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Summary

Immature auditorynner haircells (IHCs) in the mammalian inner ear are capable of firing
spontaneous calcitglependat action potentialswhich are required for thematurationinto
sensory receptofdohnsoret al, 2013; Johnsoat al, 2017)

Recent studies revealed that reemsory cells can regulate thhequencyandsynchronicityof

the action potentialsf nearty IHCs by depolarizing them with ATP released through connexin
hemichannels (Tritscét al, 2007; Tritsch & Bergles, 2010)he released ATP also induces a
secondaryluid secretionrfrom nonsensory cellswhich was reportetb depolarize théHCs,
thus synchronising their electrical activ{firitschet al,, 2007; Tritsch & Bergles, 2010; Wang
& Bergles, 2015)However, the role athis secondargventin the maturation of IHC remains
unknown

TMEM16A knockout mice wershown to preventthe fluid secretionfrom nonsensory cells
and thus reduce tlation potential activityn thelHCs (Wang & Bergles, 2015 this study,

| set out to exploréhe influence othe TMEM16A-mediatedfluid secretionon the action
potential actrity in the IHCs and their maturation.To achieve thiggoal | usel the Cre
induction system to conditionally knockout TMEM16Athre nonsensory cells of the mouse
cochleajsolatingthe ATP signalling from theubsequentMEM16A-mediatedluid secretion

Based on the resultlocumented herecochleawide deficiency of TMEM16A in the noen
sensory cellgdecreased thenstancesof spontaneous action potentiafs immaturelHCs.
However, theirelectrophysiological properties did not change atiadluding the pattern of
the spontaneous action potentjalsrrentvoltage responsandthe threshold of excited action
potential Calcium imaging showed a disruption thesynchronicitywithin at least 8 nearby
IHCs in TMEM16A-deficient animals. Knockingut TMEM16A produced a delay on the
development, where sontmit not allof the IHCs retained their immature phenotype after
hearing onset. Nevertheless, all of the sampl#dCs gained their functional
electrophysiological properties at the fourth postnatseks.

These finding show thatTMEM16A-mediatedluid secretionregulates the firing rate of the
spontaneous action potential in immatliCs. However, this secondary evemight not
directly participate in théunctionalmatumation of IHCs. ATP signallingalone islikely to be
enoughfor driving IHCs towards their mature phenotype
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Chapter 1 Generalntroduction

1.1 Auditory System in Mammalian

While the saying goes "not all pyramids are built the saaémammalian ears are in fact
built almost the same. They all originated from an ancient ear dated back to Triassic period
(Manley, 2012) The morphology ofhe ear varies among spesién size and structure, but
mammalian ear usually consists of three parts, the outer, middle, and infidrecauter ear
includes the pinna artieauditory canalKigurel.1) andfunnelssoundinducedvibrationsin
the like a hornThe ympanic membrane, known as the "ear drum”, latateéhe end of the
ear canal and borders the outer and mid Eae.tympanic membrane and thiereeossicles
residein the middle ear. When sound wawmpresghe air in the ear canait vibrates the
tympanic membrane and the connected ossafléfse middle earmalleus,incus,and stapes
Thestapesct as a mechanical pisttmcompresses the fluidsidethe cochleawhich together
with the vestibular system forms the inner ear. ifiddle earconvers soundvibrations from
air-medium in the outer eamto liquid-mediumin the cochleawheresoundis transduced into
an electric signal thatan be perceivkeby the brainFigure1.1). The cells that perform this
mechaneelectrical transduction are called hair cells (H®#)icharethetargetof this stuy.

Another important organ in the inner ear is the vestilargan but it will not becovered here

round window

Semicircular
Incus Canals
Malleus 0.5 kHz
A
< B 6 kHz
—_—_— [ > Cochlear
nerve (VIII)
N —
\ Cochlea
External
auditory Tympanic 16 kHz
canal membrane  Stapes
) (attached to
Pinna oval window)

I D
Outer ear Middle ear Inner ear

Figure 1.1 Coronal section view of human ear.
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Cartoon depicting the anatomical structure of a human eaa @oronal section view, starting with
pinna at the leftwhich, together with the auditory canaform the outer ear (marked green). The
tympanic membrane (ear drum) separates outer and mid egltdiyv), in whictresidethe ear ossicles
malleus, incus, and stapeBhe nner ear (purple) consists of two important pgrtee cochleaorgan
necessary for garing and the vestibulasystem(semicircular canalshecessary for the sense of
balance The sailshaped cochlea is a tonotopic frequency analyser, with the tip of the coil sensing
lower frequencies and the bottorof the coil sensinghigher frequencies. The auditory nerves run
through the middle of the cochlea and route towai@luditory brain stenfrom the bottom coil. Image
adapted fromBrockmann (2009)CCGBY¥-2.5.

The cochlea is high-fidelity energy transducesit can perceive and process sound spanning
several orders of frequencies and aropliés with high precision. Takirtge human ear as an
example, it can transduce sound signal from 20Hz to 20kHzaiidh dynamic range, that is
"from the soft click of a pin dropping to the roar of a jet engifdarcotti, 2012) The
morphology ofthe cochlea looks like a liquid filled tub@igure1.2) rolled into snailshaped
spiral(Figurel.1). The tip of the spiral is defined #w apexwhile thebottom of itis termed
thebase At the centre of the spiral is theodiolus a spongy tissukousingthe cell bodies of
the auditory neurons. The outer layer of the cochlea is a bony shell which has two eclipses
opening at base, the round window and e window Figurel.1). The inside othecochlea

is divided into three liquidilled ducts the scala vestibuli, scala media, and scala tympani
(Figurel1.2 B). The sala vestibuli and scala tympani sandwiich scala media in the middle
to form a "tubein-tube” configuration, and they are joined watththehelicotrema (coil hole in
Greek) at te very apexXFigurel.2 A). While Reissner's membraseparates the scala vestibuli
and the scala medithe basilar membranéorders between scala media and scalgpgm
(Figurel.2 B).

The three scalaarefilled with two different types of liquidFigurel.2 B). The salavestibuli
and scala tympani are filled with perilymph, whimbntains aénigherconcentration oodium
(=138 mM)and calcium~ 1.4 mM)ions (Saueret al, 1999) similar to normal extracellular
fluid. Thescala media is filled with endolymph, which lelsigh concentration of potassium
ions (~150 mM) bualow concentration o€ al ci um | pWaagenjarn? ZDQ6Thid
ionic gradientreateanendocochlear potentiEP)of about+80 mVbetweerthe endolymph
and perilymph(Békésy, 1952)TheReissner's membraifeigurel.2 B) preventghe diffusion

of ions and chemical compounds between perilymph and endolynjike the impermeable



Reissner's membran#)e basilar membrane (BMFigure 1.2 B) has a relatively "leaky"

structure and is permeable to the perilymph (review&dlueckertet al,, 2018)

TheBM plays a crucial role in determining tHeequency selectivitypf the cochlear partitian
As demonstrated ithe Nobelwinning experiment$Békeésy, 196Q)soundinduced travelling
waves inside the cochleause the vibration of the BM different locatios depending on the
acoustidrequency.This is because the characterisof the BM gradually changes along the
length of the cochlea, from beimgrrower and thickeiowards the bas® wider and thinner
toward the apexXFigure 1.2 A; reviewed inFettiplace & Hackney, 20Q06Because of these
morphological differences, the BM is stiffer at the basmpared to its apeBékésy, 1960;
Emadiet al, 2004; Teudt & Richter, 2014)ach location along the cochlea spiral has a
corresponding characteristic frequency (@myhich the BM hashemaximum responséom
high frequency at the base to low frequencies at the dpesecharacteristis makes the

cochlea a tonotopic apparatus, that is, anatomically orgawitegdpecific sound frequencies.

i .
A Reissner's membrane
i Inner ear B

!
S(ape“‘ scala vestibuli | )
I (perilymphic fluid) ™ \ scala media

Do \ (endolymphatic fluid
High High ~ \ S\ lymE )

[Na™ [Ca

High Low

4(\ 1Coc|\lea Perilymph\ Helicotrema
[K*] [Ca?']

fluid

4-71( o ‘__ | — /
M — - = Organ of corti
scala tympani —1__ s
Basilar Endolymph (perilymphatic fluid) (sensary;ephitiell=)
membrane fluid High  High /
| | Nat] [Ca*] /
basilar membrane
Base Apex
(stiff, high-frequency) (floppy, low-frequency)

Figure 1.2 Human cochlea "unrolled".

A) An abstract sketch of the cochlear labyrinth with the helix unrolled into a straight tube. The
abbreviations in the middle ears stand for: t, tympanic membrane; rw, round window. The double
arrow symbols mark the direction sbund inducedibrationsin caresponding anatomical structures.
The red line indicates the plane of theosssectional viewshowed in B)lmagein A) isadapted from
Fettiplace & Hackney, 200B) is drawn by the author.



1.1.1 Organ of Corti

Within the cochlea, theensory epithelibes on top of theBM (Figurel.2 B). Discovered and
named after the Italian scientiifonso Giacomo Gaspare Caorthe sensory epithelia is often
referred as the organ of Cof@orti, 1851) It houses single row ofnner hair cells (IH{, and
three rowsof outer hair cells (OHCg~igure 1.3). As their namesuggestseach hair celhas
hair bundlegrowing at their apical surface (endolymph sidé)e hair bundle looks like a
staircaseshaped arraghat consists of actinch structures named stereocilludspeth, 1982)
Figure 1.4 gives a clear structal view of the bundled stereocilia on OHC under scanning

electron microscopy.

In addifon to the HCsthere are several types of Reensory supporting cells (SCs) in the
organ of Corti. Starting from the modiolar side, inner border cells (IBCs) form a curved furrow
called thenner sulcus, which marks the edge of organ of CBitjurel.3, B). By the IBCs is

therow of IHCs interlaced with inner phalangeal c€IBhCs)in between.

During developmentthe inner sulcus region is occagiby a thick layer of epithelial cells

forming theKolliker's organ Figurel.3). These cells have an important risiéhe maturation

of the auditory pathways and will lmveredagain in later sectionsl 3.2 page37). The

Kol | i k e changesmoraghan hayer of IBCs just a few days before hearing onsés. Th
detailed progression has ngét been mapped out but it was proposed to involve thyroid
hormone dependent apoptotic pathwly et al, 2017; Peeterst al, 2015) Thesecells are

often referred as t he)chogmpeaarteedr weiptiht htehlei amu crhi
epithelial twmeDHCQse®FigiréelB,R). at
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Figure 1.3 Histology of immature and mature-like organ of Corti

A) histology image of a coronal sectioned organ of Corti at the 5th postnatal day (P5; immature stage).

The inner sulcus and tunnel of Corti have not formed at this age. Abbreviations ar&&ihoh,outer

KIAN) OStfaT ROX RSAGSNDa OSttaT DO9ws 3INBFGSNI SLY
of Corti has a fully hollowed inner sulcus and tunnel of Corti (TC). The conformation of hair cells is also
different, with the fully elongted tectorial membrane attached to the top of the OHC (blue arrow)

but not the IHC (red arrow). Images adapted frdyar et al, (201§ and Peeterset al, (2015

respectively

Figure 1.4 Dieter's cells and
OHC under SEM.

An SEM image shdmg the
morphology ofthe OHG (magenta)
with the Dieter's cells (green
surrounding them. Dieter's cells are
contact with OHCs only around the
basolateral membrane and at the
apical surface. Imageource Prof
Andrew Forge, UCL (®¥4.0).

Next to the IHCs are inner and oupgiar cells (PC) Theyare generally considered to be the
border between GER and LER. MaturesH@m the tunnel of Corti, a hollowed structure
running through the sensory epithadseparate the row of IHCs frotine OHCs(Figurel.3,

B). While IHCs are surrounded by three different types of 8@yOHC isonly associated

with a Deiter's cell (DC) at their basolateral end. Each Deiter's cell raise a thin, tall stem with

a flat end surface bracketing OH®3durel1.4, green shaded cells

A thick collagenrich structure, the tectorial membrane (TM), protrudes from the edge of inner
sulcus and gradually covers the hair bundles o2#HEs during the developmenFigurel.3
A & B). It plays a structural role during the sound transduction, which will be discussed briefly

in the next seabin.



1.1.2 Transduction of sound

When soundwaves compressthe fluid in thecochlear duct, the vibration dhe basilar
membrane pugsand puls the organ of Cortagainstand away from the tectorial membrane
(Figurel.5). This undinduced displacememoves he hair bundlesf the HCs andtriggers
the opening of the mechamtectrical transduction (MET)hannes at the tip of the shorter
rows of stereociligreviewed inFettiplace & Kim, 2013 Cation currentflows through the
MET channed and depolarizs thehair cells (Figure 1.5). This is a key step in sound
transduction to faithfully encode the phase ofibeationinto graded membrane potent(&tn)

in HCs.

a _, Hair bundle
/

Outer hair cell

Osseous spiral
lamina pillar cells

Inner border cells Outer border cells

Inner phalangeal cells

Copyright © 2006 Nature Publishing Group
Nature Reviews | Neuroscience

Figure 1.5 Organ of Corti in action

Transection sketches aj organ of Corti in silence am) sound inducedM vibration. Theed arrow

in b depict the direction of movement of the basilar membrane (bottom).rédarrow in b) indicates
the flow of endolymphand the movement of stereocili@hen the BM moves upward. Image adapted
from Fettiplace & Hacknef2006)

OHCs have a special propertgalled electromotility which allows them to elongate and
contractat differentVm during the cycling of sound waséMammano & Ashmore, 1993)
With the tip of their stereocilia ancheat into the tectorial membran@HCsact as a linear
motor to activelyenhancehe vibration of the BMFigure1.5). This process can amplify the
sound signal up to a thousand fold and haheeOHCsare namedthe "cochlear amplifier”

(Cheatlamet al, 2004; Goldet al,, 1948)

The MET-currenttriggered depolarization in the IHCkads to therelease of the
neurotransmitter glutamafeom ther afferentsynapss. The numberof vesicles releasd by

IHC is proportional tahereceptor potemdl inducedby the MET current. In this manner, IHCs
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encodes the amplitude of a sound signal at their characteristic frequency. Unlike OHCs, the
hair bundle onthelHCs do not touch the tectorial membrahetis insteacsuspenddin the
endolymph. As a result, their displacement solely relies on the endolymph flow created by the
movement of the organ of Corti, which therefore highlights the importance of cochlear
amplification. If the cochlear amplification is impaired, the heptimeshold could elevate 45

60 dB L in all frequencies, causiqpgofound hearing los&Cheathanet al, 2004)

