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Abstract

The inner hair cells (IHCs) are the primary sensory cells within the mammalian cochlea and
are responsible for detecting acoustic stimuli and converting them into electrical signals for
the brain to perceive sound. This conversion is performed by the mechanoelectrical
transducer (MET) channels that are found on the stereocilia atop IHCs. During postnatal
development IHCs receive transient axosomatic (direct) innervation by the efferent fibres
which is then lost after the onset of hearing, which in mice is around postnatal day 12. Studies
have shown that IHCs become re-innervated by efferent fibres in ageing mice and in mouse
models with impaired MET channel function (Myo7a™#;Myo15 cre*/"). However, the details of
how this mechanism takes place remain unclear. It is currently unknown whether the re-
innervation of the IHCs occurs as a consequence of general cellular dysfunction or if it is

specific to impaired MET function.

Experiments were performed using Myo7a™:Myo15 cre*”- mice, and from two additional
conditional knockout (cKO) mouse models that specifically disrupted neurotransmitter
release in IHCs, whilst maintaining MET functionality (Otoferlin™¢;Vglut3 cre-ER™ and
Otof”f:Myo15 cre*/"). Myo7a encodes for the unconventional myosin 7a, which is required
for MET function, while Otof encodes for the Ca?* sensor of neurotransmitter release
otoferlin. Immunofluorescence was used to determine the expression profile of the pre- and
post-synaptic proteins of the efferent system. Ex vivo whole cell patch-clamp

electrophysiology was used to identify the function of the re-innervating efferent system.

The results show that IHCs from Myo7a™ Myo15 cre*”- mice were re-innervated by the
efferent fibres from about P24 onwards. Prior to the efferent re-innervation, the IHCs re-
express post-synaptic small conductance Ca®* activated potassium channels (SK2) but IHCs do
not show functional efferent synapses until P25. This indicates the IHCs drive the efferent re-
innervation. Conversely to the recent literature, the IHCs lose their afferent synapses after
the re-innervation of IHCs. In both otoferlin cKO mice, there was no visible return of
axosomatic efferent innervation on IHCs, indicating that the re-innervation is likely to be

driven by impaired mechanoelectrical transduction.
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1.1 Development and function of the cochlea

An animal’s sense of hearing is crucial. Whether said animal is using their sense of hearing to
hunt prey, or if the prey is using their hearing to avoid a predator, hearing is essential to
survival. Over millions of years, countless animal species’ hearing has evolved to become fine-
tuned and exquisitely sensitive to both low and high frequency sounds. In humans, we rely
less intensely on our sense of hearing for survival compared to our ancestors. Instead, in
modern society we rely heavily on our sense of hearing for taking in external acoustic stimuli
and analysing it so we can understand what is happening in the environment around us. The
benefits of our complex auditory system allow us to process speech efficiently and learn

rapidly in order to communicate effectively.

As the quality of medical care improves, the human population reaps the benefits of longer
lifespans and cutting-edge technologies to help treat a plethora of diseases and conditions
that threaten us. One major obstacle that is quickly approaching us, with an ever growing,
ageing population, are the changes occurring in the vital sense of hearing due to age-related
hearing loss. Here, we will take a detailed look at how the auditory system functions, with a
particular focus on the organ of Corti, before discussing our current knowledge regarding the

pathophysiology of age-related hearing loss.
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1.1.1. The mammalian auditory system

The auditory system plays an integral role in animals and humans’ ability to perceive and
interact with the environment. The mammalian ear is divided into three different regions: the
outer, middle, and inner ear (Figure 1.1); each region is highly specialised in order to
efficiently convert external acoustic stimuli into electrical signals for the brain to perceive.
The outer ear funnels the sound waves down the ear canal to the tympanic membrane, also
known as the eardrum. The tympanic membrane vibrates and transfers the auditory stimuli
to the three bones of the middle ear: the ossicles — malleus, incus and stapes. The ossicles
stimulate the cochlear sensory epithelium in the inner ear by transmitting vibrations through
the oval window and causing the fluid in the cochlea to move. Within the cochlea the
mechanical auditory stimulus is converted into an electrical stimulus by the inner hair cells
and is sent to the brain via the afferent spiral ganglion neurons for processing. The inner ear
also contains the vestibular system (balance organ) and is embedded into the base of the
skull, with the temporal bone providing stability and protection (Hribernik and Volavsek,

2016).
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Semicircular
Canals  yestibular
Nerve

Facial Nerve
Malleus "4

Auditory
Nerve

Cochlea
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Eustachian
Incus Tube
Ear Canal Ear Drum
Outer Ear Middle Ear Inner Ear

Figure 1. 1. Anatomy of the outer, middle, and inner ear.

The outer ear contains the ear canal, the middle ear contains the ear drum (tympanic
membrane) and 3 ossicles - malleus, incus and stapes. The inner ear contains the spiral
cochlea (auditory organ) and vestibular system (balance organ), which can be identified by
the semi-circular canals. It is innervated by cranial nerve VIII — the vestibulocochlear nerve.

Figure from (Services, 2022).
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1.1.2. Structure of the mammalian cochlea

The human cochlea is highly sensitive and can detect a range of hearing frequencies from 20-
20,000 Hz, in addition to a large range of sound intensities (Purves et al., 2001). In order to
achieve these precise levels of sound encoding, the cochlea is specialised in a multitude of

different ways.

The cochlea is a coiled labyrinth that is comprised of three fluid filled chambers (scalae):
scalae tympani, vestibuli and media (Figure 1.2A), all of which are filled with lymph and run
along the length of the cochlea (Boron and Boulpaep, 2012). The scala vestibuli is the upper
chamber and contains perilymph, which is similar in composition to extracellular fluid: 140
mM Na*, 5.8 mM K* and 1.3 mM Ca?* (Wangemann and Schacht, 1996). The scala tympani is
the lower chamber and contains perilymph. The two perilymph fluids link through the
opening at the apex of the cochlea, the helicotrema (Boron and Boulpaep, 2012). The scala
media is the middle compartment and is filled with endolymph, containing 155 mM K*, 1 mM
Na* and 20-40 pM Ca?* (Wangemann and Schacht, 1996). It also has a voltage of +80 mV
compared to the perilymph chambers, which have a voltage of 0 mV (Tasaki et al., 1954). This
creates the endolymphatic potential (+80mV) which is due to the difference between the
perilymph and endolymph (Steel and Barkway, 1989, Fettiplace and Kim, 2014). The scala
media is enclosed from the perilymph containing chambers by two membranes. It is
separated from the scala vestibuli by the Reissner’s membrane, whilst being separated from
the scala tympani by the basilar membrane (BM) (Figure 1.2A & B) (Elliott and Shera, 2012).
Additionally, the scala media forms the cochlear duct and contains the organ of Corti, the
neurosensory epithelium which sits on the basilar membrane, and contains the sensory inner

hair cells (IHCs) and outer hair cells (OHCs) (Slepecky, 1996).

The scalae chambers also help to optimise the cochlear hair cells in their respective role of
sensory reception (IHCs) and cochlear amplification (OHCs) (these are described later in this
section). The IHCs and OHCs have stereocilia (microvilli) projections that form hair bundles.
The stereocilia hair bundles are surrounded by endolymph, whereas the basolateral parts of
the hair cells are surrounded by perilymph. This separation of the lymph fluids is achieved by
the reticular lamina, located at the apical part of the IHCs and OHCs. The stria vascularis

(Figure 1.2A) is responsible for producing the endocochlear potential (EP) (+80 mV) within the
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scala media (v. Békésy, 1952). The EP is produced and maintained by the intermediate cells
within the stria vascularis via a K* recycling mechanism (Takeuchi et al., 2000, Wangemann,

2002).

The sensory epithelium sits on top of the BM, which has a specialised function that is linked
to the hair cells detection of mechanical stimuli and conversion to electrical signals. The BM
is a collagenous sheet and vibrates in response to sound inducing waves produced from the
moving cochlear fluids (Slepecky, 1996). The BM’s function is frequency analysis and it
achieves this by being tonotopically organised along the length of the cochlea (von Békésy
and Wever, 1960). Tonotopic organisation of the cochlea results in different regions of the
BM preferentially responding to either high (basal region) or low frequency (apical region)
sounds (Humpbhries et al., 2010). Békésy and Wever (1960) showed that travelling sound
waves increased in amplitude along the BM, reaching a peak at a specific frequency before
declining in amplitude afterwards. From this, it was determined that the BM has characteristic
frequencies — regions along the BM that will get a maximal response to a certain frequency
(Russell and Sellick, 1977). Moreover, the BM has a gradient in its stiffness, with the base
being stiffer compared to the apex, this helps to fine tune frequency analysis and results in

accurate responses to different sound frequencies (Emadi et al., 2004).

The organ of Corti that sits upon the BM contains the sensory hair cells; the IHCs and OHCs,
as well as the surrounding non-sensory (supporting) cells. The sensory hair cells are in four
rows in the organ of Corti, with one row of IHCs and three rows of OHCs (Figure 1.2B). The
IHCs are the primary sensory receptors and are responsible for converting the mechanical
stimuli into electrical signals that will be sent to the brain for processing. The process that
converts the mechanical stimuli into electrical signals (mechanoelectrical transduction (MET))
is key for sound perception and will be covered later in the introduction (see section 1.1.3.2).
Like the rest of the cochlea, the IHCs are specialised to be as efficient as possible for their role,
the process of mechanoelectrical transduction, as well as transmission of the electrical signals
to the brain. Some of these specialisations will be covered more thoroughly throughout this
thesis. Similar to how the BM has differences across the length of the cochlea, the sensory
hair cells also have distinct differences between the apex and base. For example, stereocilia
that are found atop IHCs and OHCs and are crucial for mechanoelectrical transduction. The

IHC stereocilia that are found in the apex of the cochlea are often longer than those found at



Page |7

the base, these are adaptations that allow the stereocilia to respond more optimally to either
low or high frequency sounds (Fettiplace and Hackney, 2006). Another specialisation within
the cochlea is a positive driving force (+140 mV) that aids the influx of K*and Ca?*into the hair
cells via the MET channels (Corey and Hudspeth, 1983, Crawford et al., 1991). The driving
force is due to the difference between the endolymph (+80 mV) that the hair bundles are

found in and the hair cells resting membrane potential (-60 mV) (Marcotti et al., 2003a).

The OHCs also have their own specialisations that separates them functionally from the IHCs.
OHCs are electromotile, which means that they can shorten or elongate their shape in
response to depolarisation or hyperpolarisation (Brownell, 1983, Brownell et al., 1985,
Ashmore, 1987). OHCs are able to do this due to the presence of the motor protein prestin —
which is densely localised to the basolateral (beneath the cuticular plate that stereocilia are
embedded into) part of the OHC membrane (Zheng et al., 2000). This electromotility enables
OHCs to act as a sound amplifier (Ryan and Dallos, 1975, Dallos and Harris, 1978, Harrison and
Evans, 1979). The OHCs role is linked to that of the BM, in that the BM will vibrate at specific
frequencies depending on the sound stimuli, this will then result in the shortening or
elongation of the OHC which helps with sound amplification and frequency selectivity (Ryan
and Dallos, 1975, Dallos and Harris, 1978, Harrison and Evans, 1979). Additionally, the OHCs
amplification of the BM can be highly important at low sound pressures (Ashmore, 2008,

Dallos, 2008).

A brief overview for the inner ear has been discussed so far. The mammalian inner ear
undergoes many embryonic and postnatal developmental changes before the auditory
system becomes fully mature around postnatal day 21 (P21). This thesis is interested only in
the postnatal development as well as the mature organ of Corti, so embryonic changes will
not be discussed. Additionally, for the remainder of this thesis there will be a focus on the
IHCs, as the project is IHC specific. OHCs may be mentioned during some sections for

additional information, however, the IHCs will be predominantly discussed.
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Figure 1. 2. Cross section diagrams of the cochlea.

A: depicting the 3 chambers of the cochlea, the scalae vestibuli, media and tympani, the organ
of Corti and its innervating spiral ganglion, as well as the stria vascularis. B: illustrating the
upward displacement (upward arrow) of the basilar membrane during stimulation of the
cochlea caused by movement of fluid in the scala media. The IHCs hair bundles are not fixed
into the tectorial membrane, whereas the outer hair cell hair bundles are fixed into the
tectorial membrane. Figures and figure legends adapted from (Turunen-Taheri et al., 2017,

Fettiplace and Hackney, 2006) respectively.
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1.1.3. IHC postnatal development

As mentioned above, the organ of Corti undergoes progressive developmental changes
before achieving functional maturation. When mice are born (postnatal day 0, P0O) they are
unable to hear. Mice remain deaf for the early time points of development and can only hear
once they have reached postnatal day 12 (P12) (Mikaelian and Ruben, 1965, Ehret, 1983,
Romand, 1983, Kros et al., 1998). There are many developmental changes that take place up
to the onset of hearing in mice, as well as further changes that continue after. The remainder
of this thesis introduction will focus on IHCs, covering some of the key changes in their
development and innervation up to the onset of hearing (developmental) and beyond
(mature / adult). There are many differences that enable for identifying whether IHCs are still
developmental or if they are functionally mature (adult). Typically, it takes around 3 postnatal
weeks (~P21) for all the key developmental changes to take place within the mammalian

cochlea.
1.1.3.1 Basolateral membrane channels: pre-hearing and post-hearing changes

Before the onset of hearing at P12 the IHCs have several different ion channels that are
expressed when compared to after the onset of hearing. These ion channel changes result in
different biophysical profiles that can be used to categorise whether an IHC expresses a
developmental profile or mature (adult) profile (Figure 1.3). For example, IHCs fire
spontaneous action potentials before birth up until P12. These spontaneous action potentials
(APs) are fired intrinsically, the Cay1.3 Ca?* channels being involved before the onset of
hearing (typically in the first postnatal week) (Figure 1.3) (Marcotti et al., 2003c, Tritsch et al.,
2010, Johnson and Marcotti, 2008, Johnson et al., 2013a). Additionally, the spontaneous APs
can be induced via the spontaneous release of ATP by non-sensory supporting cells (in the
second postnatal week) (Tritsch et al., 2010, Wang et al., 2015, Johnson et al., 2017). The
function of the spontaneous APs is to help the IHCs undergo functional development, and if
the IHCs cannot fire spontaneous APs then mice often remain deaf after P12 and IHCs fail to
mature correctly (Johnson et al., 2007, Johnson et al., 2013a). Therefore, the spontaneous
APs that fire during the first postnatal week are crucial for the developing innervation of the

IHCs during development (Johnson et al., 2017).
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For IHCs to be able to fire spontaneous APs there is a function for both /c; and Ina currents
(Figure 1.3). Like spontaneous APs, the Ica currents (driven by Cay1.3 channels) in IHCs can be
found embryonically, this is because the Ica current is essential for the IHCs ability to generate
spontaneous APs and if the current is not present then IHCs degenerate rapidly after P12
(Platzer et al., 2000, Marcotti et al., 2003b). Moreover, the Ic; current is maintained in IHCs
after the onset of hearing. The Ina current (carried via Na,1.1 and Na,1.6 channels) can also
be found before birth in IHCs, due to its involvement with IHC APs. The Inafunction is to speed
up the time it takes the IHCs membrane potential to reach threshold when firing spontaneous
APs (Marcotti et al., 2003b). Similar to spontaneous APs, the Ina current is lost from IHCs
around P12, indicating that its function is tied to the development of the IHCs biophysical
profile (Marcotti et al., 2003b).

Throughout all stages of development, IHCs require K* currents to be present. One such K*
current is the strong inward rectifier /k1, which is known to be involved in regulating the
resting membrane potential of the IHCs, and together with /ca work to depolarise the IHCs in
generating spontaneous APs (Marcotti et al., 1999, Marcotti et al., 2003a). The Ik current is
only present in IHCs until P12 (Figure 1.3), at which point the expression of Ik becomes one
of the predominant K* currents expressed (Figure 1.3), highlighting the strictly prehearing
developmental role for /1. After the onset of hearing at P12, the IHCs no longer fire
spontaneous APs and have matured into being high frequency sensory receptors that fire
graded potentials (see section 1.1.4.2) (Johnson et al., 2013a, Johnson et al., 2017, Johnson
et al., 2019). The /kfcurrent, is driven via a large conductance Ca?* - activated K* channel (BK)
(Appenrodt and Kros, 1997, Kirkwood and Kros, 1997, Kros et al., 1998). As the Ik tcurrent is
fast activating, its function is to prevent the IHCs from being able to generate any APs, even
if current is injected into the IHC — allowing the IHCs to perform their mature function of
mechanoelectrical transduction (Marcotti et al., 2003a). Additionally, there is a delayed
rectifier (slowly activated) K* current (/ks that is expressed in mature IHCs at P12 after /1 is no

longer expressed.

Another K* current that is only expressed after P12 when the IHCs are mature is the Ik n, which
is driven via the KCNQ4 channels (Marcotti et al., 1999, Marcotti et al., 2003a). The /k,» current
is active around resting membrane potentials in the mature IHCs (~-70mV), therefore it is

proposed to be involved with determining the membrane potential of the IHC (Marcotti et
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al., 2003a, Dominik et al., 2003). Furthermore, if KCNQ4 is not present in IHCs (or OHCs, where
it was discovered first (Housley and Ashmore, 1992, Marcotti and Kros, 1999)) then mice
remain deaf (Kubisch et al., 1999). It was suggested that the lack of KCNQ4 channels results
in K* that enters the IHCs through MET channels accumulate within the cell, inducing
excitotoxicity as the IHC remains depolarised, enabling increased activation of Ca%* channels
and afferent nerve fibres (Moser and Beutner, 2000, Beutner and Moser, 2001, Marcotti et
al., 2003a). From these findings, the presence of different K* currents can be used to
determine whether an IHC has a developmental or mature biophysical profile, with
developmental profiles typically including Ik1 whereas mature IHCs have Ik, Ik s and Ik n present

(Marcotti et al., 2003a).

The prehearing, developmental IHCs also express a9a10 nicotinic acetylcholine receptors
(nAChRs) from birth until after the onset of hearing (Figure 1.3) (Elgoyhen et al., 1994,
Elgoyhen et al., 2001, Katz et al., 2004, Roux et al., 2011). The nAChRs allow Ca?*to flow into
the IHCs when the efferent fibres that transiently innervate the developing IHCs (see section
1.1.5 on efferent innervation) release acetylcholine (ACh). The Ca?* that flows into the IHCs
activate the small conductance Ca?* activated K* channels (SK2). The SK2 channels are
expressed by IHCs just after birth (Figure 1.3), and are functionally coupled to the nAChRs
(Glowatzki and Fuchs, 2000, Katz et al., 2004, Marcotti et al., 2004). Together, the nAChRs and
SK2 channels form synapses with the efferent fibre terminals at the developing IHCs. When
SK2 channels are activated by Ca?*, there is a efflux of K* out of the IHCs, resulting in the IHC
becoming hyperpolarised (Evans, 1996, Marcotti et al., 2004). Therefore, the SK2 channels
help regulate the spontaneous APs during the first postnatal week by hyperpolarising the
IHCs, and if SK2 channels are not present then the IHCs fail to functionally mature (Johnson
et al., 2007). As IHCs lose their transient efferent innervation after the onset of hearing, the
nAChRs and SK2 channels become downregulated, with IHCs no longer responding to ACh at
P18 — whilst SK2 channels are no longer expressed by IHCs around P20-21 (Glowatzki and
Fuchs, 2000, Katz et al., 2004, Marcotti et al., 2004).

The MET channels (see section 1.1.3.2) are crucial to both prehearing IHCs, as well as
functionally mature IHCs after P12. The presence of the MET channel can be seen in apical
IHCs around P2-3 (Crawford et al., 1991). The function of the MET channel in the first

postnatal week is to aid with spontaneous APs, allowing Ca?* into the IHCs through the MET
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channels that are open at rest (see section 1.1.3.2) (Johnson et al., 2012). The MET channels
become functionally mature towards the end of the first postnatal week, and from the onset
of hearing at P12, become responsible for sound induced mechanoelectrical transduction,
which coincides with the functional maturation of the IHCs (Cody and Russell, 1987, Crawford
et al., 1991, Kros et al., 1992). Furthermore, once the MET channel and IHCs are functionally
mature, the IHCs no longer fire spontaneous or induced APs, instead firing highly sensitive
graded receptor potentials that are stimulated by the process of MET (see section 1.1.4.2)
(Johnson et al., 2012). Once IHCs are functionally mature at P12, the MET channels have also
been shown to be crucial in the IHCs maintaining this mature biophysical profile. If the MET
channel is dysfunctional in mature IHCs then the IHCs have been shown to return to their

developmental, immature biophysical profile (Corns et al., 2018).
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Figure 1. 3. Diagram showing the development of key basolateral membrane properties

for IHCs.

A: timeline for basolateral ion channel changes in mouse apical IHCs. The bars indicate the
overlap between different sodium, potassium and calcium currents that are required for the
functional maturation of IHCs (postnatal day 12, P12). After the onset of hearing at P12 and
IHCs are mature, the biophysical profile changes and can be identified by the presence of Ik

and Igfcarried by KCNQ4 and BK channels, respectively. Width of the vertical bars indicates
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size of the currents or resting membrane potential (V) during development. Figure

adapted from (Corns et al., 2014a).

1.1.3.2. IHC stereocilia and the mechanoelectrical transducer channel

The stereocilia that are found atop the IHCs and OHCs (Figure 1.4 A, B & C) are essential for
normal functional hearing. Like the basolateral region of the IHC and its innervation (see
section 1.1.4, 1.1.5), the stereocilia and MET channels undergo many developmental changes
from birth up to the onset of hearing in the mammalian cochlea. However, the focus of this
thesis is based on the changing biophysical profile of the IHC and innervation, therefore, the
stereocilia and MET channels will not be covered extensively and only the relevant proteins /

mechanisms that are essential for this thesis will be discussed.

Stereocilia enable the conversion of mechanical (sound) stimuli into electrical signals to be
sent to the brain and the MET channels that are found at the tips of stereocilia are responsible
for this conversion. The stereocilia hair bundles become displaced by the mechanical stimuli,
this deflection of the stereocilia enables the opening of the MET channels and conversion of
acoustic information. For this to be possible, the stereocilia are organised into three rows, in
a staircase structure that increase in height and form a hair bundle (Figure 1.4) (Tilney et al.,
1992). The stereocilia have filamentous tip links that connect the shorter rows of stereocilia
to the side of the neighbouring taller row (Pickles et al., 1984, Assad et al., 1991). If the hair
bundle is deflected in the direction of the tallest stereocilia row (excitatory), this opens the
MET channel (and depolarises the IHCs) (Figure 1.6), which are located at the tips of the two
shorter rows of stereocilia (Corey and Hudspeth, 1983, Howard and Hudspeth, 1987, Assad
et al., 1991, Gillespie et al., 1993, Beurg et al., 2009a, Pan et al., 2013, Zhao et al., 2014, Beurg
et al., 2015). On the other hand, when the hair bundles deflect towards the shorter rows of
stereocilia (inhibitory), the MET channels close. When the MET channels are open, they are
non-selective for cations such as Ca?* and K*, however, they have a greater permeability for
Ca?* (Corey and Hudspeth, 1979, Ohmori, 1985, Ricci and Fettiplace, 1998, Beurg et al.,
2009b).



Figure 1. 4. Scanning electron microscopy images of the IHC and OHC stereocilia.

A: scanning electron microscopy image of a mature mouse organ of Corti with the tectorial
membrane removed, showing three rows of OHCs located on the lateral side (top image), and
one row of IHCs located on the medial side (bottom image). Scale bar: 10 um B: higher
magnification image of an OHC, showing the three rows of stereocilia and the staircase
structure; scale bar is 1 um. C: higher magnification image of an IHC, showing the staircase
structure and three rows of stereocilia; scale bar is 1 um. Figure and figure legends adapted

from (Schwander et al., 2010).
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IHC stereocilia have a single tip link that connects to the neighbouring taller stereocilia, and
they are essential in the process of MET. The MET channels are always open at rest, allowing
a small influx of Ca?*into the IHCs, even in the absence of excitatory or inhibitory stimulation
(Corns et al., 2018). To achieve this partial opening at rest, the tip links maintain a tension
between the MET channels and the hair bundles, a process that requires multiple different
proteins working together in a complex (Kachar et al., 2000, Furness et al., 2008, Pan et al.,
2009, Caberlotto et al., 2011a, Fettiplace and Kim, 2014, Beurg et al., 2015). However, only
the proteins relevant for the key understanding of MET and have functional relevance for this

thesis will be discussed further.

The tip links themselves are made up of two protofilaments that form a right-handed, coiled
double helix (Kachar et al., 2000). As the tip links insert into the tip of the shorter stereocilia
as well as the side of the neighbouring, taller stereocilia, there are two insertion sites present
at the tip links (Assad et al., 1991). The insertion regions of the upper and lower tip links are
electron dense regions that lie between the stereocilia membrane and the actin filaments
that stereocilia are comprised of (Furness and Hackney, 1985). One of the protofilaments that
make up the tip links was identified using electron microscopy and revealed to be Cadherin
23 (CDH23) (Figure 1.5) (Siemens et al., 2004). CDH23 is essential for the tip links and normal
functional hearing, if it is mutated — such as in the human deafness condition Ushers
syndrome (USH) type 1D, then patients have profound deafness, vestibular problems as well
as blindness in the form of retinitis pigmentosa (Bolz et al., 2001, Bork et al., 2001). The
second protofilament that makes up the tip links is protocadherin 15 (PCDH15) (Ahmed et al.,
2006), a member of the cadherin superfamily. PCDH15 was subsequently identified to interact
with CDH23 and forms the lower third of the tip link (Figure 1.5), whereas CDH23 makes up
the upper two thirds (Kazmierczak et al., 2007). Similarly, to mutations in CDH23, if PCDH15
is mutated then it results in Ushers syndrome, albeit, type 1F, which also results in deafness
and vestibular problems (Ahmed et al., 2001, Alagramam et al., 2001, Ahmed et al., 2003).
The function of the tip link in the process of MET is to mechanically gate the ion channel, this
includes aiding the opening of the MET channels upon excitatory stimulation (hair bundle
moving towards taller stereocilia) as the tip link gets stretched (Goodyear et al., 2005,

Kazmierczak et al., 2007).
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At the upper tip link density there is a complex of proteins that are involved in the normal
MET function for the IHCs, as well as maintaining the tension in the tip links (Figure 1.5). One
protein that is crucial for the functioning of the MET channel is unconventional myosin Vlla
(Myo7a) (Kros et al., 2002). Myo7a is localised at the upper tip link density and is involved in
forming a complex with adaptor proteins known as harmonin and sans (Verpy et al., 2000,
Grati and Kachar, 2011). Moreover, mutations in Myo7a were one of the first genetic causes
of Ushers syndrome identified (Ushers syndrome type 1B, USH1B) (Weil et al., 1995, Self et
al.,, 1998). Myo7a plays a role in embryonic development of hair cells in mice, with its
expression being reported as early as embryonic day 9 (E9) (Sahly et al., 1997, Boéda et al.,
2001). This indicates that Myo7a is needed to be expressed during development, otherwise
deafness and other defects occur such as in USH1B. Furthermore, as Myo7a is a myosin
motor, it has been reported to be essential for maintaining the resting tension of the tip link,
enabling the MET channels to be partially open at rest (Kros et al., 2002). If Myo7a is mutated
then MET currents become smaller and the IHCs lose the open resting state of the MET

channels (Kros et al., 2002).
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Figure 1. 5. Diagram showing the composition of the tip link and the associated proteins at
the upper tip link density.

The MET channels (channel complex) can be seen at the tip of the shorter row of stereocilia.
Attached to the MET channel is the tip link, that connects the two stereocilia together, the
lower third of the tip link is comprised of protocadherin 15 (PCDH15), whilst the upper two
thirds are made up of cadherin 23 (CHD23). The tip link inserts into the upper tip link density
(UTLD) on the side of the taller row of stereocilia. The UTLD consists of multiple proteins,
including unconventional myosins’ 1c and 7a (Myolc, Myo7a) in addition to the sans and

harmonin proteins. Figure from (Richardson and Petit, 2019).
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Myo7a is also involved in the process of adaptation of the MET channel (Figure 1.5) (Kros et
al., 2002, Stepanyan and Frolenkov, 2009, Corns et al., 2014b). Adaptation is when the MET
channels are open in an excitatory stimulation and comes in two forms — fast and slow
adaptation (Figure 1.6) (Howard and Hudspeth, 1987, Crawford et al., 1989, Crawford et al.,
1991, Wu et al., 1999, Holt and Corey, 2000, Ricci et al., 2000, Fettiplace and Hackney, 2006).
The purpose of the adaptation is to enable MET channel to optimally respond to a sustained
stimulus (Fettiplace and Kim, 2014). Both types of adaptation are influenced by Ca%* entering
the open MET channel during excitation, with Ca?* then functioning to close the channel by
interacting with the channel itself (Kennedy et al., 2003, Lelli et al., 2009) or via accessory
proteins (Fettiplace and Kim, 2014). The Ca?* then interacts over a short period of time (fast)
or a slightly slower time period (slow) to close the MET channels, resulting in adaptation of
the channel (Crawford et al., 1989, Crawford et al., 1991, Ricci et al., 2000, Cheung and Corey,
2006, Stepanyan and Frolenkov, 2009, Corns et al., 2014b). Myo7a has been shown to
specifically have a role in slow adaptation of the MET current (Crawford et al., 1989, Crawford

et al., 1991, Choe et al., 1998, Kros et al., 2002, Cheung and Corey, 2006).
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Figure 1. 6. Schematic showing the 3 rows of stereocilia and the MET channels at rest,
during activation and during adaptation of the MET channels.

At rest the tip links have a rest tension that enables the MET channels to be partially open.
Upon activation (mechanical stimulus, deflects to hair bundle towards the tallest stereocilia,
middle panel), the tip links become stretched and the MET channels open, allowing Ca?*and
K*(not shown in schematic) into the hair cell. The right hand panel shows the adaptation that

occurs 50ms after excitatory stimulation, which includes Ca?* directly interacting with the MET
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channel, to maintain optimal sensitivity to sustained stimuli. Figure from (Spinelli and

Gillespie, 2009).

There is also the expression of another unconventional myosin in the stereocilia — myosin XV
(Myo15). Myo15 is found in the tips of the stereocilia and has functional roles in stereocilia
elongation, as well as maintenance of the staircase structure (Gillespie et al., 1993, Anderson
et al., 2000, Belyantseva et al., 2003, Delprat et al., 2004). Likewise, to mutations in Myo7a, if
Myo15 is mutated then IHCs have dysfunctional MET currents and results in deafness in both
mice (Probst et al., 1998) and humans (Wang et al., 1998) due to the stereocilia being shorter
and losing the typical staircase structure (Belyantseva et al., 2003). Myo15 also has been
implicated to have a role in slow adaptation of the MET channels, along with Myo7a (Fang et
al., 2015). However, unlike Myo7a, Myo15 is not expressed in stereocilia tip until P2 in the

basal coil of the cochlea, and P4 in the apical coil (Caberlotto et al., 2011b).

