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Abstract
Mammalian cochlear hair cells are crucial for detecting sound stimuli and transducing them into electrical signals. The degeneration of hair cells and their innervation are some of the main pathologies associated with age-related hearing loss (ARHL), but the underlying mechanisms still are largely unknown. 
To better understand age-related changes in hair cell function, I performed in vivo physiological measurements and in vitro whole-cell patch-clamp and immunostaining experiments to build a profile for some of the morphological and functional changes occurring in aging mice. Voltage and current responses from inner hair cells (IHCs) and outer hair cells (OHCs) were performed at 1, 6 and 12 months in C57BL/6N (6N) and C57BL/6J (6J) mouse strains. These mice are a model for early-onset ARHL and have a single nucleotide variant in cadherin 23 (Cdh23753A), which is crucial for the function of mechanically-sensitive stereociliary bundles of hair cells. To investigate the possible effect of Cdh23753A, we compared the above two mouse strains with C3H, which express Cdh23753G, and 6N-Repaired mice, in which Cdh23753A in C57BL/6N mice has been replaced with Cdh23753G using CRISPR/Cas9. 
The results from my PhD thesis show no hair cell deficits in all mouse strains at 1 month. At old ages, the hearing thresholds were elevated and more variable in 6N and 6J mice, compared to C3H and 6N-Repaired mice, suggesting that Cdh23753A directly contributes to the hearing phenotype in these aged mice. However, I found that several other age-related changes in hair cells, including loss of OHCs, decrease in hair cell surface area, efferent re-innervation of IHCs and loss of afferent synapses, were occurring at around the same time in both the early- and late-onset mouse strains. I also found differences between C3H and Repaired mice, and between 6N and 6J mice, suggesting that genetic background difference is also likely to influence ARHL.
Contents

iAcknowledgements


iiiAbstract



ivContents



viiList of Figures


xiList of Tables



xiiAbbreviations


1Chapter 1 - General Introduction


21.1. The mammalian auditory system and sound perception


31.1.1. The structure of the mammalian cochlea


91.1.2. Development of cochlear hair cell function


151.1.3. Neural connections of hair cell


201.2. Age-related hearing loss


201.2.1. Classification of age-related hearing loss.


221.2.2. Mouse models for studying age-related hearing loss


231.3. Cochlea damage in ARHL


231.3.1. Noise-induced cochlea damage


251.3.2. Hair cell death in ARHL


271.3.3. Involvement of Cdh23 in hearing loss


31Chapter 2 - General Methods


322.1. Ethics Statement


322.2. Animals


322.3. Auditory brainstem response


342.4. Distortion product otoacoustic emissions


342.5. Single-cell electrophysiology


342.5.1. Experimental set-up


362.5.2. Experimental solutions


372.5.3. Recording pipette


372.5.4. Cleaning pipette


382.5.5. Tissue preparation


402.5.6. Whole cell patch-clamp recordings


402.5.7. Extracellular superfusion


432.6. Data analysis


442.7. Immunofluorescence microscopy


46Chapter 3 - Hearing loss in age-related hearing loss mouse models


473.1.  Introduction


483.2. Results


483.2.1. The effect of the Cdh23753A variant on hearing thresholds


573.2.2. Cdh23753A affects cochlear amplification


603.3. Discussion


62Chapter 4 - Electrophysiological characteristics of OHCs in aging mice


634.1. Introduction


644.2. Results


644.2.1. Current responses of outer hair cells


764.2.2. The surface area of hair cells changes with age


794.2.3. Resting membrane potentials did not change with age


814.2.4. Cdh23753A did not influence OHC loss with age


854.3. Discussion


88Chapter 5 - Electrophysiological characteristics of IHCs in aging mice


895.1. Introduction


905.2. Results


905.2.1. Current responses of inner hair cells


1035.2.2. Cell surface area changes with age in IHCs


1095.2.3. Resting membrane potentials did not change with age


1115.2.4. Ca2+ current in inner hair cells with age


1155.3. Discussion


119Chapter 6 - Efferent and afferent innervation of hair cells in aging mice


1206.1. Introduction


1216.2. Results


1216.2.1. The number of afferent terminals decreases with age.


1286.2.2. Efferent innervation at 15 months


1346.2.3. Functional analysis of efferent innervation of aging hair cells


1406.3. Discussion


1406.3.1. Afferent loss in aging mice


1416.3.2. Efferent loss in OHCs and efferent re-innervation in IHCs.


144Chapter 7 - General Discussion


1457.1. How might Cdh23753A influence hearing?


1467.2. Aging of hair cells


1467.3. Could the changes in hair cells with age being a compensating mechanisms to preserve the progressive hearing loss?


1467.4. Strain differences in ARHL


1467.5. Technical considerations and future work


1467.6. Conclusion


146Bibliography





List of Figures
2Figure 1.1:   Anatomy of the auditory system in humans.


5Figure 1.2:   Cross section of the cochlea.


6Figure 1.3:   The basilar membrane in an unrolled mammalian cochlea.


8Figure 1.4:   Auditory sound localization circuits in the mammalian brainstem.


10Figure 1.5:   Development and structure of hair bundles of mammalian hair cells.


13Figure 1.6:   Developmental changes in hair cell physiological properties.


16Figure 1.7:   Innervation of hair cells.


19Figure 1.8:   Post-hearing mammalian olivocochlear efferent system.




33Figure 2.1: Experimental set-up for auditory brainstem response recordings.


35Figure 2.2: Set-up for distortion product otoacoustic emissions.


37Figure 2.3: Set-up for single-cell electrophysiology.


41Figure 2.4: Tissue preparation for whole-cell patch-clamp electrophysiology.




49Figure 3.1:   Hearing thresholds determined by ABR waves.


50Figure 3.2:   ABR thresholds in 6N, 6N-Repaired and C3H male mice at 1 month.


52Figure 3.3:   ABR thresholds in 6J, 6N, 6N-Repaired and C3H mice at 12–14 months.


53Figure 3.4:   Comparison of ABR thresholds between genders at 12–14 months.


54Figure 3.5:   ABR thresholds in 6J, 6N, 6N-Repaired and C3H male and female mice at 12–14 months.


58Figure 3.6:   DPOAE thresholds in 6J, 6N, 6N-Repaired and C3H male mice.




65Figure 4.1:   Current responses in OHCs from male 6J, 6N, 6N-Repaired and C3H mice at 1 month.


66Figure 4.2:   Current responses in OHCs from female 6N, 6J, 6N-Repaired and C3H mice at 1 month.


68Figure 4.3:   Comparison of current responses in OHCs between strains and genders at 1 month.


69Figure 4.4:   Peak current responses in OHCs between strains and genders at 1 month.


70Figure 4.5:   Currenresponses in OHCs from male 6J, 6N, 6N-Repaired and C3H mice at 12 months.


71Figure 4.6:   Current responses in OHCs from female 6J, 6N, 6N-Repaired and C3H mice at 1 month.


72Figure 4.7:   Currents in OHCs between strains and genders at 12 months.


73Figure 4.8:   Peak current responses in OHCs between strains and genders at 12   months.


74Figure 4.9:   Changes in current responses in OHCs from 6J, 6N, 6N-Repaired and C3H mice with age.


75Figure 4.10: Changes in current responses in OHCs from 6J, 6N, 6N-Repaired and C3H mice with age.


77Figure 4.11: OHC membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.


78Figure 4.12: OHC current density in 6N-Repaired and C3H mice with age.


79Figure 4.13: Resting membrane potential in OHCs in 6J, 6N, 6N-Repaired and C3H mice.


80Figure 4.14: Resting membrane potential in OHCs in male 6J, 6N, 6N-Repaired and C3H mice with age.


82Figure 4.15: Expression of prestin in hair cells from 6J and 6N mice with age.


83Figure 4.16: Expression of prestin in hair cells from 6N-Repaired and C3H mice with age.


84Figure 4.17: OHC numbers in 6J, 6N, 6N-Repaired and C3H mice with age.





94Figure 5.1: Current responses in IHCs from male 6J, 6N, 6N-Repaired and C3H mice at 1 month. ……………………………………………………………………………………..


95Figure 5.2: Current responses in IHCs from female 6J, 6N, 6N-Repaired and C3H mice at 1 month.


96Figure 5.3: Comparison of current responses in IHCs between strains and genders at 1 month.


97Figure 5.4: Current responses in IHCs between strains and genders at 1 month.


98Figure 5.5: Current responses in IHCs from male 6J, 6N, 6N-Repaired and C3H mice at 12 months.


99Figure 5.6: Current responses in IHCs from female 6N, 6J, 6N-Repaired and C3H mice at 12 months.


100Figure 5.7: Comparison of current responses in IHCs between strains and genders at 12 months.


101Figure 5.8: Peak current responses in IHCs between strains and genders at 12 months.


103Figure 5.9: Changes in total steady currents in IHCs from 6J, 6N, 6N-Repaired and C3H mice with age.


104Figure 5.10: Size of IK,f in IHCs from 6J, 6N, 6N-Repaired and C3H mice with age.


107Figure 5.11: IHC membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.


108Figure 5.12: IHC current density in 6J, 6N, 6N-Repaired and C3H mice with age.


109Figure 5.13: Correlation between total steady current and cell membrane capacitance from IHCs in 6J and 6N mice at 6 months.


110Figure 5.14: Normalization of IK,f to cell membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.


111Figure 5.15: Resting membrane potential in IHCs in 6J, 6N, 6N-Repaired and C3H mice.


112Figure 5.16: Resting membrane potential in IHCs in male 6J, 6N, 6N-Repaired and C3H mice with age.


113Figure 5.17: ICa in an IHC from a 6N female mouse at 1 month.


115Figure 5.18: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice at 1 month.


116Figure 5.19: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice at 12 months.


117Figure 5.20: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice as a function of age.




122Figure 6.1:   Ribbon synapses in 6J, 6N, 6N-Repaired and C3H OHCs.


123Figure 6.2:   Ribbon synapses in 6J, 6N, 6N-Repaired and C3H OHCs.


126Figure 6.4:   Number of ribbon synapses in 6J, 6N, 6N-Repaired and C3H IHCs at 1 and 15 months.


127Figure 6.5:   Number of IHCs from apical coil cochlea in 6J, 6N, 6N-Repaired and C3H mice with age.


129Figure 6.6:   Efferent connections of immature hair cells in 6J mice.


130Figure 6.7:   Efferent synapses in hair cells from mice at 1 month.


132Figure 6.8:   Efferent synapses on hair cells from mice at 15 months.


133Figure 6.9:   The number of OHCs and IHCs with SK2 expression.


135Figure 6.10: Efferents form functional contacts with IHCs in aging mice.


137Figure 6.11: IHCs without the expression of SK2 current did not show transient inhibiting post synaptic currents (IPSCs).


138Figure 6.12: SK2 currents from IHCs without ACh-induced current responses in aging 6J and 6N mice.


139Figure 6.13: SK2 currents from IHCs without ACh-induced current responses in aging 6N-Repaired and C3H mice.



148Figure 7. 1: Changes in 6J, 6N, 6N-Repaired and C3H mice with age.


List of Tables

36Table 2.1: Composition of extracellular solution.


37Table 2.2: Composition of intracellular solution.


42Table 2.3: Composition of a superfusion solution for calcium current recordings.


42Table 2.4: Composition of superfusion solutions for investigating efferent neuron innervation.


45Table 2.5: List of primary antibodies.




55Table 3.1:  Variance of the ABR thresholds in 6J and 6N male mice with age.


56Table 3.2: Variance of ABR thresholds in 6N-Repaired and C3H male mice with age.


59Table 3.3: Variance of DPOAE thresholds in 6N, 6J, 6N-Repaired and C3H mice.




Abbreviations
	
	

	ABR
	auditory brainstem response

	ACh
	acetylcholine

	ARHL
	age-related hearing loss

	C57BL/6J
	6J

	C57BL/6N
	6N

	cdh23
	cadherin 23

	ChAT
	choline acetyltransferase

	CN
	cochlear nuclei 

	CtBP2
	C-terminal-binding protein 2

	DPAOE
	distortion product otoacoustic emissions

	EC
	extracellular cadherin domain 

	EP
	endocochlear potential

	GABA
	gama-aminobutyric acid 

	GluR2
	ionotropic glutamate receptor 2

	GRM
	metabotropic glutamate receptor

	GWAS
	genome-wide association studies 

	ICa
	calcium current

	ICa
	calcium current 

	IHC
	inner hair cells

	IK,DR
	delayed rectifier K+ current

	IK,f
	fast potassium current 

	IK,n
	negatively activating potassium current

	IK1
	inward rectifier potassium currents 

	INa
	sodium current 

	I-V
	current-voltage

	LJP
	Liquid junction potential

	LOC
	lateral olivary complex 

	LSO
	lateral superior olivary nucleus 

	MET
	mechanoelectrical transducer

	MOC
	medial olivary complex 

	Myo7a
	myosin 7a

	nAChR
	nicotinic acetylcholine receptors

	OHC
	outer hair cells

	PCDH15
	protocadherin

	ROS
	reactive oxygen species

	Rs
	residual series resistance 

	SGN
	spiral ganglion neuron

	SK2
	small conductance Ca2+-activated K+ channels

	SNP
	single nucleotide polymorphisms 

	SOC
	superior olivary complex 

	Vm
	resting membrane potential


Chapter 1 - General Introduction
1.1. The mammalian auditory system and sound perception

The auditory system is important for animals and humans in order to interact with the surrounding landscape. In the mammals, the ear is divided into three parts: the outer, middle and inner ear. The sound waves are collected by the outer ear and reach the eardrum, also known as tympanic membrane. The vibration of the eardrum transfers acoustic information to the middle ear, where it is amplified by three ear bones and transduced into neural signals in the cochlea (Figure 1.1). The neural signals subsequently travel through cochlear nerve and are processed by the brain.
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	Figure 1.1: Anatomy of the auditory system in humans.
The ear is divided into three sections: the outer, middle and inner ear. The outer ear is composed of the pinna and the ear canal; the middle ear is composed of the eardrum and the ossicles; and the inner ear is composed of the vestibule and the cochlea (Denoble & Chimiak).


1.1.1. The structure of the mammalian cochlea 

The cochlea contains three cavities: the scala media (or cochlear duct), scala vestibuli (or vestibular duct) or scala tympani (or tympanic duct) (Figure 1.2). The upper chamber, scala vestibuli, meets the lower chamber, scala tympani, at the apex through an opening called the helicotrema. The scala media in the middle is separated from the other two cavities by two membranes. The Reissner’s membrane separates the scala media and the scala vestibuli; the reticular laminar, which is on the surface of the organ of Corti, separates the scala media from the scala tympani.

The basilar membrane runs along the cochlea and vibrates in response to the incoming sound stimuli (Figure 1.2). It is tonotopically organized where sounds at higher and lower frequencies displace the basilar membrane near the base and apex, respectively (Figure 1.3). This is because the basilar membrane, where the organs of Corti sits, is narrower and stiffer at the base compared to the apex (von Békésy, 1960; Olson et al., 2012; Teudt & Richter, 2014). The pattern of the movement of the basilar membrane upon sound stimuli is described as a traveling wave; the frequency at which the basilar membrane is most sensitive is termed the characteristic frequency.

The displacement of the basilar membrane makes the organ of Corti sitting on it to move accordingly. The organ of Corti contains three rows of outer hair cells (OHCs), one row of inner hair cells (IHCs), supporting cells, and the tectorial membrane that lies above the hair cells (Figure 1.2). During a traveling wave, the hair cells are moved toward and away from the tectorial membrane. This causes the deflection of the stereociliary bundles, which are hair-like structures that project from the apical pole of the hair cells. Note that only the stereocilia tips of OHCs make contact with the tectorial membrane in the mature cochlea.

While the basolateral membrane of hair cells is surrounded by a sodium-rich extracellular fluid named the perilymph, their stereociliary bundles atop are exposed to a potassium-enriched fluid, the endolymph (Figure 1.2, lower panel). Perilymph fills the scala vestibuli and scala tympani. Endolymph, on the other hand, fills the scala media. The potassium concentration in the endolymph is higher (approximately 150 mM) than that in the perilymph (4-6 mM) (Bosher & Warren, 1968; Wangemann & Schacht, 1996), which is maintained by the stria vascularis. The stria vascularis secretes potassium into the endolymph, which contributes to setting the positive endocochlear potential of about +80 mV (Tasaki et al., 1954; Wangemann & Schacht, 1996). This, together with the negative resting membrane potential of hair cells of about -60 mV (Marcotti et al., 2003a), generates a large electrical drive force for cations, mainly K+ and Ca2+, to enter the hair cells through open mechanoelectrical transducer (MET) channels. 
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	Figure 1.2: Cross section of the cochlea.

There are three chambers in the cochlea. The scala vestibuli, the scala media, and the scala tympani. The scala vestibuli and the scala media are separated by Reissner’s membrane; and the scala media and scala tympani are separated by the reticular laminar. The organ of Corti lies on the basilar membrane with tectorial membrane lying over the top. In the mature cochlea, inner hair cells (IHCs) are innervated by more than 90% of the spiral ganglion neurons (afferents), and the outer hair cells (OHCs) are innervated by efferent neurons (Spoendlin, 1969). The basolateral membrane of a hair cell is immersed in perilymph; and the hair bundles in endolymph. Upward displacement of the basilar membrane deflects the stereocilia of hair cells against the tectorial membrane. [Image modified from (Fettiplace & Hackney, 2006; Jenny & Geske, 2018)].  
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	Figure 1.3: The basilar membrane in an unrolled mammalian cochlea.

The stapes conducts sound vibrations and initiates pressure waves in the cochlea fluids, which travel through the helicotrema and are relieved at the round window (rw). The pressure waves displace the basilar membrane. The basilar membrane is narrow and stiff at the basal region of the cochlea, and the widest and less stiff at the apex. High-frequency sounds thus excite basal regions and low-frequency sounds excite apical regions of the cochlea [modified from (Fettiplace & Hackney, 2006)].


As mentioned above, the mammalian cochlea has two types of hair cell, IHCs and the OHCs, which play very distinct roles in sound transduction. The IHCs are responsible for transducing sound stimuli into neural signals that are then sent to the higher auditory pathways. When the sound waves deflect the stereocilia of IHCs, it stretches the specialized cross-links, known as tip links, that connect adjacent stereocilia, resulting in the opening of MET channels on the stereocilia (Beurg et al., 2009). The opening of MET channels causes a transduction current, mainly carried by K+ and Ca2+, that depolarizes the cells, leading to the release of neurotransmitters from their ribbon synapses and the activation of afferent neurons.
In contrast to IHCs, OHCs amplify the signals through augmenting the response of the basilar membrane. This augmentation involves the contraction and elongation of the OHCs (Mammano & Ashmore, 1993; Oghalai, 2004; Nam & Fettiplace, 2010). The changes in the cell length enhance the displacement of the basilar membrane by as much as over 1,000-fold (Ren et al., 2011). The change of OHC’s shape, a property known as electromotility, is voltage-dependent (Brownell et al., 1985). Electromotility is driven by the motor protein prestin, which is expressed in the lateral plasma membrane of OHCs (Liberman et al., 2002; Dallos et al., 2008). Depolarization of OHCs decreases the binding affinity of prestin to Cl- and a conformational switch, which causes the contraction of the cell (Fettiplace & Hackney, 2006; Homma & Dallos, 2011). The OHCs not only increase the sensitivity but also frequency selectivity. 

The auditory signals transduced by the stereociliary bundles and encoded by specialized ribbon synapses at the basolateral membrane of hair cells are then transmitted via spiral ganglion neurons to the central auditory system. The spiral ganglion neurons innervate the cochlear nuclei in the brainstem in a tonotopic manner (Figure 1.4). Some axons from the cochlear nuclei (CN) ascend to the superior olivary complex (SOC) in the brainstem and some to the inferior colliculus (IC) in the midbrain. The SOC is believed to process sound intensity and the interaural time difference, i.e. the difference in sound arrival time between two ears, to locate the sound source (Masterton et al., 1967). Finally, all the auditory signals converge in the IC and are relayed to the medial geniculate nucleus of the thalamus where the information is refined and transmitted to the primary auditory cortex. The primary auditory cortex is also organized tonotopically and is involved in recognizing pitch and timing of sounds (Sally & Kelly, 1988; Zhang et al., 2001).
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	Figure 1.4: Auditory sound localization circuits in the mammalian brainstem.

Neurons throughout the auditory pathway are tonotopically organised. These include those in the cochlear nuclei (CN) and superior olivary complex (SOC). SOC contains multiple nuclei, including medial superior olive (MSO), lateral superior olive (LSO) and medial nucleus of the trapezoid body (MNTB). The signals are relayed by spiral ganglion neurons (auditory nerve, AN) to the CN and into the SOC. HF, high frequency; LF, low frequency [modified from (Kandler et al., 2009)].


1.1.2. Development of cochlear hair cell function 

Hair cells have distinct physiological properties before and after the onset of hearing (Kros et al., 1998; Marcotti et al., 2003a), which occurs at around postnatal day 12 (P12) in mouse. The maturation process of hair cells progresses from the basal region of the cochlea towards the apex, and is largely completed by P18 (Ehret, 1976). This involves changes in cell size, structure, resting membrane potential and current response of hair cells. Unless otherwise mentioned, the changes described in this chapter are mainly in mouse. 

While the number of IHCs is already established during embryonic stages of development, their size continues to grow up to about P16 with their surface area increasing as much as twofold at the lower frequency apex (Kaltenbach & Falzarano, 1994; Kros et al., 1998; Marcotti & Kros, 1999; Marcotti et al., 2003a). The shape of the OHCs also changes during maturation as their length increases and width decreases with age (Abe et al., 2007).

On the top of the hair cells sit bundles of stereocilia (hair bundles). The development of hair bundles initiates from short microvilli during embryonic stages (Lim & Anniko, 1985; Nishida et al., 1998). From just before birth, the newly formed stereocilia elongate next to a single microtubular kinocilium at the edge of the hair cell and eventually form a staircase of 2 to 4 rows of stereocilia (Figure 1.5) (Kaltenbach & Falzarano, 1994; Peng et al., 2009). Finally, the kinocilium is lost and the hair bundles are only composed of stereocilia, which are formed by parallel actin filaments with a length about 4-8 µm depending on the cochlear location and cell type. Apical hair cells have longer stereocilia than those positioned at the cochlear base, but at each cochlear position, OHC stereocilia are shorter than those in IHCs (Garfinkle & Saunders, 1983; Wright, 1984).
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	Figure 1.5: Development and structure of hair bundles of mammalian hair cells.

(A) Schematic diagram of hair bundle development. At the beginning, the hair cell contains microvilli and a kinocilium. The kinocilium moves to the edge of the surface and some microvilli elongate next to the kinocilium. Finally, the stereocilia staircase is formed and the kinocilium degenerates. (B) A cross section of developing hair bundle. The kinocilium is composed of microtubules, the stereocilia are composed of actin. The tip link, connecting between the stereocilia, is composed of cadherin-23 and protocadherin-15. Protocadherin-15 is associated with mechano-electrical transduction (MET) channels [modified from (Schwander et al., 2010; Pepermans & Petit, 2015)]. 


