging effect on cochlear

function resultingn hearing loss.

Scala vestibuli

stria -
vascularis %38

>
.
7

>

Scala media

o
‘o0
.
*

SGN / IPhcs IPC  OPC  DCs
/ Scala tympani

Figurel.16: K" recycling via gap junction channels in the organ of Corti

The opening of mecharelectricaltransducerchannelson hair cellgdrives Kinflux. This isfollowed

by hair cell depolarisation and subsequent neurotransmitter release onto auditory neurons. This
process relies on the maintenance of the electrical driving force promotingflix into hair cells.
Therefore, after hair cell depolarisation théi& believed to leave the hair cells basolaterally and be
taken up by nearby supporting cells. The gap junction network connecting the supporting cells will
then allow the Kto diffuse across the epithelium and be pumped back out into the &madph at the

stria vascularis(ISCs: inner sulcus cells, IBCs: inner border cells, IHC: inner hair cell, IPhCs: inner
LK1 y3asSlrt OSttaxr Lt/ Y AYYSNI LAfEFN OSttX ht/Y
I /7aY |1 SyaSyQqQa Oclis,B:Dasilal nierbrane? SANiisQirkl §adlion nelFayre

modified from(Kdleset al.,, 2019)
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However, this data still does not directly confirm a route fora€ycling via the GJ@twork.
Furthermore dominant negativdR75W Cx26 mutant mice were reported to have hearing loss
with no significant difference in endocochlear potential when compared to-typpe mice
(Kudoet al., 2003) In addition to this, when Cg2vas conditionally knocked out in the Dieters
and pillar cells it had no effect on endocochlear poter(duet al., 2013) This suggests that
even if GJCs do contribute to the maintenance of the endocochlear potential, it cannot be the

only aspect of cochlear function they influence

The QC network is also believed tssist in the delivery of metabolites (such as glucose) to
the cochlear epithelium as this tissue receives limited blood syaptosSacchi and Dallos,
1983) Glucose from periphet@lood vessels is hypothesised to diffuse from cell to cell via
the GJC network and supply the organ of Corti. Fluorescently tagg¢8iDZ> (a glucose
analogue) was able to diffuse across ~100 cells following injection into one outer sulcus cell,
and octarml (GJC blocker) inhibited this diffusi@hanget al, 2008) Additionally, this was
repeated on Cx30 mutant mice who displayed a significant reductioaNBRG diffusion,
further suggesting glucose delivery to the organ of Corti utilises the GJC network. Therefore,
hearing loss associated with connexélated mutations could also be a result of glucose
deprivation to the organ of Corti. It is well established that glucose deficiency prompts an
increase in the production of reactivaxygen species (ROS) which mnewn to induce cell
damage and deatllLeeet al,, 1998) So, another potential mechanism involved in connexin
mutation-related hearing loss could be hair cell deterioration due to pathology associated

with glucose deprivation and reactive oxygen species.

A further function of the GJC network is to facilitate the spread of intercellular signalling
cascades across the organ of Corti. For example, during codelegiopment, immature hair
cells and their associated neurons fire spontaneous action poteniMéscotti et al., 2003b;
Johnsoret al,, 2011)which diive synaptic maturatior{Clauseet al., 2014; Mlleret al., 2019)

A purinergic signallingcascade, originating in the supporting cells, modulates this
spontaneous hair cell activit{fSection 1.1.1.2.1)This cacade utiliseshe GJetwork to
propagate downstream moleculeacross the epitheliumSpecifically, purinergic receptor
activation onthe supporting cells stimulategbe production ofiP; (inositol triphosphate) and
Ca&* release from intracellular stores, both of which utilise the GJC network to induce the

sameresponse in neighbouring celfsigure 1.1y (Ceriani, Pozzan and Mammano, 2Q16)
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Therefore, hese intracellular Caoscillations can spesl in waves across théolliker'sorgan
andtrigger widespread Kefflux which willinfluence IHC depolarisation and action potential
firing (Tritschet al., 2007; Babol&t al, 2020) However, it seems that this mechanism is not
completely reliant on the GJC network as even though Cx30 knock out mice (which also only
have ~10% Cx26 expression) had a reduction i VZaves acrosghe Kolliker'sorgan
spontaneous action potentials were still detected in IHCs similar to those seen itypéld
IHCHJohnsoret al, 2017) Therefore, it was concluded that tig*waves in supporting cells
must only modulate the IHC action potentials. This was suppdrtethe observation that
Cx30 knock out IHCs displayed increased action potential firing rarely whena®as were

seen inKdlliker'sorgan(Johnsoret al., 2017) Howeverjt was also shown thahe adult Cx30
knock out IHCs retained an immature phenotype, suggesting that the modulation of IHC
action potentials during development may promote the correct maturation of inner hair cells.
Therefore, another possible pathological mechanism contrilgutio the hearing loss
associated with connexirelated mutations is dysfunction of intercellular Zavave

propagation and incomplete hair ceflaturation.
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Figure 1.17: Intracellular C&" signalling cascades can spread across the
supporting cells via gap junction channels

The supporting cells in the organ of Corti express purinergio@in coupled receptoréP2YRyvhich
activate in response to the extracellular binding of ATP. Thigerggthe production of the signalling
molecule IR (inositol triphosphate) which promotes the release of?Clom the endoplasmic
reticulum (ER) This will increase the cells concentration of cytosolfc. Jaie downstream signalling
molecules (Ca and Ps) can travel to neighbouring cells via the gap junction chanfpelgple)and
induce the release of more &aThis is the mechanism by which intracellulad*@aves can propagate
across tle cochlear sensory epitheliurAdditionally, high intracellula€z*will promote the opening

of the connexon hemichanne(purple)which can allow the release of ATP from the cell. This ATP can
go onto activate other P2Y receptors on other céllR I LJ0 SR FNRY a! QUAQI GAz2Y
0t Y/ U éBbRendet.com(2024) and retrieved fromhttps://app.biorender.com/biorender
templates.&apos
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1.2 Agerelated hearing loss

Theremainder of this chapter will introduce agelated hearing loss as this thesis is exploring
whether changes in the cochlear supporting cells (Section 1.1.1.3) could influence the

progression of this condition.

Agerelated hearing loss @HL)is defined @ the progressive decline in hearing ability
following the senescence of cells of the auditory systéxpproximately two thirds of
individualsaged 70 or above experience bilateral hearing loss, making AfRHmost
prevalent sensory contion among the agd population(Goman and Lin, 2016)ypically, it
presents as difficulties with speech percepti@specially in a noisgnvironment) sound
localisation and a decreasethme processing speed of auditory stim(Bates and Mills, 2005)
ARHlLinitially affectsthe detection ofhigh frequency sound$ollowed by progressive loss of
hearing of lower frequency sound$hese primary symptoms predispose numerous other
related ailments, such as an increased incidence of mental health conditions, as hearing can
FFFSOG YIye I &LlSO{Brewsefet dl.,2019) Vréeatm@isRalzARHD d@re £ A TS
limited to symptonatic solutions, such as hearing aids and cochlear implants, as currently
GKSNBEQa y2 OdzNB ¥ (@pihziierkdRiedzsRasnNZ0ETRe/nthin @asoza S
for this is the limited understanding of the multiple cellular mechanisms contribtbidgRHL,

and how these processes are affected by the many environmental and genetic risk factors
(Gates and Mills, 2005 herefore, ARHL is described as a complex, multifactorial disorder
due to the diverse set of symptoms it can lead to, but also because of the plethora of factors

which have been proposed to contribute to development.

1.2.1ARHL pathology

ARHL is heterogeneougondition which has been categorised into sybes based on the
presence of four main forms of pathology: sensory, neural, strial/metabolic and conductive
(Schuknecht, 1955; Gacek and Schuknecht, 196B¢ sensory type of ARHL pathology
involves the lossfdhe inner and outer hair cells as the organ of Corti degenerates. The neural
type involves the loss of the spiral ganglion neurons which innervate the hair cells. The strial

type involves a decline in the endocochlear potential as the stria vascul@éndeates and
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can no longer maintain the positive electrical potential of the endolyrtgsdt, Melichar and
Thalmann, 1987)Finally, the conductive types typically associated with problems in the
outer and middle ear which influence Wwowell sound can reach the inner ear. It is also
believed to involve the thickening of the basilar membrane causing it to be less effisient a
carrying soundnduced vibrationgBhatt, Liberman and Nadol Jr, 2001)is thought that

many individuals with ARHL expnce pathology across seveddlthese subgroups. This can
explain why both the onset, and rate of disease progression, for ARHL is so variable between
patients(Brant and Fozard, 1990; Gopinathal., 2009) Each individual is likely experiencing

a differing combination of the four main ARHL pathologies, alongside various other genetic
and environmental infiences. Neverthelesk is agreed within the literature thahe sensory

type of ARHL pathologyexpectedto have the largest contribution to ARHL progression and

has been studied in more detail.

1.2.2ARHIrisk factors

The progression of ARKkdknown to beinfluenced by a wid range of factors involvintpe
dysfunction of numerousellsalong the auditory pathwagnd molecular mechanisnwer
time (Keithley, 202Q) A combination of the natural aing of auditory cells, genetic
contributions(Van Laeet al., 2010)and multiple environmental factor@\grawal, Platz and

Niparko, 2008have all been stwn to influenceARHLdevelopment

It has beerestimated that there are ~150 genetic mutations associated with influencing the
development of ARH(Wells, Newman and Williams, 2020jhese genes appear to be
involved in a variety of different cellular processes suggesting ARHL pathophysiology involves
the interaction of multiple different dysfunctional mechanisms in a variety of c@lise
example of this being polymorphisms genes involved in protection against oxidative
damage such as GSTT1 and GSTW&h Eykeret al, 2007) It is expected that these
mutations would disrupt the clearance of toxic reactive oxygen species and predispose
mitochondrial damagend cell death(Orrenius, 2007)Additionally, mutations in estrogen
related receptor gamma (ERRG) in women and female mice have also been linked to ARHL
progression(Nolan et al., 2013) This receptor is expressed within inner haill€eand

supporting cells but its function in the cochlea remainscigar. In other tissues, ERRG

31



known toregulate the expression of genes important for ionic homeostasis such as KCNE1
(Alaynicket al., 2010) The maintenance of specific ionic environments is crucial for cochlea
function, and so any mutations affectiimmnic homeostasis would bexpected to be linked to
progressive hearing loss. Thereforie,is clear thatARHL pathophysiology inves the

interaction ofdifferent dysfunctional mechanisms in a variety of cells.

Furthermore, mmerousenvironmental factorgre knownto promote thesame dysifinctional
mechanisms involvedin agerelated cochlear pathophysiology. For instance, it is
hypothesised that damage followingultiple events of loud noise exposure throughdii
accelerates the progressiaf ARHLI(Franseret al., 2003) The pathophysiologynvolved in
noiseinduced hearing los&NIHL)and ARHL occur in a similar manner; the more immediate
effects irclude the loss of hair cell synapses, followed eventually by hair cell and neuron death
(Sergeyenket al, 2013; Kujawand Liberman, 2015Additionally,mice exposed to sound
known to causetemporary threshold shift TT$ displayed accelerated agelated
synaptopathy(Fernandezet al, 2015) Therefore, thismakes the distinction of damage

resulting from NIHL and ARHL within one individual very challenging.

1.2.3ARHL and supporting cells

The four categories of ARHL patholdgghlight the wide range of structures in the auditory
system wich are affectedby this disorder Additionally, the numerous associated genetic
mutations and environmental factors further suggest that ARHL pathophysiology involves
multiple dysfunctional mechanisms in a variety of cells. However, most research into this
condition has dcused on ageelated changes in the sensory hair cells of the organ of Corti.
The cochleanon-sensory supporhg cellsare crucial for the health and functioning of the
sensory hair cells, and thus, maintenance of hearing. Therefore, it is likely thagarelated
changes in these supporting cells will impact hair cell function and potentially contribute to
the changes in hearing ability we observe in theiag cochlea. However, hardly any research
has been conducted to investigate how these suppagrtoells change with ag&his thesis

will focus on investigating arggerelated changes within the supportingells to provide a

better understanding of the senescence of the auditory system and ARHL.
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1.23.1 Gap junctionttannels and ARHL

As mentionedpreviously, the cochleasupportingcells form a functional syncytium across

the sensoryepithelium compased of gap junction channelsonnectng the intracellular
spaces oieighbouring cellgKikuchiet al., 1995; Jagger and Forge, 2Q015his transport
network is hypothesised tbe crucial for hair cell longevignd hearing function as mutations
affecting the connexin proteins which form these gap junction chararelshe most common
causes of norsyndromic hearindoss(del Castillo and del Castillo, 2017; Chan and Chang,
2014; Cheret al, 2022) It has been reported that these cochlgaJCs exhibit chaag in their
structure and organisationwith age. Eightmonth-old C57BL/6Jnouse inner sulcus cells
displayed a significant decrease in @dque length and abundance, alongsidenzore
scattered structurewhen compared to the typical linear orgaation and length in young
adult mouse cell§Figure 1.1B(Tajimaet al, 2020) ! f ( K2 dzZ3 K A (i (ffact tlegeOf S| NJ
structural changes have on the GJCs ability to functibie, mice were reported to have
minimal hair cell damage and hearing loss at eight months, but exhibited severe hearing loss
by nine months.This led to the hypothesis thdahe agerelated changes in GJC wtture
reduce their functiond efficiency, and thus negatively impatte transport of necessary
molecules to/from the hair cells. This overall would dagected to contribute to hair cell
dysfunction with age and the development of ARHhis hypothesis seems feasible as
reductions in GJ@laque size in other tissues halkeen associated with dysfunction in eell

cell comunication and disease. For example, reductions in the size of GJC plagues across the
cardiac epithelium are strongly liad to aryhthmias due to a reduced efficiency in the -GJC
mediated spread of electrical signals promoting synchronised contratioke and Saffitz,

1991, Kaprieliaret al., 1998)
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Figurel.18: Cochlear supporting cell gap junction structure and age
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Further support forthis claim comes from looking at mutations in Cx26 and Cx30 (the two
main components of cochle&JCs)Cx26 mutant mice were reported to have accelerated
hearing decline with age (deterioration in ABRs and DPOAESs) compared to wild type mice
(Fetoniet al., 2018) It was hypothesised #t the reduction inCx26 made hair cells and their
neurons more susceptible to damage resulting from lack of nutrient/glucose delivery, such as
increased oxidativetgess (a known contributor to ARHL). This was feasible dathef Cx26
caused dysregulation in thexpression of multiple genes associated with antioxidant defence
mechanismgFetoniet al., 2018) It hasalso been reported thainice withtotal deletion of
Cx30displayed accelerated levels of agdated hearing loss compared to wild type mice
(Pacielloet al, 2022) These knockut mice also exhibited increases in cochlear damage
associated with ARHL, such as inflammation and oxidatesss Therefore, it is also possible
that mutations in Cx26 and Cx30 predispose pathological mechanisms associated with

senescence.
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1.3Aims and hypothesex the study

The overall aim of thisesearch is to investigate how the supporting cells in the mammalian
organ of Corti change with age. It is anticipated that any seneseetated alterations in the
functioning of these cells will influence their ability to support the sensory hair, elt$ so

may contribute to the development of ARHL. This work should lead to a better understanding
of the complete pathophysiology behind ARHis currently it is unknown whether the

supporting cells are involved in the progression of this disease.