Although nonsensorycells do not directly participate in sound transductitimey are critical
for maintaininga physiologicalenvironmentaround the hair cells to allow them function
properly. For instance, IBC andPhC are responsible for the clearance of glusereleased
from IHC (Furness & awton, 2003; Furness & Lehre, 1997; Hakwbal, 2000) Theyare
also involveal in the maintenance the endocochlear potenigdap junctionswhich connects
the nonsensory cells into a huge cellular network and enabée recycle and active
transportation of potassium iofi§*) from the perilymph into the endolymg@&ohenSalmon
et al, 2002; Rickheiet al, 2008; Teubneet al, 2003)

1.1.3 Innervation of the Inner Ear

In the maturel cochlea,afferent nerve fibres innervate both IHCs and OHQs|enefferent
fibres only innervate OHCgFigure 1.6). Most afferent fibregaround95%) are myelinated
type | spiral ganglion neuron (SGKBurda & Branis, 1988; Keithley & Feldman, 1982; Pujol
et al, 1998) Each type | SGN only forms a single synapstan IHC, whichitself can form
up to 20 afferent synapsekependingnits tonotopic locatiorfLibermanet al,, 1990; Slepecky,
1996) The remaining 5% of SGNa&re smaller, unmyelinated type Il fibrégat can innervate
multiple OHCs(Berglund & Ryugo, 1987)Thefunctional role of type Il SGNs has not been
fully explored They have extremely low efficacy of excitation, whichnat favouredduring
sound transductio\Weisz et al, 2009; Weiszt al, 2012) Some studieportraitsthem as
nociceptorswhich only activateupon excessive sound stimaind modulate the activitgf
OHCsthroughaninhibitory efferent reflex However, this hypothesis is still under debate and

more evidences requiredFroudet al, 2015; Liuet al, 2015; Nayagaret al, 2011)

The cholinergic efferent fibres innervatee OHCs from the medial olivary complex (MOC)
during the mauration of the cochlea, am@mainin contact withthe OHCs throughout the

lifespan of the animg)Vicencio-Jimenezet al, 2021) In contrast, IHCs are innervated by a
7



different population of efferent neurorfilom the lateral olivary complex (LOCwhich only
maintain axosomatic synapd®efore hearing aet. After that, these efferent neuramservate
and modulate type | SGNs with axodendritic synapses. The input from efégreyse has
been proven critical to the development of I0hnsoretal., 2013) and this synaptic shift

is often usedo define thedevelopmental stataf the organ of CortfFigurel1.7).

Quter haircells .~

Inner hair cells

Spiral ganglion
cells

To cochlear
nucleus (afferent)

From superior
olivary complex
(efferent)

Figure 1.6 Innervation pattern in the mature organ of Corti.

A cartoon figure represeirig the wiring of nerve fibres in theochlearsensory epithelia. With their
somata gather in the modios (red cells at the bottm of the figure), type | spiral ganglion neurons
(SGNs) innervat#iG in a oneto-one manner and one type Il SGNs innergateltiple OHCs. Efferent
fibres are painted in yellonandinnervate OHEdirectly but form axodendritic synapses with type |
SGNsnstead of IHCs. Image adapted fré@naven & Browne, 2008.
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Figure 1.7 Shift of efferent innervation before and after hearing onset.

The inhibitory efferent fibre fronthe olivary complex (OC) forman axosomatic synapse with IHC
before hearing onsetwhereasOHG receive their efferent innervation after the cochlea is mature
During maturation the efferentterminalsshift from IHG to form axodendritic synapsawith spiral
ganglion neurons (SGNSs). Unpublished drawintpeyauthor and Dr Stuart Johnson.



1.2 The Make of a Hair Cell

Cochlearhair cells serve two very distinct rolesthe transduction and amplification of sound

Hair cellsare not born ready for this tough task. Thaystgo through a maturing period where
drastic clangesoccurfrom the day they first differentiated until the onset of hearing. This
maturing period is critical to hearing function and is shared between mammalian species. In
humars, terminal mitosisof HC precursors occut@aound the 12th week of pregregnand
undergo 5 weeks of development until the baby starts to hear in the 5th month.H@hile
development occurgrenatally in human, mice have a quite different timeliftee onset of
hearingin most altricial rodents is abo@®-13 days after birthHigure 1.8; Roccio & Edge,

2019.

Although the timespans are rtbe saméetween humans and rodentekey developmental
stages are strikingly sinait. In the following sections, | wiladdress some of the keyents
occurring during development in micas they are prevalent model organism in hearing

research, and the model used in this study.

Otocyst Terminal mitosis  Fynctional maturation of hair cells Hearing
HC diffeintiat\on
mouse E8-E10 E13.5-E18 PO/birth P6 P12 (days)
human  w4-ws Ww8-wi2  wi3 Wiz w21 w40/birth  (weeks)

Figure 1.8 Timeline of inner ear development in mouse and human.

Though different in scale, mouse and human cochlea shares several critical check points in the
maturation of the inner ear. This mak#s mouse a very useful model to study the development of

the auditory circuit. B: nth embryonic days, i® nth postnatal day. Imagdrawn by the author

1.2.1 Developmenof hair bundles

The mechanosensitive hair bundles are unique strugitmgsctingfrom the ajcal surface of

the hair cells Hair bundle comprige 20-300 stereocilia depemd) on the animal species and
position of the hair cells along the coch{Babertset al, 1988) These stereocilia are anchored
to the cuticular plate with tightly packed actin roatlgtiock & Duvall, 1965) In mice, dawn

of actinbased microvilli stagtto grow on the top of hair cells at the end of E15, followed by a

single axonemstructure, the kinocilium. As the planar polarity of HCs gradually forms, the
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kinocilium moves to the edge of the HC, and the microvilli near it start to eloriggted1.9;
Schwandeet al, 2010.

The staircaséike structure of stereocilia first comes into shape around the time of
mechanosensitivity onset. After that, the excessnicrovilli are trimmed off gradually and
leaves a clear membrane surfaBgg@re 1.10). Thesechanges in hair bundle morphology
happen earlier in bakhair cells compared with the aie the apical region, roughly 2 days
apart(Waguespaclkt al, 2007) Hair bundles becoeifully mature when the elongation stops,
usually around P14 in OHC and P18 in IHC. The height of the stereocilia is tuned to match
the characteristic frequency of each hair cell. Each row has strikingly similar height between
HCs in the same region, dthese rows increase in heigbwards thelower frequency region
(reviewed inMarcotti, 2012. This incredible consistency is achieved by a series of delicate
protein interactiom that regulate the actin assembly during the maturatimwever, the

detailed mechanism is not within the scope of this study and will not be didcuss

A Q:“Tj g@r . B
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Embryonic stage

Kinocilium

Stereocilia

At birth
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Figure 1.9 Development and structure of the hair bundles.
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Cartoon drawings shovathat A) stages of hair bundle maturation, and B) the nomenclature of hair
bundle components highlighting the structudadifference between the kinocilia and stereocilia.
Images adapted frorSchwandekt al, 2010

Figure 1.10 Morphological maturation of hair bundles in rodent model.

Scanning electronic microscopytbe OHC hair bundle during the postnatal development in rat. The

colours from yellow to red marks tremplitude of the mechanotransductiorturrent from none toa

m- G dzNE NBaLRyaSe 9F OK LI ySt Maguespackedhal,2007 s ARGK® LY

Stereocilia are filameantsstructuresonsising of actin threads weaved by crosslinker pratein

in between. Actin treadmilling drives the elongation of stereocilia during the develogtaggnt

but the renewal of actin molecules seems to stajérshaft region in matured hair bundles.
Isotope labelling showed that actin remodelling only happen a s mal | regi on

the tip of the stereocilia, indicating a very low turnover (ateanget al, 2012)
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Adjacent stereocilia are connected to each other by a variety of linkages, the most famous of
which are the tip linkgPickleset al, 1984) Tip links are formed by cadherin 23 (Cdh23) from

the taller rows interlinked with protocadherin 15 (Pcdrdt%he tip of the lowestereailia in

a calcium dependent man{@&oodyear & Richardson, 2003; Goodyear & Richardson, 1999)
Theendof thetip link connecting to théaller stereailia is embeddeavith a connection tthe
myosin Vlla motor protein compleiSenftenet al, 2006) which provides tension to gatehe

MET channel upon bundle displacement, and thus is essential for normal hearing function
(Kacharet al, 2000; Kazmierczalet al, 2007; Ricciet al, 2006) Tip links have a slight
tension at the resting position of the hair bundle. As a result, a fraction of the MET channels
remain operat restand create a constant current that slightly depolatize hair cell{Corey

& Hudspeth, 1979)

MET channelsrelocatad atthe tip ofeach stereociliupexcept thhsein the tallest ron(Beurg
et al 2009. They are a nonselectiv@tion channel witha reversal potential near 0 mV in
perilymphtlike fluid (Johnsoret al, 2011; Zidanic & Brownell, 1990As a result, opening of
MET channels upon bundle deflection admits mostly catiorentinto the cell, and geneed
a depolarizing receptor potenti@orey & Hudspeth, 1979TheHC depolarization induces
the activation of Gal.3 calciumchannels located at the psgnaptic sitewhich regulatehe

release of glutamate at the afferent termifleigurel.11).

B

300 Hz
1 kHz 20 ms
Il i
i AL kw\v
3 kHz 12.5 mV

IMET

Figure 1.11 Mechano-electro-transducer current in hair cells.
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A) Cartoon diagram of the working model of mechahectrictransduction curent. C) Differencén
alternating and direct current components tfe receptor potentialof IHG with lower (top) and
higher (bottom) characteristic frequencies. Images adapted fRutherfordet al, (2021).

In mice, the MET channels cdinst be detected around E1617 (Géléoc & Holt, 2003and
theirmechanesensitivityremains very smadt birth in basal OHC@Vaguespackt al, 2007)
The size of the maximum current enlarges as the hair bumadieseduring the development
of the HCgKennedyet al, 2003; Kim & Fettiplace, 2012; Waguespaatkal, 2007)

While the MET currentis driven by mainly K and a smaller portion of a the open
probability of the MET channel is greatly affected by the calcium I@@elnset al, 2014;
Goldringet al, 2019; Ricci & Fettiplace, 1998Higher calcium shifts the curredisplacement
curve towards thgreater deflectiomndthus closing the METhannelgCornset al, 2014;
Johnson, Beurggt al, 2011; Johnson, 2015n extracellular solutions with higher calcium
concentrationsMET channelshave a lower resting open probability thanarsolution witha
lower calcium concentratiolke the endolymph(Figure 1.12 A; Cornset al, 2014. This
modulation allows IHGo have moresymmetricalresponses to both the push and pull phase
of sound stimulation. The calciudependent adaptation also dangthe current influx over
time during stimulation (reviewed iRettiplace & Kim, 2013 which compress large or
constant signal inpsto enhance the dynamicnge of hearing. However, | will not discuss
further on the details sinc¢bis study focussontheprehearing stage, whetfgeresting current

is theoretically the onlactivity from the MET channel
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Figure 1.12 Calcium dependent modulationof the mechanoelectro-transducer current.

A, B) When applying a sine wave displacement to the hair bumdibs fluid jet, the resting current

of a hair cell can be measured by subtracting lloé&ding current (dashed grey line) with the minimal
current (arrowhead). C) Resting open probability can be calculated by dividing the resting current with
the peakto-peak current different between maximum and minimum current in stimulation. D, E)
Experinents in OHC with perilymplike and endolympHike extracellular solution shows similar
modulation as in IHC. F, G) The opening function is more symmetric to the displacement in endolymph
like fluid (G) compared with a shifted curve in perilymph (F). Imagepted fromCornset al, 2014

and Johnsomrtal., 2011
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1.2.2 Development of Ribbon Synapses

Ribbon synapseare a highly specialized synaptic structure featured only in some sensory
systems, the most famous examples including retinal photoreceptor and cochlear hair cells.
They have an electretlensecore, the synaptic ribborwhich anchors their base to the
presynaptic activation zone. A massive number of vesicles tether around the synaptic ribbon
which allows the hair cells to sustaithe nonfatiguing, rapid release of neurotransmitters

which isrequiredto encode sound signals constantly and accurately into neuronal signals.

In hair cells, he numbers, shape and cellular location of synaptic ribbons differ between
immatureand maturedtate with the formerhaving sphercal ribbonsand the latteelongated
"droplet" shapedribbons (Figure 1.14; Michanskiet al, 2019. Thesedifferent shapesire
functionally relatedto the specifictask performed by immature and adult hair cetiedthe
ability to drive different subsgbf afferent neurons after hearing ongegurel.13illustrates

the timeline of ribbon synapse developmd&mall-sized ribbon precursors can be detected at
the time of birth (E1820). They randomly anchor to the activation zone (AZ), with a fraction
of them floating in the cytos@Michanskiet al, 2019) During the development, mini ribbons
on AZ turn intolarger, more matured synaptic riblsoRight before hearing onset at P12, the
floating preribbons merge into large ones on the membrane. This process is considered an
important event to maturation of the AZ. Asibbon grovs, the number of synaptic vetes

(SV) associated witthe synaptic ribbon also increase

Modiolar side
Pillar side

jevelopment Assembly ... Maturation ...

[ZE First IHCs can be identified EXJ Ribbon sizet
[ZI3 Afferent fibers in close proximity to IHCs Ribbon precursor fusion at the AZ

First ribbon-occupied afferent contacts m Adult synaptic configuration established
. established Birth

Figure 1.13 A diagram of the timeline of ribbon synapse formation in mouse.
Mini synaptic ribbons start the assembly around the ddyih and gradually mature into a functional
ribbon synapse during the first two postnatal weeknage adapted fronfMichanskiet al, 2019)
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Three pools of vesicles support the continuous exocytosis from hair (Eajlsre 1.14;
Michanski et al, 2019. Most of the vesickebind to the synaptic ribboare the ribbon
associated pool (RAP, marked in blue). The vesicles waiting in the cytosol are the outlying
pool (OP). The vesicles simultaneously "dedkto the ribbon anétthe activation zonera

the presumptiveeadily releasablgool (RRP) (marked in redRRP vesicls fuse to the
membrane to release neurotransmitters in respgonge calciumnflux from the specialised
L-type voltagegated calcium channel, ¢h3 (Glowatzki & Fuchs, 2002)The calcium
dependence axocytosishas anontlinearrelatiorshipin immature IHG and transforms into

anearlinear rdation after hearing ons¢fohnsoret al, 2005)

Figure 1.14 Structure of a synaptic ribbon.