The tops of stereocilia are connected to adjacent taller stereocilia by thin filaments, firstly observed in the guinea pig and later in human and mouse (Pickles et al., 1984; Rhys Evans et al., 1985; Furness et al., 1989). This structure, known as the tip link, is present at birth in mouse (Goodyear et al., 2005). The tip link is composed of cadherin23 (CDH23) at the upper end and protocadherin 15 (PCDH15) on the lower end (Siemens et al., 2004; Ahmed et al., 2006; Kazmierczak et al., 2007; Elledge et al., 2010). However, in some studies, CDH23 immunoreactivity was not detected at the tip of stereocilia in mice after P16 (Lagziel et al., 2005; Michel et al., 2005). Moreover, there is a strain difference in the expression of Cdh23 at P35 (Rzadzinska et al., 2005). One possible explanation is that there might exist different isoforms of CDH23 in different mouse strains, which can be detected by certain antibodies. 

The formation of the tip link is Ca2+-dependent since the depletion of extracellular Ca2+ breaks the tip links (Assad et al., 1991). Damaged tip links can regenerate and are formed of PCDH15 only at the beginning of their regeneration (Zhao et al., 1996; Indzhykulian et al., 2013). A putative binding site of CDH23 and PCD15 is the first two N-terminal extracellular cadherin domains (EC1 and EC2) of both proteins (Shan et al., 1999; Kazmierczak et al., 2007; Elledge et al., 2010; Sotomayor et al., 2012). 

The tip link is critical for the opening of the mechanoelectrical transducer (MET) channels (Assad et al., 1991; Alagramam et al., 2011). Displacement of hair bundle towards the taller stereocilia increases the tip link tension and the open probability of the MET channels (Gillespie & Müller, 2009). The open MET channel allows the flow of a depolarizing current into hair cells. This current, also known as MET current, can be detected in the absence of bundle displacement because the channels are partially open at rest (Corns et al., 2014a). The MET current is measurable at birth in hair cells located at the base of the cochlea and at P2 in apical hair cells, followed by the appearance of tip links (Kim & Fettiplace, 2013; Beurg et al., 2016). The amplitudes of MET currents increase with age during maturation and reach their maximum at around P6 at the apex, which is 2-days later than the base (Waguespack et al., 2007; Kim & Fettiplace, 2013; Beurg et al., 2016; Corns et al., 2016).

It is speculated that mechanoelectrical transduction is important for the maturation and maintenance of hair cells. Several mutations that disrupt the MET current, but not the tip links, show degeneration of hair bundles or fail to develop mature physiological properties of hair cells (Steel & Bock, 1980; Marcotti et al., 2006; Kawashima et al., 2011). In addition, conditional knockout of Myo7a, a molecule associated with tip-link tension, reduce the MET current after the onset of hearing and cause a gradual regression of mature IHCs into the immature configuration (Corns et al., 2018). Therefore, it is likely that the MET current is needed, in addition to transduce acoustic stimuli, for hair cell development and maintenance.

The onset of maturation in IHCs and OHCs occurs around P12 and P8, separately (Corns et al., 2014a). The maturation involves distinct changes in biophysical properties. Immature IHCs and OHCs have a resting membrane potential of about -60 mV and fire spontaneous action potentials at rest (IHC: Kros et al., 1998; Beutner & Moser, 2001; Marcotti et al., 2003; Johnson et al., 2011; OHC: Helyer et al., 2005; Ceriani et al., 2019). During pre-hearing stages, both cell types express a small outward delayed rectifier, inward rectifier potassium currents (IK,DR and IK1), a calcium current (ICa) and a sodium current (INa). In comparison, mature hair cells rest between -70 and -80 mV in vitro and do not generate action potentials (Kros et al., 1998; Marcotti & Kros, 1999; Marcotti et al., 2003a). They retain the IK,DR and ICa but no longer express IK1 and INa. Instead, mature IHCs express a negatively activating potassium current (IK,n) and a fast potassium current (IK,f), and mature OHCs express  IK,n and prestin, which confer them electromotile abilities. The Ca2+-activated potassium current (ISK2), on the other hand, is only present in the immature IHCs and mature OHCs (Figure 1.6).
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	Figure 1.6: Developmental changes in hair cell physiological properties.

Biophysical properties of apical IHCs (A) and OHCs (B), mainly acquired from mice. The presence of each current during development is described with vertical bars. The scale of each current is indicated by the width of the bars. Vm, membrane potential; Spont APs, spontaneous action potentials [modified from (Corns et al., 2014a)].


Potassium currents are important for maintaining the resting membrane potential of the hair cells. In the immature hair cells, the outward IK,DR activates positive to -70 mV and the inward IK1 activates negative to -80 mV (Marcotti et al., 1999, 2003a). Although Kv2.1 has been proposed as a channel carrying IK,DR , the true identity of the channels involved is still undetermined (Helyer et al., 2007; Li et al., 2012). In mature hair cells, IK,n replaces IK1 as the main current activated at hyperpolarized potentials. IK,n is carried by K+ voltage-gated channel KCNQ4, also known as Kv7.4, and activates at potentials above -100 mV (Housley & Ashmore, 1992; Kubisch et al., 1999; Marcotti et al., 1999). The half-maximal activation potential (V1/2) of KCNQ4 channels varies between species, possibly because the channels are regulated differently (Chambard & Ashmore, 2005). Since IK,n is almost completely activated at around – 60 mV, it largely contributes to setting the resting membrane potential in mature hair cells, and also prevents spontaneous activities in mature hair cells (Marcotti et al., 2003a; Marcotti, 2012). 

In addition to IK,n, mature IHCs express a fast potassium current (IK,f). This characteristic current is carried by large-conductance Ca2+ activated K+ channels, or BK channels for short. BK channels activate when the cell depolarises, causing an outward current that rapidly repolarises the cell (Kros et al., 1998).  The BK channel is both Ca2+- and voltage-dependent, and the presence of internal Ca2+ in cells enhances voltage-sensing of the channel (Latorre & Brauchi, 2006). 

ICa is mainly carried by CaV1.3 voltage-dependent Ca2+ channels ADDIN ZOTERO_ITEM CSL_CITATION {"citationID":"MY9NMEOD","properties":{"unsorted":true,"formattedCitation":"\\uldash{(Michna {\\i{}et al.}, 2003; Brandt {\\i{}et al.}, 2003)}","plainCitation":"(Michna et al., 2003; Brandt et al., 2003)","dontUpdate":true,"noteIndex":0},"citationItems":[{"id":2409,"uris":["http://zotero.org/users/2754696/items/5Q3QWPL2"],"uri":["http://zotero.org/users/2754696/items/5Q3QWPL2"],"itemData":{"id":2409,"type":"article-journal","title":"Cav1.3 (α1D) Ca2+ Currents in Neonatal Outer Hair Cells of Mice","container-title":"The Journal of Physiology","page":"747-758","volume":"553","issue":"3","source":"Wiley Online Library","abstract":"Outer hair cells (OHC) serve as electromechanical amplifiers that guarantee the unique sensitivity and frequency selectivity of the mammalian cochlea. It is unknown whether the afferent fibres connected to adult OHCs are functional. If so, voltage-activated Ca2+ channels would be required for afferent synaptic transmission. In neonatal OHCs, Ca2+ channels seem to play a role in maturation since OHCs from Cav1.3-deficient (Cav1.3−/−) mice degenerate shortly after the onset of hearing. We therefore studied whole-cell Ca2+ currents in outer hair cells aged between postnatal day 1 (P1) and P8. OHCs showed a rapidly activating inward current that was 1.8 times larger with 10 mm Ba2+ as charge carrier (IBa) than with equimolar Ca2+ (ICa). IBa started activating at −50 mV with Vmax=−1.9 ± 6.9 mV, V0.5=−15.0 ± 7.1 mV and k= 8.2± 1.1 mV (n= 34). The peak IBa showed negligible inactivation (3.6 % after 300 ms) whereas the ICa (10 mm Ca2+) was inactivated by 50.7 %. OHC IBa was reduced by 33.5 ± 10.3 % (n= 14) with 10 μm nifedipine and increased to 178.5 ± 57.8 % (n= 14) by 5 μm Bay K 8644. A dose-response curve for nifedipine revealed an IC50 of 2.3 μm, a Hill coefficient of 2.7 and a maximum block of 36 %. Average IBa density in OHCs was 24.4 ± 10.8 pA pF−1 (n= 105) which is only 38 % of the value in inner hair cells. Single cell RT-PCR revealed expression of Cav1.3 in OHCs. In OHCs from Cav1.3−/− mice, Ba2+ current density was reduced to 0.6 ± 0.5 pA pF−1 (n= 9) indicating that > 97 % of the Ca2+ channel current in OHCs flows through Cav1.3.","DOI":"10.1113/jphysiol.2003.053256","ISSN":"1469-7793","language":"en","author":[{"family":"Michna","given":"Marcus"},{"family":"Knirsch","given":"Martina"},{"family":"Hoda","given":"Jean-Charles"},{"family":"Muenkner","given":"Stefan"},{"family":"Langer","given":"Patricia"},{"family":"Platzer","given":"Josef"},{"family":"Striessnig","given":"Jörg"},{"family":"Engel","given":"Jutta"}],"issued":{"date-parts":[["2003",12,1]]}}},{"id":2415,"uris":["http://zotero.org/users/2754696/items/59VQPVMG"],"uri":["http://zotero.org/users/2754696/items/59VQPVMG"],"itemData":{"id":2415,"type":"article-journal","title":"CaV1.3 Channels Are Essential for Development and Presynaptic Activity of Cochlear Inner Hair Cells","container-title":"Journal of Neuroscience","page":"10832-10840","volume":"23","issue":"34","source":"www.jneurosci.org","abstract":"Cochlear inner hair cells (IHCs) release neurotransmitter onto afferent auditory nerve fibers in response to sound stimulation. During early development, afferent synaptic transmission is triggered by spontaneous Ca2+ spikes of IHCs, which are under efferent cholinergic control. Around the onset of hearing, large-conductance Ca2+-activated K+ channels are acquired, and Ca2+ spikes as well as the cholinergic innervation are lost.\nHere, we performed patch-clamp measurements in IHCs of mice lacking the CaV1.3 channel (CaV1.3-/-) to investigate the role of this prevailing voltage-gated Ca2+ channel in IHC development and synaptic function. The small Ca2+ current remaining in IHCs from 3-week-old CaV1.3-/- mice was mainly mediated by L-type Ca2+ channels, because it was sensitive to dihydropyridines but resistant to inhibitors of non-L-type Ca2+ channels such as ω-conotoxins GVIA and MVIIC and SNX-482. Depolarization induced only marginal exocytosis in CaV1.3-/- IHC, which was solely mediated by L-type Ca2+ channels, whereas robust exocytic responses were elicited by photolysis of caged Ca2+. Secretion triggered by short depolarizations was reduced proportionally to the Ca2+ current, suggesting that the coupling of the remaining channels to exocytosis was unchanged.\nCaV1.3-/- IHCs lacked the Ca2+ action potentials and displayed a complex developmental failure. Most strikingly, we observed a continued presence of efferent cholinergic synaptic transmission and a lack of functional large-conductance Ca2+-activated K+ channels up to 4 weeks after birth. We conclude that CaV1.3 channels are essential for normal hair cell development and synaptic transmission.","DOI":"10.1523/JNEUROSCI.23-34-10832.2003","ISSN":"0270-6474, 1529-2401","note":"PMID: 14645476","journalAbbreviation":"J. Neurosci.","language":"en","author":[{"family":"Brandt","given":"Andreas"},{"family":"Striessnig","given":"Joerg"},{"family":"Moser","given":"Tobias"}],"issued":{"date-parts":[["2003",11,26]]}}}],"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"}  (Brandt et al., 2003; Michna et al., 2003). This current activates near the resting membrane potential (about -65 mV) of hair cells, and peaks around -20 mV (Platzer et al., 2000; Marcotti et al., 2003b; Zampini et al., 2010). It is essential for generating spontaneous action potentials in  immature hair cells (Brandt et al., 2003; Marcotti et al., 2003b; Michna et al., 2003; Eckrich et al., 2012). More importantly, Ca2+ current controls exocytosis. In mature IHCs, Ca​V1.3 channels cluster at presynaptic active zones and vesicle release is linearly dependent on Ca2+ influx (Johnson et al., 2005; Wong et al., 2014).

ISK2 is carried by the apamin-sensitive small conductance Ca2+-activated K+ channels (SK2 channels), which is expressed in immature IHCs and mature OHCs. ISK2 activates with Ca2+ influx through CaV1.3 Ca2+ channels and nicotinic acetylcholine receptors (nAChRs) (Marcotti et al., 2004). nAChRs are activated by acetylcholine released from efferent neurons (Oliver et al., 2000; Glowatzki & Fuchs, 2000). The activation of SK2 channels modulates the activity of hair cells because it causes an outflow of K+ that hyperpolarizes and inhibits the hair cell electrical activities. 

Na+ currents are present in immature hair cells, but they are down-regulated in mature cells. They activate at around -60 mV and peak at -15 mV. They are likely to be carried by NaV1.1 and NaV1.6 voltage-gated Na+ channels, which may modulate the spontaneous action potentials (Marcotti et al., 2003b; Eckrich et al., 2012).

Apart from changes in the expression of ion currents, OHCs develop electromotility during maturation. This allows OHCs to change length and increase cochlear sensitivity. Electromotility is both voltage- and chloride-dependent and can be detected as early as P7–P8 (Marcotti et al., 1999; Abe et al., 2007). Its contribution increases gradually during development until about P18 when it becomes stable with largest responses at around -67 mV. Prestin, a motor protein exclusively expressed on the lateral plasma membrane of the OHCs, is required for their electromotility and thus cochlear amplification (Liberman et al., 2002; Dallos et al., 2008; Mahendrasingam et al., 2010). The expression level increases from birth and becomes stable at around P10, which is earlier than the full maturation of electromotility (Belyantseva et al., 2000; Abe et al., 2007). 

1.1.3. Neural connections of hair cell 

The connection between hair cells and neurons changes during the maturation of the cochlea. Immature IHCs and OHCs are both innervated by myelinated type I and unmyelinated type II spiral ganglion afferent neurons (SGNs) at birth. However, these contacts are reduced during maturation so that mature IHCs are only innervated by type I, and mature OHCs are only innervated by type II afferents. The efferent neurons directly innervate only immature IHCs and mature OHCs (Figure 1.7). The following sections will describe the innervation of afferent and efferent neurons in detail.
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	Figure 1.7: Innervation of hair cells.

Before the onset of hearing, immature inner hair cells (IHCs) are contacted by afferents and efferents; outer hair cells (OHCs) are contacted by afferents. The efferents release acetylcholine (ACh). This activates nicotinic acetylcholine receptors (nAChR) and causes calcium influx, which activates the small conductance Ca2+-activated K+ (SK) channels. The activation of CaV1.3 channels triggers vesicle release at afferent synapses. After the onset of hearing, IHCs are innervated by type I spiral ganglion neurons (SGNs) to form afferent synapses; OHCs are innervated by both type II SGNs and efferents.


Over 90% SGNs are type I SGNs (Liberman, 1980; Hafidi, 1998). Every type I SGN contacts several IHCs and OHCs at around birth and undergoes pruning for the following week. During the second postnatal week, each type I SGN only innervates one IHC, while each IHC is contacted by 5-30 type I SGNs in cats and 10–20 contacts in mouse depending on the cochlear region (Liberman et al., 1990; Huang et al., 2012). Less than 10% of the SGNs are type II SGNs. Their neurites branch to innervate both IHCs and OHCs at birth. By P3, synaptic pruning eliminates the contacts between type II SGNs and IHCs. In OHCs, the number of SGN contacts continues to increase until P6 (roughly 45 contacts per OHC) and drops rapidly afterwards so that each OHC is contacted only by several type II SGN(s) (Sobkowicz et al., 1986; Barclay et al., 2011; Huang et al., 2012). Different from type I SGNs, there are fewer type II SGNs innervating one OHC after maturation but every type II neuron can receive signals from several OHCs (3–10 in mouse, 1–30 in rat, 5–28 in guinea pig and up to 60 in cats) (Berglund & Ryugo, 1987; Perkins & Morest, 1975; Brown, 1987; Jagger & Housley, 2003; Weisz et al., 2012). During maturation, type I and type II neurons might grow and retract independently because they are spatially separated (Huang et al., 2007; Druckenbrod & Goodrich, 2015).

After maturation, each type I and type II SGN contact is associated with a single presynaptic ribbon at the hair cell ribbon synapses (Liberman et al., 1990). The ribbon is an electron dense organelle at the presynaptic active zone, to which the synaptic vesicles are tethered. Ribbons stabilize a large vesicle pool, which supports sustained vesicle release, which is important for encoding continuous information (Khimich et al., 2005; Jean et al., 2018). In addition, ribbons are coupled with CaV1.3 channels near the plasma membrane, which enables the Ca2+ influx to precisely control the release of vesicles (Wong et al., 2014). The vesicles are filled with neurotransmitter, glutamate, and are released to activate both type I and type II SGNs.

Type I and type II SGNs have different roles in hearing. Type I SGNs relay sound signals to the auditory pathways but the function of type II SGNs is not fully understood. It is proposed that type II SGNs mediate auditory pain or respond to tissue damage (Brown, 1994; Simmons & Liberman, 1988; Liu et al., 2015). In adult animals, it is hypothesized that type II SGNs activate medial olivary complex (MOC) efferents. Therefore, the activation of type II SGNs supresses cochlear amplification, however, this hypothesis has not yet been verified (Froud et al., 2015; Maison et al., 2016). 

The efferent neurons only start to innervate mature OHCs at around P8, but the innervation pattern is different in IHCs. The efferent neurons directly contact immature IHCs during immature stages of development and the number of synapses increase to around 16 at P8 (Glowatzki & Fuchs, 2000; Simmons, 2002; Roux et al., 2011). This suggests that the brain may influence the immature IHCs activities and maybe contribute to the maturation of the auditory pathway (Johnson et al., 2011b; Clause et al., 2014). However, mature IHCs (after P12) are not innervated directly by the efferent system. The efferent neurons, originating from the lateral olivary complex (LOC), form axodendritic contacts with type I SGNs after P12 (Figure 1.8). This allows the efferent neurons to modulate type I SGN activities, and helps to achieve spatial sound localization (Darrow et al., 2006). 

The primary neurotransmitter in efferent neurons is acetylcholine. Acetylcholine activates (9 (10 nAChRs, which is coupled with SK2 channels, and inhibits hair cells. Efferent neurons, from both MOC and LOC, also release gamma-aminobutyric acid (GABA). GABA is likely to inhibit acetylcholine release or  act on type II afferents (Thiers et al., 2008; Maison et al., 2009; Wedemeyer et al., 2013). Altogether, the afferent neurons mainly transmit acoustic signals to the brain, while the efferent neurons modulate these signals.
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	Figure 1.8: Post-hearing mammalian olivocochlear efferent system.

Olivocochlear efferents are divided into two subtypes, medial (MOC) and lateral (LOC) olivocochlear neurons. MOC efferents originate from ventral nucleus of the trapezoid body (VNTB) and project to OHCs. LOC efferents originate from lateral superior olivary nucleus (LSO) and form axodendritic contacts with type I spiral ganglion neurons (SGNs). LSO and VNTB are part of the superior olivary complex (SOC, dashed circle). Type I and type II SGNs project into the cochlear nuclei (CN). MNTB, medial nucleus of the trapezoid body; MSO, medial superior olive. 


1.2. Age-related hearing loss

Age-related hearing loss (ARHL), also known as presbycusis, is a chronic disorder where patients suffer from irreversible hearing loss as a result of aging. It is the most common form of hearing loss affecting over one third of adults over 60 years old and it is expected that more people will have this disorder in the near future (Bowl & Dawson, 2015). It is considered as a very complex disorder as it involves numerous factors and there is substantial variation between patients. However, the causes of ARHL are still unknown and currently no cure is available.

1.2.1. Classification of age-related hearing loss.

The progression of ARHL is similar in both ears and affects higher frequency sounds before affecting lower frequencies. The onset time of ARHL and its progression varies greatly between individuals (Cruickshanks et al., 1998). Males generally show hearing impairment at 30-39 years-old while the impairment is only obvious in females above the age of 50 (Pearson et al., 1995; Sharashenidze et al., 2007; Salvi et al., 2018). Apart from the differences between genders, ARHL also shows distinctive pathologies between individuals. Based on the pathologies observed from microscopic and audiometric data, ARHL is categorized into four types by Schuknecht: sensory, neural, metabolic and mechanical (Schuknecht, 1964).

The sensorineural type of ARHL is the most common type involving the degeneration of the organ of Corti. Although the loss of OHCs, IHCs and SGNs have been reported along the cochlea in ARHL patients, the loss of cells is more severe at the base than the apex (Soucek et al., 1986; Johnsson et al., 1990). Moreover, for people over 60-years-old, the loss of OHCs (30-40%) is greater compared to IHCs (about 15%) and there is more than 60% loss of axons (Wu et al., 2018). Interestingly, some cochlea regions show hair cell loss without neuron loss and some otherwise and it is unclear whether the hair cell death is linked to SGN loss (Gacek & Schuknecht, 1969). 

The neural type solely involves the degeneration of auditory neurons that can lead patients to lose the ability of word discrimination (Schuknecht & Gacek, 1993). The number of type I SGNs, which matches the number of synaptic ribbons, decreases with age (Viana et al., 2015). Some of these patients might have normal hearing thresholds as the SGN loss affects the ability to discriminate sounds in a noisy environment, therefore termed “hidden hearing loss” (Peelle & Wingfield, 2016; Wu et al., 2018). For this type of ARHL, neural degeneration seems to have little effect on hair cell survival. 
A less common type, metabolic or strial type, is characterised by a flat configuration at lower frequencies in an audiogram. The audiogram is a graph plotting hearing thresholds across a range of sound frequency. The flat configuration at low frequencies illustrate that the severity of hearing loss is similar at those frequencies. This phenotype usually accompanies a decline in endocochlear potential (EP) (Nelson & Hinojosa, 2003). Since the positive potential generated by cations is largely maintained by the stria vascularis, the degeneration of this region is believed to be involved in the strial type ARHL.

The forth type, the mechanical or conductive ARHL, was proposed from the observation of a thickened basilar membrane and was linked to a gradual decrease in the pattern of hearing thresholds towards high frequencies (Schuknecht, 1964). The pattern indicates that those patients have better hearing at high frequencies and suffer more from low-frequency hearing loss. Nevertheless, functional impairments of the basilar membrane have not been verified because it is difficult to study the stiffness of basilar membrane in patients. Therefore, whether the basilar membrane stiffening is involved in this type of ARHL remains controversial. 

It is important to note that not all hearing loss patients can be categorized into the above-mentioned types. Many of them may have mixed pathology or non-consistent histopathology, thus making it difficult to delineate the mechanisms underlying ARHL (Gacek & Schuknecht, 1969; Schuknecht & Gacek, 1993). However, many studies focus on the causes of hair cell loss or SGN loss because the majority of ARHL patients have both of these characteristics. 

1.2.2. Mouse models for studying age-related hearing loss

Mouse models are currently available for studying at least some of the ARHL pathologies. Mice have been used because they share genomic and auditory system similarities with humans. In addition, their relatively well-studied genetics and short lifespan also make them particularly useful for genetic studies. The C57BL/6J and C57BL/6N mouse strains are widely used as early-onset models of ARHL and the CBA/Ca strain is often used as a late-onset ARHL model. These animal models could help to identify specific genes and their function in ARHL.