The maturation of the basolateral ions, and the stereocilia as well as the MET channels are
sufficient to understand the core parts of this thesis, which will predominantly be focusing on
changes in the efferent innervation in age-related hearing loss mouse models (see section
1.2.4). The following sections will now cover the development of the afferent and efferent
innervation, as well as how the electrical signals that the MET channels convert are passed

through to the afferent fibres (see section 1.1.4.2).
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1.1.4. IHC Afferent Innervation

The innervation of the mammalian cochlea undergoes many developmental changes from
embryonic stages until around three weeks postnatally. Both the IHCs and OHCs are
innervated by afferent and efferent fibres throughout development, however, the focus will

predominantly be on the innervation of the IHCs.

IHCs are innervated by type | spiral ganglion neurons (SGNs), which function to send the
acoustic information that the IHCs detect and convert into an electrical signal to the brain for
processing. There are two types of SGNs (type | and type Il) (Kiang et al., 1982) and 90-95%
(Spoendlin, 1972) of the total SGN population is made up of type | SGNs — with the remainder
being type Il SGNs that innervate the OHCs. In the mature cochlea the IHCs have synapses
with around 10-20 type | SGN afferent fibres (Liberman, 1980, Meyer et al., 2009), with the
highest number of synapses relating to the tonotopic map of the cochlea. This results in the
highest number of afferent synapses in 3-4 kHz frequency in humans, which is the frequency
that is used in everyday conversations (Meyer et al., 2009). IHCs have afferent synapses on
both the modiolar and pillar side of the cells (Figure 1.7), with the modiolar being the side
that is closest to where the bundles of SGNs are located, whereas the pillar side is the part of
the IHCs that face towards the OHCs (Liberman, 1980). Depending on whether an afferent
synapse is located in either the modiolar or pillar side of the IHC demonstrates a
heterogeneity within the SGN population, with synapses on either side having slightly
different functions (Kiang et al., 1982, Liberman, 1980, Liberman, 1982a).

SGNs that synapse on the modiolar side of the IHCs are categorised by having high thresholds
with a low spontaneous discharge rate (LSR), whereas on the pillar side the SGNs have low
thresholds with high spontaneous rates (HSR) (Liberman, 1982a, Liberman, 1982b). It is
believed that the 49-67% of the SGNs are high threshold and LSR fibres (modiolar), whilst 33-
51% are low threshold and HSR fibres (pillar) (Taberner and Liberman, 2005). The
heterogeneity in the SGN subtypes enables the cochlea to encode and respond to a wide
range of sound frequencies and intensities. In addition to the position that the SGN is found
on the IHC, the SGNs characteristic frequency (frequency that the SGN maximally responds)
varies along the length of the cochlea (Liberman, 1982a, Liberman, 1982b). There are

morphological differences between the modiolar and pillar SGN synapses, which helps them
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to be optimised for their functions. For example, modiolar afferent synapses have larger pre-
synaptic ribbon synapses (see section on ribbon synapses, 1.1.4.2), with an increased number
of Cay1.3 channels, accompanied by a smaller post-synaptic patch of AMPA receptors
(Liberman et al., 2011, Wong et al., 2013). Alternatively, SGNs that synapse on the pillar side
of the IHCs have smaller pre-synaptic ribbons with a lower density of Cay1.3 channels, but a
larger post-synaptic patch of AMPA receptors — this is due to there being opposing gradients
of ribbon synapse size and AMPA receptors in IHCs (Liberman et al., 2011). SGNs are often
lost in age-related as well as in noise-induced hearing loss (Barclay et al., 2011, de Graaf et
al., 2013), with a recent report showing that there was more pre-synaptic loss of pillar side
SGN synapses in IHCs compared to modiolar, however, there is loss in both regions (Jeng et

al., 2020a).
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Modiolar side "Pillar side

Figure 1. 7. Schematic of an IHC displaying the modiolar and pillar synapses with type |
SGN fibres.

The schematic demonstrates the differences in location and morphology of the types of
afferent innervation of IHCs. On the modiolar side the IHCs express larger pre-synaptic
densities, with smaller post-synaptic densities whereas on the pillar side the IHCs have smaller

pre-synaptic densities and larger post-synaptic densities. Figure from (Niwa et al., 2021).
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Afferent synapses are excitatory, as the IHCs pre-synaptic ribbons have vesicles filled with
glutamate (see section ), and in mature IHCs the accompanying post-synaptic density (PSD) is
filled with AMPA receptors, some of which include: GIuR2 and GIuR3 (Usami et al., 1995,
Niedzielski and Wenthold, 1995, Matsubara et al., 1996, Eybalin et al., 2004). Upon glutamate
release from the IHC pre-synapse, the AMPA receptors become activated, which results in an
excitatory post synaptic current in the type | SGN (Ruel et al., 1999, Ruel et al., 2000, Glowatzki
and Fuchs, 2002, Keen and Hudspeth, 2006, Grant et al., 2010). Loss of the post-synaptic
AMPA receptors commonly results in deafness due to the type | SGNs not transmitting the
electrical signal to the auditory nerve and through the auditory pathway (Grant et al., 2010,
Matsubara et al., 1996, Niedzielski and Wenthold, 1995, Usami et al., 1995). There is also a
function for the non-sensory supporting cells that surround the IHCs, whose function is to
help prevent saturation in currents and excitotoxicity caused by an accumulation of glutamate
by expressing glutamate-aspartate transporter (GLAST). These cells achieve this function by

taking up the excess glutamate that is found at the synaptic density.

1.1.4.1. Postnatal development of IHC afferent innervation

At birth, both IHCs and OHCs are transiently innervated by type | and type Il SGNs (Figure
1.8A) (Perkins and Morest, 1975, Echteler, 1992, Simmons, 1994), however, in the mature
cochlea, the IHCs are only innervated by type | SGNs and OHCs are only innervated by type |l
SGNs. To achieve the mature innervation of the cochlea, there is a refinement and retraction

of afferent fibres (Pujol et al., 1998, Sobkowicz et al., 2002, Sobkowicz et al., 2004).

The synaptic afferent terminals that innervate the IHCs begin to alter their localisation
between P0-P3, with the synapses being predominantly found at the base of the cells, as
opposed to found more sporadically across the IHC length. Between P3-P6 there is the
retraction of type | SGNs from OHCs (Figure 1.8B) (Huang et al., 2007). For the accurate
refinement and retraction of afferent fibres, neurotrophic factors such as brain derived
neurotrophic factor (BDNF) have been shown to be essential (Ernfors et al., 1995, Fritzsch et
al., 2004, Wiechers et al., 1999). BDNF is expressed across the organ of Corti and there is
increase in SGN loss if BDNF is not present during development, resulting in IHC innervation

not maturing properly (Ernfors et al., 1995, Fritzsch et al., 2004, Wiechers et al., 1999).
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Furthermore, BDNF has also been implicated for therapeutic treatments for hearing loss, with
studies showing it to have hearing restorative potentials via gene therapy treatment (Blakley
et al., 2020, Fukui et al., 2012). Spontaneous APs are also involved in the refinement and
retraction of SGN fibres by helping send signals to the SGNs, influencing tonotopic
differentiation of the afferent pathway (Johnson et al., 2011). By the onset of hearing at P12,

the IHC afferent innervation has matured.
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Figure 1. 8. Diagrams depicting the innervation of the IHCs and OHCs, including an
overview for the developmental timeline of the afferent innervation.

A: diagram illustrating the innervation of IHCs and OHCs by SGNs in the adult cochlea. Mature
IHCs are innervated by ~95% of the type | SGN fibres. In mice, about 10-20 unbranched
myelinated SGNs connect with a single IHC while each neuron receives input from only one
IHC. The remaining ~5% of SGNs are type Il unmyelinated neurons that project toward the
OHCs and spiral toward the base of the cochlea contacting multiple OHCs. B: diagram showing
the functional and morphological maturation of SGNs and hair cells in the mouse cochlea.
Figures and figure legends adapted from (Johnson et al., 2019) respectively. For a full list of

references relating to information in B, see (Johnson et al., 2019).
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1.1.4.2. Ribbon synapses in the IHCs

This thesis has currently delved into some of the key differences between the developing IHCs
and the mature function IHCs after the onset of hearing at P12. As mentioned previously,
when the IHCs are developing they fire spontaneous APs in the first postnatal week, and can
fire exogenously induced APs up to P12, at which point the IHCs instead fire sound-induced
graded receptor potentials (Cody and Russell, 1987). How these changes are achieved will be
covered in this section, firstly by covering the morphology of ribbon synapse and

developmental changes from immature to mature.

Ribbon synapses are crucial for transmitting the acoustic information that is converted into
electrical signals by the MET channels. The ribbon synapses are excitatory and release
glutamate as their neurotransmitter (Kataoka and Ohmori, 1994). After IHCs are depolarised
by the opening of the MET channels, L-type Cay1.3 channels located near the pre-synaptic
region (Figure 1.10) (Platzer et al., 2000, Brandt et al., 2003, Brandt et al., 2005) at the basal
pole of the IHCs become activated. The influx of Ca?* triggers the fusing and release of
glutamate from vesicles onto the post-synaptic density at the ribbon synapse, inducing
excitatory post-synaptic currents in the type | SGNs via the AMPA receptors, sending the
signal up the ascending auditory pathway (Sobkowicz et al., 1982, Glowatzki and Fuchs, 2002,
Brandt et al., 2005, Keen and Hudspeth, 2006).

Ribbon synapses are the pre-synaptic component that IHCs form with the axosomatic type |
SGN innervation mentioned above. The ribbon synapses are characterised by having a large
pre-synaptic electron dense structure, which is the central region that synaptic vesicles tether
to (Figure 1.9, 1.10) (Smith and Sj6strand, 1961). However, as mentioned earlier, the ribbon
synapse size varies on whether the type | SGN synapse on either the modiolar or pillar side of
the IHC. In pre-hearing, developing IHCs, the ribbon synapses are spherical in shape that
changes to become more oval /ellipsoid in shape in mature IHCs shape (Figure 1.9) (Sobkowicz
et al., 1982, Khimich et al., 2005). Moreover, in development, there are many ribbon synapses
within the IHCs (over 30), which decreases to between 10-20 ribbons as IHCs mature — this is
concurrent with pruning and refinement of type | SGNs synapsing onto the IHCs, resulting in
1:1 connections between ribbon synapses and SGNs terminals (Michanski et al., 2019,

Johnson et al., 2019). The decrease in the number of ribbon synapses in development



Page |27

(Sobkowicz et al., 1986, Sendin et al., 2007, Huang et al., 2012) is due to the IHCs shifting from
firing spontaneous APs and instead firing graded receptor potentials, with reducing Ca?*
currents (Johnson et al., 2005, Marcotti et al., 2003b, Zampini et al., 2010). A key component
of the ribbon synapse is the readily releasable pools (RRPs) of glutamate filled vesicles found
at the base of the ribbon synapse and surrounding the pre-synaptic membrane (Khimich et
al., 2005, Johnson et al., 2005). By P6, there are between 600-800 vesicles in a single IHCs
RRP, whilst each individual ribbon synapses have a RRP containing 40-50 vesicles
(Kantardzhieva et al., 2013), with these numbers being maintained in the mature IHCs.
Interestingly, the ribbon synapse lacks typical components for neurotransmitter release that
would be found at conventional synapses, such as synaptophysins (Safieddine and Wenthold,
1997, Eybalin et al., 2002), synapsins (Mandell et al., 1990) and synaptotagmin 1 and 2
(Safieddine and Wenthold, 1999).

To understand how the ribbon synapse functions, the molecular composition of the synapse
was investigated. The synapse is comprised of several key proteins, one of which is the protein
RIBEYE (Figure 1.10). RIBEYE is a scaffold protein at the pre-synaptic terminal and is largely
responsible for stabilising the synapse (Magupalli et al., 2008). Mice that have RIBEYE knocked
out of their IHCs do not form as many ribbon synapses and have reduced exocytosis (release
of glutamate from the synapse), as well as hearing impairments — indicating the importance
of RIBEYE in developing mice (Becker et al., 2018, Xiong et al., 2020). The B domain of RIBEYE
is identical to the N-terminal of the transcriptional co-repressor; C-terminal-binding protein 2
(CtBP2) a nuclear protein, moreover, RIBEYE and CtBP2 are transcribed from the same gene

(Schmitz et al., 2000).
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Figure 1. 9. Postnatal maturation of the IHC ribbon synapse and synapse morphology.

A: morphological maturation of the mouse IHC ribbon. B: characteristics of afferent

innervation at the mature IHC ribbon synapse. Synapses at the modiolar side of the IHC

involve afferent neurons that have smaller diameters, higher-threshold (HT) sensitivity, and

lower spontaneous rate firing (LSR), and the pre-synaptic regions have larger ribbons (violet)

and display higher Ca?* inputs (light green). At the pillar side, the synapses display opposite

characteristics. C: developmental changes in ACm and Ic,, the top panel shows the relation

between Ica (pre-synaptic Ca?* entry) and vesicle exocytosis, and IHC innervation. Figure from

(Safieddine et al., 2012).
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Another protein that is essential for functional ribbon synapses in developing IHCs and mature
IHCs is the protein otoferlin. Otoferlin is involved with exocytosis at the ribbon synapse as it
is a Ca?*sensor in IHCs during the late step of exocytosis, triggering membrane fusion of the
vesicles (Figure 1.10) (Roux et al., 2006). To do this role, otoferlin interacts with the SNARE
protein SNAP25 at the ribbon synapse (Roux et al., 2006). Mutations in the OTOF gene,
encoding the otoferlin protein has been implicated in human deafness (inherited recessive
profound prelingual deafness, DFNB9) (Roux et al., 2006, Yasunaga et al., 1999), as well as
deafness in mice (Dulon et al., 2009, Johnson et al., 2009, Roux et al., 2006, Stalmann et al.,
2021, Strenzke et al., 2016, Takago et al., 2019). If otoferlin is knocked out of IHCs in mice, the
IHCs have impaired exocytosis as well as there being reduced numbers of type | SGNs and the
mice having profound deafness (Roux et al., 2006). Otoferlin can be detected in IHCs from
embryonic day 16 and is maintained throughout development and into adulthood (Roux et
al., 2006). Otoferlin is such a crucial component of the ribbon synapse and functional hearing,
that there has been multiple recent studies that have utilised gene therapy to restore partial

hearing function in otoferlin mutant mice (Akil et al., 2019, Al-Moyed et al., 2019).

The vesicular glutamate transporter 3 (Vglut3) is also involved in the ribbon synapse and
exocytosis. Vglut3 is responsible for the transport and repackaging of glutamate into vesicles
for secretion during exocytosis (Ruel et al., 2008, Seal et al., 2008). Moreover, if Vglut3 is
mutated or absent then it results in dominant inherited progressive non-syndromic deafness
in humans (DFNA25) (Ruel et al., 2008). The expression of Vglut3 is limited to the IHCs ribbon
synapse and when it is knocked out then exocytosis is impaired in IHCs from these mice (Seal
et al., 2008). Similar to otoferlin, there have been studies trying to restore hearing function
by targeting Vglut3 in IHCs via gene therapy (Akil et al., 2012). Both otoferlin and Vglut3 are
relevant for this thesis as a conditional knockout mouse strain targeting otoferlin and using a

Vglut3 cre driver was used in the study (see Chapter 4).

In age-related hearing loss and noise-induced hearing loss, there has been historical reports
that the ribbon synapses and type | SGNs are preferentially lost on the modiolar side of the
IHC (Kujawa and Liberman, 2009, Kujawa and Liberman, 2015, Liberman and Kujawa, 2017).
Furthermore, the loss of type | SGNs and ribbon synapses was coined ‘hidden hearing loss’
(also known as cochlear synaptopathy) due to its difficulty to explain with common hearing

diagnostic tests in humans (Kujawa and Liberman, 2015).
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Figure 1. 10. Diagram indicating the IHC ribbon synapse, focusing on otoferlin and the
synaptic vesicles.

At the IHC ribbon synapse otoferlin has a function as a CaZ*sensor and is critical for the release
of glutamate from vesicles. The lower panel shows the central ribbon that is attached to the
pre-synaptic membrane by the Ribeye and Piccolino scaffold proteins. Cay1.3 channels are
located near to the ribbon synapse and are involved with exocytosis. The glutamate that is
released from synaptic vesicles is detected by post-synaptic AMPA receptors, such as GluA2/3

and GluA4. Figure from (Moser et al., 2019).
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1.1.5. IHC Efferent Innervation

The efferent system in the cochlea is inhibitory and the efferent innervation of IHCs
undergoes a profound change from developmental stages to the mature innervation that is
found after the onset of hearing. The efferent fibres predominantly innervate the OHCs,
however, as they transiently innervate the IHCs during development, the focus will be on the

developmental innervation and why this changes as the cochlea develops.

The auditory efferent system, known as the olivocochlear system, was first discovered in 1946
(Rasmussen, 1946) and its functional inhibition on the auditory system was found a decade
later (Galambos, 1956). The efferent system is subdivided into two types of efferent fibres,
determined by their origin within the superior olivary complex (SOC), as well as their
termination at the target cochlear hair cells (Warr, 1975, Warr and Guinan, 1979). There are
the medial olivocochlear efferent fibres (MOC), originating in the medial and rostral nuclei of
the SOC and terminating directly (axosomatic) on the mature OHCs. However, during
development, the IHCs are transiently innervated by the MOCs up to the onset of hearing
(Figure 1.11A) (Guinan and Stankovic, 1996, Guinan, 2006, Guinan et al., 2011). The lateral
olivocochlear efferent fibres (LOC) originate in the lateral nuclei of the SOC, and terminate on
the dendrites (axodendritic) of the type | SGNs beneath the basal pole of the mature IHCs
(Figure 1.11B) (Bruce et al., 2000, Simmons, 2002). Both the MOC and LOC fibres have
ipsilateral and contralateral projections, however, the LOC fibres project predominantly to
the ipsilateral cochlea, whereas the MOC fibres project predominantly to the contralateral
cochlea (Guinan Jr et al., 1983, Robertson and Gummer, 1985). The MOC innervation of the
cochlea is highly branched and myelinated, and the region of the cochlea innervated by an
efferent fibre matches that of an afferent fibre with the same characteristic frequency, thus,
the efferent innervation is tonotopically organised, as is the afferent innervation (Liberman

and Brown, 1986, Brown, 2014).
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1.1.5.1. Postnatal development of IHC efferent innervation

At birth, efferent fibres have been labelled and visualised near the IHCs, with an indication
that the membranes form synapses, but not near OHCs (Figure 1.11A) (Bruce et al., 1997,
Bruce et al., 2000). By P2, there is a diffuse efferent innervation of the first row of OHCs,
however the efferent fibres begin to form spiral bundles; dense bundles of multiple efferent
fibres and are localised mostly to supporting OHCs. The inner spiral bundle is distinct by P4 as
it innervates the immature IHCs, whereas there is only sparse innervation of the OHCs
(Sobkowicz and Emmerling, 1989, Bruce et al.,, 2000). At P6, the transient innervation of
immature IHCs is still present and the radial efferent fibres pass between the supporting OHCs
and innervate the Deiter’s cells - supporting cells in the OHC region. Between P8-10, the inner
spiral bundle increases in size, especially on the modiolar side of IHCs and the efferent fibres
are localised to the base of OHCs (Bruce et al., 2000). The transient innervation of immature
IHCs by efferent fibres progressively disappears from around the onset of hearing in mice
(Figure 1.10A); by P21, there is no response at all to exogenous application of ACh (Glowatzki
and Fuchs, 2000, Marcotti et al., 2004). Because of this transient innervation, it was
postulated that ACh and efferent feedback play a role in the maturation of IHCs by reducing
their activity (Uziel et al., 1981, Glowatzki and Fuchs, 2000). On the other hand, OHCs gain
axosomatic efferent innervation between P4-6 (Figure 1.11B) and show sensitivity to ACh by
P8 (Dulon and Lenoir, 1996, He and Dallos, 1999), which coincides with their onset of

electromotility (He et al., 1994) and maturation (Marcotti and Kros, 1999).
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Figure 1. 11. Schematics of the immature and mature organ of Corti, demonstrating the
development of the afferent and efferent innervation.

A: immature organ of Corti in the first postnatal week. IHCs have transient afferent (blue) and
efferent (red) axosomatic (direct) synapses. The IHCs are innervated by type | spiral ganglion
neuron (SGNs) fibres through postnatal life. The immature IHCs have immature ribbon
synapses that are more spherical in shape. The OHCs are sparsely innervated by type Il SGN
fibres. B: mature organ of Corti. IHCs lose the axosomatic efferent innervation, with the lateral
olivocochlear fibres (purple) forming axodendritic synapses with the type | SGN fibres beneath
the IHC. The ribbon synapses also mature to have a more oval / elliptical shape after the onset
of hearing at P12. The OHCs have axosomatic efferent innervation from medial olivocochlear

fibres (red) throughout adulthood.
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Building upon the findings from the Uziel et al., 1981, the functional role of the IHC MOC
axosomatic efferent innervation was shown to modulate the IHCs as they fire spontaneous
APs during development, and during IHC maturation (Glowatzki and Fuchs, 2000, Goutman et
al., 2005, Johnson et al., 2013b, Moglie et al., 2018, Wedemeyer et al., 2018). This is crucial,
because if the efferent innervation of IHCs in development is lost, then there is a resulting
loss of tonotopic organisation associated with hearing loss in the frequencies effected (Clause
et al., 2014, Clause et al., 2017). The main neurotransmitters for MOC fibres include ACh,
GABA, CGRP (calcitonin gene related peptide), ATP, enkephalins and NO (nitric oxide),
however, the predominant neurotransmitter is ACh, as the efferent fibres are cholinergic
inhibitors (Safieddine and Eybalin, 1992, Eybalin, 1993, Schrott-Fischer et al., 2007). As
mentioned previously, the nAChRs and SK2 channels are found in the efferent synapse in IHCs
during development (see section 1.1.3.1). The inhibitory mechanism of the efferent fibres for
hyperpolarising the IHC functions via nAChRs stimulation allowing Ca?*to enter the IHC, which
activates the SK2 channels and results in K* leaving the IHC (Marcotti et al., 2004, Glowatzki
and Fuchs, 2000, Katz et al., 2004).

As the IHCs lose their MOC efferent innervation during development of the IHCs, the MOC
fibres innervate the OHCs in the mature cochlea. Once the cochlea is mature, the MOC fibres
have a plethora of functions, most of which act to change cochlear mechanisms in order to
prevent overstimulation (Patuzzi and Thompson, 1991, Maison and Liberman, 2000, Maison
et al.,, 2002, Taranda et al., 2009). The identification of MOC functions was originally
performed in non-mammalian vertebrates such as fish, frogs and turtles. The findings similarly
showed that stimulation of the MOC fibres induced an inhibitory post-synaptic potential,
hyperpolarising the hair cells and reducing the excitatory post-synaptic currents recorded
from SGNs (Flock and Russell, 1973, Art et al., 1984, Art et al., 1985). In the mammalian
cochlea the efferent inhibition reduces the electromotility of mature OHCs (Brown et al.,
1983, Brown and Nuttall, 1984). Moreover, the MOC system aids with selective attention
(Oatman, 1976, Delano et al., 2007, Terreros et al., 2016), as well as signal detection within
noisy environments (Nieder and Nieder, 1970a, Nieder and Nieder, 1970b, Winslow and

Sachs, 1987, Dolan and Nuttall, 1988, Kawase et al., 1993).
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The LOC fibres do not form direct synapses with the IHCs during development, or in the
mature cochlea, instead, they form synapses onto the type | SGN fibres (axodendritic) that
innervate the IHCs. Similar to how the MOC fibres modulate the spontaneous APs that
developing IHCs fire, the LOC fibres modulate the spiking activity of the type | SGNs directly,
demonstrating an inhibitory function (Hossain et al., 2005). The LOC fibres have been less
extensively studied compared to MOC fibres, mainly due to the fibres being thin and
unmyelinated, making them more difficult to electrically stimuli in studies (Ranck Jr, 1981,
Gifford and Guinan, 1987). As the LOC fibres are also inhibitory, their neurotransmitters are
similar to those mentioned earlier for MOCs, such as ACh, GABA and CGRP, however, LOC
fibres also release dopamine (DA), serotonin and opioids such as dynorphin or enkephalin

(Altschuler et al., 1985, Altschuler et al., 1988, Safieddine and Eybalin, 1992, Eybalin, 1993).

Studies have indirectly activated the LOC fibres via stimulation of the inferior colliculus (IC),
which is upstream of the LOC fibres in the hearing pathway, revealing that LOC efferents have
two functional subdivisions; either increasing or decreasing the magnitude of responses in
the type | SGNs, with a proposed importance for aiding the accuracy of binaural comparisons,
which is possible due to the variety of neurotransmitters released (Groff and Liberman,
2003). Early studies of LOC efferent inhibition required different approaches in order to
elucidate how the inhibition works. One method focused on chronic or acute impacts upon
the SGNs following de-efferentation (Liberman, 1990). Alternatively, targeting the various
neurotransmitters of LOC synapses gained insight into how the system works, whether that
be focusing on ACh, GABA, opioid agonists or CGRP (Sahley et al., 1991, Felix and Ehrenberger,
1992, Arnold et al., 1998, Bailey and Sewell, 2000). Some of the neurotransmitters have also
been the focus of targeted deletion and analysing the effect on the LOC system — such as

CGRP (Maison et al., 2003).

The origins of the MOC and LOC neurons varies slightly, with the place of origin influencing
their functions. The MOC neurons are found in the ventral nucleus of the trapezoid body
(VNTB) and have a relatively uniform population of neurons, whereas the LOC neurons are
located within the lateral superior olive (LSO) - both the LSO and VNTB are located in the SOC
of the brainstem (Figure 1.12) (Frank and Goodrich, 2018). The LOC neurons that the LSO
contains have two subtypes ‘shell’ neurons that are found in the periphery of the LSO, as well

as the ‘intrinsic’ neurons found centrally within the LSO (Brown, 1987, Vetter and Mugnaini,
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1992, Warr et al., 1997). The two subtypes of LOC neurons also differentially innervate the
type | SGNs, as the shell neurons bifurcate and sparsely innervate the SGNs along the cochlea,
alternatively, the intrinsic neurons form high density patches along the cochlea (Brown, 1987,
Vetter and Mugnaini, 1992, Warr et al.,, 1997). The variability in LOC neuron morphology,
innervation pattern of type | SGNs and neurotransmitter release is believed to enable the
neurons to have both inhibitory and excitatory impacts on the SGN firing activity (Brown,

1987, Warr et al., 1997, Darrow et al., 2006, Elgoyhen et al., 2018).

VNTB

Figure 1. 12. Organisation of the mammalian olivocochlear efferent system.

Auditory information transduced by inner (IHCs) and outer hair cells (OHCs) is conveyed to
the auditory brainstem via Type | and Type |l spiral ganglion neurons (SGNs), respectively.
SGNs project into the brain via the VIII nerve and synapse onto neurons in the cochlear
nuclear complex (CNC). The superior olivary complex (SOC, dashed circle) contains multiple
nuclei involved in sound localization, including the medial superior olive (MSQ), lateral
superior olive (LSO), ventral nucleus of the trapezoid body (VNTB), lateral nucleus of the
trapezoid body (LNTB), medial nucleus of the trapezoid body (MNTB), and the superior
periolivary nucleus (SPN). Medial (MOCs) and lateral (LOCs) olivocochlear neurons reside
primarily in VNTB and LSO, respectively, and project back to the sensory epithelium via the
VIl nerve. Other types of neurons are also housed in VNTB and LSO, including the neurons
that mediate afferent responses, but only MOCs and LOCs are indicated for simplicity. Within
the cochlea, LOCs form synapses with Type | SGNs, whereas MOCs terminate on OHCs. Figure

and figure legend from (Frank and Goodrich, 2018).
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The MOC and LOC neurons are both susceptible to damage related loss, as well as age-related
loss. In age-related hearing loss (ARHL), there seemingly is a greater loss of MOC neurons as
opposed to LOC neurons, which may be due to the differences in their mechanisms of action
on modulating either hair cell or SGN activity (Liberman, 2017, Liberman and Liberman, 2019,
Kobrina et al., 2020). Interestingly, in ARHL there has been reports of the IHCs being re-
innervated by efferent fibres (Lauer et al., 2012, Zachary and Fuchs, 2015, Jeng et al., 2021).
The remainder of this thesis introduction will now focus on age-related hearing loss and
expand more on how the efferent re-innervation of IHCs was discovered, as this is crucial for

this study.
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1.2. Age-related hearing loss

One of the key studies of this thesis is using an age-related hearing loss mouse model to study
the efferent re-innervation of IHCs (see section 1.2.4). Therefore, this section will introduce
age-related hearing loss, as well as highlighting what is currently known about the efferent

re-innervation, in addition to what is still yet be to discovered about the process.

Amongst the various sensory deficits that humans can potentially encounter, age-related
hearing loss (ARHL) and its progression is one of the most common (Howarth and Shone,
2006). ARHL is the most common cause of hearing loss and in 1955 it was termed presbycusis
(Schuknecht, 1955). Presbycusis encompasses all aspects and aetiologies that cause hearing
loss in elderly people (Figure 1.13) (CHABA, 1988). The condition results in a deterioration in
hearing sensitivity and speech understanding in noisy environments, in addition to slowed
central processing of acoustic information and impairments in sound localisation capabilities
(Gates and Mills, 2005). ARHL is estimated to affect approximately two thirds of people over
the age of 70 in the United States, and in 2020 half of the people with ARHL were expected
to be over 70 years old (Tu and Friedman, 2018). Interestingly, males have shown to be more
susceptible to ARHL (Figure 1.13B) (Jerger et al., 1993). In the UK, more than 40% of people
over 50 have hearing loss, increasing to <71% of people over 70 years old (Action on hearing
loss, (2019). Additionally, it is expected that by 2060, the number of people with moderate to
profound hearing loss will be more than those who have mild hearing loss, showing the

upward struggle that many people will have to overcome in the future (Goman et al., 2017).

ARHL does not affect the auditory system alone, it impacts an individual’s physical and social
life, as well as being involved with a plethora of systemic complications and cognitive
disorders (Gates and Mills, 2005, Howarth and Shone, 2006, Liu and Yan, 2007, Van Eyken et
al., 2007b, Sprinzl and Riechelmann, 2010, Lee, 2013). Therefore, ARHL impacts on many
different areas of an individual’s life, thus decreasing the quality of life, as depression, social

isolation and low self-esteem are often stimulated by ARHL (Mulrow et al., 1990).
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Figure 1. 13. Age-related hearing loss changes in audiogram hearing thresholds.

A: audiograms for females, with the x-axis displaying the pure tone frequency (Hz) and the y-
axis the hearing thresholds (dB HL). B: audiogram for males. Each individual graph is
representative of the median audiogram at a specific age (from 20 to 70 years old, with

increments of 10 years). Figure and figure legend from (Wang and Puel, 2020).
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1.2.1. Pathophysiology of ARHL

ARHL is a progressive and bilateral sensory-neural hearing loss (SNHL). The hearing loss
associated is often mild-moderate, with decreases in audiometric mid-high frequencies (2-8
kHz) (Jafari et al., 2019). However, the pathophysiology of presbycusis is multifactorial,
complex and has been divided into different types and categories. Initially there were the
sensory, neural and strial (metabolic) categories of presbycusis, until this was expanded into
a potential six different categories in 1993 (Table 1.1) (Schuknecht, 1955, Schuknecht, 1964,
Schuknecht and Gacek, 1993). However, of the six different types; sensory, neural, strial

(metabolic) and cochlear conductive are the most common.

