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Abstract

Only in recent years has the potential for understanding the auditory system through
supporting cells been realised. Deiters’ cells are a type of supporting cell that are known to
play a role in cochlear homeostasis, outer hair cell development and postnatal cochlear
development. However, there have been limited number of studies that have recorded from
these cells during development. In this study, patch clamp techniques were used to
investigate the electrical properties of Deiters’ cells in rodents during a window of postnatal
cochlear development. Specifically, the effects of extracellular calcium and electrical
coupling between supporting cells were investigated. In some experiments, supporting cells
were isolated using the gap junction blocker, 1-Heptanol. This study showed that Deiters’
cells were not sensitive to changes in extracellular calcium. The findings from this study and
subsequent related studies will potentially improve our knowledge of developmental

hearing loss conditions.
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Chapter 1
Introduction



1.1 Hearing
Hearing involves detecting the air compressions that vibrating objects produce, allowing for

individuals to identify and recognise objects based on their sound and to communicate
(Dobie and Van Hemel, 2004). The peripheral auditory system transduces the air
compressions into neural-electrical signals, and this signal is analysed by the brain. For
example, what made the sound, or where the sound came from (Dobie and Van Hemel,

2004).

The peripheral auditory system consists of the external, middle and inner ear. The external
ear includes the pinna, which is the visible part of the outer ear and acts as a funnel to help
capture sound, as well as the ear canal and the tympanic membrane (Dobie and Van Hemel,
2004: Kollmeier, 2008). The middle ear comprises the three ossicles, which are the malleus,
incus and stapes, and the inner ear consists of the cochlea, which is both fluid- and tissue
filled, and is where sound transduction occurs (Figure 1) (Dobie and Van Hemel, 2004:
Kollmeier, 2008). Sound enters the ear via the pinna and moves into the ear canal, which
channels the sound to the tympanic membrane (Dobie and Van Hemel, 2004). The tympanic
membrane vibrates in response to sound, and this sound is conducted from the tympanic
membrane to the three ossicles, the last of which (stapes) vibrates the perilymph in the
cochlea via the oval window, which forms an opening to the vestibule of the cochlea

(Alberti, 2001).
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Figure 1: Diagram of the structures of the middle ear and inner ear.

Sound-induced vibrations are channelled to the tympanic membrane, which vibrates in
response. These vibrations are transmitted along the three ossicles: the malleus, incus and the

stapes. Figure adapted from (Blake and Sekuler, 2006).

The openings of the cochlea that form barriers between the middle ear and inner ear
(cochlea) serve important roles in middle ear and cochlear mechanics (Sten Hellstrom et al.,
1997). These openings are the round and oval window (Zhang and Gan, 2013). The round
window vibrates with an opposite phase to acoustic vibrations entering the cochlea through
the stapes at the oval window, allowing for vibrations to be transmitted along the cochlea

(Alberti, 2001). The cochlea vibrates in response to sound, and the movement of the fluid
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within the inner ear varies depending on the intensity, frequency, and temporal properties
of the stimulus(Dobie and Van Hemel, 2004). Movement of the fluid in the space between
the tectorial membrane and the reticular lamina indirectly deflects inner hair cell stereocilia,
which stimulates them, and causes the opening of mechanically gated ion channels, leading
to depolarisation. The shearing movement between the reticular lamina and the tectorial
membrane that is caused by sound-induce vibrations directly deflects outer hair cell
stereocilia (Geisler, 1998). Outer hair cells change their axial dimensions in response to this
stimulation (i.e. display electromotility) (Geisler, 1998), which leads to amplification or
dampening of the motion of the basilar membrane and therefore regulation of hearing

sensitivity (Ashmore, 1987; Feher, 2012).

The hair cells are responsible for converting the mechanical stimuli into neural-electrical
signals that are interpreted by the brain (Schwander et al., 2010). Important for regulating
the function of hair cells, the cochlea contains two distinct types of fluid, endolymph and
perilymph. Endolymph is essential for hearing and is unique when compared to other
extracellular fluids in having a high potassium ion concentration and low sodium ion
concentration. Perilymph exhibits a low potassium and high sodium concentration (Casale
and Agarwal, 2023). The functions of these fluids and where they are in the cochlea will be

expanded upon later in this introduction.

The Organ of Corti (OC) is the primary hearing organ and contains multiple sensory (hair
cells) and non-sensory (supporting) cell types (White et al., 2023). There are two types of

sensory hair cells within the inner ear, these being inner hair cells (IHCs) and outer hair cells
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(OHCs). OHCs amplify the motion of the basilar membrane in response to sound, while IHCs
act as the sensory receptors, with afferent input to the brain mostly stemming from IHCs
(Dallos, 1992) (Figure 2). The sensory hair cells are arranged in rows, with there being a
single row of IHCs and three rows of OHCs (White et al., 2023). These rows are separated by
groupings of supporting cells that support cochlear functioning by, for example, playing a

role in cochlear development and by maintaining cochlear homeostasis (Wan et al., 2013).

15
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Figure 2: Location and structure of the Organ of Corti.

(A) Sagittal cross section of the cochlea, showing the structures from base to apex as well as
the cochlear nerve. (B) Closer image of the structures surrounding the sensory structure
known as the organ of Corti (OC). (C) Schematic of the cochlea in section, showing the
fibrocytes located in the spiral ligament, the stria vascularis and basilar membrane- upon
which rests the OC. The OC is located within a cochlear compartment known as scala media
and rests on the basilar membrane. It is composed of two key sensory groups along its
epithelium: mechanosensory hair cells-outer hair cells and inner hair cells, and supporting
cells- the Claudius cells, Hensen'’s cells, pillar cells, Deiters’ cells and Boettcher cells. (D)
Magnified depiction of the OC cells. Figures adapted from (Furness, 2019) and (Runge-

Samuelson and Friedland, 2016).
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1.2 Hearing loss

According to the World Health Organisation, hearing loss is going to become an increasingly
prevalent issue, with 2.5 billion people projected to have hearing loss in some form by 2050,
and 700 million requiring treatment for hearing loss by the same year (World Health
Organisation, 2022). Moreover, estimates suggest that by 2035 over 13 million people in
England will be affected by hearing loss, which is equivalent to one in five of the population
(Cunningham and Tucci, 2017). Currently more than 1.5 billion people have hearing loss,
which accounts for almost 20% of the global population, with 80% of cases of disabling
hearing loss happening in low- and middle-income countries. At the time of writing, the
World Health Organisation reports that 430 million, or 5% of the world population, have
disabling levels of hearing loss, with one billion young people currently at risk of developing

hearing loss (World Health Organisation, 2022).

Some risk factors for developing hearing loss include persistent exposure to loud music or
sound, nutritional deficiencies, and genetic predisposition (World Health Organisation,
2022). The prevalence of hearing loss increases with age, with one third of people over the
age of 65 being affected by age-related hearing loss (Desai et al., 2001; World Health
Organisation, 2022). Within the UK population, around 40% of people aged 50 years old and
71% of people aged 70 years and older have some degree of hearing loss. With hearing loss
being the main cause of decreased life quality in those over 70, it is an issue that
desperately needs solutions (Vos et al., 2015). A summary of common mechanisms of

hearing loss is provided in (Table 1).
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Mechanism of hearing loss

Type of

hearing loss

Genetic «  Abnormal/ disrupted inner ear homeostasis due to, for example:

congenital mutations of gap junction protein encoders, mutations in genes that
code for maintenance of inner ear endolymph pH and ionic
composition and mutations affecting the morphology of the
stereociliary bundle of inner and outer hair cells

« Acquired congenital hearing loss via infant infection (Korver et al.,

2017)

Age-related « Inherited genetically

hearing loss

Caused by decline in number and quality of synaptic connections
present between the hair cells and auditory neurons

Noise-induced

Continuous exposure to damaging sound levels, resulting in pathologies
such as:

Decline in number and quality of synaptic connections present
between the hair cells and auditory neurons (Viana et al., 2015;
Liberman and Kujawa, 2017)

Changes in temporal and spatial resolution of hearing as well as
frequency selectivity, hearing sensitivity and can result in a hearing
defect known as tinnitus

Injury/
infection

Blast injury causing hearing loss through effects like tympanic
membrane perforation, rupturing of the connections between sensory
hair cells and the supporting cells on the basilar membrane etc (Choi,
2012)

Ototoxic drugs such as antimalarials and certain antibiotics (Ganesan
et al.,, 2018)

Table 1: Common mechanisms of hearing loss.
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1.3 Cells of the auditory system

1.3.1 Hair cells: Mechanotransduction
Hearing critically depends on the sensory hair cells (OHCs and IHCs) of the cochlea, within

the inner ear. The hearing process at the OC involves the shearing force generated by sound
stimuli to deflect of the hair bundles connecting the sensory cells and their over-laying
structure, the tectorial membrane, and subsequently the opening of mechanotransduction
channels. The mechanosensory hair bundle is formed by stereocilia located at the apical

domain of the hair cells (Figure 3) (Vélez-Ortega et al., 2017).

Each hair bundle consists of around 100 actin-filled stereocilia (Gillespie and Miiller, 2009).
Stereocilia bundles are arranged in a ‘staircase’ formation, in rows of graded heights- with
ciliary height ranging from 1 to about 6 micrometres (um) from the high-frequency cochlear

base to the low-frequency apex (Vélez-Ortega et al., 2017).

Stereocilia are interconnected by filament structures known as tip-links (Figure 3) (Pickles et
al., 1984). At resting state, there is tension on the tip-links, and this tension is modulated by
sound-induced deflection of the hair bundle- of which deflections control the opening of

mechanotransduction (MET) channels (Assad et al., 1991).
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Figure 3: The hair cell bundle and tip-link filaments.

(A) Schematic of the hair cell stereocilia bundle arrangement on the apical domain of the
hair cell body and the tip-links connecting the stereocilia in the direction of their mechanical
sensitivity. Figure adapted from (Wu and Muller, 2016). (B) Transmission electron
microscopy (TEM) image of a tip-link filament (arrow) connecting stereocilia of different
heights at the apical region of a guinea pig cochlear hair cell. The contact region found
between stereocilia is also shown (arrowhead). Figure adapted from (Hackney and Furness,

2013).

The tension on tip-links allows for hair cell bundles to respond to very small deflections
(Hacohen et al., 1989: Assad et al., 1991), increasing MET channel opening probability
(Corey and Hudspeth, 1979). MET channels, located on the tips of the shorter stereocilia

rows (Beurg et al., 2009) are non-selective cation channels formed of the proteins TMC1 and
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TMC2 (Pan et al., 2013), and exhibit a significant Ca?*permeability (Vélez-Ortega et al.,
2017), though the majority of the transduction current is carried by K* (Fettiplace and Ricci,

2006).

As well as mechanoelectrical transduction, the cochlea has the function of separating the
frequencies that comprise a sound stimulus, known as frequency tuning (Fettiplace, 2017).
Frequency tuning is critical for sound recognition and localisation (Fettiplace, 2020).
Different subsets of hair cells encode different frequencies of sound, and along the cochlea
the sound frequency the subsets of hair cells encode is graded in an arrangement called the
tonotopic map (Fettiplace, 2020). At the base of the cochlea, hair cells respond to high
frequencies of sound, while at the apex the hair cells respond to low frequencies (Warren et
al., 2016). In mammals, this tonotopic map is produced by graduation in basilar membrane
stiffness and mass along the cochlea (Naidu and Mountain, 1998: Teudt and Richter, 2014:
Emadi et al., 2004), whereby a sound frequency generates a travelling wave that peaks at a

specific location along the cochlear partition (Bekesy, 1960).

1.4 The supporting cells
Supporting cells of the cochlea include inner and outer pillar cells, Hensen’s cells, Deiters’

cells, Claudius cells and Boettcher cells (Li-dong et al., 2008) (Figure 2). Cochlear supporting
cell types each have a specific morphology and anatomical location within the OC (Raphael
and Altschuler, 2003). Supporting cells are important for the development, function and

maintenance of the inner ear sensory epithelia (Wan et al., 2013). In contrast to hair cells,
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which make contact solely with the luminal surface of the epithelium, supporting cells span

the entire depth of the epithelium (Wan et al., 2013).

1.4.1 Fibrocytes
Fibrocytes are embedded in the vascularised extracellular matrix of the spiral ligament,

localised within the lateral wall of the cochlea (Furness, 2019). They have a homeostatic role
within the cochlea, including in the development of the endolymphatic potential (Furness,

2019).

1.4.2 Hensen’s cells
Hensen's cells are found as a layer of tall cells arranged in several rows contacting the

cochlea basilar membrane (Merchan et al., 1980). The shape of the Hensen’s cells differ
depending on their position within the cochlea, varying from tall to cuboidal in shape
(Merchan et al., 1980), with a tapering width from the apical to basal surface (Li-dong et al.,
2008). Previous research has suggested that Hensen’s cells (and Claudius’ cells) may

function as macrophages (Hayashi et al., 2020).

1.4.3 Boettcher cells
Boettcher cells are located only in the basal portion of the cochlea (the lower turn of the

cochlea, which responds to high-frequency sound) and are found in rows based directly on
the vestibular surface of the basilar membrane (Henson et al., 1982). The cytoplasm of
Boettcher cells is dense and organelle-rich, relative to other SC types (Bruns and
Schmieszek, 1980). Very little is known about this supporting cell type (Cloes et al., 2013),

however specialised structures, such as microvilli that project into the intercellular space,
22



suggest a specific role within the cochlea (Kanazawa, A. et al., 2004). In rats, gap junctions
have been observed between Boettcher cells and neighbouring supporting cells, suggesting

that these cells may be involved in K* recycling into the endolymph (Cloes et al., 2013).

1.4.4 Pillar cells
Within the OC inner and outer pillar cells function to maintain the structure of the tunnel of

Corti- a space that upholds the structure of the OC. They provide this scaffold despite the
pressure that is formed by the movement of the OC during acoustic stimulation which puts
pressure on either side of the tunnel. Pillar cells are specialised for this role through their
distinct cytoskeletal filaments known as microtubule stalks (also expressed by Deiters’ cells
(DCs)) that support the hair cells and therefore allow for the OC to carry out
mechanotransduction (Slepecky et al., 1996; Wan et al., 2013). The first row of OHCs are
located directly adjacent to the outer pillar cells at the apical surface. The sensory
epithelium is anchored onto the basal lamina through the basal surfaces of pillar and DCs.
Commonalities in the functioning of pillar cells and DCs also includes that both cell types
have been suggested to influence frequency tuning (Geisler and Sang, 1995: Russell and

Nilsen, 1997: Tolomeo and Holley, 1997: Mellado Lagarde et al., 2013).

