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Abstract: 
 

 

The sensory epithelium within the mammalian auditory organ contains two groups of 

specialised cells: hair cells and glia-like supporting cells. The sensory hair cells detect sound-

induced vibrations and transduce them into neural signals to be sent to the central auditory 

pathway. The supporting cells promote normal hair cell development and function which 

maintains our sense of hearing. Age-related hearing loss (ARHL) is thought to occur due to 

degeneration of the hair cells over time, the causes of which remain largely unknown. Since 

the supporting cells encourage hair cell longevity, this thesis aimed to investigate age-related 

changes in supporting cell protein expression and functioning to evaluate whether they could 

influence this hair cell deterioration associated with ARHL. 

Supporting cells express P2Y purinergic receptors during development, which generate 

intracellular Ca2+ transients thought to modulate hair cell synaptic maturation. After the onset 

of hearing, P2Y receptors are largely down-regulated. Using immunolabelling and Ca2+ 

imaging experiments on C57BL/6N mouse cochleae, it was revealed that P2Y receptors are 

re-upregulated in the aged supporting cells, resembling the expression observed during 

development. In addition to P2Y receptors, the supporting cells are interconnected via a gap 

junction channel network allowing the diffusion of ions and small molecules between cells, 

to/from hair cells. Immunolabelling of these gap junction channel plaques revealed a 

progressive fragmentation with increasing age (older cells exhibited a higher frequency of 

significantly shorter plaques per cell). However, this fragmentation did not appear to affect 

the channel permeability as no age-related differences were found in Lucifer yellow dye 

diffusion experiments.  

Therefore, the supporting cells appear to exhibit changes in the expression and functioning 

of certain membrane proteins unique to the aged cochlea. In conclusion, these age-related 

changes could have important implications on their ability to support hair cell function and 

maintain our sense of hearing with ageing.  
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Chapter 1. General Introduction 
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1.1 Structure and functioning of the auditory system 

Sound is directed into the ear via the pinna and travels down the ear canal towards the 

tympanic membrane (ear drum; Figure 1.1) (Møller, 2012). The inner surface of the tympanic 

membrane is connected to the first of a chain of three bones called the ossicles (malleus, 

incus, and stapes). Incoming sound will induce vibrations across the tympanic membrane, 

which are then transferred down this chain of bones across the length of the middle ear 

cavity. The ossicles gradually decrease in size the closer they are to the cochlea, causing the 

sound-induced vibrations to become significantly amplified as they progress down the chain 

(Mason, 2016). The last ossicular bone, the stapes, is connected to a membrane called the 

oval window which separates the middle ear from the inner ear (cochlea).  

 

Figure 1.1: The auditory system 

The pinna and ear canal (outer/external ear) lead sound towards the tympanic membrane (eardrum) 

(grey). The inner surface of the eardrum connects to the ossicles (malleus, incus, and stapes), which 

form a chain across the middle ear towards the inner ear. The cochlea is innervated by the cochlear 

nerve which relays sound-related neural messages to auditory processing centres in the brain. 

Adapted from “Middle and Inner Ear Anatomy”, by BioRender.com (2024) and retrieved from 

https://app.biorender.com/biorender-templates.&apos.  

https://biorender.com/
https://app.biorender.com/biorender-templates.&apos
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The cochlea is responsible for transducing sound-induced vibrations from the middle ear into 

neural messages encoding specific acoustic information (Møller, 2012). It’s spiral shape winds 

around a structure called the modiolus for ~2.5 turns in humans. Branches of the 

vestibulocochlear nerve extend outwards from within the modiolus to gather and relay 

sound-related neural messages to deeper parts of the central auditory pathway. The internal 

structure of the cochlea consists of three fluid-filled compartments: The scala vestibuli, scala 

media and scala tympani (Figure 1.2). These compartments span the full length of the cochlea, 

starting at the oval and round windows (basal end of cochlea) and ending at the tip of the 

spiral known as the helicotrema (apical end of cochlea).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The internal structure of the cochlea 

The cochlea spans from the apical end of the spiral (helicotrema) for ~2.5 turns and ends at the base. 

A cross section schematic image of the cochlear spiral shows the three internal compartments: scala 

vestibuli, scala tympani and scala media. The scala media contains the sensory epithelium (the organ 

of Corti) which sends sound-related information via the cochlear nerve to the brain. Adapted from 

“Inner Ear and Cochlear Anatomy”, by BioRender.com (2024) and retrieved from 

https://app.biorender.com/biorender-templates.&apos. 

https://biorender.com/
https://app.biorender.com/biorender-templates.&apos


4 
 

During sound stimulation, the vibration of the stapes resembles a piston-like movement, 

pushing the oval window into and away from the cochlea (Figure 1.3). The inner surface of 

the oval window will flex against the adjacent fluid within the scala vestibuli. This will send 

vibrations through the fluid, down the length of the cochlea, to the helicotrema. At this apical 

point of the cochlea, the scala vestibuli compartment joins with the scala tympani, and so the 

vibrations then spread basally towards the round window. This means that altogether, the 

oval and round windows are flexing towards and away from the cochlea in opposing 

directions during sound stimulation. This produces vibrations travelling up and down the full 

length of the cochlear compartments (Figure 1.3) (Møller, 2012). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Sound transduction within the auditory system 

