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Abstract

In the auditory systemsound waves are translated into electrical signals through a process
called mechanelectrical transduction (MET) Myosin 7a is believed to betegral ©
mechanelectrical transductionin particular, tothe gating of the MET channéGrati and
Kachar, 2011)n humansmutations tomyosin 7a causes a disease known as Usher syndrome
type 1B whichcauses profound deafness, blindness and vestibular dysfun@iail et al,,
1995) Understanding the role of myosin 7a would provide more infation on the process

of mechanotransductioms a whole. It would alsprovide insight into how myosin 7a @l

be targeted for treatment irdsher syndrome.

To betterunderstand the role of myosin 7a mechanelectrical transduction, two different
mouse nodelswere used Onewasa conditional knockout of myosin 7a and the otheasa
point mutation of myosin 7a (known as tlshakerl mouse).Electrophysiological recordings
were performed to investigate the MET current biophysical characteristics. Scaieatgpn

microscopy and immunostaining was used to investigate the morphology of the hair bundle.

The results from my project show that myosin 7a is required for mechanoelectrical
transduction and hearing. Both mouse models were deaf and showed a dathige of the
MET current. Irthe Shakerl mouse model there were morphological changes to kizér
bundle in early ages. However, this was not seen in the conditional knockout model,
suggesting that myosin 7a has two roles in the hair cell. One in@&rBlopment of the hair

bundle, and one later on in maintaining the MET current of the cell.

This work has provided greater information on the role of myosin 7a and shown that it is vital
for the proper development and maintenance of the hair cell. Howethe precise role that

myosin 7a plays in the hair cell is still unknown.



Table of Contents

ACKNOWIEAGEMENTS. ... .t e e e e i
[T o = = 11 0] o PRSPPI ii
Y 0151 > Vo P Y
Table Of CONENES. . ..o r e e e e e e e e e eaen e e eeees v
FIQUIE ISt ...ttt er e e e e e e Viii
JLIE= o LS 1 Xi
(IS 0] Y o] o] £ AV = 1o ] o L= PR Xil
Chapter 1  -General iINtrodUCTION. ........ccuuuiiiiiiie e 1
1.1  Mammalian auditory SYSTEIM ... .....uuiii i e e 2
1.1.1  General structure of the INNer ar.............ccoveeiiiiieeiii e 5
1.1.2  Perilymph and Endolymph...........ccoooiiiiii e
1.1.3  Hair cell structure and fuNCHQN.............uoiiiiiiiiiiiie e 9

3 O S = Tox o] .4 (111 /2P 11
1.1.5 Innervation of hair CellS.........oooiiiiiiiiiiii e 13
1.1.6 Development of the cochlea..............cooeeiiiiiiieii e, 15
1.1.7 Development of hair cell ion channels.............ccccoooiiiiiiceiiiii e, 18

1.2 Introduction to Usher syndrome..............oiiiiiiiiiiiie e eee e 21
2 O 1Y/ Yo 11 | - 22

IORC T O =11 TP 26
IO SV (=Tl o P=YgTo i = 1 1S [T 1o o I ST 27
141 MET Channel.....ccoouuiiiiiiiiiiieeeeee e e 28
1.4.2  AdAatioN.......oiiiiiiii e aea 33
1.4.3 Role of MET current in hair cell maintenance..............cccceeveeeeeeinieeeeene. 35

1.5 HypothesisS and AIMS.......coooeiiiiiiiii e e e e e e 37
Chapter 2 -General MethodS...........ooiiiiiii e 39
2 N 1 [ TSP 40
2.2 ANIMAIS .. e nre e e aeees 40
P2 T €= To 1Y/ [ o PSSP 41
2.4  Auditory brain Stem reSPONSES.....cc.ovvviviiiiiiiieiiceeie e een e B

Vv



2.5 Distortion Product OtoacouStiC EMISSIONS. ....uou e 45

2.6 TISSUE TISSECHON. . ...euuuuiieeeee ittt a ettt e ettt e e et e e e e e e eeenbb e e e e 46
2.7 Single cell electrophySIiOIOgY........coviiiiiiiiiii e 46
2.7.1  ReCOrdiNg PIPEILE. .....uuuiieee ettt ee et ere e 49
2.72  Cleaning PIPEIE.....couuiii e 49
2.7.3  MET r8COIIING. ...euuuiieeetiiieii e eee ettt e e e e e e e e e e e 49
2.7.4  SOIULIONS......uuiii e e e et nnn s 49
2.7.5  Data @N@lYSIS.....ccuuuuuiiieeiiiiiiiieee et 53
2.8  ImmuNOflUOreSCENCE MICITOSCOMY......cevrrruuueeeeieeetaeeeeeeeertiia e e e eeeeeeaiiaaeeeneees 53
2.9  Scanning electron MICIOSCOPY . ......uuuuuuiiieeiiiieiiaee et e s 55

Chapter 3 - Electrophysiological properties and morphology of hair cells inShakerl
mouse 56

G 700 R 111 0o [T £ o o P 57

G (=11 U | S 62
3.2.1 TheShakesl mutation affects hearing thresholds.............ccccccciiiieennnnns 62
3.2.2 TheShaketl mutation affects themorphology of the hair bundle............. 62
3.2.3 OHC MET current and resting open probability is affect by Shakerl
L4102 U1 0] o PSSR SSPPPPPPPPIN 65
3.2.4 Inner hair cell MET current is affected by tBkeakerl mutation.................. 68
3.2.5 Effect of reducing intracellular calcium on the OHC MET current iShlakerl
MOUSE AL PO e e e e e e e e e e ennns 71
326 [20FfAT I GAZY 2F KI NIhakgiimaitatibra y . Q.4... F&aF FSOG S|

1T B B 1Yol U 111 (o] o PP SUPPPPPPPRRPPPRPRR 4o

Chapter 4 - Electrophysiological properties and morphology of hair cells in a conditional

MYOSIN 78 KNOCKOUL MOUSE. ......uuieiiiiii e et eeee e e e e e e e e e e e e e ae e et e e e e eaaneeeeaannaeeeens 78
g R [ 011 0T U1 o o OO S 79
4.1.1 Role of myosin 78 hearing.........ccoooovviiiii i, 79
A =T = U 1 [ = U RSP 80

4.2 RESUITS. ...t 83
4.2.1 Conditiond knockout of myosin 7a affects hearing thresholds............... 83
4.2.2 Conditional knockout is successful at knocking out myosin.7a.............. 86

4.2.3 Conditional knoclout of myosin 7a does not affect bundle morphology until
Eo =T T T 1O 88

4.2.4  Conditional knockout of myosin 7a causes progressive loss of the outer hair cell
MET CUITENL. ...ttt e e e e e e et e e e e e e ea e enm e e e e eeanns 90



4.2.5 Reducing the intracellular calcium concentration does not affect resting open

probability in myosin 7a conditional knockout mice...........ccccoooviiiiieeiiiiiiiinnd 94
4.2.6 Conditional myosin 7a knoakut causes OHCs to revert to an immature
PRENOLYPE. ...t 96
4.2.7 Localization of harmonin is not affected in in conditional knockout mouS8&
G T I T[T ox 1] o] PP 100
Chapter 5 -The role of clariri2 in mechanotransductiQn............c..ceeeviievveeeeeennnnnn. 103
o 00 R 111 0o [T £ o PP 104
ST (1] U | PP 108
SR T I 1= o1 U 1= [0 o 113
Chapter 6 - General DISCUSSION........cciiiiiiiiiii ettt e 115
6.1  General diSCUSSIONL........uiiiiiiiieeeeiieee e et r e e e e e e e e eaen e 116
6.2 Comparing a constitutive and conditional knockout of myosin.7a............... 116
6.3 Comparing a conditional KO of myosin 7a andShakerl mouse................... 117
6.4 The role of myosin 7a in development and maintenance of hair bundle and
MECNANOITANSAUCTION. .......uuiieeeeiie e e e e e e et ee e e e e e e et e e e e eann e e ennns 122
6.5 The role of clarifR in mechanotransSAuCtion...............coovviviiiiieeniiiiiin e 123
6.6  Conclusions and fUtUIrE WOIK...........cooiiiiiiiiiiieeeiii e 123
2] 0] oo 7= o] 1 Y2 125

Vil



Figure list

Figure 1.1 Diagram showing the anatomy of the @ar...............uuiiiiiiiieecii, 2
Figure 1.2 Diagram showing the travelling wave moving along the basilar membrane3
Figure 1.3 Diagram showing the patiay of auditory signals in the brainstem.............. 5
Figure 1.4 A crosssection of the COChIEa............cooviiiiiiiiii i 6
Figure 1.5 Diagram demonstratinghe recycling of potassium ions from the perilymph,
back to the endolympPhL.........ooee e 9
Figure 1.6 Scanning electron microscopy image of P4 mouse outer hair cells.......... 10

Figure 1.7 Crosssection of the stereocilia bundle showing lateral links between stereocilia

throughout deVEIOPMENT....... oot e 11
Figure 1.8 Diagram showing the location of prestin ian outer hair cell....................... 13
Figue 1.9 Development of ion channels in the inner and outer hair cells.................. 16
Figure 1.10Diagram showing the development of the hair bundle............................ 18

Figure 1.11Changes to ion channels and hair cell activity throughout developme....19
Figure 1.12-Structural and molecular component of stereocilia tip links.................... 24
Figure 1.13Diagram showing the key deafness mutatisno myosin 7a...................... 25
Figure 114- Diagram showing the potential interactions of proteins involved in
mechanoelectrical transduction in the hair cells................cooo oo ieeeii 29

Figure 1.15lllustration showing the interactions between myosin 7a, sans, harmonin and

(o= Yo | 1T 00 PP PPPPPPPPPPPPPN 30
Figure 2.1 Set up for recording open field auditory brainstem responses..................44
Figure 2.2 Setup used for electrophysiological recordings............ccccoeeeevivieeeiiineeenns 48
Figure 3.1 Location of Shakefl mutation 0N MYOSIN 7@...........ccvoeieiiiiiiieeiieeeeiiie e, 58

Figure 3.2 Scanning electron microscopy image shagimorphology of theShakerl hair

bundle at 15 dayS Old.........cooeii e 59
Figure 3.3Immunostaining for Myo7a, harmonin and sans protein irShakerl mouse 61
Figure 3.4 ABR recordings from th8hakerl mice at P18..............ccccoeeevviiieeeee e, 62
Figure 3.5SEM of apical section of PBhakerl cochlea............cccooeevviiiiiiieiiiiiieeees 63
Figure 3.6 SEM of apical section of PBhakerl cochlea.................cooeeviiiiiieeeiieeinnnnn. 64
Figure 3.7 SEMof apical coil of a P232 Shakerl cochlea.............ccooeeviiiiiiiieenniinnnll 65

viii


https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266134
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266135
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266136
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266137
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266138
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266138
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266139
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266140
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266140
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266141
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266142
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266143
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266144
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266145
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266146
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266147
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266147
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266148
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266148
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266149
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266150
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266151
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266152
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266152
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266153
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266154
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266155
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266156
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266157

Figure 3.8 MET current infShakerl OHCS at PO..........ccooiiiiiiiiiiiicce e 66

Figure 3.9MET current sizeniShakerl OHCS at P5............ooooiiiiiiiiiiiieeii e 66
Figure 3.10 Average MET current iBhakerl OHCs from PB10............cccevvviiiiiinneeeeens 67
Figure 3.11 Average resting open probability frordhakerl OHCs from P®10............ 68
Figure 3.12MET current inShakerl IHCs at P8/9 an®12/13............cccooeiiiiiiiiiiieneeeenn. 69
Figure 3.13Average IHC MET current size at-B&nd P1213...........ccccoiiiiiiiiiiiiiieeeee, 70
Figure 3.14Average MET resting open probability in IHCs at®8nd P1213................ 71

Figure 3.15 Resting open probability in P$hakerl OHCs in the presence of different
CONCENTIAtIONS Of BAP T A ... e e et e e e e et e e e e ean e e e nnns 72
Figure 3.16 Average resting ope probability in P9Shakerl OHCs in the presence of

different concentrations Of BAPTA .....u e ee et e eeaes 73
Figure 3.17TheShakerlY dzi I G A2y R2Say Qi I FFSO0...0.KB f 20!l ¢
Figure 4.1 Tecta/ - mice are missing the tectorial membrane..................cccoeninnd 81

Figure 4.2 Myosin 7a conditionalknock-out mice have progressively increased ABR
thresholds from P25 10 P3L... ..o 84
Figure 4.3DPOAEs from myosin 7a conditionalockout mice.............ccocevvvviieeieinnnns 85
Figure 4.4Immunostaining showing knockout of myosin 7a in conditional knealt mouse
(oo Tod ] == T= L R PRSP PPPPPPPPPPP 86
Figure 4.5lmmunostaining showing knockout of myosin 7a in conditional knealt mouse
COCNIEA AL P20..... . e e 87

Figure 4.6 SEM of inner and outer haicells in P15 and P30 conditional kneokit mouse

............................................................................................................................... 89
Figure 4.8 MET current size in myosin7a conditionatock-out OHCs at P16............... 91
Figure 4.9MET current size in myosin7a conditionaiock-out OHCs at P:27............. 92
Figure 4.10 MET current size in myosin 7a conditional knecigt OHCs at121mV and
B 1] 10 1 PP PP UPPP PRI 93
Figure 4.11Open resting probability in myoskYa conditional knockout OHCs............ 94

Figure 4.12 Resting open probability in the presence of 5mM BAPTA inR223nyosin7a
conditional KNOCKOUL OHCS...........iiiiiii e 95


https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266158
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266159
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266160
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266161
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266162
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266163
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266164
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266165
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266165
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266166
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266166
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266167
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266168
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266169
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266169
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266170
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266171
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266171
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266172
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266172
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266173
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266173
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266174
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266174
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266175
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266176
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266177
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266177
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266178
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266179
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266179

Figure 4.13 Resting current in myoskYa conditional knockout OHCs in the presence of
MM B A P T A i e e r e n e 96

Figure 4.14 Basolateral potassium currentsdm P2021 myosin7a conditional knockout

Figure 4.16 Immunostaining showing that the localisation of harmonin is not affected by
the conditional knockout of myosin 7a at P32...........oouuiiiiiiiii e 99
Figure 5.1 Effect of CLRN2 mutation on hearing, MET current and bundle morphal2@$
Figure 5.2 Effect of conditional knockout on hearing and bdle morphology............. 107
Figure5.3- MET current size in clari@ conditional knockout OHCs at PP8................ 109
Figure 5.4MET current size in clarid conditional knockout OHCs at P9 and R10.....110
Figure 5.5 Average MET current size in clarihconditionalknockout OHCs............... 111
Figure 5.6 Average resting open probability in CLRE@nditional knockout OHCs......112
Figure 6.2 Timeline of phenotypes seen in 6J constitutive myosin 7a knockout, conditional

myosin 7a knockout an@hakeFLl MOUSE..........cccuuuiiiiiiiiiiece e e e ena e 121


https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266180
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266180
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266181
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266181
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266182
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266182
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266183
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266183
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266184
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266185
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266186
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266187
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266188
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266189
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266190
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266190

Table list

Table 1.1The ionic composition of endolymph and perilymph..............oooiiiniinnnnns 8

Table 2.1 Table detailing mouse models used and a brief description of each .one... .40

Table 2.2 Primers and prot@ols used for PCR reactions...........ccccovevveviiieeeneeeeeinnnnnn. 43
Table 2.3 Composition of extracellular SOIUtioN...............ooviviiiiiie e 50
Table 2.4 Composition of CsCl intracellular solution..............ccooovviiiieecni e, 51
Table 2.5 Composition of KCl intracellular solution..............cccoovviiiive i, 51
Table 2.6 Composition & CsCl intracellular solution with 0.1mM BAPTA................... 52
Table 2.7 Composition of CsCl intracellular solution with 5mM BAPTA..................... 52
Table 2.8 Concentration of primary antibodies...............ooooiiiiiiiiiriiiii 54
Table 2.9 Concentration of secondary antibodies. ..., 54

Xi


https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266191
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266192
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266193
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266194
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266195
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266196
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266197
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266198
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266199
https://emckclac-my.sharepoint.com/personal/k2256306_kcl_ac_uk/Documents/Documents/Thesis/Thesis.docx#_Toc120266200

List of Abbreviations

6N C57BL/6NTac

ABR Auditory Brain stem responses

ADP Adenosine dphosphate

ANOVA Analysis of variance

ATP Adenosindriphosphate

BAPTA 1,2-bis(o-aminophenoxy)ethand\,N,b ,b -tetra aceticacid
BK Big potassium channel

CiB1 Calcium and integrin binding family member 1

cKO Conditional knoclout

CLRN2 Clarin2

DAPI n -damidinoc2-phenylindole

DNA Deoxyribonucleic Acid

DPOAE Distortion productotoacousticemissions

EDTA Ethylenediaminetetraacetic acid

ENU N-ethyl-N-nitrosourea

EP Endaochleamotential

FERM 4.1 protein, ezrin, radixin, moesin

lca Calcium current

ICS Intracellular solution

IHC Inner hair cell

Ik Potassium current

INa Sodium current

KCNJ10 ATRsensitive inward rectifier potassium channel 10
KCNQ1 Potassium voltaggated channel subfamily Q member 1
KCNQ4 Potassium voltaggated channel subfamily Q member 4
KO Knockout

LHFPL5 Lipoma HMGIC fusion partnéke 5 gene

LOC Lateral olivary complex

LRTOMT Leucine rich transmembrane andrethyl transferase domain

Xil



MET Mechanoelectrical transduction

MOC Medialolivocochleanmeurons

MYOT7A Myosin 7a

NMDA N-methylD-aspartate

OHC Outer hair cell

P(X) Postnatal day

PBS Phosphebuffered saline

PBST Phosphatebuffered saline/tween
PCDH15 Protocadherinl5

PCR Polymerase chain reaction

PFA Paraformaldehyde

PGK Phosphoglycerat&inase

PIR Phosphatidylinosito#,5-bisphosphate
PMCA Plasma membrane €aATPase pump
RNA Ribonucleic acid

SEM Scanning electron microscopy

SGN Spiral ganglion neuron

SH3 Sarcoma Homology 3 domain
SLC26A6 Solute carrier family 26 member 6
SLC26Q5 Solute carrier family 26 member 5
SPL Sound pressure level

TCH Thiocarbohydrazide

TECTA TectorinA

™ Tectorial membrane

T™MC Transmembranechannetlike protein
TMIE Transmembrane inner ear

TOMT Transmembrane @lethyl transferase
TRPV1 Transient receptor potential cation channel subfamily v member 1
USH1B Usher syndrome typeBR

USH3A Usher syndrome type/

VLGR1 Very large Gprotein-coupled receptor 1

Xiii


https://www.google.com/search?rlz=1C1ASVC_enGB978GB979&q=Thiocarbohydrazide&spell=1&sa=X&ved=2ahUKEwid5a24xL74AhVKT8AKHdlhAm0QkeECKAB6BAgCEDM

Chapter }:-General introduction



1.1 Mammalian auditory system

Sound waves are collected from the world around us and are focused into the ear canal by
the external part of the ear, called the pinriEhe structure of the external, middle and inner

ear is shownn Figurel.1. Assound waves enter the ear canal they push against the eardrum.
The eardrum is a membrane that separates the external and middle leawvibrations from

the sound waves are transmitted along the middle ear to the inner ear by three small bones
called the malleus, stapes and incd$ese three bones allow impedance matching from
sound waves in the air to the fluid filled cochlea. Whenrgbwaves in the air reach a liquid
most of the energy is reflected. The bones in the middle ear concentrate the pressure from
the sound vibrations so less energy is lost. They do this in two ways; one is that the area of
the eardrum is much larger than theotplate of the stapes, which connects to the oval
window in the cochlea, this concentrates the sound pressure to a much smaller area. The
second $ that the three bones act as a lever, to further increase the pressure on the oval

window.