1.5 Deiters’ cells
Deiters’ cells are a type of supporting cell that are known to perform important functions

within the cochlea and will be the subject of this thesis. Deiters’ cell morphology and

function will be described in more detail below.
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1.5.1 Morphology
Deiter’s cells have an elongated body which spans from the basilar membrane to the

reticular lamina (Slepecky, 1996). The bases and apices of all DCs span the entire sensory
epithelium (Zetes et al., 2012). Deiters’ cells possess a straight phalangeal process, which
extends obliquely along the length of the cochlea and passes two or three OHCs (Li—dong et
al., 2008). Deiters’ cell bodies vary from 60—-50 um in length (Zetes et al., 2012). The apical
region of the DC is a thin phalangeal process or phalangeal ‘head’ that fills the space
between the OHCs by extending this branch-like process to the reticular lamina (Parsa et al.,
2012; Li—dong et al., 2008), forming tight junctions with the apical surface of the OHC (Dulon
et al., 1994). The mid-portion of the DCs are distinctly cup-shaped, and surround the base of

the OHCs (Figure 4) (Slepecky, 1996).
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Figure 4: Diagram of Deiters’ cell morphology (shown in grey).

Deiters’ cells exhibit a basal cone, which forms the cell's foundation and directly contacts
the basilar membrane. Also shown are afferent nerve terminals, the stalk-like structure of
the Dieter cell’s cytoskeleton, the phalangeal process, which extends to the reticular lamina,
and the cell body, which cups the base of an outer hair cell. Figure adapted from Engstrom

and Wersall (1958).

The cytoskeleton of the DCs extends from a conical structure contacting the basilar

membrane known as the basal cone, to the reticular lamina (Smith and Dempsey, 1957;
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Engstrom and Wersall, 1953). The cytoskeletal structure within the DC is mostly comprised
of long bundles of microtubules that are interdigitated with actin filaments (Saito and Hama,
1982; Slepecky, 1996; Angelborg and Engstrom, 1972), and the axis of the basal portion of

the DC cytoskeleton is alighed with the OHC it supports (Zetes et al., 2012).

Where the DCs and Pillar cells contact the basilar membrane is known as a ‘footplate’
(Angelborg and Engstrom, 1972). This ‘Deiters’ stalk’ cytoskeletal structure is unique to DCs
and Pillar cells (a supporting cell type observed to possess a similar structure) (Angelborg
and Engstrom, 1972). It has been noted that DCs possess relatively few organelles such as

lysosomes, mitochondria and rough endoplasmic reticulum (Zhixian and Yitong, 1988).

1.5.2 Variability in Deiters’ cell morphology
Depending on their location along the Organ of Corti, DCs present differential expression of

proteins. Nakazawa et al. (1995) described how DCs located at the extreme base of the
gerbil cochlea do not express actin and vimentin (another protein component of the
cytoskeleton), although the lack of these proteins may be due to the chemicals used in
staining not effectively being administered to the base of the cochlea. Furness et al. (2001)
found differences in the expression of the glutamate/aspartate transporter ‘GLAST’ in DCs,
with expression being higher in cells of the apical region than in the basal region in guinea
pigs. Differences in mitochondria of DCs in different regions have also been noted (Spicer

and Schulte., 1994).

There is some variability in the structure of the DCs lower limb, seen along the Organ of
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Corti- the first row DCs in the basal part of the mouse cochlea are positioned upright to a
higher degree than in the apex, and in more apical cochlear regions, the DCs appeared to be
more slanted (Parsa et al., 2012). The exact morphology and cell shape of a DCis
determined by the length of the OHC that it is attached to (Szlics et al., 2006; Laffon and
Angelini, 1996; Nakazawa et al., 1995; Spicer and Schulte, 1994). In an electrophysiological
study, Szlics et al. (2006) noted that the longer the DC shape, the larger the recorded
potassium current amplitude. It is yet to be determined as to what function this difference

could play in Organ of Corti functioning.

1.5.3 Deiters’ cells: OC location and function
There are three rows of DCs, which are there to support the three rows of OHCs present at

the sensory epithelium (Zetes et al., 2012) (Figure 5).
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Figure 5: Schematic diagram of the organ of Corti.

Organ of Corti schematic depicting the three rows of outer hair cells with the three rows of
Deiters’ cells that support them. This figure shows the phalangeal process of the Deiter’s cell
that extends to the reticular lamina and the lower limb of the Deiters’ cells, which end in
Deiters’ feet that contact the basilar membrane at a very close range. The location of the
Pillar cells, an important supporting cell of the OC is also depicted. Figure adapted from Para

et al. (2012).

Deiters' cells are mostly immersed in the cochlear perilymph, while the apical membrane of
the phalangeal process is exposed to endolymph (Chung et al, 2013). Deiters’ cells as
supporting cells are known to perform critical functions within the cochlea, including some
involvement in transducing basilar membrane motion into reticular lamina motion,
transmitting the forces generated by OHCs to the basilar membrane (Parsa et al., 2012) and

acting as mechanical equalisers to the forces of their respective OHCs (a cell type they are in
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direct contact with) through passively regulating cell stiffness (Zhou et al., 2022). Deiters’
cells have been found to clear cellular debris following the death of neighbouring OHCs
(Abrashkin et al., 2006; Forge, 1985; Taylor et al., 2008). Moreover, there is evidence for a
role of DCs in hearing sensitivity, as when the inner ear is exposed to a loud sound the third
row DCs, along with other OC cells (including OHCs and Hensen’s cells) form a protective
response by gradually, over a few hours, moving closer to the centre of the cochlear turn.
This reduces sensitivity to the potentially damaging sound (Flock et al., 1999). Deiters’ cells
are also critical for cochlear development, and without DCs present during development,

hearing is drastically impaired (Mellado Lagarde et al., 2013).

1.6 Development of the auditory system

Research on hearing development in humans comes from evidence derived from those
individuals with congenital mutations that affect hearing (with hereditary hearing loss

accounting for over 50% of all congenital sensorineural hearing loss cases (Egilmez and
Kalcioglu, 2016)), from neuroimaging techniques or histological postpartum labelling of

neural connections in cadavers (Litovsky, 2015), as well as from inferences derived from
studies on other vertebrates including the developing chick and rodents (Giraldez and
Fritzsch, 2007). Through the utilisation of single cell RNA sequencing on developing
dissociated human and mouse cochleae, Yu et al. (2019) found that the overall architecture
of the human and mouse cochlear cell populations were extremely similar, with them
showing similar populations of mesenchyme, epithelium, neural crest and developing hair
cells. It has also been found that the human and mouse cochlea epithelial floors show

similar developmental trajectories. These similarities were noted through observation of the
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similar expression patterns of genes involved in development shown in both the human and

mouse cochlea (Yu et al., 2019).

Yu et al. (2019) analysed how the life stages of the mouse and human align in terms of early
hearing development. The researchers were able to determine, through the comparison of
levels of expression of developmental marker genes, that human hair cells 15-weeks into
gestation correspond roughly to E16.5 mouse hair cells, that 17-week gestation human hair
cells correspond to E18.5 mouse hair cells, and 23-week gestation human hair cells equate
to past P2 in mice. The mouse is a good model for cochlear development in humans, as
despite the differences in timing of developmental events, there are no vast differences in
the characteristics of the events themselves (Yu et al., 2019). There has been extensive
research on auditory system development utilising mice as models, a developmental

timeline from which will be summarised in this section and in Figure 6.
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Figure 6: timelines of key developmental events.

Timelines of key developmental events that occur during embryonic (A) and postnatal (B)
auditory system development in mice. The guinea pig has been a commonly used model
animal for hearing research, with the depicted events occurring during auditory
development over a longer period- due to guinea pigs possessing a longer life span than
most other rodents. Most current hearing research utilises mice due to their shorter
developmental time course that reduces laboratory costs as well as the way they are

genetically tractable (Naert et al., 2019).
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1.6.1 Mouse auditory system development
Mouse hearing development occurs both pre- and postnatally (Walters and Zuo, 2013). The

inner ear is derived from the ectoderm and is the first of the three constituents of the ear to
form (the others being the external and middle ear). This ectoderm thickens and gives rise
to the otic placode at around embryonic day 8-9, which invaginates to form the otic vesicle
at E10.5 (Figure 7) (Hartman et al., 2015). Therefore, the otic placode is the first structure
that arises during the development of the auditory system. The elaborate structures of the
inner ear, as well as the ganglion that innervates its sensory organs, almost all arise from the

otic vesicle, which is a hollow sphere of epithelium (Morsli et al., 1998).
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Early otic lineage populations
of the mouse embryo

Otic vesicle ~E10.5

Figure 7: Locations of the otic placode and vesicle.

Schematic depicting the locations of the otic placode (above) and otic vesicle (below) on the
mouse embryo, with corresponding days into embryonic development. Figure adapted from

Hartman et al. (2015).

The otic vesicle later undergoing morphogenesis to form the inner ear labyrinth, which is
composed of the vestibular components (endolymphatic duct, semicircular canals, utricle
and saccule), and the cochlea (the auditory component) (Morsli et al., 1998). All OC cells are
thought to arise from a common prosensory progenitor population (Groves and Fekete,
2012). A proliferative phase of these relatively undifferentiated cells then begins.
Morphological evidence of hair cell differentiation is first seen throughout this period (Lim

and Anniko, 1985). This differentiation begins to rapidly decline in magnitude after E14.5 in
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mice (Groves and Fekete, 2012), with the putative sensory epithelium becoming visible
around E14 (Simonneau et al., 2003). This putative sensory epithelium tissue gives rise to

the sensory IHCs and is commonly known as “Kélliker's organ” (Figure 8) (Simonneau et al.,

2003).
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Figure 8: The immature Organ of Corti and Kélliker's organ.

Depiction of the mouse OC and Kolliker's organ at approximately 10 days old. (A) Schematic of
the OC in cross section. This figure shows the cells of Hensen (HC), cells of Deiters’ (DC), outer
hair cells (OHC), pillar cells (PC), inner hair cells (IHC) and cells of the Kolliker’s organ (KO). (B)

The same cells of the OC in surface view. Figure from (Dayaratne et al., 2015).

The Kolliker’s organ undergoes vast developmental changes from this embryonic stage

onwards to early postnatal development, eventually becoming the inner sulcus region of the
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OC (Dayaratne et al., 2014). From E14.5 to 18.5, following the rapid decline in progenitor
proliferation, there is a specification phase where multiple distinct lineages are specified (Yu
et al., 2019). Initially, sensory cells and non-sensory cells of the cochlea are indistinguishable
by visual observation, while nerve fibres invade the greater epithelial ridge (Pujol et al.,
1998; Majumder et al., 2010). From E16 onwards the putative sensory epithelium contains
the IHCs and OHCs, that are present as transcriptionally distinct cells (Wiwatpanit et al.,
2018)- the majority of sensory and non-sensory cells being formed during embryonic

development in the mouse cochlea (Lee et al., 2006; Ruben, 1967).

The sensory epithelium is made up of two domains at this point- the greater epithelial ridge
that contains the Kolliker’s organ, and the lesser epithelial ridge in the lateral portion of the
epithelium (Dayaratne et al., 2014). The cells that end up separating these two epithelia
later become the inner and outer pillar cells (Lim and Anniko, 1985). The OHCs originate
from the lesser epithelial ridge, while IHCs are theorised to develop from the greater
epithelial ridge (Simonneau et al., 2003). The supporting cells known as Hensen’s cells also
derive from the lesser epithelial ridge (Simonneau et al., 2003). Kola et al. (2020) observed
that transcriptionally unique classes of supporting cells are present as early as E16 in mice-
these being the inner pillar cells and inner phalangeal cells. Beyond E18.5 there was shown
to be a maturation phase, where cell gene expression continues to change, but cells retain

the identities assigned during the specification phase (E14.5 to 18.5) (Yu et al., 2019).

The first postnatal week in mice is thought to represent a critical window, after which, hair
cells cannot regenerate to the same degree following damage (Cox et al., 2014). Beyond

postnatal day (P)6, no new hair cell addition is seen during mouse cochlear development
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(Jan et al., 2013) and after P6-7 hair cells do not regenerate in response to damage (Cox et
al., 2014). The Ixn current in OHCs is still maturing between P9 and P12 (Marcotti and Kros,
1999). At P7, the cochlear sensory epithelium is not yet fully developed (Kolla et al., 2020).
During the first postnatal week, the mouse cochlea sees vast anatomical and structural
changes- for example, between P6 and 10 the tunnel of Corti opens and the spaces of Nuel
are formed (Kikuchi and Hilding, 1965). The spaces of Nuel being the spaces between the
bodies of the OHCs, and the tunnel of Corti consisting of the arch formed by the angled
phalangeal processes of the outer and inner pillar cells (Taylor et al., 2012). These structural
changes are dependent on maturation of microtubule bundles (Taylor et al., 2012).
Expression of gap junction proteins Cx26 and Cx30 show drastic changes during the
postnatal developmental period, with their expression increases rapidly and substantially
between P0O-P12 (Jagger and Forge, 2006). Both of these gap junction proteins are important
for the passage of a variety of small molecules between their intercellular channels as well
as other functions within the inner ear (Veenstra, 1996; Harris, 2001; Goldberg et al., 2004;

Valiunas et al., 2005).

1.6.2 Auditory system development: spontaneous action potentials
Refining of auditory circuits during development, prior to any external sensory experience,

critically depends on the firing of spontaneous action potentials or spiking activity (Kros et
al., 1998; Katz and Shatz, 1996; Blankenship and Feller, 2009; Feller, 1999; O’Donovan,
1999). Spontaneous action potentials have been found to occur in the auditory nerve during
the developmental stages prior to hearing onset (Gummer and Mark, 1994: Lippe, 1994),
and this activity originates in the cochlea (Tritsch et al., 2007: Lippe, 1994: Jones et al., 2001:

Jones et al., 2007). Spontaneous action potentials are present in sensory cells of the cochlea
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at pre-hearing stages (Kros et al., 1998: Tritsch et al., 2007), and direct auditory pathway

maturation through providing stimulation (Eckrich et al., 2018).

Throughout development, a group of supporting cells termed inner supporting cells
spontaneously release regular doses of a molecule called ATP (Babola et al., 2020). The
supporting cells detect their own ATP release through activation of their purinergic ‘P2RY1’
auto-receptors, and this initiates a metabotropic purinergic cascade that ultimately results
in release of K* from the supporting cells, IHC depolarization and subsequent burst firing of
the spiral ganglion neurons (SGNs) and auditory neurons (Babola et al., 2020). Currently, it is
not known whether DCs are also involved in the generation of developmental spiking
activity. Spontaneous action potentials in mouse IHCs can be observed as early as E16
(Babola et al., 2020), with this activity continuing until P12. Spiking frequency is at its highest

in mouse IHCs from P1-8 (Marcotti et al., 2003b).