Sensory presbycusis stems from degeneration primarily of the OHCs in the organ of Corti
(Crowe et al., 1934), usually in the basal turn of the cochlea and expanding progressively
toward the apey, initially inducing high frequency hearing loss (Hansen and Reske-Nielsen,
1965, Johnsson and Hawkins, 1972, Dublin, 1976, Schuknecht and Gacek, 1993). The
progression of degeneration from sensory presbycusis was found to be the same in
mammalian animal studies and in humans (Suga and Lindsay, 1976, Wright et al., 1987,
Bhattacharyya and Dayal, 1989). Sensory presbycusis, however, has a relatively low incidence
rate as claimed by Schuknecht, with future studies corroborating the claim that only 5% of
total presbycusis cases are likely to be of the sensory type (Schuknecht and Gacek, 1993,
Gates et al., 2002).

Likewise, neural presbycusis results in a downward slope in pure tone thresholds towards
high frequencies and subsequent severe difficulties with speech discrimination when
compared to pure tone thresholds (Schuknecht and Gacek, 1993). Furthermore, in order to
be categorised as neural presbycusis, there must be a <50% loss of neurons, from the total
35,500 afferent neurons (Lee, 2013). Previously it has been shown that there is a loss of
approximately 2100 neurons every 10 years in humans (Otte et al., 1978). The resulting loss
of 50% or more of the afferent neurons is responsible for the difficulties in speech
discrimination and when up to 90% of neurons are lost, there is a shift in the auditory
threshold (Pauler et al., 1986, Makary et al., 2011). Moreover, there seems to be a heightened

loss of modiolar SGN neurons that are lost, as opposed to pillar neurons (Liberman and Kiang,
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1978, Stamataki et al., 2006, Kujawa and Liberman, 2009, Kujawa and Liberman, 2015,

Liberman and Liberman, 2019).

Strial presbycusis, also known as metabolic, is characterised by hearing loss across all
frequencies of the audiogram as well as atrophy of the stria vascularis (Pauler et al., 1988),
thus decreasing the endocochlear potential that is generated via the normal K* recycling
function of the stria vascularis (Review section 1.1. for more details). The dysfunctional K*
recycling affecting the endocochlear potential is the underlying mechanism that is responsible
for the cochlea-wide hearing loss across all frequency ranges (Pauler et al., 1988).
Furthermore, studies in gerbils have shown that high frequency hearing loss is associated with
the loss of the endocochlear potential and the degree of hearing loss will vary with the
severity of disruption to the EP (Schulte and Schmiedt, 1992, Gratton et al., 1996, Gratton et
al., 1997a, Gratton et al., 1997b, Spicer and Schulte, 2005). Additionally, strial/metabolic

presbycusis is the most common form of ARHL in humans (Mills and Schmiedt, 2004).

The other main type of presbycusis that will be discussed briefly is cochlear conductive. This
type is more elusive compared to the other three main types mentioned above as it is difficult
to conclusively classify the forms of degeneration (Schuknecht and Gacek, 1993). The
proposal of a cochlear conductive form of presbycusis was suggested a few years before its
inclusion as one of the six types (Ramadan and Schuknecht, 1989). Cochlear conductive
presbycusis presents itself as a degeneration as a result of the stiffening of the basilar
membrane and basal regions of the cochlea, with linear decreasing audiograms (Schuknecht,
1964, Ramadan and Schuknecht, 1989, Schuknecht and Gacek, 1993, Lee, 2013). The other
two forms of presbycusis: mixed and indeterminate, as well as summaries of the six types can

be seen in Table 1.1.
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Type of Presbycusis Histopathologic change Audiometric change
Sensory Sensory cell loss within the ' Problems with amplification
organ of Corti at the base of | of the high frequency sounds
the cochlea, typically OHC. encoded at the 4 kHz
frequency (Keithley, 2019),
which equates to high
frequency hearing loss.
Neural Loss of type | SGNs. Progressive loss in word
discrimination in the

Strial (Metabolic)

Cochlear conductive
(mechanical)

Mixed

Indeterminate

Atrophy of the stria

vascularis.

Stiffening of the basilar
membrane.
Combination of different

pathologies.

No consistent pathology.

presence of stable pure tone
thresholds.

Problems with amplification
of high frequency sounds in
the >2 kHz region, hearing

loss in all frequencies.

Linear descending
audiograms.
Down-slope hearing loss

towards high frequency and

abrupt increases in the
threshold at high
frequencies. Different

changes seen depending on
the combination of
pathologies.

Abrupt high tone hearing
loss but with no consistent

pathology to correlate to

audiometric findings.

Table 1. 1. The typologies of presbycusis along with the histopathologic and audiometric
changes seen in each type. Table adapted from (Schuknecht and Gacek, 1993).
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Ageing of the auditory system is more often than not, manifested with a loss of receiving
inputs from the periphery, but it can also occur from damage to the central components of
auditory processing (Jafari et al., 2019). Central presbycusis often results in speech
discrimination difficulties that cannot be explained by the peripheral (cochlear) hearing loss
and typically do not improve when using hearing amplification systems such as hearing aids
(Gates, 2012). However, it has also been proposed that central presbycusis could progress
independently of the peripheral forms of degeneration (Gates and Mills, 2005, Ouda et al.,
2015). The conversion of auditory stimuli, such as vocal sounds and speech comprehension,
and subsequent processing that occurs within the brain is exceedingly complex. Both
peripheral and central auditory systems are necessary, in addition to multiple interactions
with other brain regions (Hickok and Poeppel, 2007, Hickok et al., 2011, Ouda et al., 2015,
Skipper et al., 2017). Thus, any defects and deterioration within the peripheral or central
auditory systems drastically decreases the accuracy of speech recognition, as well as
impacting the overall acuity of auditory neural processing (Lin et al., 2011, Basner et al., 2014,

Bilodeau-Mercure et al., 2015).

1.2.2. Risk factors of age-related hearing loss

In addition to the pathologies for ARHL, there are mechanistic risk factors that underlie the
degeneration of hearing. As alluded to earlier, the complexity of ARHL is vast, and the disorder

is multifactorial, with intrinsic, extrinsic and genetic factors (Figure 1.14).

Genetic risk factors for ARHL have been established, with varying severity distinct between
the different types of ARHL. For example, one study showed that inheritability is greater for
strial/metabolic presbycusis (Gates et al., 1999). Moreover, in humans there is an estimated
25% to 75% variability in the pathological types of presbycusis that have been linked to a
genetic component (Gates et al., 1999, Christensen et al., 2001, Viljanen et al., 2007). Multiple
genes have been identified in causing a predisposition towards ARHL, affecting different
aspects of the cochlea. Genetic polymorphisms were found in genes encoding antioxidant
enzymes, such as glutathion S-transferase (GSTM1 and GSTT1 — null genotype) and N-
acetyltransferase (NAT2*6A) showing links to ARHL (Unal et al., 2005, Van Eyken et al., 200743,
Bared et al., 2010).
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There are not just genetic and intrinsic risk factors effecting ARHL, as with most diseases there
are different environmental factors that effect it also. Some environmental factors include
lifestyle choices such as alcohol consumption and cigarette smoking, whereas others could
come from noise exposure or ototoxic medications (aminoglycosides, cisplatin, salicylate and
loop diuretics) (Cruickshanks et al., 1998a, Cruickshanks et al., 1998b, Dalton et al., 1998,

Fransen et al., 2003).
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Figure 1. 14. Principle intrinsic, extrinsic and genetic factors that affect ARHL.

An overview of the multifactorial and complex mechanisms that effect ARHL in different ways.

Figure and figure legend from (Melgar-Rojas et al., 2015).
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A common environmental risk factor for ARHL can come from noise overexposure, which in
turn results in noise-induced hearing loss (NIHL). Noise-induced hearing loss is characterised
by either permanent or reversible (temporary) shifts in auditory thresholds following
overexposure to loud noise (Figure 1.15A) (Clark and Bohne, 1999, Rabinowitz, 2012). There
is a relationship between ARHL and NIHL which has been the focus of a large body of studies
since the millennium. The ageing processes within the cochlea could be accelerated over time
due to noise exposure inducing malfunctioning homeostasis and protective mechanisms
(Gates et al., 2000, Ohlemiller, 2006). There were two hypotheses relating to the interactions
between NIHL and ARHL in the last decade, one proposed that there is an age-noise
interaction which would exacerbate ARHL in previously noise damaged ears (Gates and Mills,
2005). Conversely, the second hypothesis proposed that noise history had no significant
impact on the threshold changes rate, in a study performed in elderly patients (Lee et al.,
2005). The interactions between NIHL and ARHL in humans are still under some debate today.
Multiple studies have shown that noise exposure in ARHL mouse models triggers widespread,
progressive neuronal loss within the cochlea (Figure 1.15B & C) and exacerbates ARHL
(Kujawa and Liberman, 2006). Expanding upon this, a study showed that an acute
synaptopathy (preferential loss of modiolar type | SGNs) occurs in NIHL even after hair cells
recover from damage and thresholds return to normal, therefore accelerating ageing
(Fernandez et al., 2015). Overall, there are common pathologies for NIHL, ARHL and hidden
hearing loss (HHL), such as the loss of type | SGNs and ribbon synapses (Kujawa and Liberman,

2015).
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Figure 1. 15. Diagrams to show the effect of age-related hearing loss.

A: prevalence of Speech-Frequency and High-Frequency, bilateral hearing impairment in
United States women and men from US National Health and Nutrition Examination Survey,
2011-2012. Bilateral impairment defined as pure tone average in both ears > 25 dB HL. B &
C: cochleograms that show the percentage of OHC and IHC loss as a function of percentage
distance from the apex of the cochlea in CBA and C57BL/6 mice at 8 months and 26 months
of age (ARHL mouse models). Frequency vs. place map shown on lower x-axis. Figure and

figure legend adapted from (Salvi et al., 2018).
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Additionally, other studies revealed that long term effects of noise on young ears could be
detrimental, following early onset NIHL cases (Wallhagen et al., 1997). Moreover, NIHL can
cause temporary or permanent shifts in auditory thresholds, depending on the duration and
intensity level (loudness) of noise exposure; these reversible threshold shifts are common
within a human’s lifespan (Rabinowitz, 2012). Inducing a temporary NIHL is sufficient to result
in cochlear synaptopathies in mice (Kujawa and Liberman, 2009, Sergeyenko et al., 2013).
Studies in rats discovered that repetitive exposure to a short duration sound over a long time
period induces early onset ARHL, compared to non-exposed control rats (Alvarado et al.,
2014, Alvarado et al., 2016, Alvarado et al., 2019). However, it is possible that due to the
studies design, repetitive exposure to NIHL could accumulate and induce hearing loss. It has
been proposed that NIHL and ARHL share ‘common pathogenic pathways’ and there are
synergistic interactions between the two processes. These interactions involving coincident,
overlapping or independent mechanisms ultimately result in sensorineural hearing loss
(Alvarado et al., 2015, Tavanai and Mohammadkhani, 2017, Alvarado et al., 2018). Overall,
whilst studies aim to further the understanding of the connection between NIHL and ARHL,
the concepts and understanding is relatively poor (Fetoni et al., 2011). Whilst some findings
point towards the suggestion that long-term noise exposure could modify the onset of ARHL,

particularly in neural presbycusis (Wang and Puel, 2020).
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Figure 1. 16. Diagram showing the effect of NIHL and the synaptopathy that occurs in the
same manner as ARHL synaptopathy.

A: model for HHL caused by cochlear synaptopathy. Noise exposure and ageing result in
preferential synaptic degeneration of modiolar type | SGNs. Figure from (C Kohrman et al.,

2020).
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1.2.3. Mouse models of age-related hearing loss

There are similarities in the onset and progression of ARHL in both humans and mice,
therefore, for many decades’ mouse models have been used to study the disease. The
subsequent sections will focus on mouse models of ARHL as the mouse cochlea is
anatomically similar to humans, and the hereditary abnormalities are also comparable (Steel
and Bock, 1983, Brown and Steel, 1994, Steel and Brown, 1996). Past genetic analysis focused
on mouse models, revealing nearly 100 naturally occurring mutations that could form the
basis of human hearing deafness studies (Lyon and Searle, 1989, Steel, 1995, Steel and Brown,
1996). A prime example is the shaker-1 mice (sh1) which have characteristic hyperactivity,
head shaking and circling behaviours, the mutation was identified to be within the myo7a
gene via positional cloning (Gibson et al., 1995). Subsequently, mutations in the homologous
human myo7a gene were revealed to underlie non-syndromic hearing impairments such as
autosomal dominant 11 (DFNA11) and autosomal recessive 2 (DFNB2) (Well et al., 1995, Liu
et al., 19974, Liu et al., 1997b).

There are also many different inbred mouse strains which can be specific for different forms
of hearing loss, with at least 10 out of ~80 strains showing the Ahl (age-related hearing loss)
locus found on chromosome 10 that impacts ARHL (Erway et al., 1993, Johnson et al., 1997,
Fetoni et al., 2011). The C57BL/6J (6J) mouse strain is frequently used for early-onset ARHL
studies since the cochleae show sensory and neural presbycusis typologies, as defined by
Schuknecht, together with progressive hearing loss (Church and Shucard, 1986, Hunter and
Willott, 1987b, Shone et al., 1991, Schuknecht and Gacek, 1993, Erway et al., 1993, McFadden
and Willott, 1994, Walton et al., 1995, Johnson et al., 1997, Willott et al., 1995, Parham, 1997).
The 6J strain exhibits rapid ARHL, by 6 months of age there is significant hearing loss at high
frequencies (>20 kHz) and hearing loss at low frequencies by 12 months of age. In addition,
by 15 months of age, the 6J mice have profound hearing loss (Li and Borg, 1991). The 6J mice
are homozygous for the defective Ahl1 (or 753A) allele of the gene encoding CDH23 involved
in the tip link complex and MET (Johnson et al., 2000, Bowl and Dawson, 2015).

As opposed to the widely used 6] mouse model of ARHL there is also the CBA mouse strain —
which is a good hearing strain. The CBA strain has consistently shown that it is resistant to the

progressive deterioration caused by ARHL, with mice retaining their hearing sensitivity until
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around 18 months of age (Willott, 1986, Hunter and Willott, 1987a, Willott and Bross, 1990,
Jacobson et al., 2003). However, the CBA mice have peripheral neuronal loss and following 18
months of age, there is a progressive decline in hearing sensitivities, starting at high
frequencies and progressing to low frequencies (Li and Borg, 1991, Jacobson et al., 2003). This
results in the CBA mice being a late-onset hearing loss strain. Additionally, after 18 months
there is progressive IHC and OHC loss occurring in a basal-apical gradient, corresponding to

the high-low frequency loss of hearing sensitivity (Spongr et al., 1997).

An alternative mouse model for hearing loss studies have utilised the C3H/HeJ (C3H) mouse
strain. The C3H mouse strain has many different inbred sub strains and have been found to
have good hearing for up to 14 months (Trune et al., 1996, Jeng et al., 2020a, Jeng et al.,
2021). Moreover, the C3H mice have comparable hearing thresholds to CBA mice up to 12
months (Henry and Chole, 1980, Erway et al., 1993). Thus, the C3H/He) mouse strain can be

used as a mouse model of good hearing.

Therefore, age-related hearing loss strains have been utilised for age-related studies, such as
identifying changes in the IHCs and OHCs with age (Jeng et al., 2020b, Jeng et al., 2020a).
However, there are mouse models that present the age-related hearing loss phenotypes seen
in 6J mice, but at a much younger age — such as the conditional knockout of the MET protein
Myo7a (Myo7a"f Myo15 cre* strain, see section ) (Corns et al., 2018). Additionally, the
phenomenon of IHCs becoming re-innervated by efferent fibres has been reported in age-
related hearing loss strains, as well as in mice with conditional knockout Myo7a mice, which
will be covered in the next sections of this thesis (Lauer et al., 2012, Zachary and Fuchs, 2015,

Corns et al., 2018, Jeng et al., 2021).
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1.2.4. Efferent re-innervation of mature IHCs in ageing

In the last decade, a small number of studies have shown that the mature IHCs have a
somewhat inherent plasticity relating to the efferent innervation, something which had not
previously been shown or even considered. The mature IHC stops responding to ACh around
P18 in mice (Glowatzki and Fuchs, 2000), a time when the MOC efferent fibres only form
axosomatic synapses with OHCs. Subsequently nAChRs and SK2 channels are down regulated

in IHCs (Glowatzki and Fuchs, 2000, Simmons, 2002, Marcotti et al., 2004, Katz et al., 2004).

1.2.4.1. Efferent re-innervation in 6) mouse models

Efferent re-innervation of IHCs is when the efferent fibres that only form axosomatic (direct)
synapses onto the IHCs during development return in ageing, in what was not known or seen
until 2012 when the first study reported this phenomenon in early onset, age-related hearing

loss 6J mice.

This study by Lauer et al., 2012, 6J mice that were either one year of age, or older and
demonstrated that the IHCs become re-innervated by efferent fibres. As mentioned above,
IHCs no longer have axosomatic efferent innervation after the onset of hearing — with the
post-synaptic NnAChRs and SK2 channels being downregulated by P21 (Glowatzki and Fuchs,
2000, Simmons, 2002, Marcotti et al., 2004, Katz et al., 2004). By the IHCs becoming re-
innervated by efferent fibres, this revealed the potential for the cochlea to return to a pre-
hearing, developmental stage of innervation, including cholinergic efferent inhibition
(Glowatzki and Fuchs, 2000, Lauer et al., 2012). The aged IHCs had fewer afferent synapses
compared to one month old mice, indicating a progressive loss with age. Moreover, the young
(one month) IHCs did not have axosomatic efferent synapses, whereas the aged IHCs (one
year or more) did, demonstrating that the re-innervation takes place naturally with age (Lauer
et al., 2012). Additionally, the aged IHCs had fewer axodendritic efferent synapses onto the
type | SGNs — indicating that there is fewer LOC fibres synapsing onto the type | SGNs. This
finding confirmed the findings of an older study showing that there is a progressive loss of

type | SGNs with age (Stamataki et al., 2006).
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There may be a potential connection between the degeneration of mature SGNs during
ageing, which induces the efferent re-innervation of the IHCs. The efferent re-innervation of
mature IHCs has been seen previously, but following AMPA induced excitotoxicity inside the
cochlea (Ruel et al., 2007). Nonetheless, 5 days after AMPA induced excitotoxicity there was
a return of functional compound action potentials, however, the direct efferent contacts with
IHCs retracted and normal adult axodendritic synapses with SGNs were seen (Ladrech et al.,
2003). It was proposed that more work would be required to prove whether these efferent
terminal synapses contacting IHC in old 6J] mice were functional (Lauer et al., 2012).
Moreover, the re-innervation could be dependent on the cadherin 23 mutation underlying
ARHL in 6J mice, therefore studying some other models of ARHL or good hearing models such

as CBA or C3H would be interesting.
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Figure 1. 17. Transmission electron microscopy showing the efferent re-innervation of aged
IHCs.

A: number of axosomatic efferent synapses per IHC, with aged mice having more efferent
synapses. B: axosomatic efferent synapses were associate with fewer synapses between IHCs
and afferent fibres. C: number of efferent synapses per dendrites in IHCs. D: aged mice had
fewer efferent synapses per dendrite which were associated with fewer afferent synapses per
IHC. E: multiple efferent terminals (numbered 1-4) contacting the basal pole of an IHC of an

older mouse (11 months old). Figures and figure legends adapted from (Lauer et al., 2012).
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A follow up study aimed to answer the question proposed at the end of the initial study (Lauer
et al, 2012) which was: are the axosomatic efferent synapses contacting aged IHCs
functional? To test this, electrophysiology was used to target the IHCs with axosomatic
efferent synapses in aged 6J mice. One method that has been extensively used to target the
efferent system when studying OHCs used a solution that contained a high concentration of
K*(40mM) (Oliver et al., 2000). The high K* solution, when locally perfused over the IHCs and
potential efferent synapses, will depolarise the efferent synaptic terminals — inducing the
release of their neurotransmitter, ACh. If the IHCs are re-innervated by efferent fibres and
form functional synapses, then the IHCs will re-express nAChRs and SK2 channels, therefore,
if nAChRs are present then the IHCs will respond to the induced ACh release from efferent
terminals and Ca?* will enter the IHCs, stimulating the SK2 channels and causing an efflux of
K*out of the IHC. Experimentally, the efferent re-innervation can be seen by inhibitory post-
synaptic currents upon perfusion of high K* solution, indicating the presence of a functional
efferent synapse. This technique was utilised in this study to investigate if the efferent re-
innervation of aged IHCs in 6J mice resulted in functional synapses, or just axosomatic efferent

contacts (Zachary and Fuchs, 2015).

Efferent induced post-synaptic currents were present in apical IHCs at P7-P10, but not in 1
month old mice (Zachary and Fuchs, 2015). However, the current was found in 20% of the
IHCs from 8.5-9.5 months old mice, and by 12 months about 50% IHCs produced post-synaptic
currents (Figure 1.18A-C) (Zachary and Fuchs, 2015). Thus, the synaptic currents which are
typically seen in early immature IHCs up to P18 (Glowatzki and Fuchs, 2000, Glowatzki and
Fuchs, 2002) were seen in aged IHCs from 6J mice that had efferent re-wiring. It could be
suggested that the aged IHCs are potentially trying to revert to an immature, pre-hearing

innervation in a form of plasticity to slow the progression of hearing loss.
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Figure 1. 18. Efferent re-innervation of aged IHCs in ARHL have functional efferent synapses.

A: examples of IHC membrane current responses evoked by 40 mM external K* at P7-P10, 1
month, 8.5-9.5 months, and 11-12 months. Two synaptic events are marked with asterisks
at 8.5 months. B: for the same ages, the proportion of apical IHCs with efferent activity in 40
mM K*. C: efferent release rates increase from 8.5-9.5 to 11-12 months of age. Data are
means * SEM of the first 10 release events across all recordings in 40 mM K*. Figures and

figure legends from (Zachary and Fuchs, 2015).
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The authors had shown that the efferent re-innervation of IHCs had functional synapses,
however, it was necessary to confirm that the nAChRs and SK2 channels were responsible for
the currents seen. This would confirm that the re-innervation returned to recapitulate the
developmental innervation pattern. Although perfusing the IHCs and efferent terminals with
high K* solution showed the presence of nAChRs, it would have been better to try and block
the inhibitory post-synaptic currents with strychnine, a potent blocker of a9a10 nAChRs. To
determine whether there was the presence of SK2 channels at the efferent synapse, Zachary
& Fuchs 2015, demonstrated that the induced current can be blocked when apamin, a

potassium channel blocker, was applied (Zachary and Fuchs, 2015).
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Figure 1. 19. Evidence of nAChRs and SK2 channel expression in re-innervated aged IHCs.
Apamin at 400 nM reduced the time constant of decay for inward synaptic currents recorded
in 80 mM external K* (***p < 0.001, n = 67 events across 2 recordings, 14- to 15-month-old

cells). Figure and figure legend from (Zachary and Fuchs, 2015).
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1.2.4.2. Biophysical and morphological changes in IHCs during ageing

A more recent set of studies has profiled the biophysical, morphological and
pathophysiological changes that occur in cochlea IHCs utilising different age-related and good
hearing mouse models, which had not been done previously. The studies used four different
mouse strains, early onset ARHL strains C57BL/6J (6J) and C57BL/6N (6N) mice that have the
mutation in Cdh23, and late-onset C3H/Hel). Additionally, the genome edited
C57BL/6NTact??3* (6N-Repaired) mice (Jeng et al., 2020a, Jeng et al., 2020b, Jeng et al., 2021),
which was repaired by CRISPR-Cas9 (Mianné et al., 2016) were used as a good hearing control,

due to the gene editing repairing the early onset hearing loss phenotype.

These studies revealed the biophysical and morphological changes that occur in apically
located aged IHCs in the four mouse strains. Auditory brainstem recordings (ABR) showed
that aged 6J and 6N had the highest threshold shift compared to young adults, whereas aged
C3H had no hearing threshold shift and 6N-repaired had a minimal threshold shift (Figure
1.20A). Although there was hearing loss in the early-onset strains, IHC degeneration was not
seen the apical coil of the cochlea until 17 months of age (Jeng et al., 2021). However, all four
strains had a progressive decrease in the size of the IHC surface area (Jeng et al., 2021). As a
result of the reduced surface area size the Ikf (BK) current size was smaller, whereas Ik n
(KCNQ4) was not, showing that the reduction in surface area occurs in the upper region (neck)

of the IHCs (Figure 1.20B-D) (Jeng et al., 2021).

Interestingly, the resting membrane (Vm) potential of the aged IHCs was not affected by a
reduced surface area in any of the four strains. Furthermore, it was proposed by Jeng et al.,
(2021) that the reduction of surface area in aged IHCs could be to maintain an optimal working
condition by reducing their energy consumption and metabolic stress. There was also a
reduction in the size of the MET currents in mice with the Cdh23°" mutation (6J and 6N)
(Figure 1.20E-G), this reduction was not seen in the 6N-repaired mice until 9 months of age,
suggesting that a reduction in MET apparatus function plays a pivotal role in the progression

of ARHL (Jeng et al., 2021).
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Figure 1. 20. An overview of how IHCs change in ageing.

A: auditory brainstem response (ABR) thresholds for frequency-specific pure-tone stimulation
from 6 kHz to 42 kHz recorded from C3H (black, late-onset hearing loss) and both 6N and 6J
(magenta, early-onset hearing loss) mice at 1-3 months (young adult) and 14-18 months
(aged). B-D: schematic representation of the basolateral membrane protein profile and
innervation pattern of IHCs from young adult (B) and aged C3H (C) and from 6J and 6N (D)
mice. With age, the number of BK channels (red, carrying Ik) is reduced in early-onset hearing
loss mice (D) but not in C3H mice (C). KCNQ4 channels (purple: Ikn) are unchanged in all
strains. Channels carrying Ik s (yellow) appear to increase only in early-onset hearing loss mice.
The afferent (blue) and efferent (light purple) fibres are present at both ages but are highly
reduced in number only in aged IHCs from 6J and 6N mice (D). Direct axosomatic efferent
synapses, most likely LOC fibres, primarily target IHCs from early-onset hearing loss mice at
least up to 15 months of age. The number of ribbon synapses is largely unaffected in C3H
mice, but substantial changes are present in 6J and 6N mice. E-G: schematic representation
of the apical portion of IHCs with the MET apparatus being stimulated by the piezo-driven
fluid jet (E). The MET current was reduced in size with age in IHCs from mice carrying the
Cdh23°" 3llele (F), but not in 6N-Repaired mice (G). Figure and figure legend adapted from
(Jeng et al., 2021).
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Moreover, at 15 months there is a reduced number of ribbon synapses in 6J and 6N strains
(Figure 1.21A-E), correlating with more severe hearing loss, whereas the 6N-repaired strain
had more ribbon synapses than 6J and 6N mice, which correlated with only partial hearing
loss in 9-12kHz regions. The good hearing C3H mice did not lose ribbon synapses with age,
but had fewer at younger ages compared to the other strains (Jeng et al., 2020a).
Furthermore, the reduction in ribbon synapses occurs on both the modiolar and pillar side of
the IHCs but is only evident after 6 months of age. This data is different from previous studies
(Sobkowicz et al., 1982, Kujawa and Liberman, 2009, Kujawa and Liberman, 2015), that
reported there is a preferential loss of modiolar SGNs and ribbon synapses, however, due to
the extensive research in the Jeng et al., 2021 study and finding the same results in the early
onset ARHL strains, this is a key result that furthers our understanding of synapse loss in
ageing. Although there are morphological changes in IHC ribbon synapses that occur with age,
surprisingly, the functionality of the ribbon synapses did not significantly change (Jeng et al.,
2020a). The size and kinetics of synaptic exocytosis and the replenishment of the synaptic
vesicles were not affected by age, however, these results suggest a significant reorganisation
of the aged IHCs that is similar to the pre-hearing stages of development, and proposed as a
compensatory method for a loss of afferent fibres (Michanski et al., 2019, Jeng et al., 2020a).
This proposed compensatory method is due to the previous suggestions that the efferent re-
innervation of IHCs is possible due to the loss of type | SGNs leaving the LOC fibres without
any afferent fibres to form the axodendritic synapses on (Lauer et al.,, 2012, Zachary and
Fuchs, 2015). This degeneration of afferent fibres would then free up the LOC fibres to re-

innervate the IHCs.

An interesting finding in relation to this thesis was that direct re-innervation of aged IHCs
occurred by LOC fibres in all strains except C3H (however, C3H did sporadically show re-
innervation after 15 months of age) (Jeng et al., 2021). The difficulty of showing whether the
LOC or MOC fibres re-innervate the IHCs is due to the limitations in the antibodies that are
available for immunofluorescence experiments. Jeng et al., 2021, used a combination of the
efferent fibre marker choline acetyltransferase (ChAT) with the antibody that labels both
afferent and efferent fibres (ATP1A3). Together, with SK2 antibodies the re-innervation could
show that it is specifically the LOC efferent fibres that re-innervate the IHCs. This work

answers an important question as to whether the re-innervation of aged IHCs was dependent
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on the Cdh23°" allele, found in 6) and 6N mice. However, as 6N-repaired IHCs also had
axosomatic synapses with LOC fibres, it can be concluded that the re-innervation is not
specific to the Cdh23%" allele. It is also interesting to note that there were occasional re-
innervated IHCs in C3H mice at 15 months of age, showing that the efferent re-innervation is
scaled to the degree of hearing loss (Jeng et al., 2021). Additionally, the LOC fibres re-
innervating IHCs were predominantly located on the modiolar side of the IHCs (Figure 1.20D).
Moreover, some IHCs had post-synaptic expression of SK2 channels present prior to the re-
innervation, this could be that IHCs have an active role in attracting LOC fibres (Jeng et al.,

2021).
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Figure 1. 21. Changes in ribbon synapses in age-related hearing loss strains.