Semicircular

Canals Vestibular
Nerve

Facial Nerve

Auditory
Nerve

Eustachian
Tube

Ear Canal Ear Drum

Outer Ear Middle Ear Inner Ear

Figurel.1- Diagram showing the anatomy of the ear

There are three parts to the ear, the outer ear, the middle ear and the innerTéar.outer ear |
made up of the pinna and the ear canal. In the middle ear there are three small bones, the ¢
incus and staped he inner ear contains the cochleansecircular canals and nerve fibrédearing

link, 2018)



The inner ear is made up of two parts, the cochlea which is responsible for detecting sound,
and the vestibular system which is involved in maintaining balance. The cochlea is a coiled
structure encased in bone. There are two openinghébony shell around the cochlea, the

oval and round windowVibrations of the stapes pushesn the oval window and increases

the pressure in the fluid filled cochle&n response to the increase in pressure the round
window bulges outwardsThroughthe cochlea runs a membrane ofarying width and
stiffness, called the basilar membrane. Sound waves move along the basilar membrane in a
travelling wave with the area ofgreatest membrane displacement dependant ahe
frequency of the sound@Figurel.2). As thebasilar membrane is widest and least stiff at the
apex of the cochlea, low frequency sounds cause the largest displacement at the apex and
high frequency sounds cause the largest @ispment at the base of the cochlea. The
frequency of sound that a section of membrane is most sensitive to is known as its

characteristic frequency

Stapes end of __ Helicotrema end of

basilar membrane Diraction of movement basilar membrane

Figurel.2- Diagram showing the travelling wave moving along the basilar membrane

Changes in pressure in the cochlea, caused by sound waves, elicits a travelling wave along t

membrane(Scottish Sersy Centre, 2010)

Within the cochleabelow the basilar membranés a smaller structure called th@rgan of
Corti. Theorgan of Corti is comprised of a tectorial membrane that sits on top of three rows
of outer hair cell{OHC)ynd one row of inner hair cel$HC) As the travelling wave moves
along the basilar membrane the tectorial membrane in ¢ingan of Corti moves ugnd down

and causes deflection of stereocilia on top of the inner antkr hair cellsThetallest row of

outer hair celktereocilia conneddirectlyto the tectorial membrane, whereas the stereocilia



on top onlHCsare not connected and are freffoating and they are moved by fluid motion

beneath the tectoriamembrane.

In mammalian hair cellfiere are 26300 stereocilia on top of each hair cell arranged in three
rows of increasing height. The stereocilia are made up of packs of actin filamentsr¢hat a
inserted in the cuticular plate at the apical end of the cell. Connecting each row of stereocilia
are tip links which are connected to ion channels on top of the two shooigs 10f stereocilia,
known as mechanoelectrical transducer (MEAannels. Whenhe stereocilia are deflected

the tip links stretch and open the MET channels, allowihgnid Ca* ions to enter the cell.

The influx of Kions depolarises the hair cglGoutman et al., 2015)A graded receptor
potential is generated that camodulate the fusion of synaptic vesicles and glutamate release

from ribbon synapsefGlowatzki & Fuchs, 2002)

Spiral ganglion neurons synapse onto the inner and outer hair cells and carry the information
to the brain. The axons from the spiral gangli@urons form the axon of the auditory nerve
fibre. This nerve fibre then innervates the three sections of the cochlea nucleus complex: the
anteroventral, posteroventral and dorsal cochlea nucleus. The cochlea nucleus complex is
organised tonotopically wit fibres from different areas of the cochlea innervating different
sections. The tonotopic arrangement is shownHigurel.3. Fibres from the basal aas
innervate the ventral regions and fibres from the apical areas innervate the dorsal regions

(Kandler et al., 2009)

Some fibres from the ventral and dorsal cochlea nuclei travel to the inferior colliculus and
some travel to the superior olivary congl. The superior olivary compl€OCis involved in

the localisation of soundrhe SOC contains the lateral superior olive (LSO), medial superior
olive (MSO) and the medial nucleus of the trapezoid body (MKNMB3terton et al., 1967)

All the input tren converges in the inferior colliculus which integrates information about
sound identification and sound localisation. This then projects to the medial geniculate
nucleus in the thalamus and finally projects to the primary auditory cortex located in the
cerebral cortex. There is also tonotopic arrangement of input in the primary auditory cortex

(Kelly & Sally, 1988; Pickles, 2015)



Cochlea

HF

LF

Figurel.3- Diagram showing the pathway of auditory signafsthe brainstem

Schematic ofwuditory circuits in the brainstershowing tonotopic organisation of inpugxcitatory
connections are shown igreen,and inhibitory connections are shown in red. colour gradier
from high to low frequencyshows thetonotopic arangement of thebrain stem.CN cochle:
nucleus,LSQ lateral superior olive, MSOmedial superior olive, MNFBnedial nucleus of th

trapezoid body AN auditory nerve HF high frequency, L-How frequency(Kandleret al., 2009)

1.1.1 Generalstructure of the inner ear

The cochlea is located in the temporal bone at the base of the $kuthice itis 0.2mm in
diameter with a length of énm, compared to a length @5 mm in humans. There are two
and half turns of the cochlea in mice and humaakhough this varies in other species

(Fettiplace, 2017)

Figurel.4 shows a cross section of the cochlea. The cochlea is split into thagechambers:
the scala vestibuli, the scala media and the scala tympBm@ solutions inside the three
chambers are markedly different. Inside the scala vestibuli and scala tympani is fluid known
as perilymph which has a ionic compositionsimilar to rormal extracellular solutionThe
fluid inside the scala media is more similar to intracellular solution and is known as
endolymph.The scala vestibuk connected with the scala tympani via an opening called the

helicotrema.
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Figurel.4- A aosssection ofthe cochlea

(A) Cross section of ear showing the outer ear, middle ear and inner e&rd8&) section of cochl
showing the three sections of the cochlea and location of the organ of.cbhne scalanedie

containsa solution known asndolymph(Elliott and Shera, 2012)

The scala vestibuli is located at the tofthe cochleaand is separated from the scala media
by the Reissn&@ membrane. Tis membrane is made up of two cell layers and separates the
fluid in the scala media (endolymph) from the fluid in the scala vestibuli (perily(Daivall

& Rhodes, 1967)The Reissne® membrane acts as an ionic barrier to ions and might be
involved in tke regulation of the ionic composition of endolymph and perilymph by selectively

pumping ions across the membrafRaphael & Altschuler, 2003)

The scala tympani is located at the bottom and is separated from the scala media by the
basilar membrangEllbtt & Shera, 2012)At the end dthe scala tympani is the ovaindow,
where sound vibrations are transmitted to the cochlea. The fluid in the cochlea is continuous
with the saccule, utricle and the three semircular canalthat make up the vestibulaystem

(Fettiplace, 2017)

In the cochledhere are sensory hair cells that are responsible for detecting and transmitting
sound information to the brainUnderneath the apical membrane of the hair cell is the

cuticular plate. The role of the cuticular plate is to support and anchor the baskeof t



stereocilia(Raphael & Altschuler, 2003here are also supporting cells that surround the hair
cells and support their function. THelCsare surrounded by inner pharyngeal and border
cells. TheOHCsre surrounded by Deiter cells. There are alsemand outer pillar cells that
form the tunnel of Corti and separate the two domains of inner aater hair cell{Basch et
al., 2016)

Supporting cells link to each other and to hair cells via tight and adherens junctions. They also
communicate withother supporting cells via gap junctions. The supporting cells have many
roles in the cochlea. For example, they have a rigid cytoskeleton that helps to maintain the
structural integrity of the cochlea during movement of the head or sound stimulation. They
also generate some of the components for the tectorial membrane in the org@orof(\WWan

et al., 2013)

1.1.2 Perilymph and Endolymph

The ionic composition of the solutions that surround the hair cells is vitally important for their
function (seeTablel.1). The endolymph is the solution that bathes the apical surface and
stereocilia of the hair cells. The endolymph has an unusually HiglfbKmM) and low Na

(ImM) concentration. The perilymph bathes the basolateral side of the hair cells and has low
levels of K(4mM) (Wangemann & Schacht, 199@)ight junctions between the supporting
cellsand hair cells separate the endolymph and perilyn{BenYosef et al., 2003)Tight
junctions are intracellular adhesion complexes that form size and charge selective gates in
epithelia and endothelia. Tight junctions regulate the diffusion of ions and solutes across

epithelia(Farquhar & Palade, 1963)

This difference in ionic composition between the two solutions means the endolymph has an
endocochlear potential (EP) of +80mV relative to the perilymfitis EP is thalriving force
that forces Kions into the hair cell through open MET chann@dachi efal., 2013).



lon Perilymph (mM) Endolymph (mM)

Na* 148 1.3
K* 4 157
Ca? 1.3 0.02
CI 119 132

HCO5 21 31

Tablel.1-The ionic composition of endolymph and perilymph

The table details the ionic composition of the perilymph and endolysgbhtions(Wangemann ar

Schacht, 1996)

The ionic composition of the endolymph is maintainedabk ion recycling pathway(this
pathway is demonstrated ifigurel.5) (Tasaki & Spyropoulos, 39). The EP drive&' ions
from the endolymphinto the hair cells through MET channels on top of stereqditian out
of the hair celbndinto the perilymph across the basolateral membrane of the cEHom the
perilymph K'is taken up by fibrocytethat make up the spiral ligament! Ken diffuses into
strial intermediate cells via the KCNJI@HannelgMarcus et al., 2002FFrom here Kis taken

up by the strial marginal cells and secreted back into the endoly(dgangemann et al.,
1995)
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Figure 1.5- Diagram demonstrating the recycling of potassium ions from the perilyn

back tothe endolymph

The endocochlear potentiatirives potassium ions into the hair cells from the endolyr
then out of the cell into the perilymphPotassium ions are then recycled back into

endolymph by the spiral ligamefiimage modified from Adachi et aR(0L3).

The calcium ion concentration in the endolymph is also unusual in that it is very low compared
to the perilymph.In mice the calcium ion concentratiom the endolymphs only 2640 uM,
compared to 1.3 mM in the perilymgVangemann & Schacht, 199€)&*ions enter thehair

cells cytoplasm through the MET ambltage sensitiv€&* channelsTheplasma membrane
Ca&*ATPase pump (PMCADat islocated on the stereociliaactively pumg C&* ions that

have accumulated in the cytopladmackinto the enddymph (Beurg et al., 2010)This pump

is highly expressed in the hair bundle of BeICandIHCs as well as in vestibular hair cells

(Dumont et al., 2001)

1.1.3 Hair cell structure and function
On top of eaclinair cell is an array of connectstereocilia that contain MET channgksiown
as the hair bundl¢Figurel.6). Stereocilia are made up of actin filaments arranged in parallel

and crosdinked by crosdinking proteins such as fimbrin. Hair cells possess a dense core of



actin filaments that they use to extend the stereoc{ika Flock & Cheung, 1977; Sobin & Flock,
1983)

The hair bundle is arranged in two or more rows of stereocilia of increasing height connected

by tip links (Fettiplace, 2017) Tip links are extracellular filaments that connect the MET

channel on the tip of shorter rows of stereocilia to the lateral wall of taller stereqéllzkles
et al., 1984)

Figurel.6- Scanning electron microscopynage of P4 mouse outer hair cells

(A) SEM image of OHCs in an apical section of a P4 mouse cochlea. (B) Close up image o
showing the three main rows of stereocilia. At this imnratatage there are many small stereou

around the hair bundle that disappear as the hair bundle mat@i@sge taken by Anna Underh

ThelHCsare the primary sensory celdare responsible fodetecting sound and senidg

the information to the brainlHCsare pearshaped and have a round nucleus located in the
centre of the cell bodyRaphael & Altschuler, 20038ach IHGas anywhere betweetwenty
and a few hundredtereociliaarranged in three rows of increasing height and inserted into
the cuticular plate(Purves et al., 2001)The OHCsare responsible for the mechanical
amplification process and the fine tuning and sensitivity of the (G&outman et al., 2015;

Schnup et al., 2011)

The properties of the hair cells change along the cochlea. For example, at the apex of the

cochlea, where the lowest frequency sounds are encoded, the hair bundles on top of the IHCs

10



are longer than they are at the base and less stifoAtheOHCsat the apex are bigger than

they are at the baséFettiplace & Hackney, 2006)

There are several other lateral links between stereocilia that are not involved in
mechanotransduction (se€igurel.7). There are horizontal tip connectors, shaft connectors
and ankle linkgGoodyear et al., 2005hese lateral links could be involved in maintaining
the integrity of the hair bundle or tr@smitting force throughout the bundléGowri D. et al.,
2007)

The lateral links present in stereocilia varies throughout development. Early in development
transient lateral links connect adjacestereocilia and kinociliary links connect the kinocilium

to stereocilia next to it. As the hair bundle develops, ankle links appear at the base and tip
links appear at the tips of stereocilia. As the hair bundle matures the kinociliary links, transient
lateral links and ankle links disappear in the cochlea hair bundle, although some lateral links

remain in the vestibular systef@oodyear et al., 2005)

Embryonic Postnatal __ Mature
(A Upper tip,
- Kinocilium , 4 ||nk density
shozos L % Apical _ 1N Tip link
Kmocullary Iateral links | u(\ Lower tip
links x Ankle link \ link density
Transient comp - 1 ' ., Horizontal top
Iateral links Ankle \ \ \connectors
hnks
Stereocnlla \ x L \

Figurel.7- Crosssection of the stereocilia bundle showing lateral links between stereoc
throughout development

The presence ofterd links between stereocilia change between embryopigstnatalanc

mature hair cells(Mathur and Yang, 2015)

1.1.4 Electromotility
The role of the OHCs is to amplify the signal tolth€sy augmenting the movementf the
basilar membrane. They achieve this by contracting or elongating their cell bodpHGse

canbe made to change their length byaninging the membrane potentialhts ability is known

11



as electromotility(Brownell et al., 1985)The molecule in theOHCthat is responsible for
electromotility is known as prestin. Prestin is part of the SLC26Q5 anion transporter family
and is abundant in the lateral membranes@fCs (seEigurel.8for location of prestinjLohi

et al., 2000)

Movement and mobility of prestin is voltage dependébiallos et al., 2006; Karniski et al.,
1998) Prestin is an incomplete transporter that behaves as a mechanoenzyme as part of its
transport cycle, however this cycle is not complete. Binding of an intracellular chloride ion
causes a conformational change in the protein that increases the lengttheofOHCs
(Ashmore, 2019When the hair bundle is deflectethnsenter the cellfrom the endolymph

and depolarisethe cell. Depolarization of the ha cell causes a decrease @t binding to

prestin and contraction of the cglHomma & Dallos, 2011)

Contraction and elongation of the hair cell can augment displacement of the basilar
membrane by 1000XRen et al., 2011)Augmenting displacement of the basilar membrane
at the characteristic frequency can sharpen the tuning curve and improve freqsefestion
(Oghalai, 2004)When prestin was mutated to be inactivihe sharp tuning of the basilar
membrane was lostrequency selectivity andochleasensitivitywere also reducedDallos

et al., 2008)

The sensing of basilar membrane movement meansQkkCan be involved in a feedback
loop that controls tuning of the basilar membraf®shmore, 2019Negative feedbackom
the efferent nerve fibrexan be used to reducenovement of the basilar membre and

protect the cochlea from overstimulatiof©ghalai, 2004).