Aim 1. Define progressive changes in the expression and functioning of P2Y receptors in the

supporting cells of the organ of Corti.

During development, P2Y purinergic receptors are known to be expressed in the supporting
cells of the organ of Corti and are iopant for modulating inner hair cell action potentials
and synaptic refinement. After cochlear maturation, it is believed that P2Y receptors are lost
from the adult supporting cellddere, 1 was hypothesisé that the senescent cochlea will
display alteréions in P2Y receptor expression and function because other tissues have

reported similar senescenespecific changes in their P2Y receptors.

To investigate whether any agelated changes in P2Y receptors are associated with ARHL,
P2Y receptor expressi@nd functioningvas comparedn two mouse linegknown to exhibit
different phenotypes of ARHL. It whgpothesise that the C57BL/6Kearly onset ARHL) will
display more pronounced alterations in their P2Y receptors that C3H/HeJ (late onset ARHL)
because it is anticipated that any changes in P2Y receptors specific to the aged cochlea will

be associated with ARHL.

Aim 2. Define progressive changes irthe expression and functioning of gap junction

channelsin the supporting cells of the organ of Corti.

The supporting cells of the organ of Cate coupled together by a gap junction channel
network. It is well established that these g@mction channels are crucial for cochlear

function as any mutations in the connexin proteins witthhese membrane channels cause
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hearing loss. Heret, washypothesisé that any changes in the structure or function of these
gap junction channels with age the organ of Corti may influence hearing function and could

influence the progression of agelated hearing loss.

To investigate progressive changes in the gap junction channel nleiwdine organ of Corii
the structure of the gap junction channelggues was visualised via immunolabelling for
connexin 26 and connexin 30. Furthermore, the permeability of the gap junction channel

network was investigated using dye diffusion experiments.
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Chapter 2General Methods
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2.1 Ethicstatement

All experiments were completed in accordance with the Animals Scientific Procedures Act of
1986 under a UK Home Office project licene€C8ESE93 and PP1481074e Sheffield

University Ethical Review Committee has endorsed allgahoes described in this thesis.

2.2 Animals

All mice were housed at the animal facility at the University of Sheffield. The care of the mice
was in line with Home Office guidelines such that they were kept infaoli2 lightdark cycle
and had unlimitedsupply to food and waterAnimals were sacrificed via the Schedule 1

procedure of cervical dislocation followed by decapitation.

Three strains of mice were used in these experiments which are known to exhibit differing
severities of ageelated hearing les (ARHL) phenotype. The C57BL/6N (6N) strain displays
early onset hearing loss at ~3 months of age due to a hypomorphic allele @atttigerin23

gene Cdh23"), which encodes for a protein required for the gating of the mechelectrical
transducerchannel(NobenTrauth, Zheng and Johnson, 2003; Metkal., 2016) The 6N

strain is ceisogenido the C57BL/6K"23*(6N-repaired)strain, except 6MNepaired mice have

their Cadherin23mutation corrected viaCRISPR/Casfediated homology directed repair
(Miannéet al, 2016) This correction gives the 6i¢paired strain lower auditory brainstem
response (ABR) thresholds at older ages, especially at higher sound frequencies (Figure 2.1).
Finally, theC3H/HeJ (C3Hjrain are known to be a godaearing mouse model which exhibit

a very late onset of ARHLrune, Kempton and Mitchell, 1996; Jextaal., 2021) Thus, it will

be possible to compare how certain pathophysiological mechanisms associated with ARHL

present in mice knowto display differing onsets of this disorder.
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Figure2.1: Auditory brainstem responses from C57BL/6N (6N), C57BEf&Rr
(6N-repaired) and C3H/HeJ (C3H) mice

ABR thresholds fdirequencyspecific pure tone stimulation fror to 42kHz recorded fron6N @,
red), 6Nrepaired B, blue) and C3H black) mice at different ageABR data are grouped into three
age ranges: 3 months (open circle data point€¢9 months (triangle data points) aridic18 months
(star data points). The median value for each age group is pldtigdre and legenchodified from
(Jenget al., 2020a)
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2.3 Immunolabelling

2.3.1 Tissuerngparation

Following the decapitation of the mice, the skin was removed from the skull and the whole
head was cut in half along the sagittal plane. The brain was carefully removed from each half
to reveal the inner ear. Forceps were used to separate the whole inae(achlea and
vestibule) from the rest of the skulf.a mouse was older than P7, a small opening was made
with forceps in the bony membrane surrounding the cochlea at the tip of the bulla. The whole
inner ears were then perfused with 4% paraformaldedy@PFA) solution in phosphate
buffered saline (PBS), entering via the round and oval windows and leaving through the new
opening at the apex. The inner ears were then placed in an Eppendorf tube with about 1ml of

the 4% PFA solution to fix for 20 minutas @ shaker at room temperature.

Following fixation, the inner ears underwent three -ttinute-long washes in PB&fter the

PBS washes, the apical turn of the organ of Corti was dissected out from the rest of the inner
ear using forceps, under a microseofi_eica, Germany). These were then left in a blocking
solution containing 0.5% Triton200 and 5% normal horse serum (H0146, Sigaaich) in

PBS.

2.3.2 Antibodies

All antibodies were diluted in blocking solution containh§% Triton X.00 and 1%mormal
horse serum (H0146, Sigpdddrich) in PBSThe organs of Corti werencubated at4°C
overnight in primary antibody solution. All primary antibodies used in this thesis are
summarised in Table 2.The samples were washed three times in PBS following incubation
in primary antibody solution. The secondary antibody solutions were then applied for one
hour at35°C Secondary antibodies used included goat aabbit IgG 490 (Alexauibr 488,
A11034, Thamo Fisher) andjoat antimouse Ig& 650 (Alexa fluo 647,A21241 Thermo
Fisher).DAPI nuclear staining (1:1000, 10 236 276 001, Merck Sigma) and Texds Red
Phalloidin staining of -&ctin (1:1000, T7471, Thermo Fisher) were used alongside the

secondarnantibodies.
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Antibody Species Isotyp{ Company | Reference| Concentration
Anti-P2Y RabbitlgG Alomone Labs| #APR009 1:800
Anti-P2¥ RabbitlgG Alomone Labs #APR010 1:800
Anti-P2Y RabbitlgG Alomone Labs #APR006 1:800
Anti-Connexin26 MouselgGa ThermoFisher| 33-5800 1:500
Anti-Connexin30 RabbitlgG Thermo Fisher  71-2200 1:200

Table2.1: List of primary antibodies

2.3.3 Mounting andmaging

After incubation in secondary antibody solutions, the orgah€orti underwent three PBS
washes before beingransferred onto a microscope slidenounted in Vectashield (HO0O0,
VECTOR labs) and cogépped.All images of the organ of Corti were takaging a Zeiss
LSM880 Airyscan Confocal microscope in the Wolfsmght Microscopy Facility at the
University of Sheffield. A Zeiss Rigpochromat 63x/1.4 oil objective was used anstack
images were taken of the samples with &5 Ay ONB Y Sy (i & AdnifonadlySall y
images are of the42 kHz region of # cochlear spiral. Thenages wergrocessed using Fiji

ImageJ softwaréhttps://imagej.net/Fij).
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2.4 Fluorescent Camaging

2.4.1 Fure?

The fluorescen€&* dye Fura2 AMwas used to visualise intracellul@e* responses in inner
sulcus cellg-ura?2 is readily taken up into the cells as it is used with a lipophilic acetoxymethyl
ester. Then, esterases within the cells cytoplasm inducedderification of the molecule
(Tsien, 1981)This stops Fura being able todave the cell, but also frees &%+ binding site,
ensuring only the dye within cells will fluoresce. This setup allowed thdirealvisualisation

of changes in intracellulaC&* concentration by observing changes in fluorescence.
Therefore, the funabning of purinergic receptors within the inner sulcus cells could be
investigated byapplying various purinergic receptor agonists and antagonists extracellularly

and monitoring the intracellulaCa&* responses.

Fura2 is a ratiometric Ca dye whichundergoes alterations in its light absorption and
emission properties depending on thi@* concentration(Grynkiewicz, Poenie and Tsien,
1985) The isosbestic point (i.e. the exc¢itan wavelength at which the fluorescence emission
intensity is equal no matter thE&* concentration) for Fur& is 360 nm. The binding of €a
ions to Fura2 causes an increase in absorption and a shift of the absorption peak towards
lower wavelengthsKigure 2.2). This results in an increase or decrease of the fluorescence
emission when excited with wavelengths lower or higher than the isosbestic point,
respectively. Therefore, it can be demonstrated that the ratio between the fluorescence
intensities poduced following excitation at two different wavelengths is a monotonic
function of the C#& concentration within the cellGrynkiewicz, Poenie and Tsien, 198%je

use of aratiometric dye removes the potential for tissue specific differences, such as dye
loading and cell size

All data was presented in the format of these fluorescence ratios (and not convertedto Ca
concentration) This was becaughe conversion requires #aitu calibration of the dye for
every cell investigated and this involves pharmacological alteration of the preparation.
Therefore, to better preserve the explants, and because we were only interested in
comparing relative sizesf the C&*responses, we decided to not calculate the conversion

and use the ratiometric values only.
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Em=510nm

39.8 uM free Ca™

Fluorescence excitation

250 300 350 400 450
Wavelength (nm)

Figure2.2: The light absorption and emission properties of Fu2a

The lightabsorption and emission properties of Ft2are dependent on the concentration of free
C&*. Each blue trace represents the excitation spectrum of 2uia light emitted at 510 nm (green)

for different C4" concentrations. At the largest free €&oncentration (39.8> a), Fura2 has the
greatest difference between the fluorescence intensity recorded for excitation at 340nm and 380nm.
(Fura2 product information, Molecular Probes, 2006).
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2.4.2 Tissue preparation

The apical cochleaurn was dissected out from the inner ear (as previously described in
Section 2.3.1) in extracellular solution (ECS) (composition found in table 2.2 alomgnivith
acids and vitamins from Thermo Fisher Scientific, UK). The pH of this solution wadaaised

7.48 with 4M NaOH and had an osmolality of ~304 mmadl kg

Chemical Final concentration (mM)
NacCl 135
Cad 1.3
KCI 5.8
MgCh 0.9
HEPES 10
Glucose 5.6
NakPQ 0.7

NaPyruvate 2

Table2.2: Concentrations of chemicals in extracellular solution

2.4.3 Dyedadingand setup

The dissected organ of Corti was incubated in dye loading solati@°C for 40 minutes.
Theloading solution contained DMEM/F12, 0.1% pluronit2# (Thermo Fisherctntific,

YOS wWHpn >a adz FAYLERBNIT2yS-H1i6§RNADEARIF RRSwmASH
fluorescentC&*indicator Fura2 AM (Thermo Fisher Scientific, URhllowing incubation, the

organ of Corti was transferred into a microscope chamtmertaining ECS, and held in place

with a nylon mesh gri@Figure 2.3C)The tectorial membrane was then removed from above

the epithelium. The chamber was placed undeistommade epifluorescence microscope
(Cerianiet al,, 2016)based onan Olympus BX51WI upright microscq@apan) fitted with a

15x eyepiece and 60x water immersion objective (0.1 NA, Olympus LUM PFagie 2.3A)
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lnnel Haimeells
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Figure2.3: C&*imaging experimental setup

A: Image othe equipment setup for Caimaging experiments. Th@lympus BX51 upright microscope

is shown with theORCA Flash 4.0 \@MOS camerattached behindThe five tubes on the right are

the gravity fed perfusion system for agonist/antagonist applicatiBnMagnified image of the
microscope stage showing the perfusion pipette (asterisk) where the gravity fed perfusion system
leads. The microscope chamber is continually being perfused with ECS via the inlet (1) and outlet (2)
tubes connectedC:The microscop chamber with nylon mesh grib: A magnified image of the nylon

grid within the chamber where the organ of Corti is secured for imaging. It is oriented so that there is
a flat section of epithelium free containing both the hair cells and the inner sulcus
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2.4.4 Perfusion

The sample was continually perfusedith fresh ECS throughout the experimemsing a
Peistaltic pump (Figure 2.3BFolePalmer, UK A complete list of agonists/antagonists used
in these experiments, along with the condmations used, can be found inable 23. The
chemicals were diluted in ECS and applied to the preparation via a gdaggndant

perfusion system.

Name Pharmacology | Concentrationd > a Supplier] Reference
ATP P2 receptor agonist 0.1 Thermo | o441
P g ' Fisher
uTP bl yReY 0.3 Sioma 006
agonist Aldrich
Sigma
- ; 1 1897
ADP t Hol 32 YA Aldrich 0189
Thapsigargin | SERCA pump block 2 TOCRIS 1138
MRS4062 P2Y specific agonist 10 TOCRIS 4261
l'w MMy d tH)Yyalr 32 15 TOCRIS| 4890
MRS2500 t Hyl YOI 32 1 TOCRIS| 2159

Table2.3: List of chemicals used as P2Y receptor agonists and antagonists
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2.4.5Imaging

During each recording, the tissue was exposed to alternating pulses of light via two light
emitting diodes (Thorlabs, USA) with peak emission at 365 nm and 385 nm, respectively. Light
from the LEDs was passed through FF360/23 (365 nm LED) and FF392/228 (F3) narrow
bandpass filters (Semrock, USA). The exposure time for 365 nm and 385 nm excitation was
set at 65ms and 25ms respectively, with 100ms between these two separate pulses. The
sequence of dualvavelength light exposures was repeated everyltéz(acquisition rate for

the ratio signal) and controlled via Python software created in ou(fabhon 3.10, Python
Software Foundation)lo minimise photo bleaching and phototoxic effects due to the use of
UV light, the LED illumination was synchroniséth camera exposure using an Arduino

Microcontroller ArduinoMega, Italy).