Mouse hearing onset is at P12 (Mikaelian and Ruben, 1965) and development continues
after this age, in particular with the development of the endocochlear potential (Anniko,
1985). In mice, an initial potential is first seen at around P5, subsequently increasing in a
progressive manner until P18 when it reaches that seen in adult mice (excess of +100 mV)

(Sadanaga and Morimitsu, 1995).
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1.6.3 Deiters’ cells and auditory system development
Mellado Lagarde et al. (2013) found that selective ablation at PO of the Deiters’ and Pillar

cells had a marked impact on the postnatal development of the cochlea and subsequent

hearing ability in mice. The researchers found that apoptosis of OHCs began to occur at

around P14—P15, with remaining OHCs showed disrupted development. Because this study
ablated both Pillar and DCs, it is unclear exactly what subsequent abnormalities can be
attributed to which specific supporting cell type. Overall, DCs and pillar cells were found to
be vital for not only development, but also in performing critical roles within the cochlea.
For example, Mellado Lagarde and colleagues demonstrated that DCs and Pillar cells are

necessary for OHC survival and development of OC neural connections.

The importance of DCs in cochlear development was also found through previous research
that indicated that DCs (along with Pillar cells) change their shape during normal cochlear
development in a manner that is critical for the ability of the OC to transduce auditory
stimuli. Specifically, the DCs and pillar cells acquire slimmer columnar shapes through the
maturation of their microtubule bundles, forming phalangeal processes that lead to an
opening of the fluid-filled tunnel of Corti and the spaces of Nuel around the OHCs (Colvin et

al., 1996; Souter et al.,1997; Shim et al., 2005; Vater et al., 1997; Inoshita et al., 2008).

1.7 OC Physiology
1.7.1 lon homeostasis in the cochlea
The cochlea contains three fluid-filled compartments, known as the scala tympani and scala

vestibuli, which both contain perilymph (and consist of similar ion concentrations to the

body's extracellular fluid) and the scala media (Figure 9) (Table 2), containing the
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endolymphatic fluid (endolymph), which is similar to intracellular fluid ionic concentration

(Dobie and Van Hemel, 2004).

Figure 9: The fluid filled compartments of the cochlea.

The scala vestibuli (1) and the scala tympani (2) contain perilymph, which has a high
concentration of sodium (Na*) (140mM) and low concentration of potassium (K*) (5mM) and
calcium (Ca?*) (1.2mM). The scala media (3) contains endolymph, which is characterised by a
high K* concentration, a low Na* concentration, and a positive potential (+80mV) when
compared to the perilymph. Endolymph also shows a very low Ca?* concentration of 20-30

M. The Organ of Corti is bathed in endolymph. Figure adapted from (Delprat, 2016).
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Composition Perilymph Endolymph
Na*(mM) 140 1

K*(mM) 4-5 150
Cl-(mM) 110 130

Ca?* (mM) 1.2 0.02-0.03
Osmolarity mosm/I 290 315
Potential 0 80

pH 7.4 7.4

Table 2: Composition of the perilymph and endolymph.
The two contrasting compositions function to regulate potassium flow while saving energy,

since potassium ions enter hair cells passively from the endolymph across a concentration
gradient, as concentration within the hair cell is lower than in the endolymph. Furthermore,
potassium ions leave the hair cell passively via the perilymph, also due to a concentration

gradient (Delprat and Irving, 2016).

1.7.2 lon channels of the cochlea
lon channels are grouped into categories based on what process initiates their opening.

Voltage-gated ion channels, such as potassium channels, are regulated by changes in
transmembrane voltage (Kornreich, 2007). There are also ion channels regulated by the
binding of ligands (ligand-gated), as well as channels with other gating mechanisms such as
neurotransmitter-gated ion channels, ion-gated ion channels, nucleotide-gated ion channels
and mechanically-gated ion channels (Alberts et al., 2002). Ligand-gated and voltage-gated

channels both allow for the passage of ions, which is caused by ligand- or voltage-induced
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conformational changes in channel protein structure. This change in structure, whereby the
open channel allows ion passage, is referred to as activation (Kornreich, 2007) (Figure 10).
The ion channel is closed when the channel protein structure does not allow for ion passage
(referred to as the closed or inactivated state in relation to voltage-gated channels). The
transition from the open state to the inactivated state is inactivation, and the transition
from the inactivated state to the closed state is referred to as recovery from inactivation. It
is important to note that the closed and inactivated states of a channel involve different
conformational channel protein changes within the ion channel, despite both resulting in

preventing ion passage (Kornreich, 2007).

< deactivation O
C activation >

Figure 10: Channel conformational state transitions.

Schematic of gating transitions of voltage-dependent ion channels. Letters O, C and |
represent the open state, closed state and inactivated state respectively. Voltage-
dependent ion channels are expressed by excitable cells, these being potassium, sodium,

calcium and chloride channels. From (Karmazinova and Lacinova, 2010).
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In order for excitable cells to send impulses, the cells selectively change their permeability
to different ions through voltage-gated channels. Voltage-gated sodium, potassium and
calcium channels are composed of four main components. In the case of sodium and
calcium channels, these are four linked domains. These four components are arranged
surrounding a central pore that functions to conduct ions (Borjesson and Elinder, 2008).
Such voltage-gated channels are all activated by membrane depolarisation. Voltage-gated

channels possess activation and inactivation gates (Loussouarn and Tarek, 2021).

As of yet, only potassium currents have been studied in Deiters’ cells (Chung et al., 2013;

Nenov et al., 1998; Yang and Wang 2002). A summary of all channel types found on Deiters’

cells can be found in Table 3.
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Channel type

Channel name

Known function

Potassium
channel

Outward and inward
rectifying voltage-
gated K* channel

Of outward rectifying potassium channels:
Possibly to buffer extracellular K* between DCs and

OHCs or neural fibres (Yang and Wang, 2002).

Possibly to participate in the diffusion of K* from the

endolymph to the perilymph (Yang and Wang, 2002).

To restore DC resting potential after the cells have been
exposed to depolarising influences (Nenov et al.,

1998).

Of the inward rectifying potassium channel (Kir4.1):
To set the resting membrane potential and regulate
neurotransmitter release, as well as potassium
homeostasis critical to hearing and hearing

development (Chen and Zhao, 2014).
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Big Conductance
Ca%*-activated
potassium channel

Involved in hearing development (Pyott et al., 2004;
Kros, 2007). Hypothesised to have role in development
of cochlear organisation and hearing function following
P12 (age of mouse hearing onset)

(Sakai et al., 2011).

Cation
channels

ATP gated cation
channels (P2X2)

Permeable to Ca?* and Na* (Bean, 1992; Nakagawa et
al., 1990). This permeability is thought to allow DC
adjustment of tension applied to the OHC during
changing levels of sound (Chen and Bobbin, 1998).

Table 3: Summary of all known channels known to be present on Deiters’ cells.

1.7.3 Voltage-gated sodium channels
In the mature and developing cochlea, voltage-gated sodium channels are essential for

cochlear action potential generation and propagation. Voltage-gated sodium channels are

the first channels to open in response to depolarisation, allowing for the flow of sodium ions

across a concentration gradient into the excitable cell- with depolarisation being critical for

the transformation of electrical signals into an action potential (Hernandez and Richards,

2022). Voltage-gated sodium channels are transiently expressed in cochlear hair cells before

hearing onset, with all known subtypes of the channel being expressed in mouse cochlear

sensory epithelia before the onset of hearing (Zhou et al., 2019). The subtypes of the

voltage-gated sodium channels include nine Na,1 channel subtypes named Na,1.1 through

Na,1.9 (Chahine, 2018).
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It is theorised that multiple sodium channel variants play roles in spiking activity seen in the
pre-hearing cochlea, as these variants would be able to adapt to the unique physiological
environment the developing organ presents. A large Na* current (/na) expressed during
auditory system development can shape action potentials and to facilitate firing frequency
by speeding up the time necessary for the membrane potential to reach threshold (Eckrich
et al., 2012). Ina has been observed in IHCs from E16.5 onwards, and this current increases
in size significantly from PO (Marcotti et al., 2003a), regulating the frequency of spiking
activity (Eckrich et al., 2012). Ina shows steady-state inactivation, and its contribution to
spiking activity action potentials depends on the IHC resting membrane potential- which in
spontaneously active IHCs (PO—P7) has been found to be between -55 mV and -60 mV
(Eckrich et al., 2012). The resting potential of mature mouse cochlear hair cells is kept at

around -72mV (Oliver et al., 2003).

Voltage-gated calcium channels

Voltage gated calcium channels are expressed abundantly in the inner ear (Pangrsic et al.,
2018), and they are also potentially expressed on the DCs (Shen et al., 2006; Nenov et al.,
(1998), although Nenov et al. (1998) suggested a potential low density or complete absence
of them on DC membranes. Voltage-gated calcium channels activate upon depolarisation,

opening to produce a rapid intracellular calcium flux (Cooper and Dimri, 2022).

External and internal Ca?* regulates a multitude of diverse functions within the developing
and mature cochlea (Ceriani and Mammano, 2012). In the cochlea, Ca%* is an important
regulator of sound-independent spiking activity (which is mostly mediated by L-type Ca?*

channels that contain the Cav1.3 subunit) (Platzer et al., 2000: Brandt et al., 2003), which is
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critical to cochlear development (Eckrich et al., 2018: Burbridge et al., 2014: Marcotti et al.,
2003a). Moreover, Ca%*is one of the regulators of the MET current (Ricci and Fettiplace,
1998) and brings about a process known as MET current adaption (Mammano et al., 2007).
Intracellular Ca?*signalling also regulates synaptic transmission and modulates receptor
potential in the cochlea (Castellano-Mufioz and Ricci, 2014). Lastly, fine frequency tuning in
the non-mammalian cochlea occurs through an interplay between voltage-gated calcium
current and potassium current through neighbouring large conductance, calcium and
voltage-activated potassium (BK) channels (Lewis and Hudspeth, 1983; Art and Fettiplace,

1987; Hudspeth and Lewis, 1988).

Cochlear Ca?* homeostasis in the lymphatic fluids is essential for maintaining normal hearing
function (Ceriani and Mammano, 2012). The concentration of endolymphatic Ca?* is tightly
controlled at a level that is unusually low (0.017-0.133 mmol/I) (Salt et al., 1989). Several in
vivo studies have indicated that maintenance of low concentration of Ca* within the
endolymph is essential for normal hearing (Wood et al., 2004), including evidence that scala
media application of Ethylenediaminetetraacetic acid, which acts as a Ca?* chelating agent,
results in suppression of cochlear microphonics (Tanaka et al., 1979: Marcus et al.,1982). For
the hair cells, Ca?* influx through voltage-gated calcium channels supports the release of
neurotransmitter (Parsons et al., 1994; Beutner and Moser, 2001; Robertson and Paki, 2002)
and also functions to activate calcium-dependent potassium channels (Lewis and Hudspeth,
1983; Art and Fettiplace, 1987; Fuchs et al., 1988). Mature Ca2* concentration in the
endolymph is reached at P8 (Anniko and Wroblewski, 1981) and the strongly positive

endocochlear potential (Table 2) drives cations out of the endolymph and into the hair cells
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during mechanotransduction, and Ca?* is actively transported out of the endolymph (lkeda
et al., 1988; Wood et al., 2004). Disrupted cochlear CaZ* homeostasis is associated with the
pathogenesis of Méniere’s disease, a disease characterised by hearing loss, vertigo and
tinnitus (Koenen and Andaloro, 2023). Investigating the calcium dependence of Deiters’ cell
potassium currents therefore adds necessary novel knowledge to the understanding of how
Deiters’ cells might be affected in cases of pathologically disrupted CaZ* homeostasis within

the cochlea.

1.7.4 Voltage-gated potassium channels
Potassium ions and channels perform a variety of roles such as excitable cell functioning,

regulation of apoptosis, cell growth and differentiation (Grizel et al., 2014), and in the

cochlea they play a key role in the cochlea's response to sound.

Voltage-gated potassium channels in excitable cells are responsible for regulating cellular
excitability, with potassium channel opening causing membrane potential hyperpolarisation,
and their closing producing depolarisation and excitation (Edwards and Weston, 1995)
(Figure 11). Potassium channels are also responsible for the electrochemical gradient within
the cochlea that results in the passive flow of K* into cells (Zdebik et al., 2009). IHCs express
at least two different types of potassium channel, while OHCs express at least three (Kros

and Crawford, 1990).
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Figure 11: Voltage-gated potassium channel structure.

Voltage-gated potassium channels are tetramers, composed of subunits that consist of 6
transmembrane segments. The first to the fourth transmembrane segments form the
voltage sensor domain, and the fifth and sixth form the channel pore. Figure adapted from

Priest et al., 2008.

Changes in potassium ion conductance are key to the maturation of the postnatal cochlea
(Kros et al., 1998; Marcotti et al., 2003b). Helyer et al (2004) investigated mouse embryonic
expression of outward K* currents during hearing development in mouse embryos from E16
to birth. It was found that a conductance similar to /kneo (a slow outward K* current
expressed during the first postnatal week (Marcotti and Kros, 1999)) was present in basal

IHCs from E16, and in apex OHCs from E18 onwards (Helyer et al., 2004).

The appearance of lkneo is an important developmental stage within the first postnatal week

for IHCs and OHCs (Kros, 1996). Changes in ionic conductances also continue through earlier
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neonatal development. Marcotti et al. (2003b) noticed a distinct difference in the ionic
conductances recorded from OHCs during the first postnatal week compared to
conductances from P9 onwards. It was noted that before P9, when exposed to depolarising
voltage steps, OHC ionic conductances showed slowly activating and partially inactivating
voltage-dependent outward currents which were found to increase in amplitude over the
first postnatal week (Marcotti et al., 2003b). From P9 onwards the slowly activating outward
currents were still present in the mouse OHCs, but they did not show the same decay of
currents seen in recordings taken prior to this age (Marcotti et al., 2003b). In IHCs, /kneo
persists until around the age of hearing onset (P12) (Mikaelian and Ruben,

1965; Shnerson and Pujol, 1981), after which a faster component of the current develops
(Kros et al., 1998; Marcotti et al., 2003b). /knis a current that occurs after around P8-P9 in
mature OHCs that is characterised by instantaneous inward currents activated at the holding
potential and deactivates upon hyper-polarisation (Housley and Ashmore, 1992; Mammano
and Ashmore, 1996; Nenov et al., 1998). Ik contributes in part to the development of OHC

excitability (Marcotti et al., 2003b).