12
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Figurel.8- Diagram showinghe location of prestinin anouter hair cell

Diagram showing the location of presiim OHCsPrestin is located in the lateral wall HCsanc

generates longitudinal forcqg&\shmore, 2019)

1.1.5 Innervation of hair cells

In the cochlea, spiral ganglion neurons (SGN) innervate the hairasellssynapse onto

cochlea neurons in the brain stem. Innetioa to the cochlea differs between the inner and

2dz0 SNJ KIF ANJ OSt f ad IMGHLYSR LG &{LDSD QAL &{eDACAIEhSa &2yy1il3a
adult cochleaDQHCdave both efferent and afferent connections, in contrdstConly have

afferent connectionsOHCgeceive input from mediablivocochleameurons (MOC) directly

onto their cell bodiegAshmore, 1994; Patuzzi & Robertson, 1988)

A 2 s oA

| FANJ OSftfa FYyR {DbQa INBE O2yySOGSR o6& 3fdzil
characterised by an electnodense structure and possess specialised organelles called
ribbons. Ribbon synapses hold vesicles close to the active zone and convey information by
continuously changing the rate that glutamate is released. This allows for fast and sustained

neurotransmssion(Coate et al., 2019; Odermatt & Lagnado, 2009)

Type | spiral ganglion neurons (SGN) are bipolar, unbranched neurons that each contact with

one IHC. Each IHC can contaet & (i & LISMelyer gt &.p2008p ¢ KS (e&LJS L { Db
myelinated and their role is to carry sound information from thC g0 the brain(Spoendlin,

1981 9 FFSNByld O2yySOlAz2ya FTNRY GKS 1 0SSNt 2¢
just below thelHCsand can be branchedr unbranched. Their function is unknown but as

13



they have an inhibitory input it could be that they have a protective (dMeFrank & Goodrich,
2018)

¢S LL {DbQa FINB oO0NIyOKSRXI dzyYe SI0OHCsi SR T
(Berglund & Ryugd,987; Spoendlin, 1980 ¢ KS NRf S 2F (KS GeLlS LL
GKSe R2y Qi asSSy (2 NBalLRyR (2 &az2dzyRd LG Aa
overstimulation and their role is related to nociception sengi@gLiu et al., 2015)

In the rest of the bodynoxious stimuliare detected by somatosensory neurons, however

these neurons are not present in the cochlea. Therefore, it is unclear how the cochlea detects
noxious sounds and tissue damage. There are several pieces of evidendc@HBsare

involved in nociception sensing. Loud noises cause damage to hair cells, particuld¢ so

To investigate the role dDHCsa mouse model was created where the canonical auditory
pathway was silenced. This pathway consists of glutamate selbg thelHCghat activates

type | spiral ganglion neurons. In this mouse model there was no activity in the cochlea nuclei

at lower sound levels (80dB), but very loud sounds (120dB) did trigger activity. This suggests
there is an alternative noxious sod sensing pathway in the cochlea. As this response
originated in the cochlea it seems likely that this pathway is mediated by the type Il spiral

ganglion neurongFlores et al., 2015)

It is also thought that the type Il afferent fibres are involvethie medialolivocochleareflex
suppression of the cochleamplifier. The cochleaamplifier works to amplify vibrations in a
particular region of the cochlea. Suppression of this amplifier helps to hear specific sounds in
a noisy room, with sound locahtion and protects against owstimulation. In a mouse model

with no type Il SGN innervation ddHCsand normal IHC innervation, there was no

suppression of the cochleamplifier(Froud et al., 2015)

Efferent connections t@HCsfrom the MOC are bmached and can form large inhibitory
complexes with manpHCgWarr & Guinan, 1979)The MO@fferent reduces amplification
in the cochlea via th©®HC¢M. M. Frank & Goodrich, 2018)Jhe mediablivocochleaneurons
control conductance of the hair cell to",Khis leads to hyperpolarisation of the cell and

reduction of cochlea sensitivifAshmore, 1994)
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1.1.6 Development of the cochlea

Theorgan of Corti is derived from the pensory domain of Soxprogeniwor cells(Jacques
et al., 2012)Fromembryonic dayl0-12 (E1012)the cochlea undergoes anitial period of

proliferation and elongation(Basch et al., 2016After this, fom E12E14.5 the cyclin
dependent kinase inhibitor p2P* is upregulated and the hair cells start totenterminal

mitosis(Lee et al., 2006)The cells at the apestart terminal mitosis first, themoving down

the cochleawith cells at the base entering terminal mitosis last

The cyclin dependent kinasahibitors p2EPt and p19™4d are also needed to maintain the
viability of the cells and the posnitotic state.One of the roles ofyclin dependent kinases
is topromote the progression of the normal cell cyclerefore, mhibiting cyclin depend&
kinasesprevents the hair cell entering the cell division cycle and keepscéfiein a post

mitotic state(Laine et al., 2007)

From E13.5he proneural geneAtohl, starts to be expressed and leads to differentiation of

the hair cellsAtohl is neededdr the formation of mechanoreceptors and photoreceptors
(Jarmanetal., 1999 2 A G K2dzi ! 02Km GKS LINRPaSyaz2NE OSff
cells and cell death occu(bl. Pan et al., 2011pifferentiation of the hair cellsstarts in the

mid-basal region of the cochlea duct and spreads down to the base and up to the apex over

the next 34 days(Basch et al., 2016)

Figurel.9A shows thechanges irthannel expression imner and outer hair cells from E14.5
to adulthood. In terms of their biophysical propertieghner and outer hair cells are very
similar from E14.%5ip to bith. The inner and owr hair cells start to deviate from each other

from birth onwards
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Figurel.9- Development ofion channels in thenner and outer hair cells

(A) This diagram shows the process of maturatadrion channelsn the inner and outer hair ce
from embryonic day 14.5 tadulthood The IHCs reach functional maturity at around P12. (
start to differentiate after IHCs hueach functional maturity earlier, at R@larcotti, 2012) (B;

Diagram showing the relationship between E/P number and maturityrefr and outerhair cells

The IHCsstart to differentiate firstand reach functional maturityafter OHCsOne of the
characteristics bimmaturelHCgsthe occurrence ofpontaneous action potentials. Slow and
repetitive spontaneous actiopotentials start at£18.5. These change rapid spontaneous
action potentials in the first postnatal week. This is needed to dgv#le conrections in the
auditory system and causes pruning bethighly branched afferent fibres to one to one
contactwith inner hair cell{Johnson et al., 2011The OHCsstart differentiating later and

are functionaly mature bypostnatal day8 (P8. Immature OHCsalso show spontaneous
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action potentials that disappear once they reach maturity. Maturityoafer hair cells is
characterised by electromotilitypresence of a delayed rectifying &urrent (1K) and the

sensitivity to the neurotransmitr acetylcholingHousley et al., 2006)

The structure of the hair bundle is important to the function of the cell and its development
is tightly regulatedMost of the studies into how the stereocilia develop has been carried out
usingavian hair cells. A diagram showing the development of thie bundles is shown in
Figurel.10. At the beginning of development, the apical surface of the hair cells is covered in
microvilli and in the centre ia single cilium known as the kinocilium. The microvilli then start
to extend to form stereocilia of a similar height. The kinocilium moves to the edge of the
apical surface and the stereocilia next to the kinocilium start to extend. Following this the
stereocilia in the next adjacent row begin to extend. The stereocilia stop growing upwards
and start to add actin filaments to increase their width and extend basally to form rootlets
into the apical surface. Finally, the stereocilia grow to their final lenfit mammalian cells,
once the haircell has matured the kinocilium is logchwander et al., 2010; Tilney et al.,
1992)
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A & Embryonic day 14

Postnatal day 16

Figurel.10- Diagram showing the development of the hair bundle

Diagram showing the development of the hair bundle from E14 to RiGhe start ofthe
developmentof the hair bundle there are many small stereocilia and one large kinociliun
kinocilium then moves to the edge of the cell and the stereocilia staextend to form rows
increasing height. The extra, short stereocilia then disappear, leaving the fully developed hail

(Schwander et al., 2010)

1.1.7 Development of hair cell ion channels
Immature IHCs and OHCs possess a similar complement of iomethaBoth have an

outward potassium current heg and an inward rectifier potassium currentyf] a calcium

current and a sodium current. However, in the OHCs, all of these currents are a lot smaller.

The resting potential in the immaturgner and auter hair cells is aroune60 mV and thee
cells fire spontaneous action potentials. When the cells are functionally mature the resting
membrane potential changes to be arourdd mV and there are no spontaneous action

potentials(Kros et al., 1998)Thechanges to ion channels through development is shown in

Figurel.1l
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Figurel.11- Changedo ion channels and hair cell activity throughout development

This diagram illustrates the changes in charaivity that IHCs and OHCs go throt

from terminal mitosis up to adulthoofCorns et al., 2014)
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In the immature IHCs and OHCs spontaneous action potentials are mainly fired in the first
postnatal week. This is because the resting membrane potentiaioisnd -50 to -60 mV,
which is close to the action potential threshdiarcotti et al., 2003)There is an inward €a
current (c9 anda slowly activating delayed rectifier current {¢9 current that allows for the
generation ofspontaneous action potential@<ros et al., 1998)cais activated close to the
resting membrane potential of the c€l65mV)and, together with the immature Kcurrents,
speeds up the depolarisation phase of the action potential sdialecreagsthe timeit

takes for the cellto reach threshold and decreasthe width of the spikgMarcotti et al.,
2003)

When extracellular C& wasdepleted,no spikes could be elicite@larcotti, Johnson, Rusch,
et al., 2003) The ¢ais carried byoltage dependent-type C&* channels that contains the
Cal.3 subunit(Michna et al., 2003)Cal.3 subunits make uplowly activating-type C&*
channelsthat canactivate at more negative potentia(,oschak et al., 2001Jhischannel
begins to be activated a5 mV and reaches its maximum inward current at abd9tmV
(Marcotti, Johnson, Rusch, et al., 2003)

Ik neo activates near50 mV and shows slow inactivation. This current is believed to be the
main route of outwardcurrent flow in the basolateral membrane in immature hair cells and
is responsible for the repolarisation phase of spontaneous action potentiéscotti,

Johnson, Holley, et al., 2003; Marcotti & Kros, 1999)

In embryonic and neonatal inner hair cellgere is an inward Nacurrent. This current is
activated at-60 mV. It is possible thakdis carried by NA.7 voltage gated Nachannels
(Marcotti, Johnson, Rusch, et al., 2008)though theNacurrent is not involved in generating
the spontaneousaction potential, it is possible that it reduces the time it takes to reach the

threshold for spiking and helps to set the frequency of spikes.

Moving to the second postnatal week, the membrane potential becomes more
hyperpolarised and there are fewer spt@aneous action potentials. This is due to the inward
rectifier K current (ki) having a bigger rolexilis the main contributor to the resting

membrane potential of the inner hair celarcotti & Kros, 1999)

In IHCs and OHCs, from P12 and P8 sy, the negatively activated delayed rectifiér K

current (k) begins to be seen. It is thought that this current is involved in the functional
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maturation of the hair cells. The dcurrent is carried by the ‘Koltage gated channel that
contains KCNQ4 subunitsk his activated abovel00 mV ands almost completely open at
-60mV. Ix,ncontributes to the resting membrane potential and helps to prevent spontaneous
activity in the mature hair celly lowering the resting membrane potential t80 mV
(Marcotti, Johnson, Holley, et al., 2003; Marcotti & Kros, 1999)

From the onset of heang at P12 theHCsalso gain theapidly activating large conductance
Ca* activated K current (ky). The Iks and kn currents prevent any spontaneous action
potentials in the cel(Kros et al., 1998; Marcotti, Johnson, Holley, et al., 208@und P8 in
the OHCs, and P12 in the IHGsdstarted to be downregulated and there is increased

expression ofun

Before the onset of hearing in tHelCghere is a small outwardelayedrectifier current(lkog.
However, from P13 the cells acgria fast component that is largely responsible for the
increase in total current k). It was discovered that the fast Kurrent is carried by large
conductance C4 activated K channels (BKjMarcotti et al, 2004b) These channels are
activated when the cell depolarises. The outward current then repolarises thiKcedl et al.,

1998)

In the immature inner hair cells and matuoeter hair cells there is an apamin sensitive small
conductance Caactivated K current (ky. This channel is activated by a rise in intracellular
C&*concentration, either through Cachannels or through nicotinic acetylcholine receptors.
9FFSNBY O adAyYdzZ I dA2y @Al GKS y! OKwQa Ol dzaSa
the Iskchannel and causes antflow of K that hypeipolariseghe cell(Marcotti et al., 2004a)

This plays a role in sustaining repetitive spikingnnmature inner hair celldy making the
repolarisation phase of the action potential more robBlockingskmeant the repolarisation

phase became less efficient aigventually failed altogethefMarootti et al., 2004b)

1.2 Introduction to Usher syndrome

Around 250 million people around the world are affected by hearing loss and about half of
these cases are caused by genetic mutatigngenetic condition that caus&s6% of cases

of childhood deafnesss called Usher syndroméPan et al., 2017)Usher syndrome is an
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autosomal recessive disorder that is genetically heterogeneblis.genes that are mutated

in Usher syndrome are spread throughout the gendideffler ¢ al., 2015)

There are three forms of Usher syndrome. Type 1 causes profound deafness, vestibular
dysfunction and progressive blindness in the first decade of Tife proteinsinvolved in

Usher syndrome type &re: myosin 7a, harmonin, cadherin23,opocadherinl5, sans and
calcium and integrin binding protein(Refévre et al., 2008l of these proteins are involved

in the mechanotransduction machinefgiese et al., 2017; Koffler et al., 2015he most
common form of type 1 Usher syndrometype 1B.75% of Usher syndrome type 1 patients

are induded in the typelB categoryUsher syndrome type 1B is caused by mutations to the
myosin 7a proteir{Sun et al., 2001; Well et al., 1995)

Type 2 causes moderate hearing loss, normal vestibulatiumand blindness in the second
decade of lifeln Usher syndrome type 2 the proteins involved are usherin, VLGR1 and whirlin.
All of these proteins are involved in the ankle link complexes at the base of ster@dofiiier

et al., 2015)

Type 3 causs progressive, variable and sporadic onset of hearing loss, blindness and
vestibular dysfunctiorfMathur & Yang, 2015)n Usher syndrome type 3 there is thought to

be only one protein involved: clarh Clarinl issuspectedo beinvolved in the funtion of

the MET channehoweverthe role of clarinl in mechanotransduction is still uncle@gun

& Zallocchi, 2014)

Allthe Usher protein mutatioacause defective development of the stereocilliary hair bundle.

In some cases, there are still three rows of stereocilia, as normal, but the length of stereocilia
is variable and appear to be splayed. In other cases, the orientation, length and number of
stereocilia is affected. This led to the hypothesis that the Usher proteins have a role in the

development of hair cell bundlg€osgrove & Zallocchi, 2014)

1.2.1 Myosin 7a
The Usher protein that this work focuses on is myosin 7a. The human genome coains 3
different myosin geneg¢Berg et al., 2001)These molecules generate movement and force

that is powered by hydrolysis of ATRoudusse & Sweeney, 201@)lyosin is a type of
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cytoskeletal molecular motor that is involved in muscle contraction, celsidiy cell
adhesion phagocytosis and transport of car@. Xiong et al., 2018Ylyosin proteins are also
involved in the maintenance and formation of actin bundles in filopodia, enterocyte brush

border microvilli and hair cell stereocil{&iththananan & Sellers, 2011)

All myosin proteins have a motor domain, neck region and tail region. The motor domain is
the binding site for nucleotides and actin. The neck region is made up of IQ motifs and binds
calmodulin and members of the calmodulin protdiamily. The number of 1Q domains
determines the length of the neck and size of the power stroke. Lastly is the tail domain, this
is the most diverse domain of the protein. In the tail domain can be found other functional
domains, such as; MyTHEERM (myan tail homology 44.1 protein, ezrin, radixin, moesin)
domains, PH (pleckstrin homology) domains and SH3 (SRC homology 3) domains
(Siththanandan & Sellers, 2011; L. Wu et al., 2011)

h¥ G0KS wmu OflFaasSa 2F Yeé2aay HelypiodudedBergetdeg 23 Ay Q
2001; Wolfrum et al., 1998T he activity of myosin 7a is regulated by interaction between the

tip of the tail and the motor domairfYang et al., 2009During embryonic development

myosin 7a is expressed exclusively in leglial cells which possess microvilli, for example;

sensory hair cells in the cochlea, retinal pigment epithelial cells, olfactory receptor neurons

and epithelial cells of the intestine and kidnéyahly et al., 1997; Self et al., 1998) the

stereocilia myosin 7a forms a complex with sans and harmonin, which then interacts with the
proteins that make up the tifinks Figurel.12). Expression of myosin 7a coincides with the
appearance of microvilli on these cell types. This expression pattern could suggest that myosin

7a has arole in the elongation of microvilli/stereocilia during developr(teahly et al., 1997)
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Figurel.12- -Structural and molecular component of stereocilia tip links

The upper tip link density contains myosin 7a, sans and harmonin. These three proteins
complex that interacts with the tiink. The tip link is made up of cadhefi8 and protocadheri

15. The tip link interacts with the MET channel in the lower tip link density (Grati and Kachar

The myosin 7a protein has a motor domain, 5 1Q matiid a complex tail domaicontainng

two MyTH4FERM domains separated by a SH3 dort@irenet al, 1996; Wuet al., 2011)
These two domains appear to be vitally important for the function of the protein. éseh

two domains there are more than twenix truncation/deletion mutations andorty
missense mutations that cause disease. It has also been found that a truncation mutation in
the second MyTH#ERM domain decreases the stability of the motor pro(Sichwandeet

al., 2009)

There are several mutations of myosin 7a that are linked to deafness phenotyiaesy of

the key deafness mtations are detailed in Figure 1.1Bwo that have been investigated are
myosin 7&’and myosin 7&2SE In the 6J mutant there are lower levels of myosin 7a although

it is stilldetectable,and t is presumed that myosifais dysfunctional. In thd626SBmutant

the level of myosin 7a expression is very low and these mice have a more severe phenotype

than the 6J mouseThe protein levefor each mousavas measured and reported as relative
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to the WT level of 1The 6J mutant had a protein level of 0.21 and the 4626SB mutant had a
protein level of 0.0072Kros et al., 2002; Mburu et al., 1997)
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Figurel.13- Diagram showing the key deafness mutations to myosin 7a

This diagram illustrates the mutations that are linked to usherdsyme type 1B, atypic
usher syndromic deafness, recessive sgndromic deafness (DFNB2) and dominant-
syndromic deafness fENA11l). Seven shakegralleles are also shown, aloagth homology

domains in the myosin 7ail (Adapted from X. Z. Liu et,a1998).