Schematic image of the cochlea with its spiral uncoiled. Sound-induced vibrations (red arrows) vibrate 

the tympanic membrane (t) and the bones of the middle ear (m: malleus, i: incus, s: stapes). The stapes 

pushes against the oval window of the cochlea and sends vibrations throughout the fluid within the 

scala vestibuli. These vibrations travel to the apical end of the cochlea, pass into the scala tympani and 

move basally to the round window (rw). The scala media contains the organ of Corti (containing 

sensory hair cells) which sits on top of the basilar membrane. Figure modified from (Fettiplace, 2017). 
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Between the scala media and the scala tympani there is the basilar membrane, which is also 

displaced by these sound-induced waves (Figure 1.3, Figure 1.4). The basal end of the basilar 

membrane is narrow and thick, and it becomes increasingly wider and thinner towards the 

apex, producing a gradient in its stiffness. This means that different points along the basilar 

membrane will be maximally displaced by different frequencies of sound due to its gradual 

change in structure. Higher frequency sounds vibrate at the narrow (stiffer), basal end of the 

membrane, whereas low frequency sounds travel to the apical end of the membrane and 

cause larger vibrations there (Von Békésy, 1960). Thus, each point along the length of the 

cochlear spiral is maximally displaced by a different sound frequency, this is known as 

tonotopical organisation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: The basilar membrane 

The basilar membrane spans the full length of the cochlea’s spiral (pale pink). Its structure gradually 

changes from the basal end (narrow and stiff) towards the apical end (flexible and wide). Different 

frequencies of sound are able to maximally displace different areas along the basilar membrane due 

to its gradual change in structure. Low frequency sounds cause larger vibrations at the apical end, and 

high frequency sounds cause larger vibrations at the basal end. The frequencies labelled represent the 

tonotopic organisation of the mouse cochlea. The small red dots along the basilar membrane 

represent the hair cells activated by different frequencies of sound. Figure modified from (Klotz-

Weigand and Enz, 2022). 
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1.1.1 The organ of Corti 
 

The cochlear sensory epithelium is located within the organ of Corti (Figure 1.5). This is found 

above the basilar membrane, in the lining of the scala media cavity (Figure 1.2, Figure 1.3). 

The cells in this specialised epithelium work together to detect the sound-induced vibrations 

within the compartments of the cochlea and generate neural messages encoding the acoustic 

information (Møller, 2012). Two groups of specialised cells are found in this epithelium: 

sensory hair cells and glia-like supporting cells. 

 

Figure 1.5: The organ of Corti 

The organ of Corti is located in the boundary between the scala media and scala tympani. This sensory 

epithelium contains the hair cells (inner and outer) and various non-sensory cells (Deiters’ cells, 

Hensen’s cells, Claudius cells, pillar cells, inner border cells, inner phalangeal cells, and Boettcher cells). 

The hair cells are situated between the basilar membrane below and the tectorial membrane above; 

hair cells generate neural signals to be transmitted down the cochlear nerve to the brain. Figure from 

(Fettiplace, 2017). 
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1.1.1.1 The sensory hair cells 

Hair cells are the auditory sensory receptors that transduce the sound-induced mechanical 

stimuli into electrical signals.  The cochlea contains two types of hair cell, inner hair cells (IHCs) 

and outer hair cells (OHCs), which each perform different roles in the cochlea’s response to 

sound stimulation. There is one row of IHCs and three rows of OHCs (Figure 1.5).  OHCs 

contract and elongate in response to sound stimuli, which generates additional movement 

within the cochlear partition and amplifies the displacement of adjacent cochlear structures 

(Brownell et al., 1985). The IHCs are the primary sensory receptors of the cochlea and as such, 

are innervated by ~95% of auditory afferent fibres (Spoendlin, 1972). These IHCs release the 

neurotransmitter glutamate onto auditory afferents in response to sound-induced cochlea 

vibrations.  

These mechanosensitive cells have a bundle of hair-like projections on their apical surface 

known as stereocilia. In mice, each hair cell in the cochlea has three rows of stereocilia 

organised in a staircase-like formation, with the height of each row gradually increasing as 

you move to the back of the bundle (Figure 1.6A, B) (Lim, 1986). The shorter two rows of 

stereocilia express mechanically sensitive ion channels at their tips named mechano-electrical 

transducer (MET) channels (Beurg et al., 2009). The movement of the stereocilia due to 

sound-induced vibrations triggers the opening/closing of these motion-sensitive MET 

channels (Kros, Rusch and Richardson, 1992). Sound-induced deflection of the hair bundles 

towards the posterior tallest row of stereocilia triggers the opening of these MET channels, 

while bundle deflection in the opposing direction towards the shorter stereocilia row 

promotes the closing of these channels (Kros, Rusch and Richardson, 1992). 