The K* concentration of cochlear endolymph in mammals is maintained at around 150 mM
(Wangemann, 2002). The endolymph has an endocochlear potential of +80 mV relative to
perilymph, which has a lower concentration of K* (5mM) (Bekesy, 1952; Hibino and Kurachi,
2006). The endocochlear potential is maintained by K* transport across the lateral cochlear
wall (Adachi et al., 2013). Fibrocytes and strial marginal cells (both cochlear supporting cell
types) contribute indirectly to the generation of the endocochlear potential, by maintaining

a low K* concentration in the fluid filled intrastrial spaces of the stria vascularis, and a high
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K* concentration in the intermediate cell cytosol (Wangemann, 2002). The stria vascularis is
medially located within the lateral wall of the cochlea (Raphael and Altschuler, 2003) and
made up of marginal cells, intermediate cells and basal cells (Furness, 2019). It is a heavily
vascularised structure and fulfils the same homeostatic functions as the fibrocytes (Furness,
2019: Liu et al., 2016) as well as being critical for maintaining the ionic gradients and

endocochlear potential (Hibino et al., 2009; Marcus et al., 1983; Salt et al., 1987).

Deiters’ cells, like other supporting cells, are not excitable. Excitable referring to a cell's
ability to signal via action potentials, generated through voltage-gated ion channels (Brady
et al., 2005). Rather, DCs express spontaneous inward currents, during which, DCs
depolarise from the cell resting potential (Ceriani et al., 2019). Deiters’ cells express voltage-
gated potassium channels and have been found to exhibit large outwardly rectifying K*
currents in response to depolarization (Zhao et al., 2000; Nenov et al., 1998; Chung et al.,
2013; Yang and Wang, 2002). Voltage-gated potassium channels in DCs have been theorised
to be involved in the diffusion of K* from the endolymph to the perilymph (Yang and Wang,
2002) and in restoring DC resting potential after the cells have been exposed to depolarising

influences (Nenov et al., 1998).

1.7.5 Calcium-dependence of the Deiters’ cell potassium current
Kv channels as a group make up the largest grouping of potassium channels- with a total of

twelve families (from Kv1 to Kv12) (Shah et al., 2006). There exist outwardly rectifying (Kv)

and inwardly rectifying (Kir) type voltage-gated potassium channels (Hibino et al., 2010). The
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Kir channels allow K* to move more easily into rather than out of the cell, while Kv channels
bring about the opposite effect (Hibino et al., 2010; Shah et al., 2006). Nenov et al. (1998)
found that the predominant voltage-dependent currents in DCs were outward rectifying and
K*-selective. Following on from Nenov et al. (1998), Yang and Wang (2002) characterised
potassium channel currents in DCs also, finding, through manipulating K* concentration in
the extracellular solution, that potassium channels were the primary channel contributing to

recorded DC currents.

Tetraethylammonium (TEA), which blocks voltage-gated potassium channels (Simmons,
2007), has been found to suppress outwardly rectifying currents in a concentration-
dependent manner in adult guinea pig DCs (Nenov et al., 1998). Furthermore, Sz(ics et al.
(2006) also found that at higher mM TEA concentrations, both components of the DC

outward current were inhibited significantly by the potassium channel blocker.

Chung et al. (2013) also found a TEA-sensitive current component in DCs. The researchers
observed Deiters’ cell ionic conductances when exposed to increasing concentrations of
TEA, and when exposed to the potassium channel blocker Clofilium, which blocks outward
rectifying potassium channels (Chung et al. 2013). The researchers hypothesised, based on
the presence of a TEA-sensitive current component, that voltage-gated potassium channels
Kv1.4 and Kv3.4 (Kv denoting voltage-gated potassium channel) are likely present on DCs
(Chung et al., 2013). This is due to these channels being particularly sensitive to block by

TEA, and the DCs showing sensitivity to exposure (Rudy et al., 1991).
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Moreover, further evidence for the presence of multiple voltage-gated potassium channels
on DCs was found by the researchers, in the finding that there was a biphasic time course of
inactivation, revealed through pharmacological separation (Chung et al., 2013). Nenov et al.
(1998) isolated the outward rectifying currents and attributed them to the Kv1.5 type
channel. Szlics et al. (2006) used Charybdotoxin, which is a blocker of voltage-dependent
potassium channels Kv1.2 and Kv1.3 and of high-conductance calcium-activated potassium
channels (Garcia et al., 1995). The researchers concluded, after finding a ChTx-sensitive,
relatively rapidly inactivating current component in DCs, that the channel responsible for
this current component was Kv1.3. This study is the only study of the three
electrophysiological DC studies that attributes a current component to the channel Kv1.3

(the other studies being Chung et al. (2013) and Nenov et al. (1998)).

Nenov et al. (1998) was an important seminal paper in many aspects, one of those being
that it was the first to examine the effect of the absence of external Ca%* on the outward K*
currents recorded in DCs. The researchers recorded outward currents from DCs in Ca%*-free
extracellular solution and found that almost half the cells presented a depolarising shift of
the resting potential and smaller potassium currents. The researchers also noted a change in
the current-voltage (/-V) curve of the cells in Ca?*-free external solution, where it was seen
that these cells exhibited a peak at a membrane potential of -60 mV while the rest of the

cells showed a linear I-V curve without such a peak.
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1.8 Aims and Objectives
There is currently a very limited understanding of the effect of extracellular calcium on DCs

throughout neonatal development (Wan et al., 2013; Mellado Lagarde et al., 2013).
Investigating the effect of changing extracellular calcium concentration on neonatal DC
potassium currents is important as disrupted calcium homeostasis in the inner ear is
associated with various pathologies, including Méniére’s disease (Koenen and Andaloro,
2023; Wood et al., 2004; Minakata et al., 2019). Moreover, understanding potential changes
in the effect of calcium on DC potassium currents on different days during neonatal
development would allow for the understanding of the development of DC potassium
currents throughout this important period of development, as in other cells of the auditory
system, namely the hair cells, the development of various potassium currents are key
developmental processes (Kros, 1996; Kros et al., 1998; Marcotti et al., 2003b). Moreover,
the first two postnatal weeks represent a critical developmental period as during this time,
some key processes occur, such as the maturation and pruning of OHC synapses and

spontaneous action potentials (Delacroix and Malgrange, 2015; Berekméri et al., 2019).

The present study will investigate mouse apical DC ionic conductances during a period of
neonatal cochlear development (from postnatal day [P] 6 - P10). The range of ages
examined are during a critical period of mouse postnatal cochlear development which
involves many key developmental events (Berekméri et al., 2019). lonic conductances will
be investigated using the patch clamp technique in null-Ca%* extracellular solution and Ca%*-
containing extracellular solution to investigate the sensitivity of DC potassium currents to
external Ca%*. Patch clamp recordings of potassium currents made in DCs and isolated by

gap junction blocker 1-Heptanol-containing extracellular solution will also be investigated.
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Finally, the potential effects of postnatal age on potassium currents investigations will be

established. Therefore, the aims of this study are:

1. To investigate possible changes in expression of calcium-modulated channels in mouse

DCs during a narrow window of neonatal cochlear development,

2. To investigate the effect of gap junction block/ DC isolation on recorded DC ionic

conductances during a narrow window of neonatal cochlear development,

This investigation will make an important contribution to literature on Deiters’ cells.
Moreover, with human and mouse auditory systems sharing similar cellular components

and developmental events, this research can contribute to understanding of hearing

development and therefore, potentially to the understanding of conditions that derive from

abnormal auditory system development.
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Chapter 2
Methodology



2.1.1 Ethics statement
All animal studies were performed in the UK and licensed by the Home Office under the

Animals (Scientific Procedures) Act 1986 and were approved by the University of Brighton

and University of Sussex Ethical Review Committees. Personal licence number: 135844177.

2.1.2 Tissue preparation
The mice were heterozygous for a recessive missense mutation in Gnall (D195G) (Source:

MRC Harwell Institute) and therefore phenotypically wild type. Apical coil DCs of WT mice
were studied in acutely dissected Organ of Corti, derived from animals of ages P6-P10,
where the day of birth (P0O) corresponds to E19.5. All mice were killed using Schedule 1
cervical dislocation. Organ of Corti dissection was carried out while the tissue was immersed
in normal extracellular solution (Table 4). The dissection consisted of removing the bone,
revealing the cochlea tissue spiralled around the modiolus. The modiolus and tectorial
membrane were then removed. The apical portion of the cochlea was cut away and
flattened under a holder. Increased magnification was used to identify the sensory
epithelium under the patch clamp, and Hensen’s cells were removed to reveal the DCs.
Apical coil preparations were then added to the microscope chamber, in a bath containing
extracellular solution components that depended on one of the two utilised experimental
procedures being carried out (Figure 12) (Figure 13). Deiters’ cells were identified under the
microscope through observation of their unique morphological characteristics and the thin

curved neck that is attached to the OHCs at their base and apex.
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High Ca?*- containing Null (0) Ca?* Normal extracellular
extracellular extracellular solution
Sodium 110 140 135
chloride
Potassium
. 5.8 5.8 5.8
chloride
Calcium 10 0 13
chloride '
M .
agnestum 0.9 0.9 0.9
chloride
Monosodium 0.7 0.7 0.7
phosphate
5.6 5.6 5.6
D-glucose
HEPES 10 10 10
Sodium 2 2 2
pyruvate

Table 4: Composition of extracellular solutions (in mM).
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Figure 12: Images of the cochlear tissue during dissection and at different magnifications.

(A) Mouse cochlear during the dissection, showing the cochlear tissue (apex and base labelled),
as well as parts of the modiolus that remained intact after dissection. The apical portion was cut
from the rest of the cochlea and used for patch clamp experiments. (B) The apical cochlear
tissue at 20X magnification, with the basilar membrane and various cells of the organ of Corti
visible. (C) The apical cochlear tissue at 40X magnification, showing the outer layer of the

Deiters’ cells that were approached with the pipette and recorded from in experiments.

59



Results Chapter Two

~ Unpaired

Figure 13: Flow diagram showing two experimental conditions

(A) Paired experiment that began with 2.5 ml of null-Ca?* extracellular solution in the
chamber, then 1ml of high Ca?* extracellular solution was added, forming a dilution of 4 mM
Ca?* overall. (B) Unpaired experiment that involved comparing the 4mM high Ca?*
extracellular solution condition with a condition comprised of high Ca?* extracellular
solution containing 5mM 1-Heptanol, forming a dilution of 3 mM 1-Heptanol and 4 mM Ca?*

in the extracellular solution (2.5ml).

The present study utilised two experimental procedures to investigate DCs. One of these
experimental procedures involved the OC tissue being transferred into a microscope
chamber bath containing ‘nominally zero’ Ca?* (null-Ca?*) extracellular solution (obtained by
omitting Ca%* from the extracellular solution, compensating for the reduced osmolarity
(Table 5), then making patch-clamp recordings before raising the extracellular solution Ca%*

concentration to 4 mM and continuing recording.
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The second experimental procedure involved an unpaired experiment in which patch-clamp

recordings taken in 4 mM Ca?* extracellular solution was compared with those taken in

extracellular solution containing 4 mM Ca?* concentration and 3 mM 1-Heptanol (Sigma

Aldrich) (Table 5).

1-Heptanol- containing extracellular solution

Components mM
Sodium chloride 140
Potassium chloride 5.8
Calcium chloride 0
Magnesium chloride 0.9
Monosodium phosphate 0.7
D-glucose 5.6
HEPES 10
Sodium pyruvate >
1-heptanol 5

Table 5: composition of 5 mM 1-Heptanol- containing extracellular solution (in mM).
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In all electrophysiological experiments, only cells of healthy appearance were selected for
electrophysiological recordings. Criteria for cell health included cell membranes with a
smooth surface, absence of vacuoles in the cytoplasm and lack of

Brownian motion of mitochondria.

2.1.3 Electrophysiological recording
Voltage- and current-clamp recordings were performed at room temperature (22-25°C) by

the whole-cell patch clamp technique using Axon Digidata 1550B Low-Noise Data
Acquisition System and HumSilencer digitiser system (Molecular Devices, LLC. San Jose,
California) and a Multiclamp 700B amplifier (Molecular Devices, LLC. San Jose, California)
(Figure 14). Patch pipettes were pulled from soda glass capillaries (Sutter Instrument,
California, USA) using the PC-10 puller (Narishige group. Tokyo, Japan), and electrode
resistances in the microscope chamber extracellular solution were between 2—-13 MQ.
Electrodes were fire-polished using the MF-830 Microforge (Narishige group. Tokyo, Japan)
in order to reduce pipette resistance. Patch pipettes were fitted into the Axon Instruments
CV-7B voltage clamp head-stage (Molecular Devices, LLC. San Jose, California).
Electrophysiological recordings were made using whole-cell capacitance compensation.
Values of series resistance and whole-cell capacitance were obtained from readings from
the Multiclamp 700B amplifier. Moreover, series resistance compensation was used on

recordings and was typically in the range of 25-40 MQ.
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Axon Digidata
1550 low
noise
acquisition
system and
HumSilencer
digitiser
system

Multiclamp
700B amplifier

CV-7B head-

Power support stage

for two Water-
primary CV-7B immersion )
headstages lens Patch pipette

objective "
Microscope

chamber bath

Figure 14: Photograph of the equipment set-up used for electrical recording.

The two photographs depict the Axon Digidata 1550 low noise acquisition system,
Multiclamp 700B amplifier and the power support for the two primary CV-7B head-stages,
as well as the head-stage itself, patch pipette, water immersion objective lens and

microscope chamber bath.

Currents were recorded under voltage-clamp conditions using a pipette-filling intracellular
solution containing (in mM) 131 KCI, 3 MgCl5, 5 Na;ATP, 10 Na;- phosphocreatine, 1 EGTA, 5
HEPES and 0.3 NaGTP (Table 6). The pH of the pipette filling solution was adjusted to 7.5
using NaOH. The Organ of Corti preparations were observed with Nomarski differential

interference contrast optics (x40 water-immersion objectives).
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Intracellular solution

Components mM
Potassium chloride 131
Magnesium chloride 3
IAdenosine 5'-triphosphate disodium 5
Sodium phosphocreatine 10
EGTA 1
HEPES 5
Guanosine 5'-triphosphate sodium salt hydrate 0.3

Table 6: composition of pipette-filling intracellular solution (in mM).

Data acquisition was performed using pClamp software (Axon Instruments, Union City, CA,
USA). Data was filtered at 10 kHz (eight-pole Bessel), sampled at 50 kHz and stored on a

computer.