A) Representative single slice of a synaptic ribbon in transmission electron micrographs (TEM) and B)
same image from A overlaid with 3D model. C) Reconstructed 3D model shows three pools of synaptic
vesicles. D) bottomew of the reconstructed 3D stacks to show the spatial distribution of the synaptic
vesicles. RRP, readily releasable pool, in red; RAP, rddsmtiated pool, in blue; OP, outlaying pool,

in orange. Image adapted fromMichalskiet al,, 2017
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1.2.3 Maturation of Electrophysiological Properties

MaturelHCs respond to current injection with graded potentialRigure 1.15 F), whereas
immature IHCs generatespontaneousaction potentialike spikes Figure 1.15 D). The
composition and expression of ion channels in roéld@s undergoa drastic change during
postnatal development to achieve this total transformation fnmoexcitable membrane to a

fasttransmitting graded voltage respondeidure1.15G).

Right after terminal mitosis, thBHC is not yet capable of generatingction-potentiatiike
spikes during current injectioffrigure 1.15 A; Kros et al, 198). In the following few days,
they start to expredheimmature type K currents |k pr andlki, which at this stage provide
limited rectifying powemwhich is rot enough to generate the hyperpolarization phase during
an action potentialHigure 1.15 C; Marcotti et al, 2003). Right before birth, the size of
immature K currents increases and, withincreased expressionwdltagegated calcium and
sodium currentsthus enableshe IHC to generate sensendependent spontaneous action

potentials (SAPs) without argxogenousstimulus Figurel.15 D; Marcotti et al, 2003.

From the date of birth (postnatal dayP0) to hearing onsat around P12, IHCs are capable
of firing action potentiad upon current injectiorHigurel1.15G; Marcottiet al,, 2003; Marcotti

et al, 2003. Although SAR cannot be detected -@xvo with patchclamp recording during
the second postnataleek, indirect evidence suggest it remain robustivo (Johnsoret al,
2012). In the same period, IHCs are innervated by the efferent syn&mseendlin, 1972)ith
functioning inhibitory posstynaptic currents from the nicotinic acetylcholine receptors and
their couped SK2 channelgFuchs & Murrow, 1992)The efferent synapses disconnect from
IHC after hearing onsgtvhen IHCs gain their maturdéype currend Ix,» andlk s (Kros et al,
1998) By then, IHCs have beme more hyperpolarized and present graded voltage response
instead of sfking upon current injectionHigurel.15F). Thelk,n andlk t currentsake another
week toreach their full sizebut IHCs are considered as functionally matured after lias
acquired these currentsigure1.15 G; Marcottiet d., 2003.
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Figure 1.15 Developmental changsof the inner hair cells.

A-F) Whole cell voltage resporssef IHG at different age plotted again time. B) The protocol of current injectiisam -30 to +100 pA in 10 pA steps)
Overlay of the actiompotential like events from embryonic and early postnatal stages. G) A summary graph of dhaigetsophysiological propertiesnd
cumrent expressiorduring the postnatal developmenthe wdth of each column indicates the size of the evesith agealongthe y-axis. : n" postnatal
day. Images adapted fro@orrs, Bardhanet al, 2014;Marcotti et al, 2003
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In the following sections | willdescribethe relevant electrophysiological comporseat
different developmental stages. Since B#@ethe main targesf this study, | will mainly focus

onthiscell type
Calcium current in both immature and mature IHC

Ca* participates in critical functioriavolved inhearing such as mechatransduction, vesicle
release and frequency selection (reviewe@enani & Mammano, 20X Fettiplace, 201) In
IHCs, the major calcium source comes from the vokggted calcium channel (VGCC)- L
type VGCG containingtheCa,1.3 subunit (in short as Ch 3 channel) & almost exclusively
expressed in cochlear hair cells andrenbeen proven indispensabler normal auditory
function (Brandtet al, 2003; Kollmaret al, 1997; Platzeet al, 2000) Otherspeciesof
VGCCs in hair cells hae been reported in various vertebrat@delsincluding the mouse
(Martini et al, 2000, p. 200; RodrigueZontreras & Yamoah, 2001but their roles are $iti

under investigation.

The Ca/1.3mediated calcium currentdy) is expressedrom late embryonic stagdt this

early stage of developmewglciumchannelsarepresent throughout the basolateral membrane

of IHCs andarecapable of driving the exocytesof synaptic vesicleduringvoltage stimulus
(Beutner & Moser, 2001; Johnsehal, 2005) The activation ofca stats ati 70 mV (1% of

peak conductance) during immature stégghnson & Marcotti, 2008)The peak size of the
current gradually increases frar00 pA ataroundbirth to around 400 pA at P6, before is
downregulatd in the second postnatal week and remains stablehafeing onsetHigurel.16;
Johnsoret al, 2005. Except for the size change, the dynamics of the channel also becomes
more desensitised after hearimgset, with a more depolarizedtial activation { 65 mV) and

a 10 mV increase on half activation voltgdehnson & Marcotti, 2008)

The amount of exocytosugith the same voltage stimulus grows as the currestiaeger, but
stays at similar levadfterthelcais downregulated after P@-{gure1.16 A, B; Johnsoret al,
2005. After hearing onset, the Eafficiencyatdriving exocytosis increases several faidsl
the power relationship turns almost lin@adriving therelease of theeadily releasable pool
(Figure 1.16 D; Johnsonet al, 2005. This trend correlatesvith the merging of ribbon
precursors into a more matured ribbsitaped structure from P7 onward and the coupling of
Ca/1.3 with the activation zongWong et al, 2014) This seemed to be a reasonable
20



mechanism however study in gerbil found tonotopic difference in the shift of power
relationship between the apicaichbasal coil of the cochlddohnsoret al, 2009) while the

Ca/1.3 channels in both coil regions seemed be tightly packed with synaptic ribbon in
nanometragange(Johnson & Marcotti, 2008)The influence is more likely from the mature

related morphological or molecular changes in the ribbon synapse, such as vesicle tethering or
calciumbuffer proteins, instead of the configuration of the syn@psensoret al, 2005, 2009;

Johnson, Oltet al, 2017; Johnson & &va.,r2@lb)t t i |, 200 8; Pa

A possiblecause fothe differenceefficiency might be the tonotopic difference in tGa,1.3
short isoform Bock et al, 2011; Huanget al, 2013 as they were pposed to only mediates
the release of RRf¥incentet al, 2017) Agreeing with this hypothesis, basalil IHCs from
posthearing gerbils have significantly larger calchgiependent inactivation (CDI) than those
in the apical regiorfJchnson & Marcotti, 2008)This tonotopic difference was not observed in
immature IHCgJohnson & Marcotti, 2008As the dynamics of inactivation and recovery was
unaltered between immature and mature stéigegaki & Lee, 2013; Johnson & Marcotti,

2008) the shift is likely to be a change of auxiliary properties instead of the VGCC species.

During the prehearing developmefa /1.3 plays a pivotal rolen generating the sensery
independent aan-potentials (SAPs) in immature hair cellohnsoret al, 2007;Marcotti et

al., 2003; Marcottiet al, 2003) Constitutive knockout o€a,1.3 (Ca,1.3 KO, or Ca,1.3")
eliminated the spikingapability of immature IHC upon current injection, and the synaptic
transmission from ribbon synapses was completely(Bstndtet al, 2003) After hearing
onset, th&€a,1.3" IHCs failed to mature and retaidsimilar propertieso their immature state.
These IHChad no functioninglk s two weeks after the timing of normal hearing onset. The
efferentsystemmaintained functioning synapse with the IHCs instead of forming axioitien

synapses with afferent fibréBrandtet al, 2003)

There are multiple mechanisrightly regulaing the firing of these calcium action potentials.
Disruption of SAR oftencause IHCs to retain immature physiological characteristieing

the centre piecm this thesis, the regulatory factors on SAP will be discussed furtiies.in
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Figure 1.16 Maturation of Cavl.3mediated calcium current and synaptic release.

A) Change oltapeak size and corresponding amount of vesicle release during the development of the
IHCB) the C&" efficiency on driving the vesicle release at the saime scope O the relationship
between calcium current size and vesicle release in around datetbf(biosed triangle), end of first
postnatal week (closed circle) and fully mature (open circle). Fitting data with power function (solid
line) indicated a reduce of power from around 4 in immature to 0.7 in matured sijt€hange of
power relation betveen the calcium current and vesicle release during the maturation of IHC from
basal and apical coil. Images adapted framhnsa et al, (2005 andJohnsoret al., (2009)

lon channels in developing IHCs

Upon depolarization, immature IHCs presastow outward current, the delayed rectifiepr.
This current trait is in fact presestall developmental stages, but with varied composition and
dynamics. To avoid mixing terms, it was named differently in each diage;for embryonic
(E14.5E195), Ik neofor neonatal (P@12), andk sfor mature type slow current (>P1®allos

& Fay, 2012; Marcottet al, 2003) Ik pr is one of the first current present in embryonic stage
right after the differentiation of hair cells at E{Mlarcotti et al, 2003) The size of the

maximum current has a 86ld growth from arond 200 pA at E15 to 8 nA at P10 onward,
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while the activation of the current gradually shift towards a lower voltageifs@mYV tor 74
mV (Figurel.17 B; Marcotti, et al, 2003)

During development, a second conductance with different inactivation dynamics becomes
detectable from birth, and gradually takes over the embryonic current. This second conductance

is likely to be (at least mainly) the increasing\R sensitiveconductance, which will become
the major conductance (~80%) in matlwe (Marcottiet al, 2003)
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Figure 1.17 Delayed rectifier current in immature IHC.

A) Ik emband Clkneomeasured front120 mV to +20 mV with 10 mV increment each step, holdinrg at
84mV. B) Currertoltage response of the delayed rectifier current from embryonic stage (open
triangle, E14.5) to early (open circle, P6) and late (filled circle, P10) neonatal stage. D) @teady c

size ofik prduring the postnatal development, measured at 0 mV step. Images adaptedMerootti
et al, 2003

Easily distinguished from the slow outward current, the inward rediifiéras faster dynamics
and opens at more hyperpolarised voltagds a n 1 @v@rcottn ¥ Kros, 1999) IHCs
express this current throughout the developmental stage. The size of the current rapidly
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increass after terminal mitosis and reaches its maximui@l® before it disappeait®m P14
onward(Marcottiet al, 2003; Marcotti & Kros, 1999)

The role ofik1, aswith any other K currentdiscussedo far, is setting the resting potential and
the time constant of the cell membrane. Hair celteéapical coil werefoundto have amaller
Ik1, and a slightly more depolariz&@ than the basal cells withlargerlk: (Marcotti & Kros,
1999) This regulatory effect ofk: is critical for regulating the spontaneous firing rate
immature hair cells. Applying extracellular caesium*{Gelectively blocks inward Kcurrent
anddepolarized the IHQy nearly 15 mV. This depolarization increased the probalwnlity

firing induced action potentislith a broader repolarizing dynami@darcotti & Kros, 1999)

Tetrodotoxinsensitive sodium currentng) was reportedo beexpresed in both inner and

outer hair celldor a brief periodin prehearing rodentéckrich et al, 2012; Kros, 1996;
Marcotti et al, 2003; Oliveret al, 1997) The sodium conductance was observed HT@%

of mouse IHCsshortly afterbirth (Marcotti et al, 2003) The size of curmg was gradually
upregulated before taking a sharp decay from P6, and completely disappeared before hearing
onset at P12 Rigure1.18; Eckrichet al, 2012; Marcottiet al, 2003. The expression of this
sodium current may differ between species, as it was observed indfG@¥dHCs andheir
maximum current sizeras observedt birth(Eckrichet al, 2012) Unlike their homologue in
neurons, the sodium current in the immature hair cells is not required for generating the
spontaneous action potentials. Instdadregulates the firing figuency by speeding up the

time for membrane potential to reach the thresfieigure1.18, Marcottiet al, 2003.
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Figure 1.18 Physiology of sodium current from immature mouse IHC.
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A) Thelna (closed circle) increadaduring the first postnatal week and rapidly disappeadedingthe
second. B) Blocking.with TTX delayed butid not abolish the spontaneous calcium action potentials.
Images adapted frorMarcotti et al, 2003

Another important K conductance presents in immature hair cells issthallconductance
calciumactivated potassiunBK?2) current.In the cochlea, his current was fitsidentified in

mature OHCs, with which cholinergic efferent fibres forms inhibitory synaffses 1967)

Efferent fibres do not innervate mature IHCs, but briefly form functional synapses with
immature IHCs before hearing ong&poendlin, 1972)lonotropic nicotinic acetylcholine
receptors (nAChRs) with URUalgét ofstheseunhibitorg ar e
synapses. Efferent fibres releases acetylcholine (ACh) and triggers postsynaptic calcium influx
through the nAChREEIgoyhenet al, 1994,2001) Functi oning U9U10 nAch
in IHC at the date of birth, and their calcium current gradually becomes larger from P1 to P3
and reaches maximum at F8oux et al, 2011) However, the depolarizing calcium current

does not contribute to the irtitiory postsynaptic potential (IPSP), which is mainly potassium
current carried out by the Skchannelswhich colocalisingwith the nAChRgDulon et al,

1998; Fuchs & Murrow, 1992; Nen@t al, 1996; Oliveret al, 2000; Rowset al, 2011) The

coupling between the nAchR a®K2 can be observed in IHCs from P1 and reaches 100%
coverage at P3, where the number of SK2tehgsalsancreaseqRouxet al, 2011) IHCs stop

to expressSK2 channelsvhen efferent synapse are cleared from matured IHCs after hearing
onset(Marcotti et al, 2004a) As a result, wheman efferent synapse with functional SK2

current is present in IHC, it is usually recognized as a maflamimmature phenotype.

The SK2 current is crucial for regulating the SAP firing pattern in immaturesli@@netically
deleting SK2 channe[$§K2-KO) removed a large part of the repolarising power@esiented

the continuous firing of SARN developing IHG. The firing pattern becaenslower and
saturate into static depolarizationpon constant current stimul(Sigure1.19, Johnsoret al,
2007). In contrastoverexpressing SK2 produced sharper, faster SAPs with the mean tieing ra
almost doubledJohnsoret al, 2013) Surprisingly, both of these mutat®did not pevent

the IHC from acquiring their matutgpe currentdx s andlkn (See page6, Johnsoret al,
2007; Johnsost al, 2013) IHC and OHC seemed to retdhreresponsand sensitivityto pure
tone (Clauseet al, 2017; Maisonet al, 2007) but the frequency separation and sound

localizationupon complex signalsas impaired imAChRknockout micgClauseet al, 2017)
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This is likelyto be a resulbf impaired sustain vesicle release, because the efficacy of ribbon
synapssfailed to acquire the linear mature response in both mouse models withduntcakd
overexpresmon (OE) of SK2 channe(Johnsonet al, 2013) Another symptom of SK2
deficiency is the loss afAchR expression in mature OHQohnsoret al, 2007; Konget al,
2008; Marcottiet al, 2004b) which leads to the degeneration of efferent innervation and

subsequently olivocochlear neurdhurthy et al, 2009)

+/+ & Apamin
+/+ A/A

-60 - J—
50 ms

Figure 1.19 Action potential waveformswith deleted or blocked SK2 current.