All stereocilia within the bundle of one hair cell move together because of small connections 

between adjacent stereocilia known as tip link complexes (Figure 1.6C, D) (Pickles, Comis and 

Osborne, 1984). These connections join stereocilia within the same row, and also join the tips 

of shorter stereocilia to the middle of taller cilia in the row behind. The MET channels are 

located adjacent to the tip links at the top of the shorter rows, and it is believed that the 

tension applied to these links during bundle deflection is responsible for the opening of these 

mechanosensitive channels (Assad, Shepherd and Corey, 1991).  The larger the deflection of 

the stereocilia, the greater the stretching applied to the tip links and the larger the open 

probability of the MET channels. Thus, these linkages are crucial for hair cell 
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mechanotransduction, since mutations affecting the proteins which make up the tip link 

(cadherin-23 and protocadherin-15) are known to cause deafness, further highlighting how 

critical these linkages are for hearing (Figure 1.6) (Zheng et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Hair cell stereocilia bundle structure and tip links 

A, B: Scanning electron micrographs of mature outer hair cell (A) and inner hair cell (B) stereocilia 

bundle orientation. Three rows of stereocilia display staircase-like formation on both hair cell types. 

Mechano-electrical transducer (MET) channels are located on the shortest two rows within the bundle.  

C: Transmission electron micrograph of an outer hair cell tip link joining the tip of a shorter stereocilium 

to the middle of a taller stereocilium behind. D: Schematic diagram showing MET channels located 

adjacent to tip links on the shorter cilia (red channel), thus stretching of the tip links is believed to 

influence the opening of these channels. The tip link contains many components, each of which are 

crucial for correct functioning, these include cadherin-23 and protocadherin-15. The mutations 

associated with these components, known to result in different types of hearing loss (Usher 

syndrome), are shown in red adjacent to the relevant component. Figure from (Fettiplace, 2017). 
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The hair cells are situated between two very different ionic environments which creates a 

steep electrical gradient (v. Békésy, 1951; Casale et al., 2022). The apical surface of the 

sensory epithelium, including the stereocilia, are bathed in endolymph fluid within the scala 

media compartment (Figure 1.5, Figure 1.7). This has a K+ rich composition with low Ca2+ and 

a very positive electrical potential compared to the perilymph solution (Bosher, Warren and 

Hallpike, 1997). K+ transport pumps on the stria vascularis, located on the lateral wall of the 

scala media, are responsible for maintaining the high K+ concentration in the endolymph 

(Figure 1.5) (Wangemann, Liu and Marcus, 1995). All apical hair cell surfaces are adhered to 

other surrounding cells in the epithelium via tight junctions (Ben-Yosef et al., 2003). This 

creates a barrier known as the reticular lamina, separating the endolymph fluid in the scala 

media from the basal part of the hair cells, which instead are surrounded by intercellular 

perilymph fluid (Figure 1.7). Perilymph fluid has an ionic composition like that of typical 

extracellular fluid (high Na+ and Ca2+ and low K+ concentrations) (Smith, Lowry and Wu, 1954; 

Citron, Exley and Hallpike, 1956). The difference in ionic composition between these 

neighbouring compartments generates a potential difference known as the endocochlear 

potential of about +80mV in the endolymph compared to the perilymph (v. Békésy, 1951; 

Hibino et al., 2010). 

Due to these specific ionic environments, the opening of the hair cell MET channels will drive 

the flow of ions down the electrical gradient. This is between the very positively charged 

endolymph (approximately +80mV) surrounding the stereocilia and the more negative 

intracellular environment of the hair cell (approximately -60mV), giving a very large driving 

force of ~140mV (v. Békésy, 1952). The MET channels are non-selective cation channels and 

so positive ions, such as K+ and Ca2+, will flood into the hair cell from the endolymph to balance 

out the large potential difference. Thus, sound-induced vibrations and stereocilia deflection 

(towards the taller posterior row) results in the depolarisation of hair cells (Figure 1.7). This 

transduction of mechanical stimuli into an electrical response in hair cells relies on the 

maintenance of this large electrical driving force within the organ of Corti. 
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Figure 1.7: Hair cell stereocilia deflection and depolarisation 

Diagram illustrating the events following hair cell stereocilia deflection. The left image shows 

deflection towards the front of the hair bundle which will close MET channels (green) and induce no 

neurotransmitter release onto auditory neurons. The right image shows hair bundle deflection 

towards the taller cilia, which triggers the stretching of tip linkages (cyan) and opening of MET channels 

(green). This leads to cation influx into the hair cell due to the electrical driving force between the 

endolymph (+80mV) and the hair cells intracellular environment (-60mV). The resultant hair cell 

depolarisation opens voltage-gated Ca2+ channels (grey), and the increased intracellular Ca2+ will 

promote exocytosis of synaptic vesicles, leading to neurotransmitter release onto auditory neurons. 

Figure created using BioRender, based on figure from (Svechtarova et al., 2016). 
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Inner hair cell depolarisation following sound-induced stereocilia deflection triggers the 

opening of its voltage gated Cav1.3 Ca2+ channels, and Ca2+ influx (Lewis and Hudspeth, 1983). 