2.1.4 Whole-cell patch clamp recording
Voltage clamp recordings were made in the whole-cell configuration (Figure 15). This

configuration involves approaching the cell with the patch pipette, and when in contact with
the membrane, applying sudden negative pressure. This pressure causes the cell membrane
closest to the opening of the pipette to rupture, allowing for a seal to be made between the
pipette and pipette filling solution and the cell’s cytosol. Whole-cell voltage clamp

configuration allows for the recording of cell currents flowing through the membrane, or for
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the recording of the membrane potential and allows for the characterisation of various ion

channels under controlled experimental conditions (Steinert, 2023).

1. Approach
\rRecordlng micropipette Mild poditive pressure
Plasma l
membrane
\
Cell of Cytoplasm
interest
2. Seal formation 3. Whole-cell configuration
ild suction Brief and strong/suction

l t

Figure 15: Schematic showing the steps involved in obtaining a whole-cell patch
configuration.

This figure breaks the stages of obtaining whole-cell patch configuration into three key
steps. The first is when the patch pipette approaches the cell of interest, a mild positive
pressure is applied in the patch pipette at this stage. The second stage is when a sudden

negative pressure is applied through the patch pipette, with mild suction applied at first.

The third stage involves a strong suction that causes the cell membrane to rupture and form

a strong seal with the patch pipette, forming a direct contact between the liquid

environments of both the cell’s cytosol and the pipette intracellular solution. Figure adapted

from Segev et al., (2016).
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2.1.5 Data analysis
Data analysis was computed using GraphPad Prism version 9 (GraphPad Software, California,

USA). All analyses were considered statistically significant when the p value was <0.05. Some
data analysis was done using Clampfit software (Axon Instruments, Union City, CA, USA).
Holding currents are plotted as zero current. Where relevant, data is presented with mean

values and standard error of the means.

Current density and amplitude:

Current (l) was converted to current density by dividing the current amplitude (pA) at each
membrane voltage step by the cell capacitance (pF). Current density and I-V relationships
were also investigated using two-Way and one-Way ANOVA, depending on the number of
independent variables. The Greenhouse-Geisser correction was used to adjust for lack of
sphericity when utilising two-way repeated measures ANOVA, due to small sample sizes.
Multiple comparisons were corrected for using the Bonferroni test, which adjusts the p-

values because of the increased risk of a type | error.

Input resistance:

Input resistance was calculated through Ohm’s law (Resistance= Voltage (mV)/ Current (pA).

Passive membrane properties:

The passive cell membrane properties (cell properties that allow for the conduction of
electrical impulses without the use of voltage-gated ion channels (Al-muhtasib, 2023)) of
input resistance and cell capacitance were investigated using paired t-tests and One-Way

ANOVA. Multiple comparisons were corrected for using the Bonferroni test.
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Nernst potential

The Nernst potential was calculated according to the following formula:

RT [X]oue
Viq. = —In( )
zF [X] in

Where Veq is the equilibrium potential (Nernst potential) for a given ion, R is the universal
gas constant, T is the temperature in Kelvin, z is the valence of the ionic species, F is the
Faraday's constant, [X]out is the concentration of the ionic species X in the extracellular fluid

and [X]in is the concentration of the ionic species X in the intracellular fluid.

Inactivation kinetics:

Percentage inactivation was calculated by subtracting the C-statistic (a percentage estimate
of current amplitude if the protocol had measured the rate of inactivation over a longer

time period) from 100.
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Chapter 3
Potassium channel
activation in
neonatal Deiters’
cells



3.1 Introduction:
Voltage-gated potassium (Kv) channels are considered to be the most significant

contributors to ionic conductances in DCs (Yang and Wang, 2002; Nenov et al., 1998; Chung
et al., 2013). Despite this contribution, electrophysiological properties of DCs during
neonatal development have not yet been investigated. As previously described in this thesis,
Nenov et al. (1998) investigated the effects of null calcium and a calcium containing
extracellular solution on DC activation and found that in a subset of 11 cells tested, 6 did not
show any effect of Ca?* while the rest of the cells in elevated Ca?* exhibited a reduction in
current amplitudes and a depolarizing shift of the resting potential, with an /-V curve
presenting a peak at 60 mV. Further investigation in DCs would allow for a clearer
understanding of whether Ca?* potentially modulates activation, and it should be noted that
in a previous study there was no difference in DC activation properties when recording in

null-calcium extracellular solution (Chung et al., 2013).

In the present study, investigation of the activation of voltage-gated channels in DCs was
conducted through eliciting depolarising voltage steps (Figure 16). Channel activation
properties were investigated in DCs in null-calcium extracellular solution, and again after
raising extracellular Ca%*to 4 mM (‘high calcium’ extracellular solution (Table 4)). The
possible impact of neonatal age on activation properties was also investigated, with age
groups P7, P8 and P9 compared. This was initially investigated through analysing the peak of
the activation trace. Because, in the present study, the Nav and Cav channels were not
blocked, and Kv channels have a comparatively slower time of inactivation compared to
other voltage-gated channels (Lacroix et al., 2013), recordings were also analysed by

measuring from the later pseudo steady-state at the end of the activation trace.
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3.2 Aims:
The experiments in this chapter aimed to characterise the potentially unique activation

properties of DCs during neonatal development. Mouse DC activation recordings were

grouped into two age groups: a P7 group (n=3) and a P8 group (n=3). The aims were:

* Toinvestigate the potential effect of extracellular calcium concentration on DC

activation when measuring peak activation

* Toinvestigate the potential effect of extracellular calcium concentration on DC

activation when measuring pseudo steady-state activation

3.3 Results

Typical examples of ionic currents recorded from DCs at age postnatal day (P) 7 in null
calcium and high calcium extracellular solution are shown in Figure 17A. Depolarizing
voltage steps from the holding potential of -80 mV caused slowly activating and modestly
inactivating voltage-dependent outward currents in P7 and P8 aged mouse DCs, with the

reversal potential (Erev ) of around -80 mV.

Peak voltage-activated potassium current amplitude is not modulated by extracellular
calcium in neonatal Deiters’ cells

The I-V curve in both extracellular solutions was nonlinear and outwardly-rectifying at
hyperpolarised membrane voltages. The most depolarising membrane voltage of +40 mV

should elicit the greatest extent of activation.
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There was found to be no statistically significant interaction between the change in
membrane voltage and calcium concentration on the recorded current amplitudes: F(1.21,
6.07)=3.05 (p=0.13, n=6), (repeated-measures two-way ANOVA) (Figure 17B). Main effects
describe the relationship between one independent variable, while interaction effects
describe the relationship between two independent variables and the dependent response
variable. The main effect of calcium concentration on recorded current amplitudes was not
statistically significant: F(1.00, 5.00)= 2.55 (p=0.17, n=6). Furthermore, the main effect of
changing membrane voltage was statistically significant F(1.01, 5.04)= 36.96 (p=0.0017,

n=6).

Neonatal Deiters’ cell input resistance is not modulated by calcium

Some potassium channels in excitable cells contribute to the leak conductance, which
typically has a linear I-V, affects the cells input resistance and contributes to currents
measured during voltage steps. Input resistance is a quantification of the total cell
resistance and is a measure that depends on the number of open channels in the cell
membrane (Almuhtasib, 2023). To establish whether the leak conductance at -80 mV was
sensitive to changes in extracellular calcium, the DC input resistance was measured from
test pulses performed at the start of the protocol. The input resistance when comparing
that measured between the two extracellular solution conditions was not statistically

significant t(4)= 1.74, p= 0.16, (Paired t-test) (Figure 17C).

Neonatal Deiters’ cell capacitance is slightly lower in high calcium
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The cell capacitance (pF) was measured to observe potential structural cell membrane
surface area/ size change when changing extracellular calcium (Figure 17D). The difference
in cell capacitance when comparing that measured between the two extracellular solution

conditions was statistically significant t(4)= 2.93, p= 0.043, (Paired t-test).

Current density of neonatal Deiters’ cells is not modulated by calcium

There were some small but significant changes in cell capacitance, which may reflect
changes in cell size or specific membrane capacitance. Thus, currents were normalised to
the cell capacitance to determine if the factors, age and calcium, affected current density
(Kula et al., 2020). The difference in absolute current density when comparing that
measured between the two extracellular solution conditions was not statistically significant,

t(5)=0.95, p= 0.38 (Paired t-test) (Figure 17F).

There was found to be no statistically significant interaction between the change in
membrane voltage and calcium concentration on the recorded absolute mean current
densities: F(1.22,6.11)= 0.53 (p=0.53, n=6), (repeated-measures two-way ANOVA) (Figure
17E). The main effect of calcium concentration on absolute mean current densities was not
statistically significant: F(1.00, 5.00)= 0.083 (p=0.78, n=6). Further, the main effect of
changing membrane voltage was statistically significant F(1.02, 5.11)= 59.21 (p=0.0005, n=

6).
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Figure 16: Activation protocols utilised.

For investigation of DC Kv channel activation, current traces were elicited using 0.5 second
depolarising voltage steps in 10-mV increments from -100 to +50 mV, the holding potential

was -80 mV.
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Figure 17: Graphs for ages postnatal day (P) 7 to P8 using peak of activation trace.

(A) Examples of current traces recorded at P7 from apically located Deiters’ cells when in
null calcium extracellular solution and high calcium extracellular solution. Current traces
were elicited using 550-ms depolarising voltage steps in 10-mV increments from -80 to 40

mV. The holding potential was -80 mV. (B) Plot of the mean current-voltage relationships,

74



corresponding to changes in the magnitude of the transient current when in the two
extracellular solution conditions for P7 (n= 3) and P8 (n= 2) (+/- SEM; mean). The mean
current amplitude activated during steps to +40mV for all cells (P7-8) in null-calcium
extracellular solution was 2317.33 pA (n=6, SEM=391.01 pA). The same in high-calcium
extracellular solution was 2049.59 pA (n=6, SEM= 327.51 pA). (C) Input resistances for both
extracellular solution conditions for P7 and P8 (+/- SEM; mean) = 157.00 MQ (SEM: 22.77
MQ) in the null calcium extracellular solution, and 206.30 MQ (SEM: 20.20 MQ) in the high
calcium containing extracellular solution). (D) Cell capacitance in both extracellular solution
conditions for P7 and P8, the mean = 7.54 pF (SEM= 0.91 pF) in the null-calcium extracellular
solution and the mean = 6.64 pF (SEM= 0.73 pF) in the high calcium containing extracellular
solution (p= 0.043, (Paired t-test). (E) Mean current density for P7 and P8 in both
extracellular solution conditions (+/- SEM). (F) Absolute current density (pA/pF) recorded at
membrane potential of +40 mV in both extracellular solution conditions for the pooled P7
and P8 group (+/- SEM; mean). Mean= 272.58 pA/pF (SEM= 34.73 pA/pF) in null-calcium
extracellular solution and the mean=281.21 pA/pF (SEM= 37.71 pA/pF) in high calcium
extracellular solution. Individual data points are shown on bar-chart graphs- (C), (D) and (F).

Bars represent group means.

The observed reversal potential (-80 mV) of the peak depolarization-dependent current is
consistent with the activation of potassium channels. Potassium channels tend to inactivate

more slowly than sodium and calcium channels. As such, to rule out any contribution other
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channels contributing to the currents, the effect of extracellular calcium on the pseudo
steady-state currents was analysed at the end of the 0.5 s voltage steps. Pseudo steady-
state currents were normalised to the capacitance measurements of the cells (Figure 17A) to

give current densities as a function of voltage.

Voltage-activated potassium activation steady-state current density is not modulated by
extracellular calcium in neonatal Deiters’ cells

Current density is a parameter that characterises individual cell ionic membrane currents, by
evaluating data with the presumption that the amplitude of membrane current is directly
proportional to the cell’s membrane capacitance (Kula et al., 2020). The relationship
between current density and voltage was remarkably similar in null and high calcium across

the ages of P7 and P8 (Figure 18A-C).

For the P7 age group (n= 4), there was found to be no statistically significant interaction
between the change in membrane voltage and calcium concentration on the recorded mean
current densities: F(1.42,4.27)= 0.80 (p= 0.47), (repeated-measures two-way ANOVA)
(Figure 18A). The main effect of calcium concentration on the recorded mean current
densities was not statistically significant: F(1.00, 3.00)= 0.77 (p=0.45). Further, the main
effect of changing membrane voltage was statistically significant F(1.12, 3.35)= 196.30

(p=0.00040).

For the P8 age group (n= 2), there was found to be no statistically significant interaction
between the change in membrane voltage and calcium concentration on the recorded mean

current densities: F(1.42,4.27)= 1.05 (p= 0.49), (repeated-measures two-way ANOVA)
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(Figure 18B). The main effect of calcium concentration on the recorded mean current
densities was not statistically significant: F(1.00, 1.00)= 0.10 (p=0.50). Further, the main
effect of changing membrane voltage was not statistically significant F(1.00, 1.00)= 4.06

(p=0.29).

Since the lack of statistical significance could arise from the small sample sizes, the P7 and
P8 age groups were pooled to better observe any differences. For the pooled P7 and P8 age
group (n=6), there was found to be no statistically significant interaction between the
change in membrane voltage and calcium concentration on the recorded mean current
densities: F(1.24,6.20)= 0.44 (p= 0.57), (repeated-measures two-way ANOVA) (Figure 18D).
The main effect of calcium concentration on the recorded mean current densities was not
statistically significant: F(1.00, 5.00)= 0.0035 (p=0.96). Further, the main effect of changing

membrane voltage was statistically significant F(1.002, 5.12)= 53.56 (p=0.0007).

Investigating steady-state current density at +40 mV across age groups and conditions

There was found to be no statistically significant interaction between calcium concentration and
neonatal age on the mean current densities at +40 mV: F(1,4)= 1.45 (p= 0.29), (repeated-
measures two-way ANOVA). The main effect of calcium concentration on the mean current
densities at +40 mV was not statistically significant: F(1.00, 3.05)= 4.11 (p=0.081). Further, the
main effect of changing membrane voltage was not statistically significant F(1.00, 3.12)= 4.29

(p=0.075).

77



A B
400, - 4 a i ca 3 400

® High Ca®*

® Null ca®*
® High Ca?*

-100 -80 -60 -40 -20 20 40 400 -80 -60 -40 -20 20 40

Vm (mV) Vm (mV)
C P7 + P8 pooled D
T 400, =6 £ 400; ® Null caz;
il ug: :5 ® High Ca
3 gE 300:
o ®
] ol
200" % 200.
£ 100:
%0 -80 -60 -40 -20 20 40 < oL, i
Vm (mv) P7 (n=4) P8 (n=2)

| Neonatal age (days)

Figure 18: Graphs for ages postnatal day (P) 7 to P8 using the steady-state of the activation
trace.