The waveform difference in IHC with contrel40 = RSt S SR otk & Apd) SENrerit. 2 O1 SR
The blue traces show the wavefomwha normal,non-saturated spikeThered traces showsaturated

spiking waveformin SKZurrent deficiency phenotyper unchangedvaveformin the control. Lack of

the repolarising power frontsk-turned the cell membrane froran excitable toa gradedlike voltage

response upon the influx of calcium ions. Image adapted ffohmsoret al, 2007

lon channels in mature IHCs

Compare with the slower outward current in their immature stateyreiHCs displays a fast
outward current upon depolarizatidfigure 1.20 F). The reversal potentiaf this current is
abouti 76 mV, whichis close to the equilibrium potential of potassiur8@ mV). As a result,
it is likely to be mainlycarriedby potassiumon and thus was callekk s for fastactivating
potassium currentKros & Crawford, 199Q) This currenthas a very fast time constaoit
around 0.18).35 ms(Hicks & Marrion, 1998; Kros & Crawford, 1990l is sensitive tdK™

channel blockeretraethylammonium chloride (TEA) but resistto 4-aminopyridine (4AP;
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Kros & Crawford, 199D Althoughthe expression dk s starts around P123, the size of the
currentincreass steadilyduring the third postnatal week before it stabilizeBHs20 (Kros
et al, 1998)

Blocking the fast current in matuldCs revealed a much slower potassium curriy) (vith

an activation time constant arounel® ms(Kros & Crawford, 1990)lk s is TEA resisantbut
4-AP sensitive, opposite ttxs. Together they comprise over 95% of the outward current
stepping fromi 84 mV to1 5 mV, which covers most of the working range of the receptor
potential(Kros & Crawford, 199Q)

It is very difficult to dissect the sourcel@fs because the cumeis composed of multiple types

of voltagegated potassium channe{fKros & Crawford, 199Q) the role of which have
remained elusive for decadeRecently, a singleell RNA-Seq study together with a
pharmacological studirighlight four potentialcandidates, KL.8, K,7.4, K/11.1, and K12.1
(Dierich et al, 2020; Liuet al, 2014) Genetically delehg Kv1.8 channel in mice slightly
raised the hearing threshold in high and low frequencies (32kHz and 8kHz) although the most
sensitive range (16, 24kHz) dhao statistical differenc@_eeet al, 2013) The result from a

study of Kv7.4 deletion suggested the physiological role ois setting the resting membrane
potential toward hyperpolarization, as the resting potential shifted to a more depolarized state
(around +17 m\differencg in both IHCs ad OHCs(Kharkovetset d., 2006; Marcottet al,

2003) So far, there is very little evidence to link the Kv11.1 and Kv12.1 channels with specific
functional roles in the coodh

Another signature current in mature hair cells is the negataatlyating delayedrectifier
current (k,n), carried byKv7.4 channed encoded by th&cng4gene(Marcotti, et al, 2003,
Marcotti & Kros, 1999; Oliveet al, 2003) After the hearing onset, the sizelgf gradually
increases in IHC from P14 onward and becomes stable afte(Mr#@otti, et al, 2003)
Blocking thelkn with linopirdine significantly depolarized P19 apical IHCs from resting
potential around 4 mV to neai 6 mV. Ik,-mediatechyperpolarization is also believed to
prevent any spiking/oscillating membrane activities in matureckls (Marcotti, et al, 2003)
The Ik n currentstarts activating from arourid 20 mV and reachean open probability of
almost a hundred percent at6 mV (Housley & Ashmore, 1992; Marcottet al, 2003;
Marcotti & Kros, 1999; Olivert al, 2003) As a result, it isnostly openat the theoretical

resting membrane potential of the hair celis@ to 1 8 mV) and proviés a strong
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hyperpolarizing current tallow the HCquickly recover from tk receptor potentigHousley
& Ashmore, 1992; Kubischt al, 1999; Marcottiet al, 2003; Marcotti & Kros, 1999)

The acquisition of the mate currentsJk,n and k¢, coincides with the onset of hearing at
around P1213, at whichthe size of the fast current increases several folds within a week
(Figure1.20 B, E-G). Bothcurrentswere absent ia hearing loss mouse modal which hair

cells retainedimmature characterissqMarcotti et al, 2006) or in agerelated hearing loss
model whereagedhair cells reverted back to an immatlikee phenotypgJenget al, 2020)

Iks andlkn deficiency is also one of the phenotype of failed maturation when the sensory
independent calcium activity was deprived during prehearing develdgBrandtet al, 2003;
Cornset al, 2018; Johnsoat al, 2017) As a result, the presencelef andlk s areoften used

as one of the markers to evaluate whethe hair cells are functionally matured during the

development.
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Figure 1.20 Developmental change of outward current in inner hair cells.

A-C) Trends of current size in different ages in apical coll (filled) and basal coillf@@edgpolarized frora84 mV to-25 mV. BF) Different current response
upon voltage stepping throughm the maturation period of IHC. Holding potential w84 mV. G) Currer¥oltage response of the fast current (filled) and
the steady state current (open). Square, triangle, and circle are designated to P11, P13, and P19. Images adadfiteskfram1998
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1.3 Spontaneous Calcium Activitytie Developing Inner Ear

The importance of spontaneous activity in developing sensory system has beerdveellistu
the past decades (reviewed?an & Monje, 202 Findings irtheretina(Galli & Maffei, 1988;
Meisteret al, 1991)and the cerebellurfiWatt et al, 2009)haveemphasised the crucial role

of spontaneous activityn the maturation of the sensory receptors and the neuronal pathways.

Such sensornndependenspontaneousalciumactivity canalsobeobserved ithedevelging
cochlea before the onset of hearifRgom around the date birth, spontaneous calcium signals
can be recordeih hair cellsof ex-vivo organ of Cortin mice (Brandtet al,, 2003; Eckrichet
al., 2018; Johnson, Ceriamt al, 2017; Johnsoet al, 2011; Kroet al, 1998; Marcottet al,
2003; Sendiret al, 2014)and norsensorycells in the GERAnselmiet al, 2008; Babolaet
al., 2018; Rodrigueet al, 2012; Tritsctet al, 2007; Tritsch & Bergles, 2010; Wang & Bergles,
2015)

Spontaneousgalciumactivitiesin immature IHCsarein the form ofactionpotentiaé (Figure
1.15D; Brandtet al, 2003; Marcottiet al, 2003) whicharecritical for IHCs to acquire their
mature characteristicsSpontaneous activities inhe GER are evident aspropagating
spontaneos calcium wave mediated byurinergic/IR-mediatedsignallingpathwaygFigure
1.21; Piazzaet al, 2007%). In the rest of thehesis,| will referto the calcium activity in IHGs
spontaneous action potens@BAP),andthe activity in thenonsensory cell@sspontaneous

calcium wave.
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Figure 1.21 Propagating calcium wave in supporting cell networks.
Time lapse images of calcium wave in the GER region. A) shows normalized intensity of calcium activity
in pseudecolour (jet map). B) shows differentiated intensity between frameshighlight the
travelling edge of the propagating wave. Unexplained markings are legacy annotation form the
original publication. Images adapted mdPiazzeet al, 2007

1.3.1 Calcium SAP in immature IHC

A typical calcium action potentials in immature IHC displays a biphasic veltagent(V-I)
responsesimilar to theshape ofa neuronal spikeKRigure 1.22). The rapidly activatinglca
mediates the&lepolariation phaseandK™ currentsrepolarize the membrane potentfiios,

1996; Kroset al, 1998) Several inward and outward currents work together in the subthreshold
range to regulate the resting membrane potential (reviewddiamootti, 2013, which has
substantial effect on the firing rate of the $APuring postnatal development, the potassium
currents k1, Ik,pr) and the resting MET current maintdhe restingVm at around 60to T 55

mV (Marcotti et al, 2003) which is close to the activation voltage of fia/1.3 channel
(Johnson & Marcotti, 2008 he sodium currentontributego reach thehresholdof a spike,

with Ik pr andlskz repolarizingtheVm (Figurel1.22). The role ofintrinsiccurrensin generating

SAPs are summarised ihable1 on page35.
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Figure 1.22 Current interplay in a single action potential.

The arrows with text indicate different currents involve in different phases when generating an action
potential. The rectifier potassium currenlg and Ik prmaintain a stablévi, in subthreshold range.
When thelna slowly ramgs up the Vim to firing threshold, fast actingcacauses the influx oE&* ions

and further depolarizsthe cell, forming the rising phase of a spike. Responding to the depolarization,
Ik orpermits theefflux of K to repolarize the cell. Thikzis activated by multiple calciunosrces
(nAChR, P2X, ai@h/1.3) and participate in almost all phase of the spiking cycle. Image adapted from
Marcotti, 2012

Calcium influx from each successfully action potential can trigger vesicle fusion at the ribbon
synapsegMarcotti et al, 2003) Transmitter release from IHGuring development has been
proven crucial to the survival of the prary auditory neuron&hangHookset al, 2016)and

the refinement of the synapses throughout the whole auditory pa(Babglaet al, 2018;
Clauseet al, 2014; Gabrielet al, 2000; Leacet al,, 2006).

The earliest SAP events can be observesivo samples from the #7embryonic day, when

the calcium and potassium current starbésexpressd (Marcotti et al, 2003) For IHC, the
excitability of induced spikes gradually intensifies during the first postnatal week, where their
membrane potential lies aroun85 to1 60 mV, within the range of spiking threshg¢dbhnson

et al, 2011;Marcotti et al, 2003) At around P12, IHCs gain their mature phenotype current
and correspondingly lose the excitability upon current injedons et al, 1998) However,

in exvivo condition SAR cannot be detected from P7 onwdkdarcotti et al, 2003) This
observationwas proposed to result from a more polarized membrane potential towards

maturation due to increasing size of outwafdckrrent(Marcotti et al, 2003; Marcottet al,
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2003) Nevertheless, indirect evidence shows IHC are still capablenafrgtingspontaneous
spikes even when only induced spikes can be triggergtvexJohnsoret al.(2012)estimated
the fluid in the scala media would become more endolymphiagicduring the second
postnatal week, with a lower calcium level (~0.3 mM). The increased régtingue to low
extracellular calcium was engh to induce spiking activity in F810 IHCsln agreeament with
this hypothesis, spontaneous calcigpikes had been observedIHCs from rats aP7-P8
(Tritschet al, 2007; Wang & Bergles, 201,5lthough they did not confirm whether the events
remained a typical biphasic waveform as in the first postnatal week.

A burst firing pattern \asconsistently observed from IHCs in the apicail of the organ of

Corti (Eckrichet al, 2018; Harrugt al,, 2018;Johnsoret al, 2011; Sendiet al,, 2014; Tritsch

et al, 2007) Short trains of rapid firing APs are interlaced with varied length of silent periods
from tens to hundreds of seconBgy(urel.23). However, the mean or median firing rate ranged
wildly from 0.1 Hz to almost 5 Hz betweararious sourcesThis inconsistency possibly
realted from different experimental configurations, or the ages and species of animals
(summarised iMable2 on page36).

While some studies reported invariant pattern among the tonotopi(Harisiset al, 2018;
Sendinet al, 2014) tonic firing was observed in basal IHCs in rat and mddskensoret al,
2011) where the resting membrane potential was more depoldakedti 56 mV) thanwhich
observed in apical IHC&bouti 59 mV) (Johnsoret al, 2011;Marcotti et al, 2003) This
difference between apical and baBahg pattern can beompensatedy injecting a small
current to creata +3 mV depolarizatiorin apical IHC Under this condition, apical IHCs

became capable of firing mosustained APs like their basal nterpart{Johnsoret al, 2011)
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Figure 1.23 Tonotopic difference of spontaneous action potential in immature IHC.

A) exemplary spontaneous action potential recorduiga cellattached technique showed different
firing pattern in IHC from apical (top) and basal (bottom) coil.dymamics of inteispike interval (ISI)
against recording time shows more variety in apBalHCs than in bas@) ones. Images adapted
from Johnsoret al.(2011).
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Table 1 Role of currents on generating action potentials in immature IHC.
AbbreviationsVm, resting membrane potential; AP, action potentfalhe hearing loss in Bartter's syndroiimeutation partially reduing Ik1) was linked with
the disruption of endocochlear pential (Rickheitt al, 2008) and no evidence of immature hair cell was reported.

Current Type Direction Role in the AP

DeficiencyAP phenotype Developmerl influence Publication

I k1

Ik bR

|Ca

INa

I sk2

I mET

Outward

Outward

Inward

Inward

Mainly

Outward

Inward

RestingVm

Spike shape and

repolarization

Depolarisation

Boosting
frequency
Repolarization,

Set frequency

RestingVm

Abolished from constant .
o Maybe* Marcottiet al,, 1999
depolarization.

Wider and faster induced _ ) ]

Lack of direct evidence Marcotti, Johnsoret al, 2003
waveform.
No spontaneous or inducec Critical,

_ ~ Brandtet al, 2003
AP IHC don't mature without it.

Slower induced AP upon  Likely minimal, as1/3 of )

o ) Marcotti, Johnsoret al, 2003
current injection IHC did nothavelna.
Spike train quickly saturate Impaired calcium efficiency S. L. Johnsomet al, 2007;
to DC component. at ribbon synapse S. L. Johnson, Khn,et al, 2013
No spontaneous AP Critical,

. ) ~ Cornset al, 2018
in second postnatal week. IHC don't mature without it.
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Table 2 Dynamics of the SAP reported in different studies.
AbbreviationsVn, resting membrane potential; CV, coefficient of variance, values larger than 1 indicaséisg firing RT, room temperaturdnformation
not present in the publications were left blank wali--" mark.