Both the C57BL/6J and C57BL/6N inbred strains contain a single nucleotide variant in exon7 of Cdh23 (Cdh23ahl, or Cdh23753A; reference gene sequence NC_000076.6) that has a high chance of causing skip transcription of the 7th exon, which is related to the translation of 129 base-pairs as a part of the first and second extracellular cadherin domain of CDH23 (Noben-Trauth et al., 2003; Johnson et al., 2017a). The Cdh23753A was found in several mouse strains linked with hearing loss, but not in the late-onset ARHL mice – CBA/Ca mice (Noben-Trauth et al., 2003). C57BL/6J and C57BL/6N mice share some similar features with ARHL patients. One feature is that the hearing thresholds in the high-frequency region of the cochlea (above 12.5 kHz) begin to increase earlier than the low-frequency region. The increase of hearing threshold can be detected in the mice between 3 and 6 months of age (Li & Borg, 1991). Similarly, detailed examination of the organ of Corti in mouse models revealed that the loss of OHCs begins at the base after 3 months of age while in the apex is only noticeable by 7 months of age. At 7 months, the IHCs at the extreme apex are largely intact but the loss of IHCs and SGNs is evident at the base. 

The CBA/Ca mouse strain shows a relatively slow progression of hearing loss but with similar pathologies found in the C57BL/6J and C57BL/6N mice. The increase of hearing threshold to high-frequency sounds is not detectable until 18 months of age and then deteriorates rapidly (Li & Borg, 1991). The hearing threshold is lower in female mice compared to male mice at the same age (Henry, 2004). In these mice, OHCs and IHCs start to deteriorate after 18 months of age. While the loss of OHCs occurs in both the apical and basal cochlear regions, the loss of IHCs is restricted to the apex (Kane et al., 2012). The distortion product otoacoustic emissions (DPOAEs), which provide a read-out of the activity of OHCs, decreases after menopause by about 24.3 months in female mice, while in male mice they descrease by the age of 14 to 16.4 months. This finding indicates that the OHCs are healthier in post-menopausal females than in males, therefore, hormone regulation might be involved in the cochlear function (Guimaraes et al., 2004). The CBA/CaJ strain also shows age-dependent EP decline, making it especially useful for strial type ARHL research (Ichimiya et al., 2000; Lang et al., 2002; Ohlemiller, 2009).

In addition to CBA/Ca, C57BL/6J and C57BL/6N mouse models, a limited number of mouse strains have been established to study genes involved in ARHL. Some of these strains contain mutations affecting stereocilia function, while others have mutations affecting mitochondrial function (Noben-Trauth et al., 2003; Shin et al., 2010; Charizopoulou et al., 2011; Bowl & Dawson, 2015). Nevertheless, the pathologies found in CBA, C57BL/6J and C57BL/6N mice match with at least some of the pathologies found in ARHL patients, making them good models for ARHL.

1.3. Cochlea damage in ARHL 

Hair cell and SGN loss are two common pathologies that lead to hearing loss in ARHL patients. It is still unclear which mechanisms lead to the degeneration of these cells with age. The proposed causes of cell damage in the cochlea include noise trauma, ototoxic reagents and genetic mutations. It is also possible that the death of the hair cells and neurons are related, and their survival is dependent on each other.

1.3.1. Noise-induced cochlea damage 

It is hypothesised that, with age, cumulative noise exposure can damage hair cells and synapses. This could be one of the mechanisms underlying ARHL as people who work in a noisy environment are prone to develop hearing loss in old age (Sliwinska-Kowalska & Davis, 2012). In addition, the early exposure of noise accelerates ARHL in CBA mice, suggesting that ARHL and noise-induced hearing loss (NIHL) could share similar pathways (Kujawa & Liberman, 2006). Therefore, studying acute NIHL could give us some insights into the mechanisms underlying ARHL. 

To study NIHL, animal models are exposed to loud noises to induce hearing loss.  Exposing animals at 100 dB for 1 hour can cause temporary hearing loss and disrupt the afferent terminals, which is repairable. A long exposure of loud noise for more than 3 hours causes hair-cell loss and permanent hearing loss (Kujawa & Liberman, 2009; Altschuler et al., 2016). Age and strain of the animal can influence the susceptibility of NIHL. Younger mice are more susceptible than older mice; and C57BL/6J mice are more susceptible than CBA/CaJ mice (Ohlemiller et al., 2000). 

The degeneration of synaptic terminals and hair cells starts at the base of the cochlea with OHCs being more susceptible than IHCs. Although the loss of SGNs can happen months after hair cell loss (Liberman & Kiang, 1978), the stereocilia mechanics and transduction are disrupted immediately after noise exposure (Patuzzi & Yates, 1986; Furness, 2015). Once the stereocilia are destroyed, they do not regenerate but leave the hair cells live for days without hair bundles (Jia et al., 2009; Yang et al., 2012). Defects in the hair bundle are usually followed by hair cell degeneration (Yang et al., 2012; Men et al., 2015; Taylor et al., 2015), indicating that functional stereocilia are required for hair cell survival. 

Loud noises cause over-excitation of hair cells, which release glutamate that then accumulates in the extracellular space. The excess glutamate has been shown to cause excitotoxicity, which leads to damage in the cochlea (Robertson, 1983; Ruel et al., 2007). There are three facts illustrating that glutamate can cause damage to hair cells and SGNs. First, hair cells and SGNs express glutamate receptors, suggesting that glutamate can influence SGNs (Safieddine & Wenthold, 1997; Oestreicher et al., 2002; Hakuba et al., 2003; Friedman et al., 2009; Fujikawa et al., 2014). The expression of glutamate receptors is elevated in SGNs with age in CBA/CaJ mice, suggesting that the SGNs might be more susceptible to excess glutamate accumulation at old ages (Tang et al., 2014). Second, application of glutamate receptor agonist induces IHC death and loss of afferent terminals (Le Prell et al., 2004; Hyodo et al., 2009; Hu et al., 2015; Altschuler et al., 2016; Sebe et al., 2017). Finally, glutamate receptor antagonists could reduce hair cell loss in NIHL (Puel et al., 1998; Duan et al., 2000; Chen et al., 2001). Interestingly, glutamate excitotoxicity might affect IHCs, OHCs and neurons independently. The hair-cell loss caused by glutamate excitotoxicity does not depend on neural damage, as lack of neural innervation does not prevent hair-cell death (Sheets, 2017). Moreover, glutamate agonists cause damage to IHCs without affecting OHCs (Le Prell et al., 2004; Hu et al., 2015). These all suggest that the glutamate excitotoxicity is only one of many factors involved in NIHL. 

Noise-induced cochlear damage and hearing loss can be reduced by the inhibitory cholinergic efferent system, but the underlying mechanism is still unclear (Marshall & Miller, 2015). The lesion of MOC or LOC efferent fibres accelerates the loss of synaptic afferent terminals in aging mice, suggesting the efferent neurons are also involved in maintaining the afferent innervation with age. Overall, evidence suggests that cochlear inhibition by the efferent system has a protective effect on NIHL (Liberman & Maison, 2014).

1.3.2. Hair cell death in ARHL

Many downstream damaging factors are associated with ARHL and the links with apoptosis have been established. The degeneration of hair cells and neurons found in ARHL patients have already suggested that cell death pathways are involved in the progress of the disorder. Indeed, apoptosis has been observed in the cochlea of ARHL animal models (Sha et al., 2009; Liu et al., 2012; Wang et al., 2015). It is postulated that the cell death in ARHL is caused by oxidative stress, which is related to mitochondrial dysfunction (Someya et al., 2009; Yamasoba et al., 2013). 

An increasing number of reports support the concept that oxidative stress, caused by the increase of reactive oxygen species (ROS), is linked to aging (Sohal & Weindruch, 1996). One of the early studies that targeted oxidative stress in ARHL showed that mRNA levels of the antioxidant-related mitochondrial protein, superoxide dismutase 1 (SOD1), were increased in aged C57BL/6J mice and that the lack of SOD1 caused severe hair-cell loss (McFadden et al., 1999; Staecker et al., 2001). Several antioxidant-related genes also have been identified in a screen conducted on aging CBA/Ca mice (Tadros et al., 2014). Moreover, antioxidants have been shown to reduce hair-cell loss in NIHL and are considered as one of the treatments for hearing loss (Kopke et al., 2005; Honkura et al., 2016; Ibrahim et al., 2018). These findings suggest that ROS level increase in ARHL, although the cause of oxidative stress remains unclear. 

Mitochondria produce ROS and might play a role in ARHL. Some mitochondrial proteins are involved in apoptosis. The activation of pro-apoptotic proteins such as Bak and Bax leads to release of cytochrome-c from mitochondria and activates down-stream enzymes, such as caspases. This apoptotic pathway is up-regulated in CBA mice and cell death in C57BL/6J mice was reported to be triggered by Bak (Tadros et al., 2008; Someya et al., 2009). These findings suggest that oxidative stress causes Bak-induced apoptosis in ARHL (Someya & Prolla, 2010).

The dysregulation of intracellular calcium might also be involved in hair cell loss. Ca2+ is stored in the endoplasmic reticulum (ER) and mitochondria and increasing their intracellular concentration causes cell death (Pinton et al., 2008). In addition, a mutation in PMCA2, a protein that extrudes Ca2+ from the stereocilia, leads to hair cell death and hearing loss (Spiden et al., 2008). Increased calcium level also promote mitochondrial fission in vitro, which is involved in apoptosis (Cribbs & Strack, 2007; Cereghetti et al., 2008). 

1.3.3. Involvement of Cdh23 in hearing loss

Mutations that alter the stability of stereocilia lead to progressive hearing loss or deafness in human (e.g., non-syndromic deafness and Usher syndrome) (Mathur & Yang, 2015). Therefore, dysfunction of the hair bundles could be one of the mechanisms underlying ARHL. 

Mutations in CDH23 are linked to two types of deafness in human, DFNA12 and USH1D (Usher syndrome 1D). Interestingly, different mutations in CDH23 can cause different phenotypes. The onset of hearing loss differs between patients. Patients with DFNA12 can suffer from prelingual or postlingual hearing loss, while USH1D patients have prelingual hearing loss. Mutations of CDH23 found in USH1D cause syndromic deafness, which also affects vestibular and retinal function, while mutations in DFNA12 only affect the auditory system (Bork et al., 2001; Pennings et al., 2004; Miyagawa et al., 2012). This implies that the mutations in USH1D might express non-functional CDH23 protein, while those in DFNB12 express CDH23 with partial function. Although this has yet to be proven, some patients with one USH1D allele and one DFNB12 allele suffered from DFNB12 but not USH1D phenotypes (Schultz et al., 2011). Considering both USH1D and DFNB12 alleles are recessive, the above findings suggest the “impaired” CDH23 could be compensated by a “less-impaired” CDH23. 

Some CDH23 mutations have been linked to ARHL. Some families with a hearing loss history carry different CDH23 variants and develop progressive hearing-loss with onset ages ranging  from 15 to their sixties (Miyagawa et al., 2012; Kim et al., 2016). Assuming there are no other unknown genes contributing to hearing loss in these families, this study hints that the CDH23 variants are important for the progression of ARHL. However, the Cdh23753A variant in C57BL/6J and C57BL/6N has not yet been found in humans.

Mutations in Cdh23 have been studied in mouse models. The waltzer mice contain Cdh23-null mutations, which cause the loss of its transmembrane and cytoplasmic domain (Palma et al., 2001; Wilson et al., 2001), leading to non-syndromic hearing loss and complete deafness by 1 month. The amplitude of MET currents in waltzer mutant mice is only one-fifth of the heterozygous controls (Alagramam et al., 2011). Another mouse model salsa bears a missense mutation, which was predicted to affect Ca2+-binding motif in the 7th extracellular cadherin domain (EC7) (Schwander et al., 2009; Shin & Gillespie, 2009). The MET currents in these mice were only mildly affected and their hair bundles developed normally. As the salsa mice develop progressive non-syndromic hearing loss, they have been proposed as a DFNB12 mouse model.

Researchers have also studied the influence of Cdh23 in ARHL mouse models. The single nucleotide variant Cdh23753A found in several mouse strains has been studied for its role in hearing loss. To investigate whether Cdh23753A is the only factor that causes the hearing loss, congenic mice have been generated by inter-crossing CBA and C57BL/6J mice. The CBA mice carrying C57BL/6J-derived Cdh23753A showed little effect on either hearing threshold or hair cell loss at least up to 18 months (Kane et al., 2012). This indicates that the Cdh23753A allele itself is not sufficient to cause hearing loss on the CBA background. In contrast, single base pair substitution of Cdh23753G to Cdh23753A in 192S1 mice caused hearing loss worse than C57BL/6J mice (Johnson et al., 2017a). These findings suggest that the genetic backgrounds might influence the severity of hearing loss caused by Cdh23753A. Unfortunately, it is difficult to investigate how Cdh23753A affects MET current, and how it affects hair cell function with age remains unknown.

Although the whole structure of CDH23 has not been resolved, recent work on the structure of extracellular domains of CDH23 provides some insight into how its function might be affected by mutations (Jaiganesh et al., 2018). The longest isoform of CDH23 has 27 repeated extracellular cadherin (EC) domains, spanning about 3,000 residues. Those repeats together with the linker regions between the repeats are conserved among species (ex. 94% identical in protein sequence between mouse and human CDH23 isoform 1). Many of the known non-syndromic deafness mutations affect the Ca2+-binding sites in each linker region and reduce the Ca2+-binding affinity of CDH23. The binding of Ca2+ is essential for stiffness and stability of the protein and some of  mice with mutations affecting Ca2+-binding are linked to deafness (Sotomayor et al., 2010). Some of the deafness mutations affecting the hydrophobic core of CDH23 destabilize EC repeats, and some mutations cause a loss of charge on the protein surface and may affect tip-link formation (Jaiganesh et al., 2018).

Overall, Cdh23 is involved in mature hearing and different mutations in Cdh23 could compromise the rigidity of the tip link by different mechanisms. This may cause a broad spectrum of hearing impairment, which could be extended from deafness at birth to ARHL. 
1.4. Hypothesis and aims of the study

The overall aim of my research is to provide a better understanding of the changes in hair cells and their innervation with age. I propose that a detailed functional analysis of the changes in hair cells and both afferent and efferent neurons with age in ARHL mouse models will identify early signs of ARHL, which will lead to a better understanding of the disorder and the underlying mechanisms. 

C57BL/6J and C57BL/6N are the two early-onset ARHL mouse models used in this study. They contain the Cdh23753A variant, which could potentially affect hair cell physiology. These two strains will be compared to the C57BL/6N-Cdh23ahl/753A>G (6N-Repaired) mouse strain. The 6N-Repaired strain replaced the Cdh23753A with Cdh23753G on the C57BL/6N background with CRISPR/Cas9 targeted genome editing. This “repairs” the early-onset hearing loss in C57BL/6N mice (Mianné et al., 2016). Therefore, we will be able to identify any physiological changes linked to Cdh23753A and any potential differences that might be due to genetic background. C3H mice have also been included in this study because they do not develop early-onset hearing loss. They will be used to investigate further the potential influence of the genetic background on ARHL. The specific aims are as follows: 

1. Compare the hearing thresholds of C57BL/6J and C57BL/6N mice with 6N-Repaired and C3H mice.

It is hypothesised that Cdh23753A causes an increase in hearing thresholds with age and also that genetic background differences can influence hearing thresholds. 

2. Investigate the electrophysiological properties of hair cells with age.

It is hypothesised that the hair cell physiology changes with age and Cdh23753A can influence these changes.

3. Identify changes in the innervation pattern of hair cells with age.

It is hypothesised that the innervation pattern of efferent and afferent neurons to hair cells changes with age.

Chapter 2 - General Methods

2.1. Ethics Statement

All animal work was performed in the UK and licensed by the Home Office under the Animals (Scientific Procedures) Act 1986. Studies were approved by the University of Sheffield Ethical Review Committee.

2.2. Animals

The animals used for this study were C57BL/6J, C57BL/6N, 6N-Repaired (C57BL/6N-Cdh23ahl/753A>G) and C3H mice. These mice were obtained from Mary Lyon Centre, MRC Harwell and maintained at The University of Sheffield in a 12-hour light-dark cycle according to the Home Office guidelines. Animals were culled by Home Office Schedule 1 methods. Mice at 1 month (P20–P35), 6 months and 12–14 months were used.

2.3. Auditory brainstem response 

Auditory brainstem response (ABR) was measured to detect synchronous activity of neurons from cochlea to brainstem upon an acoustic stimulus. C57BL/6N, C57BL/6J, 6N-Repaired and C3H, mice were anaesthetised by IP injection of a mixture of Ketamine (100 mg/kg) and Xylazine (10 mg/kg) and placed on a heat pad at 37°C inside a sound attenuating chamber. 

Electrodes were placed subcutaneously on the animal’s head with one active electrode on the vertex and another one around the left bulla as a reference (Figure 2.1A). A ground electrode was placed over the right bulla. The mouse was positioned on a heat-pad, facing a speaker (MF1, Tucker Davis Technologies) at a distance of 10 cm from the edge of the speaker (Figure 2.1B). A custom software (courtesy of Prof. Steel, King’s College) was used to drive Tucker Davis Technologies (TDT) system (RZ6 processor and RA4PA amplifier) for presenting stimuli and recording. 

Stimuli used were tone bursts at frequencies of 3, 6, 12, 18, 24, 30, 36 and 42 kHz (5-ms plateau, 1-ms rise/fall time) and clicks of 0.01 ms. The Click is comprised of a broadband of frequencies and is used primary for estimating the magnitude of hearing loss. 256 stimuli were generated for each frequency and click at 42.6/sec at 5 dB increments from 0 to 95 dB SPL. Evoked potentials were amplified, band-pass filtered at 300-3,000 Hz and sampled at 195 kHz for 20 ms for 256 times to obtain average responses. Hearing threshold was determined by visual inspection as the lowest stimulus intensity that evoked a recognisable ABR waveform.
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	Figure 2.1: Experimental set-up for auditory brainstem response recordings. 
(A) A schematic diagram showing the position of electrodes. An active electrode is placed on the vertex to record responses (red). Another active electrode was placed around left bulla as a reference (blue). A ground electrode was placed over right bulla (green). (B) Components of the set-up in a sound attenuating chamber: a) speaker and b) heat-pad. The head of the mouse was placed facing the speaker. 


2.4. Distortion product otoacoustic emissions
 

Distortion product otoacoustic emissions (DPOAEs) are sounds generated when the cochlea is stimulated by two pure tones. The two tones produce a distortion of sounds in the cochlea, which then generates acoustic signals (i.e. otoacoustic emissions) at a lower frequency. This process is related to the electromotile activity of OHCs and thus it is used to determine the function of cochlear amplifier. The animals were prepared with the same method mentioned above for measuring ABRs. The DPOAEs were recorded with a microphone at 2f1-f2 in response to primary tones f1 and f2, where f2/f1 = 1.2. F1 and f2 were generated with two speakers (MF1, Tucker Davis Technologies; Figure 2.2). The f2 level (L2) was set from 20 to 80 dB with 10 dB increments, and the f1 level (L1) was set equal to L2. The DPOAE thresholds were defined by the minimal sound level, where the DPOAEs were above the standard deviation of the noise. The determined DPOAE thresholds were plotted against geometric mean frequency of F1 and F2.
	       [image: image74.png]




	Figure 2.2: Set-up for distortion product otoacoustic emissions. 
Components of the set-up in a sound attenuating chamber: a) speakers, b) microphone and c) heat-pad. The microphone was inserted in the ear of a mouse. 


2.5. Single-cell electrophysiology

A chamber containing the cochlear spiral was mounted on a custom-made rotating stage affixed to an upright microscope (Olympus BX51) with x60 water immersion objective (LUMPlanFL, Olympus) and x15 eyepieces. The rotating stage was connected to a thermocouple and heating resistors to control the temperature of the recording. The microscope and electrodes were placed on an anti-vibration table (TMC, USA) in a Fraday cage to isolate the set-up from electronical noise in the environment (Figure 2.3). A continuous flow of extracellular solution was applied across the chamber at a speed of 9 ml/min using a pump (Cole-Parmer, USA). The pump was connected to a ground with a 65 µF-capacitor to prevent noise contamination. 

The position of the recording pipette was manipulated with a micromanipulator (PatchStar, Scientifica, UK) and attached to the head-stage of an amplifier (Optopatch, Cairn Research Ltd, UK). The recorded analogue signals were filtered at 2.5 kHz or 5 kHz for calcium current recordings with a Bessel low-pass filter. The benefit of using this type of filter is that the signals are better preserved across different frequencies compared to a Gaussian filter. The signals were subsequently converted to digital signals with a converter (Digidata 1322A or 1440A, Axon Instruments, USA) and were sampled at 5 kHz or 10 kHz for calcium current recordings by the pClamp 10 software (Axon Instruments, USA). Recordings were stored on a computer for off-line analysis.
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	Figure 2.3: Set-up for single-cell electrophysiology. 

(A) Components of the set-up for electrophysiology: a) micromanipulator control for recording electrode, b) ground for the pump, c) syringe linked to a cleaning pipette, d) syringes for drug superfusion. (B) Close view of electrodes and pipettes:  patch pipette for recording voltage and current responses (pink), cleaning pipette (green), earth electrode (red), superfusion system (blue) and thermocouple (yellow).
	


2.5.2. Experimental solutions
Extracellular solution was made similar to the physiological condition where the basolateral membrane of hair cells bath. The composition is detailed in Table 2.1. 1X of Amino acids (11130-036, Gibco, USA) and vitamins (11120-037, Gibco, USA) were added as supplement. The pH of the solution was adjusted to 7.48 with 4M NaOH. The osmolality of the solution was 308–310 mOsm/kg.  

For total current and membrane potential recordings, the pipette intracellular solution was KCl-based. The compositon is detailed in Table 2.2. The pH of the solution was adjusted to 7.28 with 1M KOH and the osmolality was 294 mOsm/kg. For calcium current recordings, the CsCl-based intracellular solution was used to minimize the contamination from potassium (see Table 2.2. for composition). The pH was adjusted to 7.28 with 1M CsOH and osmolality was 294 mOsm/kg.

	Component
	Final concentration (mM)

	NaCl
	135

	CaCl2
	1.3

	KCl
	5.8

	MgCl​2
	0.9

	HEPES
	10

	Glucose
	5.6

	NaH2PO4
	0.7

	NaPyruvate
	2


Table 2.1: Composition of extracellular solution.
	Component
	Final concentration (mM)

	
	KCl-based
	CsCl-based

	KCl
	131.0
	-

	CsCl
	-
	20.0

	L-Glutamic Acid
	-
	110.0

	EGTA-KOH
	1.0
	-

	EGTA-CsOH
	-
	1.0

	GTP
	-
	0.3

	MgCl2
	3.0
	3.0

	Na2Phosphocreatine
	10.0
	10.0

	Na2ATP


	5.0
	5.0

	HEPES
	5.0
	5.0


Table 2.2: Composition of intracellular solution.

2.5.3. Recording pipette

Patch pipettes were pulled from soda glass capillaries (1413027, Hilgenberg, Germany) with a pipette puller (Narishige Instruments, Japan). Pipettes were coated with wax (Mr Zoggs SexWax, USA) to minimize their capacitance. Pipettes were filled with intracellular solution before experiments. The resistance of the pipettes in extracellular solution was 2–3 MΩ for inner hair cells and 3–4 MΩ for outer hair cells. 