The emitted light from Fur2 was separated from the excitation light usin@405Ipxrlong

pass dichromatic mirror and filtered through a ET525/50M bandpass interference filter
(Chroma, USA). Images of the emitted light were captured witbRCA Flash 4.0 \@MOS
camera(Hamamatsu, Japanijsing MicreManager softwargEdelsteiret al., 2014) Before a
sample was disposed of when all recordings were complete, a brightfield image was
sometimes taken to betteillustrate the location of individual cells for later analy@tgyure

2.4A)

2.4.6 Analysis of recordings

The recordings were viewed and analysed using ImageJ (NIH) and eusttenPython
scripts. From each recording, approximately 15 regions of intef@®l) were manually
chosen (Figure 2B}. These ROIs weB5> Y% 3.5> Yin size and were placed over a single
inner sulcus cell. This meant the changes in fluorescence over time could be analysed for
around 15 individual cells per recording. The brigid images collected following imaging

experiments could be used as reference for the location of cells.
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Supporting cells
100 nM ATP 35 s

Washout 80 s

Figure2.4: Analysis of C&imaging recordings from mouse orgawnf Corti

A: Brightfield image takenof the cochlear explant after completion of imaging to help identify
individual cdls on the fluorescent images. Thecation of inner hair cells is indited by the white

arrow heads. Theotation of inner sulcus cells is indicated by the gragrows.Scale bar is 28 Y &
Falsecolour images before (top), during (middle) and after (bottom) the application ohi0QTP.
Square regions of interest (ROIs, red and white) were manually drawn on supporting cells in the
proximity of the IHCs. The arrowhead in the bottom panel shows the location of the IHCs. Scale bar is
20> Y @C&*traces, calculated as fractional clignof the ratio between the fluorescence emission

for excitation at 365:m and 385/ Y RRy), respectively, for a subset of ROIs (red ROIs shown in
panelB). ATP (100m) was applied during the timeindow highlighted in grey. Figure taken from
(Hoolet al,, 2023)
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2.4.61 Calculation of fluorescence intensity ratio

To determine background fluorescence (BF) emission (e.g. due to tissue autofluorescence),
an organ of Corti was imaged usitige same recording conditions as in tl&f* imaging
experiments (see above) but without incubation in FdraAn average of the pixel
fluorescence following both the 365 nm and the 385 nm light were calculated and subtracted
from each recording to remove any fluorescence not resulting from theatan of Fura2

dye.

To estimate the concentration of intracellul@&*, the ratio between the fluorescence
emission intensity following the 365 nm and 385 nm light exposures was calculated using the

following equation (Eq. 1):

Eq.1: 'Y

The change in intracellulat&* concentration evoked by purinergic receptor activation

following agonist application could then be estimated using the following equation (Eqg. 2):
Eq. 2: _- —

WhereR(0)is the baseline emission ratio before application of any chemicalfda the
emission ratio recorded following chemical applicati®he baseline value was calculated for
each recording by taking an average of the fluorescence ratios from the Bd®fcst before
chemical application.The equation also normalises thpR to the specific baseline

fluorescence ratio value calculated for each recording (divide whole equati®&{d®y

2.4.62 Quantification of intracellula&@&*responses

To quantify the intracellula€C&* responses to the various agonists and antagonists, both a
maximum and average fluorescence intensity ratio was calculated for each ROI. The first 30
seconds of chemical application was used for these calculatioAso&dlationswere first

identified automatically using custom Python scrifftenctionfind_peaksof the scipy.signal
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Python module) and then reviewed manually to determine the validity of the peEks.
frequency of intracellular Caoscillations was determined by dividing the number of

oscillations by the duration of chemical application.

2.4.6.3 Statisticalnalysis

The sample sizes used in the statistical tests were chosen to be similar to those used in
previous work from this la which also analysed agelated changes in cochlear cell
physiologyCerianket al, 2019b; Jengt al,, 2020a; Jengt al., 2021) Mice of both sexes were

used in these experiments and randomly distributed over thestkfit experimental groups.

The statistical analysis was completed on R software (R Core Team 2022). All data analysed
were nonparametric and?<0.05 was the criterion for statistical significandé.eWilcoxon
signedrank testwas used to compare paired data groups (analys@@@®fresponses from the

same animal before and after antagonist application). The aligned ranks transformation (ART)
two-way ANOVA was used to compare between unpaired data graapasysis ofCa&*
respanses between different animals of different ages and strains). The ARWayw@&NOVA

was followed by a Wilcoxon rank sum test with Bonferroni correction (for potential error from

multiple comparisons) to determine which of the data groups were statisyichiferent.
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2.5 Wholecell dye injections

2.5.1 Tissuerngparationand setup

The fluorescent dyeucifer yellow (charge2, molecular mass 443 Dajps used to evaluate
gap junction channel permeability between the supporting cells ofdbehlear epithelium.
The apical cochleaturn was dissected out from the inner ear as described above in
extracellular solution (ECS) (Table 2I)e cochlear epithelium was maintained intact to
preserve the celtell connections across the inner sulcOsice dissected, the organ of Corti
was transferred into a microscope chamhbmmtaining ECS, and held in place with a nylon
mesh grid'shown previously in Figure 2.3)his chamber was placed under@lympus BX51
upright microscopgJapanitted with a 15x eyepiece and 60x water immersion objective
(Olympus LUMPIlanF(Figure 2.5)The sample was continually gesed with fresh ECS
throughout the experiment (Peristaltic pump, Cétalmer, UK). The microscope was placed

on an antivibration table (TMC, UK

A target cell was chosen and then a patch pipette was lowered into the charRhé&rh
pipettes were pulled from soda capillary glass (1413027, HilgenkBsgnany) andvere
filled with intracellular solution (ICSJable 2.4)The pH of the ICS was raised to 7.28 with 1M
KOH and had an osmolality of ~294 mOsmkAdditionally,137>M Lucifer Yellow dye was
also added to the intracellular solution (Thermo Fisher, Scientifiog pipettes had a

resistance between-3.5 Mw ¢ Ko@igfed into the chamber containing ECS.

Chemical Final concentration (mM)
KCI 141
MgCh 3
HEPES 5
NaPhosphocreatine 10
EGTAKOH 1

Table2.4: Chemical composition of intracellular solution
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The patch pipettecould be positioned adjacent to the target cell using a micromanipulator
(PatchStar, Scientifica, UKThis pipette was connected to a mouthpiece so that
positive/negative pressure could be applied manually. To avoid the pipette becoming
blocked, positive pressure was applied continually whilst approaching the targek@éirm

a seal between the cell membrane and the patch pipette tip, the pipette was pushed against
the cell membrane and gentle negative pressure was applied untillaxssaformed with a
resistance of ~1G® ¢ KS @2f (I 3 B5mwladd theniaSnwhd$ Suctian Avas
applied to break the cell membrane awdeate a direct connectiobetween the ICS in the
pipette and the cells cytosol. Aftéhis, the resistance woulthrgely decrease and gradually
the dye would enter the cell from the pipette, this would indicate whoel patchclamp

configuration had been achieved.
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Figure2.5: Whole-cell dye injection experiment setup

A:Image of the equipment setup for whetell dye injection experiments. Tiadympus BX51 upright
microscope is shown with th ®@RCA Flash 4.0 \@MOS camerattached behindB: Zoomed in view

of the microscope sige. The patch pipetténolder (with the patch pipetteX1) and the ground
electrode (2) are positioned into the microscope chamber. The organ of Corti is located in the chamber
under the mesh grid. The chamber is continually perfused with fresh ECS vigeth@) and outlet

(4) tubes.C:Brightfield image of the organ of Corti. The inner sulcus cells are in focus located above
the cyan line. The hair cells are out of focus and are located below the cyan line. The patch pipette
(red arrow) is positioned aacent to a target inner sulcus cell. Scale 28r> Y @
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2.5.2 Imaging

During each recordinghe epithelium wasepeatedlyexposed tgulses o470 nmlight from

a light-emitting diode (Thorlabs, USA) which was passed through an ET470/40X narrow
bandpass filter (Chroma, USA). Each pulse of light lasted for 100ms and these were given
every 300ms throughout the recordinghe light exposure wantrolled via Python dtware

created in our lalfPython 3.10, Python Software Foundation).

The emitted light was isolated using B495Ipxr long pass dichromatic mirror and a
ET525/50M bandpass interference filter (Chroma, USA). Recordings were taken @RCa#n
Flash 4.0 V2CMOS cameréHamamatsu, Japankach recordingvas always started when

the pipette formed a giga seal with the cell membrane, just before any suction was applied to
break through into wholecell mode. This ensured the first moment of dye entry into thé cel
was always included in the recording. Each recording was left to run for around 25 minutes
after wholecell mode was achievedihe recordings were viewed using Midvianager
software (Edelsteiret al., 2014) After each experiment brightfield image was taken of the

epithelium to better illustrate the location of individual cells for later analysis (Figure 2.5C).

2.5.3 Analysis of recordings

The recordings were analysed with customade Python scripts. A single frame at the end of

the recording was used as a reference image to position ROIs (regions of interest). Each ROI
measured3.5>Y E o®p >Y YR 61 & YI ydzl inde@sulduf dellOS R Ay
which showed fluorescee due to dye entry (Figure 2.8n additional ROl was placed over

the pipette to measure the decrease in fluorescence intensity due to photobleashiater
analysisThepixelaverage of each ROl was then usedalculate the relativéluorescence

intensity 6 n C k \@lrene & is the fluorescence intensity and FO is an average of the
fluorescence in the first five frames of each recordimbis was calculated for every ROI

including the pipette ROE K Sy = (i K $he pipetie @as subiabléd from thp C ko€ n

each cell

I YI&al ¢Fla 3ASYSNIGSR 2y G2L) 2F GKS NBFSNByO

imaging softwarel(ttps://napari.org) where the outlineof each cell was anually highlighted
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(Figure 2.€). This then allowed for automatic determination of the location of each cell (in
relation to the patched cell) using custom python routines. Specifically, cells were categorised
into one of four groups basl on their position: the patched cell, first order cells (cells directly
adjacent to the patched cell), second order cells (cells directly adjacent to first order cells) and

third order cells (cells directly adjacent to second order c@iigjure 2.0).

2.5.3.1 Statisticalraalysis

The sample sizes used in the statistical tests were chosen to be similar to those used in
previous work from this lab which also analysed -agjated changes in cochlear cell
physiology(Cerianket al., 2019b; Jengt al., 2020a; Jengt al., 2021) Mice of both sexes were

used in these experiments and randomly distributed over theetiiffit experimental groups.

The statistical analysis was completed@riginPro 2023@riginLab, USAP<0.05 was the
criterion for statistical significancdwo-sample t tests were used to compare the means of

cells from two mouse aggroups.
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Figure2.6: Analysis of dye injection recordings

A: Reference image from the last frame of a recording which was used to determine the location of

cells for analysis Scale bar20 > Y (also applies toB, C and D). B: Square ROIs measuring
35>Yx35>Y KI @S 0SSy LI OSR Ay (GKS OSYyiduNB 2F SI OK ¢
far left of the image (green) has been placed over the pipette as a refefenfleorescence deease

due to photobleachingC:The ROIs iB have been manually extended in Napari imaging software to

create this mask showing the entire visible surface of eachellhe cells were grouped depending

2y GKSANI RAalGlFIYyOS FNRY GKS LI GOKSR OStf ofl oSt
adjacent to the patched cell. Second order cells (orange asterisk) are directly adjacent to first order
cells.E:Fluorescence intensity tracef 2 NI f AASR & nCkCn SKSNB GKS aa
subtracted from each cell. The black line shows the fluorescence of the patchet@iheelblue line

shows an average trace die individualfluorescenc® éf each firstorder cell The orange linehows

an average trace dhe individual ¥ f dz2 NB af @slysécbreder cell
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2.6 Electrophysiological recordings

The experimental setup and equipment for performing whoddl electrophysiological
recordings on cells of the cochlear inner sulcus were exactly the same as described in Section
2.5.1. The only difference being no Lucifer yellow was added to the intriresolution

within the patch pipette.

After breaking through the cell membrane and establishing wieglk mode the input
resistance of the electrodes was compared betweandnth-old and 1920-month-old inner
sulcus cellsThis parameter gives an imdct measurement of how coupled the patched cell

is to the rest of the epithelium. As mentioned in Section 1.1.1.2.2, all cells of the inner sulcus
are connected by a gap junction network. Therefore, the membrane resistance of the patched
cell will be infuenced by the leak of current from neighbouring cells via the gap junctions. It
was hypothesised that any changes in the gap juneti@diated connectivity of the inner

sulcus cells with age might be revealed as differences in the input resistances.

Thisdata was acquired using an Optopatch patch clamp amplifier (Cairn Research LTD, UK)
with pClamp software on DigiData 1440A low noise board (Molecular Devices, USA).
Recordings were filtered using &pole Bessel filter at 2.5 kHz and then sampled at 5 kHz
The inputresistance of the electrodes wasalculated by Clampex softwar@lolecular

Devices, USAjsing a 10 mV test pulse.
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Chapter 3Agerelated changes in P2Y
receptor signalling in mouse cochlear
supporting cells
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3.1 Introduction

The extracellular binding of purines to metabotroiarinergic(P2Y yeceptorsinduces an
intracellular Gprotein coupled signalling cascade leading efflux of C&" from the
endoplasmic reticulum into the cytoplasfidousley, 2000 hese resultanC&*transients are
knownto regulate several cellular processes including gene expression and cell proliferation

(Berridge, Bootman and Roderick, 2003)

Within the organ of Corti, P2Y recept@e expressed byarious supporting celi&Gu Huret

al., 2007; Horvatlet al., 2016) This chapter will focus on the role of P2Y receptors within the
AYYSNJ adzZ Odza OSft tndthe dedmide) Wriguré 8.3A). S Dy cdoHietrf a Q
development, P2Y P2¥and P2Yare all believedtd S SELINBE&aSR o0& GKS OS¢
organ(Huanget al, 2010; Babolat al, 2020) These cells readily release ATP and activate
P2Yautoreceptors, triggering intracellular €aransients(Piazzeet al, 2007; Tritsctet al,,

2007) The gap junction netark connecting these supportingells facilitates the spread of

the C&" transients across the cochleapithelium (Forgeet al, 2003; Ceriani, Pozzan and
Mammano, 2016)and the downstream effects of theseé&* wavescan modulate immature

hair cell action potentials and promote refinement of their synaptic connect{dobnsoret

al., 2017)

Following development, the role of P2Y receptors within the inner sulcus remains unclear due
to the limited amount of research conducted, along with several contradictory findings. On
one hand, the expression of P2Y receptors was reported to be absem iadult rat inner
sulcus(Huanget al, 2010) and ATP/UT4hducible C# oscillations were either significantly
reduced or not detected at bfollowing hearing onsefTritsch and Bergles, 2010; Chan and
Rouse 2016) However,it has also been suggested tHaRY receptors are maintained in the
adult inner sulcus a8&*responses were inducetbllowing ATP, and UTP, applicati@irko,

Gale and Ashmore, 201%urther investigation is required to better define P2Y receptors and

their function within the adult cochleanner sulcus.