Age Apical Region Basal Region
Publication Technique Animal (days) Vi (mV) Mean (Hz) Median (Hz) Ccv Mean (Hz) Median (Hz) Ccv
Marcottiet al, 2003  Whole cell Mouse (CD1) P24 154 49+0.7 -- -- -- -- --
Tritschet al, 2007 Whole cell Rat (Spraguie P9 172 0.053 -- -- -- -- --
Dawley)
Rat P25 Native 0.60 + 0.09 2.00+0.14 2.70%0.24 1.23+0.13 1.80+0.13 1.16+0.08
_ i + + + + + +
Johnsoretal, 2011 Celk-attached Mouse P24 Nat!ve 1.8+0.2 3.6+0.6 1.5+0.3 3.1+05 3.9+05 0.6+0.1
Gerbil P2 Native 0.76 1.89 2.1 - - --
P6 Native 0.09 0.44 2.7 -- -- --
M P1-3 174 0.6 - 4 0.55 - 2
Sendinet al, 2014 Perforated* (M"igzg) P5 174 0.7 - 4 0.6 - 7
P67 174 0.9 - 7 0.6 - 5
Wang & Bergles, Rat (Sprague . _ __ _ _ _
2015 Whole cell Dawley) P510 182 0.1
: " . Mouse .
Eckrichet al, 2018  C&* Imaging (NMRI) P45 Native 0.32 4-10 -- -- -- --
C&* Imaging . P13 Native  0.008 + 9.10 - 0.69+0.02 0.011 +11.10 - 0.53+0.03
Harrusetal, 2018 o¢gT) Mouse (SWISS) ™ pe 7 Native  0.007  7.10° - 0.57+0.05 0.009 + 7.104 - 0.54+0.03
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1.3.2 Spontaneous calcium wasia the GER

Figurel.24 shows a detailedstepby-stepillustration on how thepontaneous calcium wawve
in the GER is generate(Ko | | i k e r 6 wely oetegsa ATP thrauglsconnexin (Cx)
hemichannel¢Anselmiet al., 2008; Johnson, Ceriaret al, 2017) ATP diffusing into the
extracellular spactiggers aitocrine or paracrineesponsen adjacent cellsia P2 purirrgic
receptorscreatinga current influxwhich candepolarize the GER celldo as much as 3 mV
(Anselmiet al, 2008; Tritschet al, 2007)

Figure 1.24 Generating the calcium wave in the GER.

Selfpotentiating cycle of calcium waves in the GER with-&ieptep order of the signalling pathway:

1) ATP release through connexin hemichannels activajeB2Rmediated IB-dependent calcium
release.3) IR diffuses through gap junctions and indusealcium release in adjacent cells, forming
the propagating calcium wave. Increase of intracellular calcium trigglechloride efflux through
TMEM16A channel arh) subsequent efflux " to depolarize IHC ardl 7) boost the SARequency

8) SK2 channel provides repolarizing power to SAP. Multiple calcium sources can actlisig the
including 7) Ica during the action potential9) efferent nAchR at efferent synapse, ah) P2XR
expressed on basolateral membrane but ridf) the P2XR expressed near the stereocilia. Image
adapted fromJovanovic & Milenkovic, 2020
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ATP-dependentiepolarization in the GERas proposed to be mediateddmthP2X and P2Y
receptors(P2XR, P2YR)(Tritsch et al, 2007; Wang & Bergles, 2015P2XRs are non
selective ionotropic receptonsiediating direct calcium influxand metabotropicP2YRs
activae inositol triphosphate(IP3)-dependent internal calcium release througtprotein
kinase cascade (reviewed Burnstock, 200y, Although bothabundantlyexpressed in the
Ko 1 | i k edudng deeelogmertHousleyet al, 1998; Huangt al, 2010; Jdebarket al,
2000) the P2Y-selective agonist UTP induced almost the same size of response as ATP
(Tritschet al, 2007; Tritsch & Bergles, 201Lnocking outhe most expressé&tRY1 receptor
also severely reduced the amplitude and frequency o$gbataneous events in then
sensory cel(Babolaet al, 2020) These results implies that P2Y1 is likely to be the major
mediator to thespontaneous calcium wairenon-sensory cel(Babolaet al, 2020; Jovanovic

& Milenkovic, 2020)

Just purinergic signalling is not enough to dischargenide spreadingpontaneous calcium
waves in theGER (Figurel.21). The propagation of the calcium response heavily relies on the
diffusion of I molecules through gap junctions that interlink thHeRGcells(Anselmiet al,
2008; Beltramelleet al, 2005; Piazzat al, 2007) Although calcium can travel freelfitough

gap junctions|Ps has a far better diffusion coefficient and permeability (reviewddeicrock

et al, 2012, and can directly induce calciutransiens (Cerianiet al, 2016) Besides, the
concentratiorof diffused calciunwould not beenough tqropagatehe wave across multiple
cells, as calciuminduced calcium release (CICR) is not the magthway in thespontaneous

calcium wavdgBabolaet al, 2020)

The raise of intracellar calcium ([C&'"i) increaseshe open probability otonnexinhemi
channels and results in more ATP releasa certain level before they start to clagain(De
Vuystet al, 2006; Leybaerntt al, 2003) This forms aself-reinforced cyclehiatautomatically
promote and throttleshe ATP release. Rising [€&% alsoactivatesa Ca*-activatedchloride
(CI') channel the transmembrane protein 188MEM16A), and inducsthe subsequent efflux
of K* and water to compensate for the homeostasis changes from the efflinoofsQiVang
& Bergles, 2015)At the same time, the extrusion of water calesgsansion of extracellular
space, in a form aofisible volume changécrenation)on thenonsensory celunder differential
interference contrast (DIC) microscogyiqurel.25).
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Figure 125 Crenation of GER
supporting cells during calcium wave.
A) time lapse imagig of the optical change ii
B GER cells under DIC filter. Lower r

highlights the changed (black) and unchancg
(blue arrow) extracellular spaceB) inward
current in IHC (black) coincides with both t
optical change in GER (blue) and local fi
potential measured inadjacentnon-sensory
cellred). Images adapted fromTritsch &
Bergles (2010) and Tritsch et al, (2007)
respectively.

Compared with SAP in IHCs (halfidth < 4 ms;Johnsonet al, 201J), the spontaneous
calcium wavein GER hasa much slower kinetic. Each surge of activity can last for tens of
secondswith time constant larger than one sec@hdtschet al, 2007) In ratorgan of Corti

the frequencyf ATP-inducedinward current in GERvasthe highest (~0.6 HAt the date of
birth ard gradually lowered toward hearing onseonflicting with this trend, thectivity of
spontaneous calcium waweas very limited at birthand had maximum frequency and
spreading areaithe second postnatal we@dkitsch & Bergles, 2010; Wang & Bergles, 2015)
This was proposed as a resultw¢aler ATP releaseat that agebecause GER responded to
exogenous ATP witlargercalcium transients comparabledider sampleéTritsch & Bergles,
2010) Proposed to be the outcofnem thedisappearance f Ko | | i fkoenPPoswamgr g a n
the frequency, coverage and amplitudespbntaneous calcium wavapidly declinedafter
hearing onsefTritsch & Bergles, 2010)

1.3.3 Interaction betweerspontaneous alciumactivities

The timeline of spontaneowslcium wavein the GER overlpswi t h t he proposed

peri odo -dependeht matuBafion in IHEigurel.26, Johnsoret al, 2013; Tritschet
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al.,, 2007. Spontaneous calcium wasieATP signalling and K secretion argroposed to
modulatethe excitability of IHC(Johnsoret al, 2011; Tritschet al, 2007; Tritsch & Bergles,

2010; Wang & Bergles, 2015)
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Figure 1.26 Correlation of ATP response in
the critical period of maturation in IHC.

A GKS LINPLR2ASR GONXRI
for the SARdriven development perfectly
correlates withB) ATPelicit current response ir
IHC reached the maximum in the seco
postnatal week. The symbols A indicate the
outcome of synaptic efficacy wheronditional
modulation of SAP is switched on (closed) or
(opened) at certain age. Note that the symbol
B has no relation to those iA. Images adaptec
from Johnsoret al, (2011) and Tritsch & Bergle
(2010)
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Paracrine ATReleasdrom connexin hemchannelsvas proposed tdirectly depolarize IHC
and promote their spontaous firing(Tritsch et al, 2007; Tritsch & Bergles, 20).0A later
study confirmed themechanism of actioof this depolarizationo be SK2 mediated current
throughP2X calcium influx(Johnsoret al, 2011) The involvement of P2Y¥n depolarizing
IHC seemed to be limited, a$?2X-specific agonist TNFATP alone produced similar size of
depolarizationJohnsoret al, 2011)

NeverthelessATP seemed tchave a concentratiomependent bipolar effect on IHEm
(Johnsoret al, 2011) IHCs always depolarized iniggh concentration (micromolar rangef)
ATP and haeadrastically increased firing rat€ifurel.27 A, E). At lowerATP concentration
(nanomolar rang), the effect turnedinto a stochastic mix with slightly depolarising,
hyperpolarising, or unchanged resporiBeggure 1.27 B, C, E). The majoreffect from a

1 0 (Mufidl, 20019 Galeteah 2004aMufioznal, o f
1995)on IHC Vi was hyperpolarizationFigure 1.27 D, E). The mechanism of this bipolar

physi ol ogi cal ( <

trend has not been verified but wa®posed to be the influence from different activating
threshold of P2X specig¢dohnsoret al, 2011; Jovanovic & Milenkovic, 2020)
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Figure 1.27 Concentration-dependent effect of ATP on IHC membrane potential.
Example traces of SARte responding to diffeng ATP concentratios) from A) more firing in
micromolar rangeB, Q suppressed or unchanged firing in nanomolamjanostly suppressed firing
in physiological range. Summary graptgrshows that the IH®, was mostly hyperpolarized with
physiological (very low) concentration of ATP and was always depolarized cohggntration. Mid
range concentration had a stochastic bipolar efféttages adapted frordohnsoret al. (2011)

The secondary effedtom spontaneous calcium wavK* secretion,was also proposed to
promoteSAP firing of IHC (Babolaet al, 2018, 2020; Wang & Bergles, 201®specially

during the second postnatal week when\thgraduallyhyperpolarisebelow the activation
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threshold oflca (Johnsonet al, 2011; Marcotti et al, 2003; Marcottiet al, 2003) In
spontaneous calcium wasjghe outflow of K from nonsensory celivas believed tehange
the equilibrium potentiabf K* (Ex) and invert the direction of Kcurrent(Wang & Bergles,
2015) As a resultHCs within the spontaneous calcium waweverage \ere depolarizd,
producingpromoted andgynchronized SAP activiti€¥Vang & Bergles, 2015 he capability
of K* release on depolarizing nearby cell was corroborated in a studyglisiagnate vesicular
transporter type 3 (vGlut3O mouse modelThe auditory neurons cannot receive any input
from IHC during SAP, as IHC with this mutation cannot |dlaelneurotransmitter glutamate
into the synaptic vesicleBlevertheless, the auditoneuronsseemed to have normattivity
from thedirectdepolarizatiorby theK* releaseduringspontaneous calcium wa/Babolaet
al., 2018)

A later study suggestedh new aftereffectfrom the ATP-induced Cl efflux, claiming that
enlarged extracellular spaé®m crenation could effectively dilute the*kand shift the K
towards a more hyperpolarized voltg@abolaet al, 2020) whichwould help K clearance
andthusreduce the excitability in the IHC. The study also proposed aliaeexl model where
K* accumulags at the beginning of apontaneous calcium wawasad enhanceshe firing of
SAP. As the crenatiomolume enlargewvith time, the extracellular Kis diluted and sileces

the IHGs, hence forms a burst/silence pattern in apic&ldBabolaet al, 2020)
1.3.4 Role of pontaneouscalciumactivityin maturing cochlea

It is well-established that the activitiependent developmeonitthe neural system is instructed
by a specific temporal pattern of the SAPs, which directly coupled téhdynamics of
cytosolic calciunmconcentratior(Berridge et al, 2000; Redmond & Ghosh, 2005; Tahal,
2016) C&*i calmoduliri dependent protein kinase Il (CaMKII) was proposed to "decode" the
frequency signalling of the calcium oscillatifidansonet al, 1994)to switch on and off of

downstream kinasphosphatase pathways in neural cells.

Most of the studies described the SAP with a near 1 Hz mean firing ratedhtt 2r higher
median (burst) firing rate. This frequency range matches the active range of CaMKII system
(1-10Hz) reported in both isilico modelling(Li et al, 2012)andcultured neurongEshete &
Fields, 2001)supporting current hypothesis on SAP's physiological role.
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SAP in developing IHChas been proven indispensable to the maturation of the auditory
pathway.Altering the SAP led to different level oAbnormality on mature IHC function&s
reviewed in1.2.3 elimination of SAP inCa,1.3 KO mice strainresulted in a full arrest of
development in IHC¢Brandtet al, 2003) Similar lack of developmentvas found ifrmouse
model withimpairedMET current(Cornset al, 2018) WhenlHCsare unable tgenerateSAP

in the second postnatal wedkeyfail to acquire matur¢ype currentsafter the hearing onset.
Moreover, these IHCs remained in contact with effeterhinalsand were excitable upon
current injection, which both are phenotypes observed in immaturé@d@set al, 2018)
Modifying the firing pattern in SAP producadpartially matured phenotype, @monstrated
in SK2-KO/OE model (sed..2.3. IHCs acquired the aturedtype currentixn andlk s even
with a disruptedSAP firing patternHowever, theisynaptic release failed to develop into the
more efficient dynamiof themature form(Johnsoret al, 2007; Johnsoat al, 2013)

The mechanissiby whichspontaneous calcium wam nonsensory celmodulate SARIn

IHCs is still under scrutiny Current studieshave established thaATP-release through
connexin hemchannelplays a critical role othe maturation oboth IHCs and the auditory
nerves In fact, mutations in theonnexin family are linked to almost half of thases of

inherited deafness (reviewedAmmadet al, 2007.

Knocking outconnexirs kept the IHCs in their immature foravenatthe third postnatal week
(Figure1.28 B, Johnsoret al, 2017. Like thoseobserved irmice model with abolished SAP
(Brandtet al, 2003; Cornset al, 2018) these IHCs failed to acquire thenaturedl-V
responsg The ribbon synapse also failed tkevelopand have aonlinear relaion on the
release efficacyJohnsonet al, 2017) Knocking outonly one of the twomain connexins
expressed in the GER, instead of bogplaytially allowed IHC to acquire theimatured
biophysical propertiegJohnsonet al, 2017) Expressing exogenous connexin in deficient
mouse model was also found to rescue the hearing loss phe(Witypadet al, 2007) These
findingshighlight how critical the ATPreleasing from GER is on the development of IHC.