A-D: number of CtBP2 puncta as a function of age in IHCs from C3H (A), 6N-Repaired (B), 6N
(C) and 6J (D) mice. Data are plotted as mean values (larger closed symbols) and individual
CtBP2 counts (smaller open symbols). E: number of CtBP2 and GIluR2 puncta in IHCs from 15-
month-old mice (C3H, 6N-Repaired, 6N and 6J). Numbers above or below the data in A-E
represent the IHCs (and mice) used for each time point. Average values are mean # SD. Figure

and figure legend adapted from (Jeng et al., 2020a).
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1.2.4.3. Efferent re-innervation of aged IHCs can be induced by MET silencing

As briefly mentioned before, a conditional knockout mouse model for Myo7a (Myo7a™7
Myo15-cre*”~) can be used as an alternative model for early onset age-related hearing loss,
due to the IHCs returning to a developmental like biophysical profile. In addition, to the return
to an immature phenotype, the IHCs are also re-innervated by efferent fibres, like in 6J, 6N
and 6N-repaired mice (Corns et al., 2018, Jeng et al., 2021). The Myo7a™f Myo15-cre”’~ mice
have Myo7a conditionally knocked out from P2-P4 onwards, which is the age that Myo15 is
expressed in IHCs and OHCs. The Myo7d™f Myo15-cre”~ mice develop normally in the
absence of Myo7a, as the IHCs did not respond to external application of ACh at P22, whilst
having no axosomatic efferent synapses at P20 (Corns et al., 2018). Surprisingly, from P33
onwards the IHCs in Myo7a™f Myo15-cre*/~ mice became re-innervated by efferent fibres —
significantly younger than in 6], 6N and 6N-repaired mice, whereas the littermate wildtype
mice remained insensitive to ACh. Additionally, the typical ACh dependent currents, which
are usually carried out by the nAChRs and SK2 channels in pre-hearing IHCs, were seen in the
Myo7d™f Myo15-cre*/~ mice. Therefore, abolishing the MET current, and affecting the ability
of IHCs to transduce acoustic stimuli, causes the efferent terminals return to innervate IHCs
directly in about two-weeks (~P33) after they are lost in normal development. A specific
9010 nAChR blocker (strychnine) was used to confirm that the nAChR channels had been re-
expressed in the aged Myo7d™f Myol5-cre”~ mice. Furthermore, transmission electron
microscopy (TEM) revealed that in P37 Myo7a™" Myo15-cre*/~ mice, the mature IHC had
undergone re-innervation and the efferent terminals formed direct axosomatic synapses

(Figure 1.22H & I) (Corns et al., 2018).

Both male and female mice were used in these studies, showing that the re-innervation of
aged IHCs is not sex specific. Hence, this Myo7a™ Myo15-cre*”~ mouse model is extremely
beneficial for the re-innervation phenomenon in ageing, and could be used in future studies
to further elucidate the understanding of the mechanisms of the re-innervation — in a two-
week time frame, instead of waiting a year for re-innervation to occur, as in 6J, 6N or 6N-

repaired mice (Lauer et al., 2012, Zachary and Fuchs, 2015, Jeng et al., 2021).
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Figure 1. 22. Efferent re-innervation of Myo7a"/f' Myo15-cre*/- following MET silencing.

A, B: currents recorded from adult IHCs of control Myo7d™f (A) and Myo7a"Myo15-cre*
mice before (left panels) and during superfusion of ACh (right panels). ACh-induced current
was only present in the Myo7a"Myo15-cre*/- IHC. C: steady-state slope conductance of the
ACh-sensitive current (gACh-sensitive) at different age ranges in the two genotypes. For more
details see: Corns et al., 2018. D-G: voltage-clamp recordings obtained from adult IHCs of
control Myo7d™f (D) and Myo7d7Myo15-cre*’” E, F, G mice during the superfusion of 40mM
extracellular K*. Synaptic currents were only evoked in Myo7d™Myo15-cre”- IHCs. F:
expanded time scale of the blue area shown in E. G: effect of 1uM strychnine on the ACh-
induced synaptic currents. H, I: TEM showing the IHC synaptic region from control Myo7d"#
(H) and Myo7a™Myo15-cre* (1) mice. IHCs from Myo7a™f mice showed the characteristic
efferent terminals forming axodendritic contact with type | SGNs. In Myo7d"Myo15-cre*
mice efferent fibres make direct axosomatic contact with the IHC (I), which is characteristic

of pre-hearing IHCs. Scale bars: 1um. Figure and legend adapted from (Corns et al., 2018).
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The studies that have been discussed here are the only literature reporting the efferent re-
innervation of IHCs. The finding that the disruption of the MET channel also has the re-
innervation of IHCs in the Corns et al., 2018, enables the mechanism to be studied in a time
dependent manner. This forms the foundation for this thesis, which aims to investigate the
time dependent changes of the efferent re-innervation, to answer some of the key questions
that were raised by the previous studies, such as whether the IHCs are driving the mechanism
and whether there is a loss of afferent synapses and type | SGNs after the MET channels

become dysfunctional.
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1.3. Inflammation in the cochlea

The last part of this introduction takes a slight turn in relation to the rest of the thesis. This is
because the results for this chapter (Chapter 5) were a side project that was explored
following some of the ideas and findings when using the Myo7a™" Myo15-cre*~ mice and
studying efferent re-innervation of IHCs (Chapter 3). The original idea was that during the
efferent re-innervation of IHCs, the environment is changing within the organ of Corti, as
neurotrophic factors are involved in the developing innervation, this was one idea but instead
| decided to explore whether the changes in the Myo7a knockout resulted in larger

environmental changes (eg, an inflammatory response).

The cochlea was thought to be an immune privileged environment for many years (McCabe,
1989), this was after the blood labyrinth barrier was discovered (Juhn and Rybak, 1981).
However, it was discovered that the cochlea has a number of different immune cell types,
ranging from granulocytes, T cells, B cells, natural killer cells and macrophages, showing that
it is not immune privileged (Matern et al., 2017). Of these immune cells, macrophages make
up the greatest proportion (~¥80%) of immune cells within the cochlea (Matern et al., 2017).
Macrophages are present within the cochlea and they function to maintain the homeostasis,
as well as to phagocytose the dying cells in the environment (Aderem and Underhill, 1999).
Moreover, the cochlea has a resident population of macrophages that are present during
embryonic development and into postnatal maturity (Fredelius and Rask-Andersen, 1990,
Ginhoux et al., 2010, Davies and Taylor, 2015, Ginhoux and Guilliams, 2016, Liu et al., 2018,
Hoeffel and Ginhoux, 2018). Although the resident macrophages are known to be present

within the cochlea, little is known about them, and they have not been extensively studied.

For macrophages to perform their functional roles, they are located in different regions of the
cochlea, mostly the stria vascularis (lateral wall) (Jabba et al., 2006, Ito et al., 2022), the SGNs
(Kaur et al., 2015) and the osseous spiral lamina (OSL) (Figure 1.22A-D) (Wake et al., 2009,
Hirose et al., 2017). Surprisingly, macrophages are not found in the organ of Corti, with it
being suggested that they cannot survive in the high K* concentration (Warchol, 2019). The
only time that macrophages have been seen penetrating the sensory neuroepithelium is in

response to ototoxic compounds during live imaging (Xu et al., 2020). Cochlea that had been
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exposed to different types of insult have inflammatory responses, often detected by changes
in macrophage number and morphology (Figure 1.23B & D). Insults such as noise-exposure
(Mizushima et al., 2017, He et al., 2020, Rai et al., 2020), ototoxic aminoglycosides (Wang et
al., 2003, Ladrech et al., 2007, Sato et al., 2010, Hirose and Sato, 2011, Kaur et al., 2015),
induced hair cell death via: diphtheria toxin (Kaur et al., 2015) and tamoxifen injections (Xu
et al., 2020), as well as ageing (Noble et al., 2019) and stress (Liu et al., 2018) have all shown
immune responses. Although macrophages have been shown to be responding to age-related
hearing loss and the death of OHCs, it is still unknown if the macrophages are actively

influencing the process (Frye et al., 2017).
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Figure 1. 23. Location of macrophages in the normal and insulted cochlea.

A & B: frozen sections of cochleae from transgenic mice, expressing green fluorescent protein
(GFP) (green) in all macrophages, monocytes, and microglia. Sections were also labelled with
DAPI (blue). A & C: uninjured cochlea contains resident macrophages, which are distributed
throughout the nonsensory supporting tissues. B & D: after loss of cochlear hair cells,
increased numbers of macrophages are present in all regions of the cochlea. Arrows indicate
locations where macrophage numbers are particularly enhanced after acoustic trauma or
aminoglycoside ototoxicity: (I) lateral wall, (II) osseous spiral lamina, and (lll) the spiral

ganglion. Figure and figure legend from (Warchol, 2019).



Page |67

Sterile inflammation can occur when there is an absence of infection and is associated with
intracellular components of dying cells being recognised by inflammatory signalling receptors
(Chen and Nuiez, 2010, Rock et al., 2010, Shen et al., 2013). There are also pattern
recognition receptors (PRRs), which are molecules that are sensitive to pathogens and
pathogenic material, the PRRs can then become activated by non-infectious stimuli and
mediate / initiate inflammatory responses (Chen and Nufiez, 2010) by inducing macrophages
to release pro-inflammatory cytokines and chemokines (Frye et al., 2019). One PRR, Toll-like
receptor 4 (TIrd) activates inflammatory signalling pathways and has been shown to be
constitutively expressed within the cochlea and becomes upregulated after cochlea insult
(Hirose et al., 2014). Moreover, TIrd has been shown to be an upstream regulator of
inflammatory responses within the cochlea (Patel et al., 2013, Cai et al., 2014). Currently there
has been no reports in the literature showing an inflammatory response to a protein being
knocked out of the IHCs (such as a conditional knockout of Myo7a), as all studies induce stress
of trauma to the cochlea via different methods mentioned above. From this it is hypothesised
that the Myo7a™f Myo15-cre*/~ mouse model could be a model of sterile inflammation (as
there is no injections or trauma to the cochlea, only the loss of Myo7a) and Tir4 could be the
PRR that initiates the immune response within the cochlea following a loss of MET channels

and Myo7a from IHCs, the results of this are reported in Chapter 5.
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1.4. Aims and hypotheses of the present study

This introduction has detailed some of the key aspects for the development of the IHCs as
they mature. As the innervation, IHCs ion channel profile and synaptic machinery matures,
the IHCs become adapted to be efficient sensory cells that enable us to be able to hear.
Additionally, some of the changes that take place to these systems with ageing have been
highlighted, focusing on the phenomenon of the IHCs becoming re-innervated with in age
related hearing loss. As alluded to in the sections above, there are still many unknowns about
the mechanism of IHC efferent re-innervation. Therefore, the aim of this thesis is to answer

some of these questions to further our understanding of this mechanism.

The first aim (see Chapter 3) is to answer whether the IHCs are driving the efferent re-
innervation (changing first) or the efferent fibres innervate the IHC first, which causes the IHC
to adapt in order to accommodate for the change in innervation. Furthermore, | will try to
identify if there is a critical time frame for the re-innervation to take place and can any
molecular markers be used to determine what comes first? To answer this aim there will be
multiple techniques used. As the re-innervation of IHCs is also seen in the conditional
knockout of Myo7a (Myo7d"fMyo15-cre: Corns et al., 2018), albeit at much younger ages
than in ARHL mouse models, this enables the mechanism to be studied in a temporal manner
to identify the workings of the mechanism. Additionally, whether the IHCs lose afferent
synapses in the (Myo7d™Myo15-cre*- mice has not been investigated, so this will be studied
to see if the efferent re-innervation of IHCs could influence any potential afferent synapse
loss. Therefore, using this conditional knockout, whole cell patch-clamp electrophysiology
and immunofluorescence experiments will be performed to study the efferent re-innervation
of IHCs. It is hypothesised that the IHCs are the ones driving the efferent re-innervation, which
was suggested by Jeng et al., 2021, however, when using ARHL mouse models the innervation
is either there at old ages or it is not, the advantage of the Myo7a conditional knockout is that
| can study the changes that the IHCs undergo as the re-innervation begins and try to profile

this.

The second aim (see Chapter 4) is to identify whether the efferent re-innervation of IHCs is a

response to the IHCs becoming dysfunctional. Currently, the ARHL mouse models and a
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mouse model with dysfunctional MET currents show re-innervation, therefore, | aim to
identify whether disrupting neurotransmitter release at the ribbon synapse but maintaining
functional MET currents would instigate the efferent re-innervation. To do this multiple
conditional knockout mouse models targeting otoferlin (see section 1.1.4.2 for more
information on otoferlin) will be used for this aim. Immunofluorescence and
electrophysiology will also be used to answer this research question. It is hypothesised that
disrupting neurotransmitter release in the IHCs will result in the efferent re-innervation,

similar to if the MET channels are disrupted and in ARHL.

The last aim is related to the side project that was explored during this thesis (see Chapter 5),
will disrupting the MET channels by knocking out Myo7a result in an inflammatory response?
Once again, the Myo7d™7Myo15-cre*” mice will be used for these experiments, utilising
immunofluorescence to visualise if there is an inflammatory response, and if it is specifically
located to regions of the cochlea —e.g., does it preferentially occur around the organ of Corti,
oris it located to the osseous spiral lamina where the innervating afferent and efferent fibres
are projecting? It is hypothesised that knocking out Myo7a and disrupting MET channels will
result in an inflammatory response, and that this will reveal that the mouse model can also
be a model for sterile inflammation, which as currently not been reported in the literature. If
there is an inflammatory response in the conditional knockout of Myo7a, then this would be

a novel finding in the field of cochlea inflammatory research.
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Chapter 2 — Methods and Materials
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2.1. Ethics statements

The animal studies performed in the UK were licenced by the Home Office under the Animals
(Scientific Procedures) Act 1986 and were approved by the University of Sheffield Ethical
Review Committee. Mice were housed in the University of Sheffield according to Home Office
guidelines with 12-hour light/dark cycles. Additionally, the completion of the Home Office
modules 1,2 and 3 were performed before any animal work was performed. The cochleae
were removed from the mice that were culled by a Schedule 1 method (cervical dislocation)
performed by a registered Schedule 1 practitioner. For in vivo measurements, mice were
anaesthetised using intraperitoneal injections of ketamine (100mg/Kg, Fort Dodge Animal
Health) and xylazine (10mg/Kg, Rompun 2%, Bayer), injections were performed as previously
described (Ingham et al., 2011). At the end of the procedure mice were killed by cervical

dislocation.
2.1.1. Animal strains

For conditional knockout mice, the targeted tmla allele for both Myo7a
(Myo7atm1aEUCOMMWE 5ljale |D: 4431921) and Ush1C (Ush1ctmialkOMPIWEsi gljale |D: 4363497)
were generated by the Mouse Genetics Programme at the Wellcome Trust Sanger Institute
(Cambridge, UK). In the Myo7a conditional knockout, critical exons 10 and 11 were floxed,
whereas exons 5-8 were floxed for the Ush1c mice. The tmld-alleles (conditional knockout),
which were used for the experiments, were obtained by crossing the tmlc mouse
(Myo7d™f and Ush1d"f) with the Myo15-cre mice. The reason for crossing the floxed Myo7a
and Ush1c mice with the Myo15 cre mice allowed the normal embryonic development of the
IHCs and OHCs MET channels. Furthermore, as Myo15 is expressed around P4 in the apex of
the cochlea (see section 1.1.3.2), the genes would be conditionally knocked out from this time

point onwards.

Additionally, a tamoxifen inducible conditional knockout strain was generated, targeting
otoferlin: Otoferlin™¢; Vglut3 cre-ER™; td-tomato (Otof? Viglut3 cre*”). The otoferlin mice
were generated from ‘Otof™9(KOMP)Wts’ cryo-sperm by MRC Harwell (Oxford, UK). The
Otof mice were crossed with the tamoxifen inducible Vglut3-creER? (Li et al., 2018), enabling

the otoferlin gene to be conditionally knocked out once the mice were injected with
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tamoxifen. By using tamoxifen inducible Vglut3 cre, the otoferlin was only knocked out of
IHCs, as that is where Vglut3 is expressed (see section 1.1.4.2). The tamoxifen inducible cre
was designed so that otoferlin could be knocked out at different ages — with the aim to allow
the innervation of IHCs to mature fully (which takes around three postnatal weeks, ~P21)
before knocking out otoferlin and then investigating whether this would instigate the efferent
re-innervation of IHCs Furthermore, td-tomato mice (strain number: 007909) from the
Jackson Laboratory were used as a Cre reporter strain. The td-tomato mice were produced by
insertion of a Lox-P-Stop-LoxP-td tomato sequence into the genome. As the td tomato mice
were crossed with the otoferlin conditional knockout mice, to generate the Otoferlin™¢;
Vglut3 cre-ER'?; td-tomato strain — this results in td tomato being expressed only when the
Vglut3 cre is expressed (Figure 2.1) (after tamoxifen injections), this would then label which
IHCs have expressed the cre and therefore should have otoferlin knocked out and have no
neurotransmitter release. The reason for adding the reporter to this strain was so that during
electrophysiology experiments it would be easier to determine whether an IHC has the cre

expressed, this is because the cre expression is not 100% in all IHCs (Li et al., 2018).

As the Otoferlint™1¢; Vglut3 cre-ER™; td-tomato strain would not have 100% efficiency of the
cre, the Otoferlin'™1¢ mice were also crossed with the Myo15-cre mice, to identify whether a
non-tamoxifen inducible cre would have any differences in the potential changes in the IHCs

or potential efferent re-innervation.
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Figure 2. 1. Schematic of the Cre-loxP system and how it enables conditional knockouts.

A: An overview of Cre-loxP system. 38 kDa Cre recombinase recognizes the loxP sites of
specific 34 bp DNA sequences. (B) General breeding strategy for conditional mutation using
loxP and Cre driving mouse line. In principle, one mouse must have a tissue-specific driven
cre gene and another mouse have loxP flanked (floxed) alleles of interest gene Y. Expression
of Cre recombinase excises floxed loci and inactivates the gene Y. Figure and figure legend

adapted from (Kim et al., 2018).

2.1.2. Tamoxifen injections

Tamoxifen (T5648-1G, Sigma-Aldrich) induces cre-recombinase activation, resulting in a
conditional knockout of the target gene. Tamoxifen is a reagent that can be injected, it is then
metabolised in the liver and its metabolites then bind to oestrogen receptors (Jahn et al.,
2018). This is why the tamoxifen inducible cre mice have ER™ added to the cre, enabling the
tamoxifen to bind to the cre and induce the knockout of the floxed target gene. A tamoxifen
solution with a concentration of 20ug/ul was produced, to achieve this 1ml of tamoxifen
solution was made up in corn oil (C8267-500ML, Sigma-Aldrich) and 100% ethanol
(E/0650DF/17, Fisher Scientific), 0.02g of tamoxifen was dispersed in 920ul corn oil, with 80ul

100% ethanol added. The solution was sonicated at 30°C for 15-20 minutes until all the
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powder had dispersed and the solution was clear. If the solution turned cloudy then this was
interpreted as water entering the solution and the tamoxifen forming a precipitate, therefore,
if the solution was cloudy then a fresh solution was produced. Tamoxifen is light sensitive so
the solution was covered with foil. Tamoxifen was made fresh on the day of injections. Mice
were weighed and the tamoxifen doses calculated appropriately and the mice were injected

via the intraperitoneal route.

All mice received two injections of tamoxifen, with the first injection being performed on
either: P10, P14 or P21, with the second injection being performed 24 hours later. After
tamoxifen injections the mice were weighed daily and monitored for any adverse effects prior
to culling for experimental use. The humane endpoint for the tamoxifen injections was weight

loss over 20% of the animals starting body weight.
Doses for injections were calculated with the following equation:
A: target concentration ___ ug/g; B: TAM concentration __ pg/ul

Injection volume = (A * animal weight) / B; units = pl
2.2. Auditory brainstem responses

Auditory brainstem responses (ABR) experiments and analysis were performed by Professor
Walter Marcotti, who also produced Figure 3.6 (found in Chapter 3). ABRs were recorded from
either male or female knockout mice as well as littermate control mice between P20 and P35,
to detect neural activity along the auditory pathway in response to acoustic stimuli. Mice had
electrodes placed subcutaneously on their head, with an active electrode on the vertex, a
second active electrode (reference) on the left bulla, whereas the ground electrode was
placed on the right (Figure 2.1 Left) bulla. Anaesthetised mice were placed inside a
soundproof chamber (MAC3, IAC, UK) on a heated pad at 35-37°C (Figure 2.1 Right). Stimuli
were delivered to both ears by calibrated loudspeakers (MF1-S, Multi Field Speaker, Tucker-
Davis Technologies, USA) placed 10cm from the animal’s pinnae. Sound pressure was
calibrated with a low-noise microphone probe system (ER10B+, Etymotic, USA). Experiments
were performed using customised software (Ingham et al., 2011) driving an RZ6 auditory

processor (Tucker-Davis Technologies).
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Response thresholds were estimated from the resulting ABR waveform, defined as the lower
sound level at which any recognisable feature of the waveform was visible. Responses were
for pure tones of frequencies at 3, 6, 12, 18, 24, 30, 36 and 42 kHz as well as clicks. Stimulus
sound pressure levels were 0-95 dB SPL which were presented in steps of 5 dB SPL, brainstem
response signals were averaged over 256 repetitions. Tone bursts were 5ms in duration with

a 1 ms on/off ramp time, presented at a rate of 42.6/sec.

Ground Electrode

Reference Electrode

Figure 2. 2. Auditory brainstem response experimental set up.

A: schematic showing the position of the electrodes, the activate electrode (red) is placed on
the vertex. A reference electrode is placed on the left bulla (blue) and the ground electrode
is placed on the right bulla. B: different components of the set-up in a sound proof chamber,
A is the speaker, whilst B is the heat-pad. The head of the mouse was placed facing the

speaker.

2.3. Single-cell electrophysiology

Single cell electrophysiology was used to identify the biophysical changes in the IHCs during
the process of efferent re-innervation. Using whole cell patch clamp methods, specific
experiments were performed to identify whether the IHCs re-express nAChRs and SK2 like
the developing, immature IHCs do. By performing these experiments over a time period
from P24-42, this allowed the mechanistic changes to be identified in the IHCs as they

become re-innervated.
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2.3.1. Electrophysiology set up

A dissected apical coil of the cochlea was fixed in place under a nylon mesh grid in a specially
made chamber (see section 2.3.2), the chamber was then placed onto a custom made rotating
stage which was fixed to an upright microscope (Figure 2.2) (Olympus BX51, Japan). The organ
of Corti was visualised using a 60x water immersion objective (LUMPIlanFL, Olympus, Japan).
The microscope was on an anti-vibration table (TMC, USA) within a Faraday cage to isolate
the set-up from external electrical noise (Figure 2.2). A peristaltic pump (Cole-Parmer, USA)
was used to provide a continuous flow of extracellular solution across the chamber at a speed
of 9ml/min and the pump was connected to a ground with a 65uF capacitor to prevent noise
contaminating recordings. The peristaltic pump enabled the IHCs in dissected apical coil to
remain healthy and single cell electrophysiology recordings to be taken. On average a single
preparation had viable cells for around 30-40 minutes with the peristaltic pump being used.

All recordings were performed at room temperature.

The recording (patch) pipette position was positioned using a micromanipulator (PatchStar,
Scientifica, UK) and attached to a head-stage of an amplifier (Optopatch, Cairn Research Ltd,
UK). Recorded signals were filtered at 2.5 kHz with a Bessel low-pass filter. The signals were
converted into digital signals by the Digidata 1440A (Molecular Devices, USA) and were
sampled at 5 kHz by the pClamp10 software (Molecular Devices, USA). Recordings were
stored on a computer for off-line analysis which was performed in Clampfit software and

Origin (Origin Lab, USA).
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Figure 2. 3. Photo of the electrophysiology rig used for experiments.

Labels indicate the separate parts that make up the rig.



Page |78

2.3.2. Tissue preparation

Ex vivo recordings were performed on apical-coil IHCs (~9-12 kHz, low frequency region found
in apex) of acutely dissected organs of Corti from adult mice. Mice of either sex were killed
by cervical dislocation and the inner ear placed in a small Petri dish filled with ice cold
extracellular solution (see section 2.4.3 for more details). Isolation of the organ of Corti was
performed under a dissecting microscope, beginning with the connective tissue and

surrounding muscles in the inner ear being removed.

The cleaned inner ear was moved to a debris free Petri dish with fresh ice-cold extracellular
solution. The whole inner ear was held by the vestibular system using a pair of forceps (Figure
2.3A), this enabled the bone covering the apical-coil cochlea turn to be removed using
another pair of forceps (Dumont #3 or #4, followed by further refinement on a sharpening
stone). Removal of the bone in this region exposes the cochlea nerve which can be carefully
cut away using fine forceps, allowing the bone covering the entire apical cochlear coil to be
removed. Very fine forceps were used to delicately cut the auditory nerve before removing
the apical region of the organ of Corti, which was placed into a recording chamber with fresh

extracellular solution using a custom made small (4 mm diameter) stainless steel spoon.

In the recording chamber, the apical region of the organ of Corti is immobilised using a nylon

mesh fixed to a stainless-steel ring and the tectorial membrane removed (Figure 2.3B).
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 Hair Cells

Figure 2. 4. Tissue preparation for whole cell patch-clamp electrophysiology.

A: The cochlea of a one-month old mouse. The vestibular region was held with forceps whilst
the bone was removed from the apex of the cochlea, exposing the apex (white arrowhead).
B: the apical coil of the cochlea was affixed underneath a nylon mesh grid. The hair cells within

the organ of Corti are labelled.
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2.3.3. Experimental solutions

Extracellular solution was made to have a physiological composition like the perilymph found
surrounding the basolateral parts of the hair cells (Table 1). Amino acids (11130-036, Gibco,
USA) and vitamins (11120-037, Gibco, USA) were added as supplements to the extracellular
solution. The osmolality of the solution was 306-308 mOsm/kg, whilst the pH was adjusted to

7.48 using 4M NaOH.

Chemical Final Concentration (mM)
NacCl 135

MgCl, 0.9

KCl 5.8

CaCl; 1.3

HEPES 10

Glucose 5.6

NaH,PO, 0.7

NaPyruvate 2

Table 2. 1. Composition of extracellular solution.
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A high K* extracellular solution was also used during experiments to test whether the re-
innervated IHCs expressed SK2 and nAChR channels (see section 2.3.7 for methods). The
composition of the high K* solution can be seen in Table 2. The osmolality of the solution was

306 mOsm/kg, whilst the pH was adjusted to 7.48 using 4M NaOH.

Chemical Final Concentration (mM)
NacCl 113

KCl 40

MgCl, 0.9

CaCl; 13

HEPES 10

Glucose 5.6

NaH.PO, 0.7

Table 2. 2. Composition of high K* (40mM) extracellular solution.
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For whole cell electrophysiology current and voltage clamp recordings, KCl based intracellular
solution was used to fill patch pipettes (Table 3). The osmolality of the solution was adjusted

to 293 mOsm/kg, and the pH was adjusted to 7.28 using 1M KOH.

Chemical Final Concentration (mM)
Na,Phosphocreatine 10

Na,ATP 5

HEPES 5

KCl 131

MgCl, 3

KOH-EGTA 1

Table 2. 3. Composition of intracellular solution.

2.3.4. Recording pipettes

Recording patch pipettes were produced from soda glass capillaries (1413027, Hilgenberg,
Germany) using a pipette puller (Model PP-830, Narishige Instruments, Japan). Patch pipette
shanks were then coated in wax (Mr Zoggs Sex Wax, CA, USA) to reduce the electrode
capacitance. Pipettes were filled with intracellular solution (see Table 3) and had a resistance

of 2-3 MQ for IHC recordings.
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2.3.5. Cleaning pipettes

Cleaning pipettes were pulled from borosilicate glass capillaries (30-0062, Harvard Apparatus,
UK) and had a tip diameter of 3 um. Cleaning pipettes were filled with extracellular solution
and used to create a tear in the sensory epithelium. The pipettes were connected to a 10 ml|

syringe, which was used to apply suction to clean supporting cells away from target IHCs.
2.3.6. Whole cell patch-clamp recordings

Once IHCs were exposed, patch pipettes were lowered into the chamber. Positive pressure
was applied to the patch pipette whilst being lowered into the solution to prevent debris build
up in the pipette tip. Positive pressure was maintained as the patch pipette tip approached
the IHC membrane, upon contact with the IHC, negative suction was applied until a >1 GQ
resistance was achieved, producing a seal. IHCs were held at a membrane potential of -80 mV
for recordings. Whole cell patch-clamp configuration was achieved by applying sharp negative
suction, a decrease in resistance and large current seen was indicative of the IHC entering
whole cell patch clamping. Membrane potentials were corrected for residual series resistance
(Rs), after compensation (usually 80%) and the liquid junction potential of -4 mV, measured

between the electrode and bath solutions.

Whilst investigating basolateral membrane properties the size of It was measured at -25mV
and 1.0 ms after the start of the voltage step. This is required due to the nature of the /¢
current, which is a fast activating outward K* current that functions to prevent spontaneous
APs in the mature IHCs (see section ). Steady-state total currents were measured at 160ms,

at a potential of 0 mV (extrapolated from the current-voltage curves).
2.3.7. Extracellular superfusion

A high K*solution (Table 2.2) was superfused over the IHCs whilst the cells were being voltage
clamped. High K* solution depolarises the efferent fibre terminals, inducing the release of
ACh, if IHCs were re-innervated then they would be re-expressing nAChRs and SK2 channels,
as well as having the efferent synapses. The stimulated release of ACh from the efferent
terminals would be detected by nAChRs and cause Ca?*to enter the IHCs, this Ca?* would

activate the SK2 channels and result in K* leaving the cell, hyperpolarising it. This process can
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be visualised in voltage clamp recordings in the form of inhibitory post-synaptic currents. The
local superfusion utilised gravity to enable the flow of the extracellular solutions into the
recording chamber via a multi-barrel pipette. Using gravity to control the flow of solution
prevented background noise being produced as well as reducing any debris interference.
Typically, the IHCs were locally perfused with the high K* solution, an extracellular solution
containing 100uM acetylcholine or 1uM strychnine (Sigma-Aldrich, Gillingham, UK) to identify
if IHCs re-expressed nAChRs. If inhibitory post-synaptic currents were induced and blocked by
strychnine (a potent nAChR blocker), then this would indicate the re-expression of nAChRs in
IHCs. Additionally, voltage clamp recordings were taken when perfusing control (normal
extracellular solution, Table 2.1), followed by perfusion of the ACh containing solution, with
a control wash afterwards. This was to identify if IHCs responded to ACh and if the currents
responsible could be seen in the recordings. To analyse whether IHCs responded to ACh, the
control recording trace was subtracted from the ACh perfusion trace, if the IHCs responded
to ACh then the currents would be larger — following the (Marcotti et al., 2004) analysis. The
ACh sensitivity was then measured at -84mV, which is the voltage that nAChRs become active

in IHCs.

2.4. Immunofluorescence microscopy

Immunolabelling was used to visualise the efferent synaptic machinery on IHCs, this was to
provide confirmation for the functional electrophysiology experiments that were also

performed.