From P3, in the 6J mutant, the hair bundles are disorganised, and the normal V shape is lost.
In the remaining clusters of hair cells, the height of the stereocilia is normal and the tip links
remain intact. In the1626SBnice the disorganisation of the bdle is even greatefKros et

al., 2002) This disorganisation suggests that myosin 7a is needed for proper organisation of

the hair bundle.
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A paper by Lefevret al.also used théMlyo7&%25SEnutantmouseto look at the morphology

of the hair bundle During development they found that there was increased growth of the
stereocilia. This is different to what they found in other usher 1 mouse knockout models,
where there was decreased growth in the stereocilia. They suggested that myosin 7a could
have a rd¢e in transporting actin polymerization regulators along stereo¢lliefévre et al.,
2008)

It seems likely that myosin 7a is a motor protein that maintains the tension in the tip links. In
the homozygous myosin 7a mutant mouse there was a lawf€Tl current that was
comparable to the current seen in heterozygatmntrol mice. However, theesting open
probabilitywas zeraat hyperpolarising potentiald his siggessthat the tip links are slaglas

tip link tension is needed to keep the MEhannel open at restAlso, a very large
displacement was needed to elicit a current, much more than was needed in the heterozygous
mice. This suggests that a functional myosin 7a protein is needed for normal transducer
current gating. It is unlikely in th case that the phenotype seen is due to deterioration of the
bundle as therarestill normal resting potentialand voltage gated*tand C&* currents(Kros

et al., 2002)

1.3 Clarin2

Part of this project airadto compare the phenotypes seen in a cahgive and conditional
knockout of myosin 7a. Wasthought that the constitutive knockout auld affect the initial
development and formation of the hair bundle, and thiswld make it harder to determine

the role of myosin 7a in mechanotransduction.

It was hypothesised that this wouldlso be the case for constitutive knockouts of other
deafness related proteins. Tmvestigate this a different conditional and constitutive
knockout mouse model werased These mouse models have a knockout of the deafnes
related gene, clari#2. This work could provide a greater understanding into whether MET
channel properties can be accurately determined from constitutive knockouts, or whether
the disorganisation of the hair bundle caused by the constitutive knockoufuses

interpretation of results.

26



Previously, Dunbar et al. (2019) characterised the morphological and MET channel properties
of the clarin2 constitutive knockout mouse. This thesis aimed to characterize the MET current
of the conditional knockout, so itould be compared to the constitutive knockouthe
conditional knockoutuses myosin 16re to knockout out clar#2 at around P4 in the hair
cells.The constitutive knockout has a smaller MET cure¢iiR68, so it washypothesisedhat

clarin-2 has a rte in mechanotransductio(Dunbar et al., 2019However, very little is known

about this protein and what its possible role in the hair cell could be.

1.4 Mechanotransduction

Hearing requires the conversion of a physical stimuli (sound waves) into an electricél signa
that is sent to the brain. Thigrocess of converting a physical force into a biological signal is
called mechanelectricaltransduction(Paluch et al., 2015 the mousedevelopment of the

hair bundle and mechanoelectrical transduction happens in the first two postnatal weeks
(Pupl et al., 1998)Onset of the MET current is around P2 and reaches its maximal amplitude
towards the end of the second postnatal we@k X. Kim & Fettiplace, 2013he onset of
hearing occurs at about postnatal day 12 but the auditory system coesino develop and

refine for another few weeks.

As describedn sectionl.1.3 the stereocilia are connected via tip links. Tip links connect the
tips of shorter stereocilia to the sides of longer stereoc{dathur & Yang, 2015When the
movement of the tectorial membrane deflects the stereocitavards the excitatory
direction, it creates tension in the tip links which opens ion channels at the ehtise two
shorter rows ofstereociliaand allows potassium and calcium ions to flow into the (@&lurg

et al., 2009)

The endolymph is 8200 mV more positive than the perilymph, this combined with a
membrane potential of around70 mV in the cell eates a voltage differenc@ hisvoltage
differenceis the driving force behind potassium ions entering the hair cell through the MET

channel and generating the MET curréBteel & Barkway, 1989)

Mechanoelectricalransductiorat the hair bundleis vey sensitive, with a maximum response

achieved over a tenth of a micrometi@ettiplace, 2017)Deflection towards the tallest
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stereociliaopens the MET channels anttreases the MET currenivhile deflection in the

other direction decreases the currefGoutman et al., 2015)

In the absence of sound stimulatiaiere is still a small amount of tension on the-tipks to
allow the cell to respond toth excitatory and inhibitorngtimuli with high sensitivity This
increases the open probability dhe channels and means that €aand K ions are

continuously entering the ce(WélezOrtega et al., 2017)

1.4.1 MET channel

For each stereocilia there are2IMET channels located at the tip of the shorter stereaili
(Beurg et al., 2009)n OHCsn mice above P4 there was a 1.5 fold increase in MET current
from the apex to the base, this is not seen in thECgK. X. Kim & Fettiplace, 201Before

P6 inOHCshe calcium permeability of the MET channel decreases from the apex to the base.
Thisis not seen ifHCs or after P7 irOHCEBeurg et al., 2006; K. X. Kim & Fettiplace, 2013)
The channels very permeable to Caions, the permeability to Naand K ionsis about a

guarter of the calcium permeabilit{Beurg et al., 2006)

Identifying the components of the MET channel has proven to be diffanudt it is still
disputed which proteins are involve@lhe number of hair cells drthe amount of protein that

could be involved in the MET channelvexy low and solating enough priin to identify

which proteins are involveth the MET channes a challenge. Most of the information that

we have about the MET channel comes from genetically modified mouse models of deafness

(Fettiplace, 2017)

There are four criteria that a proteimustmeet to be considered as one of the components

of the MET channel.

1 The protein must be expressed in the right place and at the right time

1 It must be required for mechanosensitivity in the hair cells.

1 A mutation to the protein should affect the pperties of the mechanical response

1 Expression of the protein should cause mechanical sensitivity in a cell that is normally

insensitive(Cunningham & Mdller, 2019)
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Figure 1.14 illustrates the proteins and interactions thought to be involved in the MET
transducer apparatus. The tip links are made up of two homodimers: two molecules of
protocadherinl5 and two of caderin-23. They both have long extracellular domains that
interact at their Ntermini to form a 150nm long link. This interaction is>G#ependent
(Furness et al., 2008; A. Xiong et al., 20B8ptocadheriAl5 interacts with the proteins
suspected to fam the MET channel; TMC1, LHFPL5 and {®l&ningham et al., 2017)

MYOXVa
Whirlin

Figurel.14- Diagram showing the potential interactions of proteins involved in mechanoelecti
transduction in the hair cells

Thereare many proteins that are suspected to be involved in the mechanotransduction mac
Harmonin, myosin 7a and sans make up the upper tip link density. Caét8and protocadheri
15 make up the tip link. TMC1/2, TMIE and LHFPLA&lla@ndidatedor MET channel proteins. T
other proteins shown here are all associated with the MET channel but are not thought to m

the channel itsel{Cunningham and Mler, 2019)

29



At the upper tip link density there is a complex of three protegimgrmonin, myosin 7a and
sans) that link the tip link to the lateral side of the stereocilia. A knockout of any of these
proteins causes deafness, demonstrating that they are essential for hearing. Ca#Berin
interacts with harmonin, which then interactwith the scaffolding protein, sans. Sans
interacts with the MyTH4ERM domains the tail regiorof the myosin 7a proteirharmonin

also binds weakly to the MyTHZERM domain ahyosin 7a(Yu et al., 2017)Iit has been
shownin vitrothat cadherinr23 irteracts directly with the tail domain of the myosin 7a protein
(Bahloul et al., 2010; Boéda et al., 2002)

Harmonin links the cadher®3 protein to the Factin that makes up the stereocilia core.
When harmonin is knocked out there is no mechanotrarsidu, even though the tip links
are still intact(Grillet et al., 2009)The nteractions between harmonin, sans, myosin 7a and

cadherinr23are seenin Figurel.15.

Harmonin
E T Myosin 7
<3 3 |
ey W N\Q\O‘ Y,
: :_-'- Cadherin
e B Intracellular

Figure 1.15 lllustration showing the interactions between myosin 7a, sans, harmonin
cadherin23

Myosin 7a sans and harmonin all interact to form a complex at the upper tip link density. Har
then interacts withcadherir23, which makes up the uppgart of the tip link MF1- Myth4-FERN
domain 1,SH3 sarcoma homology 3 domain, MAyth4-FERM domain @dapted fromYu et al.
2017)
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There are three main candidates for the components of the MET channels: TMC1, TMIE and
LHFPLS5.

The first candidate for a MET channel componentrensmembranechannellike 1/2

(TMC12). There are 35 TMC1 mutations thausa deafness in human¥he mRNA foFmc2

is expressed first and it starts to appear from birth and lasts until PA@1ImRNA appears

from P3 and levels increase into adulthofiawashima et al., 2011From P5TMC1 was

localised to the tips of shorter stereocilia. TMC1/2 can interact with PGPH 06 dzi R2Say
interact with LHFPL5 or TM(Beurg et al., 2015)

In the double Tmc1/2 mutant mice there is no MET current, despite there still being tip links
present Inthe TMC1 KQnice there is a reduced MET current with some residual current
being carried by TMC2 for the first few days. After this the current starts to drop and
eventually disappears. This suggests that TMCL1 alone is needed for the MET current at th

later stages of developmeriCunningham & Miller, 2019; Kawashima et al., 2011)

Mutations to the TMC1/2 protein affects the properties of the MET channel. The Beethoven
mutation to TMC1 causes there to be an extra positive residue in one of theceltriar
loops (Vreugde et al., 2002)This mutation causka decrease in unitary conductance and
calcium permeabilitpf the MET channels ihe OHCsandIHCYCorns et al., 2016; B. Pan et
al., 2013) This suggests that TMC1/2 could form part of SHET channel pore, although it is
still possible that they are accessory proteins for METchannel proteingCunningham &

Miiller, 2019)

The next candidate is the TMIE protein. There are several mutations to TMIE that are linked
to deafness in humarend mouse models of this protein are dé€bfaz et al., 2002mMRNA of

TMIE was found in the cochlea and the protein is localised to the tips of the shorter stereocilia.
The protein binds to protocadherh5 (PCDH15) and LHFPL5. PCDH15 makes up paat of th
tip link and LHFPLS5 is another candidate for a MET channel p(dteao et al., 2014)

In the TMIE knockout mouse the morphology of the hair bundle is normal but there is no MET
current. However, he MET current can be rescued with expression of ThilEhe TMIE

knockout mouse the localisation of the other MET channel components is normal, suggesting
GKFd ¢alL9 R2SayQi KI @S | (RdBdeBal.,RO14) (G NI y a L2 NI A Y

31



The last candidate is the LHFPLS protdihe LHFPLS5 proteits predicted to have four
transmembrane domaingCunningham & Mduller, 2019)it is localised throughout the
stereocilia with some concentrated at the tip links and it binds to PCPBHtrg et al., 2015;
Mahendrasingam et al., 201 #hRNA of LHFPL5 dtto be expressed at the same time as
the appearance of the MET current and continues throughout adulth@sheffer et al.,
2015)

Knockoutmouse models of LHFPL5 are deaf and the MET current is reduced [{i3&0%

et al., 2015; W. Xiong et al., 21 The reduction could be partly due to the reduction in the
number of tip links. However, the conductance of the MET channels is also reduced, there is
slowed activation of the channels and impaired fast activation. As there is still a current
presentit is unlikely that LHFPL5 is a component of the channel pore. It is possible that the
LHFPLS5 protein helps to modulate the function of the MET channel inbtéaty et al., 2012)

Another hypothesis it that HFPL5 is involved in the proper localisatamd transport of
TMCL1. In the LHFPL5 deficient mice there is no TMC1 at the tips of the stereocilia. Also, there
is no tonotopic gradient of MET conductance in the LHFPL5 deficient mice, this is also seen in

the Tmc¥-mice(Beurg et al., 2015)

Thee are several other proteins that are thought to be associated with the MET channel. The
structure of these proteins is not similar to the structure of other ion channels so it is unlikely

that they form part of the channel porgCunningham & Miller, 2019)

The first of these proteins in the calcium and integrin binding protein (CIB2). Mutations to this
protein have been linked to deafness in humans and mutations have been shown to abolish
the MET current in hair celi&Giese et al.,, 2017; Riazuddin ét, 2012) CIB2 is correctly
located in the stereocilia of hair ce(Riazuddin et al., 2012F1B2 has 3 EF hand domains that
are believed to mediate intracellular calcium signalling. The second and third EF hand domain

in CIB2 bind to calciuiBlazgczyk et al., 2009; Gentry et al., 2005)

CIB2 is known to interact with whirlin, myosin 7a and TMC1/2, but not LHFPL5 or TMIE
(Riazuddin et al., 201® {2YS 2F GUKS YdzildAz2ya GKFG | NB
interaction with TMC1/2. The otheMET proteins are all localised correctly in the CIB2
mutant, suggesting this protein is not involvedtie transport ofME Frelatedproteins(Giese

et al., 2017)
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The next protein is TOMT (also known as LRTOMT in humans). Mutations to TMOT causes
deafress in humans and mice. The mRNA of TOMT is localised to the hair cells and the protein
was found in the cell bodies of hair ce{(khmed et al., 2008; Cunningham et al., 2017)
Mutating TMOT abolished the MET current in hair cells, and this could balfyarescued

with TMOT expression. TOMT interacts with PCDH15, TMIE, LHFPL5 and TMC1/2. In TOMT
mutants TMC1/2 is not localised correctly, suggesting TOMT has a role in TMC1/2 transport
to the cell membrane. In heterologous cells TOMT alone is not entmuggansport TMC1/2,
suggesting it works with other, so far unidentified proteins, to carry out his function
(Cunningham et al., 2017)

The last protein covered here is RIPIRis a phospholipid component of all cell membranes.

It has been shown #it changing PHcan alter the function of ion channe{Borbiro et al.,
2015) In rat hair cells the depletion of BIRad many effects on the MET channel. The fast
adaption component was lost, there was a decrease in MET sthglenel conductance, a
change in ion selectivity, slower activation of the channels, a decrease in the calcium pore
block and increased open probability of ion chanr{&fertz et al., 2017)This demonstrates

that the properties of the ion channel can be affected by factoussime of the channel

(Cunningham & Miiller, 2019)

Althoughallthese proteins have been linked to the MET channel and have been shown to be
vital to the MET current there is still no clear evidence to show which proteins make up the

MET channel pore.

1.4.2 Adaptation

In response to a step deflection of the hair bundiiee activation of the MET current is
followed by a declinén currentover time, even though the stimulus is still present, and the
open probability also reduces. This is thought taaldaptation rather than inactivation as the
current can be recovered by increasing the amplitude of the stim{@teuffer & Holt, 2007)
Adaptation of the MET current response is an important mechanism to prevent saturation of
the response and optimiseessitivity. There are two phases of adaptation; the first is fast
adaptation that happens within a millisecond time scale, then there is slow adaptation that

happens over tens of millisecon{}/u et al., 1999)
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It is thought that slow adaptation involgechanges in the point where the tip link attaches to
the stereocilia. Positive deflection of the bundle and calcium entry through the MET channel
causes the motor protein that links the tip link to the stereodialip downwards and reduce

the tensionon the tip link, causinthe MET channel to closad reducing the open probability
(Gillespie & Cyr, 2004; Howard & Hudspeth, 1987)

There are several pieces of evidence that point to myosin being the motor protein responsible
for slow adaptation. Fitsslow adaptation takes place in stereocilia tlaae rich in actipand
myosin is the only protein that is known to interact with acfiflock et al., 1981)Slow
adaptation requires calcium and calmodulin, both of which can control the activity of
unoonventional myosin protein@Valker & Hudspeth, 1996)\Iso,myosin inhibitors (ADP and
phosphate inhibitors) are known to block slow adaptati@illespie & Hudspeth, 1993;
Yamoah & Gillespie, 199@here are several proteins that have bemgested as candidates

for the myosin protein responsible for slow adaptation. Two of these are myosin 1c and
myosin 7gLi et al., 2020)

The amount of myosin 1c protein present in the stereocilia is enough for it to be responsible
for adaptation andt has been localised to the tips of the stereocfl&llespie et al., 19930
investigate whether myosin 1c was involved in slow adaptation a mutation was introduced
into the protein that increased its sensitivity to®Nmediated nucleotides. When #se

inhibitory nucleotides were introduced adaptation was blockEdlt et al., 2002)

Latest information suggests that myosin 7a is a more likely candidate for maintaining tip link
tension. Localisation studies found that arousigght myosin 7a proteirmolecules gather at

the upper tip link densities which suggests they are involved in tip link teGiati & Kachar,
2011) Studies into the motor properties of myosin 7a found that the protein can move more
efficiently on parallel bundled actin. Bhinotor property makes myosin 7a suitable for moving

proteins up actin bundles in hair cell stereocilia and as-firkptensor(Sato et al., 2017)

It has been suggested that fast adaptation is caused by the influx of calcium ions. When ions
enter the MET channels calcium ions bind either to the pore of the channel or a protein
associated with the channel which causes the channel to dldee/ard & Hudspeth, 1988)

Work in low frequency hair cells, such as those in the bullfrog saccule, showed ¢hat fa
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adaptation is regulated by the influx of calcium i¢@heung & Corey, 20Q8)hether this is

the same in mammalian cochlea hair cells is still disputed.