2.5.4. Cleaning pipette

Cleaning pipettes were pulled from borosillicate capillary glass (30-0062, Harvard Apparatus, UK). The tip diameter was around 2 µm. The pipettes were filled with extracellular solution and connected to a syringe to give suction.
2.5.5. Tissue preparation
Cochleae of 6N-Repaired, C57BL/6N, C57BL/6J and C3H mice were removed from the temporal bone and the organs of Corti were rapidly dissected in ice-cold extracellular solution under a dissecting microscope (Leica, Germany) as follows. The bone of the cochlea was removed with tweezers to expose the cochlear spiral with the organ of Corti on the edge (Figure 2.4A). The apical coil of the cochlear spiral, together with the organs of Corti, was separated from the modiolus and transferred to a chamber containing extracellular solution. The dissected coil was immobilized with nylon mesh attached to a stainless-steel ring (Figure 2.4B). The tectorial membrane overlying the organ of Corti was subsequently removed with tweezers to expose hair cells. 
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	Figure 2.4: Tissue preparation for whole-cell patch-clamp electrophysiology. 

(A) Vestibulo-cochlear apparatus of a 1-month-old mouse. The bone was removed from the top to reveal the apical coil (white arrowhead). (B) The apical coil of the cochlear underneath the nylon mesh. The hair cells in the organ of Corti were indicated.  


2.5.6. Whole cell patch-clamp recordings
The supporting cells surround the hair cells were removed by applying negative or positive pressure to the cleaning pipette. The pressure was given by a 10 ml syringe. Once the hair cells were exposed, a recording pipette was lowered into the chamber at a position near the hair cells. Positive pressure was applied to the recording pipette when lowering it to prevent blockage. The offset of the recording was compensated here using the amplifier. After adjusting the offset, the positive pressure was released from the recording pipette and a negative pressure was applied to form a seal with a resistance around 1 GΩ. The cells were maintained at a holding potential of -84 mV and a sharp suction was applied to break the cell membrane attached to the pipette. This allows the cell to achieve the whole-cell patch-clamp configuration. The break of the membrane can be confirmed by a reduced resistance and a large current response. 

Current and voltage recordings were performed at room temperature (23–25 °C). Calcium current recordings were performed at body temperature (34–37 °C) because the activation of calcium channels are temperature-dependent (Johnson & Marcotti, 2008). The cell membrane capacitance was measured from the current transient generated when the cell charges. In detail, a voltage step of +10 mV was applied in the voltage-clamp mode and the slow component of the current transient was cancelled by providing charge with the amplifier. The capacitance was subsequently calculated by the amplifier from the amount of compensated charge.    

Data acquisition was controlled by pCLAMP software. Membrane potentials were corrected for the voltage drop across the series resistance (3–6 MΩ) after 80% compensation using the amplifier.  

2.5.7. Extracellular superfusion
To determine calcium currents during the voltage responses, a CsCl-based solution containing potassium channel blockers, tetraethylammonium chloride (TAECl, 86614, Sigma-Aldrich), linopirdine (1999, Tocris) and 4-aminopyridine (4-AP, 275875, Sigma-Aldrich), was superfused using gravity flow to reduce contamination of potassium currents. The composition was in Table 2.3. Linopirdine was added to a final concentration of 0.08 mM before use. The osmolality of solution was 312 mOsm/kg.

The innervation of efferent neurons was investigated by activating efferent neurons, activating nicotinic acetylcholine receptors (nAChRs) and inhibiting SK2 calcium-activated potassium channels. Activation of efferent neurons was achieved by superfusion of 40 mM KCl solution (see Table 2.4. for composition). The osmolality of the solution was 309 mOsm/kg. The nAChRs were activated by applying 0.5 mM acetylcholine (A6625, Sigma-Aldrich) in extracellular solution. Current from SK2 was abolished by superfusion of calcium-free extracellular solution. The composition of calcium-free solution is shown in Table 2.4. The osmolality of the solution was 309 mOsm/kg. The pH of all the above solutions was adjusted to 7.48 with NaOH.
	Component
	Final concentration (mM)

	NaCl
	110.0

	KCl
	5.8

	MgCl2
	0.9

	CaCl2
	1.3

	NaH2PO4
	0.7

	HEPES
	10.0

	Glucose
	5.6

	TEACl
	20.0

	4-AP
	3.0


Table 2.3: Composition of a superfusion solution for calcium current recordings.

	Component
	Final concentration (mM)

	
	40 mM KCl
	Ca2+-free

	NaCl
	113.0
	142.0

	KCl
	40.0
	5.8

	MgCl2
	0.9
	3.9

	CaCl2
	1.3
	-

	NaH2PO4
	0.7
	0.7

	HEPES
	10.0
	10.0

	Glucose
	5.6
	5.6

	EGTA
	-
	0.5


Table 2.4: Composition of superfusion solutions for investigating efferent neuron innervation.

2.6. Data analysis

Data were analysed using Clampfit software (Molecular Devices, USA) and OriginPro software (OriginLab, USA). 

Holding potentials and holding currents were analysed in Clampfit software. All membrane potentials were corrected for a liquid junction potential of -4 mV for chloride-based intracellular solutions and -11 for glutamate-based intracellular solution, measured between electrode and bath solution. Total steady currents and fast potassium currents were analysed in OriginPro software. Size of the total and fast current was measured between 145–165 ms and 1.2–1.6 ms, respectively, from the onset of the depolarizing voltage steps. Calcium currents were measured at the peak of the currents. Current-voltage curves were constructed using OriginPro and the size of the currents were measured at selected voltages. 

Current leak in current recordings was subtracted by calculating leak conductance using Ohm’s law:

V = R x I = 1/G x I,

where V is the voltage, R is the resistance, G is the conductance and I is the current. The differential resistance was calculated from calcium current responses between -70 and -80 mV, at which no calcium channel is activated. This leak in current was then subtracted using Clampfit software.
Statistical analysis was carried out using Prism software (GraphPad Software, USA). Statistical comparisons between multiple data-set were made by one-way or two-way ANOVA followed by Tukey’s multiple comparisons test. One-way ANOVA was used to compare between age groups and two-way ANOVA was used to compare between both strain and age groups. The p-value for the statistical significance was set at 0.05.
2.7. Immunofluorescence microscopy

For most applications, cochleae were directly fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4) for 20 minutes at room temperature and the organs of Corti were dissected in PBS. The organs of Corti were rinsed three times with PBS and incubated in PBST (0.5% Triton X-100 in PBS) supplemented with 5% normal goat (# 31873, Invitrogen) or horse serum (H0146, Sigma-Aldrich) for 1 hour at room temperature. 

Primary antibodies were diluted in PBST with 1% of the serum and applied overnight at 37 ˚C. Primary antibodies used were: mouse anti-CtBP2, goat anti-ChAT, mouse anti-GluR2, mouse anti-Myo7a, rabbit anti-Myo7a, rabbit anti-prestin, rabbit anti-SK2 (see Table 2.5 for details).

Secondary antibodies (1:1000) were applied for 1 hour at 37 ˚C. The secondary antibody used were: goat anti-rabbit IgG Alexa Flour 488 (A11034, Invitrogen), goat anti-rabbit Pacific blue (Invitrogen, P10994), goat anti-mouse IgG2a Alexa Flour 488 (A21131, Invitrogen), goat anti-mouse IgG1 Alexa Flour 647 (A21240, Invitrogen), goat anti-mouse IgG Alexa Flour 647 (A21236, Invitrogen), donkey anti-goat IgG (NL557, Bio-Techne). 
Samples were mounted in VECTASHIELD (H-1000, VECTOR Labs). Confocal images were collected with A1 confocal microscope (Nikon Instruments, Japan), equipped with CFI Plan Apo 60x oil objective. Images were captured using NIS-Elements software (Nikon Instruments, Japan), processed with Fiji ImageJ software and composed using Photoshop software (Adobe, USA).

	Primary antibody
	Species-Isotype
	Catalogue number
	Company
	Concentration 

	CtBP2
	Mouse-IgG1
	612044
	BD
	1:200

	ChAT
	Goat-IgG
	AB144P
	Millipore
	1:500

	GluR2
	Mouse-IgG2a
	MAB397
	Millipore
	1:200

	Myo7a
	Rabbit-IgG
	25-6790
	Proteus BioSciences
	1:200

	Myo7a
	Mouse-IgG1
	No. 138-1c
	DSHB
	1:1000 

	Prestin
	Rabbit-IgG
	
	Kindly provided by Robert Fettiplace
	1:5000

	SK2
	Rabbit-IgG
	P0483
	Sigma-Aldrich
	1:200


Table 2.5: List of primary antibodies.

Chapter 3 - Hearing loss in age-related hearing loss mouse models

3.1.  Introduction
C57BL/6J (6J) and C57BL/6N (6N) mice contain a single-nucleotide polymorphism (SNP) in Cdh23 (Cdh23753A), which contributes to the early-onset progressive hearing loss in these mice. Compared with these two strains, 6N-Repaired and C3H mice contain Cdh23753G and show no hearing loss at least up to 9 months (Trune et al., 1996; Mianné et al., 2016). Therefore, by comparing the 6N and 6J strains with both the C3H and 6N-Repaired mice, we will be able to investigate the role of Cdh23753A during ARHL. Although the hearing ability of these mice has been investigated previously, they have never been compared under the same husbandry and experimental conditions. It is, therefore, crucial to conduct a study in an individual with age in order to provide a comprehensive understanding of the possible influence of genes onto ARHL. 
This chapter aims to establish the degree of hearing loss linked to ARHL in 6J, 6N, 6N-Repaired and C3H mice by measuring auditory brain stem responses (ABRs) and distortion product otoacoustic emissions (DPOAEs). ABRs are displayed from a series of electrical waves, which reflect the activity of the different neural populations along the auditory pathway. For example, the first wave of the response is generated by the auditory nerve, which provides a readout of the output mostly from IHCs. The second and third wave originates from the cochlear nucleus and superior olivary complex, respectively (Figure 3.1A). Hearing thresholds in animals can be measured from the appearance of these waves. DPOAEs, on the other hand, are the distortion products of sounds generated in the inner ear, which can be detected by a microphone. This distortion is caused by the electromotile response of OHCs and therefore is a good representation of the function of OHCs. 
The combination of ABRs and DPOAEs will provide an overview of the hearing ability of aging mice. Moreover, the effect of Cdh23753A on hearing will be determined by comparing the early-onset ARHL and 6N-Repaired mice. 

3.2. Results
3.2.1. The effect of the Cdh23753A variant on hearing thresholds
To determine the progression of hearing loss in ARHL mouse models, ABRs were recorded in 6N, 6J, 6N-Repaired and C3H mice. The hearing thresholds were determined as the lowest sound intensity at which the ABR waveforms can be detected (Figure 3.1B).  
At 1 month, the hearing thresholds from male 6N and 6N-Repaired mice were comparable when stimulated with clicks or burst-tones below 30 kHz (Figure 3.2). At frequencies above 36 kHz, however, 6N mice showed impaired hearing. For example, the hearing thresholds at 42 kHz in 6N mice was 85.0 ± 10.0 dB, which is significantly higher than that measured from the 6N-Repaired mice (47.0 ± 11.5 dB, p < 0.001). This is in agreement with previous findings, showing that ARHL mouse models began to loss hearing at higher frequencies (Li & Borg, 1991). Note that the recordings from individual mice were very similar in both 6N-repaired and C3H mice, as seen by the relatively small standard error of the means (S.E.M. less than 5.1 dB at 3–36 kHz: Figure 3.2B​–D).  
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	Figure 3.1: Hearing thresholds determined by ABR waves.

(A)  Scheme of the auditory pathway and correlated stimulus-evoked ABRs in mice. ABR waves are generated by different parts of auditory pathway. Summating potential (SP) is generated by hair cells in the cochlea, wave I is by the auditory nerve (AN), wave II originates from the cochlear nucleus (CN), wave III from superior olivary complex (SOC), and wave IV from the inferior colliculus (IC) (Wolter et al., 2018). (B) Examples of recorded ABR waves. Hearing threshold is determined as the lowest stimulus intensity that evokes a recognisable ABR waveform.  The waves here were evoked by clicks at 45 dB and 50 dB but not below 40 dB. Therefore, the hearing threshold is set at 45 dB in this example. 
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	Figure 3.2: ABR thresholds in 6N, 6N-Repaired and C3H male mice at 1 month. 

(A) Mean (± S.E.M.) thresholds for ABRs evoked by clicks and tone bursts at 3–42 kHz from male mice at 1 month. (B-D) ABR thresholds from each mouse in (A). The thresholds were similar between mice of the same strain. The thresholds were significantly different in 6N mice when stimulated with 36 and 42 kHz tone bursts. *** p < 0.001 (post-hoc Sidak’s test following two-way ANOVA). Numbers of animals are indicated. Note that some data points overlaps, giving the impression of less recordings compared to those stated.


In 12–14-month old 6J and 6N mice, ABR measurements showed highly elevated thresholds above 12 kHz (Figure 3.3). Click ABR thresholds were found to be significantly higher in 6J and 6N mice compared to either 6N-repaired and C3H mice in both males and females (each p < 0.001). The higher ABR thresholds in 6J and 6N mice suggest that indeed Cdh23753A contributes to early-onset ARHL observed in these mouse strains. However, Cdh23753A is unlikely to be the only factor involved in hearing loss because the ABR thresholds at 6–12 kHz were significantly higher in 6J than in 6N mice (p < 0.001 for either males or females, post-hoc Sidak’s test following two-way ANOVA); and higher in 6N-Repaired than in C3H mice (p < 0.01 for males and p < 0.001 for females, post-hoc Sidak’s test following two-way ANOVA). This indicates that the genetic background is also likely to influence the hearing between mouse strains. ABR thresholds between males and females were comparable in 6J, 6N and C3H mice (each frequency p > 0.05, Figure 3.4A, B, D). In 6N-Repaired mice, interestingly, ABR thresholds from females were significantly higher than 6N-Repaired males at 6 and 42 kHz (75.6 ± 10.7 dB vs. 89.0 ± 8.9 dB; p < 0.01, Figure 3.4C).   

We found that in aged mice, the ABR thresholds were more variable in 6J and 6N mice at 12–18 kHz compared to 6N-Repaired and C3H (Figure 3.5, Table 3.1 and Table 3.2). This indicates that the progression of hearing loss was different between individuals in 6N and 6J mouse strains, with some of them being nearly deaf, while others only showing a hearing loss at 6–24 kHz. Interestingly, the thresholds were more variable at the frequencies where the hearing loss begins (at higher frequencies). For example, for 6N mice at 3 months, the recordings were most variable (( = 175 dB2) at 30 kHz, which is the region where the ABR thresholds were highly elevated (Table 3.1). At 12-14 month, the 6N mice started to lose hearing at 12 kHz, again at which the ABR thresholds were most variable (( = 302.1 dB2, Table 3.1). This was not observed in 6N-Repaired and C3H mice (Table 3.2), suggesting that Cdh23753A might act with other environmental factors and cause variabilities in the progression of hearing loss in mouse models.
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	Figure 3.3: ABR thresholds in 6J, 6N, 6N-Repaired and C3H mice at 12–14 months. 

(A, B) Mean (± S.E.M.) ABR thresholds for auditory brainstem responses from males and females, separately, evoked by clicks and 3-42 kHz tone bursts. The thresholds were significantly higher in 6J and 6N mice when stimulated with clicks. *** p < 0.001 (post-hoc Tukey’s test following one-way ANOVA). Number of animals are indicated.
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	Figure 3.4: Comparison of ABR thresholds between genders at 12–14 months. 

Hearing thresholds measured in C57BL/6J (A), C57BL/6N (B), 6N-Repaired (C) and C3H (D) males and females. The hearing thresholds were significantly higher in the 6N-Repaired males than females at 6 and 42 kHz. ** p < 0.01 (post-hoc Sidak’s test following two-way ANOVA). Error bars represent S.E.M. and the number of mice is indicated.
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	Figure 3.5: ABR thresholds in 6J, 6N, 6N-Repaired and C3H male and female mice at 12–14 months. 

(A, B) Mean (± S.E.M.) ABR thresholds from individual males and females, respectively, between 3 and 42 kHz tone bursts. ABR thresholds highly variable in 6J and 6N strains, but not in 6N-Repaired and C3H mice. Number of animals as in Figure 3.4.


	Strain

	C57BL/6N 

	C57BL/6J 


	Age

	1 month 
(n = 5)

	3 months 
(n = 4)

	6 months 
(n = 9)

	12-14 months 
(n= 12)

	12-14 months 
(n = 5)


	 

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)


	3 kHz

	69.0

	17.5

	75.0

	50.0

	78.9

	67.4

	78.3

	87.9

	83

	132.5


	6 kHz

	40.0

	12.5

	45.0

	0.0

	46.1

	23.6

	60.0

	231.8

	70

	250.0

	12 kHz

	21.0

	30.0

	18.8

	6.3

	25.6

	21.5

	52.1

	302.1

	76

	192.5


	18 kHz

	25.0

	37.5

	21.3

	6.3

	27.8

	25.7

	80.4

	93.0

	85

	87.5


	24 kHz

	32.0

	7.5

	35.0

	0.0

	70.6

	165.3

	95.0

	0.0

	93

	20.0

	30 kHz

	46.0

	42.5

	82.5

	175.0

	95.0

	0.0

	95.0

	0.0

	95

	0.0

	36 kHz

	57.0

	32.5

	95.0

	0.0

	95.0

	0.0

	95.0

	0.0

	94

	5.0

	42 kHz

	85.0

	100.0

	95.0

	0.0

	95.0

	0.0

	95.0

	0.0

	94

	5.0


	

	Table 3.1:  Variance of the ABR thresholds in 6J and 6N male mice with age.
Mean and variance of ABR thresholds evoked with tone burst stimuli at different frequencies. Mean hearing thresholds above 20 dB, compared to those measured from 1 month-old 6N-Repaired mice, are highlighted in red and the largest variance of each age group are highlighted in green. 


	Strain

	6N-Repaired
	C3H


	Age

	1 month 
(n = 5)

	3 months 
(n = 5)

	6 months 
(n = 6)

	12-14 months 
(n= 9)

	12-14 months 
(n = 12)


	 

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)


	3 kHz

	72.0

	57.5

	71.0

	30.0

	78.3

	26.7

	92.8

	100.7

	85.5

	46.9


	6 kHz

	43.0

	32.5

	35.0

	12.5

	39.2

	74.2

	75.6

	115.3

	61.5

	144.7


	12 kHz

	23.0

	57.5

	18.0

	32.5

	20.0

	20.0

	41.7

	62.5

	28.0

	51.1


	18 kHz

	24.0

	55.0

	17.0

	32.5

	20.8

	14.2

	20.6

	21.5

	22.0

	28.9


	24 kHz

	35.0

	25.0

	32.0

	70.0

	30.8

	24.2

	35.6

	40.3

	36.5

	50.3


	30 kHz

	43.0

	45.0

	42.0

	70.0

	36.7

	26.7

	37.8

	25.7

	46.5

	83.6


	36 kHz

	45.0

	25.0

	41.0

	42.5

	40.8

	54.2

	38.3

	12.5

	45.0

	38.9


	42 kHz

	47.0

	132.5

	46.0

	117.5

	42.5

	67.5

	33.9

	23.6

	49.5

	41.4



	

	Table 3.2: Variance of ABR thresholds in 6N-Repaired and C3H male mice with age. 

Mean and variance of ABR thresholds evoked with tone burst stimuli at different frequencies. Mean hearing thresholds above 20 dB, compared to those measured from 1 month-old 6N-Repaired mice, are highlighted in red and the largest variance of each age group are highlighted in green. 





3.2.2. Cdh23753A affects cochlear amplification 
OHC degeneration is one of the pathologies associated with ARHL, which leads to reduced cochlear amplification. To investigate whether the cochlear amplification is affected by the Cdh23753A mutation, we measured DPOAE thresholds in the four mouse strains highlighted in the previous section.

We found that progressive loss of the DPOAE thresholds coincided with that of ABR thresholds in 6J and 6N mice. At 3 months, the DPOAE thresholds were higher in male 6N compared to 6N-Repaired mice at frequencies above 30 kHz (p < 0.001, Figure 3.6A). This was similar to ABR thresholds at young ages (see above Figure 3.2), suggesting that dysfunction of the cochlear amplifier contributed to the hearing loss phenotype.  

With age (12–14 months), the DPOAE thresholds became significantly elevated above 12 kHz in 6J and 6N compared to 6N-Repaired mice (p < 0.001, Figure 3.6B). In 6N mice, DPOAE thresholds at 18 and 24 kHz were significantly different between 3 and 12–14 months (Figure 3.6C). However, at higher frequencies the dysfunction of the cochlear amplifier already begins at relatively young ages. On the other hand, 6N-Repaired mice showed comparable or even lower DPOAE thresholds at all frequencies with age (Figure 3.6D). DPOAE thresholds in 6N-Repaired and C3H mice were comparable at all frequencies at 12–14 months (p > 0.05, two-way ANOVA, Figure 3.6B). These results indicate that, with age, the dysfunction of the cochlear amplifier in 6J and 6N mice was associated with Cdh23753A. 
At 12–14 months, the mean DPOAE thresholds at 12 kHz were significantly higher in 6J than those in 6N mice (p < 0.01, Table 3.3). This suggests that the genetic background differences between 6J and 6N affected the progression of ARHL. At this age, the DPOAE thresholds at 18 kHz in 6J and 6N mice were more variable compared to those measured in 6N-Repaired mice (( = 170.0 dB2 and 330.0 dB2 v.s. 25.0 dB2 , Table 3.3). Similar to the ABRs, DPOAE threshold measurements suggest that Cdh23753A might able to influence the onset of hearing loss, leading to a larger variability in the hearing thresholds in 6N and 6J mice. 
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	Figure 3.6: DPOAE thresholds in 6J, 6N, 6N-Repaired and C3H male mice.

(A) DPOAE thresholds in 6N and 6N-Repaired mice at 3 months. *** p < 0.001 (post-hoc Sidak’s test following two-way ANOVA). (B) DPOAE thresholds in 6N, 6J, 6N-Repaired and C3H mice at 12-14 months. *** p < 0.001 (post-hoc Sidak’s test following two-way ANOVA). (C) and (D) DPOAE thresholds in 6N and 6N-Repaired mice at 3 and 12–14 months. * p < 0.05, ** p < 0.01, *** p < 0.001 (post-hoc Sidak’s test following two-way ANOVA). The error bars represent S.E.M. Number of animals are indicated.


	Strain

	C57BL/6J 

	C57BL/6N

	6N-Repaired
	C3H


	Age

	12-14 months 
(n= 5)

	12-14 months 
(n= 5)

	12-14 months 
(n= 4)

	12-14 months 
(n= 9)


	 

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)

	( 
(dB)

	(
(dB2)


	6 kHz

	80.0

	150.0

	80.0

	50.0

	65.0

	33.3

	77.8

	119.4


	12 kHz*

	56.0

	130.0

	34.0

	80.0

	37.5

	25.0

	44.4

	77.8


	18 kHz

	72.0

	170.0

	54.0

	330.0

	32.5

	25.0

	38.9

	111.1


	24 kHz

	68.0

	70.0

	68.0

	20.0

	40.0

	133.3

	43.3

	200.0


	30 kHz

	80.0

	50.0

	82.0

	70.0

	50.0

	66.7

	54.4

	177.8


	36 kHz

	72.0

	120.0

	80.0

	100.0

	37.5

	91.7

	48.9

	136.1



	* The DPOAE threshold at 12 kHz was significantly higher in C57BL/6J than those in C57BL/6N mice. P < 0.01, post-hoc Sidak’s test following two-way ANOVA.

	Table 3.3: Variance of DPOAE thresholds in 6N, 6J, 6N-Repaired and C3H mice. 

Values represent the measured mean and variance of DPOAE thresholds. DPOAEs were evoked with two pure tone stimuli at different frequencies. Mean hearing thresholds above 20 dB compared to those measured in 6N-Repaired mice at 1 month are highlighted in red. The largest variance in 6J and 6N mice is labelled in green. 