Additionally senescenceelated changes in the expression and function of P2Y purinergic
receptors are yet to be researched within the cochlea. This could have important implications

for the development of ARHL as numerous other tissues have displayed a link between
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changes in P2Y purinergic receptors and the development ofelgeed neurodegenerative
diseasdBurnstock, 2008Jor example, alterations in P2Y receptor activity in the ageing brain

KFra oSSy fAYy1SR G2 LIGK2ft23A0Ff YSOKFIYyAaYa
I £ 1T K S diseS¢Erbat al, 2015; Iringet al., 2022) More specifically, P2Yeceptors were
foundtocof 20F f A4S GAGK LI GK2f23A0 a0 NHzOGdzNBa | &z
neuritic plaques and reactive astrocyt@doore et al,, 2000) and P2Y antagonist application

largely reduced diseaseassociated hyperactivity within these pathogenic structures
(Delekateet al, 2014) Additionally, P2Y receptor antagonists are being considered as
treatments for these neurodegenerative diseases A ST f | 1 I 3018) fartde® G OT | | 2

highlighting their involvement in agelated disease.

This chapter aims to define the progressive changes in P2Y receptor expression and activity
within the murine cochleainner sulcs cells. Three age groups westeidied to compareny
change inP2Y receptor propeis between prehearing (postnatal day), adult (month-

old) and aged (17+ montldd) cochleae.
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3.2 Results

3.2.1 Progressive changes in P2Y receptor expression in the
cochlea

Organs of Corti froomeonatal (postnatal day,?P?, adult (::month-old) and aged (1-22-
month-old) mice were immunolabelled with antibodies agaiR&tY, P2Y and P2Yreceptors

(see Chapter 2, General Methodhis was performed to determine whether the supporting

cells inthe organ of Corti undergo agelated changes in the expression of P2Y receptors.
Additionally, mice of C57BL/6N (6N) background were compared with C3H/HeJ mice (C3H) to
investigate whether any ageelated changes in P2Y receptor expression were assdoidth

mouse strains showing signs of early onset or late onset ARHL, respectively. For all antibodies
tested, the labelling in the organ of Corti is shown from both adomn view and a lateral
side-on view to better illustrate the location of protein pression (Figure 3.1A). Bright field
images of the epithelium have also been taken from the-dopvn view to better show the

position of the cells labelled in later images (Figure 3.1B, C).

3.2.1.1 P2Mreceptor expression

At P7, the organs of Corti 6N and C3Hhicedisplayedsimilarexpression oP2Y receptors

intheY | £ £ A 1 S NXpFgurd NI E, ¥, GDhs isbrisistent with previous worghowing

P2Y receptors contribute to thegeneration ofspontaneous CatransientswithinY | € £ A { SN &
organat this neonatal agéBabolaet al, 2020) At 1-month, immunolabelling experiments

showed adss ofexpressiorof P2Y receptors in the cochlganner sulcus of bilh 6N and C3H

mice (Figure 3, E, F, G). This again would be expectespastaneous Cdtransients are

absent after hearing onsdfritsch and Bergles, 201@imilarP2Y receptor expression was

observed between 4dnonth-old and 1722-month-old micefrom both 6N and C3H strains

(Figure 3.D, E, F, G).
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A Side view of the Immature Side view of the Mature
Organ of Corti Organ of Corti

Top view Top view (
! b

Figure3.1: P2Y receptor expression in the ageing cochlea of 6N andHGBice

A: Diagram showing a crosgction sideview of a prehearing (left) and mature (right) organ of Corti.

IHC: inner hair cell; OHC: outer hair cell; IPhC: inner phalangeal cell; IBC: inner border cell; PC: pillar

cell; GER: greater epithelial ridg8&; inner sulcus; SC: supporting cells of the GER and IS, which also
AyOfdzZRS LtK/ & FYR L./ ad ¢KS WLYYF{dz2NBQ | yR Wal Gd
or hearing, respectively, which in mice occurs at around P12. The image on thedeftoddied from

(Cerianket al., 2019b) The images below represent either the topwi(red arrow) or the side view of

the GER and I8, C Brightfield images of the organ of Corti in P7 (topindnth-old (middle) and

aged (bottom) C57BL/6MBY and C3H/HeXJ mice taken from the tojiew orientation used for the
fluorescence images panelsD andE these images highlight the location of the different supporting
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cell types (SC) in the GER and IS and the IHCs. Note that for simplicity, only a few SCs are highlighted
in panelsBandC Scale bars are 20 Y E Maximum intensity projetons of confocak-stacks
showing images of the GER and IS viewed from the top (red arrow inASaineP7 (top panels),-1
month-old (middle panels) and aged (22 months: bottom panels) 6ND) and C3HH) mice. Left
columns show the actimarker phalladin (magenta), which is labelling the hair bundles of the IHCs
(yellow arrows) and the membrane of some of the supporting cells. Middle columns show the
P2Y punctalike labelling (white) in the supporting cells from the bulk of the GER and IS (white
arrows). P2¥was also expressed in the pillar cells (PCs: orange arrows) which were not investigated
in this study. Right panels show the merged images. Scale bars ar¥ Band G: Maximum intensity
projections of confocal-gtack images of the GER anditsved from the side (see pand). Phalloidin:
magenta; P2 white. Note that Phalloidin primarily labels actin in the hair bundle of the IHCs (yellow
circles) and the intercellular junctions of pillar cells (PC). Scale bars ar¥ Whole figure anddgend

taken from(Hoolet al,, 2023)
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3.2.1.1 P2Yand P2Xreceptor expression

The organs of Corti of P7 6N and @8ide displayed comparable expressiorP@ and P2Y
receptors in theY | £ f A 1 S oaI3&FigueeN32lagd 3.3). This suggeB®Y% and P2Y
receptors could also contribute to Afitduced C& responses within the immature organ of
Corti (Piazzeet al, 2007; Huanget al, 2010) At Imonth, immunolabelling experiemts
showed a loss afxpression oP2¥ and P2Y¥receptors in the cochlear inner sulcus of both
6N and C3H mice (Figure 3.2 and 3.3). &ban would be expected apontaneous Ca
transients are absent after hearing ongdtritsch and Bergles, 20l The supporting cells
from 17-22-month-old 6N mice displayed an upregulation BRY and P2Y receptor
expression compared to those present in thenbnth-old inner sulcus (Figure 3.2 and 3.3).
However, this upregulation was minimal or strongly delhyn inner sulcus cells from £2-

month-old C3H mice.
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Figure3.2: P2 receptor expression in the ageing cochlea of 6N and C3H mice

A, B: Maximum intensity projections of confocaktacks showing images of the greater epithelial
ridge (GER) and inner sulcus (IS) viewed from the top (red arrow in Figure 3.1A) in P7 (top panels), 1
month-old (middle panels) and aged (22 months: bottom panels) C57BL/6N)(and C3H/He B}

mice. Lefcolumn: actinmarker phalloidin (magenta); middle column: PRW¥hite). Right panels show

the merged images. For the identification of the cellular organisation and labels, see Figuseale

bars are 20> Y @D: Maximum intensity projections of confalzstack images of the GER and IS
viewed from the side (see Figusel). Phalloidin: magenta; P2Yvhite. Scale bars are 20Y Whole

figure and legend taken frorfHoolet al.,, 2023)
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A 6N Top view C 6N  Side view

Figure3.3: P2V receptor expression in the ageing cochlea of 6N and C3H mice

A, B: Maximum intensity projections of confalkz-stacks showing images of the GER and IS viewed
from the top (red arrow in Figure 3.1A) in P7 (top panelshchth-old (middle panels) and aged (4.7

22 months: bottom panels) 6NAj and C3HR) mice. Left column: actimarker phalloidin (magenta);
middle column: P2Ywhite). Right panels show the merged images. For the identification of the
cellular organization and labels, see FigBre Scale bars are 20 Y @D. Maximum intensity
projections of confocat-stack images of the GER and IS viewedh the side (see Figu@l).
Phalloidin: magenta; P2Mvhite. Scale bars are 20Y Whole figure and legend taken frofhloolet

al,, 2023)
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3.2.2 Progressive changes in P2Y receptor funatiothe
cochlea

In order to study P2¥hediated intracellularC&* responsesin the supporting cells, the
cochlear explants frormeonatal (postnatal day 7), adult-(@onth-old) and ged (1824-
months-old) mice were incubated with theatiometric fluorescent Cdindicator Fura2. This

was performed to determine whether the supporting cells in the organ of Corti undergo age
related changes in the function of P2Y receptors. For these experiments, C57BL/6N and
C3H/HeJ mice were investigd together with C57BL/6IKepaired mice, which are eo
isogenic with C57BL/6N mice but have @@h23" allele repaired with CRISPR/Céganné

et al, 2016)

Three of the most abundant endogenous ligands for the P2Y receptor family include
' RSy 2 GANALIK2ZGE K 1S O0RALIKR aLIRE yi 4 B y-@phgsfhate/ R dzNA
(UTP)(Jacobsoret al., 2009) ATP is a general P2 receptor agonist known to activate all three
P2Y receptors we intend to studyqY, P2Y and P2Y) as well as other P2Y and P2X receptor
subtypes(Burnstock, 2004)It has been reported that the concentration of ATP in the
endolymph and pelymph of the cochlea at rest is D nM(Mufiozet al,, 1995) However,

this is epected to fluctuate, and is likely increased during development as ATP is being
constantly released by | £ f A | Scall(RiazzeNdd POY7) Additionally, it is also known

that ATP is released into the extracellular cochlea fluids following insults such as high levels
of noise exposure or hypox(dufiozet al., 1995; Chan and Rouse, 20IR)erefore, 100 nM

was selected as the concentration of ATP to use in these experiments to eligidei2Ated
C&*responsesn the supporting cells of the cochlgdowever, the majority of other studies

in the literature use 100> a 2 F(PidzZ=dt al., 2007; Tritsch and Bergles, 2010; Sirko,
Gale and Ashmore, 201@hich is much larger than the ATP concentration expected to exist

in vivo. Nonetheless, it was apparent that it was not necessary to use such a high ATP
concentration as we observeg* responsesn cochlear supporting cells witD0 nM (Figure

3.4).
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3.2.21 ATRinduced intracellular Caresponses increase in the aged

iInnersulcus

The extracellular application of 100 nM ATP onto the sensory epithelium from postnatal day
7 6N mice induced increases in intracellutz* concentration which propagated across the
cellsofyY | £ f A 1 SitNiadies (Eibkifel3yIB). This was anticipated as it is well established
that P2Y receptors are expressedin f £ A | SNdXa he@ingBhsgtBabolaet al., 2020;
Huanget al, 2010) ATPis known to stimulate P2mediated C# release from the
endoplasmic reticulum, and the gap junction network connecting these cells will facilitate the
spread of this Cdresponse across the epitheliu(@eriani,Pozzan and Mammano, 2016)
Alongside this, spontaneous intracellular?Oaaves were also observed 1l £ £ A { SN &
cells, unrelated to the application of ATIR.vivg these cells are known to spontaneously
release ATP which activates their own P@deptors and induces spontaneous intracellular
Ca&* waves(Piazzeet al, 2007; Tritsctet al, 2007) Neonatal supporting cells also exhibit
oscillatory activitycomprising of periodic, transient increases irtGavels upon continuous
stimulationwith ATP Therefore, ageelated differences in both individu&z* spikes, and
C&*oscillations, were investigated to evaluate both the size and dynamics’ofeSponses

in the ageing cochlea.

In 2-month-old organs of Corti, the application of 100 nM ATP induced minimal increases in
intracellular C& in the supporting cells of the inner sulcus (Figure 3.4C). The average, and
maximum, ATfnhduced C&*response wassignificantly reduced in -inonth-old explants
compared to those recorded at PP<0.000]) (Figure 3.40, P). Additionally, AinBuced
C&*responses remained minimal in supporting cells from@nth-old 6N mice and, when
compared with the dmonth-old expants, no significant difference was found betwesther

the average or maximumTRinducibleC&* responses

However, 12month-old inner sulcus cellshowed a significant increase in average and
maximum ATfnducedC&* responsesompared to those from-imonth-old explants (Figure
3.40, P), and thiwas even more pronounced in the senescent age greup(000]) (1824-

monthsold). TheseC&*responsesalso appeared to resemble more closely those observed
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in the neonatal explants as they manifested as bo#t spikes and oscillation@@n oscillation

being classed as a repetitive’Cspike where Cdlevels rise and fall cyclical\Bigure 3.4Q).

The reason for an upregulation in P2Y receptor function in the 6N aged cochlea is unclear. To
understand whether this upregulation was linked to the degree of hearing lossetaged
changes in P2Y receptor function wéirst compared between the 6N (eg onset ARHL) and

C3H mouse (latenset ARHL) strains.oNsignificant difference was found in the average or
maximumATRinducedC&* responsedetween the neonatal explants from 6N and C3H mice
(Figure 3.8, O and R)andsimilar to the 6N mice, the-inonth-old C3H explants showed a
significant reduction in ATFRduced C&*responsescompared to the neonatal cells
(P<0.000). However, unlike the 6N strain, the-h2onth-old C3H inner sulcus cells did not
show a significanipregulation in the average or maximum AlRBucedC&* responsesvhen
compared tothe 1-month-old cells(Figure 3.©@andP). Furthermore, inthe senescent age
group (1824-monthsold) the C3H inner sulcus cells exhibited a significantly smaller
upregulation in AT#hducedC&*responsessompared to the upregulation observed in the

6N cells There was alsono significant increase in the frequency of Améuced

C&* oscillations in the senescent C3H inner sutmrapared to the dmonth-old adult(Figure
3.4Q).Taken together, these results suggest that the C3H mouse strain undergoes much less
of (or a delayed) upregulation of P2Y receptor function with ageing in cosgoato the 6N

strain. This conclusion raises the possibility that theseratged changes in the function of

P2Y receptors mighie associad with the progression of ARHHowever, there is also the
possibility thatthey mightbe a secondary effect of ARlIhd have no influence oits

progression.
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Figure 3.4: ATRinduced C& responses in ageing 6N, C3H and-@igaired
mouse inner sulcus cells

A: Brightfield images of the organf Corti in P7 (left),-inonth-old (middle) and aged (right) mice from
Figure 3.1 Bimmunolabelling experiments) showing the area of the GER and IS used for the
C&*imaging experiments, which includes the supporting cells close to the IHCs (area in between the
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white dashed lines). Scale bars are>2¥ BeM: Representative Caresponses in supporting cells
induced by the extracellular application of 1001 ATP (greyarea) in 6N BcE, black), C3HFKI,
magenta), and 6NRepaired (6NRep..XXM, blue) mice at different ages reported above each set of
traces. Synchronised peaks in several traces after the increase at the onset of stimulation (evident in
panelsB, Fandl) reflect the propagation of Cawaves across multiple celld: Comparison of the
average CHresponses from supporting cells at the onset of ATP application from 6N (left), C3H
(middle), and 6NRepaired (right) mice at different ages. Continuous traegsasent averages, while

the shaded area is the SD. Numbers of individual ROIs (i.e. supporting cells) for micB&t P7