Dissected inner ears from the aforementioned mouse strains were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4) (OXOID, BR0014G) for 20
minutes at room temperature. After fixation, cochlea had three PBS washes at room
temperature, each for 10 minutes. Subsequently, the organ of Corti were dissected and
transferred into Eppendorf caps for future steps. The dissected cochleae were incubated for
an hour at room temperature in PBS supplemented with 5% normal horse serum (Sigma,
H0146) and 0.5% Triton-X-100 (T9284, Sigma-Aldrich, UK). The samples were then incubated

overnight at 37°C with the primary antibodies (Table 2.4) in PBS supplemented with 1%
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normal horse serum. The samples were washed three more times with PBS before being
appropriately labelled with species specific Alexa Fluor secondary antibodies (all used at
1:1000 concentration) for one hour at 37°C. After which, the samples had three more PBS
washes before being manually mounted onto glass slides using a custom made stainless steel
spoon and forceps in VECTASHEILD (H-1000, Vector Laboratories). The z-stack (either 0.1um
or 0.2um steps) images were captured on either a Zeiss LSM 880 with AiryScan for super-
resolution confocal microscopy (Plan-Apochromat 63x/ Oil DIC M27 objective, numerical
aperture: 1.4) or on a Nikon CSU-W1 Spinning disk confocal microscope (BBSRC ALERT2021
award BB/V019368/1) with either a 25um or 50um pinhole size (either: Plan-Apochromat 20x,
numerical aperture: 0.75; 40x oil, numerical aperture: 1.3; 100x oil, numerical aperture: 1.45).
Images shown in the results chapters are maximum intensity projections of all the z-stack
images, whilst the 3D projections shown at the full z-stack images that were interpolated
using Fiji Imagel software. Images were taken at the Wolfson Light Microscope Facility at the
University of Sheffield. Image stacks were processed with Fiji ImagelJ analysis software, Arivis

software or Nikon W1 analysis software.
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Primary

Antibody

ChAT

CtBP2

GluR2

Ibal

Myo7a

Myo7a

Otoferlin

SK2

Species

isotope

Goat-IgG

Mouse-1gG1l

Mouse-lgG2a

Rabbit-lgG

Rabbit-lgG

Mouse-1gG1

Mouse-lgG1

Rabbit-1gG

Concentration Company

1:500

1:200

1:200

1:1000

1:200

1:100

1:2000

1:100

Merck

Millipore

BD

Merck

Millipore

Synaptic

systems

Proteus

BioSciences

DSHB

Abcam

Merck Sigma

Catalogue

no.

AB144p

612044

MAB397

234 003

25-6790

No. 138-1-s

ab53233

P0483
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Table 2. 4. Primary Antibodies used for immunofluorescence.

2.5. Analysis of immunofluorescence images

Analysis for SK2 puncta and afferent ribbon synapse puncta was performed on the entire z-
stack images. Using the commercial Arivis software an analysis pipeline was created (arivis
Vision4D version 3.4.0, Arivis AG, Germany), the ‘Blob Finder’ segmentation tool was used
to identify individual puncta. After this, the ‘Distances’ metric was used with a parameter of
<2um to determine if the puncta were colocalised / in close proximity. If the puncta were
<2um apart then this was used to determine that they were close enough to be forming a
synapse. The measurements were then exported to an excel spreadsheet and analysed

using GraphPad Prism (GraphPad Software, USA).

To analyse the macrophages, | encompassed the growing method of training an artificial
intelligence (Al) /deep learning to aid with the image analysis. The Segment.Al tool from the
Nikon software (NIS-Elements AR v5.41.02) was used. For the segment.Al algorithm to
accurately detect the macrophages it was trained using over 10 different z-stack images from
different genotypes and ages. For each of the training images multiple macrophages were
manually binarised —this was to define the difference between real labelling and background,
up to 20 macrophages were manually identified on around 5 different z-stack slices for each
of the training data set. It was important to identify the different macrophage morphologies,
so that amoeboid and ramified macrophages would both be detected, as well as macrophages
that followed the afferent and efferent fibres from the modiolus to the sensory epithelium.
After this, the manually identified training images were then used to train the Al, with the
number of iterations used dependent on the accuracy of the macrophage detection. It was
determined that 100 iterations enabled the Al to accurately detect the various morphologies
as well as distinguish between any macrophages that may have been stacked on one another.
Once the Al was trained, the ‘General Analysis 3’ analysis tool was used to create an analysis

pipeline that had multiple measurements and would export the data into an excel sheet for
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future analysis. Some of these measurements included macrophage volume, orientation,
sphericity, elongation and macrophage counts. As the macrophage project was a preliminary
study and the Al and analysis was still in optimisation, only the number of macrophages was
used for quantification. Moreover, there were limitations to the Nikon analysis software, as
the region of interest (ROI) option in the analysis pipeline would not actually be incorporated
into the analysis. What this practically meant is that it was not possible to focus on specific
regions of the cochlea for analysis, eg the OSL or outer sulcus, to then identify any changes in
these regions. Additionally, this meant that the analysis could not be controlled for a defined
size ROI, and numbers are taken from the entire cochlea, however, due to variability in the
size of the apex that was dissected means that the preliminary quantification from this needs

to be improved and not over interpreted.
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2.6. Genotyping

For conditional knockout mice, genomic DNA was amplified under standard conditions using

Promega Tag DNA polymerase (Invitrogen, UK). The reaction mix was incubated at 94°C for 5

minutes followed by 35 cycles of 94 °C for 30's, 58 °C for 45 s and 72 °C for 90 s, followed by

72 °C for 5 min. The genotyping for the Otof"f Vglut3 cre*”, Otof”# Myo15 cre*- and Ush1c/f

Myo15 cre*- mice were performed by research technicians. Primers pairs and products are

shown in Table 5.

Gene

Myo7a

Myo15-

cre

Otof-tm1ic

tomato

(wT)

Td-
tomato

(Mut)

UshicC

Forward primer

5 GGG AGA GAA AGC
AGG GTG TG 3’

5 AGG GACCTG ACT CCA
CTTTGGG 3

5" TCC CAG GTA GCA CTT
GGTTT

3'

5 AAG GGA GCT GCA
GTG GAGTA ¥

5" GGCATT AAA GCA GCG
TATCC3

5" ACAGAG CCGTGG GTT
CATTC¥

Reverse primer

5" AAG CTG GAC
TCT CTG GTG GC
3'

5 TGG TGC ACA
GTC AGC AGG
TTIGG 3

5 GTG TAG AAG
AAC CCCGACCA
3'

5" CCG AAA ATC
TGT GGG AAG
TC3

5 CTG TTC CTG
TAC GGC ATG G
3'

5" GTA ATG GAG
CTG AGG CAG
GG 3’

Base pair products

WT ~ 360 bp

Mut ~ 460 bp

Myo15-cre ~ 500 bp

WT ~ 230 bp

Mut ~ 150 bp

~ 300 bp

~ 200 bp

WT ~ 326 bp

Mut ~ 430 bp

Table 2. 5. Genotyping information for the different strains used.
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2.7. Statistical analysis

Statistical analysis was performed on Prism software (GraphPad Software, USA). Statistical
comparisons between multiple data-sets were made by either one-way or two-way ANOVA,
followed by Tukey’s multiple comparison tests or Siddk post-test. Additionally, Students t test
were also used. The criterion for statistical significance was set at 0.05 and data are shown as

mean values + SD.
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Chapter 3 - Efferent re-innervation of IHCs is caused by

disrupted MET function
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3.1. Introduction

The axosomatic efferent innervation of IHCs is typically only seen in development, and after
the onset of hearing at P12 (Kros et al., 1998), the IHCs start to lose the axosomatic efferent
innervation. By P21 IHCs no longer have axosomatic efferent innervation (Glowatzki and
Fuchs, 2000, Katz et al., 2004, Marcotti et al., 2004). The function of the efferent innervation
is to hyperpolarise the hair cells. For the hyperpolarisation to occur there are a combination
of ion channels and receptors that work together. The pre-synaptic efferent fibre terminals
release the neurotransmitter ACh, which is detected by the IHCs that express post-synaptic
a9a10 nicotinic acetylcholine receptors until P18 (Elgoyhen et al., 1994, Elgoyhen et al., 2001,
Glowatzki and Fuchs, 2000, Katz et al., 2004). This allows the influx of Ca?*into the IHC which
stimulates the small conductance calcium activated potassium channels (SK2), once SK2
channels are open there is a subsequently efflux of K* from the IHC, resulting in its

hyperpolarisation (Evans, 1996, Marcotti et al., 2004, Katz et al., 2004).

When the IHCs stop responding to ACh and lose their axosomatic efferent innervation, the
IHCs display a ‘mature’ adult biophysical profile. To determine whether an IHC has ‘mature’
(adult) and ‘immature’ (developmental) current profile, outward potassium currents are
used. IHCs have outward potassium currents that have both a fast and slow component that
are carried with two different potassium channels. During development, the slow component
of the outward current is known as Ik neo and is present after birth up until the onset of hearing
at P12 (Kros et al., 1998). After the onset of hearing at P12, IHCs express the fast activating
large conductance Ca®*- activated K* current (It (Kros et al., 1998)) and the slow delayed
rectified K* current. Therefore, the absence of /s and the presence of the I neo can be used to
define an immature IHC current profile, and vice versa for the mature profile (Kros et al.,

1998).

In age-related hearing loss mouse models such as C57BL/6J and 6N, harbouring the Cdh23°"
mutation that impacts the stereocilia atop the IHCs and OHCs, there is a return of axosomatic
efferent innervation to IHCs after one year of age (Lauer et al., 2012, Zachary and Fuchs, 2015,

Jeng et al., 2021). Additionally, in the good hearing strain 6N-repaired, where the Cdh23°"
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mutation was repaired by CRISPR-Cas9 (Mianné et al., 2016), the IHCs also become re-

innervated by efferent fibres, albeit, later than in 6N and 6J mice.

The IHCs that become re-innervated express functional efferent synapses with both SK2
channels and a9a10 nAChRs expressed (Zachary and Fuchs, 2015, Jeng et al., 2021).
Moreover, it has also been shown that the lateral olivocochlear (LOC) efferent fibres that re-
innervate the IHCs (Jeng et al., 2021). The LOC fibres form axodendritic synapses onto the
afferent fibres that innervate the IHCs (Simmons, 2002). It has been proposed that the
degeneration of afferent fibres in age-related hearing loss leaves the LOC fibres without
afferents to synapse on, resulting in the LOC fibres re-innervating the IHCs to stay alive (Lauer
et al., 2012, Zachary and Fuchs, 2015, Jeng et al., 2021). Supporting this proposal, there is a
reduction in the number of afferent synapses in IHCs from 6J, 6N and 6N-repaired mice with
age (Jeng et al., 2021). Although the loss of afferent synapses and fibres seemingly comes
prior to the efferent re-innervation of IHCs with ageing, identifying the exact mechanism of

re-innervation has not been found in ageing mouse models.

The mechanoelectrical transducer channels (MET) are responsible for converting acoustic
stimuli into electrical signals which will be sent to the brain for auditory processing. If the MET
channels become dysfunctional then the IHCs become re-innervated by efferent fibres,
similar to in age-related hearing loss strains (Corns et al., 2018). Interestingly, when the MET
channels do not function properly, the re-innervation of IHCs takes place at much younger
ages compared to age-related mouse models. A conditional knockout mouse model
disrupting the MET channels by targeting unconventional myosin Vlla (Myo7a), a protein that
maintains tension at the MET channels and is involved in the open probability (Verpy et al.,
2000, Kros et al., 2002, Senften et al., 2006, Grati and Kachar, 2011), was shown to have IHCs
that became re-innervated (Corns et al.,, 2018). The re-innervation of IHCs in the Myo7a
conditional knockout was shown to have taken place by P36 (Corns et al., 2018), as opposed
to after one year of age in age-related 6J, 6N and 6N-repaired mouse strains (Lauer et al.,
2012, Zachary and Fuchs, 2015, Jeng et al.,, 2021). This finding enables the mechanistic
changes of efferent re-innervation to be studied over a short time-period, by using the

conditional knockout mouse model of Myo7a (Myo7a™f Myo15 cre*/).

The conditional knockout mouse model for Myo7a (Myo7a™f Myo15 cre*) was used in this

study. By using a Myo15-cre driver for this study, Myo7a will be knocked out of IHCs and OHCs
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only, resulting in dysfunctional MET channels (Corns et al., 2018). Myo15 is expressed
between P2-4 in postnatal development, meaning that Myo7a is present for normal
development within the embryo. The aim for this study was to investigate the discrete
mechanistic changes that take place during efferent re-innervation of IHCs — to identify if the
IHCs are driving the efferent re-innervation, as well as whether the afferent synapses are lost

before or after the re-innervation.

The efferent re-innervation of IHCs is driven by changes in the IHCs. This is shown by the IHCs
re-expressing SK2 channels from P24, whereas functional synapses were only seen from P25
onwards. Following the re-innervation of IHCs, the IHCs undergo progressive biophysical
changes and revert to an ‘immature’ like current profile, with a reduction in the liscurrent.
Surprisingly, there was only a loss of afferent synapse after the efferent re-innervation of
IHCs, with both pre- and post- synaptic components of the afferent synapse being lost at P50.
This finding indicates that the efferent re-innervation is not a survival response after the loss
of afferent fibres (Lauer et al., 2012, Zachary and Fuchs, 2015, Jeng et al., 2021). However, it

may be that the efferent re-innervation could influence the loss of afferent synapses in IHCs.
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3.2. Results

3.2.1. Axosomatic efferent innervation returns to IHCs from around

P24

Firstly, a timeline investigating the level of Myo7a knocked out in IHCs was established by
using immunofluorescence. Both Myo7da™f Myo15 cre*-and littermate control Myo7a™f mice
were used. This was not established in the Corns et al., (2018) study, as immunolabelling data
only showed the loss of Myo7a in the stereocilia at P10. In control Myo7a™# mice there was
no loss of Myo7a in any IHCs (Figure 3.1A). In Myo7a™f Myo15 cre*/- mice, Myo7a was present
in the large majority of IHCs at P4 and P7 (Figure 3.1B & C), but by P12 only a few cells showed
Myo7a (Figure 3.1D) and by P22 it was knocked out in all IHCs (Figure 3.1E).
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P4 P7
Myo7aﬂ/ﬂ

p7
Myo7d"" Myo15 cre”  Myo7a™ Myo15 cre”  Myo7d" Myo15 cre”

P22

Myo7d"" Myo15 cre””

Figure 3. 1. Characterising the loss of Myo7a from IHCs.

A-E: maximum intensity projections of confocal z-stacks of the apical coil of the cochlea
(85um) at the 9-12 kHz region. IHCs were labelled with an anti-Myo7a antibody (blue), scale
bars: 10um. A: shows the expression of Myo7a in IHCs from control Myo7a¢™/f mice. B: shows
that some IHCs started to lose their Myo7a labelling at P4 (white arrows), soon after Myo15
cre was expressed during development in Myo7a™ Myo15 cre*/- mice. C, D: images showing
that the number of IHCs with a lower or no expression of Myo7a in P7 and P12 Myo7a"/f
Myo15 cre*/- mice is progressively increasing (white arrows). The yellow arrows in D shows
the two IHCs that still express Myo7a. E: shows that no IHCs express Myo7a at P22 in Myo7a™/f

Myo15 cre*” mice.
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To determine the age at which the efferent innervation re-establish axosomatic contact with
IHCs following a loss of Myo7a, immunofluorescence and confocal microscopy was used to
label the pre- and post-synaptic proteins ChAT and SK2 (see methods). An example of
axosomatic efferent innervation can be seen in Figure 3.2A-F, at a time point (P10) that is
representative of the IHC during development. Figure 3.2B shows an example of a single IHC
zoomed in, showing the high level of SK2 labelling located near the base of the IHC. Figure
3.2C shows the same IHCs as in Figure 3.2A but rotated to the Z, Y plane to provide a better
view of the localisation of the SK2 channels. The process of zooming in to a single IHC and
rotating the initial image to the Z, Y plane was applied to all images in Figure 3.2. Furthermore,
Figure 3.2A-F shows the characteristic colocalisation of either SK2 and ChAT (Figure 3.2C) in

developing cochlea, highlighting the axosomatic efferent synapse at the base of the IHCs.

The IHCs from control Myo7a™# mice did not express SK2 channels at P24 (Figure 3.2D-F),
indicating that in the presence of Myo7a the efferent innervation matured normally. On the
other hand, IHCs from Myo7a™f Myo15 cre*- mice at P24 had SK2 channels re-expressed
(Figure 3.2G-1), albeit only in one IHC in the image shown. Figure 3.21 shows a lateral view of
the IHCs, and it is not clear that any of the SK2 puncta are colocalised with the pre-synaptic
ChAT efferent synaptic terminals (colocalization would appear yellow). Therefore, to identify
whether IHCs at P24 in Myo7a™f Myo15 cre*- mice expressed functional efferent synaptic
machinery (presence of both nAChRs and SK2 channels), whole cell patch-clamp
electrophysiology was performed in Myo7d™f Myo15 cre*- and control mice. Perfusion of an
extracellular solution containing a high K* (40mM) concentration (see methods, 2.3.3) was
locally perfused over the IHCs during patching experiments. High K* solution depolarises any
efferent synaptic terminals that may be forming synapses at the IHC, if present, the synaptic
terminals will release ACh which will be detected by nAChRs if the IHCs are re-expressing
them. The IHCs re-expressing nAChRs would detect the ACh and allow Ca?* to enter the IHC,
stimulating the SK2 channels and resulting in K* leaving the cell, hyperpolarising it (Glowatzki
and Fuchs, 2002, Marcotti et al., 2004). The hyperpolarisation can be seen in recordings as
inhibitory post-synaptic currents. This method has been previously to determine whether
efferent synapses are functional in IHC re-innervation studies (Zachary and Fuchs, 2015, Corns

et al,, 2018, Jeng et al., 2021).
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IHCs from control mice did not have any induced post-synaptic currents at either P24 (Figure
3.2J) or P25 (Figure 3.2K). Similarly, IHCs from Myo7d™"f Myo15 cre*/- mice at P24 did also not
have any induced post-synaptic currents (Figure 3.2L), however, at P25, IHCs from Myo7d™"/#
Myo15 cre*/- mice did express post-synaptic currents that were driven by nAChRs due to the
current being readily blocked by a potent nAChR blocker strychnine (Figure 3.2M). These
results indicate that the IHCs are driving the efferent re-innervation mechanism by re-
expressing the post-synaptic SK2 channels prior to the synapses becoming fully functional at

P25.
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Figure 3. 2. IHCs re-express SK2 channels at P24 in Myo7a™f Myo15 cre*/- mice but don’t

form functional synapses until P25.
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A-l: maximum intensity projections of confocal z-stacks of the apical coil of the cochlea
(85um) at the 9-12 kHz region. IHCs were labelled with antibodies against SK2 channels
(green), myosin 7a (blue) as well as the efferent terminal markers ChAT (red). Scale bars for
the outer column images: 10um, scale bar for the middle column images: 5um. A: the
characteristic expression of SK2 channels at P10 in 6N-repaired mice. B: a zoomed in image
of the IHC highlighted with the white box in panel A, showing the expression of SK2 channels
in relation to ChAT positive efferent terminals. C: the IHCs from A were rotated to the Y, Z
plane, enabling a lateral view of the IHCs to see where SK2 channels were expressed on the
IHCs. D-F: IHCs from control Myo7a™/f mice did not express SK2 channels at P24. G-I: at P24
the IHCs from Myo7a™"# Myo15 cre*- mice re-expressed SK2 channels with | showing SK2
channels were only expressed at the basal pole of IHCs. SK2 and either ChAT labelling that
were in close proximity appeared yellow, as can be seen in C, indicating the presence of both
pre- and post-synaptic terminals. J-M: inward post-synaptic currents in IHCs (M) evoked with
high K* (40mM) extracellular KCI during long lasting recordings at -84 mV in control Myo7a™"#
and Myo7d™f Myo15 cre*- mice at P25. Post-synaptic currents were blocked with 1uM

strychnine in Myo7a™f Myo15 cre*- mice.

Figure 3.3A shows the percentage of IHCs from Myo7a™ Myo15 cre*- mice that had the
return of axosomatic efferent innervation with functional synapses. To categorise whether
IHCs had the return of efferent innervation, they were split into if they displayed post-synaptic
currents when perfused with high K* solution that was blocked by 1uM strychnine, or if they
did not show any post-synaptic currents. 51.06% (24 out of 47 IHCs) did not show any post-
synaptic currents whereas 48.94% (23 out of 47 IHCs) showed post-synaptic currents that was
blocked by 1uM strychnine. Therefore, about half of the IHCs from Myo7a™ Myo15 cre*”

mice had a return of axosomatic efferent innervation during the early age range (P25-31).

Figure 3.3B & C show that IHCs from control Myo7a™# mice remained insensitive to the
perfusion of 100uM ACh during depolarising voltage steps to -24mV from a holding of -84mV.
Figure 3.3D & E show that at P25 IHCs from Myo7d™f Myo15 cre*- mice minimally respond

when 100uM ACh was perfused, supporting that IHCs re-express nAChRs.
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Figure 3. 3. Axosomatic efferent synapses on IHCs in Myo7a™/f Myo15 cre*/- mice are
functional.

C: the percentage of IHCs that had a return of axosomatic efferent innervation was 48.94%
(23 out of 47 IHCs). B-E: current traces from IHCs that were depolarised with voltage steps
from -124 mV to +24 mV before (control) and after the extracellular application of 100uM
ACh. The IHCs from Myo7a™ Myo15 cre*/- mice did not instantaneously respond to ACh at
P25.
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3.2.2. Progressive biophysical changes in IHCs from Myo7a™f Myo15

cre*”

The return of axosomatic efferent innervation to IHCs in Myo7d™" Myo15 cre*- mice has
previously been reported to take place as the IHCs basolateral membrane channel profile
return to a developmental-like configuration (Corns et al., 2018). Here, it is shown that most
of the IHC biophysical characteristics return to a developmental state after the return of

axosomatic efferent innervation.

Figure 3.4A-C shows that at older ages (P39) the IHCs from control Myo7d™# mice no longer
express SK2 channels, as previously shown (Glowatzki and Fuchs, 2000, Katz et al., 2004,
Marcotti et al., 2004). Figure 3.4D-F reveals that seemingly more IHCs from Myo7df Myo15
cre*/-mice re-express SK2 channels by P39. Moreover, at P39 the expression of SK2 channels

in Myo7d™f Myo15 cre*- mice was still only seen at the basal pole of the IHCs (Figure 3.4L).

SK2 labelling quantified based on two-day intervals from P24-P39, and when looking for
genotype differences there were significantly more SK2 puncta expressed in Myo7a™# Myo15
cre”- mice compared to control mice (Figure 3.3G) (P = <0.0001, Students T-test). To identify
if there was a progressive increase in SK2 puncta in IHCs with age (Figure 3.3H), a two-way
ANOVA Sidak post-test and multiple comparisons was performed. There were significant
increases for each age tested apart from P24, which likely doesn’t show significance due to
being underpowered. The two-way ANOVA revealed a genotype, but not genotype and age
effect on the number of SK2 puncta seen in IHCs (P = 0.7060), although to get a true
representation more N numbers may change this result. There was an increase in the number
of SK2 puncta seen at each age in Myo7a™" Myo15 cre*- mice between P24 and P30, to
identify the change in the expression of SK2 puncta in IHCs, a linear regression was plotted
(Figure 3.31). The linear regression showed an average, the IHCs in Myo7a™ Myo15 cre*/-mice
expressed 8.34% more SK2 puncta than the previous two days, up to P30 where the results
began to plateaux. Together, this data demonstrates that IHCs from Myo7da™f Myo15 cre*
mice have a progressive increase in SK2 channels with age, increasing from singular IHCs at

P24 to most of the IHCs in the apical region of the cochlea.
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Figure 3. 4. The number of SK2 channels expressed in IHCs is larger in P39 in Myo7a//#
Myo15 cre*/- mice.

A-L: maximum intensity projections of confocal z-stacks of the apical coil of the cochlea
(85um) at the 9-12 kHz region. IHCs were labelled with antibodies against SK2 channels
(green), myosin 7a (blue) as well as the efferent terminal markers ChAT (red). Scale bars for
the outer column images: 10um, scale bar for the middle column images: 5um. A-C: IHCs from
control Myo7a™ Myo15 cre*- mice do not express SK2 channels at P39. D-F: IHCs from
Myo7d™f Myo15 cre*’- mice express SK2 channels in IHCs and the expression of SK2 channels
was still only seen at the basal pole of IHCs at P39 (F). SK2 channels were seen in close
proximity to either ChAT efferent terminals (1) as labelling appeared yellow. G: Myo7a™
Myo15 cre* mice express more SK2 puncta per 10 IHCs compared to control mice (P < 0.0001,
Students T-test). H: the number of SK2 puncta in Myo7a™f Myo15 cre*- mice increases with
age, whereas the IHCs from control mice did not increase. |I: the expression of SK2 channels
in IHCs from Myo7d™f Myo15 cre*”- mice increased at a linear rate of 8.34% every two days,
demonstrating a progressive increase in re-innervation with time. Average data is shown as

mean * SD.
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Whole cell patch-clamp recordings were taken from IHCs of Myo7a™f Myo15 cre*”- mice and
control Myo7d™f mice across ages ranging from P25-42. IHCs from control Myo7d™# mice
remained insensitive to 100uM ACh at older ages (P39-42: Figure 3.5B & C) whilst also having
their typical ‘adult’ current profile (Figure 3.5A) (Kros et al., 1998, Marcotti et al., 2003a). On
the other hand, Figure 3.5D show that IHCs from Myo7d™f Myo15 cre*- mice express an
immature current profile and continued to respond to 100uM ACh at older ages (P42),
supporting previous findings (Corns et al., 2018). Figure 3.5E-F shows that IHCs from control
Myo7a™f mice did not show post-synaptic currents at older ages when perfused with high K*
solution (Figure 3.5G), whereas the IHCs from Myo7d™f Myo15 cre*/- mice continued to show
post-synaptic currents that was readily blocked by strychnine (Figure 3.5H). Using the
aforementioned categorisation of whether an IHC had the return of axosomatic efferent
innervation showed that at older ages (P32-42) 38 out 55 (69.09%) IHCs had the presence of

functional efferent synapses (Figure 3.5I).

The results from a two-way ANOVA revealed that there was no interaction between age and
genotype on the slope conductance at -84mV (F (1, 102) = 0.855, P = 0.3572, two-way
ANOVA). Furthermore, the IHCs that had the return of efferent innervation at younger ages
(P25-31) did not show a significant increase in their slope conductance compared to IHCs from
control Myo7a™ mice (Figure 3.5J) (F (102) = 1.345, P = 0.330, Sidak post-test, two-way
ANOVA). On the other hand, Figure 3.5) shows that the older (P32-42) IHCs that had a return
of axosomatic efferent innervation showed a significant increase in their slope conductance
at-84mV to 2.71 nS compared to 0.93nS in IHCs from control Myo7a™/f mice (F (102) = 2.730,
P = 0.0149, Sid4k post-test, two way ANOVA).

Figure 3.5K shows that IHCs from Myo7a™f Myo15 cre*”- mice did not have a significant
decrease in their I scurrent at younger ages compared to control mice (P25-31), whereas at
older ages (P32-42) there was a significant decrease (F (54) = 2.420, P = <0.0001, Sidak post-
test, two way ANOVA). Furthermore, a two-way ANOVA revealed that both age and genotype
influence the size of Ik scurrents (F (1, 218) = 22.04, P = <0.0001, two way ANOVA).
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Figure 3. 5. IHCs from Myo7a”/f Myo15 cre*”- underwent biophysical changes over time.

A-F: current voltage recordings from IHCs of control Myo7a™f mice (A-C) or Myo7a™# Myo15
cre*’- mice (D-F). A: control IHCs display normal mature ‘adult’ type current profile responses
when depolarised with voltage steps from -124 mV to +84 mV (Kros et al., 1998). B-C: IHCs
from control mice did not respond before (control, B) or during (C) the perfusion of 100uM
ACh when depolarised with voltage steps from -124 mV to +24 mV. D: displays the IHCs from
Myo7d™f Myo15 cre*”- mice after the return of axosomatic efferent innervation that had
returned to a developmental phenotype, displaying slower current activation during
depolarisation steps. E-F: IHCs that had the return of axosomatic efferent innervation readily
responded to 100uM ACh upon local perfusion. G-H: inward post-synaptic currents in IHCs
(G) evoked with high K* (40mM) extracellular KCI during long lasting recordings at -84 mV in
control Myo7d™f and Myo7d"# Myo15 cre” mice at P42. Post-synaptic currents were
blocked with 1uM strychnine in Myo7d™"f Myo15 cre*- mice (H). I: the percentage of IHCs that
had a return of axosomatic efferent innervation was 69.09% (38 out of 55 IHCs) J: the IHCs
sensitivity to 100uM ACh, as determined by the slope conductance at -84 mV (Marcotti et al.,
2004) comparing the P25-31 and P32-42 age ranges in control and Myo7a™ Myo15 cre*
mice. K: the size of Ixscurrents in the P25-31 and P32-42 age ranges in control and Myo7d™"#
Myo15 cre*- mice. The number above the data points represents the IHCs (and mice) used

for each age group. Average data is shown as mean + SD.
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3.2.3. ABR thresholds in Myo7d™f Myo15 cre*” mice

Auditory brainstem responses (ABRs) are a technique used to investigate the hearing ability
of the mice by measuring the activity of the afferent auditory pathway downstream of the

IHCs.

To investigate whether the changes that occur in IHCs impact the hearing ability of the
Myo7d™f Myo15 cre*- mice, ABRs were performed at three different ages, before the return
of axosomatic efferent innervation at P20, during the early time points as efferent innervation

returns at P25-26 and as the IHCs return to the developmental state between P31-35.

Figure 3.6A shows the ABR threshold of control Myo7a™# mice and Myo7a™ Myo15 cre*
mice at each of the ages studied. A two-way ANOVA revealed that both age and genotype
influenced the ABR threshold for click stimuli (F (2, 47) = 59.09, P = <0.0001). At P20 the
Myo7a™f Myo15 cre*/- mice had no changes in their hearing thresholds compared to control
mice. By P25-26 the Myo7a™f Myo15 cre*”- mice had raised thresholds compared to control
mice indicating some degree of hearing loss (F (47) = 8.257, P = <0.0001, Sidak post-test, two
way ANOVA). However, by P31-35 the Myo7a™f Myo15 cre*/- mice all had raised thresholds
above 95dB, which was the absolute threshold for determining whether the mice were deaf,
whereas control mice still had no raised thresholds (F (47) = 816.73, P = <0.0001, Sid4k post-

test, two way ANOVA).

Figure 3.6B shows the ABR threshold for tone burst stimuli ranging from low to high
frequencies. At P20, there was no difference between control mice or Myo7d"f Myo15 cre*
mice hearing ability at low or high frequencies. At P25-26 the Myo7d"f Myo15 cre*/- mice
show variability in their hearing ability, with mice displaying raised ABR thresholds at all
frequencies. By P31-35 the Myo7a™# Myo15 cre*/- mice had raised ABR thresholds above the
absolute threshold at 95dB in all frequencies tested, whereas control mice did not have raised

ABR thresholds.

Examining the ABR waveform taken during ABR measurements at 12 kHz (Figure 3.6C)
revealed that at P20 the amplitude and latency were no significant differences between both
control and Myo7a™ Myo15 cre*-mice (F (26) = 9.021, P = 0.1458, Sid4k post-test, two-way

ANOVA) (Figure 3.6D). However, at P25 there were significant differences in wave 1
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amplitudes in Myo7a™" Myo15 cre*- mice compared to control mice (F (26) = 9.021, P =
0.0005, Sidak post-test, two-way ANOVA). By P35 the waveform had flat-lined in the Myo7a"//
Myo15 cre*mice compared to control mice, however, there was no significant differences (F
(26) =9.021, P =0.0997, Sidak post-test, two-way ANOVA) (Figure 3.6D). The reason for there
being no significant differences may be due to the Myo7d"# Myo15 cre*”- mice only having

three amplitude responses at the higher sound intensities (Figure 3.6D).