There are several pieces of evidence for the idea that adaptation is regulatechyCGms
et al. found that applying the calcium chelator, BAPTA?-pis(c-aminophenoxy)ethane
b Z b Z fetrazaoeticacid), or preventing calcium entry into MET channels removed or
strongly reduced all forms of adaptatiq€orns et al., 2014)Also, when theextracellular
concentration is loweredthe time constant of fast adaptatioftime taken forcurrent to
declineduring a sustained deflection of the hair bundkejeducedThe currenidisplacement
curve is sensitive to extracellular €aoncentration ad buffering by intracellular Ca
concentration(Ricci et al., 1998A currentdisplacement curves generatedoy measuring
the MET currenbver timein response to a series sfaturating excitatorystimuli. Lastly,
preventing C& entry by depolarizinghe cell to-80mV, prevents adaptatiofCrawford et al.,
1991)

A study by Goldng et al. used mice with mutated forms of TMC1/2 to investigate the
mechanisms of adaptation. Goidg et al. found that the time constant and extent of
adaptation depends on the isoform of TMC that is presgwldring et al., 2019MC2 is
replaced by TMC1 at the stereocilia tip at the end of the first postnatal Wi€akwashima et

al., 2011) Adaptation wa faster and occurred to a greater extent with the TMC1 isoform,
when compared to the TMC2 isoform. This was despite TMC2 being more permeable to
calcium. Also, when they mutated TMC1 to make it less permeable to calciymsilygested

the extent of adaptéion occurring was greateifhey used a reduced resting open probability

in the mutated TMC1 mouse to imply thiite extent of adaptation was stronger, however,

resting open probability can be influenced @tyer processe¢Goldring et al., 2019)

1.4.3 Roleof MET current in hair cell maintenance

The MET currerthas a key role in the development and maintenance oflH@&functions In

the second postnatal week, before the onset of hearing, the open MET channels keep the
membrane potential of theHCsat the threshold necessary for €zaction potentials. These

action potentials are needed for functional differentiation of tHéCsinto mature sensory
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receptors. Without these action potentials tHeélCsregress into a more immature state
(Corns et al., 2018)

Corns et al. used a Myo7&Myo15cre’- mouse model to look at the role @hyosin 7a in
mechanotransductionin this mouse model myosin 7a is knedkut. Myosin 7a i&ne of the
proteins invoved in the MET current machinery. The inner hair cell MET current was absent
in these mice after the onset of hearing. TiCsstarted to display the characteristics of an
immature hair cell. There was-enervation by cholinergic efferent fibres, dowegulation

of adultlike ion channels in the basolateral membrane and the hair cells regained the ability

to fire action potential{Corns et al., 2018)

There is also evidence that the MET current is needed to maintain the structure of the hair
bundles When the MET current was blocked, by either breaking the tip links or using chemical
blockers, there was remodelling at the tips of the stereocilia and eventually retraction of the
stereocilia. This was only observed in the two shorter rows of stereoaihare the MET
channels are located, and not the tallest row. These experiments were carried out in young
post-natal mice so it is not known whether the same thing would be seen in the adult mouse

(VélezOrtega et al., 2017)

Changing the concentratioof intracellular @ extracellular C# also caused remodellingf
stereocilia and shortening of the second and third rows of stereodili& could suggest that

the influx of C&'is important in maintaining stereocilia structuf¢élezOrtegaet al., 2017)
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1.5 Hypothesis and Aims

The main aim of this projectvas to understand how myosin 7a is involved in
mechanotransduction. In particular, w0 a point mutation to myosin 7a can affect
mechanotransduction and hair bundle morphology in tBéakerl mouse A greater
understanding of tk function of myosin 7a would help understand the mechanotransduction

machinery and how it is affected in deafness.

This project useé three mouse models to investigate enshanotransduction. Two models
looked at the role of myosin 7@he Shakerl mouseand a conditional knockout of myosin
7a. Using these two models together allesvus to see how myosin 7a is involved in both
development of hair cells and maintenance once the hair bundle has develdpedlast
model looked at another Usher proteidarin-2. This model allowed us to look more brogdl|
at the study of mechanotransduction and whethesing aconditional knockoumousegives

a more accurate picture of the role of usher proteins than a constitutive model.
The aims of the project are dated below:

1. Investigate how a point mutation in myosin 7a causes deafness in$thakerl mouse

model

It was hypothesised that the point mutatiada myosin 7a wuld decrease the size of the MET
current by affecting gating of the ME@hannel andcause the hair bundle to degeneraly

affecting the development of the hair bundle

2. Compare the physiological properties and morphology of hair cells in a conditional

myosin 7a knockout to a constitutive knockout

It was hypothesised that the conditional knockoutowld affect the size of the MET current
and resting open probabilitpy affecting tensioning of theip linksand gating of the MET
channel Also, that the morphology of the hair bundi®uldbe affected, tough possible less

severely than in the constitutive myosin 7a knockout.
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3. Investigate the electrophysiological properties of another usher protein; clagn

It was hypothesised that the conditional knockout of clé2imould affect the size of the MET
current, but not theresting open probability possiby by affecting trafficking of the MET

channel This ism line with the results seen in the constitutive claéirknockout mouse.
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Chapter 2 General Methods
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2.1 Ethics

All animal studies were performed in the UK and licenced by the Home Office under the
Animals (Scientific Procedures) Act 1986. All work was approved by the University of Sheffield

Ethical Review Committee.

2.2 Animals

The animals used in this study weG& RIZ'":Myo15-cret-, Myo-7a":Myo15cre’, Tecta"
:Myo-7a"":Myo15-cre”- and the Shakerl mouse (more information on each strain can be
found inTable 2.). Myosin 15cre heterozygous mice crossed with myosin 15 wild type mice
to generate litters that were 50% heterozygous and 50% wild type. This allowed littermate

mice to be used as controls for experiments.

* Point mutation to myosin 7a

g * Similar to human Usher syndrome type 1B

* Conditional knockout of myosin 7a in hair cells
*  Myosin 7a is knocked out at P4
* Allows investigation of myosin 7a without widespread
disorganisation of hair bundle

Myo-7a/"f1:Myo15-cre*”

* Conditional knockout of myosin 7a
Tecta”":Myo-7a"/f:Myo15-cre*- * Missing tectorial membrane
* Allows patch clamping of OHCs >P12

* Conditional knockout of clarin-2 in hair cells
* (larin-2 is knocked out at P4
* Allows investigation of clarin-2 without degeneration of
hair bundle

CLRN2//; Myo15-cre*"

Table2.1- Table detailingnouse models used and a brief description of each one

The background strain for all mice used was C57BL/6N. Mice were held at the University of
Sheffield under Home Office guidelines. All mice were maiathim a 12hour light/dark

cycle. For this project, all mice were culled using cervical dislocationnRavo hearing

40



measurementamice were anaesthetised using anraperitoneal(IP) injection ofketamine
(100mg/kg) anaylazine (10mg/kg)Animals wee culled by a schedule 1 home office method

for tissue €x vivoexperiments) or at the end of procedurasa yivoexperiments).

In order to generate thdyo7d":Myo15-cre- mouse model, exons 10 and 11 in the myosin
7a protein were floxedThe creLoxP system works by using a-ceeombinase protein that
recognises thdoxP DNA sequence. The eexombinase then deletes the DNA sequence
located between twdoxP sites. For tlsi system two mouse straingere used one that hal
cre-recombinase expressed by a promotor myosinl5 cre and one gtain that has twdoxP

sites flanking the DNA sequenoé myosin 7a(Kim et al., 2018)Myosin15 is a hair cell
specific protein thastarts to be expressed fromP4. The later expression of myosis, and

the associated cre protein, allows the hair bundle to develop normally before the knockout

of myosin7a.

The CLRN?':Myo15-cre”- mouse was obtained from Harwell, UK. This mouse model was
generated by deleting exon 2 from tleén2gene. A single strand oligodonor was then added
with exon 2 flanked by loxP siteBhe floxed CLRN2 mouse wasssed with the myosin 15

cre mouse.

TheShakerl mutation (R502P) is a spontaneous mutation that was obtained from Harwell,

UK.

2.3 Genotyping

CLRN# :Myo15cre’-, Myo-7a/":Myol15cre’, Tectd:Myo-7a"":Myol15cre’- were
genotyped using polymeric chain reaction (PCR) to amplify the DI®PCR product was run
on a gel andhe genotype could be determined by thandsizeseen in the gel imag@and

sizes are detailed ihable2.2).

As theShakerl mice have a point mutation they could not be genotyped using HG&.
Shakerl mice were genotyped by amplifying the DNA using PRERPCR product frorhe

Shakefl mice wa thensequened.
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For the PCR reactiddNA was extracted from either ear clips or tail sample using a lysis buffer
(25mM NaOH+0.2mM EDTBthylenediamine tetra acetic adjdand incubated at 95 for 1

hour. 40mM of TrisHCL was then added to each sample.

The PCR reactiomasset up with 1pl forward primer, 1ul reverse primer, 1@l 2xGoTaq
master mix, Jul dHO and 1l of either DNA or water (negative control). PCR primers and
protocols for each genotypare detailed inTable2.2. The PCR produstvere then run on a

2% agarose gel for 50 minutes at 120
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2.4 Auditory brain stem responses

Auditory brainstem responses (ABRs) are measured as a series of electrical waves. These
waves represent the activity of different populations of neurons along the auditory pathway.
The first wave is generated by the auditory nerve and consists mainlgpbdmses from the
IHCsThe ABR threshold is determintxlbe the lowest sound level that is required &icit a
response in the auditory brain steamd is used as a readout for IHC functfdsY. Jeng et al.,

2021)

ABRs were recosttl from knockout or mutant mice and their littermate controls between
P18 and P35 This age range was chosas this wasvhere we saw a decrease tine size of
MET current For ABR recordings mice were anaesthetised (as desdnissttion2.2). The

depth of anaesthesia was measured as loss of retraction reflex to a toe pinch. To record the

Ground Electrode

Reference Electrode

Figure2.1- Set up for recording open field auditory brainstem responses

A- Position of electrodes on mouse. Active electrode placed on vertex (red), reference elect
left bulla (blue) and ground electrode on right bulla (greenr)s@& up of ABR recording cham!

with the speaker (a) and hearing pad (b).
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ABR thresholds the mice were placed in a seprabf chamber (MA@ AcousticChamber,
IAC Acoustic UK) on a heating pad al@3A alibrated loudspeaker (MF35S Multi Field
Speaker, Tuckebavis Technologies, USAgsplaced 10 cm away from thmouseto deliver

the stimuli.

Two electrodes (reference and ground electrode) weseptl sulbutaneouslyunder the skin
behind each pinna and one active electrode was placedwganeouslyon the vertex(Figure

2.1) (Inghamet al., 2011) The stimuli given was tone bursts3t6, 12, 1824 and 3RHz and

clicks at 0.01msThe stimuli sound pressure level increased in steps of 5 dB SPL, up to 95 dB
SPL. Tone bursts lasted 5 ms with a 1 ms on/off ramp time and were presented at a rate of
42.6 st

Evoked responses were amplified, thenitizgd and bandpass filterdaktween300-3,300Hz.
¢CKS ! . wQa $6SNBE NBO2NRSR lFa Fty FT@SNY3IS 2F Hp

threshold was determined as the lowest stimsintensity that generated an ABR waveform.

2.5 Distortion Product Otoacastic Emissions

Distortion product optoacoustic emissions (DPOAES) are the sounds generated when the
cochlea is stimulated by two pure tones (f1 and f2). These tones produce a distortion of
sounds in the cochlea, this generates acoustic signals at a feegeiency. This acoustic signal

is related to the electromotilityyf OHCsnd is a good indication of OHC functidsichna et

al., 2003)

Mice were anesthetised for DPOAESs as described above and placed in a soundproof chamber.
Two pure tones were presésd directly into the left ear canal of the mouse using 3cm plastic
tubes connected to two calibrated loudspeakers. The tones were presented at a ratio of
f2/f1=1.2. The f2 tones were presented @t 12, 18 and 2dHzat an increasing range of
decibels fromD-65 dB SPL in steps of 5dBeeamplitude of thefl tone was set to be equal

to the f2 tone.

The DPOAE threshold was determined to be at the lowest stimuli level that evokeda 2f1

response that was two standard deviations above the mean noise(&elJeng et al., 2021)
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2.6 Tissue dissection

For the dissection mice were culled by cervical dislocation and the cochlea was removed from
the temporal bone. All dissectisnwerecarried out in cold extracellular solutidiiable2.3)

under a dissecting microscope. The bone surrounding the cochlea was then removed using
forceps to expose the spiral shaped cochlea inside. Stha vascularis was then removed,
revealing the organ of Corti along the edge of the spiral. The apical coil was removed from
the modiolus and transferred to a chamber filled with extracellular solution. In the chamber
the cochlea was fixed in place wrda nylon mesh. Lastly the tectorial membrane was

removed to allow access to hair cells underneath.

2.7 Single cell electrophysiology

After dissection, the cochlea was placed in a specially designed chamber and the cochlea was
fixed in place with a nylon mesh. The chamber was placed on a rotating stage attached to an
upright microscope (LEICA DM LFS, Leica Instruments, UK.). The mp&vwason an anti
vibration table (TMC, USA) contained iRaaaday cage to prevent electrical noise interfering

with the electrophysiological recordings.

Solution flowed over the chamber at 8ml/min controlled using a pumpef@armer, USA).
The positionof the recording pipette was controlled using a micromanipulator (PatchStar,

Scientifica, UK). Position of electrodes and pipettes used capdreinFigure2.2.

All recordings were carried out at room temperaturéd{22°Q. To access the hair cells the
surrounding supporting cells were removed with positive and negative pressure applied by
the cleaning pipette. A patch pipette was positioned in therabar, near to the hair cells.

The patch pipette was filled with intracellular solution. The composition of the intracellular
solution depended on the experiment being carried @atracellular solutioncompositions

are detailedin Table2.4, Table2.5, Table2.6 and Table2.7). Once the pipette was close
enough to the targetectell, a negative pressure was applied to form a seal with the cell
membrane. The resistance of the seehsaround IDK® ¢ KS OSffta oSNB
holding potential 0of80 mV.
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All recordings were taken in thehole cellpatchingconfiguration. For whokeell recordings
light suction was applied to break the section of cell membrane attached to the pipette.
Breaking the membrane meathe inside of the pipettevascontinuous with the cytoplasm

of the cell andcurrents from the ente cell could be mesured

Acquisition of data was controlled by pCLAMP software (Molecular Devices, USA) using
Digidata 1440A. The membrane potential was corrected for voltage drop across series
resistance after compensation of @0%.The recordings werlow-pass filtered a0.50r 1kHz

with a Bessel lovpass filter and sampled at 5 kHz. Data was then stored on a computer for

off-line access.
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Figure2.2- Setup used forelectrophysiological recordings

A, Microscope and micromanipulators used for patdamping.
B, Close up view of electrodes and pipetteatch pipette (pink), ground electrode (blue)eaning

pipette (green), fluid jet (yellow)
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2.7.1 Recording pipete

Patch pipettes were pulled from soda glass capillaries (1413027, Hilgenberg, Germany) using

a pipette puller (Narishige Instruments, Japan). Pipettes were coated with wax (Mr Zoggs
SexWax, USA) to reduce fast electrode capacitance transients. Thenesisfahe pipettes

was between #a K® C2NJ SELISNAYSy (& LALISGGS&(TabIE NS FA
2.4, Table2.5, Table2.6, Table2.7).

2.7.2 Cleaning pipette

Cleaning pipettesvere pulled from borosilicate capillary glass {3062, Harvard Apparatus,

UK) using a pipette puller. The diameter of the cleaning pipettes was abouh.1The
pipettes were filled with extracellular solutigitable2.3) then attached to a syringe to apply
suction and clean the cells. Cells around the target hair cell were removed by the cleaning

pipette to allow the recording pipette access to the cell.

2.7.3 MET recording

For MET recordings a fluid jet was used to stimulate the hair bundle. The fludaget
comprised of a borosilicate glass pipette (b diameter) driven by a piezelectric disKKros

et al, 1992) The fluid jé was filled with extracellular solutiofTable2.3) and positioned
above the modiolar side of the cochlea, around I from the hair bundleFor all MET
currentexperimentsthe recording pipette was filled with CsCl intracellular solutiod éble

2.4). Once the patch pipette was in a whole cell configuration, stimuli was applied as a 45Hz

sinusoid (filtered at 0.5kHz) with a driving voltage:édV.

Positive pressure from the fluid jet pushed the steec#ia towards the tallest row and opened
the MET channels, mimicking anvivoexcitatory stimulus. Negative pressure sedKluid

into the pipette and pukdthe stereocilia in an inhibitory direction, closing the MET channels.

2.7.4 Solutions
Extracellulasolutions were made to be similar to the physiological solution that bathes the

basolateral membrane of the hair cell. This solution was used for dissection of the cochlea
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and bathing the cochlea during electrophysiological experiments. The compositithe of
extracellular solution is shown belawTable2.3. Aminoacids(50X)(11133036, Gibco, USA)
and vitamins(100X)(11126037, Gibco, USA) were addemthe extracellular solutiorasa
supplement.The pH of the solution was adjusted as required using 1M NaOH. The final

osmoldity of the solution was between 36809mOsm/kd0.

Chemical Final mMm
NaCl 1M 135
CaCl, 1M 1.3
KCI 5.8
MgCl, 1M 0.9
HEPES 10
Glucose 5.6
NaH,PO, 0.7
NaPyruvate 2
pH 7.48
Osmolality 308mOsm/kg H,0

Table2.3- Compositionof extracellular solution

For MET current recordings a Cb@sed intracellular solution was used to reduce the
contribution of potassium current€aesium blocks thargeBKpotassium currentallowing
the MET current to be seen more clearfyre composition of the solution is tdéled belowin
Table2.4. ThepH of the solution was adjusted using 1M CsOH. The solutions final dgynola
was 288292mOsm/kd-0.
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Chemical Final mM

CsCl 131
Na,Phosphocreatinine 10
MgCl, 3
Na,ATP 5
HEPES 5
CsOH-EGTA0.1M 1
pH 7.29
Osmolality 290mOsm/kg H,0

Table2.4- Composition of Cs@tracellular solution

Tomeasure the basolateral current, the patch pipette was filled with KCl intracellular solution
(seeTable2.5). The pH of the solution was adjusted usingl®H. The final osmdiéy of the
solution was between 29294mOsm/kgH.0.