Neverthelesurrentevidencecannot confirnthatspontaneous calcium wasi@ non-sensory
cell have adirectinfluenceon the SARdriven maturation in IHCKnocking out connexin
stopped thespontaneous calcium waamd ATRrelease, but also nullified tteecondary K
secretionwhich was proposed capaldémodulaing IHC6 s e x c (Johresdoet dl, i2Q1%;

Wang & Bergles, 2015Recentstudieshaveexploited cochlearspecific conditional knockout
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(cKO) of TMEM16A (Babolaet al, 2018; Wang& Bergles, 2015}0 block the K secretion
and keep the ATP release intact at the same tifoeever,these studies have not provided
any evidence athe aftereffect othe SAP andthe developmentourseof IHC in this model

Is ATP alone enough to devthe maturation of IHC? What is the real effécim the

TMEM16A-mediated fluid secretioon SAP? These are the questiamantto find out in this
study.
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Figure 1.28 Connexin deficiency impaired the matiration of IHC.

A) IHGn control animahad normal arrrent-voltage responsavith the signature fast outwartk rand

the inward Ik » with strong inactivathn at more hyperpolarized voltages. B) Connexin deficient IHC
failed to acquire eitheof the maturedtype currens. C) Synaptic ribb@in control animalshad a
flatter rod shape with more vesicles tethered to it. D) The synaptic rishrom knockoutanimashad

a smaller round shape with less vesicles, as how they would be during immaturestages adapted
from Johnsoret al., (2017)
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1.4 Research Statement

In the model of TMEM16A cKOthe link between the spontaneous calcium waves in GER and
the SAP in IHCss removed, thus the two physiological processsomendependentThis

thus allows the investigation of thgpothesis

Theeffect of the GER calcium wave, namely titMEM16A-mediated K secretion
is requiredto drivea normallevel of SAP duringthe developmentandto regulatethe

maturation of IHCat hearing onset
Below are listed the 3 aims usedamtdresshis hypothess:

1 Charateriseand compare the biophysical properties of immature IHC between control
and TMEM16A cKO model to identify any fundamental change.

1 Characteriseand compare¢he SAPs betweencontrol andTMEM16A cKO modelto
understand the modulation from ATP antid€cretion.

1 Characteris@and compare the biophysical properties of maturesib&ween control
and TMEM16A cKO model to test whether Aid®enough to drive the SAfependent

maturation
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Chapter 2 Material andMethods

2.1 Ethic statement

All animal work was performed at the University of Sheffield amelUniversity of Sussex
(UK) and licensedy the Home Office under the Animals (Scientific Procedures) Act 1986
and was approved by the University of Sheffield Ethical Review Committee. For in vitro work,

mice were sacrificed by cervical dislocation, which is a Schedule 1 method
2.2 Animals

The trangenic animals used in this study were TMEMI8#& Pax2Cre, Plp1Cr&R", and
ROSAtdTomato mice. Further details about the animals are compilEahle3 on paged?.
All of the animals were maintained at The University of Sheffield in-adi#t lightdark cycle
according to the Home Officguidelines. Animals were culled by Home Office Schedule 1

methods.

All of the Creexpressing animals were kept in heterozygote form to prevent complete loss of
the promoter gene.The animals were crodsed into a double knockin strain
(TMEM16A™*®¢pax2Cre) or a triple knockin strain with reporter gene
(TMEM16AT¢¢ROSAtdTomatoPIlp1-CreéeR") for inducible conditional knockout. Due to

the interruption from the COVID lockdowni was a compromised decision to bred
TMEM16A7¢¢ pax2Cre modelwithout the reporter geni orderto fit the timeline ofthe

studywithin funded period.
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Table 3. Transgenic animals used in this study

Strain Allele Reference Source

TMEM16A™*¢d  Floxed TMEM16A Fariaet al, 2014 Courtesy ofProf Jason Rock
Pax2Cre Tg(Pax2Cre)1Akg Ohyama & Groves, @4  Courtesy ofProf. Andy Groves,
Plp1-Cre&eRT B6.CaTa(Plplcre/ERT)3Pop/J Doerflingeret al, 2003 TheJack®sn Laboratory (#905975)
ROSAtdTomato B6.CgGt(ROSA)26Sdf9(CAGtdTomaHzgy  Madisenet al, 2010 Courtesy oDr Mirna Mustapha
Contact

Prof Jason Rock  HowardHughes Medical Institute and Department of Physiology, University of California, San Francisco, CA 94158, USA.

Prof. Andy Groves Departments of Neuroscience and Molecular and Human Genetics Program in Developmental Biology Baylor College of
BCM295 / Room 633E1 Baylor Plaza, Houston, TX 77030.

Dr Mirna Mustapha School of Biosciences, The University of Sheffield, &eBank, Sheffield, S10 2TN, United Kingdom.
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2.3 Crerecombinase induction

Tamoxifen (T5648LG, SigmaAldrich) was mixed in 15ml Falcon tube with corn oil (C8267,
SigmaAldrichytoa f i nal concentration of 20 eg/ ¢l i
minutesat 55°C in adarkwater bathbefore aliquahg into 1ml Eppendorf tubes for freezing

at1 20°C.

Onthedayp f experi ment, a tube of tamoxifen (typi
the lightsensitive degradation, and defrosted with heating mattressagrimximately body
temperaturg37-40 °C). The solution was then transfer into a 30G syrimgecavered with

foil.

Tail-clipping was performed when genotypiwasrequired, otherwise the animals werdy
tattooed for monitoring purpose. Tamoxifen solution was then administered subcutaneously to
P2P3 pupsfoma t ar get c o n g/gbody weghtiTleraninoafs wekeOw@ighed at
least every other day up to a week to keep trdckide effectsThe humane endpoint was
reachedvhen the weight of the animalas20%Ilower thanthe average weight from witype

animals at the same age.

A proof-of-principle Creinduction assay with the reporter gene (RO%# omato) was
performed to verify the protocol for tamoxifen administration. The existing protocol for fully
developed animalsequires a target concentration 290 of body weight with repetitive
injection. | reducedhis by half to avoid potential harm from overdosing the lglgighed
new-borns.UsingTMEM16AT¢¢ ROSAtdTomatoPIp1-CreFR" strain, one dose céinoxifen

was aministrated to neonatal mie¢ P1 for baselineondition Another twodoseswvere given

at P2 and P3 fotestingwhether theextradose produce a betterductionrate This is to
evaluate if a lower dosage can be used for the welfare of the animalgrowiture, and also,

whether excessive handling can be reduced to avoid the stressafgimgparents.

Figure2.1 showstheresuls from different tamoxifen admistration protocolsNote that the
mouse strain used test the induction of-@@mbinase had only the RO$&T omato reporter
gene but not the TMEM16Mloxed geneOne doseof tamoxifen with 3 days of incubation

was enough to activate the @exombinase activity andducetdTomato expression in at least
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50% of the cells in the sampled regiofsgre 2.1 A). For reference, theonstantlyactive
Pax2Cre Figure2.1 C) drovenear 100% of tdTomato expression. Compared with s,
Plp1-CreFRT geneally had a lower induction ratéFigure 2.1 B). More doses of tamoxifen
induction did not seem to improve the induction r&igyre2.1 A). The result showed a wide
variety of the inductiorfficiencyeven in adjacent region. Areas-500em apart could have
near 40% of difference on their induction rat€gg(re 2.1 D, E). An increasing trend of
induction rate seemed to exist among the tonotopic Bigsie2.1 A, Plp1-CreFR"), but it was
not investigated further as only apical IHCs are investigated in this study.

We decided to directly evaluate the Ke¥ficiency in individual animal withTMEM16A
immunolabéng in the contralateral cochlea collectaring the experiment€onfocal images

were collected fronthe4 kHz to 10 kHz region of theapical coi.

A 100

(o))
o
I

-

Induction Rate (%)

0_

Location 5 [0 ]20]5 [10] 20 5 20 | (kHz)
Dose 1 3 1

Plp1-Cre Pax2-Cre

Figure 2.1 Cre-induction by tamoxifen administration.

A) Creinduction rate at different frequency region with 1 or 3 doses of tamoxifen injection. Each point
was calculated from the percentage of tdTomato expression cells within 130x%3@r 260 x 130

>m? region at a tonotopic location, specified with their characteristic frequency. Clogathos are

data fromROSAdTomataPlpL:Creé&RTand opensymbolsare fromROSAdTomataPax2Creanimals

B-E) Sample image of tdTomato expression (grey) form correspgridita point marked in A. D, E)

are images took from the same region (overlapping edge). They were cropped for a better fit in the
image frame. Together they indicate an internal difference of thei@action within the same
subject. Biological repeats A) were: PlpLréRT 1 dose at 5kHz, n=3; 1 dose at 10 and 20 kHz, n=1;
3 doses, n=1, Pax@re, 1 dose, n=1.
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2.4 Patchclamp electrophysiology

2.4.1 Hardware configuration

Ex-vivo organ of Corti tissue was mounted in recording chamber and clamp to a-¢cnatten
stage orLeicaDM LFS electrophysiology microscop&he microscope wds with x63 water
immersion objectivéLeica HC APO L 63x/0,90 W ¥/-1) and16x/14BeyepiecesCustom

made micromanipulators were mounted next to the microscop®dibion thereference

electrode and utilitpipettes Therecordingelectrodavas connected to the amplifier head stage
(Axopatch 200B with original headstage; Axon Instruments, JJ8Aich was mounted on

PatchStar (Scientifica, UKjnicromanipulatorsAll above peripherals were installed on a
suspended table (TMC, USA) in a Faradage to minimize interference from vibration and

electrical noise.

During experiments, the recording chamber was constantly supplied with heated or room
temperature extracellular solution at flow speed of 9 ml per minute controlled by a pump
(Masterflex LS, ColeParmer Instrument Company, US)p setthe temperature around the
objectiveat near bodytemperature (386 °C), ®lution was heatediext to the chamber inlet

with a custorrmadeheatblock without feedback control to avoid thermal oscillatidine
amplified signalswvere filteredat 2.5 kHz or 10 kHz (1 3dB; varied from protocolswith a
custommadeBessel lowpass filter(LPF) beforebeing sento a digitizer(Digidata 159B,

Axon Instruments, USADigitized data was sampled20 kHz by theClampex 10.%oftware

(Axon Instruments, USA3nd savean a computer foposthocanalysis.

For inspection of tdTomato fluorescence, a green laser{880hm;COP2A emitter with

LEDD1B driver, Thorlabs Inc., USA)vas used to excite the endogenous tdTomato expression
driven by siccessful Cref-induction.A Cya3 filter set Cy3-4040GLDMK -ZEROQ, Semrock,
USA) was used to isolate the eradtdTomato fluorescence.

2.4.2 Experimental solutions

Extracellular solution(ECS) was designed to approach physiological condition with

composition similar tahe perilymph fluid that hair cellsrebathedin. Detailed composition
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of the solution is listedh Table4. Amino acids (1113@36, Gibco, USA) and vitamins (11120
037, Gibco, USA) were added asupplement. The final pH of the solution was adjusted
7.48 with 1M or 4M NaOH. §pical osmolality of the solution was 30810 mOsm/kg.

Recording pipette was filled with different type of solution according to the protocol. For
whole-cell configuration, it was a K&based intracellular solutioiCS) with final pH 7.28
(adjusted with 1M KOH) andtypical osmolality 294 mOsm/kg (detailed compositioi able

4). For cellattached configuration, thapette solution was similar t&CS but without the
supplements. Detailed composition is listedable4. The final pH of cellattached solution

was adysted to 7.48 with 1M NaOH and the typical osmolality was 294 mOsm/kg.

Table 4. Composition of experimental solutions

Chemical Extracellular Intracellular Cell-attached
final concentration (mM)

NacCl 135 -- 140

CaCb 1.3 -- 1.3

KCI 5.8 131 5.8

MgClz 0.9 3 0.9

KOH-EGTA - 1 --

HEPES 10 5 10

Glucose 5.6 -- 5.6

NaH,POA D 0.7 - 0.7

NaPyruvate 2 --

Amino acids 1x --

Vitamins 1x --

NaPhosphocreatine -- 10 --

NapATP -- 5 --
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2.4.3 Recording electrodes

Chlorinated silverwire with a PTFE coating was insert into microelectecholder (G23
instruments, UK) and fit onto the head stagehe amplifier Patching pipettes were pulled

from soda glass capillaries (14130Rlgenberg, Germany) with a gravity puller (Narishige
Instruments, Japan). The curvature tip of the pipette was waxed (Mr Zoggs SexWax, USA) to
reduce parasitic capacitance. Each experiment was recorded with a new pipette with freshly

loaded solution (demels on protocol). Typical resistance in ECS was284MOhm.
2.4.4 Cleaning pipette

Cleaning pipettes were used to suck away debris or manipulat®fsensory celto gain
access to the basolateral membrane of the IHC. They were pullecotnsillicae glass
capillaries (360062, Harvard Apparatus, UK). The diameter at the tip wagi@. The pipette

was connected to a syringe filled with ECS for pressure control.
2.4.5 Tissue preparation

Cochleae acutely removed frahetemporal bone eretrarsferred to a disbhinder a dissecting
microscope (Leica, Germany). The dish was filkdth ice-cold ECS for poshearing IHCTo
prevent thermal shock when transferred intodhamber withbody temperature (336 °C)

fluid, roomtemperature ECS was usext immature IHGOnstead

The cochlea was dissected with a pair of extra fine forceps (#55 Dumont, Fine Science Tools,
Germany). For podtearing dissection, the apical bone of the cochleacamefully removed

to expose the organ of corfifter severinghe modiolar bone, the apical coil of organ of Corti

was cut and transferred to the recording chamber. It is paramount not to touch the organ of
Corti at any point until it is cut loose from the cochlea. The dissected tissue was secured at the
bottom of tle chamber witmylon mesh glued to a metal ring. The tectorial membrane was

then removed to expose the hair cells underneath.

For immature dissection up to P6, tbartilagewas sliced open on the surface from oval
window to the apical tip, and then carngficut along the coil groove to allow removal without

pressuring the organ of Cor8itarting from the basal end, the spiral ligament between the coils
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was gently cut to separate the organ of Corti from the modiolar tissue. The stria vascularis was

then emoved before the organ of Corti was antl transfer into the recording chamber.
2.4.6 Cellattached configuration

This method was applied only on immature IHC recordBigce the main purpose is to
investigate the role ofion-sensory cellbon the SAR, | believe it is critical to keep all the
surrounding cells as intact as possilleWang & Bergles, 2015hey stated thatleanng off
eitherBC or PC makes no differenddoweverthey did not prode any evidence.