(A) Mean current density of P7 (n=4) from apically located Deiters’ cells when in null calcium
extracellular solution and high calcium extracellular solution (+/- SEM; mean) at +40 mV= 292.35
pA/pF in null-calcium extracellular solution, and 292.92 pA/pF (SEM= 25.67 pA/pF) in high
calcium extracellular solution. (B) Mean current density of P8 (n=2) from apically located Deiters’
cells when in the two extracellular solution conditions (+/- SEM; mean) at +40 mV=mV = 175.97
pA/pF in null-calcium extracellular solution, and 196.73 pA/pF in high calcium extracellular
solution. (C) Mean current density (pA/pF) of pooled P7 and P8 apically located Deiters’ cells
when in the two extracellular solution conditions (+/- SEM; mean) at +40 mV= 253.56 pA/pF
(SEM=34.17 pA/pF, n=6) in null-calcium extracellular solution, and 260.86 pA/pF (SEM= 36.77

pA/pF) in high calcium extracellular solution. (D) Mean current density at +40 mV in both
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extracellular solution conditions for P7 and P8 plotted separately, including individual data

points and SEM. Bars represent group means.

3.4 Main findings
In recordings made from DCs, depolarisation-activated currents that were slowly

inactivating and outwardly rectifying, as well as being reversed at -80 mV were detected. It
was found that changing extracellular solution calcium concentration from 0 mM to 4 mM
has no statistically significant effect on the peak or steady-state depolarisation-activated
current amplitude or current density in neonatal DCs aged P7-P8. Moreover, input
resistance measured at resting membrane potential (and therefore leak conductance) in
neonatal DCs is not modulated by extracellular calcium concentration. A small, but
significant effect of extracellular calcium on cell capacitance was observed, but even
accounting for this, no significant effect of calcium on potassium current density was

detected.

3.5 Discussion
Depolarising voltage steps from the holding potential of -80 mV (Activation protocol shown

in (Figure 16)) caused slowly developing voltage-dependent outward currents in P7 and P8
aged mouse DCs, with Erey of ~-80 mV suggesting that the main channel type contributing to
this current is the Kv channel, since K* ions are expected to have a Nernst potential (Ex) of ~
80 mV, based on the composition of intracellular and extracellular solutions used. This was

also a finding seen when analysing the activation trace steady-state. There are 12 families of
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Kv channels that form the most diverse group of potassium channels (Kv1-Kv12) (Gutman et
al., 2005). Previous findings suggest the presence of Kv1.5 channels on DC membranes, as
well as potentially Kv1.4 or Kv3.4 expression (Nenov et al., 1998; Chung et al., 2013). The Kv
channel possesses two gates- gates being spaces through which ion passage occurs (Figure
19). The first gate is the lower gate, which is made up of six transmembrane helices, crossing
on the intracellular side of the channel. The second gate is the upper gate, which is
composed of the pore-loop (P-loop)- a structure that houses the channel selectivity filter
that determines what specific type of ions the channel conducts, located on the extracellular

side of the channel (Gutman et al., 2005).
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Figure 19: Schematic of the structure of voltage-gated potassium channel Kv1.5.

Shown are the six transmembrane segments or helices (S1-S6), the channel pore in the form

of a pore-loop that is located between S5 and S6. Also shown is the linker to the N-terminus

of a B-subunit, which are structures that connect to the channel ball peptide-this being a

structure that plugs the open channel pore during inactivation. Figure from (Zhao et al.,

2022).

The Kv1.5 channel has been found to exhibit features of activation that are sensitive to

extracellular calcium concentration, with elevated extracellular calcium shifting the

activation curve to the right- leading to the theory that the channel likely possesses calcium

binding sites (Trapani and Korn, 2003). Considering this channel is potentially present on

DCs (Nenov et al., 1998), it is interesting that there was no effect of changing extracellular

calcium concentration on neonatal DC current amplitudes and densities. However, if the
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Kv1.5 channel is expressed on DCs, it could be possible that this channel is not matured or
expressed on DCs until a later stage in development. Changing channel configuration is
important during cochlear development, as it is important for the mediation of
spontaneous activity that refines the auditory system during this time (Moody and Bosma,

2005).

In excitable cells, depolarisation of the cell membrane also activates Cav channels, leading
to influx of calcium into the cell (Catterall, 2011). Cav channels are subdivided based on their
activation properties into two groups, the low and high threshold-activated channels- high
threshold meaning the channels are distinguished by a high voltage of activation, and low
threshold meaning activation occurs at a relatively lower membrane voltage (Catterall,
2011). Taking this into account, it is interesting that changing calcium concentration did not
significantly change current density and current amplitudes, even at more depolarised
voltages. It is possible that there is limited expression of BK channels on DCs between ages
P7-P8, as BK channel expression and distribution on neonatal DCs has not yet been

investigated.

In regard to the reduction in cell capacitance in 4mM calcium (Figure 17D), this could be due
to the large amount of variation that exists between various animals, since individual
differences, even within the same litter, can contribute to differences in cell capacitance. For
example, differences in intrauterine environment, sex, maternal care and litter size can
contribute to large differences in cell vitality and size (Crews et al., 2009; Golub and Sobin,

2020). Moreover, variations in the postnatal environment may impact critical periods of
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early development (Valiquette et al., 2023). Therefore, this variation greatly obscures the
potential link between high calcium extracellular solution and changes in cell capacitance.
Moreover, the DCs, having been exposed to the null calcium extracellular solution, will be
undergoing necrosis, in the high calcium condition, and therefore swelling in size, which will
affect measurements of cell capacitance (Park et al., 2023). This is a result of sodium toxicity
in the null calcium condition the cells, caused by the initial increased concentration gradient
of calcium found within the cell when compared to the extracellular space (0 Ca outside the
cell). This change in gradient adjusts the functioning of the Na/Ca ATPase, which resultantly
pumps excess sodium into the cytoplasm (Skou, 1990). The toxicity of 1-heptanol would also

be a contributor to cell swelling and death.

Current trace peak measurements were compared with steady-state measurements since Kv
channels activate relatively slower than Nav channels, with the steady-state currents
representing currents at a later time scale than peak measurements (Lacroix et al., 2013).
The lack of significant differences between conditions when using the peak and when using
the steady-state currents suggests that changing the extracellular calcium concentration
does not affect current density or amplitude. The results of the present study are in contrast
to the study by Nenov et al. (1998) who found that DCs in null calcium extracellular solution
presented a depolarising shift of the resting potential and a decrease in current amplitude.
The researchers also noted a change in the /-V relation curve of cells in null calcium
extracellular solution, where it was seen that some DCs exhibited a current amplitude peak
at a membrane potential of -60 mV (Nenov et al., 1998). In the present study, peak current

amplitudes were seen at the more depolarised membrane voltage of +40 mV (Figure 17B).
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The lack of difference in mean current density across ages and conditions for both peak and
steady-state measurements when comparing P7 and P8 cells may be due to how close they
are in age, as ion channel number and distribution may not have changed significantly over
that short time. However, the absence of any significant effect of extracellular calcium
concentration is in line with previous research that suggests extracellular calcium
concentration may not affect DC functioning, as in just over half of cells in the dataset,
Nenov et al. (1998) found that comparing activation in null calcium to that in calcium

showed no evidence of modulation of DC activation by extracellular calcium.
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Chapter 4

Effects of gap
junction block on
measurements of

potassium currents
in Deiters’ cells



4.1 Introduction:
Extracellular calcium concentration is a major regulator of the connexin proteins, which

form gap junctions (Lopez et al., 2016). Gap junctions are located between cochlear
supporting cells and are critical during cochlear development as they maintain homeostasis

of the microenvironment found within the organ (Wang et al., 2009; Johnson et al., 2016).

The faithful representation of the ionic currents across cell membranes in whole-cell
recordings depends crucially on how effectively the membrane potential can be voltage
clamped. Moreover, the membrane potential in parts of the cell that are more distal from
the patch pipette tip are under less adequate voltage control - a factor that affects the size
of the whole cell currents (Bar-Yehuda and Korngreen, 2008). Deiters’ cells are coupled with
other DCs and supporting cells via gap junctions (Zhao, 2000) therefore effectively extending
the amount of membrane to be voltage clamped and thereby introducing this type of space-
clamp issue. Both Deiter’s cells that are coupled via gap junctions and uncoupled/isolated
DCs exhibit large outward potassium currents in response to depolarisation (Zhao, 2000).

The present study investigates the effect of gap junction block on these potassium currents.

One-Heptanol has been widely used as an efficient gap junction blocker in research
conducted on cardiac cells (Garcia-Dorado et al., 1997; Moysan et al., 2023; Kimura et al.,
1995; Bastiaanse et al., 1993). There is, as of time of writing, no published research utilising
1-Heptanol to block gap junctions between neighbouring DCs. However, there are studies
that use a closely structurally related gap junction blocker called Octanol (Moysan et al.,

2023; Lagostena and Mammano, 2001). Octanol has been found to inhibit intercellular Ca?*
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waves propagated by gap junctions between DCs, and in these studies, 1 mM
concentrations of Octanol have been found to be effective at causing this intended connexin
gap junction block (Sirko et al., 2018; Lagostena and Mammano, 2001). Investigating DC
activation ionic conductances when the gap junctions are blocked, and therefore the cell is
electrically isolated, is important in this study as gap junctions are modulated by
extracellular calcium (Peracchia, 2020). Therefore, investigating the contribution that gap
junctions make to activating ionic conductance can further elucidate the effect of

extracellular calcium on DC functioning.

In previous studies utilising 1-heptanol, it has been added to the extracellular solution. In a
historical paper using it to block sodium channel currents in cardiac Purkinje cells, the peak
blocking effect of 1-heptanol was observed at 2 minutes after 1-heptanol addition, with the
extent of the block being slightly increased by increasing the temperature at which the cell
were kept at from 10°C to 27°C. (Nelson and Makielski, 1991). There is evidence that
Cx26/Cx30 gap junction channels underlie key features of current flow observed in DCs, with
gap junctions between DCs favouring K* passage (Zhao et al., 2000). Isolated and coupled
DCs have been found to exhibit large outwardly rectifying K* currents in response to
depolarization (Zhao et al., 2000; Nenov et al., 1998; Chung et al., 2013; Yang and Wang,
2002). This would be the first study to investigate isolated DCs during neonatal

development.
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4.2 Aims:

. To Investigate the effect of 1-heptanol induced electrical isolation on DC activation
ionic conductances, hypothesising that blocking gap junctions would reduce

recorded potassium currents due to the reduction of space-clamp issues.

4.3 Results

Deiters’ cell capacitance is not significantly affected by 1-heptanol across ages P7-P8

If there is significant electrical coupling between DCs, then one would expect that blocking
gap junctions using 1-heptanol would reduce the effective cell membrane surface area/size,
and therefore cell capacitance, under voltage clamp (Figure 20A). Measurements of cell
capacitance were made at the two different ages (P7 and P8) and 1-heptanol concentrations

(0 and 3 mM) were made, all in high extracellular calcium (4 mM).

The interaction between the change from 0 to 3mM 1-heptanol extracellular solution and
neonatal age was found to be not statistically significant when analysing the recorded cell
capacitances: F(1.00, 6.00)= 0.058 (p=0.82), (two-way ANOVA) (Figure 20A). The main effect
of 1-heptanol on cell capacitance was not statistically significant: F£(1.00, 8.00)= 0.053

(p=0.82). Further, the main effect of neonatal age was also not statistically significant F(2.00,

8.00)= 1.64 (p=0.25).
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No statistically significant differences between P7 and P8 input resistances across
conditions

Input resistance is a quantification of the total cell resistance and is a measure that depends
on the number of open channels in the cell membrane- with relatively higher membrane
resistance and cell size resulting in relatively reduced input resistance (Al-muhtasib, 2023).
Based on the gap junction-blocking effect of 1-heptanol, it would be expected that this

electrical isolation would lead to an increase in input resistance.

The interaction between the change from 0 to 3mM 1-heptanol extracellular solution and
neonatal age was found to be not statistically significant when analysing the recorded input
resistances: F(1.00, 6.00)= 0.067 (p=0.80), (two-way ANOVA) (Figure 20C). The main effect of

1-heptanol on input resistance was not statistically significant: F(1.00, 6.00)= 0.23 (p=0.65).

Further the main effect of neonatal age was also not statistically significant F(1.00, 6.00)=

0.45 (p=0.53).

Deiters’ cell capacitance is not significantly different across ages P7-P9 in 1-heptanol

To examine more comprehensively the effect of neonatal age on the capacitance of
putatively electrically isolated DCs, experiments in the presence of 1-heptanol were
continued in P9 animals. The relationship between neonatal age and the cell capacitance in
1-heptanol extracellular solution was investigated. It was found that the effect of neonatal
age on the cell capacitance was not statistically significant: F(2.00,3.00)= 1.74, p= 0.32,

(Figure 20B) (One-way ANOVA).
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Input resistance of electrically isolated DCs in 1-heptanol differed significantly across the
ages P7-P9

The 1-heptanol recordings of DCs across the wider range of ages (P7, P8 and P9) were also

analysed to determine whether input resistance varied in electrically isolated DCs.

The relationship between neonatal age and the input resistance in 1-heptanol extracellular
solution was investigated. It was found that the effect of neonatal age on the cell
capacitance was statistically significant: F(2.00,3.00)= 11.46, p= 0.044, (one-way ANOVA).
However, pairwise post-hoc tests could not resolve statistically significant differences

between any of the age groups in 1-heptanol (Figure 20D).

No statistically significant effects of age (P7 and P8) or 1-heptanol on mean current
densities at +40mV in high extracellular calcium

The interaction between the change from high calcium to 3mM 1-heptanol extracellular
solution and neonatal age was found to be not statistically significant when analysing the
recorded mean current densities at +40 mV: F(1.00, 6.00)= 0.00049 (p=0.98), (two-way
ANOVA) (Figure 20E). The main effect of 1-heptanol on mean current densities at +40mV
was not statistically significant: F(1.05, 8.44)= 18.09 (p=0.055). Further, the main effect of

membrane voltage was statistically significant F(1.00, 6.00)= 0.45 (p=0.0023).
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Current density at +40 mV in 1-heptanol was not statistically significant across P7-P9 The
1-heptanol recordings of DCs across the wider range of ages (P7, P8 and P9) were next

analysed to determine whether the peak current density varied in electrically isolated DCs.

The relationship between neonatal age and the current density at +40 mV in 1-heptanol
extracellular solution was investigated. It was found that the effect of neonatal age on the
current density at +40 mV in 1-heptanol was not statistically significant: F(2.00,3.00)= 0.27,

p=0.78, (one-way ANOVA). (Figure 20F).