3.3. Discussion
This chapter addresses the influence of the ARHL-associated gene, Cdh23753A, on hearing loss. The early-onset ARHL mouse models 6J and 6N mice, which contain a single nucleotide polymorphism in Cdh23 (Cdh23753A), were directly compared for the first time with 6N-Repaired and C3H mice to investigate whether Cdh23753A influences the progression of ARHL. The results showed that the loss of hearing starts from higher frequencies in 6J and 6N but not in 6N-Repaired and C3H mice, implying a role for Cdh23753A in ARHL.

The results were similar between DPOAE thresholds and ABR thresholds across the different frequencies and with age. First, the thresholds from the 6N-Repaired mice were similar to those in the C3H mice at higher frequencies. Second, the thresholds began to elevate at higher frequencies in both 6J and 6N mice. Third, the thresholds were highly variable in 6J and 6N mice, compared to those in 6N-Repaired and C3H mice, especially at the frequencies where hearing loss began. Last, the thresholds were higher in 6J than those in 6N mice. These data demonstrate that the progression of hearing loss coincides with the functional degeneration of the cochlear amplifier, indicating its direct involvement in hearing loss in aging mice. In addition, hearing loss started at higher frequencies, which is likely to be related to the loss of hair cells. In patient, hair cell loss is more severe at the base (high-frequency region) than the cochlear apex (low-frequency region) (Soucek et al., 1986; Spongr et al., 1997; McFadden et al., 1999). The larger susceptibility to damage of high-frequency hair cells in ARHL is also likely to be linked to Cdh23753A, because 6N-Repaired mice did not show the same pattern of OHCs degeneration with age (as judged by the DPOAE threshold data). It is possible that Cdh23753A influences the function of the hair cells differently between basal and apical regions of the cochlea. Cdh23 is a major component of the tip link that is required to gate the MET channels, the properties of which are known to vary along the tonotopic axis of the cochlea (Fettiplace & Kim, 2014).

ABR thresholds were highly variable at frequencies where hearing loss began in 6J and 6N mice. As the DPOAE thresholds were also variable at these frequencies, the severity of OHC damage might contribute to the observed variability in ABR thresholds. Nevertheless, further investigations are required to understand how Cdh23753A might affect the function of OHCs. 

Cdh23753A could influence hearing thresholds in 6J and 6N mice differently, since 6J mice had higher hearing thresholds. This implies the influence of other genetic factors, other than Cdh23753A, contributing to the pathogenic effect observed in 6J and 6N mice, and the key to find these genes might lie within the genetic background differences. Indeed, it has been proposed that Cdh23753A alone is not sufficient to induce ARHL (Kane et al., 2012). 

Chapter 4 - Electrophysiological characteristics of OHCs in aging mice

4.1. Introduction

The loss of hair cells is common in ARHL patients, however, it is unknown whether those hair cells died because of any intrinsic functional defect that may be linked to ARHL. This is mainly due to several difficulties associated with performing electrophysiological recordings from aged hair cells. 

Recent studies have mainly focused on the identification of the genes involved in ARHL, which are likely to give us some insights into the mechanisms leading to the disorder. Indeed, genetic studies have shown that genes can influence ARHL (Karlsson et al., 1997; Christensen et al., 2001). Genome-wide association studies (GWAS) conducted in ARHL patients have identified several single nucleotide polymorphisms (SNPs) linked to ARHL. Two of the identified variants are located in GRM7 and GRM8, which encodes metabotropic glutamate receptors (Friedman et al., 2009; Fransen et al., 2015). Since glutamate is the major neurotransmitter released in hair cells, SNPs in GRM7 and GRM8 might affect synaptic transmission at hair cell ribbon synapses and as such play a role in ARHL.

Despite the fact that basolateral membrane ion channels are important for hair cell function, SNP variances in such channels have yet to be identified in ARHL patients. Nevertheless, there are some studies showing that the expression of ion channels is altered in the aging mouse cochlea. For example, the transcript levels of Kcnq4, which is responsible to carry the K+ current IK,n, has been shown to decrease in the mouse cochlea at 4 months (Beisel et al., 2005). The protein expression level of CaV1.3 channels also decreases with age in the mouse cochlea (Chen et al., 2013). However, these studies do not provide the expression level in only OHCs or IHCs. Therefore, the function of the hair cells cannot be directly linked to the above observations and how it might change with age remains elusive.

To expand our knowledge about the possible contribution of hair cell dysfunction in ARHL, we investigated the electrophysiological properties of cochlear hair cells from 6J, 6N, 6N-Repaired and C3H mice. As described in Chapter 3, DPOAE thresholds increase in aged 6J and 6N mice, suggesting that the function of OHCs might be affected in those mice. Therefore, this chapter aims to investigate the biophysical properties of OHCs with age and how Cdh23753A might influence OHC function.

4.2. Results

4.2.1. Current responses of outer hair cells 

Currents were recorded from apical-coil OHCs (6–12 kHz region) of 6J, 6N, 6N-Repaired and C3H mice at 1 and 12 months. OHCs were held at -84 mV in the voltage-clamp configuration. Basolateral membrane currents were obtained by applying hyperpolarizing and depolarizing voltage steps in 10 mV nominal increments from the holding potential of -84 mV. The total current in mature OHCs has been shown to be primarily composed of a negatively activated K+ current (IK,n), carried by KCNQ4 channels (Kubisch et al., 1999), and a classical delayed rectifier outward K+ current (IK,DR) (Marcotti & Kros, 1999). 

At 1 month of age, IK,n was present in all four mouse strains as the deactivating tail currents at hyperpolarizing voltages below -90 mV (male: Figure 4.1; female: Figure 4.2). The outward current was also evident in all mice investigated and showed slow activation kinetics, reaching a steady-state value towards the end of the 160 ms voltage step. These currents were comparable to those previously described in young adult mice (Marcotti & Kros, 1999).
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	Figure 4.1: Current responses in OHCs from male 6J, 6N, 6N-Repaired and C3H mice at 1 month. 

Examples of whole-cell patch-clamp recordings from OHCs of male mice. The cells were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. Membrane potentials were off-line corrected by the residual series resistance (Rs) and liquid junction potential (LJP) are shown next to some of the current traces. 
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	Figure 4.2: Current responses in OHCs from female 6N, 6J, 6N-Repaired and C3H mice at 1 month. 

Examples of whole-cell patch-clamp recordings from OHCs of female mice. OHCs were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. Membrane potentials were corrected for the Rs and LJP and are shown next to the current traces.


To further examine the current responses, the total peak outward current was measured during the last 20 ms of the depolarizing steps. For the hyperpolarizing voltages between -84 and -124 mV, the peak inward currents were measured at 1.2–1.6 ms from the current onset. The currents were then plotted against the corresponding voltages (males: Figure 4.3A; females: Figure 4.3B). 

At 1 month, the total outward current was extrapolated at 0 mV from the current-voltage (I-V) curves (Figure 4.3) and compared between strains and genders. The currents were found to be significantly different between gender and strain. The current was significantly larger in 6N-Repaired males (3.84 ± 0.73 nA) compared to females (2.17 ± 0.72 nA, p < 0.05, Figure 4.4A). Even accounting for strain effects, the currents were significantly larger in 6N-Repaired males compared to females (p < 0.05, unpaired t-test). Similarly, the size of the isolated IK,n, measured as the difference between the peak and the steady-state current at -124 mV (Marcotti and Kros 1999), was significantly larger in 6N-Repaired males (0.68 ± 0.13 nA) compared to that in females when corrected for the effect of strain (0.42 ± 0.16 nA, p < 0.05, unpaired t-test). There is no association between strain and gender (Figure 4.4B; p > 0.05, two-way ANOVA).

At 12 months, the shape of the current traces was similar between different strains or genders. IK,n was still visible from the hyperpolarising voltage steps in each strain (male: Figure 4.5 female: Figure 4.6). The current-voltage (I-V) relationship curve (Figure 4.7) was also similar to those from previous observations (Marcotti and Kros, 1999). The total steady-state current at 0 mV and isolated IK,n at -124 mV were similar between gender and strain and did not reveal the difference observed in 1-month-old 6N mice (both p > 0.05, Figure 4.8A and B). When corrected for the effect of strain the data were also not significantly different between gender (p > 0.05, one-way ANOVA). These results showed that Cdh23753A did not significantly affect the current response at 12 months.
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	Figure 4.3: Comparison of current responses in OHCs between strains and genders at 1 month. 

Current (I) – voltage (V) relationship obtained from both male (A) and female (B) mice. Number of cells shown in the panels. Values are mean ± S.E.M.
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	Figure 4.4: Peak current responses in OHCs between strains and genders at 1 month. 

(A) Total steady-state current measured at 0 mV and at 160 ms from the onset of voltage steps (last 20 ms) in male and female mice. The total current in 6N-Repaired male mice was larger than that in female mice. * p < 0.05, post-hoc Sidak’s test following two-way ANOVA. (B) IK,n at -124 mV in male and female mice. P > 0.05, two-way ANOVA. Number of cells as in Figure 4.3. Values are mean ± S.E.M.
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	Figure 4.5: Current responses in OHCs from male 6J, 6N, 6N-Repaired and C3H mice at 12 months.

Examples of whole-cell patch-clamp recordings from OHCs of male mice. OHCs were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. The membrane potentials were off-line corrected by Rs and LJP are shown next to some of the current traces.
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	Figure 4.6: Current responses in OHCs from female 6J, 6N, 6N-Repaired and C3H mice at 12 months.

Examples of whole-cell patch-clamp recordings from OHCs of female mice. OHCs were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. The membrane potentials were off-line corrected by Rs and LJP are shown next to some of the current traces.
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	Figure 4.7: Currents in OHCs between strains and genders at 12 months.

Current (I) – voltage (V) relationship obtained from both male (A) and female (B) mice. Number of cells shown in the panels. Values are mean ± S.E.M.
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	Figure 4.8: Peak current responses in OHCs between strains and genders at 12 months.

(A) Total steady-state current measured at 0 mV at 160 ms from the onset of voltage steps (last 20 ms) in male and female mice. Total steady-state current in male and female mice, which was comparable between strains and genders. P > 0.05, two-way ANOVA. (B) IK,n at -124 mV in male and female mice. P > 0.05, two-way ANOVA. Number of cells as in Figure 4.7. Values are mean ± S.E.M.


Next, the current responses in OHCs from male mice were compared as a function of age. In 6J and 6N mice, the size of the total outward current at 0 mV (Figure 4.9A) and that of the isolated IK,n Figure 4.10A) were comparable at 1, 6 and 12 months. In 6N-Repaired and C3H mice, the current responses were significantly larger at 1 month compared to 12 months (p < 0.01 and p < 0.05, Figure 4.90B). Similarly, IK,n in 6N-Repaired and C3H mice was also larger at 1 month (p < 0.05, Figure 4.10B). 
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	Figure 4.9: Changes in current responses in OHCs from 6J, 6N, 6N-Repaired and C3H male mice with age. 

Total steady current measured at 0 mV from 6J and 6N (A), and from 6N-Repaired and C3H (B) mice. ** p < 0.01, * p < 0.05 (post-hoc Tukey’s test following one-way ANOVA). Number of cells is indicated near the mean data. Error bars are S.E.M.
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	Figure 4.10: Changes in current responses in OHCs from 6J, 6N, 6N-Repaired and C3H male mice with age. 

IK,n measured at -124 mV from 6J and 6N (A), and from 6N-Repaired and C3H (B) mice. * p < 0.05 (post-hoc Tukey’s test following one-way ANOVA). Number of cells is indicated near the mean data. Error bars represent S.E.M.


4.2.2. The surface area of hair cells changes with age 

As the cell surface area may affect the current size by changing the number of channels present on the membrane, the total cell membrane capacitance was estimated during whole-cell patch-clamp recordings. The total capacitance of the OHCs was generally larger at 1 month, compared to 12 months in every strain (p < 0.05 for 6J, p < 0.01 for 6N, p < 0.001 for 6N-Repaired and C3H mice, Figure 4.11). Although the cell size decreased with age in the 6J and 6N mice, it appeared to have little influence on the total steady-state current because the current sizes were similar between 1 and 12 months (see above Figure 4.9A). 

To investigate whether the cell surface area affects the total current response in OHCs from 6N-Repaired and C3H mice, the current recorded from each OHC was normalized to its cell membrane capacitance. This measures the maximum current density of each cell. If the size of current is correlated to cell capacitance, the current density should be similar between cells. The results showed that the current density did not change significantly between 1 and 12 months in 6N-Repaired and C3H mice (Figure 4.12, p > 0.05). Therefore, cell size is likely to influence current responses in 6N-Repaired and C3H mice at 1 month.
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	Figure 4.11: OHC membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.

Membrane capacitance of inner hair cells measured at -84 mV decreased with age. *** p < 0.001, ** p < 0.01, * p < 0.05, post-hoc Tukey’s test following one-way ANOVA. Number of cells is indicated near the mean data. Error bars represent S.E.M.
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	Figure 4.12: OHC current density in 6J, 6N, 6N-Repaired and C3H male mice with age.

Current density of each cell measured at 0 mV was comparable between mice at 1 and 12 months. P > 0.05, post-hoc Tukey’s test following one-way ANOVA. Number of cells is indicated next to the mean data. Error bars represent S.E.M.


4.2.3. Resting membrane potentials did not change with age

Resting membrane potential was recorded in current-clamp configuration from OHCs of 6J, 6N, 6N-Repaired and C3H mice of both genders. The mean membrane potential was found to be between -75 mV and -70 mV in mice in all four strains at 1 and 12 months (Figure 4.13A and B), which was comparable to previous observations in CD-1 mice at 1 month (Marcotti & Kros, 1999). The difference was not significant between gender and strain on membrane potential at 1 or 12 months (p > 0.05). The membrane potentials were not significantly different between strains at 1 or 12 months (for each gender: p > 0.05, one-way ANOVA). The difference between ages in each strain was also not significant (p > 0.05, one-way ANOVA, Figure 4.14). These results indicate that Cdh23753A does not affect the resting membrane potential of OHCs in aging mice.
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	Figure 4.13: Resting membrane potential in OHCs in 6J, 6N, 6N-Repaired and C3H mice. 

(A, B) Mean zero-current potentials (± S.E.M) from 6J, 6N, 6N-Repaired and C3H mice at 1 (A) and 12 months (B). The interaction between gender and strain on membrane potential was not significant (p > 0.05, two-way ANOVA). Number of cells is indicated near the mean data. 
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	Figure 4.14: Resting membrane potential in OHCs in male 6J, 6N, 6N-Repaired and C3H mice with age. 

Mean zero-current potentials (± S.E.M.) in 6J, 6N, 6N-Repaired and C3H mice. Membrane potentials were similar between 1, 6, and 12 months in male mice. Each strain p > 0.05, one-way ANOVA. Number of cells is indicated next to the mean data. 


4.2.4. Cdh23753A did not influence OHC loss with age

Cochlear amplification relies on the electromotility of OHCs and it could be impaired with age because the DPOAE thresholds were elevated in 6J and 6N mice at 12–14 months (see above Figure 3.6). Prestin is the key protein driving electromotility, and is also thought to be involved in the survival of OHCs (Liberman et al., 2002; Song et al., 2015). Therefore, prestin expression was investigated in OHCs using immunolabelling. 

Immunolabelling was conducted in the same apical cochlear region (6–12 kHz region) used to perform electrophysiological experiments. Hair cells in 6N, 6N, 6N-Repaired and C3H mice were labelled with an anti-prestin antibody; and an anti-Myo7a antibody was used as the hair-cell marker (Figure 4.15 and Figure 4.16). The immunoreactivity of prestin was robust at 1 month in every mouse strain. Prestin labelling was around the surface of every OHC. This result is in agreement with the knowledge that prestin is expressed in the lateral plasma membrane of the OHCs (Belyantseva et al., 2000; Zheng et al., 2001). The expression of prestin was also evident in OHCs at 15 months. No obvious differences, regarding the localization of prestin, were observed from the images either between genders or ages. The results suggest that prestin expression was not dependent on the Cdh23753A in 6J and 6N mice with age.

The loss of OHCs was noticeable from the staining in all four mouse strains at 15 months. This suggests that the “repair” of Cdh23753A in 6N mice did not prevent the loss of apical OHCs with age. The number of apical OHCs across 140 µm was counted from images where anti-Myo7a was used as the hair cell marker (Figure 4.17). The number of OHCs, as expected, was largely reduced in every mouse strain (each strain p < 0.001). The loss of OHCs at 15 months was most severe in 6J mice (49.4 ± 2.4 cells in mice at 1 month, compared to 32.1 ± 10.3 cells in mice at 12 months, p < 0.001). The number of OHCs was significantly different between strains and between genders. 6J had fewer OHCs than either 6N-Repaired or C3H mice (6J vs. 6N-Repaired, p < 0.01; 6J vs. C3H, p < 0.05). More importantly, the number of OHCs was comparable between 6N and 6N-Repaired mice (p > 0.05).  

To conclude, despite the loss of OHCs at old ages, the pattern of anti-prestin staining was similar in the surviving OHCs from all four mouse strains at 15 months. In addition, Cdh23753A did not alter this pattern with age. Therefore, Cdh23 might not be the major factor that caused OHC loss during ARHL.  
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	Figure 4.15: Expression of prestin in hair cells from 6J and 6N mice with age. 

Maximum intensity projection of confocal z-stack images from the apical coil of the cochlea at 1 and 15 months. Immunoreactivity of prestin is shown in green and Myo7a in red. Number of animals at 1 month: 6J n = 4, 6N n = 6; males at 15 months: 6J n = 3, 6N n = 3,; females at 15 months: 6J n = 3, 6N n = 3.
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	Figure 4.16: Expression of prestin in hair cells from 6N-Repaired and C3H mice with age. 

Maximum intensity projection of confocal z-stack images from the apical coil of the cochlea at 1 and 15 months. Immunoreactivity of prestin is shown in green and Myo7a in red. Number of animals at 1 month: 6N-Repaired n = 7, C3H n = 7; males at 15 months: 6N-Repaired n = 4, C3H n = 3; females at 15 months: 6N-Repaired n = 3, C3H n = 5.
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	Figure 4.17: OHC numbers in 6J, 6N, 6N-Repaired and C3H mice with age. 

Mean (± S.E.M) of the number of OHCs at apical coil of the cochlea in both male and female mice. The numbers of cells were counted across 140 µm from confocal z-stack images using anti-Myo7a immunoreactivity as the cell marker. The number of OHCs decreased significantly at 15 months compared to 1 month in each strain (*** p < 0.001, ** p < 0.01, post-hoc Sidak’s test following two-way ANOVA). Number of animals at 1 month: 6J n = 20, 6N n = 18, 6N-Repaired n = 19, C3H n = 15; at 15 months: 6J n = 15, 6N n = 19, 6N-Repaired n = 18, C3H n = 15.


4.3. Discussion

A detailed characterisation of the physiological properties of apical OHCs (6–12 kHz region) with age was conducted. The loss of OHCs was observed in all strains but cells that were still present in 6J and 6N mice were functionally normal. Their resting membrane potentials were stable and showed current responses and the expression of IK,n at 12 months, which was comparable to those present at 1 month. Although total cell capacitance decreased with age, this did not significantly affect their current amplitude. The current responses were also comparable between genders at 12 months (Figure 4.8). However, the DPOAE thresholds were higher in 6J than 6N mice (see Figure 3.6), suggesting that this difference might not be related to the changes in the K+ currents. All the above results demonstrate that the basolateral biophysical properties of OHCs in 6J and 6N mice were in fact affected little by age. 

On the other hand, the biophysical properties of OHCs were different with age in 6N-Repaired and C3H mice. The current responses in OHCs were larger at 1 month than 12 months in 6N-Repaired and C3H males, possibly related to a larger cell size at younger ages (Figure 4.12). Moreover, 6N-Repaired mice showed gender differences in OHCs. The current responses were larger in 6N-Repaired males than in the females at 1 month, which together with the gender differences in ABR thresholds (see Figure 3.4), suggesting that 6N-Repaired mice were more affected by gender specific factors. However, there is a limited number of research on how gender could affect hearing loss. It has been postulated that the estrogen-related receptor gamma (ESSRRG) in females is involved in maintaining hearing (Nolan et al., 2013). However, this did not explain why 6N-Repaired males hear better than females at a lower frequency of 6 kHz, and the fact that men on average are more sensitive at lower frequencies than women (Pearson et al., 1995).

The current responses in 6N males were smaller than 6N-Repaired males at 1 month (Figure 4.4). This current difference also did not affect DPOAEs thresholds, which were comparable at 6–12 kHz at 3 months (see Figure 3.6). As the only genetic difference between 6N and 6N-Repaired is Cdh23753A, it is plausible that the mutation is likely to affect, with time, the opening or normal operation of the MET channel. However, it is difficult to confirm this by measuring MET current because OHC hair bundles are usually damaged during extraction so the MET current recordings are not reliable. 

DPOAE thresholds only start to elevate significantly at lower-frequencies at 18 months in 6J mice (Parham, 1997). This agrees with our recordings in aged 6N and 6N-Repaired mice because DPOAEs at 12–14 months were comparable to those at 3 months (Figure 3.6) in the 6–12 kHz apical cochlear region. However, at 15 months we found that both 6N and 6N-Repaired mice showed a 20% loss of OHCs (Figure 4.17), which should have lead to a reduction in DPOAE thresholds. Since a previous report has indicated that 12% of OHC loss can be detected by a 15 dB shift in DPOAE thresholds (Davis et al., 2005). If DPOAE thresholds will be found not to change in 15 months old mice, the result might be explained by some degree of compensation
. It has been reported previously that prestin is up-regulated after noise-induced OHC loss (Xia et al., 2013). This suggests that prestin level is precisely regulated to maintain the cochlea amplifier. Prestin expression could be influenced by OHC activity, where the expression is lower when they are not connected to the tectorial membrane (Song et al., 2015). Therefore, prestin level might also be raised to compensate for the loss of OHCs at 12 months and reach desirable cochlear amplification. As our data only showed that prestin was expressed at old ages, prestin level or prestin-related electromotility remains to be determined. 
The loss of OHCs is pronounced in every mouse strain at 15 months, suggesting that Cdh23753A was not the major cause of this pathology. The loss of OHCs was most severe in 6J mice (Figure 4.17), and the DPOAE thresholds were also the highest in 6J mice at 12 kHz (see Figure 3.6). In addition, both the number of OHCs and DPOAEs were similar between 6N and 6N-Repaired mice. Therefore, the genetic differences between 6J and 6N mice might contribute to the loss of OHCs and affect the hearing ability in mice as a consequence.

In summary, the results showed that Cdh23753A did not cause severe malfunction of apical OHCs. Despite that OHC loss was obvious at 15 months, current responses and resting membrane potentials were not affected in the surviving cells in 6J and 6N aged mice. Prestin was also expressed at old ages, implying the presence of electromotility in aging OHCs. 

Chapter 5 - Electrophysiological characteristics of IHCs in aging mice

5.1. Introduction

IHCs play a major role in transducing acoustic information into neural signals. Since the loss of IHCs during ARHL is relatively minimal compared to that of OHCs (Wu et al., 2018), one might argue that IHC death is not a major factor contributing to the progressive hearing loss. Nevertheless, the activity of IHCs might be involved in cochlea damage since IHC excitotoxicity in the aging cochlea has been proposed to damage both IHC ribbon synapses and afferent neurons (Hu et al., 2015; Sebe et al., 2017). It is thus crucial to investigate if the function of IHCs changes with age, and how it might influence their activity.  