To help explain this method, the cleaning procedure to expodél@ for patchclamp
recordingis visualized as criticdrame extractions from a vidéeigure 2.2) The BC next to
target IHCwas approached with a cleaning pipette from imlad side, aiming close to the
edge of | HC 06 qFigeorei2t2iAx Tol paal theBQ awhayewithout lysing it, le
cleaning pipette was quickly pulled aside while by applantzansient ofgentle negative
pressuréFigure2.2 B) which is released after the topBC was moved away(gure2.2 C).

Any attempt with lyse®C was discardedifter exposing an accessible basolateral membrane
IHCs wereapproachedvith arecording electrode filled with cedittach solutior(Figure2.2

D). A gentle positive pressureas constantly applied to the electrode to abbidkage at the

tip.

After a visible dimple was spotted on the membrgdtigure2.2 E), the positive pressure was
quickly replaced with a gentle suction to help farsealFigure2.2 F). Typical resistancef

a reliable seak above giggDhm,actual values wereangng from 28 GOhm. Any recording
with a resistance less than 1 GOhm was discartled.amplifier was set twoltage clamp
mode at 0 mV during the recordinghe celtattached protocol was filtered at 10kHz with
BesselPFand sampled at 20kHz to provide good temporal resolution on a singlevéiage
recading time was aroundevemminutesbut can vary from conditioar spiking activity.The
recording vas be terminated fi there was no activityafter 3 minutes which is the minimal
recording time includedThe rationale tostop recordingwas that, based onGER activity
frequency in the literature (0.4 Hzritsch & Bergles, 2010; Wang & Bergles, 2018uring
any given 180 seconds time window IHC should receive neafly occasions ofthe
TMEM16A-mediated effectrom the GER. If there was no spiking activgyesentedluring

this periodthe excitabilityof IHC is probably very lowLongerperiods wereattemptedefore
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the approach was taken and they produtspikes inr420 second€.004 Hz), which is much
lower than the typicaheanfiring rate(~2 Hz Johnsoret al, 201J).

To verify the usability of a recording, | attempted break the seal into vadedleonfiguration
andobservehe +V response with different voltage steps. When wAuali is not achievable,
stretching membrane by the pulliagvay electrode was used aswabkconfirmation instead. If

both checkpoints failed, the recordiwagsdiscarded.

Figure 2.2 Approach of patch-clamp recording on immature IHC.

Critical frames extracted from a video of a successful pakaimp recordingA-Q A cleaning style to

make the best effort on preserving the SD4) Steps to forming a gigseal with recording electrode.
Orange line marks the position of cleaning pipette that was used to manipulate BC. Green and blue
dashed linesnark the edge of BC and IHC respectively. Paffiled green marks the surface of the

BC in contact with IHC before being opened. Yellow lines mark the position of the recording electrode.
As this is purely for illustration purpose, scale bar was rouded.
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2.4.7 Wholecellconfiguration

For the wholecell configurationwith immaturelHC, similar procedure was use as described
in 2.4.6to0 make good consistency. The solution in the recording electrodé@asased ICS
instead of celattached solution. The recordswyerefiltered with 2.5kHz LPF and sampled
at 20kHz

For posthearing IHC, theminimatdamage cleaningvas not feasiblebecause the BC had
become very thin and formed tighter bemdth IHC around the cuticular platenaking them
harder to manipulate without damaging IHBesides there should beo expression of
TMEM16A after P1617 (Tritsch & Bergles, 2010; Yet al, 2013) Depending on the relative
position of the pipetteBC orinner phalangeal cellserelysed from the bottom half, near
their nucleus. After cleaning all the debrisdaexposed an area of IHC membraties
procedure returned to what was describe.4dh6on forming a giggOhm seal After the seal
was acquired, the holding voltage was s&i80 mV with an external calibrator (custemade).
The seal washen broken by applying gentle suction withnaouthpiececonnected to the
recording electrode. Typicakriesresistancavasaround 24 megaOhm.

With currentclamp protocols, voltage response of the IH&@induced by injecting 250 ms
currentsof different amplitudeswvith 10 pA intervals followed by 140 ms at the resting
membrane potentig{Figure 2.3 B). As the injedbn current became larger, the voltage
responsg changed from sustained depolarization to induced action poteimtiaismature
IHCs (Figure2.3 C). The spiking threshold was defined as the amount of current injection to
produce the first spike={gure2.3 C, centre panel)Since poshearing IHCs do not generate
induced spikes, the interval of injected current stepsneasased td. 00 pA to generate more

pronounced responses.

To investigate the current dynamics upon voltage stimulysrésponse)lHCs in voltage

clamp protocol was given 170 ms of voltage steps frd24 mV to +26 mV with 10 mV

interval (inset ofFigure2.4 A), followed by 170 ms of dlding voltage at40 mV before return

to the resting/m. The voltage strayn voltageclamping protocol was compensated with online
current injection and adjued accordingly inposthoc analysis withEquationl, whereVstep

andRs are the stepping voltage and series resistance measured from the sample. The percentage

of the compensation was 80% in all of the recorded samples.
55



Equation 1 Compensation of voltage drift over access resistance

-I.I-J|||=D [ e -"-74.- p 4' I:v<-+-l

The initial and steadgtate currentslific andlsteeady Were calculated from averaging 1.5 ors

30 ms region at the beginning and before the ending of each voltage step (yellow and blue area

in Figure2.4 A), and then pitted against their stepping voltage aFigure2.4 C. The values
of linit atT 25 mV andisieadyat 0 mVwere arbitrarily selected as indexes to analyse the current

size. The reversal potentidt ) of Isteadywas extracted by interpolate the zero current point
on the voltage axis.
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Figure 2.3 Typical voltage response upon current injection in immature IHC

A/ dZNNBy G OfFYLI NBO2NRAYy3a 2F |y LI/ Q& YSYONIyYyS
Current injections were delivered every 390 ms. Each injection lasted 250 ms, with amplitudes
stepping up from-30 pA to 100 pA in intervalof 10 pA. The higlghted traces are maximum
stimulation (red), threshold (blue), and subthreshold (yellow). C) Individual waveforms of the
highlighted traces with the amplitude of injected current marked ortleip.
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Figure 2.4 Typical current responseupon voltage stepsn immature IHC

A) Voltage clamp recording of the whatell current with stimulation protocol shown as the inset. The
IHC was held &84 mV for 65 ms before given 170 ms of stimulation steps, rangingbi@# mV to

+26 mV with 10 mV interval. The zero point on time axis indicates the start of the voltage steps. The
cell was then held &@t40 mV for 170 ms to generate tail currents for studying channel dynamics (not
used in this study). Red dashed squareigeds enlarged in B) to highlight the slow activation of the
outward current. The coloured areas show the sampling region for initial (yellow) and steady (blue)
currents in the analysis. GYIresponse of the initial (yellow) and steady (blue) curremi@ad from

each voltage step, with voltage compensation stated in2l¥e7.

The above protocols were also used on investigating the basic electrophysiological response in
IHCs after hearing onset. To investigéte, a specialized voltagelamp protocol was used
instead(Figure2.5 inse). This protocol held the cell 464 mV anddelivereda voltage steps

of 1144 mVfor 170 msa nd t h e nbeforé r2tQrning Y6 the holding potenti&k Ik n is

almost fully closed at voltages more negativent 120 mV (Marcotti & Kros, 1999) it can

thenbedissected ouby subtracting theurrent sizebetweenthe peakandthe dectivationin
theposthocanalysig(Figure2.5).
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Figure 2.5 Measuring Ik n with a specializedvoltage-clamp protocol.

The size ofikn (red double arrow)was calculated by subtracting the peak currédashed line,
averaged from yellow area) with the futigactivated steady current (dotted line, averaged from blue
area).The inset panel shows the protocol of the voltage steps.

25 ¢ ¢ 2 1 LdKéhiochl Cdimaging

Ex-vivo organ of Corti from P3 to P9 eve dissected with the procedure describe2in.5

Before transfer into the recording chamber, the tissue was incubatextaitium dye mixture

for 40 minutes at 37°C. The dye mixture is based on DMEM/F12 medium, supplemented with

f 1 uAM cdlcium dye (final concentration12 0 OM; Ther mo Fi sher Sci e
127 (0.1%, w/v, Sigma Aldrich, UK) and sulfinpyrazone (250 pM) was added to prevent dye

sequestration and secretion.

The sample was then mounted on the recording chamnsbeeszribed ir2.4.5and perfused

with near body temperature ECS {3% A C) for 20 min before i ma
esterification. C# activiteswer e recorded wusing a two photo
(Bergamo Il System B232, Thorlabs I nc., USA)
at925nm, 80 MHz pul se repetition rate, < 100 f

Physics, USA).The twophoton microscope was operated by Dr Federico Ceriani or Dr
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Francesca De Favelimages wereaptured at 15 frampersecond (fpsyvith a x60 objective,

1.1 NA (LUMFLN60XW, Olympus, Japan) using a GaAsp photomultiplier tube (Hamamatsu)
coupledwih a 525/ 40 bandpass filter (Bave@ll®dnab 25/ 4C
computer andanalysedposthocusi ng custom built software wr
Python3.7;Python Software Foundatipavailable ahttp://www.python.oryand Fiji ImageJ

software (Schneideat al.2012).Detailed analysis workflow is iB.7.3
2.6 Immunofluorescence microscopy

Cochleae were directly perfused in 4% paraformaldehyde in phosphiteed saline (PBS,
pH 7.4) for 20 minutes at room temperaturee cochleae were washed three times with 10
minutes PB®efore dissecting out the organ of Corti. The dissected tissues were iddnbate
0.5% Triton %100 in PBS (PBST) containing 5% normal goat serum (# 31873, Invitréaren)

an hour in RT

A list of primary and secondary antibodies used can be fouildble5. Both pimary and
secondanantibodies were dilutbwith 1% normal goat serum in PBST (NGS$amples were
perfused in primary antibodies for overnight irf@. Three ten minutes PBS washesre
applied tothe samples before they weirecubatedwith secondary antibodies for an hai37

°C. Another thre PBS washes were applied to the samples before they were mounted in
VECTASHIELD (H-1000, VECTOR Labs).

Images were collected withSM880 AiryScan onfocalmicroscope system (Zeiss, Gemany)
under 60x oil objective. Images was processed with Fiji ImageJ software (Scleeid2012)
and compiled with GNU Image Manipulation Program (The GIMP Development T¥Hr8,
GIMP, Available athttps://www.gimp.or
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Table 5. List of antibodies used in the study.
n/a: not applicable

Speciessotype Antigen Fluorophore Vendor Catalogue number | Concentration
RabbitlgG hTMEM16A n/a Abcam, USA ab53212 1:500
MouselgG1 Myo7a n/a DSHB No. 1381c 1:500
MouselgG2a GLAST n/a Miltenyi Biotec 130095822 1:500
GoatlgG RabbitlgG Alexa 405 Thermo FisheBcientific | A31556 1:500
GoatlgG MouselgG1 Alexa 647 Thermo Fisher Scientific| A21240 1:500
GoatlgG MouselgG2a Alexa 568 Thermo Fisher Scientific| A21134 1:1000
GoatlgG MouselgG2a Alexa 488 Thermo Fisher Scientific| A21131 1:1000
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2.7 Data Analysis

2.7.1 Statistics and general analysis

All of the statistics were done witBriginPro 2021 9.8.0.200 (&dit, Academic, OriginLab
Corporation, except the Pearsonb6s correlation coef
was donavith Python The Fbox indata graphsidicatesmean+SDunless specifiedtherwise.

2.7.2 Analysis workflow fdBAP recordirgy

Custommade Python scripts were used for supervised spikmg, as all of the available
options (Clampfit 10.7, Axon Instruments, USKjnianalysis, discontinued)ave less than
70% of acquisition ratand easily bias the statistics, especially in burst firing actiVibe

graphic interface and processifignctions was coded in Python 3.7.9P§thon Software

Foundation, available &itp://www.python.or) with Jupyter notebool6.1.4 (Kluyver et al,

2016) in virtual environmentmanaged by Anacond@naconda Software Distribution,

Anaconda Inc. Available #tttps://anaconda.org/The source code will be available upon

request.

Figure2.6 shows the interface of the custamade spike sortingoftware After arecording is
loaded into the workspace, the program will perform baselmé/siswith Savitzky Golay

filter (window: 0.15 s; thireddegree polynomialand flatten the recording by subtract the
baseline for a better peak detection. The debased trace will then be filtered again withiSavitzky
Golay filter (window: 58 ms; thirddegee polynomial) to remove noise for better preview.
The denoised trace was used for viewing peakseeking. Only the raw traeeasusedin the
analytical processThe detectionthreshold was automatically seith twice of the SDof the
denoised trageand 10 times of the SD for rejection threshold. Both threshatdemanually
adjusted to get the beresult.

Since this is designed for calttached recordings, the sign (direction) of the current is inverted.
Clicking on i Fi n de sSp i bkdentiies all of the negative going peakstween the

thresholdsand extract 35 msperiod fromthe raw trace (20 ms before and 15 ms after the
peak)to be analysed withupervised spike sorting algorithm. The extraction period of a spike

wasdefinedwith the minimal interspike intervals (ISIpbserved during current injection in

61


http://www.python.org/
https://anaconda.org/

currentclamp recordings. There were never two spontaneous spikes observed in the same

frame.
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Figure 2.6 Interface of the custommade spike sorting software.

From top to bottom, the first row hosts the functions for data manipulation and initial setting for the
filter parameters. View panel in the second row shows the raw trace (grey), filtered baseline (pink),
and piocessed signal (blue), as well as the detecting threshold (green) and rejecting threshold (red,
not in the view). It also provides zoom and pan function (bound to mouse) ind@tfor a faster

and easier previewing. The third row are options for spieisg and line visibilities. The bottom 3
panels display the characteristics of the selected spike candidate (red triangle in the view panel) for
quality control: left, denoised trace of current candidate in red and all others in grey; centre, the raw
trace, time constant fitting and rejection status of the candidate; right, the dynamics of current
derivative against current value from the candidate, with the colour indicates the time points in
seconds. Current view shows the characteristics of a typiaatlgptable spike.
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The spike sorting algorithmxtracs the time constant of the rising and falling edges of a spike
candidate by fitting the raw trace with a single exponential equation. The initial parameter for
the fitting function was set according with the fitted value from 150 spikesaked from

three SAPrecordings from C57BL/6J mic# either of the time constant fitting was failed, the
candidate will be set as rejectéithis method is quite reliable and produce consistent result,
except for some extremely vague casbgch wereusually discard ding quality control, for
instance, varying size due to sample stray, or indistinguishable peaks that were very close to

noise floor

After the spike sorting algorithmssignedhe presumed rejection states, all of the candidates
weremanuallyprocessed agn by examimg the shape and the dynamicstioé candidate as
showed in the bottom three panel$-afure2.6. The left panel gives a preview of thieilarity

of the candidate to the rest of the dataset. The centre panel shows the raw traeetiamal t
constant for examining the shape and dynanifca candidatedid not present biphasic
waveform, they will be rejected’he right panel shows thiemederivative of the current
againstts size A typical spike would have a shapkasymmetric cardioidas showed in the
bottom right panel inFigure 2.6, with clear depolarizatignhyperpolarization, and
repolarizationphases. Osliating noise would look like a circle, or a spiral if there are size
difference. Electric (switching) noise waube more symmetric instead of a {dtiminant
cardioid.