Figure 3.6E shows that the wave 1 latency increased progressively with age in the Myo7a™
Myo15 cre*-mice, whereas it was unchanged in control Myo7a™/f mice. There were significant
differences between Myo7d™# Myo15 cre*”-mice and control mice at P20, P25 and P35 (F (26)
= 45.22, P = 0.0010 (P20), P = 0.0091 (P25), P = <0.0001 (P35) respectively, Sidak post-test,
two-way ANOVA).
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Figure 3. 6. ABR thresholds in Myo7a®/f Myo15 cre*”- mice from P20-35.

A: average ABR thresholds for clicks recorded from control Myo7a™f mice and Myo7a™/
Myo15 cre*- mice at P20, P25-26 and P31-35. The number of mice tested for each age/ strain
are shown above or below the average data points. B: ABR thresholds for frequency specific
pure tone stimulation from 3 kHz to 42 kHz from control and Myo7a™f Myo15 cre*/- mice. C:
the size of the different ABR waves recorded during ABR measurements from 12 kHz showing
the difference in wave forms at 55dB SPL (top row), 75 dB SPL (middle row) and 95 db SPL
(bottom row) for each of the three ages tested. D-E: comparing the wave 1 amplitude (D) and

the wave 1 latency (E) at the three different ages tested. **** = P <0.0001.
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3.2.4. IHCs from Myo7a™f Myo15 cre*”- mice lose ribbon synapses after

the axosomatic efferent-IHC innervation has returned

Throughout development IHCs are innervated by type | afferent fibres, which transmit the
electrical signal generated during mechanoelectrical transduction to the brain, enabling
sound to be perceived (Sobkowicz et al., 1982, Sobkowicz et al., 2002, Sobkowicz et al., 2004).
There are around 10-13 afferent (ribbon) synapses present in developing IHCs which increases
to around 20 after development (Safieddine and Wenthold, 1999, Moser et al., 2006,
Safieddine et al., 2012). Ribbon synapses form at the basal pole of the IHCs and contain many
highly refined proteins, which allow the synapse to provide a high-fidelity transmission of
acoustic information to the afferent fibres. A pre-synaptic component of the afferent fibre
terminal expressed in IHCs is the protein RIBEYE (Schmitz et al., 2000, tom Dieck et al., 2005,
Magupalli et al., 2008). One post-synaptic component of the ribbon synapse is the expression
of AMPA-type glutamate receptors and a subtype of these is the glutamate ionotropic

receptor AMPA type subunit 2 (GluR-2) (Liberman et al., 2011, Furman et al., 2013).

Immunofluorescence and confocal microscopy were used to investigate whether the loss of
Myo7a in IHCs impacted the number of their afferent synapses. The visualisation of the
afferent ribbon synapses was performed using antibodies against GIuR2 and the ribeye
protein C- terminal binding protein 2: CtBP2. Figure 3.7A shows the IHCs from control

Myo7d™f mice at P22 had the presence of both pre- and post-synaptic components.

Figure 3.7B shows a zoomed in IHC and highlighting the colocalisation between CtBP2 and
GluR2. Figure 3.7C & D revealed that CtBP2 and GIuR2 also colocalised in IHCs from P22
Myo7d™f Myo15 cre*/- mice. The afferent synapses were also visualised at P50, to identify if
ribbon synapses were lost after the return of the axosomatic efferent innervation in Myo7a™"#
Myo15 cre*/-mice was established. The data in Figure 3.7E & F shows that IHCs from control
Myo7d™f mice at P50 did not show a decrease in CtBP2 or GluR2, whereas in Figure 3.7G & H
revealed a decrease in the expression of both CtBP2 and GIuR2 Myo7d™"f Myo15 cre*/- mice
at P50.
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The expression of CtBP2 and GluR2 was quantified before and during the return of axosomatic
efferent innervation in IHCs and a two-way ANOVA revealed that both age and genotype
influences the number of GIuR2 puncta expressed per IHC (F (1, 300) = 27.29, P = <0.0001).
Figure 3.8A shows there was a significant decrease in the number of GIuR2 puncta expressed
per IHC between control Myo7d"f and Myo7a™f Myo15 cre*”- mice at P50 (F (300) = 1.883, P
=<0.0001, Sid4k post-test, two-way ANOVA). Additionally, there was a significant decrease in
the number of GIuR2 puncta per IHC in Myo7a™f Myo15 cre*/- mice between P22 and P50
(Figure 3.8A) (F (116) = 27.87, P = <0.0001, Sid4k post-test, two-way ANOVA). However, there
was no difference in the number of GIuR2 puncta in control Myo7a™/ mice between P22 and

P50.

Like GIuR2, a two-way ANOVA showed that age and genotype influence the number of CtBP2
puncta expressed (F (1, 300) = 21.32, P = <0.0001). Figure 3.8B shows a significant decrease
in the number of CtBP2 puncta expressed per IHC in Myo7a™f Myo15 cre*/- mice compared to
control mice at P50 (F (300) = 8.653, P = <0.0001, Sidak post-test). Moreover, there was a
significant decrease in the number ribbon synapses as the number of colocalised CtBP2 and
GIuR2 puncta decreased at P50 in Myo7d"f Myo15 cre*/- mice compared to control mice (F
(1, 300) = 21.32, P = <0.0001, Sidak post-test, two-way ANOVA). This data indicates that both
pre- and post-synaptic components of ribbon synapses were lost in Myo7d™f Myo15 cre*-

mice, instead of having a decrease in either the pre- or post-synapse.
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Figure 3. 7. Ribbon synapse number is reduced in IHCs from Myo7a™f Myo15 cre*- mice at
P50.

A-H: maximum intensity projections of IHCs from confocal z-stack images taken from the 9-
12 kHz region of the cochlea at either P22 or P50 in control and Myo7a™f Myo15 cre*/- mice.
IHCs were labelled with antibodies against Myo7a (blue) (A & E) or DAPI for Myo7d™/f Myo15
cre”’- mice(C & G), the pre-synaptic ribbon marker CtBP2 (red) and post-synaptic GluR2
(green). Scale bars on the left columns are 10um and 5um on the right column. B, D, F, H:

zoomed in images of the IHCs from the white boxes in the images from the left column.
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Figure 3. 8. Quantification of ribbon synapses in Myo7a®/f Myo15 cre*/- mice.

A: the number of GIuR2 puncta expressed per IHC at P22 and P50 in control and Myo7a™/f
Myo15 cre*- mice. B: the number of pre-synaptic CtBP2 puncta expressed per IHC at P22 and
P50. C: the number of ribbon synapses, determined by the colocalisation of pre-synaptic
CtBP2 and post-synaptic GIuR2 puncta. The number above the data points represents the IHCs

(and mice) used for each time point. Averages are shown as mean * SD.
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3.2.5. The efferent innervation of IHCs lacking the harmonin protein

never matures

To confirm if the return of axosomatic efferent innervation on IHCs was driven by the
impaired MET currents the Ushlc Myol5 cre strain were used for immunofluorescence
experiments. Ushlc encodes the hair bundle protein harmonin, which is essential for the MET
channel complex (Verpy et al., 2000, Boéda et al., 2002, Siemens et al., 2002, Weil et al., 2003,
Adato et al., 2004) and if it is lost then IHCs become defective and the mice have profound
hearing loss (Lefévre et al., 2008, Grillet et al., 2009, Bahloul et al., 2010, Grati and Kachar,
2011, Corns et al., 2018).

Ush1df Myo15 cre*” mice and littermate control Ush1c™f mice were immunolabelled for
pre- and post-synaptic proteins ChAT and SK2, as well as Myo7a to label IHCs to identify if
there was a return of axosomatic efferent innervation at P21 and P38. Figure 3.9A-C shows
that IHCs from control Ush1c™f mice did not express SK2 channels at P21, with Figure 3.9B
showing a zoomed in IHC and Figure 3.9C showing the IHCs from Figure 3.9A rotated on the

Z, Y plane.

Conversely, IHCs from Ush1d"f Myo15 cre*/- mice expressed SK2 channels at P21 (Figure 3.9D-
F), which were located at the basal pole of the IHCs (Figure 3.9F). Moreover, the SK2 channels
and ChAT were colocalised as the labelling appeared yellow at the base of the IHCs, indicating
the presence of axosomatic efferent synapses. Figure 3.9G-| further confirms that control
Ush1cd™f mice lose the expression of SK2 channels like in normal development. At P38 the
IHCs from Ush1c™f Myo15 cre*”- mice had SK2 channels expressed (Figure 3.9J-L) and the SK2
channels were still expressed at the basal pole of the IHCs (Figure 3.9L). From this data it
cannot be concluded that Ush1c™ Myo15 cre*/- mice had SK2 channels re-expressed as early
as P21 or if the efferent innervation of these mice never matures and the axosomatic efferent

synapses were never lost in development.
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Figure 3. 9. IHCs from Ush1c?/fl Myo15 cre*/- mice express continue to express SK2 channels
after the onset of hearing.

(P21) Ush1c” Myo15 cre”
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A-L: maximum intensity projections of confocal z-stacks of the apical coil of the cochlea
(85um) at the 9-12 kHz region. IHCs were labelled with antibodies against SK2 channels
(green), myo7a (blue) and the efferent terminal markers ChAT (red). A-C: At P21 IHCs from
control Ush1c™# mice did not express SK2 channels. D-F: IHCs from Ush1cf Myo15 cre*- mice
expressed SK2 channels at P21. The SK2 channels were colocalised with ChAT positive efferent
terminals at the basal pole of the IHCs (F). G-I: control Ush1d"f mice did not express SK2
channels in IHCs at P38. J-L: IHCs from Ush1c"f Myo15 cre*’- mice also expressed SK2 channels
at P38, with the channels expressed at the basal pole of the IHCs. Scale bars for the left column

images: 10um and for the middle and right column images: 5um.
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3.3. Discussion

In the absence of a functional mechanoelectrical transducer current, axosomatic efferent
innervation returning to apical coil IHCs (9-12 kHz frequency range) was already evident in
some P24 IHCs, but it became more prominent from about P31 onwards. In addition, the IHCs
underwent progressive biophysical and morphological changes that resulted in the

acquisition of an immature-like profile.

Myo7a™f Myo15 cre*- mice are a conditional knockout mouse model for the loss of Myo7a,
as Myo15 is expressed from early time points in development (P2-4), which enabled the IHCs
to develop normally at least initially. In these mice, Myo7a started to be lost from a few IHCs
at P4-7, whereas multiple IHCs had lost Myo7a at P12 and all IHCs had lost all expression of
Myo7a by P22 (Figure 3.1E). The immunofluorescence confirms that the knockout was
working and provides context for previous studies showing that MET currents were reduced

in IHCs from P14 onwards in Myo7d™f Myo15 cre*/- mice (Corns et al., 2018).

3.3.1. Initial changes in IHCs as axosomatic efferent innervation returns

The earliest age at which IHCs had the re-expression of SK2 in Myo7da™f Myo15 cre*/- mice was
at P24 (Figure 3.2D-F). The IHCs that re-expressed functional efferent synapses at P25, which
was shown by inducing synaptic currents with high K* solution that was blocked by strychnine
(Figure 3.2M). This data shows that there was a return of functional axosomatic efferent
synapses on IHCs from Myo7d"f Myo15 cre*/- mice up to nine days earlier than previously
reported (P33) (Corns et al.,, 2018). Additionally, it shows that the IHCs drive the re-
innervation by re-expressing SK2 channels before functional efferent synapses were evident
at P25, supporting the theory that the IHCs are driving this mechanism (Jeng et al., 2021).
Therefore, some IHCs in Myo7a™f Myo15 cre*/- mice have functional axosomatic efferent
synapses only a few days after losing them during the normal maturation of innervation,

indicating that the mechanism is initiated quickly.

In normal development the IHCs lose their sensitivity to ACh around P18 and by P21 and no
longer express a9al10 nAChRs, SK2 channels or have axosomatic efferent innervation

(Glowatzki and Fuchs, 2000, Katz et al., 2004, Marcotti et al., 2004). The Corns et al,. 2018
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paper showed via transmission electron microscopy images that there was no axosomatic
efferent innervation on IHCs at P22 in Myo7d"f Myo15 cre*’- mice, demonstrating the

maturation of IHC innervation matured normally in these mice.

Therefore, the re-expression of SK2 channels and functional synapses on IHCs shown from
P24 onwards in this chapter was a consequence of losing Myo7a expression and not due to
the delayed maturation of IHC innervation. Furthermore, the SK2 channels did not colocalise
with the efferent terminal markers (ChAT) at this age (Figure 3.21), indicating the IHCs re-
express SK2 channels prior to the return of efferent terminals. Similarly, when testing for the
presence of a9a10 nAChRs in IHCs from P24 Myo7d™f Myo15 cre* mice there was no induced
synaptic currents upon local perfusion of a high K*solution (Figure 3.2L). Figure 3.2 revealed
that the expression of SK2 channels at P10 in 6N-repaired mice was not spatially restricted to
the very basal pole of the IHCs (Figure 3.2C), however, in the SK2 channels re-expressed in
IHCs from Myo7a™f Myo15 cre*/- mice were only seen at the very basal pole of the IHCs.
Interestingly the SK2 channels remained spatially restricted in their expression in IHCs over
time, as immunolabelling data showed the same expression at the basal pole of IHCs at P39

(Figure 3.41).

The ACh dependent current responses in developmental IHCs is driven by CaZ* entering the
cell via a9a10 nAChRs and activating the Ca?* sensitive SK2 channels (Marcotti et al., 2004,
Katz et al., 2004), which were absent in control IHCs (Figure 3.3B & C). During the same time
P25-31-time window, IHCs from Myo7da™f Myo15 cre*”- mice showed a large variability in their
responses (Figure 3.3E), with some cells displaying instantaneous responses to ACh at -84mV,
as well as having dramatically reduced I f currents. On the other hand, around half of the IHCs
(Figure 3.3A) from Myo7a™f Myo15 cre*”- mice did not show any post-synaptic currents upon

stimulation from high K* solution and remained insensitive to 100uM ACh.

Myo7d™f Myo15 cre”- mice had a progressive loss of hearing from P20-P35 which was
concurrent with the morphological and physiological changes reported. ABRs revealed that
between P20 and P25-26 there was a shift in the Myo7d™f Myo15 cre*- mice hearing
thresholds (Figure 3.4A & B). It is known that if Myo7a is lost then mice become profoundly
deaf (Self et al., 1998, Kros et al., 2002, Grati and Kachar, 2011), however, in this conditional
knockout model of Myo7a the hearing loss shown here is the earlier than what was reported

by Corns et al., 2018. The function of axosomatic efferent innervation has been shown to
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hyperpolarise IHCs during development (Glowatzki and Fuchs, 2000, Marcotti et al., 2004,
Goutman et al.,, 2005). Therefore, as the IHCs have dysfunctional MET channels and the
Myo7a™f Myo15 cre* mice become deaf, it is possible that the return of functional inhibitory
axosomatic efferent innervation from P25 could be to reduce any spontaneous firing activity

at the afferent synapse.
3.3.2. Progressive physiological changes in IHCs

By P42 the IHCs from Myo7a™f Myo15 cre*/- mice no longer showed ‘typical’ mature current
responses (Kros et al., 1998) and instead displayed developmental immature current profiles
(Figure 3.5D). Moreover, at this age the IHCs instantaneously responded to locally perfused
100uM ACh and displayed the characteristic current components that a9a10 nAChRs and SK2
channels are responsible for (Figure 3.5D & E). The slope conductance of ACh sensitivity at -
84mV was significantly increased in Myo7a™f Myo15 cre*/- mice compared to control mice in
the P32-42 age range. On the other hand, in the P25-31 age range there was no significant
increase, indicating that the IHCs responsiveness to ACh increased with age in Myo7da™/
Myo15 cre*-mice. This increase also demonstrates that there were progressive changes over
time in the IHCs from Myo7a™f Myo15 cre*”- mice, as more IHCs in the 9-12 kHz region had a

return of axosomatic efferent innervation.

Further progressive changes in the IHCs became evident in the P32-42 age as the /s currents
were significantly smaller in the Myo7a™f Myo15 cre*/- mice compared to control mice (Figure
3.5K). The Ikscurrents are driven by BK channels, which are expressed in the neck region of
IHCs (Kros et al., 1998). From this reduction in lxscurrents in IHCs from Myo7a™f Myo15 cre*
mice it could be that there is a loss of BK channels and that the IHCs are reducing in cell size
in the neck region. However, for this to be confirmed and quantified, future experiments
could be to perform immunolabelling to investigate whether there is a loss of BK channels in
the IHCs in Myo7a™f Myo15 cre*/-mice. Conversely, the IHCs from control Myo7a™/f mice had
an increased /s current between P32-42 (Figure 3.5K), potentially indicating that the IHCs
continue to become larger in size or number. Additionally, cell membrane capacitance can be
used as a measurement for cell size. The Corns et al., 2018 study showed that the IHCs from
Myo7d™f Myo15 cre*- mice did not have a reduced cell membrane capacitance at P22, but

did at P30 (Corns et al., 2018). This data, together with the results showing the reduced /xf
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currents in the P32-42 age range in this study support the claim that the IHCs from Myo7da™/
Myo15 cre*/- mice are reducing in cell size in the neck region. The smaller cell size, loss of BK
channels and reduction of /ifcurrents has been shown to take place in the early onset age-
related hearing loss mouse strains 6J, 6N as well as in 6N-repaired and the late onset hearing
loss strain C3H at 15 months of age, in which the return of axosomatic efferent innervation

was prevalent in 6J, 6N and 6N-repaired mice (Jeng et al., 2021).

ABR data revealed that the Myo7a™f Myo15 cre*/- mice were profoundly deaf at P35 (Figure
3.6A & B) which is when the IHCs consistently began to show a developmental phenotype as
described above, as well as more IHCs having a return of axosomatic efferent innervation. The
ABRs also showed that the wave 1 amplitude and latency were impacted in Myo7a™# Myo15
cre*-mice (Figure 3.6D & E), indicating that the IHCs ability to activate the afferent synapses
was impaired. Immunolabelling was used to identify if IHCs from Myo7a™ Myo15 cre*/- mice
had lost their afferent synapses and the data revealed that by P50 IHCs had a significant
reduction in both the pre- and post-synaptic components, as well as a reduction in the
number of synapses (Figure 3.7 & 8). The reduced number of afferent synapses could explain
why there is a reduced wave 1 amplitude and increased latency seen in the Myo7a™# Myo15
cre*-mice. However, as the IHCs in Myo7a™f Myo15 cre*- mice have impaired MET channel
functionality, this will also impact the wave 1 amplitude and latency and could be another

explanation for the differences observed.
3.3.3. Efferent re-innervation returns prior to afferent synapse loss

Studies have shown that afferent synapse loss has been seen in ageing studies and when mice
have been subject to noise overexposure (Stamataki et al., 2006, Kujawa and Liberman, 2009,
Sergeyenko et al., 2013, Fernandez et al., 2015, Hu et al., 2015, Johnson et al., 2019, Jeng et
al., 2020a). From these studies, it was proposed that the return of axosomatic efferent
innervation on IHCs was possible because of the retraction of type | afferent fibres following
afferent synapse loss. The loss of afferent fibres would result in LOC efferent fibres losing their
axodendritic connections, leaving the free efferent fibres to form axosomatic efferent
synapses on the IHCs (Stamataki et al., 2006, Lauer et al., 2012, Sergeyenko et al., 2013,
Zachary and Fuchs, 2015, Corns et al., 2018, Jeng et al., 2021). Here, it is shown for the first

time that the axosomatic efferent re-innervation of IHCs occurs prior to the loss of any
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afferent synapses, as there wasn’t a decrease in the number of afferent synapses in Myo7a™/
Myo15 cre*”- mice until P50, whereas the efferent re-innervation occurs from P24 onwards. It
is possible that the return of efferent innervation on IHCs and the progressive biophysical

changes induces the loss of afferent synapses.

3.3.4. Efferent innervation of IHCs from Ush1d”f Myol5 cre*/- mice

does not mature normally

To investigate whether efferent re-innervation takes place in a different mouse model in
which the hair bundle is disrupted, MET currents are reduced and the IHCs have a
developmental phenotype (Corns et al., 2018), the Ush1c Myol5 cre mice were investigated
at two different ages, P21 and P38. Immunolabelling data showed that IHCs from Ush1c"#
Myo15 cre*- mice expressed SK2 channels at both P21 and P38 (Figure 3.9D & J), whereas
control Ush1c™f mice did not express SK2 channels at either age. In development the loss of
SK2 channels and axosomatic efferent contacts onto IHCs takes around three weeks to occur
(Glowatzki and Fuchs, 2000, Marcotti et al., 2004, Katz et al., 2004). Therefore, by the IHCs
expressing SK2 channels in Ush1d”f Myol15 cre*/- mice it cannot be concluded from the
immunofluorescence images in this study whether the SK2 channels were remaining from
development, or a re-expression. Future electrophysiology experiments to test if the SK2
channels are part of functional synapses would be required to provide further answers for

this question.

However, it is possible that losing harmonin expression from the hair bundles of IHCs prevents
the axosomatic efferent innervation from developing properly, resulting in the pre- and post-
synaptic terminals remaining on IHCs into adulthood. On the other hand, if the IHCs efferent
innervation does develop properly, then the re-expression of SK2 channels on IHCs would be
taking place three days’ sooner than in Myo7a™ Myo15 cre*”- mice (which occurs at P24). If
this were to be the case, then it could be proposed that the loss of harmonin from IHCs
induces the return of axosomatic efferent innervation and re-expression of SK2 channels
quicker than in mice where Myo7a is lost from the hair bundles. Moreover, previous studies

have shown that Ush1c™f Myo15 cre”* mice are profoundly deaf by P16 (Corns et al., 2018),
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from this, it could be suggested that a mutation in the harmonin protein results in MET

channel defects and hearing loss more rapidly than disrupting Myo7a.
3.3.5. Future directions for axosomatic efferent innervation studies

There are multiple questions that still need to be answered relating to the return of
axosomatic efferent innervation both in ageing and in the Myo7a™f Myo15 cre*”- mice. As
ageing studies have looked at mouse models of early onset hearing loss harbouring the
Cdh23°" mutation, which results in reduced MET currents with age and the Myo7a also have
reduced MET currents, all these strains proceed to have a return of axosomatic efferent
innervation. Moreover, data from the Ushic™f Myo15 cre*- mice revealed that the IHCs
express SK2 channels at P21 and P38, however, it could not be confirmed whether the SK2
channels expressed were due to re-innervation, or the efferent innervation never maturing
correctly. However, this data taken with the Myo7a™ Myo15 cre*/- re-innervation of IHCs
demonstrates the importance of functional MET currents in order to have the proper

innervation of the efferent system.

Some of the other questions to be answered when studying the changes in the IHCs after the
return of axosomatic efferent innervation. For example, investigating how Ca?* is handled by
IHCs after they return to developmental states. Would the adult Myo7a™ Myo15 cre”- mice
have spontaneous Ca%* waves like during development? Moreover, it would be interesting to
identify if spontaneous action potentials return in Myo7a™f Myo15 cre* mice similar to in
development, which are known to help refine the innervation of the IHCs (Marcotti et al.,

2003b, Johnson et al., 2009, Johnson et al., 2011, Johnson et al., 2013a, Johnson et al., 2013b).

However, one question relating to re-innervation of IHCs that is answered in the next chapter
of this thesis is whether impacting the IHCs and not disrupting the MET channels would result
in re-innervation of IHCs. To achieve this, impacting neurotransmitter release will be used to
investigate if this causes a re-innervation of IHCs. The data from the next chapter will further
our understanding of whether the re-innervation of IHCs is likely driven by dysfunctional MET

channels, or whether the mechanism can be driven by impairing the exocytosis of the IHCs.
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Chapter 4 — Disrupting the IHC afferent synapse does

not result in efferent re-innervation
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4.1. Introduction

The return of axosomatic efferent innervation was seen in the Myo7d"f Myo15 cre*- mice

that have dysfunctional MET channels (Corns et al., 2018).

To investigate whether this re-wiring of the IHCs was due to dysfunctional MET currents or
due to the malfunctioning of the IHCs, a mouse model was used in which only the release of
neurotransmitter from the IHCs was dysfunctional. The conditional knockout mouse model
was an Otoferlint™<;Vglut3 cre-ER™; td-Tomato (Otoff! Vglut3 cre*”) strain, with otoferlin
being the target for the conditional knockout. Otoferlin is a protein that is crucial for
exocytosis at the IHC ribbon synapses (Roux et al., 2006, Takago et al., 2019). Moreover,
otoferlin has been shown to have a key role in vesicle replenishment (Pangrsic¢ et al., 2010,
Michalski et al., 2017). The absence of otoferlin leads to hearing loss in mice and humans

(Yasunaga et al., 1999, Roux et al., 2006).

The otoferlin gene was genetically altered to be flanked by two loxP sites and this is controlled
by Cre recombinase (Metzger et al., 1995, Feil et al., 1996, Zhang et al., 1996, Feil et al., 1997).
For the Cre recombinase to work, ligand dependent chimeric Cre recombinases (CreER) are
present, which are mutated hormone binding domains of the oestrogen receptor (Feil et al.,
2009). The Cre is then activated by the synthetic oestrogen receptor ligand 4-
hydroxytamoxifen (Metzger et al., 1995, Feil et al., 1996, Zhang et al., 1996, Feil et al., 1997).
Therefore, this allows the temporal control of when the otoferlin gene will be knocked out
from the IHCs in Otoff Vglut3 cre*/- mice. In addition, the Otof”f' Vglut3 cre*/ mice had the
red fluorescent tag td-tomato genetically added to the Vglut3 cre, therefore when the Cre

was expressed in IHCs the IHCs would fluoresce red.

By inducing the loss of otoferlin in IHCs via a conditional mouse model it can be identified if
the return of axosomatic efferent innervation is driven by MET channel dysfunction, or more

generally to the inability of IHCs to release neurotransmitter.
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4.2. Results

4.2.1. Characterising tamoxifen injections in otoferlin conditional

knockout mice

Two tamoxifen injections were performed over 24 hours, starting at three different ages: P10,
P14 and P21 in Otof”f! Vglut3 cre*- and littermate control Otoff! Vglut3 cre’" mice.
Immunofluorescence and multichannel confocal microscopy were used to visualise the apical
coil of the cochlea and to identify if otoferlin was knocked out of IHCs four weeks post
injections. Antibodies against otoferlin and Myo7a were used, whilst td-tomato was used to

visualise the IHCs.

Figure 4.1A-C shows control Otof”f! Vglut3 cre”- mice that had the first tamoxifen injection at
P10 and there was no loss of otoferlin in IHCs four weeks post injection (Figure 4.1A). Figure
4.1B shows that the IHCs from control mice did not express the Vglut3 cre driven td-tomato
fluorescent tag, additionally, there was no IHC death after tamoxifen injections (Figure 4.1C).
On the other hand, when Otof”f! Vglut3 cre*”- mice were injected at P10 around half of the
IHCs did not express otoferlin (Figure 4.1D & F), whereas all the IHCs in the apical coil
expressed td-tomato (Figure 4.1E). IHCs from control mice that were injected at P14 or P21
never had any loss of otoferlin (Figure 4.1G, I, M & O) or expressed td-tomato (Figure 4.1 H,
N).

Otof”f! Vglut3 cre”- mice that were injected at P14 appeared to have more IHCs expressing
otoferlin (Figure 4.1) & L) compared to Otoff! VVglut3 cre*- mice that were injected at P10.
Moreover, all the IHCs expressed td-tomato when the mice were injected at P14 (Figure 4.1K).
Interestingly, the IHCs of Otof”f Vglut3 cre*/- mice that were injected at P21 did not express
td-tomato in all the IHCs in the apical coil (Figure 4.1Q), whilst only a couple of IHCs did not
express otoferlin (Figure 4.1P & R). The quantification of the data from the Otoff vglut3

cre”’- mice seen in Figure 4.1 can be found later in this chapter in Figure 4.3.
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Figure 4. 1. Characterising the conditional knockout of otoferlin from IHCs in tamoxifen
inducible mice.

A-R: maximum intensity projections from confocal z-stack images taken of the apical coil of
the cochlea. Antibodies against otoferlin (green) and myo7a (blue) were used to visualise the
loss of otoferlin from IHCs and myo7a was used as a hair cell marker whereas td tomato (red)
was a fluorescent tag that would be expressed in IHCs that expressed Vglut3 cre.
Immunofluorescence experiments were performed four weeks post tamoxifen injections. A-
C: control Otoff VVglut3 cre”- mice injected at P10 expressed otoferlin in all IHCs (A) and the
IHCs did not express td tomato (B), whilst there was no hair cell loss post injection (C). D-F:
Otof”f Vglut3 cre*/- mice injected at P10 had reduced expression of otoferlin in their IHCs (A)
and all IHCs expressed td tomato (E). F: juxtaposed otoferlin and td tomato labelling shows
the IHCs that did not express otoferlin appear red, whereas IHCs that still express otoferlin
appear yellow. G-l: Control mice did not lose the expression of otoferlin in the IHCs when
injected at P14 (G & 1) and did not express td-tomato in any cells (H). J-L: fewer IHCs lost the
expression of otoferlin when Otoff Vglut3 cre*/ mice were injected at P14 (J & L) and all IHCs
expressed td-tomato (K). M-0: control Otof#! Vglut3 cre”- mice injected at P21 did not lose
expression of otoferlin in IHCs (M &O) or express td tomato (N). P-R: Otof”f Vglut3 cre*- mice
injected at P21 had very few IHCs that lost the expression of otoferlin four weeks post

tamoxifen injection (P &R) and not every IHC expressed td tomato (Q). Scale bar: 20um



Page |131

It was determined that two tamoxifen injections starting from P10 resulted in the greatest
reduction of otoferlin expression in IHCs from Otof”f! Viglut3 cre*- mice. Following this, to
characterise the earliest time point that IHCs had reduced otoferlin expression post injections,

immunolabelling was performed from one to four weeks post injection.

Figure 4.2A-C show control Otoff' Vglut3 cre”- mice one-week post injection, with all the IHCs
expressing otoferlin (Figure 4.2A) and not expressing td tomato (Figure 4.2B), whilst also
showing there was no loss of hair cells caused by tamoxifen injections (Figure 4.2C). Otof/f
Vglut3 cre mice that were immunolabelled one-week post injection showed that a few IHCs
did not express otoferlin (Figure 4.2D & F), whilst td tomato was expressed in all IHCs after
one week (Figure 4.2E). Mice that were left for two weeks showed that more IHCs had lost
otoferlin (Figure 4.2G& |). Interestingly, the Otoff! Vglut3 cre*/- mice that were left for three
weeks post injection seemingly had fewer IHCs that had lost otoferlin compared to two weeks
(Figure 4.2) & L). From this it could be suggested that the knockout rate of otoferlin did not
increase in a linear manner. However, four weeks post injection revealed that seemingly over
a third of the IHCs in the apical coil did not express otoferlin when Otof# Vglut3 cre*- mice
were injected at P10 (Figure 4.2M & O).
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Figure 4. 2. Otoferlin is progressively knocked out of IHCs after two tamoxifen injections
from P10.