Chemical Final mM
KCl 131
Na,Phosphocreatinine 10
MgCl, 3
Na,ATP 5
HEPES 5
KOH-EGTA 0.1M 1
pH 7.28
Osmolality 293mOsm/kg H,0

Table2.5- Composition of KOhtracellular solution

51



¢2 YSIadNBE GKS a9¢ OKIyySftQa aSyardArgrade
intracellular solution containing either 1iM (Table2.6) or 5mM (Table2.7) BAPTABAPTA

is a calcium chelator and was used to remove calcium from the intracellular environment of
the cell. The pH of the solibn was adjusted using 1M CsOH. The final osiilaf the
solution was either 2920sm/kgH0 (5mM) or 293nOsm/kgH0 (0.1mM).

Chemical Final mM
CsCl 131
Na,Phosphocreatinine 10
MgCl, 3
Na,ATP 5
HEPES 5
K,BAPTA 0.1
pH 7.28
Osmolality 292mOsm/kg H,0
Table2.6- Composition of CsCl intracellular solution with 0.1mN
BAPTA
Chemical Final mM
CsCl 122
Na,Phosphocreatinine 10
MgCl, 3
Na,ATP 5
HEPES 5
K,BAPTA 5
pH 7.28
Osmolality 293mOsm/kg H,0

Table2.7- Composition of CsCl intracellular solutic
with 5mM BAPTA

52

02



2.7.5 Data analysis

All data was analysed using Clampfit software (Molecular Devices, USA) and OriginPro
(OriginLab, USA). The holding current was analysed in ClampéteasMET current size,
resting open probability, total steady state currefiknand k current were dlanalysed using
OriginPro. The total steady current was measured between-1IBEms from onset of
depolarising voltage step¥he kncurrent was measured as the difference between the peak
current and the steadgtate current at-124mV (Marcotti & Kros,1999) The k current is
measured as the difference betwedine size of thesteadystate outward Kcurrent at OmV
andthe holding potential of84mV (Jeng et al., 2021for the MET current recordinghd
resting open probability was obtained by measgrihe difference in current size during the
saturated inhibitory stimuli and at rest. This was then taken as a percentage of the total
current size All the membrane potentials were corrected for the liquid junction potential of

-4mV for chloride based imacellular solutions.

Statistical analysis was carried out using Prism software (GraphPad Software, USA). Statistical
comparisons between data sets were made usstgdentst-tests andtwo-way ANOVA
followed by ~ N Rrhujtiple comparisons posdest, where P<0.05 indicated statistical

significance. Twavay ANOVA was used for comparisons between genotype and age group.

2.8 Immunofluorescence microscopy

Cochlea were dissected from the skull of mice older than P8 and were perfused1Wiihl

of 4%PFA(paraformaldehyde)to improve the efficiency of fixation. Small holes were made
in the apexof the cochlea and PFA was gently pushed through the round and oval window
using a pipette tip. The sample was then fixed in 4% PFA for twenty minutes at room

temperature.

The sample wasen washed three times in 1X PBS at room temperature for 10 minutes each.
Once the cochlea was dissected out of the bony shell it was transferred to an Eppendorf cap
filled with 200ul of 1X PBS. The PBS was replaced with PB%I Tftdn XL00 in PBS)
supplemented with 5% normal goat serum (#31873, Invitrogen) and incubated for one hour

at room temperature.
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The blocking solution was replaced with 100ul of primary antibody diluted in PBST containing
1% of serunand incubated overight at 37°Cfor concentrationseeTable2.8). The primary
antibody was replaced with secondary antibody for one hour at 36tC€¢ncentrations used

seeTable2.9). The sample was washed three times with 1X PBS for 10 minutes.

The samples were mountedth VECTASHIELDXBD0, VECTOR Labs). Confgages were
obtained using the Zeiss LSM &860yscan confocal microscopenages were processed using

Fiji ImageJ software.

Primary antibody Source-Isotype Concentration Serial number

Gifted by Guy

CDH-23 Rabbit 1:50
Richardson
Proteus BioSciences
Myosin 7a Rabbit 1:500
25-6790
) ) _ Gift from Saaid
Harmonin Rabbit 1:200 Safieddine
Table2.8- Concentration of primary antibodies
Secondary antibody Concentration Serial number
Goat anti-rabbit Texas Red 1:1000 A21245
Goat anti-rabbit Alexa 488 1:1000 Thermo Fisher A11034
Goat anti-rabbit Pacific blue 1:1000 Thermo Fisher P10994
Phalloidin Texas red 1:400 Thermo Fisher T7471
Phalloidin Alexa 488 1:400 Thermo Fisher A12379
DAPI 1:1000 Merck Sigma 10236276001

Table2.9- Concentration of secondary antibads
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2.9 Scanning electron microscopy

Cochlea were removed from the skull then fixed for two hours in 2.5% glutaraldehyde, 0.1 M
sodium cacodylate buffer and 2mM CaCl. Tormup efficiency of fixation, cochlea from mice

older than P8 were perfused with fixative through the round and oval window. The samples
were then washed in 0.25% glutaraldehyde three times for 10 minutes. The bone and stria

vascularis were removed to expothe hair cells.

1% osmium solution was made by diluting 0.1g of osmium in 10ml 0.1M Na cacodylate/2mM
CacCl solution. The sample was incubated in osmium for 1 hour then washed three times in Na
cacodylate for five minutes. Then incubated in a 95% satdratsolution of
thiocarbohydrozide (TCH) in distilled water for 20 minuteen washed six times in distilled
water for three minutesincubated in osmium for two houtben washed six times in distilled
water for three minutes Incubated in TCH for 20 mitas then washed six times in distilled
water for three minutes. Incubated in osmium for two hotiten washed six times in distilled
water for three minutes. The sample was then left in 75% ethanol overrfiginness &
Hackney, 1986)

The next dayhe sample was dehydrated througin ethanol series (80%, 90%, 100%, 100%
dry). The sample was left for 10 minutes in each ethanol concentration. Then the sample was
dried with a Leica EM CPD300 critical point dryer and imaged at 10kv with a Tescan Vega3

LMU dectron microscope.
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Chapter 3 Electrophysiological
properties and morphology ohair cells

INn the Shakerl mouse
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3.1Introduction

One mouse model that has been widely used to understand the role of myosin 7a is the
Shakerl mouse.TheShakerlY2dza S 61 a FANE(G RO BoRINRAJOGRIBS A Y
These mouse show deafness, hypetivity, headtossing and circling, whiclare all
characteristics associated with a defect in the inear. They noted that the heatbssing
begana few days after birthThe mice started to become deaf at-2@ days old, although

this was only measured with a startkest, which is a very crudeay toassess hearing function
(Lord & Gates, 1929)

The Shakerl mouse has a mutation in the gene orthologous to the human myosin 7a gene
and the Shakerl mouse replicates many of the symptoms of Usher syndroHosvever, in

the Shakerl mouse there is no degeneration of the retiffdasson, Gillespie, et al., 1997; Self

et al., 1998) which ispresent inhumansaffected by the mutationMathur & Yang, 2015)

The absence of retinal degeneration in tBhakerl mouse can be explained layfferences

in myosin 7a expression in the visual system between mice and primates. In humans and
macaquesmyosin 7a is expressed in the inner segment of photoreceptors. Whereas, in mice,
myosin 7a is mainly expressed in the retinal epithelial pigm(@atabro et al., 2019; El
Amraoui et al., 1996)

In the Shakerl mouse there is a R502P missense mutation in the myosin 7a pr(sed
Figure3.1) (Gibson et al., 1995)The Argh02 residue is located in the activation loop of the
protein, between the Q and R heliceBhe activation loop is located in the motor domain of
myosin 7aXiong et al., 2018)'he motor domain contains thectin bindingsite and ATPase
activity of myosin 7a(Doran & Lehman, 2021Yhe activation loop interacts with the N
terminal of actinand is thought to be involved imitiating force generation on the actin
filament(Varkuti et al., 2012)t is likely that theShaker1 mutation changes the conformation
of the activation loop and thatchanging the conformation of the activation loop affeitts

movementand its ability to hydrolyse ATRoureux et al., 2004; A. Xiong et al., 2018)
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Figure3.1- Location ofShakerl mutation on myosin 7a

This diagram shows the location of tBéakerl mutation in the myosin 7a proteirfA) The motc
domain of myosin 7a contains the actin binding reg{&).Stucture ofthe myosin 7a motor doma
showing the approximate location of th&rg-502 residuen the activation loop $hown ingreen

(Modified from Doran and Lehman, 2021

Hassonet al. (1997) looked at how theShakerl mutation affected mRNA and protein
expresson of myosin 7an one to three-month-old mice. As the sensory epithelium in the
inner ear was completely degenerated at this atj@as not possible toneasuremyosin 7a
levelsin this tissue Therefore, theyusedtissue from thekidney and testisas they also
express myosin 7a. The mRNA and protein expression ilthkerl mouse was equivalent
to wild type levels, suggesting thdhe hearing loss is not due to a lack of prot@iasson,

Walsh, et al., 1997

Selfet al. (1998)used SEM to look at the structure of the stereocilia bundle frem@ Rl & & Q
post birth (seeFigure3.2). They showed thatp to 15 days oldn the Shakerl mousethe
stereocilia develop normally and there is nsalganisation however there were only two

rows of stereocilia rather than the ualthree rows(Self et al., 1998)The loss of the third
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row of stereocilia could be caused by reduced tension in the tip links. At the lower tip link
density, it is possible that the MET machinery and the actin regulators share some molecular
componentsand the reduced tension in the tip link causes gi@rtening andoss of shorter

rows of stereocilia seen in thghakerl mice(Lefevre et al., 2008; Manor & Kachar, 2008)

Morphological studies of the cochlea, carried out by Deol (1996), showedhbadttucture

of the cochlea was normal until P12 and then it began to degenerate. After the onset of
hearing, the hair cells began to shrink, and the supporting cells lost their shape. Deol also
noted that the tectorial membrane started to curl up. Degestewn of the stria vascularis was

only noticed after degeneration of the cochléBeol, 1956) Even though the stria was
damaged it was still able to maintain the endocochlear potential in the 8éakerl mice

(Brown & Ruben, 1969)

Figure3.2- Scanning electron microscopy image showing morphology of 8tekerl hair bundle
at 15 days old

SEM of inner (left column) and outer (right column) hair cells at RAIB). control hair cells showir
three rows of stereocilia in the IHCs and OHGB) Shakerl hair bundlesshowing the loss of tt

third row of stereocilia in the IHCs and OHSEsilf et al., 1998)

A different study also found that heariragnd the hair bundlelevelops normally for théirst
few days thenfrom 12 days postnatal the hair cells rapidly deterioréaw Jr. et al., 1997)
Shnersonet al. (1983)used low magnification EM to look at how tl&hakerl mutation
affects maturation of theorgan of Cortiin older mice They found that maturation of the

organ of Corti was delayed and there was early degeneration. Also, the afferent innervation
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of the IHCsshowed advanced degeneration and by day 18 most of the afferent fibres had
degeneratedShnerson et al 1983) Kikuchi and Hilding (1965) alsaw degeneration of the
hair cells from day 12 and byweeksold all of the hair cells had degeneratd&ikuchi &
Hilding, 1965)

Selfet al. (1998)looked atcochleafunctionat P15 and P28nd found that tte Shakefrl mice

can still generate cochlea microphonic (CM) responses and summating potentials (SP). The
CM mimics the waveform of the sound stimuli and is proportional to the displacement of the
basilar membrane. SP is the direct current response ofdedls as they move with the basilar
membrane. This suggests thedme the hair cells are still able to depolarise in response to

soundand thatmutant myosin 7ds sufficient for the stereocilia to develop normally initially.

The CM wasnearly normal,desite lacking one row o©OHCstereocilia However,the SP
responsecould only be elicited at high sound intensitiend the compound action potential
(CAP) was abnormal. The CAP represents synchronous fidoghdéaneurons. This suggests

that myosin 7as needed for normal function of the hair ce{elf et al., 1998)

It was thoughthat myosin7a played a rie in transporting the sans and harmonin protein to

the upper tip link density and the reason tBéakerl mouse is deaf is that these proteins are

not localised correctly. However, in ti&hakerl mouse, staining for gosin 7a, harmonin

and sans shows thall three proteins are correctly located to the upper tip link density

P1213 Figure3.3). This suggests thatitber the Shakerl mutationR2 Say Qi I FFS O
transporting abilityof myosin 7aor there is another protein that is also responsible for

transporting these proteinéGrati & Kachar, 2011)
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Figure3.3- Immunostaning for Myo7a, harmonin and sans protein in&hakerl mouse

(A) SEM image of P13 Shakerl mouse OHC showing the loss of the third row of stereocilii
Immunostaining of P1:23 Shakerl OHCs for myosin 7a, harmonin and sans, showing that
three proteins still localise to the upper tip link density in theakerl mouse(Grati and Kachg
2011)

Another proposed hypothesis for tHéhakerl mouse deafness is that the mutation affects
the hydrolysis of ATP by myosin. 2donget al. (2018) found that ATP hydrolysis in tBeaker

1 mouse is two hundred times slower that in the wild type ahis hampers the motor
function of the protein. However, as the ATP binding site is on the opposite side of the protein
to the point mutation it is unclear how this mutation would affect ATP bindiigng et al.,
2018)

This chapter explores how ti#taker1 mutation affects the function and morphology of the

hair bundle and what this can tell us about the role of myosim#aechanotransduction
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3.2Results

3.2.1 TheShakerl mutation affects hearing thresholds

To measure the impact of tHéhakerl mutation on hearing thresholds, ABR recordings were
taken fromShakerl*- and Shaker1’- mice atP18(Figure3.4). At P18 theShakerl’- mutant

mice show a severe hearing impairmeat all frequencies tested (P<0.08:.way ANOVA,

~ A Ppbsttest), however they still have hearing at the higher dB SPL levels. This shows that

the Shaker1’- mutationis affecting hearing in this mouse model.

A B Shaker-1"*Shaker-1""
100 = = : o n=7
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Figure3.4- ABR recordings from th&hakerl mice at P18

(A) Mean ABR thresholds for clicks from cont&lakerl*- (n=7) and littermateShaker 1- mice
(n=7) at P18. (BABR thresholds for frequengpecific pure tone stimulationdm 3kHz to 30kF
from control Shakerl*- and littermate Shakerl’- mice. In theShakefl’- mouse the hearin
threshold is increased at all frequencies tested. Values are m&DP<0.05, posk 2 O { A |
following twoway ANOVA, anstudents ttest, (n=animals)Shakerl*- control (black) Shaker 1

(pink). Experiment carried out by Walter Marcotti and reproduced with consent.

3.2.2 TheShakerl mutation affects the morphology of the hair bundle

To determine at which point the hair bundléags to lose tle third row of stereocilia SEM
was carried out orshakerl mice at P6, P12 and P32. At P6 it is apparent that both the
third and second row o®HCstereociliais shorter in theShakerl mice than in the control

mice.For the IHCs, thereas no discernible shortening of hair bundle stereocilia at this age
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(Figure3.5). This shows that the shortening of stereocilia in the OHC hair bundle starts at a
very early ageThere is currently no accurate way to measure the length of stereocilia using
SEM. To get a precise measurement of the length and width of steredlcdiawould need

to be examined with transmission electron microscopy (TEM). Therefore, this experiment can

only indicate large changes in bundle morphology.

Shaker-1 +/-

Shaker-1 -/-

Figure3.5- SEM of apical section of F&hakerl cochlea

Scanning electron micrographs showing th#Csand OHCdsrom the apical coil of a (Aontrol
Shakerl*- (n=3)and (B) littermate Shaker 1- miceat P6 (n=3). In the contr@hakefl mouse the
arrows indicate the presence of the third row of stereocilia. In 8f@ker 1- mouse the arrow
shows the missing row of stereocilia in the OHC hair bundle. For the IHCs the arrows s

normal bundle morphology and presence of all rowstefeocilia.(n=animals).

At P12 as shown byselfet al., (1998, the third rowof stereocilian the OHCs has completely
disappeared For the IHCs, most hair bundles show no abnormalities, but a few show some

disorganisatior{(Figure3.6).

63



Shaken1-H-v

Shaker-1 -/-

Figure3.6- SEM of apical section of PI5hakerl cochlea

Scanning electron micrographs showing fieCsand OHCsrom the apical coil of a (Ajontrol
Shakerl*- (n=5)and (B)littermate Shaker 1- miceat P12 (n=6). The arrows in the control ime
show the normal bundle morphology with all three rows of stereocilia present. The arrows
Shaker 1- OHC image indicates the loss of the third row of stereocilia. Thevarr theShaker 1-

IHC image shows the presence of disorganisation in some hair bundles

To investigate whether #n stereocilia losgontinues as the mouse ages, further SEM was
done at P298B2 (Figure3.7). At this age, the OHC hair bundle looks similar to theghdRer
17'mouse in that there are stilltwo rows of stereocilia that look to be a similar length
However, in thdHCghere wasa marked difference compared to those at P12, with the third
and second row of sterailia disappearingThis suggests that, in thehaker ¥ mouse,
myosin 7a is needed for the maintenance of the hair bundle from an early agessdf IHC

stereociliahappens aftetoss ofOHCstereocilia
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A

Shaker-1 +/-

Shaker-1 -/-

Figure3.7- SEM of apical coil of a P2 Shakerl cochlea

Scanning electron micrographs showing tieCsand OHCdsrom the apical coil of a (Aontrol
Shakel*- (n=2)and(B)littermate Shaker 1- miceat P2932 (n=3). In the control images the arrc
show the normal morphology of the hair bundle with all three rows of stereocilia. ISkaker 1-

images the gows indicate the missing rows of stereocilia.