This high intracellular Ca2+ promotes the exocytosis of glutamate-containing vesicles from the 

hair cells presynaptic membrane (Figure 1.7) (Beutner et al., 2001; Nouvian et al., 2006). Large 

groups of these vesicles are located adjacent to the pre-synaptic membrane attached to 

structures called synaptic ribbons; this specialised setup allows for more temporally precise 

glutamate release that can be sustained throughout long periods of sound stimulation (Figure 

1.8) (Smith and Sjöstrand, 1961; Vincent et al., 2015). Glutamate in the synaptic cleft binds to 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors on postsynaptic 

neurons (Matsubara et al., 1996). This leads to the depolarisation of the neuron via the 

induction of an excitatory postsynaptic current and the generation of action potentials which 

are relayed to central auditory centres (Glowatzki and Fuchs, 2002). These auditory afferent 

neurons innervating the hair cells can be split into two groups. Type 1 afferent neurons make 

up 95% of this neuron population and each form a synapse with a single IHCs’ synaptic ribbon 

(Spoendlin, 1972; Berglund and Ryugo, 1987). These neurons carry sound-related information 

regarding frequency and intensity to deeper auditory centres. Type 2 afferent neurons make 

up the remaining 5% and they each innervate multiple OHCs; these neurons are believed to 

relay information regarding noxious stimuli to auditory centres in the brain, but their exact 

function is still unclear (Liu, Glowatzki and Fuchs, 2015).  
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Figure 1.8: Inner hair cell ribbon synapse 

Diagram of an inner hair cell (IHC) forming synapses with auditory nerve fibres (ANFs). Each synapse 

contains one hair cell synaptic ribbon at the pre-synapse and one auditory nerve post-synapse. One 

synapse is expanded to show the structures within. Each synapse contains an IHC synaptic ribbon with 

many glutamate containing vesicles attached. High intracellular Ca2+ promotes the movement of these 

vesicles to the cell membrane where they dock and release glutamate into the synaptic cleft. 

Glutamate binds to AMPA receptors on the auditory neurons and triggers post-synaptic excitatory 

currents. Figure from (Bruce, Erfani and Zilany, 2018). 

 

 

 

 

 

 

 

 

 

 



13 
 

1.1.1.2 Sensory hair cell firing during development 

 

As discussed in the previous section, sound stimulation deflects hair cell stereocilia triggering 

the opening of their MET channels, K+ influx, and hair cell depolarisation (Figure 1.7). This 

produces a graded receptor potential which depends on the size of the stimulus (Palmer and 

Russell, 1986). Louder sounds will cause greater stereocilia deflection and MET channel 

opening, which will lead to greater IHC depolarisation and the release of more glutamate-

containing vesicles at the synapse. Hair cells in the mature cochlea don’t fire action potentials 

and instead exhibit this graded voltage response due to the presence of a fast-activating 

outward K+ current (IK,f) and a negatively activated outward K+ current (IK,n) (Figure 1.9) (Kros, 

Ruppersberg and Rüsch, 1998; Marcotti et al., 2003a). These potassium currents enhance IHC 

hyperpolarisation and lower the resting membrane potential to stop spiking activity.  

However, during cochlear development, the difference in potassium currents allows for 

immature IHCs to fire action potentials. Specifically, the IK,f is absent and the IK,n is instead 

known as IK1 and only activates at very hyperpolarised membrane potentials (Marcotti et al., 

2003a). This produces a higher resting membrane potential and allows for spiking activity up 

until the onset of hearing at P12 (postnatal day 12) in neonatal mice (Figure 1.9). Furthermore, 

these immature IHC action potentials occur spontaneously (without sound stimulation) and 

so are believed to be generated intrinsically by the IHCs (Kros, Ruppersberg and Rüsch, 1998; 

Marcotti et al., 2003b; Johnson et al., 2011). The pattern of this IHC firing can be modulated 

by ATP-mediated Ca2+ waves originating in nearby supporting cells (Tritsch and Bergles, 2010; 

Babola et al., 2018). This pattern differs between more apical and more basal IHCs and so it 

is thought to be important for the refinement of synapses into the correct tonotopic 

organisation along the cochlea (Johnson et al., 2011; Johnson et al., 2008). 
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Figure 1.9: Electrophysiological properties in the developing inner hair cell 

A: The diagram shows the timing of the appearance and disappearance of K+ currents and spike 

activity during maturation. The change in width of the horizontal bars gives an approximate indication 

of developmental changes in the size of the currents. The timing is valid for the apical coil (changes in 

basal coil IHCs were usually shifted forward by 1–2 days). Figure and legend modified from (Marcotti 

et al., 2003a). 

B: Voltage responses of inner hair cells to current steps (duration 250 ms, step size labelled next to 

voltage records). On the left are the voltage responses from a P2, immature cell. Currents as small as 

4 pA elicited slow depolarisations, triggering spikes. On the right are the voltage responses from a P31 

adult IHC, showing rapid, graded voltage responses without regenerative depolarisations or 

spiking. For the largest current steps, progressively more I K,f is activated in the P31 cell, hence the 

divergence in the voltage responses. For clarity, successive voltage records were shifted by 30 mV, so 

that unlabelled tick marks represent −70 mV, close to the resting potential. Both cells from apical coil. 