At P7, 1-heptanol significantly reduced current densities

Both the P7 and the P8 age group were analysed separately to understand whether the
effect of 1-heptanol is different at different neonatal ages. The interaction between the
change in membrane voltage and changing from high calcium to 3 mM 1-heptanol
extracellular solution was found to be strongly statistically significant when analysing the
recorded current densities: F(14.00, 56.00)= 13.41 (p=<0.0001), (repeated-measures two
way ANOVA). However, pairwise post-hoc tests with Bonferroni correction could not resolve

statistically significant differences between any of the age groups in 1-heptanol (Figure 21A).

At P8, 1-heptanol did not significantly reduce current densities

Both the P7 and the P8 age group were analysed separately to understand whether the
effect of 1-heptanol is different at different neonatal ages. The interaction between the
change in membrane voltage and changing from high calcium to 3 mM 1-heptanol

extracellular solution was found to be not statistically significant when analysing the
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recorded current densities: F(1.00, 1.00)= 3.27 (p=0.32), (repeated-measures two-way
ANOVA) (Figure 21B). The main effect of 1-heptanol on current densities was not statistically
significant: F(1.00, 1.00)= 3.78 (p=0.30). Further, the main effect of membrane voltage was

statistically significant F(1.00, 1.00)= 3.43 (p=0.32).

When P7 and P8 are grouped, 1-heptanol significantly reduced current densities, especially
at more depolarised membrane voltages

The interaction between the change in membrane voltage and changing from high calcium
to 1-heptanol extracellular solution was found to be strongly statistically significant when
analysing the recorded current densities: F(14.00, 112)=5.76 (p= <0.0001), (repeated
measures two-way ANOVA). However, pairwise post-hoc tests with Bonferroni correction
could not resolve statistically significant differences between any of the age groups in 1-

heptanol (Figure 21C).
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Figure 20: Absolute Deiters’ cell current density at 40 mV and passive membrane
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properties for ages postnatal day (P) 7, P8 and P9 in high calcium (0 mM 1-heptanol) and 3

mM 1-heptanol
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(A) Cell capacitances (pF) for P7 and P8 DCs in high calcium and 1-heptanol (+/- SEM). At P7,
the mean cell capacitance was 6.50 pF (n=4, SEM= 1.16 pF), and 7.58 pF in 1-heptanol (n=2).
At P8, the mean cell capacitance in high calcium extracellular solution was 6.84 pF (n=2),
and 6.06pF in 1-heptanol was (n= 2). (B) Cell capacitances (pF) for P7, P8 and P9 DCs in 1-
heptanol (+/- SEM). Compared to P7 (7.58 pF, n=2) and P8 (6.06pF, n= 2), the mean cell
capacitance in 1-heptanol in P9 DCs was 9.91pF (n= 2). (C) Input resistances (MQ) for P7 and
P8 Deiters’ cells in high calcium and 1-heptanol (+/- SEM). The mean input resistance in high
calcium extracellular solution for P7 was 372.30 MQ (n= 4, SEM: 107.40 MQ). The same in 1-
heptanol was 517.90 MQ (n= 2). The mean input resistance measured in high calcium
extracellular solution for P8 was 556.70 MQ (n=2). The same in 1-heptanol was 599.40 MQ
(n=2). The same in 1-heptanol for P9 was 1378.00 MQ (n= 2). (D) Input resistances (MQ) for
P7, P8 and P9 Deiters’ cells in 1-heptanol (+/- SEM). It was found that the effect of neonatal
age on the cell capacitance was statistically significant: F(2.00,3.00)= 11.46, p= 0.044, (one-
way ANOVA). (E) Absolute mean current density (pA/pF) at 40 mV of P7 and P8 DCs in high
calcium and 1-heptanol (+/- SEM). For P7, the mean current density at +40 mV was 2122.07
pA/pF (n=4, SEM= 232.94 pA/pF). The same in 1-heptanol was 998.29 pA/pF (n=2). For P8,
the mean current density at +40 mV was 1456.47 pA/pF (n=2). The same in 1-heptanol was
916.09 pA/pF (n=2). (F) Absolute mean current density (pA/pF) at 40 mV of P7, P8 and P9
DCs in 1-heptanol (+/- SEM). For P7, the mean current density at +40 mV in 1-heptanol was
998.29 pA/pF (n=2). For P8, the mean current density at +40 mV in 1-heptanol was 916.09
pA/pF (n=2). For P9, the mean current density at +40 mV in 1-heptanol was 78.11 pA/pF

(n=2).
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Figure 21: Graphs for ages postnatal day (P) 7 and P8, comparing high calcium (0 mM 1-

heptanol) with 3 mM 1-heptanol condition.

(A) Mean current density (pA/pF) of P7 DCs in the high calcium extracellular solution
compared with that in 1-heptanol extracellular solution (+/- SEM). The * symbol indicates a
statistically significant difference between conditions. (B) Mean current density of P8 DCs in
the high calcium extracellular solution compared with that in 1-heptanol extracellular
solution (+/- SEM). (C) Mean current density of grouped P7 and P8 DCs in the high calcium
extracellular solution compared with that in 1-heptanol extracellular solution (+/- SEM). The

* symbol indicates a statistically significant difference between conditions.
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Input resistance (MQ)

P7 High calcium | P7 +1-heptanol | P8 High calcium | P8 +1-heptanol
488.48 276.50 180.81 627.15

140.88 759.21 932.49 571.67

249.95

609.98

Table 7: Input resistances (MQ) for P7 and P8 (n=6) Deiters’ cells in high calcium and 1-
heptanol extracellular solution. Grey blocks indicate an absence of available data.

4.4 Main findings
It was found that there was no statistically significant effect of 1-heptanol on cell

capacitance, input resistance or current density at +40 mV. There were statistically
significant interactions between the change in extracellular solution 1-heptanol
concentration and changing membrane voltage for P7 current densities and pooled P7 and
P8 current densities. There was no statistically significant interaction between these factors
for the P8 age group. Moreover, the difference in input resistance in 1-heptanol across P7,

P8 and P9 were statistically significant.
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4.5 Discussion
The lack of statistically significant difference in cell capacitance and input resistance

suggests that 1-heptanol does not affect cell size/ membrane surface area/number of open
channels, as cell capacitance increases with cell surface area/ increases in open channels,
and input resistance depends on the total number of open ion channels on a neuron’s
membrane and cell size (Al-muhtasib, 2023). This is a finding that is contradictory to the
purpose of 1-heptanol and its historical use for blocking gap junctions and to previous
findings in experiments that have electrically uncoupled DCs from their gap junctions that
have resulted in decreases in input resistance and the amount of cell membrane able to
contribute to measures of conductance (Blasits et al., 2000). However, it is possible that the
gap junctions were already blocked in high calcium extracellular solution, as calcium ions

have been found to be involved in gap junction hemichannel gating (Lopez et al., 2016).

It has been previously proposed that 1-heptanol is able to modify the activity of many
different channel types, and that the general mechanism of action was through altering
lipid-protein interaction within these channels (Nelson and Makielski, 1991). Therefore, in
consideration of this block of gap junctions and potential broader effect, it is interesting that

the present study found no effect on cell capacitances and input resistances.

In the previous results chapter, it was found that cell capacitance is statistically significantly
reduced by high calcium extracellular solution when compared to the null calcium solution,
and it is possible therefore that the cell capacitance in this solution, prior to adding 1-

heptanol, was already reduced, especially due to the toxicity of OmM calcium extracellular
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solution (Figure 17D). It should be noted that the concentration of Ca?* in the high calcium
extracellular solution is higher than that found in perilymph (1.2mM), the cochlear fluid that
DCs are immersed in (Chung et al., 2013). Therefore, if the present study utilised a starting
extracellular solution that more closely resembled either natural perilymph concentrations,
the effect of 1-heptanol on the cell capacitance and input resistance of these cells would

potentially be more clearly observed (Delprat and Irving, 2016).

The possibility that 1-heptanol and neonatal age are factors that statistically significantly
affect current density is an interesting and important finding. The differences in this effect,
and also the interaction between these two factors being not statistically significant for P8
(Figure 21B) but significant for P7 (Figure 21A) potentially suggests that across neonatal age
in DCs there may be significant variation in the number of gap junctions available to be
blocked by 1-heptanol. This is supported by previous research that found that across
development, DC expression of certain gap junctions changes considerably- with expression
of Cx26 and Cx30 increasing gradually across neonatal development until reaching a level of
saturation at P15 (Zhao and Yu, 2006; Qu et al., 2012). Therefore, it is possible that different
age groups across the neonatal developmental period may require higher concentrations of
1-heptanol to provide a significant block, accommodating for increases in gap junction
expression across this period. However, it also should be noted that the concentration of 1-
heptanol utilised in the present study is markedly higher in concentration than that used in
previous studies that report significant effects on cell types found in other areas of the body

(Nelson and Makielski, 1991; Eckle and Todorovic, 2010). Overall, this data suggests
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interesting potential variation across neonatal DCs that should be further explored in order

to understand cochlear development.

Chapter 5

Potassium channel
inactivation in
neonatal Deiters’ cells
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5.1 Introduction:
Previously it has been found using potassium channel blockers including Clofilium and

Tetraethylammonium (TEA) that mature DCs have a biphasic time course of inactivation
with a fast and slow component, indicating the potential presence of different types of
voltage-gated potassium channels (Chung et al., 2013). The researchers attributed the TEA-
sensitive component of DC inactivation to the presence of either the Kv1.4 or Kv3.4 channel,
as both channels have been shown to be sensitive to TEA (Rudy et al., 1991; Chung et al.,
2013). Nenov et al. (1998) also found evidence of multiple Kv channels based on the
multiple time constants of inactivation in mature DCs, and used drugs TEA and nimodipine,
with the latter being used at a concentration that leads to the blocking of calcium channels.
Interestingly, the researchers found that the block nimodipine brought about was not
mediated by effects on calcium channels, as the blocking effect of the drug was also

observed in null calcium extracellular solution (Nenov et al., 1998).

Like both Chung et al. (2013) and Nenov et al. (1999), Szlics et al. (2006) also reported the
existence of multiple Kv channels based on inactivation properties of DCs. They also made
an interesting contribution to the literature in noting differences in inactivation properties
based on the specific size and shape of a DC, since DCs that had a ‘corpulent’ shape showed
mainly slow inactivating K* current, while ‘lanky’ DCs had this slow component and a fast
inactivating K* current. The researchers determined that the shape of the DCs was linked to

the shape of the OHCs they were attached to since DCs attached to shorter OHCs had more
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voluminous, corpulent cell bodies while those attached to longer OHCs had lanky cell
bodies. Interestingly, Szlcs et al. (2006) also noted that a portion of DCs investigated did not
show biphasic, but monophasic inactivation kinetics. The researchers theorised that the
Kv1.3 channel was probably the reason for the slow inactivation component observed in

some DCs, based on previous research (Grissmer et al., 1994; Somodi et al., 2004).

Changing potassium channel currents have been found to be an important aspect of
auditory system development in other OC cells (Marcotti and Kros, 1999). In this chapter, an
investigation into the inactivation of voltage-gated channels in neonatal DCs was conducted
to further understand the inactivation properties of DCs, as well as to potentially observe
any functional changes in inactivation properties across neonatal auditory development,
making an important contribution to literature that currently only focuses on mature DCs.
This chapter will address this query through analysing the extent of inactivation when
stepping to different membrane voltages. This was achieved through eliciting current traces
using a protocol composed of a pre-pulse of 12 seconds (s) duration, consisting of
depolarising voltage steps (Figure 21A). The peak current recorded during the 30 mV voltage
step following the pre-pulse, where DC currents (mainly contributed to by voltage-gated
potassium channels (Nenov et al., 1998; Yang and Wang, 2002; Chung et al., 2013)) are
activated again but for a shorter duration, shows the extent of inactivation brought about by

each pre-pulse.

Another aspect of this experiment was the analysis of the steady-state inactivation that

occurred during the 12 s pre-pulse, allowing for characterisation of the rate of inactivation
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seen in the DCs. The inactivation steady-state was analysed since Kv channels inactivate
relatively slower than voltage-gated Na*channels, with the steady-state currents
representing currents at a later timescale when compared with the peak measurements
(Lacroix et al., 2013). Inactivation recordings were made in extracellular solution containing

3 mM 1-heptanol to electrically isolate Deiters’ cell currents.

5.2 Aims:

- To characterise the potentially unique inactivation properties of DC Kv channel rate of
inactivation during neonatal development. The neonatal ages included in this
investigation were P6 (n= 1), P7 (n=2), P8 (n=1), P9 (n=2) and P10 (n=1).
Recordings were made in high calcium extracellular solution as well as in 3mM gap
junction blocker 1-Heptanol, used to block gap junctions present between cells that

could otherwise contribute to the currents recorded.

5.3  Results

There is possibly an effect of neonatal age on the features of inactivation, with inactivation
current amplitudes seeming to reduce across P6-P10 (Figure 22). However, this needs further

investigation to elucidate.
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Figure 22: Graphs for extent of inactivation during postnatal development

(A) Schematic of the inactivation protocol. Inactivation current traces were elicited using a
protocol involving a pre-pulse of 12 seconds (s) in duration, eliciting depolarising voltage steps
in 10-mV increments from -60 mV (line coloured in red) to 40 mV before stepping to 30mV

for 0.3 s. The holding potential was -80 mV. (B) Example inactivation traces from P6, P8 and

P10.

The transition from the inactivated state to the closed state is referred to as recovery from

inactivation (Kornreich, 2007). In Kv channels, recovery from inactivation takes place on a

103



timescale of up to several seconds, and the mechanism underlying it is not yet fully understood
(Ostmeyer et al., 2013). Previously in mature DCs, the time course of recovery from inactivation
has been described by double exponential time constants (Nenov et al., 1998). Properties of
recovery from inactivation in DCs have not been characterised by any of the previously
described key papers on DC electrophysiology (Chung et al., 2013; Yang and Wang, 2002; Sz(ics
et al., 2006), making this investigation relevant and pertinent. It is important to investigate
recovery from inactivation properties, as recovery from inactivation is of functional significance
for sensory systems and the nervous system in general (Jackson et al., 1991). This experiment
was performed to characterise the recovery from inactivation properties of Deiters’ cell Kv

channels during neonatal development, using a protocol outlined in (Figure 23A).
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Figure 23: Graphs for recovery from inactivation during postnatal development

(A) Schematic of the recovery from inactivation protocol. Recovery from inactivation current
traces were elicited using a protocol involving a pre-pulse of 15 seconds (s) in duration,
eliciting a depolarising voltage step to 30 mV before a step to the holding potential for 0.5 s,
after which occurred a test pulse to 30 mV for 0.5 s. This 0.5 s depolarising test pulse was
repeated throughout the protocol at different time intervals per sweep, in intervals of 0.5 s
across the 15 s allotted to the test pulses. The holding potential was -80 mV. (B) Plot of the
normalised recovery from inactivation current-voltage relationship for each age group.