2 months, 12,13 months, and 1824 months are: 6N, 212 ®ice), 144 (7), 134 (3), 276 (10); C3H, 127
(3), 194 (7), 127 (4), 173 (Repaired, 176 (6), 171 (5), 88 (3), 250 (8). For 6N mice, an additional set
of experiments was performed inonth-old animals (130 ROIs frommice).O, P. Comparison of

the average @) and maximumR) C&* responseof each celto 100nM ATP applicatio in the three
mouse strains at different ages. Open circles represent single data points. Significance values are
indicated by the asteriskS§ P<0.0001, Wilcoxon rank sum test, ART iway ANOVA)Q: Comparison

of the oscillation frequency imsupporting cells during application of 1M ATP. For this
guantification, we only used experiments from pan®land Pin which ATP perfusion was longer than
100s. Numbers of individual ROls (i.e. supporting cells) for micec®& L2 months, 12,13 months,

and 1&24 months are: 6N, 60 (Bice), 52 (3), 55 (2), 48 (3); C3H, 66 (3), 71 (3), 65 (4), 56 (5); Repaired,
66 (3), 65 (4), 77 (3), 132 (6). For 6N mice, an additional set of experiments was performeahitng

old animals (55 ROIs from 4 mic®pen circles represent single data points. Significance values are
indicated by the asterisksK=0.031,” P<0.0001, Wilcoxon rank sum test, ART iway ANOVA).
Whole figure and legend taken fro(rloolet al., 2023)
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In order to evalate whetherthe Cdh23" allelein 6N hair cells was indirectly involved in the
upregulation of P2Y receptors, the progressive changes in P2Y receptor function were
compared between 6N and 6i¢pairedmousestrains. As mentioned above, the @ipaired
mouse line is casogenic to the 6N mouse strain, except tBBtrepaired strain has the
mutation in Cadherin 23corrected viaCRISPR/CasBediated homology directed repair
(Miannéet al., 2016) This correction reduces the severity of early onset ARHL observed in 6N
mice and gives the 6kepaired mice significantly better ABR thresholds at older ages in the
high-frequercy regions (>12kH#grigure 2.1jJenget al,, 2021) The 6Nrepaired inner sulcus
cells displayed a similar upregulation of Afi@ucedCa&* responses in the senescent explants

to that observed by 6N explants (Figure aJNo significant difference was found in the
size or dynamics of thege&* responses betweeBN or 6Nrepaired aged inner sulcus cells
(Figure 3.4@D). These data suggest the observed -aglated alterations in P2iediated
purinergic signalling is unliketg be influenced by theCdh23" allele. However, the C57BL
strain, irrespectively to the€dh23" allele, was more susceptible to changes in supporting

cells compared to the C3H mice.

To better understand the dynamics of these senescespecificC&* responses different
concentrations of ATP were applied to inneitcais cells from 6N mice aged-28-months
old. From this, it could be inferred what concentrations of ATP would be required/oin

the endolymph to generat€&* responsesSpikes and sustained oscillations in intracellular
C&* could be induced from application of 3B00 nM ATP (Figure 3.5A). The application of
higher ATP concentrations ¢M) triggered a rise in intracellulac&* levels followed by a
plateau or damped asllations (Figure 3.5A). Thesgz@he concentration required to produce
50% of the response) was calculated to be7f@0nM ATP for both the average and maximum

Ca&*responses from aged supporting cells (Figure 3.5C and D).
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Figure 3.5: Dosedependent ATHnduced C&" signalling in supporting cells
from aged 6N mice

A: Representative Caresponses to different concentrations of ATP in supporting cells induced by ATP
perfusion (grey areajn aged (1824 months) 6N miceB: Prolonged stimulation (Bin) with

60nM ATP, highlighting the occurrence of slow oscillati@h&: Doseresponse curves for the
average © and maximald) C&" response as a function of the ATP concentration. Dagphotted as
meanz SD. The continuous lines represent a fit with a Hill function:

Y Y —h
where EG =746 nMandn=1.62+0.23(C and E&-58+10nM andn=1.07+£0.22 D). Numbers
of individual supporting cells (ROIs) recorded from2¥8month-old mice and from lower to higher

concentrations are: 31 (®ice), 56 (3), 130 (6), 276 (10), 66 (3), 56WB)ole figure and legend taken
from (Hoolet al., 2023)
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3.2.2.2ATRinduced intracellular Caresponses rely on €aelease

from intracellular stores

The activation of P2Y purinergic receptors induces an intracellprot®in coupled
signalling cascade whidhives C# efflux into the cytoplasm from the endoplasmic reticulum
(Housley, 2000)Therefore, to confirm whether the observed intracellula?Gasponses are

a result of activating P2Y receptors, thapsigargin was used to block the SERCA ATPase pump.
This ATPase pump is located de £ndoplasmic reticulum and is responsible for building up
the C&*stores by taking up C&rom the cytoplasn{Thastrup, 1990)Thereforethapsigargin

will deplete C&" stores within the endoplasmic reticulum and prevent any A#diated
intracellular C& responses. Extracellular thapsigargin completely abolished any intracellular
C&*rise oroscillations induced following the applicatiofi100 nM ATRo aged inner sulcus
cells (Figure 3.6). This suggests the**Qasponses induced by application of nanomolar
concentrations of ATP are a result of the activation of P2Y receptors stimulafingelgase

from the ER into the cytoplasm, andeanot due to C# influx into the cell from the
extracellular space via ionotropic P2X purinergic receptors. Furtherntdras already been
reported that thapsigarginabolishesATPmediated intracellular Caresponses in the pre
hearingY | f f A | N2zt &2, RAT; Babolat al., 2020)
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Figure3.6: ATRinduced C&" signals in supporting cells of aged mice depend
on intracellular C&' stores

A: Representative CGaresponses in supporting cells induced by ATP perfusionn(¥Q@rey area) in

an aged 6N mouse before (left) and after (right}r8 incubation in 2 a apdgarginB: Maximal
ATRinduced C#response before and after Thapsigargin incubation. Thapsigargin incubation
abolished the CAresponses R< 0.0001, Wilcoxon signednk test). Numbers of individual
supporting cells (ROIs): &8, 102 (3nice); 1&24 months old, 46 (3nice). Whole figure and legend
taken from(Hoolet al.,, 2023)
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3.2.2.3ADRinduced intracellular Caresponses are unchanged in the

aged cochlea

Adenosing -diphosphate (ADPis known to activate P2)out not P2¥and P2¥(Burnstock,
2004; von Kugelgen and Hoffmann, 2Q18)e use of this agonist allowed the observation of
intracellular C&* responses due to P2Yalone without the influence of the other two
receptors known to be expressed in the inner sulcus cells (Figure 3.2 andTBe).
extracellular aplication of 1JuM ADRnNto the organs of Corti from postnatal day 7 mice
induced similar intracellula€&* responses to those observedtar ATP application (Figure
3.7A-F). However, ADP application triggei@d* responses in -month-old inner sulcus cells
and this was not observed following ATP application at this age. Furthermore, these ADP
induced C#& responses remain unchanged and are maintained in the aged inner sulcus cells.
No significant difference was found between the maximum or averager€ponses from

6N inner sulcus cells ageehionth-old and 1824-months-old (Figure 3.E,F).To confirm that

the C&*responses are due to ADRctivating P2Yreceptors the P2Y specific antagonist
MRS2500 was applied. This antagonist completely abolished anindided C# responses

in the aged inner daus cells (Figure 3.76). Therefore, it is likelghat these ADAnduced
Ca&*responses are a result of R2¥cepior activation.However, the immunolabelling images

show noP2Y receptor expression at-tnonth old or 1824 months old (Figure 3.1).

This means the immunolabelling a@&*imaging experiments give contradictory conclusions
about the presence dP2Y receptorsin the adult and aged inner sulcu@ne explanation for
this could be thathe antibody was not validated on a R&Rnhock out mouse and so it is not
certain as to whether the labellingasreliable Alternatively, there could be other receptors
which become expresséad the adult and aged inner sulcus which both respond to ADP, and

are influenced by the MRS2500 antagonigtis will be discussed further lister chapters.

Nevertheless, both of these data report no difference between the expression or function of
P2Y receptors in the adult cochlea ¢month-old) compared to the aged cochlea (28
months old).Therefore,it was decided to investigate other P2Y receptors to try and figure
out what was driving thesenescencepecific increase in AfiRducible C# responses

reported earlier
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Figure3.7: ADRinduced C&' responses in supporting cells of the 6N mouse
cochlea

AcC Representative Caresponses in supporting cells induced by the extracellular application of

1>a !'5t o03aINBe& FINBFO Ay c¢cb YAOS Il RDTenpABoilG | 3S
of the average CAresponse at the onset of ADP application (grey bar beneath the traces) in cochlear
supporting cells of 6N mice in the three different age ranges tested. Continuous traces represent
averages, while the shaded area is the SD. Numbers of indhsdpporting cells (ROIs): P8, 59

ROIs (3nice); X2 months old, 70 ROIs (4), and¢?d months old, 121 ROIs (%.F Comparison of

the averaggE) and maximun{F) C&*responseto>a ! 5t | LI AOI G4A2y AYy cb Y
Number of supportig cells used is shown above the averages (+ SD) and single data points (plotted

as open circlesis: Representative Garesponses in supporting cells induced by 2 SEG NI} OS¢ f dz
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ADP (grey area) in aged 6N mice. The application of ADP together wR2¥hantagonist MRS2500

(I>aX G2L)I ofF O] K2 NRT 2nyuddd C& réspoyis it Effed: &f PYaitigoniskK S | 5t
MRS2500 on the size of the Abiduced C# response in cochlear supporting cells from aged mice

from 64 supporting cells (ROIgprin 3 mice. Significance values are indicated by the asterisks
(P<0.0001, Wilcoxon signednk test).Whole figure and legend taken fro(hloolet al., 2023)

79



3.2.2.4UTRinduced intracellular Caresponses are increased in the

aged cochlea

UTPis known to activatd®2¥ and P2¥receptorsbut not P2Yreceptas (von Kugelgen and
Hoffmann, 2016)Application of 300 nM UTP to &Mgansof Corti from postnatal day 7 mice,
1-month-old and aged cells induced similar intracelluz* responses to those observed
after ATP application. Both the neonatal (P7/8) and agee2@l8onths old) inner sulcus cells
displayed intracellularC&* oscilations in response to UTP (Figure 3.8A and C). While
supporting cells from-month-old 6N mice showed little or nG&* responsedo this agonist
(Figure 3.8B). As observed with ATP, no difference was observed betwe€g thesponses
recorded from 6N and C3H mouse strains in the neor(@&®al8)and adult (tmonth-old) age
groups (Figure 3.86G. However, inner sulcus cells from aged 6N mice displayed significantly
larger UTRnducedCa&* responsesvhen compared to C3H mice of the saage (Figure 3.8G

). This data again suggests that the upregulation of P2Y receptor function observed in the

aged inner sulcuappears to be more pronounced in mice with more severe ARHL.

To further confirm that UTdhduced C# responses are a result &2 and P2Y receptor
activation, the specific P2Yeceptor antagonisARC 118925X¥Rafehiet al., 2017)and the

P2Y receptor agonistMRS4063Maruokaet al, 2011)were extracellularly applie@Figure

3.9). When ARC 118925XXvas applkd together with UTR it abolished the UTd#hduced
Ca&*responses in the inner sulcus cells of 6N aged mice, indicating that th&sesCiations

rely on the P2Xreceptor. Additionally, application of MRS4062 elicited similar intracellular
C&*responses to those seen following UTP application. This suggests that UTP is also
activating the P2¥receptors as the UFiduced responses are comparable to R&pecific
responses. Taken together, these results suggest that the B2Y P2Y receptors are

responsible for the upregulation of Uiduced C# responses in the aged inner sulcus.
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Figure3.8: Age dependence of UTirduced C&' responses in ageing mice

AcF. Representative Caresponsesin supporting cells induced by the superfusion of 880UTP

(grey area) in 6NACC, black) and C3HDEF, magenta) mice at the different age ranges shown above

the recordingsG: Comparison of the average eesponse at the onset of UTP application (gvay

beneath the traces) in cochlear supporting cells of 6N (left) and C3H (right) mice. Continuous traces
represent averages, while the shaded area is the SD. Numbers of individual supporting cells (ROIs) for
P7P8, T to 2-month-old and 18 to 24-month-old mice, are: 6N, 151 (&ice), 104 (5nice), 148 (7

mice); C3H, 66 (3mice), 128 (5mice), 125 (7mice). The average frequency of Uifuced

C&* oscillations for 6N mice at different ages wascPg, 3.75 1.290scillations/min; 2 months,
1.33%1.290scillations/min; 1824 months, 3.83t2.350scillations/min. The average frequency of
UTRinduced C# oscillations for C3H mice at different ages was;A8; 3.32t 1.240scillations/min;
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1¢2 months, 1.24t 1.050scillations/min; 1824 months, 1.5# 0.85o0scillations/minH, I
Comparison of the averageland maximumlf C&* response to 30@M UTP application in 6N and

C3H mice at different ages. Single data points are plotted as open circles. Numbers of individual
supporting cells (ROIs) and micassdescribed in pan€ above. Significance valuage indicated by

the asterisks"P<0.0001, Wilcoxon rank sum test, ART tway ANOVA Whole figure and legend
taken from(Hoolet al., 2023)
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Figure3.9: Pharmacology of UT#hduced C&' responses in supporting cells

A: Representative Caresponses in supporting cells induced by the extracellular application of
300nM UTP (grey area) in aged 6N mice. The application of UTP together with thenR)onist

K 2 midudtich gfihe OTRducetl €% respdnsiza SR |
and stopped CHAoscillationsB: Average UTihduced C# responses during the last Kof UTP
application and when UTP was applied together with the;RB¥gonist ARC18925XX in cochlear
supporting cells frm aged mice (74 ROIs from 4 mice). Significance values are indicated by the
asterisksP<0.0001, Wilcoxon signeank test).C. Representative Caresponses in supporting cells
induced by the P2¥agonist MRS4062 (X0 a ~
response was followed by the application of 380 UTP alone (grey area), to confirm that the
supporting cell was responsive to UTP Average and maximum MRS46@68uced C# responsen
comparison to the average and maximum diigucedC&* responsen cochlear supporting cells from
aged mice. Open symbols are measurements from individual supporting cells 61s)84 cells
from 3 mice Whole figure and legend takead modifiedfrom (Hoolet al, 2023)
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3.3 Discussion

It is well established thaturinergic P2Y receptors are expressed byYhef £ A { SchRa 2 NH |
in the immature cochlegHuarg et al, 2010; Babolat al, 2020) The activation of these

receptors has been shown to induce rises in intracellul& @aels which can propagate
acrossheY | f £ A 1 SanlXBawazd(HHalzgt al, 2007; Ceriani, Pozzan and Mammano,

2016) Thismechanism is believed to be crucial for the correct development of the organ of

Corti, as spontaneous intercellular &ansients modulate the immature hair cell spiking

which drives both synaptic maturatio@ohnsonet al, 2017)and refinement of central

auditory pathways(Babolaet al, 2018; Babolaet al., 2020) Even though it is clear P2Y
receptors play an important role during development, very little is\kn about their role in

the adult organ of Corti. Moreover, no research has investigated whether P2Y purinergic
receptor function is altered in the aged cochlea. Seeing as the pathology behindlatgsl
O2yRAGAZ2Y & &dzOK Fa ! f IyrKSA YRIANKSI arBsA aKS eSS NByLBE2 N
with changes in P2Y receptor functionitigrb et al, 2015) investigating the progressive

changes in P2Y receptors of the ageing cochiéght reveal information regarding ARHL
pathophysiologyTherefore, this chapter discusses data collected regarding the expression

and function of P2Y receptors in the ageing cochlea.