Figure and legend modified from (Kros, Ruppersberg and Rüsch, 1998). 
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1.1.1.3 The supporting cells 

 

Surrounding the hair cells in the cochlear sensory epithelium are non-sensory supporting cells 

(Figure 1.10). These include the Deiters’ cells, Hensen’s cells, pillar cells, inner phalangeal 

cells, Claudius’ cells, Border cells and the cells of the inner and outer sulcus (Møller, 2012). 

These supporting cells display a diverse range of physiological properties which allow them 

to contribute to a plethora of cellular processes crucial for the development and functioning 

of the cochlea.  

 

 

 

Figure 1.10: The supporting cells in the organ of Corti 

Inner and outer hair cells are shown in blue (labelled IHC, OHC). The tunnel of Corti lies between these 

two subtypes of hair cell and is formed by inner and outer pillar cells shown in yellow (IPC, OPC). The 

IHC is adjacent to an inner phalangeal cell shown on the right in teal (IPhC) and an inner border cell on 

the left in orange (IBC). To the left of the IBC are additional border cells (BC) followed by the inner 

sulcus cells (ISC). The OHCs sit upon the Deiters’ cells shown in green (DC). To the right of the OHCs 

and DCs are the Hensen’s cells in red (HC), Claudius’ cells in grey (CC) and finally the outer sulcus cells 

(OSC). Figure from (Jang et al., 2022). 
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For instance, the Deiters’ cells and pillar cells contain bundles of microtubules and actin 

filaments giving them a firm, but flexible cytoskeleton (Angelborg and Engström, 1972; Zetes, 

Tolomeo and Holley, 2012). This provides structural integrity to the sensory epithelium when 

sound stimulation sends vibrations throughout the cochlea. Also, adjacent to the IHCs, the 

inner phalangeal cells and border cells express glutamate transporters (glutamate aspartate 

transporter: GLAST) which clear excess neurotransmitter from the IHC synapses (Furness and 

Lehre, 1997; Glowatzki et al., 2006). This clearance is crucial to prevent excitotoxicity, where 

the accumulation of glutamate can cause swelling of spiral ganglion neuron afferent 

terminals, synaptopathy and hearing loss (Hakuba et al., 2000). Furthermore, all supporting 

cells are connected by gap junction channels which create passageways between the cytosol 

of neighbouring cells (Santos-Sacchi and Dallos, 1983; Kikuchi et al., 1995; Jagger and Forge, 

2006). This creates a functional syncytium allowing the transport of a variety of molecules 

across the epithelium. Secondary messengers such as ATP utilise this gap junction network to 

propagate intracellular signalling cascades into neighbouring supporting cells (Anselmi et al., 

2008). One example of this being the purinergic receptor signalling cascade which generates 

intercellular Ca2+ waves across the supporting cells thought to influence IHC spiking during 

development (Tritsch et al., 2007; Babola et al., 2020). Additionally, following IHC 

depolarisation, K+ ions must be recycled back to the endolymph to replenish the endocochlear 

potential (v. Békésy, 1952; Hibino et al., 2010). It is hypothesised that this is facilitated by the 

diffusion of K+ ions back to the stria vascularis via the supporting cell gap junction channels 

(Kikuchi et al., 2000; Wangemann, 2006). This is followed by the K+ ions being pumped back 

out into the endolymph to maintain the steep electrical gradient for cation movement into 

the IHC with the opening of the MET channels.  

Within this thesis, only two types of the many membrane proteins expressed by the 

supporting cells will be discussed in detail: purinergic receptors and gap junction channels. 
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1.1.1.3.1 Purinergic receptors  

Purinergic receptors are a group of transmembrane proteins which respond to the 

extracellular binding of purines such as ATP, ADP and adenosine (Burnstock, 1972; Burnstock, 

1980). These receptors are split into two subfamilies based on their agonist selectivity: P1 

receptors bind adenosine and the P2 receptors bind ATP, UTP and ADP (Burnstock, 1978). The 

P2 family is further separated into two more subgroups: the ionotropic P2X subtype and the 

metabotropic P2Y subtype (Figure 1.11) (Burnstock and Kennedy, 1985). P2X receptors are 

ATP-gated cation channels and have seven members within their subgroup (P2X1 - P2X7) 

(North, 2002). The metabotropic P2Y receptor family has eight members (P2Y1, P2Y2, P2Y4, 

P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) and can initiate intracellular G-protein coupled signalling 

pathways following agonist binding (Fredholm et al., 1994; Abbracchio et al., 2009). The 

diversity between these different purinergic receptors can explain the wide variety of cellular 

functions they perform across the majority of tissues in the body (Burnstock, 2018). 

 

 

 

 

 

 

 

 

 

Figure 1.11: P2 purinergic receptors 

Diagram illustrating the two subtypes of P2 purinergic receptors. Extracellular binding of ATP to P2X 

receptors triggers the opening of their cation channel. Cations such as K+, Na+ and Ca2+ then can diffuse 

into the cell and go on to have a range of effects on cellular function. P2Y receptors trigger intracellular 

G-protein coupled responses following the extracellular binding of ATP. This will lead to the production 

of downstream signalling molecules such as IP3 which promotes Ca2+ release into the cytoplasm from 

intracellular stores. Figure created using BioRender.  
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Within the organ of Corti, members of the P2 purinergic receptor family are expressed in both 

hair cells and supporting cells (Housley et al., 1999; Xiang, Bo and Burnstock, 1999; Huang et 

al., 2010). ATP, or other agonists, released into the endolymph and perilymph will bind and 

activate these P2 receptors triggering a range of different cellular processes. In this thesis, the 

functioning of P2Y receptors in cochlear supporting cells will be discussed in detail.  