IHCs show mature features from around P12, which include the expression of the fast current IK,f (Kros et al., 1998), carried by BK channels (Oliver et al., 2006), the negatively activated K+ current IK,n (Marcotti et al., 2003) carried by KCNQ4 channels (Kubish et al., 1999) and an increased efficiency in Ca2+-induced exocytosis (Johnson et al., 2005). Ca2+-induced exocytosis requires Ca2+ current (ICa), which is carried by CaV1.3 channels (Platzer et al., 2000). In IHCs, a few CaV1.3 channels are sufficient to regulate single-vesicle exocytosis (Brandt et al., 2005). ICa might also be essential for IHC development since CaV1.3-knockout IHCs do not express IK,f after P12 and IHCs degenerate at P35 (Platzer et al., 2000; Brandt et al., 2003). In addition, Ca2+ entering CaV1.3 channels can serve as a second messenger, which is known to regulate the gene expression in cells (West et al., 2001; Barbado et al., 2009). Overall, the activation of ICa is important for regulating normal hair cell development and function.

The properties of ICa are likely to be influenced by intracellular Ca2+ concentration through modulating Ca2+-dependent inactivation of CaV1.3 (Budde et al., 2002; Lee et al., 2007). Therefore, an altered ICa might reflect the combined effect of changes in CaV1.3 protein expression and intracellular Ca2+ concentration. Intracellular Ca2+ is normally tightly controlled within a cell since it can lead to cytotoxicity and cell degeneration (Orrenius et al., 2003; Pinton et al., 2008; Esterberg et al., 2014; Fettiplace & Nam, 2018). It has been postulated that intracellular Ca2+ accumulation is one of the causes of IHCs excitotoxicity during ARHL (Pinton et al., 2008). As a consequence, Ca2+ channel blockers have been proposed to ameliorate hearing loss and are considered to be a potential treatment for ARHL (Uemaetomari et al., 2009; Yu et al., 2016; Naples, 2017). Surprisingly, intracellular concentration of Ca2+ has not yet been investigated in hair cells in ARHL animal models. Therefore, investigating ICa might provide some insights into Ca2+ cytotoxicity in aging hair cells. 

This chapter investigates K+ currents and ICa in IHCs from the apex of the cochlea (6–12 kHz region) of 6J and 6N mice with age. The result was compared to 6N-Repaired and C3H mice to identify potential influences of Cdh23753A.

5.2. Results

5.2.1. Current responses of inner hair cells 

Basolateral membrane currents from IHCs of 6J, 6N, 6N-Repaired and C3H mice (1 and 12 months old) were obtained by applying hyperpolarizing and depolarizing voltage steps in 10 mV nominal increments from the holding potential of -84 mV. The total K+ current in IHCs is composed of the fast K+ current IK,f, the negatively activated K+ current IK,n and the delayed rectifier K+ outward current IK,DR (see chapter 1.1.2 for more information). 

At 1 month of age, IHCs expressed an outward current that was faster and larger (males: Figure 5.1 and females: Figure 5.2) than that recorded in OHCs (males: Figure 4.1 and females: Figure 4.2), which was due to the presence of IK,f (Kros et al., 1998). To further examine the characteristics of the total current, the steady-state value was measured during the last 20 ms of the voltage steps. The current-voltage (I-V) relationship curve plotted for the IHCs from males and females of each strain (Figure 5.3) was similar to previous observations (Kros et al., 1998). The size of this steady current at 0 mV, which was extrapolated from the I-V curves, was not significantly different between genders and strains (Figure 5.4A, p > 0.05). When the data was corrected for differences between strains, the current at 0 mV appeared to be smaller in male than in female C3H mice (11.4 ± 5.6 nA vs. 7.0 ± 2.6 nA, p < 0.05, unpaired t test). 

The size of the isolated IK,f was measured at -25 mV and at 1.2-1.6 ms from the onset of the voltage steps. In 1 month-old mice, there was no significant difference found (Figure 5.4B, p > 0.05). At 12 months, the shape of current traces in IHCs was also comparable between different strains (males: Figure 5.5 and females: Figure 5.6). The I-V relationship curve was also similar between strains in males or females (0 5.7). The total steady-state current measured at 0 mV was found to be significantly different between strains (p < 0.001, two-way ANOVA; Figure 5.8A). Post-hoc Sidak’s test revealed that the current was larger in C3H females compared to those in C3H males (11.0 ± 2.9, n = 4 vs. 4.9 ± 3.9, n = 10, p < 0.01). This gender difference was also significant when comparing recordings from C3H mice only (p < 0.01, unpaired t-test). Similarly, IK,f measured at -25 mV was also larger in C3H females than in males when corrected for differences between strains (1.5 ± 0.5 vs. 0.4 ± 0.3, p < 0.01; Figure 5.8B). Nevertheless, the total steady-state current and IK,f were comparable between 6N and 6N-Repaired male and female mice (for each gender p > 0.05; Figure 5.8B). This suggests that Cdh23753A was not the major factor that affects IHC current responses at 12 months.
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	Figure 5.1: Current responses in IHCs from male 6J, 6N, 6N-Repaired and C3H mice at 1 month.

Examples of whole-cell patch-clamp traces recorded in IHCs from male mice of the different mouse strains. IHCs were held at -84 mV and currents elicited by voltage steps of nominal 10 mV increments. Membrane potentials, which were off-line corrected by the residual series resistance (Rs) and liquid junction potential (LJP), are shown next to some of the current traces.
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	Figure 5.2: Current responses in IHCs from female 6J, 6N, 6N-Repaired and C3H mice at 1 month.

Examples of whole-cell patch-clamp traces recorded in IHCs from female mice of the different mouse strains shown above the traces. IHCs were held at -84 mV and current elicited by voltage steps of nominal 10 mV increments. Membrane potentials were corrected for the Rs and LJP and shown next to the current traces.
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	Figure 5.3: Comparison of current responses in IHCs between strains and genders at 1 month. 

Current (I) – voltage (V) relationship obtained from both male (A) and female (B) mice. Number of cells shown in the panels. Values are mean ± S.E.M. 
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	Figure 5.4: Current responses in IHCs between strains and genders at 1 month.

(A) Total steady-state current measured at 0 mV and at 160 ms from the onset of voltage steps (last 20 ms) in male and female mice. P > 0.05, two-way ANOVA. (B) IK,f at -25 mV in male and female mice. P > 0.05, two-way ANOVA.  Number of cells as in 0. Values are mean ± S.E.M.
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	Figure 5.5: Current responses in IHCs from male 6J, 6N, 6N-Repaired and C3H mice at 12 months. 

Examples of whole-cell patch-clamp recordings from IHCs of male mice. IHCs were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. The membrane potentials were off-line corrected by Rs and LJP, and are shown next to some of the current traces.
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	Figure 5.6: Current responses in IHCs from female 6N, 6J, 6N-Repaired and C3H mice at 12 months. 

Examples of whole-cell patch-clamp recordings from IHCs of female mice. IHCs were held at -84 mV and elicited by voltage steps of nominal 10 mV increments. The membrane potentials were off-line corrected by the Rs and LJP, and are shown next to some of the current traces.
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	Figure 5.7: Comparison of current responses in IHCs between strains and genders at 12 months. 

Current (I) – voltage (V) relationship obtained from both male (A) and female (B) mice. Number of cells shown in the panels. Values are mean ± S.E.M.
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	Figure 5.8: Peak current responses in IHCs between strains and genders at 12 months.

 (A) Total steady-state current measured at 0 mV and at 160 ms from the onset of voltage steps (last 20 ms) in male and female mice. The total steady current at 0 mV in the C3H females was larger than in the males, ** p < 0.01, unpaired t-test. P < 0.001, two-way ANOVA. (B) IK,f at -25 mV in male and female mice. The measurements from the C3H females were larger than the males, ** p < 0.05, unpaired t-test. P > 0.05, two-way ANOVA. Values are mean ± S.E.M. Number of cells as in Figure 5.7.


The current responses in IHCs from male mice were further compared as a function of age (1, 6 and 12 months). The total steady current at 0 mV showed comparable current sizes with age in 6J, 6N and C3H mice (Figure 5.9). On the other hand, 6N-Repaired mice showed a decreased total steady current at 12 months (11.05 ± 3.31 nA at 1 month vs. 6.21 ± 1.38 nA at 12 months, p < 0.05, Figure 5.9B). Interestingly, the recordings were more variable in 6J and 6N mice compared to 6N-Repaired mice, especially at 6 months (variance at 6 months: 20.75 nA2 for 6J, 46.72 nA2, for 6N, 0.30 nA2 for 6N-Repaired, and 1.37 nA2 for C3H mice). This suggests that Cdh23753A was involved in introducing the variability of the recordings at 6 months. 

Indeed, IK,f measured at -25 mV was reduced significantly with age in all mouse strains between 1 and 12 months (Figure 5.10; 1 vs. 12 months: 6J 2.72 ± 1.43 nA vs. 1.06 ± 0.38 nA, p < 0.01; 6N 2.61 ± 0.81 nA vs. 1.26 ± 0.38 nA, p < 0.05; 6N-Repaired 2.17 ± 0.66 nA vs. 1.01 ± 0.25 nA, p < 0.01; C3H 1.57 ± 0.34 nA vs. 0.42 ± 0.33 nA, p < 0.001). The reduction in IK,f was observed in both 6N and 6N-Repaired mice, suggesting that Cdh23753A was not involved in the current reduction. 
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	Figure 5.9: Changes in total steady currents in IHCs from 6J, 6N, 6N-Repaired and C3H mice with age. 

Total steady current measured at 0 mV from 6J and 6N (A), and from 6N-Repaired and C3H (B) mice. ** p < 0.01 (post-hoc Tukey’s test following one-way ANOVA). Number of cells is indicated near the mean data. Error bars represent S.E.M. 
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	Figure 5.10: Size of IK,f in IHCs from 6J, 6N, 6N-Repaired and C3H mice with age. 

IK,f measured at -25 mV from 6J and 6N (A), and from 6N-Repaired and C3H (B) mice. ** p < 0.01, * p < 0.05 (post-hoc Tukey’s test following one-way ANOVA). Number of cells is indicated next to the mean data. Error bars represent S.E.M.


5.2.2. Cell surface area changes with age in IHCs

Total cell membrane capacitance was estimated during whole-cell patch-clamp recordings from male 6J, 6N, 6N-Repaired and C3H mice. Similar to those measured in OHCs (see above Figure 4.11 for OHC data), the cell capacitance recorded in IHCs decreased with age in all four mouse strains between 1 and 12 months. (Figure 5.11; 6J: 11.37 ± 2.86 pF vs. 8.83 ± 1.45 pF, p < 0.05; 6N: 11.53 pF ± 1.83 pF vs. 8.27 ± 1.32 pF, p < 0.01; 6N-Repaired: 12.04 ± 1.83 pF vs. 7.65 ± 1.32 pF, p < 0.01; C3H: 8.52 ± 0.71 vs. 6.45 ± 1.80 pF, p < 0.05). 

To investigate whether the reduction in the cell membrane capacitance affects the total number of channels expressed in the membrane, the currents were normalized to the capacitance of each cell (Figure 5.12). The results showed that the current density was comparable between ages in 6N-Repaired mice (p > 0.05), indicating that the decreased cell size is likely to be responsible for the reduced total current in 6N-Repaired IHCs at 12 months. In 6J and 6N mice, the current density did not change with age (p > 0.05, one-way ANOVA), probably due to a larger variability in the current (see above Figure 5.9A). To further investigate whether the cell surface area contributes to the variability observed in 6J and 6N mice at 6 months, cell membrane capacitance of IHCs was plotted against their total steady current at 0 mV (Figure 5.13). The result showed that there was a correlation between cell membrane capacitance and current in 6N mice (p = 0.03, Pearson correlation test), suggesting that cell size had an influence on the variability in current responses. However, the correlation was not significant in 6J mice (p = 0.19, Pearson correlation test). Of note, the cell capacitance in 6J mice had already dropped at 6 months before the evident current drop at 12 months (Figure 5.11 and Figure 5.13). Overall, the above results showed that IHCs became smaller with age, and this event might happen earlier in 6J mice. 

IK,f was also normalized to the capacitance of each cell to investigate whether its decrease at 12 months was related to the changes in total cell capacitance. The results showed that after normalization, the size of the current still decreased significantly at 12 months in 6J and C3H mice (Figure 5.14). The normalized IK,f also appeared to become smaller with age in 6N and 6N-Repaired mice although the reduction was not significant. This is probably because the number of the recordings was not enough to show a significant difference. The above data suggest that, at least in 6J and C3H mice, cell surface area was not the major factor that contributed to the reduction of IK,f with age.  
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	Figure 5.11: IHC membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.

Total membrane capacitance of inner hair cells measured at -84 mV decreased with age. ** p < 0.01, * p < 0.05, post-hoc Tukey’s test following one-way ANOVA. Number of cells is indicated near the mean data. Error bars represent S.E.M.
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	Figure 5.12: IHC current density in 6J, 6N, 6N-Repaired and C3H mice with age.

Current density measured at 0 mV. P > 0.05, one-way ANOVA. Number of cells is indicated next to the mean data. Error bars represent S.E.M. 
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	Figure 5.13: Correlation between total steady current and cell membrane capacitance from IHCs in 6J and 6N mice at 6 months. 

Total current at 0 mV was plotted against the cell membrane capacitance of each IHC at 6 months. Total current at 0 mV is capacitance-dependent in 6N (p = 0.03, r = 0.80, Pearson correlation test) but not in 6J mice (p = 0.45, r = 0.34, Pearson correlation test). Line-fit of recordings in 6N is shown as a blue line; 6J is shown as a red line. Number of cells: 6N n = 7, 6J n = 8.


	[image: image81.png]C57BL/6J
n.s.
o 2.5
2
S 2.0
g /L: o
85197 ¢ ¢s -
O<10] @9 811
2~ 3 8
g 051 - o
o 0.0l— :
' P *®
Q A AN
@O OQ O(\
N Q)@ \q/@
6N-Repaired
n.s.
o 2.51
2
© 2.0-
S
G 15
S<10] 3, -

c 1.UH 3
27 ¥4 35 e7
g 051 -

o  00l— -
& Q"" &
@O(\ OQ\ O&Q

N N\

C57BL/6N

n.s.
o 25
2
S 2.0 °
g i
8%.1'5' i i
© = 7
S<10| 5 ®9
2= e
S 05
o 0.0L— : -
& o o
& 0(’\& 0(’\‘(\
D
C3H
n.s.
o 25
2
S 2.0
S
G L 1.5
SZ10] : :
=< 7] @9 @4 {4
S 05{ :
3 00 .
& &
o)
N N
© \rb@





	Figure 5.14: Normalization of IK,f to cell membrane capacitance in 6J, 6N, 6N-Repaired and C3H mice with age.

IK,f of each IHC measured at -25 mV and normalized to cell membrane capacitance. * p < 0.05, ** p < 0.01, n.s. p > 0.05, post-hoc Tukey’s test following one-way ANOVA. Number of cells is indicated near the mean data. Error bars represent S.E.M.


5.2.3. Resting membrane potentials did not change with age

Resting membrane potential (Vm) was measured under the patch-clamp current-clamp configuration. The membrane potential of aged IHCs was found to be comparable to that previously recorded in young adult mice, which was around -70 – -75 mV (Marcotti et al., 2003a). Moreover, Vm was not significantly different between gender and strain at either 1 or 12 months (p > 0.05; Figure 5.15). The recordings were also comparable between different ages of each strain (each strain p > 0.05; Figure 5.16). These results demonstrated that, despite Cdh23753A gave rise to variable current responses, it did not affect the resting membrane potential of IHCs in aging mice. 
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	Figure 5.15: Resting membrane potential in IHCs in 6J, 6N, 6N-Repaired and C3H mice. 

(A, B) Mean Vm (± S.E.M.) from 6J, 6N, 6N-Repaired and C3H mice at 1 (A) and 12 months (B), p > 0.05, two-way ANOVA. Number of cells is indicated next to the mean data.
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	Figure 5.16: Resting membrane potential in IHCs in male 6J, 6N, 6N-Repaired and C3H mice with age. 

Mean zero-current potentials (± S.E.M.) in 6J, 6N, 6N-Repaired and C3H mice. Vm was similar between 1, 6, and 12 months in male mice. Each strain p > 0.05, one-way ANOVA. Number of cells is indicated next to the mean data. 




5.2.4. Ca2+ current in inner hair cells with age

ICa was recorded in apical IHCs at 1, 6 and 12 months in 6J, 6N, 6N-Repaired and C3H mice. To minimize the effect of contamination from the K+ current, tetraethylammonium (TEA), 4-aminopyridine (4-AP) and linopirdine were perfused to block voltage-gated K+ channels (Marcotti et al., 2003b; Johnson et al., 2005). The IHCs were held at -81 mV and voltage steps were applied in 5 mV nominal increments to elicit Ca2+ current responses. ICa was recorded in voltage-clamp configuration at body temperature (34–37 °C). The peak of the current (I) at each voltage step was plotted against the given voltage (V) to generate an I-V relationship curve (Figure 5.17). 
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	Figure 5.17: ICa in an IHC from a 6N female mouse at 1 month.
An example of whole-cell patch-clamp recordings from an IHC of a female mouse. (A) The IHC were held at -81 mV and elicited by voltage steps of nominal 5 mV increments. The responses at below -15 mV (the red trace) were labelled in black and above labelled in blue. The membrane potentials were off-line corrected by the Rs and LJP. (B) Current-voltage relationship for ICa obtained from the peak of current traces (arrow) in (A). 


In IHCs from mice at 1 month, ICa activated at potentials positive to -60 mV with a peak of 0.1–0.3 nA at around -10 mV in all strains (Figure 5.18A). This was comparable with the property of ICa reported previously in your adult mouse and gerbil IHCs (Marcotti et al., 2003b; Johnson & Marcotti, 2008). The size of ICa at -10 mV from different strains was not significantly associated with gender in 1 month old mice (p > 0.05; Figure 5.18B). ICa was also similar when compared between males and females of each strain (each strain p > 0.05, unpaired t test). 

At 12 months, ICa I-V curves were also similar between gender within each strain (Figure 5.18A) and its size at -10 mV was not significantly difference between strains and genders (p > 0.05; Figure 5.19B) and between males and females within each strain (each strain p > 0.05, one-way ANOVA). The same was also true when the size of ICa was compared as a function of age (each strain p > 0.05; Figure 5.20). Altogether, these results indicate that the size of ICa in IHCs was not affected by age or Cdh23753A.
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	Figure 5.18: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice at 1 month.

(A) Current-voltage relationship for ICa obtained from IHCs at 1 month. (B) Peak ICa at nominal -10 mV. Currents were comparable between strains or between genders. P > 0.05, two-way ANOVA. Error bars represent S.E.M. Number of cells: male 6J n = 3; male 6N n = 4; male 6N-Repaired n = 3; male C3H n = 4; female 6J n = 4; female 6N n = 4; female 6N-Repaired n = 3; female C3H n = 4. 


	


	Figure 5.19: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice at 12 months. 

(A) Current-voltage relationship for ICa from IHCs at 12 months. (B) Peak ICa at nominal -10 mV. Currents were comparable between strains or between genders. P > 0.05, two-way ANOVA. Error bars represent S.E.M. Number of cells: male 6J n = 5; male 6N n = 5; male 6N-Repaired n = 6; male C3H n = 2; female 6J n = 6; female 6N n = 3; female 6N-Repaired n = 4; female C3H n = 8.
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	Figure 5.20: ICa in IHCs from 6J, 6N, 6N-Repaired and C3H mice as a function of age. 

Peak ICa at nominal -10 mV at 1, 6 and 12 months. The difference between ages was not significant for every strain. Each strain: p > 0.05, one-way ANOVA. Data are shown as  mean ± S.E.M. Number of cells is indicated next to the mean data.


5.3. Discussion

This chapter characterises the basic electrophysiological properties of apical IHCs (6–12 kHz region) as a function of age in order to study how the function of IHCs might change during the aging of the cochlea. Moreover, in order to investigate any possible changes in the properties of IHCs caused by the mutation of the ARHL-related gene Cdh23 (Cdh23753A), results from 6J and 6N mice were compared to those from 6N-Repaired and C3H mice. 

The size of K+ and Ca2+ currents were found to be similar between male and female from 6N-Repaired mice at 1 or 12 months. Therefore, current responses in IHCs were unlikely to contribute to the higher ABR thresholds in 6N-Repaired females at 12 months (see Figure 3.4). In C3H mice, on the other hand, despite the slightly smaller K+ current in males compared to that of females at 12 months (Figure 5.8), ABR thresholds were comparable between the two genders (see Figure 3.4). 

The results also showed that cell membrane capacitance decreased with age in 6J, 6N and 6N-Repaired males but not C3H males (Figure 5.11). However, in C3H mice, the current responses and membrane potentials from IHCs were also comparable with age, suggesting that age doesn’t have a major effect on the IHCs of this mouse strain. The decreased cell size might be an early sign of hearing loss in some mouse strains because it started before any visible increase in ABR thresholds. For example, 6J showed a decrease in IHC size at the apex (6–12 kHz) at 6 months, which had significantly more elevated ABR thresholds at 12–14 months in the same cochlear region (see above Figure 3.4). Therefore, the decrease of cell capacitance in IHCs might be linked to ARHL but further evidence is needed to confirm if the changes in hair cell size is related to cell death or hearing impairment. 

At 6 months, the current responses were more variable in 6J and 6N mice than the other strains, possibly indicating a link with the Cdh23753A variant. This variability was unlikely to be caused by the quality of the recordings because all IHCs had normal resting membrane potentials at 12 months (Figure 5.15). As the mice were bred under the same conditions, the environmental differences were also likely to be minimal. Recently it has been shown that the MET current plays an important role in maintaining basolateral membrane K+ current currents in mature IHCs (Corns et al., 2018). Therefore, changes in the MET channel, due to the Cdh23753A mutation, could change the expression of K+ channels, leading to the variability in IHC current responses. Interestingly, the variability in IHC currents was related to the size of the cell in 6N but not in 6J mice. This was probably because the size of IHCs in 6J mice was less variable at 6 months (Figure 5.9). In addition, unlike 6N, the cell membrane capacitance of 6J IHCs dropped significantly at 6 months. These results imply that the IHCs became smaller prior to changes in the size of the K+ currents. 

The variable current sizes at 6 months appeared to have little influence on ABR thresholds. Therefore, it is currently unclear why this variability in K+ currents were observed at 6 but not at 12 months, when ABR thresholds were much more variable than at earlier ages. Further experiments will be required to elucidate this point. The large variability in ABR thresholds at 6–12 kHz was evident at 12 months compared to 6N mice (see Figure 3.3). This variability was unlikely to be due to differences in the cochlea amplifier since DPOAEs were more consistent among 6n and 6J mice. It was also unlikely to be caused by the dysfunction of IHC basolateral membrane properties because they were also comparable between 1 and 12 months. It is possible that the variability was linked to the MET channel, leading to different biophysical properties of the MET current with age within mice in the same strain. 

One age-related change in common between strains was the decrease of IK,f in IHCs (Figure 5.10). This is consistent with a previous finding, showing that the expression of BK channels decreased with age in 6J mice (Pan et al., 2016). The decreased IK,f with age suggests that the aging IHCs had smaller response and thus might affect the temporal precision of signals. Temporal precision relies on hair cell function. IHCs have to be able to respond repetitively following the sound waves. This phase-locking ability is especially important for IHCs at lower-frequencies, where they can control membrane potential fluctuations and Ca2+ influx within sub-milliseconds (Goutman, 2012; Johnson et al., 2017b). Therefore, a reduction in IK,f could have a great impact on the temporal precision of IHC activity, which could be related to impaired speech discrimination in loud environment in ARHL patients. Consist with this, the knockout of BK channels affected temporal coding in the inferior colliculus (Kurt et al., 2012). Note that changes in IK,f were linked to age but not Cdh23753A-dependent.