3.3.1 P2Y receptorsinthe pkeS I NA Yy 3 YI f £ A 1 SNID

The immunolabelling images show tiR2Y, P2¥and P2Y¥receptors arell expressed across

the Y1 f A | Sl &f b@HNaMlagd C3H neonhtargans of Corti. These results are
supported by the ratiometric Gaimaging recordingsy | f A | Saliffom PMNaEyany of
Corti displayed intracellular €atransients both spontaneously and in response to ATP
(general P2 receptor agonist), UTH2¥ and P2Yreceptoragonist)and ADP (P2Yreceptor
agonist) The C# transients were confimed to be a result of P2iviediated C&*release from

the endoplasmic eticulum as they were abolished by the SERCA ATPase pump blocker

thapsigargin.

Even though the immunolabelling and Camaging experiments in the neonatal cochlea

suggest P2Y receptors are responsible for driving intracellul&r t@asients, it remains

84



unclear how each of the individual P2Y receptor subtypes contribute to the observed ATP
induced C# responses. The nespecific P2 agonist ATP should actiid®{, P2¥ and P2Y
receptors, and so it is likely they all contribute to the obser@ett responses. It would have
been beneficial to perform an additional experiment to see how blocking each P2Y receptor
subtype individually would affect the size and dynamics of the-iAdiiced C# responses.

For example, the P2Yeceptor antagonist was oplapplied alongside ADP (R2¥ceptor
agonist) and so the entire €aesponse was abolished because it was generated by ADP
activating P2Yreceptors alone. However, applying the PB&teptor antagonist alongside
ATP should leavB2¥ and P2Y receptorsunaffected and able to produc€&* responses.

This would allow us to infer how much of the AiBuced C# response is produced by P2Y

receptor activation.

The P2¥ antagonist was applied alongside UTH2¥ and P2Y receptor agonist) and so

should have not affected the activation BRY receptors. However, we observed a complete

loss of C&response to UTPwhénw MMy cowp a- | LILE ASR® ¢KAAa NI AaSs
ALISOATAOAGRE 2F GKS | ydl Afy B2Hitecdptars would sil2 dzf R ¢
respond to UTPThis uncertainty regarding thteue pharmacology of P2Y receptors could also

explain the discrepancies within the literatuagound whichP2Y receptor subtype is driving

the immature spontaneou€a&*transientsin the cochleaFor exampleUJTP (agonist for P2Y

and P2Y, but not for P2¥) was eported to trigger largeC&* oscillations across tholliker's

cells of the rat cochle@Piazzaet al, 2007) In addition to this,a significantly largeC&*

response was observed in the Kolliker&dlsfollowing ATP administration compared to ADP
administration. ATP is known to be the principal agonisP®¥and P2¥receptors, whereas

P2Y receptors have a weak response to ATP and respond most strorRon Kiigelgen

and Hoffmann, 2016)Therefore, thissuggess P2¥ and P2Y receptorsare responsible for

the ATRinduced C&* transients observed withirKolliker's organ &fore hearing onset.

However it has also been hypothesised thBRY is the main receptor responsible fdine
spontaneous purinergimduced C&* signals in supporting cells of the immature cochlea
(Babolaet al., 2020) It was reportedthat all spontaneous activity is absent when the P2Y

receptor activity is blocked via an antagonist, even though Huang et al., 2010 showino P2Y

expression in Kolliker@rgan.
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One possible explanation for this discrepancy could be the formation of heleyomers
containing numerous different subtype$B2Y receptor. These complexes are known to form
readily at the cell membrane and have shown to alter the typical pharmacology expected
from complexes containing one subtype of P2Y recefifokeet al., 2008) For example, P2Y
receptors were found to associate with B2xd P2Y¥receptors in granulocytes, and these
hetero-oligomers esponded to both ADP and UTRibeireFilho et al, 2016) It is well
established that P2Yeceptors respond to ADP but not to UTP, and-R2Md P2Y¥respond

to UTP but not ADR/on Kiigelgen and Hoffmann, 201&herefore, it would be beneficial to
investigate whether the P2YP2¥ and P2Y receptors in the cochlea also -¢ocalise as

hetero-oligomers and exhibit alterations in their typical pharmacology.

3.3.2 P2Yeceptors in the adult inner sulcus

Theimmunolabelling data suggesiat the expression of alhree P2Y receptor subtypes are
lost from the Emonth-old adultinner sulcus cells in both tH&N and C3H mic&his is again
supported by the ratiometricC&* imaging data. The application of ATP and UTP induced
minimal changes in intracellul&&* concentration across the cells of the adult inner sulcus,
suggesting the absence of P2Y receptors. However, the application of ADP tonthatti

old inner sulcus id induce elevations of intracellul&@z* which were abolished by the2Y
receptor antagonist MRS2500his suggests the presence of PRMrinergic receptorand
contradcts the immunolabelling imageSherefore, it is unclear from the data collected@e

whether P2Yreceptors are maintained in the adult inner sulcus.

It would be beneficial to validate the P2rceptor antibody using a P2Knockout mouse

to be sure that the labelling is reliable. It is possible that the antibody specificity isapdor

is not detecting expressioat older ages or has shown napecific labelling at P7. However,

if the immunolabelling is validated, it could mean that there are other P2Y purinergic
receptors present contributing to the ABRducedC&* response in the adult cochleaAs

discussed in the previous section, the specificity of the P2Y antagonists is questionable
becausel W M MYy ¢ HRRY antagonist): LILIS NBR (2 of 20pP2¢arkS | O A
P2Y receptors. Therefore, there is the possibility that the Paitagonist MRS2500 might

also be blocking the activity of other P2Y recept@BP is also known to activate R2Y
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receptorsand so potentially these could become upregulated in the adult isudécus and
contribute to the ADRnduced C&* responsa. This could also explain the lack R2Y

receptors in the immunolabelling images from the adult inner sulcus

However, it would be expected that if another purinergic receptor was upregulated in the
adult inner sulcus (such as R2Yhat it would also respond to ATPhis might not be the case

for P2Y2 as ATP is only known to be a weak partial agonist for this receptor, so potentially,
the 300nM ATP was not enough to trigger much & response Therefore, it is possible
that any P2Y or P2Y> receptors expressed in the adult inner sulcus might have not been
detected by the immunolabelling, and might only be able to ind@e€ responses following

ADP applicationlue to agonist selectivity

Cther studies in the literature also gives contradictory data on whether P2Y receptors are
expressed in the adult inner sulcus. Botletexpression of P2Y receptors and ATPAUTP
inducible C# oscillationswere reported to be absent in the inner sulcus cdtowing
hearing onset(Huanget al, 2010; Tritsch and Bergles, 2010han and Rouse, 2016)
However,it has also been reported tha®2Y receptors are maintained in the adulbeén
sulcusas C&' oscillationswere observed in response to AaRd UTP applicatiofBirko, Gale

and Ashmore, 2019)verall,there is still uncertainty about whether P2Y receptors are
maintained in the adult inner sulcus. The complexity of their uniqgue pharmacological profiles,
along withthe formation of P2Y receptor heterodimerghich will further complicate their

pharmacology means @irther experiments will be needed teetter understand this topic.

3.3.3P2Y receptors in theged inner sulcus

We report an upregulation of P2and P2Yreceptor expression in the aged inner sulcus cells,
when compared to the adult. Furthermore, we observed an upregulation of ATP and UTP
inducedC&* oscillations in these aged inner sulcus cells. As mentioned previously, UTP is the
primary agonist for P2Yand P2Y receptors, indicating their possible involvement in the
Ca*responsesFurthermore, the application ARC 118925XXP2¥ antagonist) abolished
ATRand UTHnducedC&* responsesn the aged inner sulcus cells, indicating A2¥eptors

participate in this response. Also, the application of MRS4062 @@@yiist) triggered similar
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intracellularCa&* responsego those seen following ATP and UTP application, suggesting P2Y
receptors are also involvedConversely, there was noptegulation of P2Y receptor
expression, or ADRduced C&* responses, in the aged inner sulcus. This data together
indicates that the aged inner sulcus cells only appear to upregulatedP2lYP2Y receptor

expression and function.

These ageelated chamges in P2Y receptors were investigated in both 6N and C3H strains.
Interestingly, both the ageelated upregulation in P2Yand P2Y receptor expression, and

the increase in ATP and UifducedC&* oscillations, were more pronounced in the 6N and
6N-repared mice than the C3H mice. In other words, it appears that the senese¢elated
increase in P2Y receptors in the inner sulcus is associated with mouse strains exhibiting a
more severe lowfrequency hearing loss (6N and -8&paired strains) rather thanhe C3H

strain. Similar patterns have also been observed in ageing hair cells and their innervations.
For example, hallmarks of ageing hair cells, including changes in innervation and cell size, have
also been reported to be more pronounced in 6N than C3ee@enget al, 2020a; Jengt

al.,, 2021) Therefore, it is likely that the inner sulcus cells also undergo senescelated
changes which affect their funoning, and the level of this might kessociated with the
progression of hearing losklowever, thae differences in P2Yeceptor upregulatiorwith

ARHL severity coulilsobe due to stain-related differences, so further research is required

to confirm a link between P2Y receptors and ARHL.

It is unclear why aged inner sulcus cells might upregulate RAY P2Y receptorsin
association with hearing loss progression. However, these receptors do not appear to be
present in adult mice ¢inonth-old), suggesting that their upregulation is likely not associated
with typical cochlear function. One possible explanation for theiregulation in the aged
cochlea might involve the increase in cochlear damage signalling pathways due to
senescenceelated trauma. It has been reported in the immature cochlea that hair cells
release ATP following insult, and this activatesPid P2Y¥ receptors on surrounding
adzLILR2 NI AYy3 OSftta 61 SyaSyQa |y Rwaves(Gdietiadza Q OS
2004) This C# signalling pathway has been found to activate ERK1/2 and encourage hair cell
death in response to cochlear ins(ltahne and Gale, 2008l is unknown whether this
damage response signalling pathway is present in the-gerescent, adult inner sulcus.

Nevertheless, the accumulation of damage known to occur during ageing of the auditory
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system may drive an upregulation of P2Y receptor expression in the inner sulcus to assist in
the propagation of insulassociated Ca signalling. Both pathological changes in hair cell
characteristics, and agelated hearing loss, have been reportedacur in 6N mice from as

early as 6 months of ag@enget al, 2020a; Jengt al, 2021) Since ageelated cochlear
changes are wekstablished by 12 months of age, and this is a time when P2Y receptors are
upregulated, this suggests a possible role for P2Y receptors in assisting the management of

senescencénduced cochleafunctional changes.

A furtherexplanation for the upregulation of P2Y receptor function in the aged cochlea could
be linked to an attempt to mimidevelopment and limit senescencelated damage. Both

the P2Y receptor expression and associdfeti responses observed in the aged inner sulcus
closely resemble those seen in the grearingY | £ £ A { S(Ni3chet & ,\2HO7;\Wohnson

et al, 2017) These events are completely absent in the inner sulcus of the adult cochlea.
Another instance of this has been reported in the senescent hair cells which display efferent
re-innervation(Jenget al,, 2021; Laueet al, 2012) It is well established that the inner hair
cells only retain innervation from efferent fibres up until just before the onset of hearing
(Simmonset al, 2011) However, senescent hair cells were reported to becom@amnervated

by thesefibres in a manner very similar to the neonatal hair cell innervation phendtyaeer

et al,, 2012) It is unknown as to why the ageing cochlea might revert back to express more
developmental characteristics, as no benefit to this process is yet to be detected.
Nevertheless, it wold be beneficial to better understand whether this recapitulation is a
coincidence unrelated to the ageing of the cochlea, or whether it is some kind of attempt to

mimic development and limit senescencdated damage.

3.3.4 Summary

Overall, this chaptenas investigated the progressive changes in P2Y receptor expression and
function in the supporting cells of the ageing inner sulcus of the cochlea. The data collected
on neonatal and adult cochleae further support previous findings. &ample, the
expression of P2Y receptors and associated intraceltd#&rresponses in the praearing

Y1 £ £ A1 SaNfear to da\dBrithg most partpst in the inner sulcus after hearing onset.

Furthermore, we show new data regarditige upregulaion of P2¥ and P2Y receptor
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expression and function in the senescent inner sulcdse reason behind this remains
unclear, however, we hypothesise it is linkedhe progression of ARHisthe degree of P2Y

receptor upregulation was more pronouncednmce known to exhibit severe ARHL.
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Chapter 4Agerelated changes in gap
junction channels of mouse cochlear
supporting cells
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4.1 Introduction

Gap junction membrane channeddlow intercellular diffusion of ions and small molecules
between neighbouring cell§Bennett and Goodenough, 1978They occur when two
connexon complexes on adjacent cells align their membrane pores and create a continuous
passageway between the two intracellular spaces. Connexons contain six connexin proteins
at the cell membrane wikh assemble as a hexametric ring with a pore in the centre between
the cytosol and extracellular spad®ruzzone, White and Paul, 1996; Beyer, Paul and
Goodenough, 1990)Connexons can fm either homomeric or heteromeric complexes
consisting of one or numerous different connexin proteins respectig¢lymarand Gilula,

1996) The different combination of connexin proteins within a connexon have been shown
to influence how they functiore.g. their pore size and selectivityeenstra, 1996)Typically,
multiple gap junction channelgGJCsgongregate together at the cell memdome n groups
forming GJC plague$lLopezet al, 2001) These GJC plaques can contain thousands of

individual gap junction channels and span several micrometres (aiget al., 2002)

In the organ of Cortithe majority of the supporting cells express GJC plagoespcsed of
connexin 26 (Cx26) anamrnexin 30 (Cx30)(Kikuchiet al,, 1995; Zhacet al, 2006) This
widespread expression of GJCs forms a transport network across thelepith Molecules
such adP;, ATP, G4, K and glucose use this network taavel between cells across the organ

of Corti (Hernandezet al., 2007; Kikuchet al., 2000; Changt al., 2008) The diversity in
molecules proposetb use this transport network implies it is involved in multiple different
aspects of cochlear functicand signallig. For example, the GJC network has been shown to
be involved in ionic homeostasis within the organ of Corti to maintain the driving force for
hair cell depolarisatior{SantosSacchi and Dallos, 1983; Wangemann, 208@lditionally,
intercellular signalling cascades also use the GJC network to spread downstrealiingig
molecules from cell to cell. One example of this is the purinergic receptor signalling cascade
which propagates intracellular €avaves across the inner sulcus cells during development,
which hasbeenshown to be crucial fothe generation of coordinatethner hair cell firing
synaptic maturatiorand sensory domain refinement in the auditory pathw@yitschet al,,
2007; Babolat al., 2021) The array of important processes involved in cochlear funstmpn

which utilise the GJ network can explain why mutations affectiig26 or C30 are the most
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common causes of nesyndromic hearing logglel Castillo and del Castillo, 2017; Chan and

Chang, 2014; Chest al., 2022)

Even though connexirelated mutations are well researched as a cause for inherited hearing
loss (Jagger and Forge, 2015; Wingard and Zhao, 20483 isknown regarding whether
changes in the gap junction network could also contribute to-i@d@ted hearing losslajima

et al. 2020 showed thatthe cochlear GJC plaques 82-week-old C57BL/6Jnice were
significantly shorter, and displayed a more fragmented organisation, when compared-with 4
week-old C57BL/6J cochlear GJC plaq(Esjimaet al, 2020) However, it is not known
whether this affectedi KS DW/ Q& | 0,AahdAsd &he doiseqiedeysColl thesg/
structuralchanges remai unknown. Although, it waseported that there was minimal hair

cell damage and hearing loss at 32 weeks (whenpad@e structure was altered)uib by 36
weeks,the mice had developed sevehearing loss. This data led the authdoshypothesise

that the fragmentation of the GJC plaques negatively influenced their functional efficiency. A
reduction in transportation of molecules necessary to support hair cell function may have
been implicated inhie development of the hearing lods. support of this, reductions in GJC
plaque size in other tissues such as the heart are already known to negatively impact
intercellular communication and have been linked to disedlseke and Saffitz1991;
Kaprielianet al, 1998) However, it is necessary to examine thismore detail as it is not
known how these changes impact GJC permeability in the codhladdition to thisJooking

at mice older than 32veeks would determine whether this GJ plague fragmentation
continues to worsen and whether it is part of the progressive pathological changes in the

auditory organ.