Inactivation recordings were made in extracellular containing 3 mM 1-heptanol to isolate
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Deiters’ cell currents. The neonatal ages investigated are P6 (n=1), P7 (n=2), P8 (n=1), P9

(n=1) and P10 (n=1).

5.4 Main findings
It was found that there might be an effect of neonatal age on inactivation and recovery from

inactivation current amplitudes across development.

5.5 Discussion

Inactivation

In the present study that there might be an effect of neonatal age on inactivation current
amplitudes across development, which is worth further investigation. Previous research into
the features of inactivation in DCs over postnatal development have not been conducted,
however in the first postnatal week, OHCs have been found to exhibit delayed rectifier K*
currents that show slow inactivation. At the beginning of the second postnatal week, this
current (called /kneo) Was found to decrease in amplitude (Marcotti and Kros, 1999). It is
possible that a similar process occurs in DCs across postnatal development, especially
considering how they are intimately connected to the OHCs, and both cell types therefore
share developmental milestones such as a peak in spontaneous activity between P10-P11
(Berekméri et al., 2019). The finding that inactivation was best fit with double exponential
time constants is also a finding reported in previous research on DCs (Nenov et al., 1998).
This study therefore supports this previous finding and makes an important contribution to
previous literature by finding evidence of two potassium channels on DCs across neonatal

development.
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In previous similar studies by Nenov et al. (1998) and Chung et al. (2013), inactivation
protocols involved overall protocol durations of 4.1 s and 10 s respectively. Nenov et al.
(1998)’s protocol involved a membrane voltage varying step of 2 s duration, with voltage
steps in 10 mV increments from -80 mV to 40 mV. Then a step to 70 mV for 1 ms was
applied, and following this, a step to 50 mV for 2 s. Chung et al (2013) investigated the
steady-state inactivation through applying 10 s pre-pulses from -100 mV to 50 mV in 5 mV
increments. Nenov et al. (1998) depolarised to a greater extent with the subsequent voltage
steps to 70 mV and 50 mV, inactivating the Kv channels to a greater extent and potentially

resulting in more accurate recordings of the inactivation steady-state in DCs.

To further characterise DC inactivation and recovery from inactivation, Nenov et al. (1998)
utilised a double pulse voltage protocol with an increasing time interval between the two
pulses to determine the time course of these processes. The Kv channels, Nav channels and
Cav channels exhibit fast and slow inactivation (Mitrovic et al., 2000). In the present study, a
longer depolarising step duration to inactivate more channels (a 12 s step duration was
utilised) would have allowed for more detailed characterisation of inactivation properties, as
Nav channel slow inactivation occurs over a timescale of seconds to minutes after cell
membrane depolarisation. The mechanism of this is still largely unknown but is theorised to
involve the channel pore and selectivity filter regions of Nav channels (Payandeh, 2018).
Moreover, slow inactivation initiates in Cav channels after depolarisations lasting over a
minute and occurs over a timescale of seconds. Like Nav channel slow inactivation, this

process for Cav channels is still poorly understood (Shi and Soldatov, 2002).
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Recovery from inactivation

In the present study it was found that there might be an effect of neonatal age on recovery
from inactivation current amplitudes across development (Figure 23B), but further
investigation is required to determine this. A difference across P7-P9 would be an
interesting finding, as the expression of potassium currents changes throughout ages. P8
OHCs show the first sign of the mature potassium current /k,n, which replaces the previous
Ik neo (Marcotti and Kros, 1999). Again, as DCs are closely connected to the OHCs (Berekméri
et al., 2019), the DCs may show a similar maturation in potassium currents at this age that

potentially leads to differences in recovery from inactivation current amplitude.

Moreover, any potential change in recovery from inactivation across this period of
development could be influenced by the still maturing endocochlear potential, as the rate of
recovery from slow inactivation is modulated by the concentration of extracellular K*, with
increased concentrations increasing recovery rate at relatively more hyperpolarized
membrane voltages (Levy and Deutsch, 1996). Intracellular cation concentration has also
been shown to modulate recovery from slow inactivation in Kv channels (Ray and Deutsch,
2006). The endocochlear potential is maturing from P5 until P18 (Sadanaga and Morimitsu,
1995), and this maturation process involves a steady increase in concentration of K*in the
endolymph (Raphael et al., 1983). Based on this developmental trajectory, it might
therefore be expected that the rate of recovery from inactivation potentially increases as a
product of increasing K* concentration, due to K* being intrinsic to membrane repolarisation.
Moreover, increasing extracellular concentration of K* leads to acceleration of slow
inactivation recovery speed (Levy and Deutsch, 1996; Kim and Nimigean, 2016). Further

investigation of this is therefore required and utilising a broader range of neonatal ages
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would allow for an understanding of changes in inactivation recovery rate across neonatal

development in DCs.
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Chapter 6
Discussion



The present study explored neonatal DC activation and inactivation, investigating the effect
of extracellular calcium concentration and gap junction block on the former. The findings
were in alignment with previous research that suggests the main currents exhibited by DCs
upon depolarisation are outwardly rectifying potassium channel currents (Nenov et al.,
1998; Yang and Wang, 2002; Sz(ics et al., 2006; Chung et al., 2013). Previously, the effect of
null-calcium and calcium-containing extracellular solution on these potassium currents have
been investigated by Nenov et al. (1998), a study that found no significant effect of
extracellular Ca?* concentration on DC activation /-V curves. Therefore, the lack of significant
effect of extracellular Ca?* concentration in the present study bolsters this previous finding,
with the added novel discovery that this is also the case for DCs during neonatal

development.

This study found potential differences in the extent of gap junction block brought about by 3
mM 1-heptanol during neonatal development, with P7 aged DCs displaying a significant
reduction of current density in 1-heptanol (Figure 21A), while P8 DCs did not show a
significant effect (Figure 21B). As previously described, gap junctional intercellular
communication is critical for cochlear development (Jagger and Forge, 2014), and the
expression of gap junction proteins Cx26 and Cx30 show drastic changes during the neonatal
developmental period. It has been noted that their levels of expression increase rapidly and
substantially between PO-P12 (Jagger and Forge, 2006). Therefore, this difference seen
across P7 and P8 is potentially a highly interesting finding, as it suggests that there could
possibly be a significant difference in expression levels between these ages, and it is a

finding made especially interesting that these age groups are only separated by one day.
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Although there are confounding factors that contributed to this result, to be explored

further in this section.

Future studies should further investigate these ages to establish whether this difference is
of developmental significance. The investigation of inactivation in the present study
included a broader range of neonatal ages (P6-P10) than the investigations of activation,
including ages both during OHC development and after OHC developmental maturity.
Therefore, it would be interesting to determine whether the developmental timeline of

OHCs could also be a factor that affects the timescale of inactivation in DCs.

It is already known that OHCs and DCs, being closely connected, share certain
developmental milestones, such as both cell types displaying peaks in spontaneous action
potentials between P10-P11 (Berekméri et al., 2019). Moreover, although at P7 the OHCs
are fully mature, the cochlear sensory epithelium is not yet fully developed, and this may
also affect the currents recorded from DCs after P12 (hearing onset), as DCs have been
found to be involved in cochlear amplification mechanics by acting as mechanical equalisers
to the OHCs (Zhou et al., 2022). Therefore, further investigation that compares earlier
neonatal development to P12 (hearing onset) would be a fascinating future direction.
Moreover, studies that evaluate whether the conductances of neonatal DCs are affected by
the different stages of spontaneous action potential firing observed across neonatal
development in OHCs, which fire up until just before the onset of functional OHC
maturation at around P7 (Jeng et al., 2020), would also be fascinating. Whether

developmental changes in OHC morphology impacts the ionic conductances of DCs across

112



neonatal development would also be an interesting future study, considering the finding by
Sz(ics et al. (2006) that the longer the DC shape, the larger the recorded potassium current

amplitude.

6.1 Limitations

A limitation of the inactivation protocol utilised in the present study is that rather than
beginning the inactivation voltage steps at -60 mV, a more negative starting voltage step of
around -100 mV (at least below resting potential of -80 mV) would allow for a broader and
more detailed picture of DC inactivation, as in the present study, a substantial amount of
inactivation is already seen at the starting membrane voltage step of -60 mV (Figure 22). Key
papers that investigated DC inactivation by Nenov et al. (1998) and Chung et al. (2013)
chose initial voltage steps of -80 mV and -100 mV respectively. This limitation also means
that for the present study, characterising the inactivation through implementation of a
Boltzmann equation was not possible, as this equation requires the maximum inactivation
conductance. Therefore, how rapidly inactivation current is changing with membrane

potential is not possible to characterise (Dubois et al., 2009).

A potential limitation to the recovery from inactivation protocol used in the present study is
that each 0.5 s interval depolarising step was to a membrane voltage of +30 mV, while
Nenov et al. (1998) depolarised to a more positive potential of +80 mV. Stepping to a more
positive and therefore more depolarising potential may have allowed for a clearer picture of
recovery from inactivation in the DCs over the protocol duration, as previously inactivated

Kv channels would have been activated to a greater extent. Nenov et al. (1998)’s recovery
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from inactivation protocol involved a 5 s depolarising pulse followed by 0.1 s test pulses
with increasing time intervals from 0st00.2s,0.6 s, 2.4 s and 3.2 s. Increasing the time
interval between the test pulses over a shorter period overall when compared to the
present study. Increasing the interval time allows for more Kv channels to recover from
inactivation between each interval, and therefore a strength of the present study is that it
could be argued that the 0.5 s intervals used allows for a more detailed and broader

representation of recovery from inactivation in the neonatal DCs.

A limitation for both the inactivation and activation investigations of this study is that
recordings for each day alone were limited and sample sizes were very low. This may have
been a contributing factor to the lack of statistically significant differences at certain ages, as
the small sample size available for cells of certain age groups and conditions has resulted in
the study being underpowered, resulting in the strong possibility of reporting falsely
negative results (Nayak, 2010). For example, this may be the reason for the lack of
significant difference in P8 DC current densities when comparing high calcium and 1-
heptanol extracellular solution conditions, as this group had a much lower sample size (n=2)

when compared to the P7 age group (n=4).

Moreover, a limitation of all three-results chapter investigations is that the concentration of
Ca?* in the high calcium extracellular solution is higher than that found naturally in
perilymph (Ca?* concentration of 1.2mM) (Delprat and Irving, 2016). The high calcium
extracellular solution used in the present study, at a Ca?* concentration of 4 mM, contained

a considerably higher concentration of Ca®* than naturally occurs in the cochlea. Future
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studies that compare DC functioning when in extracellular solution resembling perilymph as
separate investigations would allow for a clearer understanding of whether DC ionic
conductances are modulated by extracellular calcium concentration. Moreover, it would
allow for the possible identification of any differences in calcium modulation and gap
junctional block that might occur along the length of the cell, depending on what cochlear
fluid it is exposed to. Other key studies investigating DC physiology have utilised Ca?*
concentrations that don’t resemble either lymphatic fluid, using concentrations of 2 mM, 2.5

mM and 2 mM respectively (Chung et al., 2013; Nenov et al., 1998; Yang and Wang, 2002).

Furthermore, another key limitation in this study is the toxicity brought about by 1-heptanol
exposure, which may have caused cells to die, which would inevitably affect patch clamp
recordings. Toxicity could have been limited by utilising rapid perfusion, in order to expose
the DCs to 1-heptanol within a narrower time window. Moreover, because of the tight
junctions present between DCs and OHCs, it is difficult to ensure that the 1-heptanol
reached every DC in the preparation, since these tight junctions insulate the cells and

extracellular spaces below them (Farquhar, 1963).

Another limitation of this study is that the developmental period investigated (P6-P10)
encompasses a time in which the inwardly rectifying K* channels (Kir channels) are active.
These channels are essential for cochlear development and endocochlear potential
generation. For example, the Kir4.1 channel, which is encoded by the KCNJ10 gene, plays a
critical role in development and maintenance of the endocochlear potential (Bazard et al.,

2021). The Kir channels can be blocked using barium (Alagem et al., 2001; Hsieh et al., 2015).
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If a later developmental period was investigated, more information about developmental
potassium channels and conductances within the DCs could have been elucidated, since Kir
channels simply allow K* to passively traverse the cell membranes and are not involved in
cell signalling. Moreover, considering the expression of various potassium channels on DCs
across cochlear development, blocking certain channels in order to study select potassium

channels would have been a more detailed approach to this investigation.

6.2 Future directions

Deiters’ cells are an important and critical supporting cell, during both development and
maturity (Mellado Lagarde et al., 2013). Further research into a broader range of ages
representing neonatal development would further elucidate the diverse functions of these
cells. The present study investigated DCs that were located on the apical turn of the cochlea.
Previous studies that point to differences in DC morphology and functioning across the
length of the cochlea (Furness et al., 2001; Spicer and Schulte., 1994; Parsa et al., 2012;
Szlics et al., 2006; Laffon and Angelini, 1996; Nakazawa et al., 1995), as well as the finding
that cochlear development starts at the basal portion of the cochlea (Polley et al., 2013)
make it evident that DCs located at different portions of the cochlea should be investigated
and compared. Moreover, there is possibly location-based differences in DC ionic
conductances, as for example, the distribution of BK channels changes along the cochlear
turn (Sztlcs et al., 2006). Investigating the neonatal ages included in the present study
further (the present study having investigated DCs located in the apical turn of the cochlea)
by comparing with DCs in other locations would allow for identification of any potential

differences in conductances that may be important for cochlear development. Moreover, a
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future focus on elucidating the role that DCs play in the modulation of spontaneous action
potentials during cochlear development would help determine the role of DCs in this critical

period.

This research will also potentially shed light on how abnormal DC development may be a
major factor in disorders/ genetic mutations that result in hearing loss, as further
understanding DC functioning at every point during neonatal hearing development would
aid in understanding potential issues that may occur during this time. It is already known
that loss of DCs during auditory development results in hearing loss, making them a critical
cell to research further, especially in regard to cochlear development (Mellado Lagarde et

al., 2013).

6.3 Concluding remarks
The cochlear supporting cells have not been the primary focus of hearing research until

recent years- during which time much of the multitude of important functions they serve
have been elucidated (Wan et al., 2013), supporting the necessary course of action that is
further research into these fascinating and important unique cochlear cells. Deiters’ cells are
of particular interest due to their close connection to the sensory OHCs, as well as because
there is evidence that DCs are essential for the development of hearing (Mellado Lagarde et
al., 2013). The present study represents an important first step into research focussed upon
Deiters’ cell functioning during cochlear development. This study therefore makes an
important contribution to the literature on DCs and highlights the pertinence of further

research to elucidate the functioning of DCs during auditory development.
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