 

Before hearing onset, inner hair cells and their spiral ganglion neurons fire spontaneous 

action potentials  (Marcotti et al., 2003b; Johnson et al., 2011) which are crucial for the 

maturation of their synaptic connections and refinement of the tonotopic map (Clause et al., 

2014; Müller et al., 2019). This spontaneous activity within the hair cells is believed to be 

modulated by a P2Y signalling cascade originating in nearby supporting cells (Tritsch et al., 

2007; Babola et al., 2020). The cells of the immature inner sulcus [Kölliker's organ: (Hinojosa, 

1977)] (Figure 1.12) express P2Y1, 2+4 receptors (Huang et al., 2010; Babola et al., 2020). At this 

neonatal age, ATP is spontaneously released into the endolymph which can bind and activate 

these metabotropic P2Y receptors (Anselmi et al., 2008). The resultant intracellular G-protein 

coupled signalling cascade generates the intracellular secondary messenger inositol 1, 4, 5-

triphosphate (IP3), which is known to induce Ca2+ release from the endoplasmic reticulum into 

the cytosol (Figure 1.13) (Beltramello et al., 2005; Piazza et al., 2007). This IP3 can also travel 

to neighbouring cells, via gap junction channels, and trigger further Ca2+ release across other 

Kölliker's cells in the epithelium (Mammano, 2013). This rise in intracellular Ca2+ will also 

trigger the opening of connexin hemichannels on the Kölliker's cells, allowing ATP efflux to 

the extracellular space, and further autocrine activation of P2Y receptors (Anselmi et al., 

2008). This mechanism is termed ‘ATP-induced ATP release’ and facilitates these waves of 

intracellular Ca2+ transients travelling across the supporting cells in the epithelium (Tritsch et 

al., 2007). The increased intracellular Ca2+ will also trigger the opening of TMEM16A chloride 

channels and Cl- efflux from these supporting cells (Wang et al., 2015). This is followed by K+ 

and water efflux to counteract this change in the cell’s potential. The loss of water causes the 

cells to shrink and increases the concentration of K+, and volume of water, extracellularly. This 

is hypothesised to influence IHC depolarisation as the increased extracellular K+ concentration 

in the perilymph will delay K+ efflux from basolateral IHCs, and so this would influence the 

firing of spontaneous action potentials in immature hair cells (Babola et al., 2020; Ceriani et 

al., 2019a). 
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Figure 1.12: Maturation of the organ of Corti 

A: Schematic image of the immature organ of Corti. An inner hair cell is shown in yellow. Next to the 

inner hair cell there are the cells of Kölliker's organ (pink) also known as the greater epithelial ridge 

(GER). B: Schematic image of the mature organ of Corti. After the onset of hearing, the Kölliker's organ 

is lost and replaced by the inner sulcus cells (pink). Figure modified from (Hool et al., 2023). 
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Figure 1.13: P2Y receptor signalling cascades initiated in supporting cells affect 

the depolarisation of immature inner hair cells 

P2Y receptors are expressed by the supporting cells in Kölliker's organ prior to hearing onset (grey 

cell). The extracellular binding of ATP to these receptors triggers an intracellular G-protein coupled 

signalling cascade resulting in the production of inositol 1, 4, 5-triphosphate (IP3). This molecule binds 

to IP3 receptors on the endoplasmic reticulum and stimulates the release of Ca2+ into the cytoplasm. 

The TMEM16A Cl- channels (red) will be activated by high intracellular Ca2+ and so Cl- will leave the cell 

into the extracellular space. This will be followed by water and K+ and so the electrical potential of the 

extracellular fluid surrounding the hair cells will become more positive. This will mean there is a 

smaller driving force for K+ to leave the hair cells which will influence hair cell depolarisation and the 

firing of action potentials. Therefore, the activation of P2Y receptors on the supporting cells can 

influence the ionic composition of the intercellular fluid and impact the firing of inner hair cell action 

potentials. Additionally, the supporting cells are connected by gap junction channels and so Ca2+ and 

IP3 can diffuse into neighbouring cells and trigger the same signalling cascade again. Figure modified 

from (Kersbergen and Bergles, 2024). 
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These action potentials within the inner hair cells will cause glutamate release into the 

synaptic cleft and elicit action potential firing in spiral ganglion neurons (SGNs) (Zhang-Hooks 

et al., 2016). This event is reliant upon the P2Y purinergic signalling cascade within nearby 

supporting cells as the use of P2Y receptor antagonists abolished action potentials in IHCs and 

SGNs (Babola et al., 2020; Babola et al., 2021).  