This chapter will focus on investigating agéated changes in the gap junction channels
within the supporting cells of the organ of Corti. Specifycalie expression and structural
organisation of GJC plaques will be compared betwgenng adult and aged mice.
Furthermore, the permeability of GJCs will also be compared across these age groups via
Lucifer yellow fluorescencemaging. It is anticipatedhat any agerelated changes in the
structure or function of the gap junction channel network could influence cochlear function,

and potentially, the development of agelated hearing loss.
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4.2 Results

4.2.1 Progressive changesgiap junction plaque ganisation
and expression

Organs of Corti fronyoungadult (:month-old), adult (2-monthsold) and aged (122-
months-old) mice were immunolaelled with antibodies against Cx26 an@Q@xvhich arehe

two major components bcochlear gap junction plagud&ikuchiet al., 1995; Zhacet al,

2006) This allowed for the investigation of agelated changes in gap junction plaque
expression and structural organisation in the supporting cells of the organ of Corti.
Additionally, mice of C57BL/6I8N) background were compared with C3H/HeJ mice (C3H) to
determine whether any progressive changes in gap junction plaque expression were

associated with mouse strains showing signs of early onset, or late onset ARHL, respectively.

4.2.1.1 Gap junction plaque location in the ageing organ of Corti

In the Emonth-old 6N organ of Corti, gap junction channel plaques were found to be
expressed on the majority of nesensory supporting cells, and absent in hair cells (Figure

4.1). Furthermore, mosiplaques appear to contaia combination of both Cx26 and Cx30,
with2yfe (GKS 5SAGSNRQ OStf L) IljdzSa O2y il AyAy3
with what has already been reported and sha@imilar characteristics for gap junction

expression irthe adult mouseorgan of Cort{Jagger and Forge, 2015; Foegal., 2003)

12-month-old and 1722-month-old mouse organs of Corti were also immunolabelled for

Cx26 and Cx30. There appears to be nera@ged differences in the location of gap junction

plaques between the -inonth-old, 12month-old and 1722-month-old cochleae in both 6N

mice (Figure 4.2) and C3H mice (Figure 4.3). As observed imtath-old organ of Corti,

Cx26 and Cx30 are -expressed within gap junction plagues across the majority of-non
sensory supporting cells in the oldegeagroups investigated. Additionally, the expression of

/| Eon +Ft2yS A& YIAYyGFrAYSR Ay GKS 5SAGSNBRQ OSft
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Figure4.1: Connexin 26 and connexin 30 expression in the organ of Cortiof 1
month-old 6N mice

Lateral projections of immunolabelled murine organs of Corti frommahth-old 6N mice. The
stereocilia and nuclei of the hair cells were labelled using phalleéadstain Factin (red) and DAPI
(blue) respectivelyNuclei of supporting cellseve removed to better show labelling of gap junction
plagues.A: Connexin26 labelling Cx26,magenta) was observed in the inner sulcus (IS) and outer
sulcus cells (OB: Connexin 30 labelling>k30green) was observed in the inner sulcus, outer sulcus
and Deitersrells (DC)C:Merge of A and B. Scale 8a?20> Y @
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/Cx30
IHC

20-month-old 6N

Figure4.2: Connexin 26 and connexin 30 expression in the organ of Corti ef 12
month-old and 26month-old 6N mice

Lateral projections of immmlabelled murine organs of Corti from -h2onth-old (A) and 26month-

old 6N mice B). The labelling of @8 (magenta) and GQ (green) show gap junction plagues
expressed in the supporting cells. The inner sulcus cells (IS) and outer sulcus cells (@§)relssion

of gap junction plaques containing both Cx26 an@QxThe Deitei@ells expressap junction plagues
containing Cx30 only. Phalloidin (stainingdiin,red) labels the hair cedtereociliabundles and DAPI
(blue) labels the hair cell nucléiluclei of supporting cells were removed to better show labelling of
gap junction plaquesScale bas: 0> Y @
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20-month-old C3H

Figure4.3: Connexin 26 and connexin 30 expression in the organ of Cortiof 1
month-old and20-month-old C3H mice

Lateral projections of immunolabelled murine organs of Corti fremdhth-old (A) and 26month-old

C3H miceR). The labelling of Cx26 (magenta) an8C¢green) show gap junction plaques expressed

in the supporting cells. The innsulcus cells (IS) and outer sulcus cells (OS) show expression of gap
junction plaques containing both Cx26 and3@xThe DeitetQcells expressap junction plagues
containing C30 only.Phalloidin (staining-gctin,red) labels the hair cedtereociliabundles and DAPI
(blue) labels the hair cell nucléiluclei of supporting cells were removed to better show labelling of
gap junction plaquesScale bas: 0> Y @
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4.2.1.2 Gap junction plaque organisation in the ageing organ of Corti

When studying plague organisation, it was decided to focus on the cells of the inner sulcus as
they form a single cell layer and so each-cell connection would be easier to visualise. The
supporting cells directly adjacent to the IHCs were not includeghy analysis as their cell

borders are more difficult to define as some stack on top of each other (Figure 4.4, 4.5, 4.6).

Inner sulcus cells withinthonth-old 6N organs of Corti showed Cx26 and Cx3@xpoession

in large plaques around the cell lwar (Figure 4.4). The plaques appear to typically organise
into a hexagon/pentagon shape around each cell, witiB4drge plaques located at each eell

cell junction (Figure 4.4D). These observations align with what is already published regarding
the organsation of typical gap junction plagues in the healthy adult inner sulcus. Previous
immunolabelling and freez&acture imaging experiments have also described gap junction

LI I 1j dzS &G NHzOGdzZNBE 0S8 SSy AYyySN) adzZ Odae OSft f 3
portions of the membrane connecting the two celorgeet al., 2003; Kamiyat al., 2014)

The 12month-old and 1722 monthold inner sulcus cells similarly showedeqression of

Cx26 and Cx30 in their gap junction plaques (Figure 4.5, Figure 4.6). However, in comparison
to the 1-month-old gap junction plaques, the organisation and size of the plaques in the 12
month-old and 1722-month-old inner sulcus cells appeared different. There seemed to be a
higher quantity of plaques per cell in the inner sulcus cells from the @dergroups, and

these plaques looked to be much smaller in size (Figure 4.5D, Figure 4.6D). This change

appeared to occur similarly in both 6N and C3H mouse strains (Figure 4.7).

Additionally, a progressive increase in cell size irlfamonth-old and 77-22 monthold inner

sulcus cells was also observed. The aged cells appeared to have expanded to cover a larger
area in comparison to the young adult. This agecific change in cell morphology has not
been reported before, but it must be considered instlthapter as it could influence the

organisation of the gap junction plaques.
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A Phalloidin / DAPI / Cx B Phalloidin / DAPI / Cx26

Phalloidin / DAPI / Cx26 /

C

Figure 4.4. Gap junction plaque organisation in the-thonth-old 6N inner
sulcus

A, B, C. Maximum intensity projections afonfocalz-stacks frommages of a 4nonth-old 6N mouse
organ of Corti. Immunolabellinipr Cx30 (green) and @& (magenta) is shown alongsidegtibidin
staining of Factin (ed) to show thehair cells and DAPI stainingle) to show the nuclei. The inme
sulcus cell borderso-express Cx26 (magenta) and30Dx(green) within their gap junction plaques.
Scale bas: 20> Y [ Magnified image of the yellow box highlightedGshowing the organisation of
gap junction plagues into pentagon/hexagon formatiowamd the border of each cell. Scale bar: 5
>Yod
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A Phalloidin / DAPI / Cx B Phalloidin / DAPI / Cx26

¢ Phalloidin / DAPI / Cx26 /

Figure4.5: Gap junction plaque organisation in Zonth-old 6N inner sulcus

A, B, C Maximum intensity projections of confocabktacks frommages of a 12nonth-old 6N mouse
organ of Corti. Immunolabédtig for Cx30 (green) and Zi(magenta) is shown alongsidegtlbidin
staining of Factin (ed) to show thehair cells and DAPI stainingiye) to show the nuclei. The irem
sulcus cell borderso-express Cx26 (magenta) and3@Xgreen) within their gap junction plaques.
Scale bas: 20> Y [ Magnified image of the yellow box highlighteddshowing the organisation of
gap junction plagques into pentagon/hexagon formation around the border ohell. Scale bar: 10
>Yod
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A Phalloidin / DAPI / B Phalloidin / DAPI / Cx26

C Phalloidin / DAPI / Cx26 /

Figure4.6: Gap junction plaque organisation in 2@onth-old 6N inner sulcus

A, B, C Maximum intensity projections of confocabtacks frommages of a 2@nonth-old 6N mouse
organof Corti. Immunolabelling for Cx30 (green) an@&nagenta) is shown alongsidegtibidin
staining of Factin (ed) to show thehair cells and DAPI stainingiye) to show the nuclei. The irem
sulcus cell borderso-express Cx26 (magenta) and3@Xgreen) within their gajunction plagues.
Scale bas: 20> Y D: Magnified image of the yellow box highlighteddshowing the organisation of
gap junction plagques into pentagon/hexagon formation around the border ohell. Scale bar: 10
>Yod
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A Phalloidin / DAPI / Cx26 / Cx:

C Phalloidin / DAPI / Cx26 / Cx:

Figure 4.7: Gap junction plaque organisation in the-honth-old and 20
month-old C3H inner sulcus

A, C Maximum intensity projections of confocabktacks fromimages of a 4nonth-old (A) and a 20
month-old (@ C3H mouse orgartd Corti. Immunolabelling for Cx30 (green) an@&¢magenta) is
shown alongside mloidin staining of factin ¢ed) to show thehair cells and DAPI stainirigye) to
show the nuclei. The ingr sulcus cell borders eexpress Cx26 (magenta) andBCxgreen) within their
gap junction plaques. Scale baR0> Y B D: Magnified image of the yellow boxes highlightedAin
andCshowing the organisation of gap junction plagques ipémtagon/hexagon formation around the
border of each cell. Scale lsad0> Y ©
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4.2.1.3 Gap junction plaque fragmentation in the ageing organ of Corti

In order to quantify the observed changesgap junction plaque organisation with age, the

individual plaque length was measured and compared betweerofth-old, 12month-old

and 1722-month-old 6N inner sulcus cells (Figu4.8). 1 has been reported that GJ plaque

length within inner sulcus cells can approximately range from8 dzLJ ( fwithahe > Y X
mean plaque length being taO dzf I (i S R (Thjitnaepaky R0A0)- YR ¢ Pamiyaet Y

al., 2014) Our data has provided similar measurements, with the @Ndhth-old inner sulcus

cells possessing a median plaque length5.57>Y | YR YSIy 2F pdto >Y
CdzZNI KSNXY2NB= GKS YI 22 NR { &n lendth L3 ohly id2S2875W S | & dzNF
(dominant negative Cx26 mutation)ice that GJ plagues have been measured to be smaller

than2> Y Yy R | LILISHA NJRsAgyS8ah ZD14$This is likely due to issues with plaque
assembly with the lack of functional Cx26 in that mutant. Therefore, immunostained objects
GSNBE OF (SI2NRAPRTNE IYOVIHR@SRSLISYRAY I 2y 6KS
the limit of 2> Ylength. This distinction allowed the investigation of whether there was a
difference in the abundance of tee smaller fragmenlike objects but also in the length of

0KS (MKKESQ fLUEYI8ljGdRSYaS® G KS g2 NR WLI I jdzZSQ A& dzaSR 1
to objects longer than 2 Y

The median plaque lengths for 6Nnionth-old, 12month-old and 1722-month-old cells

were calculated to b&.57>Y 3> odcn >Y YR odnam >Y NBaLISOGA
decrease in the median plaque length betweeminth-old and 12month-old inner sulcus

cells, 12month-old and 1722-month-old inner sulcus cells, and betweenribnth-old and
17-22-month-old inrer sulcus cellsAR<0.0001) (Figure 4.8A)Furthermore, there was a

LINE ANB&aaAaADS AYONBlIaAaS Ay 020K GKS ydzYoSNI 2F
17-22-month-old cells have significantly more fragments and plagues per cell than both the
1-month-old and the 12month-old groups P<0.05 (Figure 4.8B, Chdditionally, the 12

month-old group has significantly more fragments and plaques per cell than-therth-old

age group. This suggests that with age, the inner sulcus cells exhibit afineghuemcy of gap

junction plaguesand fragmentsvhich are shorter in length.