3.2.3 OHC MET current and restirogpen probabilityis affect bythe Shakerl mutation

As in the conditional knockout of myosin 7a, we investigated the function of the MET channel
in the Shakefrl model by measuring the MET current as the hair bundle is being displaced by
a piezo driven fluid jefsee Methods). When the bundles are displatmgards the excitatory
direction (towards the tallest stereocilia) there is a large inward current when a negative
membrane potential is applied. When the bundle is displaced towards the inhibitory direction
the channels open at rest are closed, removing testing open probability. As the OHCs are
depolarised, the MET current decreases in size as the electrochemical gradient driving ions
through the MET channel reduces. Due to the 1setective permeability of the MET channel

to cations, the current reveles around OmV. The current then becomes outwards and there
is a larger resting open probability at the positive membrane potent@atns et al., 2014)
Currentvoltage curves were obtained by stimulated the hair bundles while stepping the

membrane poéntial from-124mV to +99mV in 20mV steps.
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For this experiment the MET current was measured at a range of ages freth(P& P5, P7

and P8&he MET current in thehaker ¥- mouse is comparable to the control moug€igure

3.9).
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Figure3.8- MET current irShakerl OHCsat P9
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(A) saturating MET cuent in apical coiDHC$rom P9control Shakerl*- and littermate P%Shaker 1-

mice in response to the sine wastimuli at-124mV and +99mV. (Byverage ME currentvoltage

curves from P@ontrol Shakerl*- (n=16(10)) and littermateShaker 1- (n=9(7)) mice.Currentvoltage

curves were obtained by stimulated the hair bundlesile/lstepping the membrane potential fror

124mV to +99mV in 20mV step&alues are mean S.Q (n=cells (animals)$hake+l*-control (black’
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From P onwards therewas a steady decrease in the size of the MET curreritich is
significantly smalleat P9 and P1th the shaker ¥-mousecompared to the control mouse
(Figure3.8). Figure3.10 shows the steady dgine in the size of the MET current from P5
(P=0.77 2-way ANOVA; A Robsttest) to P9 (P=0.012-way ANOVA; A Robsttest) and
P10 (P=0.D, 2-way ANOVA; A Robsttest). This demonstrates that th8hakerl mutation

to myosin 7a disrupts the normal function of the MET channel.
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Figure3.10- Average MET current iBhakerl OHCdrom P5P10

(A)maximal size of the MET current in cont8ilakerl*”- and littermateShaker 1- mice at-124m\
at P5 and P'P10. At P5P7and P8&he size of the MET current in tighaker 1 is comparable t
the Shakerl*- mouse. From ®onwards the size of the MET current in tBeaker 1-is significantl
smaller and steady decreases in siz.85,2-6 I & | b h +! S-test ¥aRieslare mEafSiD
(n=cells) Shaker1*" control (black)Shaker 1-(pink).

It was expected that as there is no effect on tlesting open probabilityn the conditional
knockout of myosin 7a that this would also be the case inShakerl mouse. However,
Figure3.11shows the steady increase of thesting open probabilityn the shaker ¥-mouse,
from very small att99mVin the P5shaker ¥- mouse conpared to theP5 control mouse
(P=0.a, 2-way ANOVA; A Pésttest) to a size that is comparable toe control mice at P10
(P=0.992-way ANOVA; A Rpbsttest). Theresting open probabilitys significantly smaller
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in the shaker - mouse at P&t -124mV and +99m¥nd at P8at +99mV although it is not
statistically significantly smaller at P7. This could be explained by the large amount of

variation in the recordings at P7.
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Figure3.11- Average restingopen probabilty from Shakerl OHCdgrom P5P10

(A) size of MET restingpen probabilityfrom control Shakerl*- at-124mV and +99mV at P5 and
to P10. (B) size of restimgen probabilityfrom littermate Shaker 1-mice at-124mV and +99mV
P5 and P7 to P10. In the control mice tigen probabilitystays relatively constant across the as
In the Shaker 1" mice there is a steady increase in thgen probabilityfrom P5P10. R0.05,2-way
l bh+! 3 ~-feR Btatisticdpsiificance was msuredbetweengenotypesValues are me:

+S.D (n=cells)Shakerl*-control (black) Shaker 1-(pink).

3.2.4 Inner hair cell MET current is affected by ti&hakerl mutation

We also looked at the MET currentiffCgo compare them to what we see in ti@HCsIHCs
are longer and more prone to breakingp stimulating the hair bundle repeatedly at
increasing voltges makes it very difficult to get reliable recording$erefore, for IHCs
recordings the hair bundle was only stimulated at one voltage2dm\}. Figure3.12 shows
that the size of the MET current in tishaker - mouse is similar téhe control at P8/%nd
is smallerin the shaker ¥-mice atP12/13.Figure3.13 shows that there is no significant
difference between the MET current siz¢ P8/9 (P=0.45 2-way ANOVA~ A Robsttest,
Figure3.13). However, it is significantat P1213 (P=0.05 2-way ANOVA;~ A Roosttest,
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Figure3.13). Measuring the MET current at an older time pooduld show whether the

decline in MET current sim®ntinues

St S
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mV mV
=121 =121
50 ms 50 ms
< 40+ AAANRNA < 40-
5-40— 5-40— VVV VYV
. Shaker-1 +/- (P12) _ Shaker-1 -/- (P12)
mV mV
£ £
-1 i
50 ms 50 ms

Figure3.12- MET current inShakerl IHCsat P8/9 and P12/13

(A)Saturating MET current iapical coil IHCs from R®ntrol Shakerl*-and P8Shaker 1-mice ir
response to the sine wave stimuli @t24mV and +99m\(B)Saturating MET current in apical
IHCs from P12 contr@hakerl*-and P12Shaker 1-mice in response to the sine wasémuli at-
124mV and +99m\Shakerl*- control (black)Shaker 1- (pink). Experiment carried out by Adz

Carlton and reproduced with consent.
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Figure3.13- Average IHC MET current sizeR&9 and P1213

(A) MET current size at124mV from P& control Shaketl*- (n=9 (4)) and littermateShaker 1-
(n=8 (4)) mice and P13 control Shaketl*- (=29 (11)) and littermat&haker 1 (n=7 (3)) mice
P<0.05, 2vay ANOVA; A Béstitest. Values are meanS.D, (n=cells (animalsPhakerl*-control

(black),Shaker 1-(pink).Experiment carried out by Adam Carlton and reproduced with permis

Theresting open probabilitywvas al® investigated in the IHCs to determine whether the
increase iresting open probabilityize seen in the OHCs would also be seen in the IHCs. At
P89 theresting open probabilityn the IHCs is significantly smaller in #feaker ¥- mouse,
compared to the control mous@=0.0®, 2-way ANOVA; A Rpbsttest, Figure3.14), then

at P1213 the resting open probabilityncreases to becomparabé to the control mouse
(P=0.9, 2-way ANOVA; A Pposttest, Figure3.14). Thisincrease irresting open probability

over time in the IHCs isimilar to what is seen in the OHG@keit at a later time point.
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Figure3.14- Average METestingopen probabilityin IHCsat P89 and P1213
(A) restingopen probabilityat -124mV from P8/Zontrol Shakerl*- (n=9 (4) and littermateShake
17-mice (n=8(4)) and P1213 control Shakerl*- (n=29(11)) and littermateShaker 1- mice (n='
(3)). At P8/9 the restingpen probabilityis significantly smaller in th®haker 1- mouse. At P12/1
the restingopen probabilityin the Shaker 1~ is similar to the size in the control mousesOF05
studentst -test. Values are mean S.0Q (n=cells (animals)phakerl*- control (black)Shaker I’-

(pink).Experiment carried out by Adam Carlw@nd reproduced with permission

3.2.5 Effect of reducing intracellular calciuron the OHCMET current in theShakerl
mouseat P9

The calcium sensitivity of the MET current was measured inQR&susing intracellular

solution containing either 0.1mM or 5mM of BAPTA. The 5mM BAPTA intracellular solution

removes calcium from the internal environment of the c&emoving calcium fronthe

internal environment reduces adaptation of the MET channel and increases the size of the

resting open probabilityThis allows investigation into whether the calcium sensitivity of the
MET channel is affected by ttg&hakerl mutation. Figure3.15 illustrates the effect BAPTA

has on the size of theesting open probability
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Figure 3.15 Resting open probability in P9 Shakerl OHCs in the presence of differe

concentrations of BAPTA

The resting open probability (Po) of the MET currenOHCdrom both genotypes at the holdit
potentials (A) -121mVand (B +99mV at P9 in the presence of 5mM BAPTA in the intrac
solution.Shakerl*-control (black)Shaker 1 (pink).

In the control mice, using an intracellular solution containing 5mM BAIRT#ot significantly
increase thesize of thaesting open probabilitat-124mV(P=0.5;2-¢ | &
test) or +99mV (P=0.42:way ANOVA; A RBésttest). In theShake 17-mouse, using a 5mM

BAPTA intracellular solution caused a small increase in the sizereftitegy open probability
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1-124
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= VWY
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whichwasstatistically significant atl24mV (P=08 2-way ANOVA; A Fbsttest) but not
at +99m\V(P=0.37; 2vay ANOVA; A Beéditest, Figure3.16). This could be due to the larger

variation in data points at +99mitian at-124mV.
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Figure3.16- Average restingopen probability in P9 Staker-1 OHCsgn the presence of differer
concentrations of BAPTA

(A) Averageesting open probabhiy at P9 from controShakerl*- (0.1mM n=4(4), 5mM n=4(4))
and littermateShaker 1-mice (0.1mM n=T5), 5mM n=55)) at-124mV and +99mV in the presel
of 0.1mM and 5mM BAPTA. In both the control &dhker 1-mice using 5mM BAPTd not caus
an increase in the size of the restingen probability except in theShaker 1- mouse at-124mV.
P<0.05, % | & ! b dak poZttest Kalues are mean + S.=cells (animals)$hakerl*-control
(black),Shaker 1~ (pink).

The lack of significance in this experiment could be due to low n nunamersigh variation

in the data More recordings were not taken due to a lack of time to do further experiments.

There is a trend toward a highegsting open probabilityvith the 5mM BAPTA intracellular

solution, so increasing the n numbers could make the results of this experiment more

significant. Overalll & GKS pYa .!t¢! RARYQdOG AYyONBIas

mice, it is difficult to conclude anything from this experiment.
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As discussed in the previous @ter, myosin 7a is closely associated with harmonin in the

MET current machinery. To investigate whether 8tekerl mutationaffectsthe localisation

of harmonin, immunostaining was carried out in tB&akerl mouse for harmonin aP15

(Figure 3.17). In the shaker ¥ mouse at P15 harmonin still localises to the stereocilia,
suggesting that th&hakerimutr G A 2y R2Say Qi I F¥FSOG t20Ft A&l G,

Shaker-1 +/- Shaker-1 -/-

A g
-2 { »

Phalloidin Harmonin

Figure3.17-TheShakerl Y dzi I G A2y R2SayQd | FFSOG GKS f 2
Immunostaining apical coil OHCs frqi) Shakerl*- (n=5) and (B) Shakerl’- (n=2) mice witr
phalloidin and harmoninHarmonin can be seen in the OHC stereocilia in both the contrc

Shakerl’-mouse imagedmages are summed intensity projections of a confocal z stack ima
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3.3 Discussion

This chapter covers detailed investigation into the effect of th&hakerl mutation on
mechanotransduction and the morphology of the hair bundle. Bhakerl mutation is a
point mutation in the area of the myosin 7a protein that binds to adtins already known
that the Shakefl mutation affects the morphology of the hair bundle, but so far no work has

been done on how mechanotransduction is affected in this mouse.

The Shakefl mutation causes hearing impairment in these mice, as seen in the increased ABR
thresholdat P18l 2 4 SOSNE (G KS YAOS 6SNB y20 O02YLX SGHST ¢

age point would show whether the hearing continues to deteriorate as the mouse ages

TheShakerl mutation also affects the morphology of the hair bundle, suggesting that myosin
7a protein is needed for proper development of the hair bundle. Whthmutatedmyosin 7a
protein there is gorogressive disappearanad the hair bundle. At Péhere is shortening of

the second and third stereocilia in the OHCs and by P12 the third rostecéocilia has
disappeared completely. At one month, the morphology of the OHC hair bundle looks quite
similar to the P12HChair bundle.This suggests thdhat the rate ofstereocilia losslows
down after P12. SEM at older ages is needed to see if the hair blosdle the final row of

stereocilia

In the IHCs the hair bundle looks normal at P6. At P12 there are some hair bundles that look
disorganised, but most have a normal morphology.one month old the second and third

row of stereocilia have disappeared skemsthat the progression of degeneration is slower

in the IHCs than in the OHCs.

The Shakerl mutation alsoaffects the MET current. At PB;7and P8 the size of the MET
currert in the shaker ¥~ mouse was comparable to trentrol mouse. However, from R8
P10 there was a steady decline in the size of the MET current. Thigndénaites that the
Shakefl mutation affects theMET current in hair cellWhen theresting open proability
was measured, it was observed thhe resting open probabilityvas close to zerat P5P8in
the shaker ¥- mouse However, at P9 and P10 the esinf the resting open probability
returnedto a normal size. This effect was unexpected, and it issanalhy theresting open
probability would be close to zerat the younger ages and thencrease to anormal sized

resting open probabilityas the mouse age
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This increase iresting open probabilitgize as the mouse ages is also seen in the IHCs, with
the resting open probabilitypeingvery close tozeroat P89. Then at P1A3 theshaker 1-
mice had a normal size@sting open probabilityAs this effect is seen in both the OHCs and

IHCs it seems more likely that this is a real phenotype.

The increase in MET current sfeem P5 to a normal level at P10 was surprising and it is not
clear what mechanism is behind this finding. One hypothesis is that this effect is linked to the
Tmcl and Tmc2 proteins. These are both proteins thought to make up the MET channel. Tmc2
is expressed early in development and is replaced by tmc1 from the end of the first postnatal
week (Kawashima et al., 2011The timing of the replacement of tmc2 by tmcl seems to
match with the timing of the changes fasting open probabilityn the shaker - mouse. If

this is the case, then it suggests that myosin 7a has a role in the exchange between tmc2 and
tmcl. It is not clear what that role could be or if there is another mechanism responsible

altogether.

To try and understand the effect dfie Shakerl mutation on the MET channel and resting
open probability, a high concentration of BAPTA was used to measure calcium sensitivity of
the MET channel at P9. Whilst the presence of BAPTA did increase the size of the resting open
probability in the Shaker 1 mouse at-124m\, there was no change in resting open
probability in the control mice at either voltage. This lack of sensitivity could be due to the
low n numbers used in this experiment, and the large variation seen in the data.
Unfortunately, there was not enough time during the project to increase the n numbers to
see if the results would reach significance. As the 5mM BAPTA did not increase the resting
open probability size in the controls it was not possible to reach any conclusions iregard

calcium sensitivity from this experiment.

The last aspect of this investigation was to look at how $iekerl mutation affects the
localisation of harmonin. In thehaker ¥ mouse there was no change to the localisation of
harmonin compared to theontrol mouse at P15. This suggests that the mutation in myosin

7a is not needed for the transport of harmonin to the upper tip link density.

In conclusion, th&Shakerl mutation affects hearing, mechanotransduction and morphology

of the hair bundle. Tisi demonstrates that theShakerl mutation affects thefunction of
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myosin 7a and that myosin 7a necessary for normal hearing and for normal development

of the hair bundle. Myosin 7& also necessary for the normal function of the MET channel
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Chapter 4 Electrophysiological
properties and morphology ohair cells
In a conditional myosin 7a knockout

mouse
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4.1 Introduction

4.1.1 Role of myosin 7a in hearing

Data from the constitutive myosin 7a knockout mice has shown that myosin 7a has a vital role
in hearingln the constitutive knockout mouse model, from P3, there is disorganisation of the
bundle, and the normal horsghoe shape is lost. In the constitutikrockout there was also

an abnormal gating of the MET channel dhd resting open probabilityvas close to zerat
hyperpolarising potentialgros et al., 2002)This suggestthat myosin 7a is involved in the

initial development of the hair bundle and gating the MET channel.

So far, allthe information we have gathered about myosin 7a is baseddata from
constitutive myosin 7a knockout modell. is possible that the phengpes seen in the
constitutive knockout mousere related to widespreaddegeneration of the hair bundles
rather than the role ofmyosin 7a itself. We have hypothesised that using a conditional
knockout to investigate the function of myosin 7a would gesilts that can be more clearly
interpreted. The conditional knockout would al$w®lp separate the role myosin faight

havein maintainingthe hair bundlefrom its role in hair cell development

Some preliminary work carried out in the Marcotti lab on caietial knockouts usecdhyosin
7a floxed mice crossed withyosin-15 cre (see Methods for detailsMyosin15 is a hair cell
specific proteinthat is only expressed from P4, so the hair bundleingially, allowed to
develop normally. This should avoid anyhenotypes caused bylisorganisation and

degeneration of the hair bundle.

Work by Carberlottet al. (2011)on another Usher 1 protein, sans (Ush1lg), showed that the
phenotypes in the constitutive knockout are different to the phenotypes seen in a conditional
knockout.For the constitutive mouse model they used a strain whdre mutation in the
Ushlggene arose spontaneously in the A/J mouse straidikkawa et al., 2003For the
conditional knockout, a Ushfy mouse was generated by targeting exon 2 of the gene. This
mouse was the crossed with a PGéte mouse, this meant that the protein would only be

knocked out from P4.

In the mouse with a constitutive knockout of sans there was profound postnatal
disorganisation of the hair bundle. Alstihe size and sensitivity of the MET current was

strongly reduced. However, in the conditional knockout, where thesgaotein wa knocked
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out from P4, there were stikome morphological defects to the stereocilia, and the MET
current was slightly smaller. However, there was no change to the sensitivity of the MET
current after stimulation of the hair bundle. This denstrates that not all the phenotypes in

the constitutive knockout ardirectlyrelated to the role of the sans prote{(€aberlotto et al.,
2011) Following on from this study it seemed possible that the phenotypes described from
the other Usher 1 constitive protein knockouts, such amyosin 7a, might also be due to

secondary degeneration of the hair bundle.

One hypothesi$or the role of myosin 7a that was investigated in this waskhat myosin 7a

is needed to transport other proteins involved in af&anotransduction to the upper tip link
density.For example, &rmonin is known to form a complex with myosin 7a and it is possible
that myosin 7a has a role in transporting harmonin along the stered@Biéihloul et al., 2010)
Immunohistochemical staing was carried out to investigate what effect the conditional

knockout of myosin 7a would have on harmotonalisation

Thiswork aimed to better understand the role of myosin 7a by using a conditional knockout
of myosin 7a. A combination of electroplgi®gical and morphological studies were carried

out to investigate what effect a conditional knockout of myosin 7a has on the hair cells.