There are two physiological properties that did not change with age. One is resting membrane potential and another being the size of ICa. Despite the decrease of K+ current at 12 months, aging IHCs were still able to maintain their normal resting membrane potential. This might be because the size of the MET current was also decreased, so the cell membrane potential was balanced. On the other hand, the results demonstrate that ICa in IHCs in male mice was comparable between all strains and between ages. Moreover, the downregulation of CaV1.3 channels, described previously in aged mice (Chen et al., 2013), might have little effect on ICa because Ica did not change with age. As Ca2+ channels activation appeared normal, this shouldn’t affect vesicle release at ribbon synapses. Moreover, this finding suggests that using Ca2+ channel blockers as a potential treatment of hearing loss (Uemaetomari et al., 2009; Naples, 2017) might not be effective. This is because excess Ca2+ influx might not be the main reason for hair cell loss or hearing loss. Instead, if Ca2+ toxicity is indeed involved in hearing loss, it might be caused by damaged Ca2+ buffering or Ca2+ homeostasis with age.

Changes in calcium buffering have been linked to aging for years. For example, Ca2+-binding proteins are reduced in some brain regions in old age (Iacopino & Christakos, 1990; De Jong et al., 1996). In the auditory system, the percentage of dorsal cochlear neurons positive to Ca2+-binding-protein-increased in aging mice (Idrizbegovic et al., 2001, 2004, 2006). More importantly, changes for Ca2+ buffering with age might vary across species and cell types (Kumar et al., 2009), and it is still unclear how it changes in hair cells with age. One way to investigate changes in Ca2+-buffering in hair cell would be to measure Ca2+-dependent SK2 current under perforated-patch recordings, however, it is not feasible in aging cochlea as not all hair cells express SK2 channels (see Chapter 6). Another possible method is to measure Ca2+ buffering or intracellular Ca2+ concentration by using Fura-2 Ca2+ dye (Neher, 1995; Murchison & Griffith, 2007; Yuan et al., 2010). In addition, the number of Ca2+ binding proteins can be quantified using immunogold labelled cells as previously described (Hackney, 2005). 

To summarise, the basolateral membrane properties of IHCs appears to be largely unaffected by the Cdh23753A polymorphism. The resting membrane potential and the size of ICa were similar between IHCs from young adult and aged mice in all four strains. The decrease of IK,f in aged IHCs could affect temporal precision of the signals but, again, it was Cdh23753A-independent. However, Cdh23753A might influence the large variability in current responses observed in IHCs from 6N and 6J mice, which might be linked to the wide range of auditory responses (see Chapter 3) in early-onset ARHL. 
Chapter 6 - Efferent and afferent innervation of hair cells in aging mice

6.1. Introduction

Efferent and afferent neurons innervate the hair cells and are crucial for normal hearing. In the mature auditory system, more than 90% of afferent neurons that innervate IHCs are classified as type I neurons while less than 10% innervate OHCs (type II). Type I afferent neurons are important for transmitting acoustic signals from hair cells to the brain. Their activities can be modulated by LOC efferent neurons, which make axodendritic contacts with type I afferent fibres. The activity of OHCs is modulated by MOC efferent neurons via the activation of nicotinic acetylcholine receptors (nAChRs) and SK2 channels by the neurotransmitter ACh (see Chapter 1.1.2 for more information).

The loss of afferent and efferent fibres is one of the pathologies associated with ARHL, with the loss of type I afferents and MOC and LOC efferents (Stamataki et al., 2006; Fu et al., 2010; Viana et al., 2015; Radtke-Schuller et al., 2015). Despite these observations, it is still unknown how the neurons degenerate with age. One hypothesis is that hair cell excitotoxicity causes synapse loss in IHCs (Robertson, 1983; Ruel et al., 2007; Hyodo et al., 2009; Tang et al., 2014; Hu et al., 2015; Sebe et al., 2017; Liberman & Kujawa, 2017). However, whether the function of hair cells could affect neural innervation in ARHL is unclear.

According to previous findings, efferent neurons re-innervate aging IHCs in the early-onset ARHL mouse model, C57BL/6J (Lauer et al., 2012; Zachary & Fuchs, 2015). Normally, efferent neurons transiently innervate immature IHCs before P12 and in the mature cochlea IHCs are only contacted by type I SGNs (Glowatzki & Fuchs, 2000; Simmons, 2002; Roux et al., 2011). The re-wiring of the efferent system in aged IHCs affects about 20% of the cells at 8.5–9.5 months and about 50% of cells at 12 months (Zachary & Fuchs, 2015). The mechanism underpinning this “re-innervation” is unclear. This efferent innervation is likely to inhibit IHC activities and, possibly, contribute to the hearing loss in C57BL/6J mice. Therefore, it is of great interest to determine whether Cdh23753A is associated with re-innervation of efferent neurons of IHCs. 
In this chapter, we wish to explore the role of Cdh23753A in neural innervation with age. As mentioned in the general introduction (see Chapter 1.1), Cdh23 is important for opening MET (mechano-electrical transducer) channels. Therefore, Cdh23753A might affect the MET current, leading to changes in hair cell function and innervation. 

6.2. Results

6.2.1. The number of afferent terminals decreases with age.

To investigate the afferent contacts in hair cells, the cochleae were fixed and the apical coil (corresponds to 6-12 kHz region) was dissected out for immunofluorescence staining. The cochleae were labelled for CtBP2, also known as C-terminal-binding protein 2, which is a major component of the hair cell synaptic ribbons (see Chapter 1.1.3 for more information). The loss of CtBP2 puncta provides an indication of the number of afferent synapses present at the basal pole of IHCs (Jiang et al., 2015; Paquette et al., 2016). To have a better quantification of the number of postsynaptic afferent terminals and the possible co-localization between the pre- and post-synaptic terminals, anti-CtBP2 was used together with the anti-GluR2 antibody, which labels post-synaptic glutamate receptor 2. GluR2, or GluA2, labelling has been reported to be abundant in type I SGN terminals but faint or not visible in type II SGNs (Figure 6.1; Liberman et al., 2011; Martinez-Monedero et al., 2016). Anti-Myo7a antibody was also used as a marker for the hair cells.

In young adult 6J and 6N mice at 1 month old, anti-Myo7a signals (blue) revealed three rows of OHCs with about 8–9 OHCs across 68 µm for each row (Figure 6.1). As mentioned in Chapter 4 (see Figure 4.17), in aged mice (15 months old), there was a substantial loss of OHCs in both strains, where the number of Myo7a-positive cells were reduced.  In C3H and 6N-Repaired, the loss of OHCs was much less extensive between 1 and 15 months compared to 6J (Figure 6.1B).
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	Figure 6.1: Ribbon synapses in 6J, 6N, 6N-Repaired and C3H OHCs. 

Immunostaining for Myo7a (blue), CtBP2 (red) and GluR2 (green) on the apical-coil of the cochlea from 6J and 6N (A), and 6N-Repaired and C3H (B) mice at 1 and 15 months. The images shown are maximum intensity projections of confocal z-stack images.  The scale bar is 10 µm.


The number of ribbon synapses measured from images such as those in  Figure 6.1 at 1 month was 1–4 per OHC, which was similar to previous observations (Martinez-Monedero et al., 2016). This number decreased significantly to 0–2 at 15 months in every strain (for each strain p < 0.01, unpaired t test, Figure 6.2). There was no significant difference between strains and ages (p > 0.05, two-way ANOVA). This is because the number of the ribbon synapses in all strains decreased to a comparable amount at 15 months (p > 0.05, one-way ANOVA). These results demonstrated that Cdh23753A was not the major factor for the degeneration of type II afferent synapses with age. 
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	Figure 6.2: Ribbon synapses in 6J, 6N, 6N-Repaired and C3H OHCs. 

Number of ribbon synapses per OHC is displayed for each strain at 1 and 15 months. The number of ribbon synapses in older OHCs was significantly smaller than that in younger animals. *** p < 0.001, unpaired t test. Number of cells (animals) at 1 month: 6J n = 45 (5), 6N n = 72 (8), 6N-Repaired n = 54 (6), C3H n = 48 (8); 15 months: 6J n = 72 (9), 6N n = 63 (7), 6N-Repaired n = 54 (5), C3H n = 29 (4).


The images taken from the IHCs, on the other hand, showed minimal IHC loss but an extensive loss of ribbon synapses in 6J, 6N and 6N-Repaired mice (Figure 6.3A and B). When present, the anti-CtBP2 puncta co-localized with those from post-synaptic anti-GluR2 at all ages, indicating the loss of ribbon synapses was accompanied by the loss of afferent terminals. The number of type I SGN synapses in IHCs was quantified in every strain with age. The results showed that there was a significant difference between strain and age on the number of synapses, indicating that strain and age influenced synapse number differently. Indeed, post-hoc Sidak’s test revealed that the number of ribbon synapses decreased significantly at 15 months in 6J, 6N and 6N-Repaired but not C3H mice (6J, 6N and 6N-Repaired p < 0.001, C3H p > 0.05, Figure 6.4). Interestingly, aged C3H IHCs had a significantly lower number of ribbon synapses at 1 month compared to the other three strains (p < 0.001; Figure 6.4), which was maintained in aged IHCs.  

The above results indicate that the loss of synapses was not solely a Cdh23753A-dependent mechanism. However, Cdh23753A might still influence the severity of synapse loss because the number was significantly less in 6J and 6N mice at 15 months (6J: 7.6 ± 3.5 and 6N: 7.0 ± 2.8 vs. 6N-Repaired: 10.8 ± 3.7, each p < 0.001; Figure 6.4). Note that the S.E.M. was similar between strains. Overall, different from type II afferents, type I afferent connections appeared to be affected by Cdh23753A.  

One important observation was that C3H frequently had a second row of IHCs (arrow heads, Figure 6.3) leading to a significantly larger number of cells compared to 6N-Repaired mice at both 1 or 12 months (p < 0.001, apical coil region measured: 140 µm, Figure 6.5). A possible explanation would be that C3H mouse might compensate their hearing with more IHCs instead of connecting to more afferents. 
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	Figure 6.3: Ribbon synapses in 6J, 6N, 6N-Repaired and C3H IHCs at 1 and 15 months. 

Immunostaining for Myo7a (blue), CtBP2 (red) and GluR2 (green) on apical- coil of the cochlea from 6J and 6N (A), and 6N-Repaired and C3H (B) mice at 1 and 15 months. The images shown are maximum intensity projections of confocal z-stack images.  The scale bar is 10 µm.
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	Figure 6.4: Number of ribbon synapses in 6J, 6N, 6N-Repaired and C3H IHCs at 1 and 15 months. 

Number of ribbon synapses per IHC at 1 and 15 months. The number of ribbon synapses in older IHCs was significantly smaller than that in younger animals. *** p <0.001 (post-hoc Sidak’s test following two-way ANOVA). Number of cells (animals at 1 month: 6J n = 45 (5), 6N n = 72 (8), 6N-Repaired n = 54 (6), C3H n = 48 (8); 15 months: 6J n = 81 (9), 6N n = 63 (7), 6N-Repaired n = 54 (5), C3H n = 35 (4).
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	Figure 6.5: Number of IHCs from apical coil cochlea in 6J, 6N, 6N-Repaired and C3H mice with age. 

Mean (± S.E.M.) of the number of IHCs across 140 µm at the apex of the cochlea in both male and female mice at 1 (A) and 15 (B) months. The number of cells was counted from confocal z-stack images according to the anti-Myo7a immunoreactivity. There were significantly more IHCs in the C3H mice at 1 and 15 months. *** p < 0.001 (post-hoc Tukey’s test following one-way ANOVA). Number of images (animals) taken at 1 month: 6J n = 15 (15), 6N n = 19 (19), 6N-Repaired n = 19 (19), C3H n = 21 (21); at 15 months: 6J n = 28 (27), 6N n = 21 (20), 6N-Repaired n = 19 (19), C3H n = 16 (16).


6.2.2. Efferent innervation at 15 months

Efferent inhibition is important for modulating OHC activities (Dallos et al., 1997; Vetter et al., 1999; Rabbitt & Brownell, 2011; Maison et al., 2013; Guinan, 2018). The innervation of efferent neurons was thus investigated by immuno-labelling. The apex of the cochlea (corresponds to 6–12 kHz region) was immunostained with the anti-ChAT antibody. ChAT, or choline acetyltransferase, is a protein involved in synthesising acetylcholine in efferent neurons. For these experiments, the anti-SK2 antibody was also used to identify post-synaptic Ca2+-activated SK2 channels, which are associated with the efferent innervation of hair cells (Kong et al., 2008). 

First, we confirmed the specificity of our staining by showing that efferent neurons innervate immature IHCs and mature OHCs, which is well-established in the literature (Shnerson et al., 1981; Simmons et al., 1996; Katz et al., 2004). At P11, when OHCs are mature but IHCs are still developing (see Chapter 1 for more information), the anti-SK2 signal was found juxtaposing with that of anti-ChAT in both OHCs and IHCs (Figure 6.6). This was consistent with the fact that the efferent neurons contact both types of hair cells at this age. At 1 month, the anti-SK2 signal was still present in the OHCs but not in the IHCs, suggesting that the efferent neurons did not form functional contact with the mature IHCs (Figure 6.7) as previously described (Lauer et al., 2012; Zachary & Fuchs, 2015). 
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	Figure 6.6: Efferent connections of immature hair cells in 6J mice.

Immunostaining for Myo7a (blue), ChAT (red) and SK2 (green) on apical coil of cochlea from animals at P11. The images shown are maximum intensity projections of confocal z-stack images. For each strain, the upper panels are images from OHCs, the middle panels are images from IHCs, the lower panels are cropped images of IHCs from the middle panels. Scale bars are 10 μm. Number of animals: 3.
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	Figure 6.7: Efferent synapses in hair cells from mice at 1 month. 

Immunostaining for Myo7a (blue), ChAT (red) and SK2 (green) on the cochlear apical coil from 1 month old mice. Images are maximum intensity projections of confocal z-stacks. For each strain, the upper panels show OHCs, the middle panels IHCs, the lower panels are expanded view of the IHCs. Scale bars are 10 μm. Number of mice: 6J, 6N n = 5, 6N-Repaired n = 6, C3H n = 7.


At 15 months, the number of OHCs expressing SK2 was comparable between 6N and 6N-Repaired mice (Figure 6.9A). Interestingly, 6J mice had significantly less OHCs expressing SK2 compared to the other strains, suggesting that they lost more efferent connections (p < 0.01; Figure 6.9A). The results showed that the genetic background, but not Cdh23753A, was critical for the loss of efferent contacts in OHCs. 

Consistent with previous reports using ~1 year old mice (Lauer et al., 2012; Zachary & Fuchs, 2015), re-innervation of efferent neurons of IHCs was observed in 6J and 6N mice at 15 months. Here we show that this re-innervation is not limited to 6J and 6N mice. From the images, the re-innervation was noticeable in all strains, including 6N-Repaired and C3H mice (Figure 6.8). There was no significant difference between 6J, 6N and 6N-Repaired mice at 15 months (p > 0.05; Figure 6.9B), suggesting that Cdh23753A was not necessary for the efferent re-innervation of IHCs. 

Overall, Cdh23753A did not affect the loss of afferents and efferents, nor the re-innervation of efferent of IHCs with age. These results suggest that Cdh23753A played a minor role in the synapse reorganization with age.
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	Figure 6.8: Efferent synapses on hair cells from mice at 15 months. 

Immunostaining for Myo7a (blue), ChAT (red) and SK2 (green) on apical coil hair cells at 15 months. Images are maximum intensity projections of confocal z-stacks. For each strain, the upper panels show OHCs, the middle panels IHCs, the lower panels are expanded view of the IHC regions. White arrows indicate cells with nearby anti-ChAT signals but no juxtaposing anti-SK2 signals. White arrowheads indicate SK2 puncta without nearby anti-ChAT signals. Scale bar is 10 μm. Number of animals: 6J n = 9, 6N n = 7, 6N-Repaired n = 6, C3H n = 5.

	

	[image: image64.png]% OHC with SK2

% IHC with SK2

(@]
o

100+
80+
601
40-
20+

® C57BL/6J

® C57BL/6N
@ 6N-Repaired
Kekk ® C3H
**
*% *% n.s. n.s
[ I I I
' o o e

1151 151 15 1 15
Age (month)
® C57BL/6J
® C57BL/6N

@® 6N-Repaired
ok ® C3H

n.s. n.s. n.s.
*kk ,&“ ’ﬂ“
[ !

. S )
~ * Y *

1151 151 151 15
Age (month)





	Figure 6.9: The number of OHCs and IHCs with SK2 expression. 

Mean (± S.E.M) of the percentage of OHCs (A) and IHCs (B) at the apex of the cochlea in both male and female mice. The number of cells was counted from confocal z-stack images across 140 µm according to the immunoreactivity for Myo7a and SK2. *** p < 0.001, ** p < 0.01, post-hoc Sidak’s test following two-way ANOVA. Number of animals at 1 month: 6J n = 6, 6N n = 5, 6N-Repaired n = 5, C3H n = 6; at 15 months: 6J n = 9, 6N n = 6, 6N-Repaired n = 6, C3H n = 5. 


6.2.3. Functional analysis of efferent innervation of aging hair cells

To investigate whether the IHCs re-innervated by the efferent fibres formed functional synapses, an extracellular solution with a high concentration of K+ was superfused to depolarize the efferent terminals, thus causing inward currents in IHCs under voltage-clamp configuration (Glowatzki & Fuchs, 2000). The activation of the efferent fibres causes the release of ACh that activates nAChRs, which in turn causes a transient influx of Ca2+, which consequently activates SK channels (ISK2) (Glowatzki & Fuchs, 2000). As in our recordings the IHCs were held at a hyperpolarised potential of -84 mV, the transient inward postsynaptic currents should be present if the IHCs receive any signals from the efferents. The results showed that some IHCs were depolarized with transient inhibitory postsynaptic currents (IPSCs) when superfused with 40 mM K+ (Figure 6.10). This was observed in every strain, suggesting that the re-innervated efferent synapses were functional and Cdh23753A-independent.
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	Figure 6.10: Efferents form functional contacts with IHCs in aging mice.

Examples of inward currents resulting from cell depolarisation and transient inhibiting post synaptic currents (IPSCs) from IHCs of mice at 14–15 months. IHCs were held at -84 mV and IPSCs were evoked by 40 mM external K+. Number of cells that showed IPSCs: 6J n = 8, 6N n = 5, 6N-Repaired n = 4, C3H n = 4.



Not all IHCs formed functional contacts with the efferent neurons because some of them did not show IPSCs during perfusion (Figure 6.11A and B). Consistent with this, not all IHCs showed anti-SK2 immunolabeling (see Figure 6.9B), indicating that those IHCs without IPSCs might lack SK2 expression. To test this, the IHCs were held at a relatively more depolarised potential (-40 mV), where the outward ISK should be dominant (instead of nAChRs-activated current: see above). If SK2 channels are expressed in IHCs, the extracellular application of a Ca2+-free extracellular solution would prevent their activation, which will result in a reduction of the total outward K+ current, as previously described (Marcotti et al., 2004). Indeed, current responses were not reduced in some IHCs when perfused with Ca2+-free solution (Figure 6.11A’ and B’), suggesting that those IHCs did not express SK2. Some IHCs that responded to the Ca2+-free solution (Figure 6.12 and 6.13), did not respond to 40 mM K+ and ACh, indicating that SK2 channels were expressed in those cells before possible functional efferent contacts was established. Indeed, some IHCs were stained with SK2 puncta without juxtaposed anti-ChAT signals, suggesting SK2 had already been expressed before it was innervated by the efferents (white arrowheads, see Figure 6.8). 
The above results showed that some aging IHCs formed functional contacts with efferent neurons at 15 months. The formation of these contacts was not affected by Cdh23753A.  
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	Figure 6.11: IHCs without the expression of SK2 current did not show transient inhibiting post synaptic currents (IPSCs). 

(A, B) Examples of inward currents resulting from cell depolarisation without transient IPSCs from IHCs of 6J and 6N-Repaired mice at 14–15 months. IHCs were held at -84 mV and superfused with 40 mM external K+. (A’) and (B’) Examples of outward currents from the same IHC of (A) and (B) after superfusion of a Ca2+-free solution (blue line). IHCs were held at -40 mV and washed with normal extracellular solution (green line) after superfused with the Ca2+-free solution.
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	Figure 6.12: SK2 currents from IHCs without ACh-induced current responses in aging 6J and 6N mice.

(A, B) Examples of inward currents resulting from cell depolarisation without transient IPSCs from IHCs of 6J and 6N mice at 14–15 months. IHCs were held at -84 mV and superfused with 40 mM external K+. (A’) and (B’) Examples of outward currents from the same IHC of (A) and (B) before (black line) and after (red line) superfusion of 500 µM ACh. IHCs were held at -40 mV. (A’’) and (B’’) Examples of outward currents from the same IHC of (A) and (B) after superfusion of a Ca2+-free solution (blue line). IHCs were held at -40 mV and washed with normal extracellular solution (green line) after superfusion of the Ca2+-free solution.  
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	Figure 6.13: SK2 currents from IHCs without ACh-induced current responses in aging 6N-Repaired and C3H mice.

(A, B) Examples of inward currents resulting from cell depolarisation without transient IPSCs from IHCs of 6N-Repaired and C3H mice at 14–15 months. IHCs were held at -84 mV and superfused with 40 mM external K+. (A’) and (B’) Examples of outward currents from the same IHC of (A) and (B) before (black line) and after (red line) superfusion of 500 µM ACh. IHCs were held at -40 mV. (A’’) and (B’’) Examples of outward currents from the same IHC of (A) and (B) after superfusion of a Ca2+-free solution (blue line). IHCs were held at -40 mV and washed with normal extracellular solution (green line) after superfusion of the Ca2+-free solution. 


6.3. Discussion

The loss of afferent and efferent terminals is a pathology in mice affected by ARHL (Schuknecht & Gacek, 1993; Fu et al., 2010; Viana et al., 2015). Therefore, I have investigated the pattern of afferent and efferent innervation in OHCs and IHCs in early-onset ARHL mouse models, 6J and 6N, as a function of age. To delineate the possible involvement of Cdh23753A on the hair cell synaptic connections, the data from 6J and 6N were compared to those in 6N-Repaired and C3H mice. The number of ribbon synapses was quantified to estimate the number of afferent terminals. The loss of efferent innervation was estimated by quantifying the number of cells expressing SK2, which is a protein coupled with nAChRs.