A-O: maximum intensity projection images taken from confocal z-stack images of the apical
coil of the cochlea. Immunolabelling was performed from one to four weeks post two
tamoxifen injections from P10 with a 24-hour gap. Antibodies against otoferlin (green) and
myo7a (blue) were used to visualise the loss of otoferlin from IHCs and Myo7a was used as a
hair cell marker. Td-tomato (red) shows the expression the Vglut3 cre in the IHCs. A-C: IHCs
from control Otof”f! Vglut3 cre”- mice had no loss of otoferlin 1 week post injection (A) and
did not express td-tomato (B), in addition, no hair cell loss occurred post injection (C). D-F: a
few IHCs from Otoff' Vglut3 cre*/- mice showed a loss of otoferlin one week post injection.
G-I: an increasing number of IHCs from Otoff Vglut3 cre* mice had lost otoferlin expression
two weeks post injections. J-L: shows the IHCs that had lost otoferlin expression in Otof/
Vglut3 cre*- mice three weeks post tamoxifen injection. M-0: around half of the IHCs did not

express otoferlin four weeks post injections. Scale bars: 20um.
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The expression and knockout rate of otoferlin (data can be seen in Figure 4.1) was quantified
from the immunolabelling images. As all images were taken with the same microscope
settings, the images could be quantified to determine the knockout rate / reduction of

otoferlin in IHCs.

Figure 4.3A shows the pixel intensities for each IHC within the apical coil of the cochlea to
determine if there was a decreased expression of otoferlin within IHCs when the mice were
left for different lengths of time post injection. A one-way ANOVA revealed that the average
expression of otoferlin (Figure 4.3A) (pixel intensity) within each IHC significantly decreased
over time (F (1854) = 68.34, P = <0.0001, one way ANOVA), decreasing from 1491 (pixel
intensity) at one week post injection to 857.3 at four weeks (P = <0.0001, Tukey’s post-test,
one way ANOVA). Following this, the pixel intensities were normalised against the IHC with
the highest pixel intensity (strongest otoferlin expression) for each immunolabelling image
(Figure 4.3B). This was to encounter for the variability between animals and background auto
fluorescence in the images. Figure 4.3B shows that there was a significant decrease in the
expression of otoferlin in IHCs when the data was normalised (F (1854) = 50.99, P = <0.0001,
Tukey’s post-test, one way ANOVA). To determine whether an IHC had otoferlin knocked out
following tamoxifen injections, background auto fluorescence was measured for each image
in the OHC region, where otoferlin was not expressed, with this data also being normalised
to the IHC with the greatest pixel intensity. The background auto fluorescence was shown to
be consistently <10% of the normalised data, therefore, this was used as a criterion for
whether the IHCs had otoferlin knocked out and is indicated by the dotted black line at 10%

in Figure 4.3B.

Figure 4.3C shows the number of IHCs that had otoferlin knocked out post tamoxifen
injections using the criterion described above, compared to the total number of IHCs. This
data reveals the proportion of IHCs that had otoferlin knocked out increased when mice were
left for a longer period after tamoxifen injections. Surprisingly, the quantification reveals the
differences in knockout rates, as more IHCs had otoferlin knocked out two weeks post
injection compared to three weeks (Figure 4.3C). This difference may be due to variable
quality of tamoxifen injections. Moreover, Figure 4.3D shows the percentage of IHCs that had
otoferlin knocked out, which significantly increased as mice were left from either one to four

weeks (F (13) = 23.00, P = <0.0001, Tukey’s post-test, one way ANOVA). The percentage of
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knocked out IHCs increased from 2.03% at one-week post injection to 34.88% at four weeks

(P =<0.0001, Tukey’s post-test, one way ANOVA).
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Figure 4. 3. The conditional knockout rate of otoferlin from IHCs was not linear in tamoxifen
injected Otof/f! Vglut3 cre*/- mice.

A: the pixel intensities were measured for each IHC within the apical coil of the cochlea at
one, two, three- and four-weeks post tamoxifen injections to determine the expression of
otoferlin. B: pixel intensities were normalised to the brightest IHC for each image, accounting
for any differences in the auto fluorescence across images. C: the proportion of IHCs that had
no expression of otoferlin shown in relation to the total number of IHCs measured in the
apical coil of the cochlea. D: the percentage of IHCs that had otoferlin knocked out for one to

four weeks post tamoxifen injection. Numbers above the data are the number of IHCs (and
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mice) used for each time point (A-B), whereas the numbers above the data in C & D are the
number of mice used. * = P <0.05, ** = P < 0.01, *** = P <0.001, **** = P <0.0001. Averages

shown as means * SD.
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Figure 4.4A-D shows histogram plots of the normalised data from Figure 4.3B for each time
point post tamoxifen injection. Upon quantification a Kolmogorov-Smirnov test revealed that
the number of IHCs that had otoferlin knocked out was normally distributed at one-week post
injections (Figure 4.4A) (P = >0.1, Kolmogorov-Smirnov test). On the other hand, for two,
three- and four-weeks post injections the data was not normally distributed (all P = <0.0001,
Kolmogorov-Smirnov test). Overall, Figures 4.3 & 4.4 demonstrate that the rate of otoferlin
knockout from IHCs after tamoxifen injection was not linear, however, the greatest number
of IHCs that did not express otoferlin was four weeks post injections. Ultimately, even four
weeks post tamoxifen injection showed that the number of IHCs with otoferlin knocked out
was only around a third of all IHCs, indicating that the use of the Otof! Vglut3 cre”

tamoxifen inducible mice does not have a very good knockout efficiency.
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ing the distribution of IHCs that had otoferlin knocked out.

Figure 4. 4. Histogram plots show

A-D: histogram plots showing the distribution of IHCs from the normalised data. Dotted boxes

around the 1-10% bars shows the change in the number of IHCs that had otoferlin knocked

out at either one, two, three or four weeks post tamoxifen injection.



Page | 139

4.2.2. IHCs from otoferlin conditional knockout mice do not have a

return of axosomatic efferent innervation

Otof”f Vglut3 cre*’- mice had two tamoxifen injections from P10 and were left for four weeks
to allow otoferlin to be knocked out of the IHCs and after four weeks around 35% of IHCs had
otoferlin knocked out (Figure 4.3). To identify if there was a return of axosomatic efferent
innervation on IHCs from Otoff Vglut3 cre’ mice four weeks post injection,
immunofluorescence and multichannel confocal microscopy were used to label otoferlin, the
post-synaptic SK2 channels and the efferent pre-synaptic ChAT. Additionally, as a comparison
to see if a non-tamoxifen inducible cre (conditional knockout) driving the knockout of
otoferlin (Otoff Myo15 cre*”). A full knockout model for otoferlin was not used for these
experiments, as the rational for using the Otof#! VVglut3 cre*” mice in the first place was to

allow for postnatal innervation to fully mature before disrupting neurotransmitter release.

It was seen through immunolabelling performed by another lab member that otoferlin is
beginning to be lost from IHCs at P8 in Otoff! Myo15 cre* mice (Figure 4.5D-F) (Myo15 is
expressed in IHCs from P4) and is fully lost from IHCs at P16 (Figure 4.5J-L). On the other hand,
the IHCs from control Otof”f mice did not lose otoferlin at either P8 (Figure 4.5A-C) or P16
(Figure 4.5G-I). This indicates that a non-tamoxifen cre driver is much more efficient at

knocking out otoferlin and therefore could result in efferent re-innervation of IHCs.
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Figure 4. 5. IHCs from Otof"/f Myo15 cre*/- mice begin to lose otoferlin expression at P8
and is completely lost at P16.

(P16) Otof”" Myo15 cre”” (P16) Otof”” (P8) Otof"" Myo15 cre” (P8) Otof "

A-L: maximum intensity projection images taken from confocal z-stack images of the apical
coil of the cochlea. Antibodies against otoferlin (green) and myo7a (blue) were used to
visualise the loss of otoferlin from IHCs and Myo7a was used as a hair cell marker. A-C: IHCs
from control Otof# do not lose expression of otoferlin at P8. D-F: IHCs from Otoff! Myo15
cre*~mice begin to lose expression of otoferlin from some IHCs in a field of view (~11-12 IHCs
per field of view). G-l: at P16 IHCs continue to express otoferlin in control mice. J-L: IHCs from

Otof”f Miyo15 cre*/- mice have all expression of otoferlin knocked out at P16. Scale bars:

10pum.
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Figure 4.6A-C shows that IHCs from control Otof#! Vglut3 cre”- mice did not have otoferlin
knocked out and did not re-express SK2 channels. Figure 4.5B shows a zoomed in IHC
confirming that SK2 channels were not expressed, whereas Figure 4.5C visualises the IHCs
from Figure 4.5A but rotated on the Z, Y plane, allowing the spatial location of any SK2
channels to be seen. The process of zooming into a single IHC and rotating the IHC images
was applied to all images in Figure 4.5. Interestingly, Figure 4.6D-F revealed that IHCs that had
otoferlin knocked out from Otoff Vglut3 cre*” mice did not re-express SK2 channels. This
data suggests that disrupting the neurotransmitter release in IHCs does not result in a return

of axosomatic efferent innervation.

IHCs from control Otof”f mice at P50 did not have otoferlin knocked out of the IHCs and did
not express SK2 channels (Figure 4.6G-l). Like the tamoxifen injected Otof# Vglut3 cre*/ mice,
the IHCs from Otof”f Myo15 cre*’- mice did not express SK2 channels at P50 (Figure 4.6J-L).
From this data, it is likely that having a loss of otoferlin in IHCs does not drive the efferent re-
innervation of the IHCs. Together, with the data from chapter 3, it is more likely that efferent

re-innervation of IHCs is driven by impaired MET channels.
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Figure 4. 6. IHCs from otoferlin conditional knockout mice do not have a return axosomatic
efferent innervation.

A-L: maximum intensity projections of confocal z-stacks of the apical coil of the cochlea
(85um) at the 9-12 kHz region. IHCs were labelled for SK2 channels (green), otoferlin ((blue)
A-l) or DAPI ((blue) J-L) as well as the efferent terminal markers ChAT (red). A-C: IHCs from
control Otof”f! Vglut3 cre”- mice that were injected with tamoxifen at P10 and left for four
weeks did not lose the expression of otoferlin and did not express SK2 channels. D-F: some
IHCs from Otoff! Vglut3 cre*/- mice had otoferlin knocked out but did not re-express SK2
channels. G-I: IHCs from control Otof”f! expressed otoferlin at P50 and did not re-express SK2
channels. J-L: IHCs from Otof”f' Myo15 cre*- mice did not express otoferlin at P50, but did not
re-express SK2 channels. Scale bars for the left column images: 10um and for the middle and

right column images: 5um.
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4 .3. Discussion

In this chapter the characterisation of a tamoxifen inducible conditional knockout mouse
model for otoferlin was shown. The Otoff! Vglut3 cre* strain allowed for the temporal
control of when to introduce the Cre recombinase to the IHCs, providing scope for how losing

the expression of otoferlin at different time points during development could impact the IHCs.

This chapter has shown the initial steps taken to optimise the best age for tamoxifen
injections to achieve the greatest knockout efficiency in the Otof# Vglut3 cre*/- mice and if
the loss of otoferlin in IHCs induces a return of axosomatic efferent innervation. The overall
aim of this chapter was to try and further investigate what drives the mechanism of efferent

re-innervation in IHCs.

4.3.1. Tamoxifen injections from P10 induce the best knockout of

otoferlin in IHCs

Tamoxifen inducible Cre mice allow for the conditional knockout of the target gene at any age
chosen (Metzger et al., 1995, Feil et al., 1996, Feil et al., 2009), in theory this would allow for
the knockout of otoferlin in adult mice if desired, and is advantageous over non-tamoxifen
inducible Cre strains that take effect from the age at which the Cre driving gene is expressed
(eg P2-4 in a Myo15 cre strain). Injections were initially performed when the Otoff Vglut3
cre*-mice were P21, the age at which the innervation has fully matured during development
(Johnson et al., 2011, Johnson et al., 2013a, Johnson et al., 2019). Results in Figure 4.1P-R
show that very few IHCs lost the expression of otoferlin four weeks post tamoxifen injections
and not all the IHCs expressed the Vglut3 cre. It is possible that as the mice get older the
cochlea environment becomes more mature and the Cre expression is not as efficient
compared to if the Cre was induced at earlier ages. Therefore mice were injected at P14, after
the onset of hearing at P12 and close to the age at which IHCs lose the axosomatic efferent
innervation during development (around P18-21) (Simmons et al., 1996, Glowatzki and Fuchs,

2000, Simmons, 2002).
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When Otoff vVglut3 cre*”- mice were injected at P14 (Figure 4.1J-L) all the IHCs expressed td-
tomato showing that the Vglut3 cre was expressed more efficiently when the mice were

injected at younger ages. However, only a few of the IHCs had otoferlin knocked out.

To determine if injecting Otoff' Vglut3 cre*/- mice earlier than P14 would lead to a greater
number of IHCs with otoferlin knocked out, mice were injected at P10. The data revealed that
seemingly more IHCs had otoferlin knocked out when mice were injected at P10 compared to
P14. Therefore, P10 was the age at which mice were injected at for the subsequent
experiments. Although more IHCs had a loss of otoferlin when mice were injected at P10,
ultimately, a relatively low number of IHCs (around 35%) had otoferlin knocked out four
weeks post injections. The rationale for using the tamoxifen inducible cre enabled for greater
flexibility when inducing a knockout of the desired protein, however, the data in this chapter
has revealed that in order to get a high efficiency, more optimisations would be required.
Furthermore, due to time restraints during the PhD, the mice were only left for four weeks
post injection and it may be that this is too short a time period to see a complete loss of

otoferlin from IHCs, as the protein may have a long half-life.

4.3.2. Progressive loss of otoferlin in IHCs following tamoxifen

injections

After identifying the best age for tamoxifen injections to be performed at, the next step was
to investigate any variability in the length of time mice were left before being used for
experiments. To investigate this, mice were left for one-four weeks after tamoxifen injections
before immunolabelling was performed and quantified. As mentioned above, due to time
restraints mice were not left longer than four weeks. The results in Figures 4.2 & 3 show that
the conditional knockout of otoferlin from IHCs did not take place in a linear manner.
Disparities were seen when comparing the two- and three-week post injection age groups, if
the knockout rate of otoferlin was linear then the reduction in expression would be expected
to decrease progressively from each age group, whilst the number of IHCs that had otoferlin
knocked out would progressively increase during the same age groups. However, Figure 4.3A-
D showed that at three weeks post tamoxifen injection there was not a significant difference

in the number of IHCs that had otoferlin knocked out compared to at two weeks (P = 0.39,
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Tukey’s post-test, one-way ANOVA) (Figure 4.3D). To confirm these suggestions, it would
require a greater number of mice to be used per condition to allow for the differences to be

accounted for, before making definite conclusions on the knockout rate of otoferlin.

Currently, most literature reports that the difference in tamoxifen concentration induces
large changes in target gene expression in different tissues, such as cardiac, epidermal, bone
and in immune cell populations (Indra et al., 1999, Sohal et al., 2001, Zhang et al., 1996, Zhong
etal., 2015, Chin et al., 2020, Donocoff et al., 2020). Moreover, some studies have successfully
demonstrated that tamoxifen inducible conditional knockouts can be used to target the IHCs
successfully (Zhang et al., 2012, Zhao et al., 2014). One study has utilised tamoxifen inducible
Vglut 3 cre mouse lines to study the cochlea. This aim of the study was to induce an IHC cell
specific knock-ins, and they reported that an increased number of IHCs expressed td tomato
reporter lines when tamoxifen injections were performed at different ages (P2, P10, P30),
with greater percentages reported compared to data from this chapter (Li et al., 2018). The
differences between this study and the data reported in this chapter may be that tamoxifen
inducible cre lines may be more efficient at producing knock-ins as opposed to knockouts.
Additionally, very few studies have quantified the knockout rates of target genes after

tamoxifen injections in different tissues.

There are multiple reasons as to why there was a different knockout rate in the IHCs from
Otof"f! Vglut3 cre”- mice at two- and three- weeks post injection. The first possibility could
be down to a technical error during intraperitoneal injections, or if the tamoxifen had not
been prepared efficiently, ensuring that all the tamoxifen had been sonicated and dispersed
properly into the corn oil. However, other reasons for the knockout rate being variable and
not linear could be down to how the tamoxifen would be expressed within the IHCs, it could
be that IHCs located at different regions of the cochlea would have different metabolic
demands and require more blood supply, which could potentially induce a faster rate of
knockout compared to IHCs with a lower metabolic demand. When qualitatively examining
any differences in the regions of the apical coil of the cochlea, there did not appear to be any
preferential knockout of IHCs at either lower or higher frequencies of the apical coil (Figure
4.2). It would be informative in future studies to see if the knockout rate of otoferlin varies
between the base and apex of the cochlea, similar to how the base develops around two days

earlier than the apex (Mann and Kelley, 2011).
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Comparing the knockout of otoferlin in the Otof' Vglut3 cre*/- mice compared to Otof//
Myo15 cre*’- mice revealed that non tamoxifen cre drivers had a greater rate of otoferlin
knockout, as well as a greater efficiency. As IHCs from Otoff! Myo15 cre*- mice had a
complete loss of otoferlin by P16 (Figure 4.5G-l), it can be concluded that the tamoxifen
inducible cre line has many positives in theory, however, the Myo15 cre is a better conditional

knockout mouse model for otoferlin.

Furthermore, the data in this chapter is very preliminary, with only immunofluorescence
experiments performed. Electrophysiology is essential to test the functionality of the IHCs and
corroborate whether the immunolabelling images showing a loss of otoferlin expression is
related to a physiological change in exocytosis. Unfortunately, due to time restraints these
experiments were not able to be performed and need to be performed in the future. As there
is a differential knockout rate of otoferlin in the Otof#! Vglut3 cre*/- mice, with some IHCs
showing a complete knockout, whereas others show a reduced expression of otoferlin. From
this, it could be postulated that the IHCs would have multiple variable physiological

phenotypes, depending on the amount of otoferlin that is knocked out.

Future work could also be to use molecular biology techniques to investigate the expression
of otoferlin. For example, western blots and reverse transcription quantitative polymerase

chain reactions (RT-gPCR) could be used to support the immunolabelling data.

4.3.3. The return of axosomatic efferent innervation on IHCs was not

seen in otoferlin conditional knockout mice

Currently the return of axosomatic efferent synaptic contacts on IHCs has only been seen in
age-related hearing loss mouse strains (Lauer et al., 2012, Zachary and Fuchs, 2015, Jeng et
al., 2021) and mouse models with dysfunctional MET channels (Corns et al., 2018). Here, it is
shown in two different otoferlin conditional knockout mouse models that the axosomatic
efferent innervation did not return to IHCs. In the tamoxifen inducible Otof”f! Vglut3 cre*”
mice no expression of SK2 channels was seen in immunolabelling data four weeks post
injection in IHCs that had otoferlin knocked out (Figure 4.6D-F). As mentioned previously, the
lack of SK2 re-expression may be because leaving the mice for four weeks post injection was

not a long enough period of time, and it may be necessary to leave it for longer in future
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experiments. Secondly, in the Otof"f' Myo15 cre* conditional knockout of otoferlin there was
also no expression of SK2 channels in IHCs at P50 (Figure 4.6J-L). As the IHCs Myo7d™f Myo15
cre*- mice showed re-innervation from P24 onwards but the Otoff' Myo15 cre*/- mice did
not show any re-innervation, it could be suggested that the loss of otoferlin is not sufficient
to induce the re-innervation of IHCs and dysfunctional MET channels are what drives the re-

innervation.

As mentioned above, no electrophysiology data was gathered for this chapter, therefore it is
currently not known if the Otoffl Vglut3 cre*- mice have exocytosis release. Likewise,
electrophysiology experiments would need to be used in the future to consolidate the
immunofluorescence findings that there was no re-expression of SK2 channels or axosomatic
efferent synapses. For example, perfusion of 40mM (high K*) KCI extracellular solution and
100uM acetylcholine could be used to confirm if there is expression a9a10 nAChRs or pre-

synaptic efferent terminals.

Currently most studies researching the role of otoferlin and consequences of it being lost have
been performed during development, demonstrating that otoferlin is essential for the
maturation of the afferent ribbon synapses in IHCs as well as exocytosis (Yasunaga et al., 1999,
Roux et al., 2006, Dulon et al., 2009, Heidrych et al., 2009, Johnson et al., 2009, Takago et al.,
2019, Stalmann et al., 2021). More recently there has been multiple studies exploring gene
therapies as an approach to alleviate the hearing loss that is seen in otoferlin knockout mice
(Akil et al., 2019, Al-Moyed et al., 2019, Rankovic et al., 2021), however, studies have not yet
used a tamoxifen inducible cre to study the effects of knocking out otoferlin at a later stage
of development. Additionally, mice with otoferlin knocked have profound deafness then
auditory brainstem responses should be recorded at one-four weeks post injection to
determine if the non-linear knockout of otoferlin in Otof”f Vglut3 cre* has elevated hearing

thresholds.
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Chapter 5 - Increased immune response in the cochlea

following the loss of Myo7a
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5.1. Introduction

The final results chapter of this thesis was a side project that was performed along with the
main focus of the study (Chapters 3 & 4). As mentioned briefly in the general introduction,
there is a wide scope forimmune studies to be performed within the cochlea and this chapter

explores one of the current gaps in cochlea immune research.

For many years there was a dogma within hearing research that the cochlea was an immune
privileged environment due to the presence of blood-labyrinth barriers (Juhn and Rybak,
1981, McCabe, 1989), however, this has since been disproven and revealed that the cochlea
has a population of resident immune cells (Hirose et al., 2005). Immune cells and
inflammation within the cochlea have been shown to have roles in both the physiology and
pathophysiology of hearing and hearing loss (Ma et al., 2000, Wang et al., 2003, Fujioka et al.,
2006, Keithley et al., 2008). In addition to resident immune cells, there are also monocytes
that have been shown to infiltrate the cochlea from the circulation after acoustic trauma
(Hirose et al., 2005, Tornabene et al., 2006, Tan et al., 2008), ototoxicity (Wang et al., 2003,
Ladrech et al., 2007, Sato et al., 2010, Hirose and Sato, 2011, Kaur et al., 2015) as well as in
induced hair cell death (Kaur et al., 2015) and these monocytes mature into macrophages.
Macrophages are the most common resident immune cell within the cochlea and have roles
in maintaining homeostasis and inflammation (Davies and Taylor, 2015, Ginhoux and
Guilliams, 2016, Hoeffel and Ginhoux, 2018). Macrophages achieve their protective roles by
detecting environmental changes and phagocytosing cells in the cochlea (Aderem and

Underhill, 1999).

Resident macrophages and immune cells are located in multiple areas within the cochlea,
predominantly the stria vascularis (Jabba et al., 2006, Ito et al., 2022), the spiral ganglion
neurons (SGNs) (Kaur et al., 2015) and the osseous spiral lamina (OSL) of the modiolus (Wake
et al., 2009, Hirose et al., 2017). Additionally macrophages are found in the basilar membrane
(Yang et al., 2015, Frye et al., 2017, Frye et al., 2018) beneath the sensory epithelium and
beneath the outer sulcus (Liu et al., 2018). However, in mice macrophages are only briefly
found in the organ of Corti at birth and degenerate rapidly during early postnatal

development (Hirose et al., 2005, Dong et al., 2018). It has been suggested that macrophages
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cannot survive in the endolymph, the fluid that the organ of Corti is found in, due to the high
potassium concentration (Warchol, 2019). Furthermore, macrophages have different
morphologies in the normal and damaged cochlea. Typically, in the healthy cochlea
macrophages have a ramified morphology (classified as a mature macrophage), with lots of
dendritic extensions sensing the local environment. However, in the damaged cochlea the
macrophages are often observed with an amoeboid morphology, which is because of
monocytes (immature macrophages) being recruited/infiltrating to the cochlea via the

bloodstream (Ladrech et al., 2007).

Macrophages role in inflammation has been explored in studies where cochlea insults
occurred, such as noise exposure (Mizushima et al., 2017, He et al., 2020, Rai et al., 2020),
ototoxic aminoglycosides (Wang et al., 2003, Ladrech et al., 2007, Sato et al., 2010, Hirose and
Sato, 2011, Kaur et al., 2015), inducing cell death via diphtheria toxin injection (Kaur et al.,
2015), ageing (Noble et al., 2019) and stress (Liu et al., 2018). What is more, macrophages
have been shown responding and inducing inflammatory responses after tamoxifen injections
induced the loss of OHCs (Xu et al., 2020). Studies have revealed that macrophages can either
induce pro-inflammatory responses or anti-inflammatory responses depending on the
chemokine and cytokine the macrophages release (Hough et al., 2022). Pro-inflammatory
cytokines such as interleukin-1pB (IL-1pB), interleukin-6 (IL-6), tumour necrosis factor-a (TNFa)
(Satoh et al., 2002, Fujioka et al., 2006, Keithley et al., 2008), as well as the chemokines
monocyte chemoattractant protein 1 (MCP-1/CCL2) and the fractalkine receptor (CX3CR1)
along with its associated ligand CXC3L1 (Sato et al., 2010) have all been shown to have their
expression levels increase temporarily after cochlea insults. Moreover, macrophages have
been implicated in protecting SGNs and help to reduce the degree of hearing loss, as shown
in studies when fractalkine expression was impaired (Kaur et al., 2015, Kaur et al., 2018, Kaur

et al., 2019).

Macrophage responses can also be seen in another form of inflammation, sterile
inflammation. Sterile inflammation occurs in the absence of infection and microorganisms
and is associated with intracellular contents of dying cells (damage-associated molecular
patterns (DAMPs)) being recognised by inflammatory signalling receptors (Chen and Nufiez,
2010, Rock et al., 2010, Shen et al., 2013). In addition to DAMPs there are pattern recognition

receptors (PRRs) that are activated by non-infectious stimuli and mediate sterile
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inflammatory responses (Chen and Nuiiez, 2010) by inducing macrophages to release pro-
inflammatory cytokines and chemokines (Frye et al., 2019). Toll-like receptor 4 (TIr4) is an
example of a PRR that interacts with the endogenous molecules of damaged tissues (Vabulas
et al., 2001) and upon binding to its ligands recruits adaptor molecules and activates multiple
aspects of inflammatory pathways. TIrd activates inflammatory responses via the NF-kB
signalling pathway (Zhang and Ghosh, 2001, Kawai and Akira, 2007). Additionally, it was
revealed that TIr4 is constitutively expressed in the cochlea and its levels increase after
acoustic insult or ototoxicity (Hirose et al., 2014), whilst Tlr4 has also been shown to be an
upstream regulator of cochlea immune and inflammatory responses (Patel et al., 2013, Cai et

al., 2014).

It is hypothesised that the Myo7d™"f Myo15 cre*- mice could be a potential model for sterile
inflammation and that the loss of Myo7a from IHCs and OHCs would result in an increased
expression of PRRs such as TIr4 which induces an inflammatory response within the cochlea.
To visualise whether Myo7a™# Myo15 cre*- mice had an inflammatory response after the loss
of Myo7a, the ionised calcium binding adapter molecule 1 (Ibal) (Imai et al., 1996, Okano et
al., 2008) was used to label for the presence of macrophages. Ibal is widely used in the
literature to label for macrophages and microglia as it recognises both amoeboid and ramified
macrophages (Fujioka et al., 2006). The findings from this preliminary project would reveal
whether sterile inflammation can be triggered by genetic mutations in the cochlea and would
open up new approaches to study inflammation, as well as to investigate if the inflammation
is progressive, as opposed to a short-lived response to cochlea trauma. Currently there has
been no literature reported on sterile inflammation in knockout mouse models of deafness in

the cochlea and these findings would be the first reported observations.



Page | 153

5.2. Results

5.2.1. Changes in the number of macrophages in the cochlea after the

loss of Myo7a

Immunofluorescence and confocal microscopy were used to image the apical coil of cochlea
from Myo7a™f Myo15 cre*- and littermate control Myo7d™f mice at multiple ages following
the loss of Myo7a and after the return of axosomatic efferent innervation returned to IHCs.
The macrophage cell marker Ibal was used to visualise the immune response in the apical
coil of the cochlea and Myo7a was used to label the hair cells in control Myo7d™"# mice as this

would label both amoeboid and ramified macrophages.

Figure 5.1A shows the population of resident macrophages in the adult cochlea at P28, with
the macrophages having a ramified morphology and located in the OSL as well as the outer
sulcus regions. The number of macrophages were counted using the Segment.Al (Nikon
Instruments) artificial intelligence that was trained on a subset of images, with each of the
macrophage morphologies manually defined (see methods). There was an increased number
of Ibal+ macrophages in Myo7a™f Miyo15 cre*/ mice at P28 (Figure 5.1B), particularly in the
OSL. Figure 5.1C & E confirmed that there was no change in the resident macrophages with
age in control Myo7d™f mice, as the Ibal+ macrophages appeared the same at P50 (Figure
5.1C) and P70 (Figure 5.1E) compared to P28 (Figure 5.1A). On the other hand, Figure 5.1D
shows that the expression of Ibal+ macrophages seemingly remained elevated at P50 in
Myo7a™f Myo15 cre*/- mice. Interestingly, some of the macrophages in the outer sulcus had
an amoeboid morphology, which indicates that some monocytes were infiltrating the cochlea.
In P70 Myo7a™" Myo15 cre* mice, there was an apparent increase in the number of
amoeboid macrophages present in the outer sulcus region, as well as many macrophages in

the OSL (Figure 5.1F).

A two-way ANOVA revealed that there was an age and genotype interaction that influenced

the number of macrophages present in the apical coil of the cochlea (F (5) =20.85, P=0.0037,
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two-way ANOVA). Moreover, there was a significant increase in the number of lbal+
macrophages in the cochlea at both P50 and P70 in Myo7a™f Myo15 cre”- mice when
compared to age matched control mice (P = 0.0013 & P = 0.0428, Sidak post-test, two-way
ANOVA, respectively).
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Figure 5. 1. The number of Ibal+ macrophages increase in Myo7a™/f Myo15 cre*/- mice with
age.

A-F: maximum intensity projection images of confocal z-stack images showing the apical coil
of the cochlea from control Myo7a™f and Myo7a™f Myo15 cre*/- mice. Macrophages were
labelled with Ibal (green), hair cells were labelled with Myo7a (red) or DAPI (blue) for
Myo7a™ Myo15 cre*-. A: resident macrophages in control Myo7a™f mice at P28 populate
the OSL and the outer sulcus and have ramified morphology. B: more Ibal+ macrophages
were in the OSL in Myo7a™f Myo15 cre*- mice at P28, with a ramified morphology. C & E: the
population of resident macrophages remains unchanged in control Myo7a™f mice at P50 and
P70. D: Myo7d™f Myo15 cre*”- mice had more Ibal+ macrophages at P50 compared to control
mice, amoeboid cells are seen in the outer sulcus. F: Ibal+ cells remained elevated in the OSL
and outer sulcus at P70 in Myo7a™f mice. G: the number of Ibal+ macrophages increased at
both P50 and P70 in Myo7a™f mice compared to age control mice at the same ages. The data
points indicate measurements taken from different cochleae, with the numbers above the
data points showing the number of mice used. Scale bars: 20um. Averages are shown as the

mean * SD.
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Figure 5.2A shows the resident macrophages in control Myo7d¢™f mice at 6 months remain
similar to at earlier ages (Figure 5.1A, C & E) and have a ramified morphology. However, due
to time restraints and availability of mice, this is only a qualitative observation. For

guantitative analysis there would need to be repeats for the older age groups.