Though the mechanism is well established, there is some disagreement within the literature 

as to which P2Y receptors are involved in modulating these spontaneous hair cell action 

potentials. In the developing rat cochlea, P2Y2 and P2Y4 receptors have been shown to be 

expressed in Kölliker's organ cells (Huang et al., 2010). Furthermore, UTP (a potent agonist 

for P2Y2 and P2Y4, but not for P2Y1) was reported to trigger large Ca2+ oscillations across the 

Kölliker's cells of the rat cochlea (Piazza et al., 2007). In addition to this, a significantly larger 

Ca2+ response was observed in the Kölliker's cells following ATP administration compared to 

ADP administration.  ATP is known to be the principal agonist for P2Y2 and P2Y4 receptors, 

whereas P2Y1 receptors have a weak response to ATP and respond most strongly to ADP (von 

Kügelgen and Hoffmann, 2016). Therefore, these papers suggest P2Y2 and P2Y4 receptors are 

responsible for the Ca2+ transients observed within Kölliker's organ before hearing onset. 

However, it has also been reported that P2Y1 is the main receptor responsible for modulating 

the hair cells’ immature Ca2+ action potentials as spontaneous activity in ISCs, IHCs and SGNs 

was shown to be absent when P2Y1 receptor activity was blocked via an antagonist (MRS2500) 

(Babola et al., 2020). Even though Huang et al., 2010 show no P2Y1 expression in Kölliker's 

organ. Thus, further investigation would be beneficial to confirm which receptors drive this 

important process in the immature cochlea. 

Following the onset of hearing, spontaneous hair cell action potentials cease, and sound 

stimulation is now required to trigger large enough hair cell depolarisations to elicit action 

potentials in SGNs (Tritsch and Bergles, 2010). In addition to this, there is limited data 

regarding the role of P2Y receptors in the adult inner sulcus and so their function in the 

mature cochlea remains unknown. For example, some data suggest a complete lack of P2Y 

receptor expression, and activity, in the cells of the inner sulcus after cochlear development. 

Rat Kölliker's organ cells have been reported to completely lose P2Y receptor expression 

following hearing onset at ~P12 (Huang et al., 2010). Furthermore, Ca2+ responses were 

compared between neonatal and 2-month-old gerbil inner sulcus cells following ATP 
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application; it was shown that the 2-month-old cells elicited no response at the inner sulcus 

whereas the neonatal Kölliker's cells displayed propagating intracellular Ca2+ waves (Chan and 

Rouse, 2016). Therefore, this implies the P2Y receptors expressed in the neonatal Kölliker's 

organ cells, which drive intracellular Ca2+ transients, are no longer expressed in the mature 

inner sulcus cells. 

However, other papers have presented evidence to suggest P2Y purinergic signalling may be 

maintained in the post-hearing inner sulcus. For example, it was reported that P16 murine 

inner sulcus cells displayed waves of intracellular Ca2+ transients, and inward currents, in 

response to ATP or UTP (P2Y specific agonist) application (Tritsch and Bergles, 2010). This 

suggests P2Y receptor expression is maintained at P16 in the inner sulcus, even though the 

spontaneous Ca2+ oscillations they are believed to mediate cease before hearing onset at 

~P12. Therefore, these receptors potentially serve another function in the mature cochlea 

involving the propagation of intracellular Ca2+ transients. In support of this, ATP-induced 

intracellular Ca2+ transients, and associated inward currents, have been reported across the 

inner sulcus of the adult mouse cochlea (Sirko, Gale and Ashmore, 2019). However, it was 

concluded that it was likely a combination of both P2X and P2Y receptors driving the observed 

Ca2+ responses to ATP. This is because the Ca2+ response observed following UTP application 

was significantly smaller compared to the ATP response, suggesting P2Y receptor activation 

alone isn’t sufficient to produce the same magnitude of activity. Nevertheless, it was 

proposed that these P2Y-associated Ca2+ transients in the mature inner sulcus may contribute 

to regulation of gene expression, as similar Ca2+ oscillations have been shown to influence 

gene expression and transcription factor activity in numerous other tissues (Dolmetsch, Xu 

and Lewis, 1998; Hu et al., 1999). Thus overall, it is apparent that further investigation of P2Y 

purinergic receptor expression and activity is required within the mature cochlea inner sulcus 

to confirm whether these receptors are expressed, and if they are, what is their function 

following development. 
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1.1.1.3.2 Gap junction channels 

Gap junction membrane channels form a passageway between the cytosol of two 

neighbouring cells allowing the transport of ions and small molecules (Bennett and 

Goodenough, 1978). Six connexin proteins arrange to form a hexametric ring with a central 

pore at the cell membrane, this is known as a connexon (Bruzzone, White and Paul, 1996; 

Beyer, Paul and Goodenough, 1990). The alignment of two connexon complexes on 

neighbouring cells creates a passageway between their intracellular environments, also 

known as a ‘gap junction’ (Figure 1.14). Additionally, a single, unpaired connexon complex is 

known as a ‘hemichannel’, and these can facilitate transport of molecules between a cell’s 

cytosol and the extracellular space under certain circumstances (Li et al., 1996).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14: Gap junction channel structure 