6.3.1. Afferent loss in aging mice

The number of ribbon synapses per OHC and IHC decreased at 15 months compared to 1 month in 6J and 6N mice. In OHCs the number of remaining ribbon synapses was comparable in all strains at 15 months. This suggests that the loss of afferent terminals in OHCs was a Cdh23-independent aging feature. The number of ribbon synapses in IHCs decreased with age in 6J, 6N and 6N-Repaired but not C3H mice (Figure 6.4). In C3H mice, the IHCs appeared to have less ribbon synapses at 1 month but there was no synaptic ribbon loss with age. The IHCs in C3H mice also did not show significant changes in the size of the total K+ and Ca2+ currents with age (see above Figure 5.9 and Figure 5.19), indicating that in these mice the basolateral membrane of IHCs was minimally affected by the aging process. On the other hand, if the decrease of afferent connections in IHCs from 6J, 6N and 6N-Repaired mice might be due to an increased susceptibility to glutamate excitotoxicity (Hu et al., 2015; Sebe et al., 2017). It is speculated that afferent neurons in C3H mice appear less affected by excitotoxicity because they have fewer ribbon synapses per IHC (Figure 6.4). Therefore, the glutamate might not accumulate as much, or the clearance of released glutamate might be more efficient in C3H mice. Support for this hypothesis could come from afferent neuron recordings. If the glutamate did not accumulate in the synaptic cleft of C3H mice, it might evoke a shorter-lasting post synaptic potential compared to 6N-Repaired mice after stimulating the hair bundles in these mice at 1 month.  

The number of ribbon synapses in aging IHCs was less in 6J and 6N than those in the 6N-Repaired mice (Figure 6.4). This suggests that the Cdh23753A polymorphism, although not critical for afferent innervation, was still able to influence the loss of ribbon synapses. How Cdh23753A might influence ribbon synapse survival is still unclear, although it is unlikely to be directly linked to possible defects in the basolateral membrane K+ and Ca2+ currents since they were comparable in IHCs from 6J, 6N and 6N-Repaired mice at 1 or 12 months (see above, K+ current: Figure 5.4A and Figure 5.8A; Ca2+ current: Figure 5.17B and Figure 5.18B). It is possible that the Cdh23753A polymorphism can influence the afferent innervation in IHCs by affecting the MET current. One hypothesis is that the size of the MET current in 6J and 6N hair cells is smaller, thus keeping the cells more hyperpolarised and as such reducing vesicle release, which will decrease the activity of the afferent fibres. Since neural activity may be important for maintaining their synapses (Fawcett et al., 1984; Verhage et al., 2000; Bouwman et al., 2004; Yu et al., 2004), a reduced afferent firing might destabilize the synapses with IHCs. The reduced neural activity has been proposed as the cause for the synapse loss in aging human brain (Lin & Koleske, 2010). In the cochlea, the loss of afferent and efferent synapses is accelerated 58 weeks after the removal of the tympanic membrane at 6 weeks (Liberman et al., 2015). However, in another report, the number of synapses was not affected 10 days after the surgery at P15 (Barclay et al., 2016). This suggests that the activity of hair cells might affect the innervation of neurons but this effect could be slow or minimal for adult mice. One way to strengthen this “activity-dependent” hypothesis would be to investigate the afferent innervation in aged mice with conditional knockout mice affecting MET channels in the adult cochlea.

6.3.2. Efferent loss in OHCs and efferent re-innervation in IHCs.

One intriguing observation from the data collected was that some aged OHCs had nearby efferent terminals without SK2 expression, suggesting that the post-synaptic components are downregulated prior the retraction of efferent neurons (arrows, Figure 6.8).  In SK2 knockout mice, the number of efferent fibres is reduced with age without OHC loss (Murthy et al., 2009). This suggests that the loss of efferent contacts in OHCs might be related to the loss of SK2 expression. 

Efferent synapses return to inner hair cells in the cochlea at 15 months. This was not Cdh23753A-dependent as the number of IHCs expressing SK2 was comparable between 6N and 6N-Repaired mice. The re-innervation was also observed in C3H mice, suggesting this might be a general aging feature. However, where those re-innervated efferents originate from is still unknown. It is possible that the efferent neurons that innervate OHCs retract and form contacts with IHCs. It is also possible that the LOC efferents, which contacts type I SGNs, innervate aging IHCs as those found in the immature IHCs. Additional evidence for the origin of the efferents re-innervating aged IHCs might be possible by using adeno associated virus (AAV) with retrograde functionality to label and trace those efferent fibres (Tervo et al., 2016). 

The perfusion of a high concentration of K+ revealed that the re-innervated efferent neurons formed functional contact with IHCs at older ages (Figure 6.11). This suggests that those efferent neurons could potentially inhibit IHC activity in vivo. Interestingly, there were some IHCs that showed only SK2 channel-dependent responses without responding to acetylcholine. This demonstrated that the expression of SK2 channels might be an early sign of changes in aging IHCs, which might be important for the efferent innervation. It is known that the expression of SK2 is important for maintaining efferent contacts in OHCs (Murthy et al., 2009). Moreover, the expression of SK2 is necessary for the function or expression of nAChRs in IHCs (Kong et al., 2008). Compared to SK2, double knockout of (9 and (10 subunits of nAChR did not appear to cause a severe loss of efferent fibres, suggesting that functional contacts might not be critical for maintaining the efferent terminals (Morley et al., 2017). Therefore, the expression of SK2 might be the key for the efferent neurons to maintain functional contacts with IHCs at old ages. Further investigation is needed to understand what triggered the expression of SK2 in aging IHCs and whether it was related to the physiological changes in aging IHCs.

Overall, the results indicate that the Cdh23753A mutation in 6J and 6N is not critical for the changes in innervation with age. These changes include the loss of ribbon synapses, the decreased efferent contact in OHCs, and the re-innervation of efferent neurons in IHCs. The changes might decrease the information transmitted by hair cells to the central nerve system at older ages. However, the mechanisms underlying re-organization of neuron contacts with age remain to be fully explored. 

Chapter 7 - General Discussion

This study has compared, for the first time, possible changes in hair cells and their innervation in early- and late-onset aging mouse models, and how the sequence variant Cdh23753A might influence hearing with age. Cdh23753A is a single nucleotide polymorphism in cadherin 23. It is thought to underlie the early-onset progressive hearing loss of many mouse models, including C57BL/6J (6J) and C57BL/6N (6N). The replace of Cdh23753A with Cdh23753G in C57BL/6N mice (i.e. 6N-Repaired mice) restored hearing at higher frequencies (Mianné et al., 2016). Other mouse strains containing Cdh23753G, such as C3H and CBA, also show no hearing loss before 12 months of age. To investigate the role of Cdh23753A, we have established a physiological characterization of OHCs and IHCs in the cochlea of aged 6J, 6N, 6N-Repaired and C3H mice. The findings have demonstrated that Cdh23753A lead to large variations in the hearing thresholds of mice and hair cell current responses (Summarized in Figure 7.1). Surprisingly, Cdh23753A was not the primary cause of neural and hair cell loss with age as postulated previously (Zachary & Fuchs, 2015). This study highlighted the involvement of genetic factors other than Cdh23753A in ARHL.
	

	Figure 7. 1: Changes in 6J, 6N, 6N-Repaired and C3H mice with age.



7.1. How might Cdh23753A influence hearing?
There are three Cdh23 isoforms. Isoform 1 (Cdh23_v1) is the longest isoform, which is expressed only in the stereocilia in the mouse (Siemens et al., 2004; Lagziel et al., 2009). Cdh23_v1 is also the only isoform that is expressed differently between Cdh23753G and Cdh23753 mice. This is because Cdh23753A causes in-frame skipping of exon 7, which is a region exclusive to Cdh23_v1. Although Cdh23753A is expressed in the stereocilia of in both the auditory and vestibular hair cells, Cdh23753A does not cause vestibular dysfunction with age (Shiga et al., 2005; Mock et al., 2016). Erlong, salsa and jera mouse strains, which carry Cdh23 mutations, also showed progressive hearing loss without vestibular abnormalities (Schwander et al., 2009; Manji et al., 2011; Han et al., 2012), suggesting different mechanisms of Cdh23 in the two organisms. 

Cdh23753A does not express exon 7, which skips the expression of 31 amino acids in the extracellular cadherin repeats 3 (EC3) of Cdh23 (Manji et al., 2011 p.20). It is still unclear how this may affect the function of Cdh23. The expression of exon 7 seems not to be necessary for the expression of Cdh23 in the tip-link or tip-link formation (Lagziel et al., 2009; Indzhykulian et al., 2013). However, Cdh23 is important for a stable function of hair cells as mice with Cdh23753A, such as BALB/cJ and C57BL/6J, are more susceptible to noise-induced hearing loss (Ohlemiller et al., 2000). 

Our study revealed that Cdh23753A did not affect the biophysical characteristics of the hair cell basolateral membrane, including the expression of K+ and Ca2+ currents, of early-onset ARHL mice at 12 months. Therefore, Cdh23753A is likely to influence the MET current, thus contributing to hearing loss. The MET current may be affected by Cdh23 via changing the long-term integrity of tip-link and, subsequently, the opening of MET channels. The structure of Cdh23 has not yet been fully resolved in mouse but the partial structure of EC1–3 from zebrafish showed some insight into its function (Jaiganesh et al., 2018). Each EC domain of Cdh23 roughly spans 5 nm. Cdh23_v1 contains 27 EC domains. The first N-terminus domain of Cdh23, the EC1 domain, is believed to interact with Pcdh15 to form a tip-link of 150-185 nm (Sotomayor et al., 2012). There are calcium bindings sites in the regions between each EC domain (i.e. linker regions). The binding of calcium is thought to provide Cdh23 rigidity thus is important for the mechanical strength of the tip-link (Sotomayor et al., 2010). Therefore, Cdh23753A causes the skip in transcription of exon 7, which might not only decrease the length but also the stiffness of the tip-link. This might subsequently affect the opening probability of MET channels in early-onset ARHL mouse strains in the long term.

The possible effects of Cdh23753A on the opening of the MET channel, could be the key for understanding how Cdh23753A leads to an early-onset ARHL in mice. It is also possible that Cdh23753A affects IHCs and OHCs to a different degree since their biophysical properties are distinct. For example, the resting open probability of the MET channel is larger in OHCs compared to IHCs (Johnson et al., 2011a, 2012; Fettiplace & Nam, 2018). This suggests that OHCs need a larger depolarizing current in order to set their resting membrane potential relatively positive and near the half-activation voltage of prestin (Oliver & Fakler, 1999; Johnson et al., 2011a). Therefore, OHCs might be affected more than IHCs if the MET current is affected in the presence of Cdh23753A. Thus, studying the changes in the MET current or the Ca2+ flow in the hair bundles might expand our knowledge on how Cdh23753A changes IHC and OHC physiology with age and how this might be linked to the function of the cochlea.

7.2. Aging of hair cells 

My work has revealed several age-related differences in hair cells. One difference specific to 6J and 6N mice, is the variability in ABR thresholds, which probably involves Cdh23753A. Some differences are not related to the mutation in Cdh23, including the loss of OHCs and their afferent innervation, the re-innervation by efferent terminals, the decrease of IK,f in IHCs, and the decrease in cell size. 

The ABR thresholds were variable at 12 months at 12 kHz in both 6J and 6N but not in 6N-Repaired or C3H mice (see Table 3.1 and 3.2). The variability in the thresholds was also reported previously after noise exposure (Cody & Robertson, 1983). One possibility is that this variability is linked to changes in the neural plasticity of the auditory pathway. Change of neural plasticity in the auditory pathway might be related to the output information from the cochlea.  It is known that the central auditory pathway becomes hyperactive upon noise-induced, hidden hearing loss (Hesse et al., 2016; Schrode et al., 2018) or surgical damage to the cochlea (Kaltenbach & Afman, 2000; Vale & Sanes, 2002; Kotak et al., 2005; Schaette & Kempter, 2006; Jiang et al., 2017). Moreover, the gain of the auditory system might not be constant with age. In ARHL, while compound action potential (CAP) thresholds from the auditory nerve increase with age, the firing rate of the inferior colliculus (IC) increases in 6J mice at 6 months and decreases at 12 months (Xiong et al., 2017). It is not clear if the variability in current responses in IHCs at 6 months contributes to the variability in ABR thresholds at 12 months. Nevertheless, the activity of hair cells might have a long-term effect on hearing in mouse, possibly by changing the neural plasticity in the auditory system.  

Another aging difference is the decrease in the number of ribbon synapses and hair cells in 6J, 6N and 6N-Repaired mice. As mentioned in Chapter 6, IHCs from C3H mice do not show any significant loss of ribbon synapses or IHCs, suggesting that the genetic background plays a crucial role in the cochlear aging process. The loss of ribbon synapses or OHC function is believed to underlie hidden hearing loss, where the speech discrimination is affected without causing a significant shift in audiometric thresholds (Abdala & Visser-Dumont, 2001; Davis et al., 2005; Viana et al., 2015; Liberman et al., 2016; Hoben et al., 2017). Investigating vocalize discrimination in rodent might help us understand the phenomenon in humans. This could possibly be investigated in rat, which can be easily trained than mice in “speach” discrimination (Engineer et al., 2014; Schiavo & Froemke, 2019).  
With age, the size of hair cells decreased in all mouse strains except C3H IHCs at 12 months. Similar to our observation in the cochlea, the shrinkage of cells or atrophy is an aging characteristic, which has been studied in many other tissues, including skeletal muscle and brain (Lexell et al., 1988; Goldstein et al., 2005; Fjell et al., 2009; Miljkovic et al., 2015; Pini et al., 2016). It is still not clear how the size of the hair cell might affect its physiological function. However, it is believed to influence the fitness of the cell and the lifespan of the animal, since it is has been shown that it is normally regulated to be maintained to an optimized volume (Ginzberg et al., 2015; Miettinen & Björklund, 2016; Tiku & Antebi, 2018). The size of cells is also likely to be related to their maintenance, since it has been shown that larger cells tend to have higher metabolic activities (Smith, 1971; Giordano et al., 1993; Ginzberg et al., 2015). PI3K/Akt/mTOR pathway is important for cell survival and for maintaining cell size (Nishida et al., 1999; Datta et al., 1999; Plas et al., 2001). Its activation increases, while inhibition decreases, the cell size (Edinger & Thompson, 2002). As Akt is downregulated in the cochlea in CBA/J mice at 18 months (Sha et al., 2010), this pathway might participate in the decrease of hair cell size with age. As both the number of ribbons and the size of IHCs did not change significantly in C3H, it might also be interesting to compare how cell size is regulated in the mice compared to the other three strains I have investigated. Also, it would be interesting to investigate whether there is a direct link between hair cell shrinkage and the loss of afferent neuron connections.

7.3. Could the changes in hair cells with age being a compensating mechanisms to preserve the hearing? 

Malfunction of hair cells could be one of the causes of age-related or noise-induced hearing loss. It has been speculated that some hair cells present in aging mice are nevertheless degenerating and no longer participate in sensory transduction (Anniko, 1985; Zachary & Fuchs, 2015). However, our present study reveals that the surviving hair cells are healthy, although they appear to alter some morphological and functional properties in order to adapt to the changing environment and thus keep their roles in hearing with age. 

ICa did not change with age, which might be beneficial for signal transmission. CaV1.3 channels are coupled with synaptic ribbons and are important for maintaining ribbon synapses (Sheets et al., 2012; Vincent et al., 2018). It is thus suspected that the number of ribbon synapses might be associated with the expression level of CaV1.3 channels. Interestingly, the number of ribbon synapses was reduced to nearly half in aged IHCs (Figure 6.4) without a significant change in ICa. This suggests that there might be more CaV1.3 channels at a single ribbon synapse at old ages. It is possible to investigate this by quantifying the co-localization of CaV1.3 and CtBP2 from immune-staining, together with the measurement of the number of Ca2+ channels. The number of Ca2+ channels can be estimated from ICa with agonists (Brown et al., 1984; Brandt et al., 2005) or by normalizing ICa with the current from a single Ca2+ channel (Zampini et al., 2006, 2010).  If more Ca2+ surrounds a synaptic ribbon, based on the assumption that the exocytosis mechanism is unchanged, more vesicles might be released towards a single SGN. Therefore, the signals transmitted to SGNs might have been enhanced. 

The re-emergence of SK2 channels with age might be beneficial for the activity of IHCs because it might facilitate their repolarization, and possibly reduce further cell damage due to age-related excitotoxicity. Although SK2 channels are normally opened by Ca2+ flowing through nAChRs, which are activated by the efferent neurotransmitter ACh (Glowatzki & Fuchs, 2000; Oliver et al., 2000), they can also be activated by Ca2+ influx from the Ca2+ channels. In Purkinje cells, SK channels are found to be clustered with CaV2.1 calcium channels with less than 40 nm in between. This distance is probably small enough for SK channels to be activated by the calcium nanodomain created by the activation of CaV2.1 channels (Indriati et al., 2013). In the cochlea, immature IHCs express SK2, which can be activated by CaV1.3 channels to repolarize the cell (Marcotti et al., 2004). Thus, the SK2 channels in aged IHCs might be activated by both ICa and the efferent system, possibly reducing excitotoxicity. 
7.4. Strain differences in ARHL

This study has revealed strain differences during aging, suggesting that genetic backgrounds influence hearing with age. The results from the ABR and DPOAE thresholds showed that 6J mice had poorer hearing than 6N mice (Figure 3.3). Moreover, fewer OHCs were innervated by efferent fibres in 6J than in 6N mice (Figure 6.9A). In addition, the number of synaptic ribbons decreased in aging IHCs from 6N-Repaired but not C3H mice (Figure 6.4) despite that they both express Cdh23753G and have a relatively stable hearing with age. A previous study showed that CBA mice lose synaptic ribbons in IHCs, in which the mice also express Cdh23753G (Sergeyenko et al., 2013). These suggest that the loss of synaptic ribbons is largely related to genetic background differences rather than Cdh23. 

The same experiment conducted with C57BL/6J (i.e. 6J in my study) and C57BL/6N (i.e. 6N in my study) mice could produce different results because of their genetic differences (Mehalow et al., 2003; Bourdi et al., 2011; Simon et al., 2013). The 6N mouse strain was established as a sub-strain of C57BL/6 when 6J mice were sent to the National Institutes of Health, so 6N and 6J mice shared the same genetic background to begin with. However, the long separation between 6J and 6N could have allowed the accumulation of different spontaneous mutations and cause genetic differences between these two mouse strains. 

6J and 6N mice have been used to study ARHL for decades (Friedman et al., 2007; Bowl & Dawson, 2015). Despite the genetic differences between 6J and 6N, a comprehensive and direct comparison between them on the progression of ARHL was still missing. To date, aging data from the two strains where acquired from different laboratories. Here, we compared the differences between 6J and 6N and found that, as mentioned above, the 6J mice seemed to have more severe phenotypes than 6N mice, suggesting that genetic differences in these mice affected ARHL. Moreover, we found that unlike the widely studied 6J and CBA/Ca mice, C3H mice did not show a significant loss of synaptic ribbons up to at least 15 months. This suggests that the key genes causing SGN loss in ARHL or hidden-hearing-loss might lie within the genetic differences between these mice. 

7.5. Technical considerations and future work

The current work has allowed me to acquire recordings from different mouse models, including early-onset ARHL mouse models. However, it was very difficult to obtain ABRs and hair cell physiology from the same mice, which would have strengthened the relationship between the function of hair cells and hearing loss. Nevertheless, all experiments were grouped accordingly to gender, age and mouse strain and performed using the same equipment and husbandry conditions, which should have reduced to a minimum any potential and unwanted variability.

The hypothesis of this study was that the Cdh23753A variant is one of the major factors contributing to ARHL. As a component of the tip link, Cdh23 might influence the MET current by altering the integrity of the tip link. Measuring the MET current in adult hair cells is currently unfeasible, mainly because of technical difficulties. First of all, the stereocilia of OHCs are attached to tectorial membrane and they are damaged when the membrane is removed for the recording pipette to approach the cells. The stereocilia of IHCs are longer than those of OHCs and are easily damaged during the dissecting procedure and upon repetitive stimulations. Since the double knockout of α-tectorin and β-tectorin causes the detachment of the tectrorial membrane without affecting hair cell development (unpublished data from the Marcotti’s Lab), having this mouse on the 6N and 6N-Repaired background may allow to perform MET current recordings in aging mice. Finally, hair cells do not survive for long after the extraction from the cochlea, so the time allocated for recording from a hair cell is limited. To improve the vitality of hair cells, lactobionate has been used to replace chloride in the extracellular solution, which could reduce the swelling of cochlear tissue (Emadi et al., 2004; Brandt et al., 2007; Ashmore, 2008). 

The endocochlear potential (EP) might provide a more comprehensive understanding of ARHL. EP measures the positive voltage of endolymph, which generates an electrical gradient for cations to enter the MET channels. Therefore, the changes in EP might affect the activity of hair cells in vivo. Although it has been shown that EP does not change with age in 6J mice (Lang et al., 2002), EP has not been studied in aging 6N-Repaired or C3H mice. It is thus difficult to conclude that the EP does not change with age in other mouse strains due to genetic differences between strains. The MET current and EP measurements together might give us more insight into how age might influence the activation of hair cells in vivo.

Although OHCs show prestin in their basolateral membrane, it would be ideal to measure electromotility from aged OHCs. This can be done by directly measuring OHC contraction and extension by applying voltage steps and record the movement via a fast camera or a photodiode system (Marcotti & Kros, 1999). Alternatively, non-linear capacitance, which corresponds to electromotility, can be measured (Ashmore, 1992; Huang & Santos-Sacchi, 1993; Santos-Sacchi & Huang, 1998). The non-linear capacitance records the voltage-dependent non-linear charge movement in OHCs, which is generated from the contraction of anion-dependent prestin. Charge transfer can be measured from the transient currents elicited by applying voltage steps or voltage ramps as  CV = dQ/dV (Golowasch et al., 2009). 

7.6. Conclusion

This study is the first to provide a systematic investigation of age-related changes in the electrophysiological and morphological properties of cochlear hair cells. Hair cells transmit sound information incessantly throughout our whole lifespan. Even at old age with some hair cell loss, the remaining hair cells maintain their physiological characteristics (Figure 4.5, 4.6, 5.5 and 5.6). This requires a high-quality maintenance mechanism to counterbalance the stress of responding to constant auditory stimuli, which might rely largely on the surrounding supporting cells.

The data provided in this thesis demonstrate that there are no major changes in the basolateral membrane properties in aging hair cells, at least up to one year, despite the increased hearing thresholds in both 6J and 6N mice. So, why do hair cells die in aging mice? Although this is currently unclear, the similar number of lost hair cells in 6N and 6N-Repaired indicates that Cdh23753A is unlikely to be the primary cause. In contrast to hair cells, the neuronal synapses appeared to be more vulnerable with age. For example, more than 20% of OHCs lost their efferent innervation (Figure 6.9A) In addition, synaptic ribbon loss began before IHC loss in some mouse strains (Figure 6.4 and 6.5, Sergeyenko et al., 2013). My results also show that the connection of neurons is not constant with age because the efferent synapses appeared to re-contact IHCs at older ages (Figure 6.8), indicating some degree of plasticity of the neuronal connections. 

Both hair cells and neurons show some systematic changes with age, which included the reduction in the size of hair cells and the re-organisation of the efferent synapses (Figure 4.11, 4.17, 5.11 and 6.9). Those changes were observed in different mouse strains, indicating that they were not a direct consequence of the Cdh23753A variant. However, the Cdh23753A variant, together with other genetic factors, is likely to influence some aspects of aging since it led to variations in the hearing thresholds as well as the current responses of IHCs. 

Factors involved in the degeneration of the auditory system almost certainly lie in the genetic background, as many of the results from our experiments differed between mouse strains (Figure 3.3, 6.4 and 6.5). Moreover, factors important for stable hearing might underlie genes expressed in the C3H mouse, since their IHCs show normal current responses and no changes in synaptic ribbon number with age (Figure 5.9 and 6.4). 

Overall, this study provides an extensive investigation and analysis on aging hair cells and their synaptic connections during ARHL. Further investigations should focus more on the subtleties of genetic background and on the function of the supporting cells with age.
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