4.1.2 Tecta mice

In order to understandhow the knockout of myosin 7a affedhe function and maintenance

of the hair bundle as the mouse ages, it was important to carry out electrophysiological
recordings past the onset of hearing (P12). Hfliewedus to measure the MET current at a
range of ages and determine whether thereasdecrease in MET size msting open
probability size. However, at the onset of hearing, the tectorial membrane (TM) becomes
attached to the tallest stereocilia @HCgseeFigure4.1). The tectorial membrane (TM) is a
piece of extracellular matrix that sits on top of the organ of corti and is essential for hearing.

When performing electrophysiology, the TM has to be removed to allow access to the hair
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cells. However, this causes damage to the OHC bundle and makes is exceedingly difficult to

get reliable MET current recordings.

Figure4.1- Tecta/ - mice are missing the tectorial membrane

(A,B)-Diagram showing the organ of corti in the \Mid Tectd mouse.(C,D) Toluidine blue
staining of apical senthin sections. In the WT the TM is attached to the spiral limbus, where
the Tectd-mouse the TM is detache(EF) Scanning electron microscopy image©sfCdrom
WT and Tectamice. In WT mice there is extra material on the tips of the taller rows of stere

(indicated by the arrowsHowever, this is not seen in the Tetteells(Jeng et al2021)

To get around this problem thielyo-7a’/:Myo15-cre’- mouse was crossed with the Tetta
knockout mouse. The Tectamice have a functionaiull mutation to thetecta gene. The
GSOGI LINRGSAY Aa | YI22N 02YLlRySyid 2F GKS
(J-Y. Jeng et al., 2021\Vithout the TM, MET current recordings can be obtained past the

onset of hearing.

Jenget al,, 2021investigated the properties of the Tecta mice to ensure the physiologatal d
obtained from them are still comparable to control mice. Electrophysiological recordings from
hair cells were taken to investigate whether the hair cells in Teotéce mature as normal.
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Mature IHCshave two characteristic ion channelgidnd kn In thelHCf Tectd" mice both
channels were normal. Matur®HCslso express thechion channeland this channelwas
found to be present ithe Tectd- mouseOHCs This shows that the hair cells in tlecta"

mice are functionally mature.

Themembrane properties of hair cells were also measured to ensure they act as normal. It
was found that the Tecta mice have a normal resting membrane potential and produce
normal voltage responses in current clamp recording conditi@tdCs could also proce a

large MET current whestimulated andshowed a normal resting open probabil{t}-Y. Jeng

et al., 2021)
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4.2 Results

4.2.1 Conditional knockout of myosin 7a affects hearing thresholds

In order to determine whether the conditional knockit (cKO) of myosin 7a causes deafness,
ABR and DPOAE recordings were carried ollgn-7a":Myo15-cre’- and Myo-7a'? mice

at P20, P226 and P3131.

l dZRAG2NE O0NIF AY &améadrethannied/eleSrical redponse @fznéurons
in the auditory pathway to sound stimuli. The hearing threshold is categorised as the lowest

sound intensity which generates an ABR waveform.

At P20, there was no difference in response to clicks or Horsts between 3 and 24kHz
between theMyo-7a'f:Myo15-cre*- mice and the control miceHowever, at 30kHz the ABR
frequency was significantly higher in tiyo-7a"" :Myo15-cre*-mice(P<0.01, 2-way ANOVA,
~ A Ppbsttest).

At P25, the hearing thresholdas increased at altequencies(P<0.05, 2-way ANOVA; A Rt |
posttest) except 30kHz(P=0.1Q 2-way ANOVA~ A Rdogttest). The lack of statistical
significance could be due to a lower nmiber at this time pointAt P30 the mice showed a
severe hearing impairmerdt all frequencies teste@®<0.05, 2-way ANOVA; A Ppbsttest;
Figure4.2).
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Figure4.2- Myosin 7a conditionalknock-out mice have progressively increased ABR thresh
from P25 to P31

(A) Mean ABRhresholds for clicks from contrdlyo7d/" and littermate Myo7d"":Myo15cre™
miceat P20, P226 and P3135. Response to click is normal in the cKO mice at P20. A6t
cKO mice have an elevated threshold. At831he cKO mice have no respe to click stimuli(B’
ABR thresholds for frequenspecific pure tone stimulation from 3kHz to 30kHz fraontrol
Myo7d"" andlittermate Myo7d/":Myo15-cre”- mice. At P20 there is no change in ABR threshc
any frequency in the & mice. P226 the cKO mice have an increased ABR threshold
frequencies tested. At P335 there is no ABR response at the lowest and highest frequencies
very small response at 12 and 10 kiRz0.05, posKk 2 O { A Rl { Q& (i ANOXK
Values are meant S. (n=animals) Myo7d” control (black), Myo7d/":Myo15cre”- (pink).

Experiment carried out by Walter Marcotti and reproduced with consent.
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Alongside ABRs, DPOAEs were recorded to measure the activity@ftheDPOAESs are the
distortion productions of sound produced in the inner ear. This distortion is the result of
electromotility of OHCsThis makes DPOAESs a good readout for the acai/®HCs

For the DPOAEs we sawimilarmprogressive loss of function as seen in the ABRs. At P20 there
was no change in DPOAE threshold between the conditional kmac&and control mice. At
P2526 the DPOAE threshold is increasad 24kHzin the Myo-7al:Myo15cre’- mice
(P<0.02, 2-way ANOVA~ A Rposttest). At P31 the DPOAE threshold was significantly
increased in theMlyo-7a'™:Myo15cre'’- mice atfrequencies from 1224kHz(P<0.05, 2-way
ANOVA;~ A Pbsttest; Figure4.3).

These results show that myosin igaessential for hearing and the conditional knack of

myosin 7a causes a progressive decline in function of inner and outer hair cells between P20

and P31.

Myo7a™™ Myo7a™ Myo7a™
Myo7a"Myo15-cre™” 5100 Myo7a""Myo15-cre*” 1005 Myo7a""Myo15-cre™”
* * 5 *
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Figure4.3- DPOAEfrom myosin 7a conditionaknock-out mice

A) DPOAE thresholds feontrol Myo7d'! andlittermate Myo7d"/":Myo15cre™- miceat P20, P24
y y y

26 and P31. The frequencies tested were 6 kHz, 12 kHz, 18kHz and 24kHz. The dashed lin

the upper limit of the system (80 dB SPL). AQ & DPOAE threshold in the cKO mouse was s

to the threshold in the control mouse. At P25 the cKO mice had a slightly increased DF
thresholdat 24kHz At P31 the DPOAE threshold in the cKO mice was greatly eleRat@®5, pos
K20 {ARI1Qa iwaaANOVA2\alued ard yiedS. M (G=Animals)Myo7d”! control

(black),Myo7d/":Myo15cre'’- (pink). Experiment carried out by Walter Marcotti and reprodu

with consent.
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4.2.2 Conditional knockout is successful at knocking out myosin 7a

To confirm the knockout of myosin //an apical section ofochlea (612kHz) from avyo-
7a"":Myo15cre”- and Myo-7a'! mousewas stained with a antimyosin 7aantibody, DAPI

was also used to stain the nucleus of the hair.@&IP13 there was greatly decreased myosin
7a staining in the cell body of the hair aca@impared to the control cochleaut there wasstill

some stainingoresent in the stereociliaHjgure4.4). The staining in the stereocilia could be
explained by a slower turnover of myosin 7a in the stereocilia than in the cell body of the hair

cell, meaning that myosin 7@mains in the stereocilia for longéranin the cell body

Outer hair cells

Myo-7a/"1l

Y a‘l,("'jl.' :

Myosin 7a DAPI ——=* Inner hair cells

:I'- Outer hair cells

}' Inner hair cells

Figure 4.4- Immunostaining showing knockout of myosin 7a itonditional knockout mouse
cochleaat P13

Myosin 7a DAPI

Myo-7a"f:Myo15-cre*’-

Immunostaining for myosin 7@green)and DAP([blue) on an apical cochlea coil at P13 fromr
control Myo7d/"" (n=2) and(B)littermate Myo7d"":Myo15cre*- (n=2)mice At P13 there is son

myosin 7a staining in the stereocilia of the cKO mice. Images are summed intensity projecti

confoa@l z stack image.
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At P20 there was no myosin 7a staining in the cell body or stereocilia oMty

7a"":Myo15cre”- mouse Figure4.5). These results show that the conditional knockout is

effective at knocking out myosin 7a at P20.

Outer hair cells

\arhabiShh it iid i Inner hair cells

Myosin 7a DAPI

Outer hair cells

Inner hair cells
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Myosin 7a DAPI

Figure4.5- Immunostaining showing knockat of myosin 7a inconditional knockout mousecochleaat
P20

Immunostaining for myosin 7@reen)and DAP(blue) on an apical cochlea coilR20 from (Axontrol
Myo7d"" (n=3) and (Bttermate Myo7d'":Myo15-cre’- (n=4)mice. At P20 there ino myosin 7a stainir

in the cKO mice. Images are summed intensity projections of a confocal z stack image.
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4.2.3 Conditional knockout of myosin 7a does not affect bundle morphology until later in

life
Inmouse models with a constitutive knockout of myosin 7a the hair bundle degersevery
rapidly. To compare this to the conditional knockout, the morphology of the hair bundles in
the apical coil were examined using scanning electron microscopy (SEM) at P15, Pa and 5
months. At both P15 and P30 there was no obvious change tmttphology of the inner or
2dzG SNJ KFANJ OSft t Myo7dl iIMio3cré’dmyoRske Figurke ¢.6). iHisSs
contrasted to the rapid disorganisation of the hair bundle seen in constitutive knockouts of
myosin 7a at this agéroset al., 2002) These results also suggest that hearing impairment
seen at this age is due to the knockout of myosin 7a, rather than degeneration of the hair

bundle

Myo 7oVl Myo7a/fi:Myo15-cre*/ Myo7a//fl Myo 7a™/f:Myo15-cre*/-

Figure4.6- SEM of inner and outer hair cells in P15 and P30 conditikmalck-out mouse

Scanning electron micrograph of apical coil of (A,B) &ifirol Myo7d” (n=8) andlittermate
Myo7d":Myo15cre”- mice (n=8) and (C,D) P3@ontrol Myo7d"™ (n=4) and littermate
Myo7d"1:Myo15cre’- mice (n=5). Arrows indicate normal morphology in both genotypes wi

three rows of stereocilia present in the IHCs and OHCs.
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In order to look at whether the morphology of the hair bundle degenerates as the mouse

ages, SEM was carried out os85month old mice. In these mice there was a clear
degeneration of the hair bundlm the Myo7d"":Myo15cre-mouse. Almost all of the hair

bundles were missing and there was fusion of the remaininghi#&dCbundles Eigure4.7).

¢CKA& adzZa3asSada GKFIG GKS (y2012dzi 2F Yeé2aiAy 1

myosin 7a could have a role in maintaining the bundle as the mouse ages.

Myo 71! Myo7a™f:Myo15-cre*/

Figure4.7- SEM of inner and outer hair cells in®&month old conditionalknock-out mice

SEM ofpical coil of (Ayontrol Myo7d"" (n=3) andB)littermate Myo7d"":Myo15cre”-mice(n=2
at 5-8 months. In theMlyo7d/™ images the arrows indicate the normal morphology of the IHC
OHCs with all three rows of stereocilia present. In thiyo7d'":Myo15cre”-images the arrown
indicate missing and disorganised stereocilia. e tHCs the arrows also indicate fusing

stereocilia.
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4.2.4 Conditional knockout of mgsin 7a causes progressive loss of the outer hair cell MET
current
Due to the localisation of myosin 7a in the upper tip link density, and previous work that has
shown that MET channel gating is affected in a constitutive knockout of myogir@set
al., 2002) we investigated whether the MET current would be affected in the conditional
knockout. To meaure thesize of theMET currentthe hair bundle was stimulated using a
piezo driven fluid jet, as described previously. To look at the progression of MET current
reduction the MET current was measured at a range of ages, from P7 to P2Tedtaé:
Myo7d"":Myo15cre”- was used for any MET current experiments over the onset of hearing
(P12) as this mouse does not have a tectorial membhrdimes allows for access to the hair
bundlespast the onset of hearingithout damaging them by removing the TMice with no
TMare ded, but they mature as normal andan still generate éargeMET curreniJenget

al., 2021)

In the P711 and P12 16 age ranges there was no difference in size of MET current between
the controlMyo7d/" mice andMyo7d/":Myo15-cre’- miceat any of the holding potentials

tested (Figure4.8)
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Figure4.8- MET current size in myosin7a conditionahockout OHCsat P716

(A) saturating MET cuent in apical coilOHCsfrom P7 control Myo7d"" and (B) Pl
Myo7d":Myo15cre”- mice in response to the sine wagtimuli at-124mV and +99mV. (@yeragt
MET currentvoltage curves from RIZ1 control Myo7d™ (n=27 (15) and littermate
Myo7d":Myo15cre- (n=26 (14)) mice. (D) average MET currembltage curves from P126
control Myo7d (n=18 (15)) and littermate Myo7d/™:Myo15cre”- (n=24 (15)) mice Current
voltage curves were obtained by stimulated the hair bundles while stepping the men

potential from -124mV to +99mV in 20mV step®alues are mearx S.D (n=cells (animals

Myo7d"" control (black)Myo7d/":Myo15cre”- (pink).
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Figure4.9 showsno significant decreas®IET current size at P71 in theMyo7d"":Myo15
cre’- mouse. AT P227 the MET current is much smaller in thlgo74d":Myo15-cre”- mice

mouse compared to the control mouse.

A B
i AVAVAYAVAVAVAVARRAVAVAVAVAVAVAVAVAVPLLN,

Myo7a™ (P26) Myo7a™"Myo15-cre”” (P24)

C ! (nA) D / (nA)

P17-P21 1.8 P24-p27 18
n=9 ] n=13 ]
e 12 Ty 12

V,, (mV) 8{ V, mv)

Figure4.9- MET current size in myosin7a conditionahock-out OHCsat P1727

(A) saturating MET cuemt in apical coilOHCsfrom P26 control Myo7d"™ and (B) P2
Myo7d"1:Myo15-cre- mice in response to the sine wagtimuli at124mV and +99mV. (Gyeragt
MET currentvoltage curves from P21Z1 control Myo7d (n=9 (7)) and littermate
Myo7d"":Myo15cre- (n=9(7)) mice. (D) average MET curremltage curvesrom P2427 contro
Myo7d"! (n=13(11)) and littermateMyo7d"":Myo15-cre*- (n=8(6)) mice Currentvoltage curve
were obtained by stimulatgthe hair bundles while stepping the membrane potential fret@4m\
to +99mV in 20mV stepd/alues are meart S.D (n=cells (animalsMyo7d”" control (black’

Myo7d"1:Myo15-cret’- (pink).
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Between the ages of P17l the decrease in MET current size in Mgo7d/":Myo15cre*-
mice, compared to the control mice, st significant at124mV (P8.24 2-way ANOVA; A Rt 1
posttest) or at +99mV(P=0.B, 2-way ANOVA~ A Rposktest). At P2427 there was a
significant decrease in the size of the MET current, compared to the cantoglat both
124mV (P<0. 2-way ANOVA; A Fpbsttest) and at +99m\P<0.a, 2-way ANOVA; A Rt |
posttest) (Figure4.10). The time point when thedecrease in MET current size seen

corresponds tavhen theincrease in ABR threshalslseerbetween P20 ané3Q

Myo7a™  Myo7a™Myo15-cre™ Myo7a™ Myo7a""Myo15-cre™
A e B 3_ RS n.s.
< < 26 ns
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Figure4.10- MET current size in myosin &nditional knockout OHCsat -121mV and +96mV

(A) maximal size of the MET current in control avgosin7d":Myo15cre*- mice at (A)124m\
and (B) +96mV at P71, P1216, P1721 and P2£7. P<0.05, postk 2 O { A Rl 1 Q&
way ANOVA. Values are mearS.D (n=cells) Myo7d"" control (black),Myo7d"":Myo15cre™

(pink).

In the constitutive knockout of myosin 7a it was shown that the MET channels @Hites
havearestingopen probabilityof zero(Kroset al, 2002) To compare this to the conditional
knockout theresting open prbabilitywas measured in the same way as described previously.
Despite the reduction itMET currentsize the size of thaesting open probabilityvas not
statistically significantly different between the control and mutant micel24mV or +96mV
from P7#P27 Figure4.11). This demonstrates that although the MET current is smaller, the

channels are still able timnction around their normal resting opengbability.
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Figure4.11- Open resting probabilityn myosin7aconditional knock-out OHCs

The resting open probability (Po) of the MET currenOHCsrom control andMyo7a":Myo15-
cre’-miceat the holding potential§A)-121mVand (B) +99m\Ihe Po was not significantly differt
between the two genotypes at any of the ages investigatéth P<0.05, postk 2 O { A F
following twoway ANOVA. Values are mean S. (n=cells) Myo7d'" control (black)
Myo7d"":Myo15-cre*’- (pink).

4.2.5 Reducing the intracellular calcium concentration does not affect resting open
probability in myosin 7a conditional knockout mice

To investigate the effect of the myosin 7a knockout on the calGemsitivity of the MET
channel, MET current recordings were measured using an intracellular solution containing
5mM of the calcium chelator 1;Bis(2aminophenoxy)ethand,N,N Nx-tetraacetic acid
(BAPTA) (solution composition detailed in Methods). Usimg ir#racellular solution
containing 5mM of BAPTA reduces the calcium concentration inside the cell. Reducing the
calcium concentration decreases adaptation of the MET channel, increasing the resting open
probability (Figure4.12). As stated previously, as these experiments were carried out in mice

older than P12, th@ectd": Myo7d/":Myo15-cre’-mouse line was used.
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