However, as mentioned previously, the size of the inner sulcus cells increases with age. So, it

might be expected that larger cells would contain more individual plagquesagnments.
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Therefore,the combined number of plagues and fragments per cell was calculated and
normalised to the length of the cell. This still found a significant increase in normalised plaque
and fragmentcount per cell betweerl-month-old, 12month-old and I7-22-month old cells
(P<0.05)(Figure 4.8D)further suggestinghe frequency of plagueand fragmentger cell

progressively increases with age.
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Figure4.8: There is a higher frequency of shorter gap junction plaques in the
aged innersulcuscells

A: Length ofgap junction plaques from 6N cochlear inner sulcus cells in three age greopsti-

old (green), 1anonthsold (purple) and 122-monthsold (grey). Mean plaque length is labelled by

the star. Median plaque length is the central line of each box plot. n=3 mice analysed for each age
group. Ten inner sulcus cells from each mouse were analysed, giving 240, 312 and 388 plaques total
for 1-month, 12month and 1722 month old groups respectiveljhere is a significant decrease in the
median plague length betweenrhonth-old and 12month-old inner sulcus cells, Zonth-old and
17-22-month-old inner sulcus cells and betweesrionth-old and 1722-month-old inrer sulcus cells.
Significance values are indicated by the aster{giks<0.0001, Kruskalvallis ANOVA)B, C The
numberof gap junction plaques (measuring abd®e Y (B) andgap junction fragments (measuring
below 2> Y (@) percochlear inner sulcus cell from three age groupsidnth-old (green), 1Zmonths

old (purple) and 1-22-monthsold (grey). Diamonds represent the individual data points. Median
plague length is the central line of each whisker plot. n=3 mice analyseddbrage group. Ten inner
sulcus cells from each mouse were analyddtere is a significant increase in the median number of
both plagues andragments between 4dnonth-old and 12month-old inner sulcus cells, and also
between 12month-old and 1722-month-old inner sulcus cellSSignificance values are indicated by
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the asteriskg(*P<0.05 KruskalWallis ANOVA)D: Thetotal number ofgap junction plaguesnd
fragmentsper cochlear inner sulcus cell wemeeasured in three age groupsmionth-old (green), 2-
monthsold (purple) and 1-222-monthsold (grey). This value was normalised to the length of the cell.
Mean number ofyap junction plaqueand fragmentger cell are show as the top of the coloured bar
for each age group. n=3 mice analysed for each agepgrTen inner sulcus cells from each mouse
were analysedThere is a significant increase in the mean plaque length betweanrith-old and
12-month-old inner sulcus cells, IRAonth-old and 1722-month-old inner sulcus cells and between 1
month-old and 12month-old inner sulcus cellsSignificance values are indicated by the asterisks
(*P<0.05, oneway ANOVA).
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4.2.2 Progressive changes in gap junction plague permeability

To test the difference in GJ permeability due to the change in plague morphology with time,
whole-cell dye injection of Lucifer yellow was performedlimonth-old and 1920-month-

old inner sulcus cells from 6N mouse organs of oyt diffusion into ngihbouring cells via

the gap junction channels could then be analysed to determine whether gap junction channel
permeability was altered with ageucifer yellow dygmolecular weight: 445 T OKI| NBS >
has been utilised previously to investigate gapction channel couplingn the organ of Corti
(SantosSacchi and Dallos, 1983; Zwislastkal., 1992; Jagger and Fordg#)06) Homotypic
mouse, rat and human Cx26 gap junction channels are all permeable to Lucifer yellow
(Mantheyet al,, 2001; Beltramellet al, 2003; Marzianet al., 2003) However, homotypic
mouse and rat Cx30 gap junction channels do not allow Lucifer yelftwgidn (Mantheyet

al.,, 2001; Marzianet al., 2003) The differences between the cytoplasmic domains of these
connexins were shown to directly influence the selectivity, permeability and voltage gating of

Cx26 and Cx3Mantheyet al., 2001)

The formation of Cx26/Cx30 heterotypic gap junction channels will produiterest

permeability properties compared to the homotypic channels. It has been reported that HeLa

cells transfected with rat cDNA for bo@x26 and Cx3@ere impermeable to Lucifer yellow
(Marzianoet al., 2003) However, HeLa cells transfected with human cDNA for Got®6 and

Cx30 showed permeability to Lucifer yellvumet al., 2007) This could potentially be due

to interspecies differences in connexins, but also could be due to Cx26 homotypic channels
forming in the Hela cells, alongside the heterotypic channels, to allow dye diffusion. This

latter hypothesis is suggested to explain wihyK S Ay Yy SNJ adzf Odza OStfa |y
showed Lucifer yellow diffusion in rats at PUagger and Forge, 200@ven though these

cells are known to express both Cx26 and Cx30.

All of the immunolabelled gap junction plaques in the previous section of this thesis show co
expression of both Cx26 and Cx30. This makes it highly likely that these cells contain
Cx26/Cx30 heterotypic gap junction channels within the plaques, alongside CxZ&xa@d
homotypic gap junction channels. Therefore, it was anticipated that because Lucifer yellow is
only permeable via some subtypes of the gap junction channel, it may help to reveal any age

related changes in the type of gap junction channels present.
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4.2.2.1 Lucifer yellow dye diffusiominner sulcus cells

For each wholeell patch clamp recording, the dye was injected and diffusion was monitored
for 25 minutes. This lengthf time was chosen as it became apparent that Lucifer yellow
diffusion speed was very slow (Figure 4.9). By the end of the 25 minutes, dye had reached an
average of 11 cells across both age groups. It was expected that the reason for such slow dye
diffusion was hat Lucifer yellow is only permeable via homotypic Cx26 channels, and so the
homotypic Cx30 channels and potentially the heterotypic Cx26/Cx30 channels were not
allowing dye diffusion. The immunolabelling images, along with the slow speed of dye
diffusion, both suggest that the majority of gap junction channels may be Cx26/Cx30

heterotypic gap junction channels.

A subset of inner sulcus cells showed no dye diffusion into neighbouring cells throughout the
full recording. This could simply be because theseimocell is uncoupled fro the rest of the
epithelium This inconsistency in dye diffusion was also found in numerous other studies
investigating Lucifer yellow dye diffusion in the organ of Q&#ntosSacchi, 1986; Jagger
and Forge, 2006)Therefore, when analysing gap junction channel permeability, only cells

which showed evidence of dye diffusion were considered.
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Figure4.9: The diffusion of Lucifer yedw dye across innesulcus cellgap
junctions is very slow

Individual frames taken from an example recording of Lucifer yellow dye injection into a single inner
sulcus cell from a-tnonth-old 6N mouseA: The first frameof the recording. The fluorescent patch
pipette contaning the dye is in contact with the chosen cell membrane before whole cell mode has
been achievedB: A frame taken from 88 seconds into the recording after entering whelemode
where the dye ks entered the patchedell. C A frame taken from 612 sends into the recording
where the dye has diffused into neighbour cells directly adjacent to the patche®calframe taken

from 1095 seconds where the dye has diffused even further into second and third ordeScalis.
barin Dalso applies t&\, BandC 30> Y @
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4.2.2.1 ucifer yellow diffusions unchanged with aga inner sulcus

cells

Fram both the Emonth-old and 1920-month old injected inner sulcus cells the dye was able

to reach second order or third order cells within 25 minutes. As diseai in the Methods
chapter (Section 2.5.3), first order cells are directly adjacent to the injected cell, second order
cells are adjacent to first order cells, and third order cells are adjacent to second order cells.
Of the ten tmonth-old cells injectegdeight displayed dye diffusion into second order cells
and two displayed dye diffusion into third order cells. Conversely, of the nifgdt8onth-

old cells injected, six displayed dye diffusion into second order cells and three displayed dye
diffusion irto third order cells. This suggests the inner sulcus cells of both age groups have
similar permeability to Lucifer yellow. In addition to this, the number of cells the dye entered
was counted at the end of each -BBinute-long recording. No significant déffence was
calculated in the number of cells which had taken up Lucifer yellow betweentmenth-old

and 1920-month-old cells P=0.3458) (Figure 40A). Additionally, the total area displaying
fluorescence due to dye diffusion was also measured ateahdé of each recording. No
significant difference was identified between the area of fluorescent cells between-the 1
month-old cells and the 1:20-month-old cells P= 0.1041) (Figure 4.10Bhis again suggests

no agerelated differences in the permealiifiof inner sulcus cells to Lucifer yellow.

The similarity between the extent of Lucifer yellow dye diffusion between the two age groups
suggests the level of gap junctiomediated ceHcell coupling is unchanged. To thur
investigate this, the membraneesistance othe cels wascompared between Anonth-old

and 1920-month-old inner sulcs cells. The value of theesistance incorporates the
membrane resistance of the patched cell, but is also influenced by other neighbouring cells
which areelectrically coupled via the gap junction channels. Therefore, this value is an indirect
measurement of cells GJ connectivity. Lucifer yellow was not added to the intracellular
solution for these recordings. The cells from both age groups displayed arande of
membrane resistancesl® to 190a ) indicating that the cells across the epithelium of the
inner sulcus display varied degrees of couplifigre4.10C). This is consistent with what is
already known regarding the membrane resistance of an inmdcus cell a?25P35

G57BL/6N inner sulcus cells have previously been shown to have membrane resistances
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NI} y3Ay 3 T NP YSirkonGaig and Ashmorea2@1Bere,no significant difference
was found betweerthe membrane resistances dfmonth-old and 1920-month-old inner
sulcus cellsR= 0.4599), suggesting that the large variation in-cell coupling is maintained

with age.
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Figure4.10: The inner sulcus cells display simila@rmeability to Lucifer yellow
at 1-month-old and 1920-months-old

A: Number of neighbour cells showing fluorescence due to dye d@iffiusounted 25 minutes after
injection into a single cell. Error bassowmeanz SD. N=10 cells inrhonth-old group (gren data
points) and n=9 cells in B-month-old group (grey data points). (Tvgample t testP= 0.3458. B:
The total area showing fluorescence due to dye diffusion measured 25 minutes after dyemijet

a single cell. Error bashowmeanz SD. N10 cells in dmonth-old group (green data points) and n=9
cells in 1920-month-old group (grey data points). (Tvgample t testP= 0.104). C The membrane
resistance measureddm inner sulcus cells. Error basBowmean+ SD. N=17 cells inrfhonth-old
group (green data points) and n=16 cells in2ZBmonth-old group (grey data points). (Tweample t
test, P= 0.459)9.
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4.2.2.2 ucifer yellowdiffusiondirectionalityis unchanged with age

iInner sulcus cells

Next, the direction of dye diffusion wasalysed to determine if there was a difference in GJ
connectivity along the radial (i.e. pillanodiolar) and longitudinal (i.e. apé®-base) axis of

the cochlea. The distance of dye spread was measured along two orthogonal axes and in three
directions.This included modiolar diffusion (towards the modiolus), pillar diffusion (towards
pillar cells and the hair cell rows) and radial diffusion (movement laterally along the inner
sulcusaway from the patch pipette(Figure 4.11ADepending on the positionfdahe patch
pipette, diffusion was either measured in the apical radial direction or the basal radial
direction (always away from the pipetteNo significant difference was found between the
distance of dye diffusion radiallyp & 0.4534) (Figure 4.11B}) towards the hair cellsR=
0.6744) (Figure 4.1)®Getween the two age groups

Regarding diffusion towards the modiolus, two of the nine cells agea0ifionths did not
diffuse at all in this direction (Figure 4.11D). This could have been because lthan d¢blis

area were uncoupled from the rest of the epithelium. However, it is unlikely to be the case
because of a preference for diffusion in other directions as the other seven cells in this group
show diffusion towards the modiolus. Nevertheless, whiggse two points were included in

the analysis there was a significant increase in modiolar diffusion in-therith-old group
compared to the 120-month-old group P<0.05) Overall, this suggests that Lucifer yellow
freely and passively diffuses fronelcto cell without a preferential direction, indicating

homogenous distribution in cetlell coupling across the inner sulcus.
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Figure4.11: There is no directional preference for dye diffusiaminner sulcus
cells at both month-old and 1920-months-old

A: Brightfield image of the organ of Corti. The cyan dotted line shows the divide between the inner
sulcus above and the hair cell rows below. A paiigiette (black arrow) is showoontacing the
injected inner sulcus cell (yellow). The maximum dye diffusion distance from the centre of the injected
cell was measured in three directions: towards the modiolus (red arrow), radially along the inner
sulcusaway from the patch pipett€purple arrow)and towards the hair cell rows (blue arrow). Scale
bar: 20> Y & Dye diffusion in the radial direction was measured for each recordingo-sample t

test, P= 0.4534. C Dye diffusion towards the hair cell rows was measured for each recording
sample t testP= 0.6744. D: Dye diffusion in the modiolar direction was measured for each recording
(Twosample t test*P<0.05).Green data points represent recordings froambnth-old inner sulcus

cells and grey data points are frat8-20-month-old cells. Error barshowmeanz SD.
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4.2.2.3 ucifer yellav diffusion speeds unchanged with aga inner

sulcus cells

[ dzZOAFSN) eStf2¢6 ReS RAFTFdzAA2Y 4l a LIX20G4SR | &
Where F is the fluorescence intensity and FO is an average of the fluorescence in the first five
frames of each recording. This was calculated all cells ineach recording and for an
additional region of interest placed over the patch pipette (See Methods 2.5.3). Then, the
nCkCn FT2NJ SIFOK OSftft 41 & & dzoiiestlfoOtheSéluctoNd Y § K|

fluorescence over time due to photobleaching.

From looking at the traces, it became apparent that there were large variations between the
n &0 across all recordings from both age groups (Figure £b2analysis, the average0

traces for each cell order (distance from the patched cell) werepared between the two

age groups. This comparison was made at a specific timeframe (1300 seconds after whole cell
mode was established) and took an averag&-0 of five frames at this time point. Each one

of these averaggq (O values was also normaliséal the fluorescence in the patched cell

(this was determined by calculating tB&" percentile of the patched cgll 0 valuebefore

1300 seconds)As seen in the traces in Figure 4.1R2Athe averag@ (O values were very
varied across both age grosigFigure 4.12G). No significandifference wadound between

the average normalised fluorescenealues of first orderf= 0.9756)r second order cells

(P=0.9360)n the month-old and the 1920-month-old inner sulcus
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Example_ucifer yellow fluorescenge Ck Cn NI O &4l injéchdd McowliKga fros-month-

old (A, B, Q and 1920-month-old (D, E F) inner sulcus cell&: Thebox and red arrovat 1300 seconds
show thefive frames taken andveraged, anthen normalised to the fluorescence in the patched cell
(this was determined by calculating t8€" percentie of the patched cejh Ck Cn  bgford 1800 &
seconds)These values were then used as the normalised Lucifer yellow fluoresoe®dd andl. G

No significant difference was found between thermalised Lucifer yellow fluorescencgfirst order
cells from imonth-old and 1920-month old 6N mice.(Twosample t test P = 0.9756).H: No
significant difference was found between thermalised Lucifer yellow fluorescenoésecond order
cells from imonth-old and 1920-month old 6N mie. (Twosample t test P = 0.9360).1: The
normalised Lucifer yellow fluorescenoéthird order cells did not have a large enough n number to
perform statistical analysis as not enough recordings reached this order (n=nmnth-old cells and
n=3 for B-20-month-old cells) Error barsshowmeanz+ SD.
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