Conversely, the number of macrophages remained elevated in Myo7a™f Myo15 cre*- mice at
6 months of age (Figure 5.2B). Figure 5.2B also shows an apparent decrease in the number of
amoeboid cells, suggesting that any amoeboid cells seen at P50 and P70 matured to have a
ramified morphology. Interestingly, at 9 months of age the control Myo7d"# mice had an
apparent (qualitative) increase in the Ibal+ macrophages cells (Figure 5.2C). Additionally, in
Myo7d™f Myo15 cre*/- mice that were 9 months of age, the population of Ibal+ macrophages
seemed to have decreased compared to 6 months (Figure 5.2D). Figure 5.2D also shows that
around half of the IHCs had died, indicating that it took around 7 months for the IHCs to die
after they malfunction. It would have been interesting to find the exact time at which the IHCs
begin to die, ideally, to visualise whether the macrophages are then responsible for
phagocytosing and removing the dying IHCs or infiltrating the organ of Corti. However, in
order to find the exact time point at which the IHCs die would require more repeats from
additional mice, and it is possible that there is variation with each mice depending on external

factors, or if the mice became sick.

As there was increase was seen in the number of Ibal+ macrophages in Myo7a™# Myo15 cre*
mice, the early onset age-related C57BL/6N were immunolabelled at 17 months, to determine
if there was a progressive increase in the number of macrophages with age. Surprisingly, there
was a small population of macrophages at 17 months of age in 6N mice, with most of the
macrophages seen in the outer sulcus and very few in the OSL (Figure 5.2E). Moreover, the
macrophages in the OSL did not have a particularly ramified morphology, whereas the cells
were not quite amoeboid either, therefore it may be that there is an intermediate
morphology that is observed here. The gene edited 6N-repaired mice were immunolabelled
at 18 months and had a population of macrophages that appeared similar to the resident
macrophages seen in control Myo7d™f mice (Figure 5.2F). Macrophages in 6N-repaired mice

were found in both the OSL and the outer sulcus and displayed a ramified morphology.
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Figure 5. 2. Differences in inflammation between aged Myo7a”/f Myo15 cre* mice and
aged 6N and 6N-repaired mice.

A-F: maximum intensity projection images of confocal z-stack images showing the apical coil
of the cochlea from control Myo7a™f and Myo7a™f Myo15 cre*/- mice. Macrophages were
labelled with Ibal (green), hair cells were labelled with Myo7a (red) or DAPI (blue) for
Myo7a™f Myo15 cre*-, apart from (D) at 9 months when otoferlin (red) was used to label
IHCs. A: the macrophage population within the apical coil of the cochlea at 6 months of age
in the control Myo7a™”f mice. Macrophages were ramified and populated the OSL and the
outer sulcus. B: macrophages are densely populated in the OSL and outer sulcus regions in
the cochlea of Myo7a™ Myo15 cre*- mice at 6 months. Most macrophages have a ramified
morphology in all regions of the cochlea and there were no amoeboid macrophages seen. C:
macrophages are found in the OSL and outer sulcus in control Myo7a™f mice at 9 months of
age, with cells having a highly ramified morphology. D: the macrophages are less densely
packed in the OSL and outer sulcus regions of the cochlea at 9 months of age and around half
of the IHCs had died at this age. E: macrophages do not densely populate the OSL in the early
onset age-related hearing loss 6N mice at 17 months of age. F: the resident macrophages
expressed in the OSL and outer sulcus in 6N-repaired mice at 18 months of age and the
expression of macrophages is similar to control Myo7a™f mice at 6 months of age (A). Scale

bars: 20um.
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5.3. Discussion

This chapter has investigated how the number of macrophages changes in the apical coil of
the cochlea following the loss of Myo7a in Myo7a™f Myo15 cre*/- mice. Macrophages are the
predominant resident immune cells found within the cochlea and have roles in homeostasis
and inflammation (Aderem and Underhill, 1999). Therefore, by investigating the changes in
macrophages this provided information as to whether a sterile inflammatory response

occurred after a loss of Myo7a.

5.3.1. Macrophages numbers increase with age in Myo7ad™f Myo15

cre*’- mice

The number of macrophages was seen increasing with age in Myo7d"f Myo15 cre*- mice
compared to control Myo7d™# mice (Figure 5.1). Although there were significant increases at
P35, P50 and P70, there was no significant increase in macrophages at P28 in Myo7a™f Myo15
cre*- mice. This is likely due to the statistics being underpowered, with an N of 2 not being
sufficient, and with an increase in N numbers this would improve the reliability of the
statistical findings at P28. It is plausible that even with more N numbers at P28 there may be
no statistical differences, if this were the case then it could be suggested that as the Myo7a™
Myo15 cre*/- mice only have slight threshold shifts and are not fully deaf, then this prevents

the heightened immune response.

For the quantification of the macrophage numbers, an Al was developed, which was trained
by offering the software multiple images, with each of the macrophage morphologies
manually defined. This was iteratively trained until the software would accurately identify
each type of macrophage, as well as distinguishing any that were overlapping / on top of each
other. The Al was the best method to quantify the macrophages, as manual counting would
not have been as accurate, however, the major limitation to the Al was that a region of
interest could not be defined and then accurately factored into the analysis. As macrophages
are commonly found in the OSL and outer sulcus, these would be two defined ROIs to be used
for each image, with a defined size and this would enable for accurate and reliable

comparison. Unfortunately, at the time the software could not allow this to be used, therefore
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the quantification was performed across the whole cochleae. Thus, as each cochlea dissection
is slightly different, some may have a larger area compared to others, which would then
impact the reliability of the quantification. In order to reliably quantify the number of
macrophages in the future, a method must be determined within the analysis software to

incorporate ROIs.

The macrophages were seen to have the typically ramified morphology at P28 (Figure 5.1B)
in Myo7a™ Myo15 cre*/- mice, which indicates that they were mature (Ladrech et al., 2007).
However, at older ages there appeared to be an increase in the number of amoeboid
macrophages (Figure 5.1D & F). It has been reported that macrophages with an amoeboid
morphology are infiltrating monocytes which then mature into macrophages with a ramified
morphology (Hirose et al., 2005). From this, it is possible that there was a delayed recruitment
of monocytes to the cochlea after the IHCs MET channels are dysfunctional and there was a
return of axosomatic efferent innervation. Previous studies have shown that the
inflammatory responses to either noise-induced or ototoxic cochlea insults had an elevated
number of macrophages for around two-weeks, after which the numbers returned to the
resident macrophage population (Hirose et al., 2005, Sato et al., 2010, Hirose et al., 2014,
Kaur et al., 2015). Interestingly, the number of macrophages remained elevated in Myo7d™"#
Myo15 cre- mice for up to 6 months after the loss of Myo7a (Figure 4.2B) which suggests
that there could be pro-inflammatory signals being released for up to 6 months. By 9 months
of age the number of macrophages in the apical coil of the cochlea appeared to have
decreased (Figure 5.2D) in Myo7a™f Myo15 cre*- mice, suggesting that after 6 months the
inflammatory response decreased. The reason for this decrease in the number of
macrophages at 9 months is not known, it may be that because there is some IHC loss there
is a reduced expression of the activating factor (potentially Tir4) stimulating the macrophage
response. However, due to time restraints the Tlr4 immunolabelling experiments could not
be performed to conclude this postulation. Additionally, more repeats would need to be done
at older ages to quantify the changes in macrophage numbers, to identify whether the

gualitative decrease seen in this chapter is representative.

The macrophages were investigated in the early onset age related hearing loss C57BL/6N mice
and 6N-repaired mice (Figure 5.2E & F). Interestingly, in 6N mice there were very few

macrophages seen in the apical coil of the cochlea, with the OSL having very few macrophages
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present (Figure 5.2E). On the other hand, the 6N-repaired mice had a population of
macrophages that appeared similar to control Myo7a™# mice at 6 months of age (Figure 5.2A).
Studies have investigated the macrophage changes with ageing and reported increases in the
number of macrophage in the cochlea (Noble et al., 2019, Seicol et al., 2022). Here, there are
discrepancies compared to the reported literature in that there was seemingly a decrease in
the number macrophages in the 6N mice at 17 months Figure 5.2E). It is possible that the
differences seen are due to different mouse models being used, as previous studies used the
‘good’ hearing strain CBA/Cal (Sha et al., 2008, Ohlemiller et al., 2010). Additionally, it may
be that using 17 month old mice was too long after the loss of hearing in these strains (which
typically have lost their hearing by 12 months (Mianné et al., 2016)) and the immune response
has already taken place and then declined, similar to the differences between the 6 and 9
month old Myo7a™f Myo15 cre*”- mice. Therefore, future experiments should also look at 12

months old 6N and 6N-repaired mice.

It was hypothesised that the Myo7d™# Myo15 cre*” mice could be a model for sterile
inflammation as there was no infection. In sterile inflammation it has been shown that PRRs,
which mediate inflammatory responses are activated (Rock et al., 2010). Tlr4 is an example
of a PRR, TIr4 is upstream of the NF-kB inflammatory pathway (Zhang and Ghosh, 2001), and
is constitutively expressed in the cochlea (Hirose et al., 2014). Additionally, TIr4 has been
shown to have an increased expression after ototoxicity and noise-exposure (Patel et al.,
2013). As the number of macrophages remained elevated at 6 months of age in Myo7d™f
Myo15 cre*” mice it is possible that PRRs such as TIr4 could have a prolonged increase in their
expression, resulting in the number of macrophages remaining elevated. However, due to
time restraints the investigation into changes in TIr4 expression with age in Myo7a™"f Myo15
cre*- mice could not be performed. However, it is hypothesised that the expression of Tir4
will increase by P50 and remain until 6 months of age and may be responsible for the

increased number of macrophages in the apical coil of the cochlea.
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5.3.2. Future directions for investigating macrophages in sterile

inflammation mouse models

There are multiple experiments that were not able to be performed in this study due to time
restrictions and due to the investigations being a side project. Techniques could be used to
corroborate the immunolabelling data, such as quantitative polymerase chain reaction (qPCR)
and real time gPCR (RT-gPCR). These techniques could identify if there are any changes in the
gene expression or RNA of PRRs in the control and Myo7a™f Myo15 cre*”- mice. If there were
to be changes in either PRRs such as TIr4 or other genes involved in inflammatory pathways
then RT-gPCR would reveal these, as well as being able to identify if there were any
differences between the strains. The RT-gPCR data could then be compared to already
published RT-PCR data that was performed in age-related hearing loss mice (Uraguchi et al.,
2021). By comparing this to the age-related data, it could be identified if sterile inflammation
in the cochlea has the same inflammatory pathways activated as in ageing, or if different
inflammatory pathways become activated. RNA sequencing could also be performed in these
mice at different ages, the advantage of RNA sequencing is that any changes in gene
expression would be identified using this technique, as opposed to having to create specific
primers for targets of interest in RT-qPCR. From this, it would enable the identification of a
wide range of immune pathways that could be activating the inflammatory pathway, if it were

to be that TIr4 is not instigating the response.

Secondly, future studies could be performed in multiple age-related hearing loss strains (6J,
6N), as well as the late onset hearing loss strain C3H/Hel to provide a better understanding
of inflammatory responses during ageing. It would also be interesting to compare this to other
conditional knockout strains, such as an Otoferlin knockout, to see if impairing the IHCs
neurotransmitter release could also be a model of sterile inflammation, or if it would only be

linked to impaired MET function.
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Chapter 6 - General Discussion
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The axosomatic efferent innervation returning to IHCs has previously been reported in early
onset age-related hearing loss strains and strains where the MET channel is dysfunctional,
amongst many other dysfunctions (Lauer et al., 2012, Zachary and Fuchs, 2015, Corns et al.,
2018, Jeng et al., 2021). To further our understanding of the mechanistic changes that take
place during the return of efferent innervation on IHCs, multiple conditional knockout mouse

models targeting different core regions of the IHCs were used throughout this study.

One conditional knockout targeted Myo7a, resulting in it being lost from IHCs and OHCs. The
absence of Myo7a from IHCs is detrimental to the MET channels in the hair bundles, resulting
in reduced MET currents and the IHCs return to an immature like state (Corns et al., 2018).
Additionally, the return of axosomatic efferent innervation was seen in Myo7a™# Myo15 cre*”
mice, taking place around P33 (Corns et al., 2018), which is significantly earlier than in age-
related hearing loss strains (after one year of age). Therefore, utilising the Myo7a™# Myo15
cre*/~ strain enabled the temporal mechanistic changes that take place as the efferent
innervation returns to IHCs to be investigated. Secondly, to identify if the disrupting the
neurotransmitter release from IHCs would result in the return of efferent innervation, the
tamoxifen inducible conditional knockout mouse model for otoferlin was studied (Otof/
Vglut3 cre* mice). Additionally, the non-tamoxifen inducible conditional knockout of
otoferlin (Otof"f! Myo15 cre*/") was also used during this study. Another conditional knockout
mouse model disrupting the MET channels was investigated (Ushic™ Myol15 cre*/), to
confirm whether the axosomatic efferent innervation would return to IHCs if any MET

dysfunctionality was present.

6.1. The return of axosomatic efferent innervation on IHCs is driven by

MET dysfunction

This study revealed that the return of axosomatic efferent innervation returned to IHCs in
Myo7d™f Myo15 cre*- mice from P24 onwards (Figure 3.2), which was 9 days earlier than
previously reported (Corns et al., 2018). Interestingly, the post-synaptic SK2 channels were
seen to be re-expressed in IHCs from Myo7d™f Myo15 cre*/- mice at P24, prior to the return
of the pre-synaptic efferent terminals. This finding supports the previous suggestion that the

IHCs are driving the return of the axosomatic efferent innervation, by re-expressing the post-
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synaptic machinery first. The responsiveness to ACh in the IHCs started to increase, whilst the
IHCs begin to consistently return to an immature-like profile after P32. Together, this data
indicates that the IHCs had an increased number of functional efferent synapses over time

that was concurrent with the cells changing their biophysical profile.

In the second conditional knockout mouse model affecting the MET channel, the Ush1c™#
Myo15 cre*/-, IHCs expressed SK2 channels at P21, whereas control Ush1d# mice did not
(Figure 3.9). These results propose two different possibilities relating to the efferent
innervation in this strain. Firstly, it could be that the innervation of IHCs in Ush1d"# Myo15
cre*- mice never matures properly. In development the axosomatic efferent innervation is
lost from IHCs around P18, at a time when the cells no longer respond to ACh or express SK2
channels (Glowatzki and Fuchs, 2000, Katz et al., 2004, Marcotti et al., 2004). Therefore, by
the Ush1df Myo15 cre*/ mice expressing SK2 channels at P21 it could be that the disruption
of the MET channel by knocking out the harmonin protein prevents the maturation of the
IHCs innervation. Alternatively, the Ush1c™f Myol5 cre*’- mice do have their innervation
mature correctly, and that the SK2 channels seen at P21 were being re-expressed as part of

the mechanism for the return of axosomatic efferent innervation.

However, when comparing the SK2 channel expression in Ush1c™# Myo15 cre”- mice at P21
compared to Myo7d™f Myol5 cre*’ mice at P24, the Ushicd” Myol5 cre*- mice had
colocalising SK2 channels with ChAT efferent terminals (Figure 3.9). On the other hand, the
SK2 channels expressed by IHCs from Myo7a™f Myo15 cre*/- mice at P24 did not colocalise
with efferent markers (Figure 3.2) and did not respond to perfusion of high K* solution. A
limitation of this conclusion is that only immunolabelling was performed in the Ushic"#
Myo15 cre*/- mice in this study, however, it is likely that performing electrophysiology at P21
would reveal that the IHCs respond to ACh and high K* as the SK2 channels colocalise with
ChAT in at this age. As SK2 channels have been shown to be re-expressed by IHCs prior to
efferent pre-synaptic terminals (Figure 3.2, (Jeng et al., 2021)), it can be postulated that the
SK2 channels expressed by IHCs in Ush1c™f Myo15 cre*/- mice at P21 is due to the improper
maturation of efferent innervation, as opposed to the return of axosomatic efferent
innervation. Further supporting this suggestion, it was reported by Corns et al., 2018 that the
IHCs from Ush1df Myo15 cre*- mice never developed mature IHCs biophysical profiles,

whilst their MET currents were abolished by P10, and the mice were shown to be deaf by P16.
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Together with the efferent synapse immunolabelling data shown in this thesis, it is likely that
the IHCs never mature their efferent innervation and the SK2 puncta seen at P21 are remnants

of the immature innervation as opposed to re-innervation. To

The return of axosomatic efferent innervation to IHCs was not seen in either of the otoferlin
conditional knockout strains (Figure 4.4). The tamoxifen inducible otoferlin knockout mice,
Otoff glut3 cre*/- mice, were left for four-weeks after tamoxifen injections at P10 and P11.
Throughout this time, about 35% of the IHCs had otoferlin completely knocked out, however,
the IHCs did not express SK2 channels, indicating there was no return of axosomatic efferent
synapses (Figure 4.4). It is possible that the re-innervation or re-expression of SK2 channels
could take longer than the four-week time period investigated here, however, this was unable
to be studied in this study due to time restraints. To determine whether the tamoxifen
inducible cre driver could have affected any potential return of efferent innervation, the
Otoff' Myo15 cre*/-mice were also studied. By using the Myo15 cre, the knockout of otoferlin
would be knocked out in a similar time frame as Myo7a and harmonin in the Myo7d"f Myo15
cre*-and Ush1c"f Myo15 cre*- mice. As shown in Figure 4.5, when the knockout of otoferlin
was driven by Myo15 cre the IHCs had otoferlin completely knocked out by P16, as opposed
to the differential knockout rate that was seen over a much longer time period in the
tamoxifen inducible strain. Additionally, by using the Otof' Myo15 cre*/ mice this would
reveal whether knocking out otoferlin at an earlier time point could induce efferent re-
innervation of IHCs. Interestingly, there was no expression of SK2 channels in Otof”f Myo15
cre”-mice at P50 (Figure 4.6). From this data it can be concluded that the return of axosomatic
efferent innervation on IHCs is driven by the MET channels becoming dysfunctional, and the
disruption of neurotransmitter release at ribbon synapses in IHCs does not result in the

efferent synapses returning to IHCs.

One of the major limitations to the otoferlin conditional knockout strains was that the
exocytosis and neurotransmitter release of the IHCs was never functionally tested using
electrophysiology during this study, due to time restraints. To make this conclusion stronger
it is essential to first confirm that the exocytosis was impaired in the otoferlin knockout
strains. Additionally, electrophysiology experiments would need to be performed to test
whether the IHCs from the otoferlin conditional knockout mice respond to local perfusion of

ACh, as well as if they respond when perfused with a high K*solution to stimulate ACh release
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from the efferent pre-synaptic terminal. These experiments would then provide more
evidence showing that the IHCs from otoferlin conditional knockout mice do not re-express

SK2 channels or become re-innervated by efferent fibres.

The finding that disrupting neurotransmitter release in IHCs does not result in efferent re-
innervation is surprising. It was hypothesised that disrupting the neurotransmitter release in
IHCs would result in the return of efferent innervation, similar to when the MET channels are
dysfunctional. These findings lead to more questions for future work: would the disruption
of other key processes in IHCs (such as knocking out Ca,1.3 channels) result in the return of
the efferent innervation? Moreover, would a constitutive knockout of otoferlin induce the
efferent re-innervation? This question was not investigated during this study as the rationale
for the experiments was to research the conditional knockouts for MET channel functionality
or neurotransmitter release. If a constitutive knockout of otoferlin did result in efferent re-
innervation, then this would be a very interesting finding and would require follow up
investigation. However, the constitutive knockout of otoferlin would first need be
investigated to ensure that the innervation of the IHCs matures properly in the absence of
neurotransmitter release. There have been studies to show that the afferent synapse
formation is affected during development in the constitutive knockout of otoferlin and this
progressively deteriorates with age (Stalmann et al., 2021). From these potential experiments
it could confirm whether the return of axosomatic efferent innervation in IHCs is driven
exclusively by the improper functioning of the MET channels, highlighting the crucial role of

these channels.
6.2. Efferent synapses return to IHCs prior to a loss of afferent synapses

This is the first study to show that the re-innervation of IHCs occurs prior to the loss of afferent
synapses (Figures 3.2, 3.7, 3.8). Previous studies have proposed that the re-innervation of
IHCs was possible due to the loss of afferent synapses which results in type | SGN afferent
fibre loss, leaving the LOC efferent fibres without any axodendritic synapses. This would
subsequently enable the LOC fibres to re-innervate the IHCs (Lauer et al., 2012, Zachary and
Fuchs, 2015, Corns et al., 2018, Jeng et al., 2021). However, the data in this study reveals that
the IHCs become re-innervated before they lose their afferent synapses. It is possible that the

re-innervation of the IHCs could accelerate the loss of afferent synapses. As the IHCs lose their



Page | 169

MET currents and return to immature phenotypes, there will likely be less stimulation of the
afferent synapse, and this is potentially why there is a loss of afferent synapses. However,
when the IHCs become re-innervated by the efferent fibres, with functional inhibitory
synapses, it could be that this exacerbates the loss of the afferent synapses. Additionally, this
data shows that the re-innervation of the IHCs can only take place after afferent fibre loss, as
it was proposed that there would not be space on the IHC for axosomatic efferent innervation
in the mature IHC (Lauer et al., 2012, Zachary and Fuchs, 2015, Corns et al., 2018, Jeng et al.,
2021). These novel findings are interesting and raise more questions as to whether the

efferent re-innervation of IHCs is a protective mechanism or not.

6.3. Is the returning efferent innervation a result of IHC and OHC

dysfunction, or IHC dysfunction alone?

There remain many questions relating to the returning axosomatic efferent innervation on
IHCs in both age-related hearing loss and in strains that have dysfunctional MET channels.
Currently, all studies that have seen the return of efferent innervation have MET channel
complications at some point, such as the Cdh23%" mutation in the early onset age-related
hearing loss C57BL mice, as well as in the Myo7a™ Myo15 cre*/- mice (Lauer et al., 2012,
Zachary and Fuchs, 2015, Corns et al., 2018, Jeng et al., 2021). Moreover, in all these studies
that demonstrated a return of axosomatic efferent innervation, both the IHCs and OHCs MET
channels became dysfunctional. This raises the question as to whether both the IHCs and
OHCs becoming dysfunctional is necessary for the return of axosomatic efferent innervation,
or if just the IHCs becoming dysfunctional would result in the returning innervation. In this
study, in the Otoff! Vglut3 cre*- mice there was not the return of axosomatic efferent
innervation on IHCs, in part this result could suggest that impairing the function of the IHCs
does not result in the return of efferent innervation. On the other hand, as it was shown that
disrupting the release of neurotransmitter in IHCs does not result in the efferent innervation
returning, future studies would be required to answer this question fully. The development
of a conditional knockout of Myo7a on an IHC specific cre driver (such as otoferlin cre or Vglut
cre) would result in dysfunctional MET channels, then, depending on whether the efferent
innervation returned to IHCs or not would inform us as to whether dysfunctional IHC MET

channels can induce the mechanism. An alternative approach could be to specifically
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knockout Myo7a only in the OHCs, to do this an OHC specific cre driver would be required
such as Prestin (or oncomodulin) cre. However, one of the studies using a prestin cre driver
to specifically target OHCs is tamoxifen inducible (Fang et al., 2012). The efficiency of this
tamoxifen inducible cre may be better than the Otof”f! Vglut3 cre*- strain used in this study,
however, it may be that the tamoxifen inducible cre lines do not result in re-innervation.
Ideally, a non-tamoxifen inducible OHC specific cre would be used for future studies to be

more comparative to this study.
6.4. Could neurotrophins be attracting efferent fibres to the IHCs?

Throughout development there are multiple neurotrophins that are involved with axon
guidance and establishing the correct innervation for the cochlea hair cells, two key
neurotrophins involved with efferent innervation are brain derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) (Ernfors et al., 1995, Tessarollo et al., 2004, Blakley et al.,
2020).

As the return of axosomatic efferent innervation on IHCs starts at about P24 in Myo7a"/f
Myo15 cre*/" mice, it is possible that these developmental neurotrophins become re-
expressed in order to guide the efferent fibres to the IHCs. As the IHCs re-express SK2
channels prior to efferent terminals contacting the IHCs, there may be an upregulation of NT-

3 and/or BDNF at a similar time as the re-expression of SK2 channels.

Studies have revealed that the expression of BDNF and NT-3 have been upregulated in the
cochlea to aid with the rearrangement of neuronal fibres in development (Wiechers et al.,
1999, Fritzsch et al., 2004), as well as after gene therapy to express BDNF or NT-3 in deaf mice
(Wise et al., 2010). Therefore, to investigate if the expression of BDNF or NT-3 changes during
the return of axosomatic efferent innervation, techniques such as RNA sequencing or RT-gPCR
could be used. If there were to be an increased expression of these neurotrophins then it
could be postulated that they are involved in attracting the efferent fibres to the IHCs during

the return of axosomatic innervation.
6.5. What role is inflammation playing in hearing loss?

Studies have shown that inflammatory responses are seen after multiple types of cochlea

insult, such as noise-induced, ototoxicity, diphtheria injections, ageing and stress (Wang et
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al., 2003, Hirose et al., 2005, Tornabene et al., 2006, Ladrech et al., 2007, Hirose et al., 2014,
Kaur et al., 2018, Hough et al., 2022). In these previous studies the inflammatory responses
and increased number of macrophages was a temporary response, which typically lasted two-
weeks. However, in the Myo7a™ Myo15 cre*”- mice there was an increase in the number of
macrophages that remained elevated until 6 months of age (Figure 5.1 & 5.2). The data
suggests that the increased macrophage response was delayed after the IHCs had
dysfunctional MET channels and the return of axosomatic efferent innervation. It would be
interesting to investigate if the PRRs that initiate the inflammatory pathways become
upregulated as the MET channels become dysfunctional, or as the efferent innervation
returns. Alternatively, as the inflammatory response is seemingly delayed, it could be that the
upregulation of PRRs might take place once the IHCs return to an immature like profile and
the mice are deaf. As macrophages have been shown to be protective within the cochlea
(Kaur et al.,, 2015, Kaur et al., 2018, Kaur et al., 2019), it could be suggested that the
macrophage response in Myo7a™f Myo15 cre*”- mice was a delayed attempt to limit damage

in the cochlea, as a result of sterile inflammation.

Moreover, if experiments identified if the return of axosomatic efferent innervation is driven
solely by IHC malfunction, or if both the IHCs and OHCs need to be malfunctioned for the
innervation to return, this could lead to future inflammatory studies. If dysfunctional IHCs
alone result in efferent innervation returning to IHCs, then it could be investigated to see if
the macrophage response is the similar to the response seen in Myo7a™f Myo15 cre*/- mice.
If the response was similar and the mechanism of sterile inflammation initiated the same
response, then it would demonstrate that the macrophages and inflammatory response in

the cochlea is highly sensitive and responds to the malfunctioning of the IHCs.
6.6. Future work

This study has furthered our current understanding of the mechanistic changes that are
driving the return of axosomatic efferent innervation in mice. However, there are
experiments that could be performed to consolidate the findings discovered. For example,
transmission electron microscopy could be performed in each of the conditional knockout
strains used in this study to confirm either the return of axosomatic efferent innervation, or

the lack of this innervation. One study that provided insight into the number of cochlea and
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vestibular efferent fibres was achieved by using retrograde tracing (Warr, 1975). Subsequent
studies have used the technique of tracing to determine how the innervation of the LOC and
MOC fibres changes during development (Simmons, 2002). Therefore, by utilising the tracing
techniques it would provide a definitive answer for whether it is the LOC or MOC fibres that
are responsible for the axosomatic efferent innervation on IHCs. This question has partly been
answered using immunofluorescence images to demonstrate that the LOC fibres are
responsible for the returning innervation in age-related hearing loss strains (Jeng et al., 2021).
There were limitations of this immunofluorescence imaging, in that there is no specific
antibody for LOC fibres, therefore, a combination of different fibre markers was used to reach
the conclusion that LOCfibres are responsible. Thus, by using tracing techniques this will allow
the previous data to be consolidated and confirm that it is the LOC fibres returning to IHCs,

or it would provide evidence that it is the MOC fibres responsible.

Currently all studies investigating the return of axosomatic efferent innervation have
depolarised the efferent pre-synaptic terminals using a 40mM KCl extracellular solution
(Zachary and Fuchs, 2015, Corns et al., 2018, Jeng et al., 2021). Future experiments could
stimulate the efferent fibre directly using an electrode, instead of local perfusion of KCl
solution, this would be more representative of in vivo stimulation. From this, any differences
could be informative as to how the efferent synapses work upon electrical stimulation, as

opposed to pharmacological stimulation.

There has been a focus on the changes to the peripheral auditory system for the return of
axosomatic efferent innervation, therefore, future work could be to investigate any changes
in different regions of the central auditory pathway. Regions such as the cochlear nucleus or
inferior colliculus could be the focus of studies. In these regions there are multiple areas for
potential research, such as investigating whether the inflammatory responses that are seen
in the cochlea in mouse models with MET channel dysfunctions are similar in central auditory
regions. It could be postulated that the microglia in the brain will respond to a changing
environment as the mice become deaf. Moreover, as the return of axosomatic efferent
innervation takes place in the cochlea, it could be that there are changes in the neurons and
neuronal connections within the cochlear nucleus or inferior colliculus. If there were to be
changes discovered, it would then be interesting to identify if any changes in the central

auditory pathway occur prior to the return of axosomatic efferent innervation on IHCs, or
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afterwards. Investigating the cochlear nucleus and inferior colliculus for inflammatory
responses and neuronal population changes could also be performed in the age-related

hearing loss strains that also have a return of axosomatic efferent innervation.
6.7. Conclusions

This study shows that the return of axosomatic efferent innervation on IHCs is driven by the
IHCs. The IHCs from Myo7d™f Myo15 cre*’- mice express the post-synaptic SK2 channels prior
to the return of the pre-synaptic efferent terminals (Figures 3.2, 3.3, 3.4). Concurrent with
the morphological and biophysical changes, the Myo7a™# Myo15 cre*- mice had progressive
hearing loss (Figure 3.5). It was also shown in this study that the return of axosomatic efferent
innervation is likely to be instigated by a loss of functional MET channels, but not when
otoferlin is knocked out from IHCs (Figure 4.6). Additionally, this is the first study to show that
the IHCs become re-innervated by efferent fibres before having a decrease in the number of

afferent synapses (Figures 3.2, 3.7, 3.8).

Although this study has provided further understanding of the mechanism of axosomatic
efferent innervation returning to IHCs, there are still important questions that are left
unanswered. Firstly, is the mechanism of returning efferent innervation an inherent
protective response from the IHCs upon the MET channels becoming dysfunctional?
Additionally, if the mechanism is a protective response, does it help prevent the hearing loss

that is seen, or does the returning efferent innervation actually exacerbate hearing loss?
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