If a possible candidate was spotted on the viewing panel, they can be manually added into the
pool for examination. After the whole recording has been checked, the time point and extracted
featuresof the spikesveresaved into CSV files for further analysis in the OriginPro software.

All of the parametersised in the sessiomill be saved into a text fileso that any sorted

recording could be loademtjainto make adjustment.

ThelSls between the prious(ISli-1) andthe next spik€lSli+1) were calculated for each spike
to study the firing patteriSli.1 from individual spikes were plotted against recording time in
a scatter plot and coloured with tf8di+1to give a preview of the SAP activitiFigure2.7 A).
The recording time of each sample varied from 3 to 15 minutes, ahdohaeference point

with each other. As a result, they were used only for prepigpwose
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To better understand the bursting pattern)8ie1 wasplotted against 1St in scatter plot for
describingthe relationship between three continuous spi{kegure2.7 B). The dashed lines
marka referencdSI at 250 ms, equivalent to the instantaneous firing rate of 4 Hz, which was
the median/burst firing rate reported in the literatyiskrich et al, 2018; Johnsoet al,

2011) Along the diagonal line, points locate at more-tigt corner of the plot indicate a
sparse firing with longer ISI in between, and those at betéditornerindicate rapid/burst
firing. The occurrence of each ISI range was plotted in histogram to show the distribution of
the spiking dynamic@Figure2.7 C).

The length of ach continuousburst was calculatedy summing the sequentialspikes with
ISli+1 value smaller thar216.45ms which was themedianISI in the controlanimals
EncounteringanyISli+1longerthan the thresholdould stop the summatioof ISI andregister
the total time intervabf the burst to the datBurstswith less tharb ISI (arbitrarily se} were

not included in the analysis to emphagtse capabilityof generaing longer bursts.
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Figure 2.7 Example of analysis workflow on SAP firing pattern

A) ISI between thé" and thei-1" spikes (1$1) plotted as a function of time, coloured from bright
yellow to dark red indicates the 13l B) IS): plotted againstiSi, in scatter graph, coloured with the
recording time from the start (blue) to the end (yellow). The dashed line marks the ISI with
instantaneous firing rate of 4 Hz. C) The occurrence @fitlShe recording was plotted iplotted in

a logarithmichisogram for distribution analysis.
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2.7.3 Analysis workflow for calcium imaging data

The acquired calcium imaging data is processed with Rol§GHgium imaging analysis
software by Dr Federico Ceriani. Available fattps://github.com/fedeceri85/robopyPGPL-

3.0 licence¥or data exraction The intensity of C& activity was measured as relative changes
of fluorescence e)mi s ek GopwhdfenR i®averaged Yluoresaghde F
intensity within a regiofof-interest (ROI) at a specific fram@igure 2.8), and k is an
algorithmselected window (20 frames) with minimal standactviation (SD), which

normally represents a periodlthelowestactivity.

Figure 2.8 Example view of RoboPyanalysisworkflow.

In the kft panel, the GER region (30 um in width), IHCs, arner phalangeal celis the visual field
were marked with individual ROIls in the sample view window of Robidiyright panel shows the
LINSGASg6 ¢ Ay Riades &f €achiROB with@espandingcolour.

The time framesof eachspontaneous calcium waveeree x t r act ed dtraceah t
GER regionsvith a threshold set at 2.4 times of the, Siyhtly higher than thenultiplier used
in the SAPspike sortingo decrease false trends in the correlatinalysis.The synchronicity
between IHCs weranalysed by al c ul at i naprretatioefroftleeir as FopaEfivities

extractedrom thetime span of each spontaneous calcium w&gure2.9 A & C). The overall
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correlation in the imaged sample was plotted in heat map for preview and qualityflgec& (
2.9 B), but only the correlation frotHCs within 10-15 pmrange(roughly two cells apart)
was used in the distribution analystsgure2.9 D).

A \ B :
AR TR R :
lasndtapa b . <
i : J&'. . . p
212 s Al a
< Hl |- of
o 3 - [ PO FTa. L . . (&) =}
E 8 ‘é. ) . U‘lﬁm :u ) » " ' BE »
S 7 A . . ©
6
5 . ~
4 : ©
GER 0
! N --1.0
0 10 0 3000 4000 5000 4 567 8 91011121314151617
Frame Nu
15.0
A~
C . ERI - .
:]Ig Mt A D 12.5
T Il N S G~ - |
13 —— A S
S B - 10.0
< " SNy PP A, €
= 10 PN | 3
=y 9 | | — o 75
_U: 8 A\ Aa AT — - ~ o
- 7
o 6 - - - 5.0
g h -
25
GER wave'i‘ 2‘3 4 567
0.0
400 450 500 550 600 650 700 750 800 -1.0 -0.5 0.0 0.5 1.0
Frame Number Pearson's r

Figure 2.9 Analysisactivity correlation in IHCs during spontaneous calcium wave

A) Suprail K NB a K 2attity ik all of @e IHCgieen traces) plotted against time frames. The black
trace indicates whether there Epontaneous calcium wasdghigh) in the GER region or not (low) at a
specific time frame. B) A heat map of theS | NJE®rglaign index between each IHBaring the
spontaneous calcium wawe Black colour indicates no correlation while the brighter red or blue
indicates positive or negative correlations.ACzoomedin region in A) to explain the sampling range
2T ( Ko$n IHCGor Gossorrelation analysis. Yellow shaded aséadicate the time frames of
individualspontaneous calcium wave GER, labelled witanumber.
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Chapter 3 TMEM16A*¢¢pPax2Cremodel

3.1 Introduction

TMEM16A channel is a proteicommonly expressed in epithelial cells, and is critical for fluid
secretion in the intestinal and mudosgithelium(Catalaret al, 2015; Huangt al, 2012; Lee

et al, 2019; Sheridaret al, 2011) In the cochlea of rodeyt TMEM16A is abundantly
expressed in the nesensory cells of the GER from aboutP2 onward, and is rapidly down
regulated after hearing onset at F2ang & Bergles, 2015; Yet al, 2013)

Knocking out TMEM16A channels was reported as a successful strategy to dettDple
from the fluid secretiof the GERduring acalcium wavewithout affecting the activity of the
nonsensory cells(Wang & Bergles, 2015Pax2Cre and SoxZre were used to create a
tissue specific functional knockout of TMEM16A gene by driving the recombination of floxed
site at the 12 exon(Schreiberet al, 2015) Both Pax2 and Sox2 are early onset genes that
regulates cell differentiation during embryonic sta@@srton et al, 2004; Kempfleet al,
2016. As aresult, the promoter of both genes would expresseConbinase in almost every
cell in the sensory epithelia from embryonic stage, ang threventing any functional

TMEM16A being expressed during the postnatal development.

For the work presented in thitiaptey | usedthe TMEM16AM°*¢¢Pax2Cre model to stop K
secretion from all of nosensory cells in the GER while maintainiting ATP releaseduring
calcium wavs. This design allowed me to studyhether the maturation of IHCs is directly

influenced byATP alone or it also required the release of fikom nonsensoncells
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3.2 Resuls

3.2.1 Creinductionhad unexpected variance

Previous studyWang & Bergles, 20153uggested that tiHEMEM16A¢¢Pax2Cre model

did not have 100 percent of successful rate on knocking out the crenation events in the GER,
despite the moter genebeing globally expressed in the cochlear. Furthermore, certain
amount of spontaneous curreiiven by the Clefflux wasstill presented imon-sensory cells

during the calcium wavéiowever the efficacy of successful knockout was not chizrézed

This is a lesser issue for imag studies but might severely bias the data collected frompatch
clamp electrophysiology, which has a much lower throughput. To evaheftential bias,
immunolabding wasusedto characterise thefficiency ofknockout of TMEM16A.

The percentage ahner phalangeal cellwithout TMEM16A signal (green) were used to

calculate the KO rate in 1080 um region along the apical coilhe averagedKO ratewas
84.5023.6 % = 36, Figure 3.1A). Around halfof the cochle@ samples fronP5-P8animals
had 100% oKO rate at the apical region. However, the rest half had varied KQarageng

from 30% to 90%with strong TMEM16A labelling remained in some of theer phalangeal

cells (Figure3.1 B). Samples with KO rate lower thai®% were not included in the analysis

in later sections.
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Figure 3.1 Cre-induced TMEM16A cKO in TMEM16A floxed:pax2-Cre model

A) TMEM16A2¢¢Pax2Cremodel had over 80% of induction rateaveragg84.5023.6 %, n = 36) but
there was a great variance in half of the samples that did not ha®8c1KO rate. The source of the
variance could not be identified and did not seem to be-sgjated. Examples of a good B) and a failed
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C) induction were marked in A) and showed in the panels at the &giid line marks the population
mean.The scale bais 10 um.

3.2.2 Sontaneous action potentialsere partially affectedby TMEM16A KO in

non-sensory cells

Spontaneous action potentials (SARsYXhe IHCs of TMEM16A"€¢pPax2Cre mice were
collectedwith cell-attached patclelamp recording described th4.6 and analysed with the

workflow in 2.7.2to extract relevant characteristics from the recorsling

The absence of TMEM16A greatly redudeedl HC6s capabil ity of genert
1/3 of the IHCs from the PB6 cKO animals didiot produce any action potensar his trend

was significantly different compared with control IHCs, all of which generated SARs (

0. 0056, Fi shigued2s). Tharatio daf notsgking cells was consistent between

P5 and P6 IHCs, and not significantly different between that reported in control and cKO mice
(Appendix1). An issue is,TMEM16Afloxed:Pax2Cre might not produce KO phenotype in

all of the nonsensory cells, which might allow the adjacent IHC to continue firing SAPs if
remained TMEM16Aactive. Toverify whether this is the cause of those 60% spiking IHCs,
the probability of recording from an IHC with TMEM16A KO in all adjacent4sensory cells

was estimated from the contralateral cochlea (assumed identical induction efficiency) by the
percentagef inner phalangeal de without TMEM16A immunolabéhg signal in a100-130

pm region along the apical coil (Figure 3.1 and 3.2.1). Plotted against their spiking status, the
thoroughness of TMEM16A KO in the sample did not seem to correlate with thaleixyit

of the IHGs. (p = 0.39, MannWhitney TestFigure3.2 B).
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Figure 3.2 Non-spiking IHCs were observed only in cKO animals.

A) Mosaic plot showing the ratio of spiking (yellow) and-spiking (blue) cells in the control (n=15,

from 13 animals, left column) and cKO (n=21, from 15 animals, right column) animals. The cKO animals
had significantly m@ nond LJA { Ay 3 OStfa oLl f nodnpI CAAKSNIRA
probability of having TMEM16A KO in all adjacent-sensory cells was plotted in grouped scatter
according to their spiking status.

An example recording frorma P6IHC of acontrol animal is showed iRigure3.3. All of the
ISIi-1 from analysedSAPs areplotted against the recording tinreFigure 3.3 A to show the
spiking dynamics The symbols are coloured with 1S to indicate the intensity of
instantaneous firing rateThe clustered burstqbrighter yellow symbols)are observed
throughout the recording@ndareinterlaced with differencéength ofsilent period (usually
0.57 1 minute). Two adjacent burgtslueshadedpreselected talemonstrate the raw trace
Figure 3.3 C. The current signals in cedftached configuration are charging currents from
membrane capacitance and thus hamMewerted polarity to th®m of thepatched cel{negative
sigralis depolarization and vice vers&jgure3.3 B displays a more relaxed burst patterth

~4 Hz of mean firing ratégrey area at ~122 s Figure 3.3 C) compared with a more rapid
firing burst patterrat ~6 Hzin Figure3.3 D (grey area at ~150inFigure3.3 C). The baseline
of the rapid firing burstRigure3.3 D) exhibiteda rapid hyperpolarization during the bursting.
The source othe hyperpolarization isinknown,but this event was found in IHC from both
the control and the cKO animaksxcept for the burst showedkigure3.3 D, none of the other

spiking regionsn this sampléave similar hyperpolarization.

An example recordingf a P6IHC from a cKO animal is showed ifigure3.4. This cellwas

extremely silent except for the two major burdtsi¢ shaded area FFigure3.4 A). Theraw
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recordingof this region shows that these bursts were both initiated blgyiherpolarization
period Figure3.4 D). Statistical quantities indicated tineean ISlin the example cKO IHC
(2.4+13.7 s) is very similar to the observation in the example control IHC (2.8+11.5 s), but the
median ISl in the cKO IH0.10 s) was onlyhalf that ofthe control IHC Q.23 s).
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Figure 3.3 Example of SAPrecording from a control IHC

Typical SAP characteristics extracted from the analysis workftted in figures for analysis preview.

A) ISIbetweenthe i" and thei-1" spikes (ISh) plotted as a function of timecolouredfrom bright

yellow to dark red indicates the 1Sl Theraw recording trace of thélue shaded are& shown in C),

which contains twaspikeburstsin the areas highlighted in grey. B) The zoorreglot of the first

burst (around 122 s) shovesmild burst with ~4 Hz of mean firing raf®). The zoomedn plot of the
second burst (around 149 s) shows a more intense burst with ~6 Hz of mean firing rate and shorter
ISls.
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Figure 3.4 Example of SAP recording from a cKOIHC .

A) IS$ between thei" and thei-1" spikes (I1S1) plotted as a function of time, coloured from bright
yellow to dark red indicates the 1@l The raw recording trace of the blueagted area is shown in D),
which contains twahyperpolarizatiorassociatedoursts in the areas highlighted in grey. B, C) The
zoomedin plot of the start and the end of the first burst (around 3103) The zoomeéh plot of the
second burst (aroun870s).
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