A: A single connexin subunit is shown on the left. In the centre, six connexin subunits are arranged in 

a hexametric ring with a central pore to form a connexon complex or hemichannel. On the right, two 

connexon complexes have aligned their pores to create a gap junction channel. B: An image showing 

how the gap junction channels arrange at the cell membrane to connect the cytosols of neighbouring 

cells. These channels can contain only one subtype of connexin subunit (green) or can contain different 

connexin subunits (green and purple). Lone connexons on the cell membrane (hemichannels) create a 

channel between the intracellular and extracellular space (ECS). Figure created with BioRender. 
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At cell-cell junctions, thousands of gap junction channels (GJCs) congregate together to form 

‘plaques’. Within the mature organ of Corti, the majority of supporting cells express gap 

junction plaques composed of connexin 26 (Cx26) and connexin 30 (Cx30) (Figure 1.15) 

(Kikuchi et al., 1995; Lautermann et al., 1998). The only exception to this are Deiters’ cell GJCs 

which have been reported to express mainly Cx30 (Jagger and Forge, 2015; Jagger and Forge, 

2006). Therefore in the cochlea, there are likely to be homomeric Cx26 and Cx30 gap junction 

channels which consist of just one type of connexin subunit, as well as heteromeric Cx26/Cx30 

gap junction channels where both connexin subunits combine within one channel (Ahmad et 

al., 2003; Defourny and Thiry, 2023). The sensory hair cells do not express GJCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15: Gap junction channel expression in the organ of Corti 

Schematic diagram of the organ of Corti illustrating the location and type of gap junction plaques. The 

inner and outer sulcus cells contain GJC plaques containing both connexin 26 and connexin 30. 

Whereas the Deiters’ cell plaques contain connexin 30 only. Hair cells do not express any gap junction 

channels. Figure taken from (Defourny et al., 2021).  
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This widespread expression of gap junction channels throughout the organ of Corti forms a 

transport network across the epithelium in which molecules can travel between cells for large 

distances (Kikuchi et al., 1995; Forge et al., 2003). The size of the GJC pore allows the passage 

of a wide variety of molecules ranging from secondary messengers (e.g. IP3 and ATP) 

(Hernandez et al., 2007), ions (e.g. Ca2+ and K+) (Kikuchi et al., 2000; Zhang et al., 2005) and 

metabolites (e.g. glucose) (Chang et al., 2008). Therefore, the GJC network is likely to be 

involved in numerous aspects of cochlear function. This could explain why mutations affecting 

the Cx26 protein (GJB2 gene) and the Cx30 protein (GJB6 gene) are the most common causes 

of non-syndromic genetic hearing loss (del Castillo and del Castillo, 2017; Chan and Chang, 

2014; Chen et al., 2022). However, even though this confirms the supporting cell GJC network 

is crucial for hearing, the specific mechanisms by which it contributes to cochlear function 

remain uncertain. Furthermore, numerous connexin-related mutations have been identified 

which can present as a wide variety of hearing loss phenotypes, ranging from deafness at 

birth to progressive hearing loss later in life (Chan and Chang, 2014). This heterogeneity 

suggests the presence of numerous pathological mechanisms associated with GJC dysfunction 

which can affect both cochlear development and maintenance of hearing function. The 

limited understanding of the pathological mechanisms leading to GJC-related hearing loss 

prevents the generation of effective treatments.  

It is hypothesised that GJCs contribute to the ionic homeostasis within the cochlea by 

promoting the recycling of K+ ions back to the endolymph following hair cell repolarisation 

(Figure 1.16). Specifically,  K+ leaves the hair cell basolaterally and is taken up by nearby 

supporting cells (Santos-Sacchi and Dallos, 1983; Kikuchi et al., 2000). The GJC network 

connecting the supporting cells then facilitates the diffusion of the K+ ions across the 

epithelium to the stria vascularis, where they are pumped back into the endolymph 

(Wangemann, 2006). This replenishment of endolymphatic K+ is crucial for hearing function 

as it restores the steep electrical driving force for hair cell depolarisation when the MET 

channels open. However, this proposed route for K+ recycling via the supporting cell GJCs is 

still a hypothesis as there is yet to be any direct confirmation of this mechanism. Nevertheless, 

there is evidence which suggests an association between GJC function and the maintenance 

of the endocochlear potential. For example, both homozygous mutant Cx26 and Cx30 mice 

were shown to have significantly smaller endocochlear potentials and lower endolymphatic 
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K+ concentrations than wild-type mice (Cohen-Salmon et al., 2002; Teubner et al., 2003; 

Crispino et al., 2011).  In addition to this, adult homozygous Cx26 loxP mice displayed 

decreased Cx26 expression, lowered endocochlear potential and hearing loss following the 

injection of BAAV containing cre recombinase (Crispino et al., 2017). Therefore, these data 

suggest that defective GJCs somehow negatively influence the maintenance of a highly 

positive endolymph with a high K+ concentration, and this has a damaging effect on cochlear 

function resulting in hearing loss.  

 

Figure 1.16: K+ recycling via gap junction channels in the organ of Corti 

The opening of mechano-electrical transducer channels on hair cells drives K+ influx. This is followed 

by hair cell depolarisation and subsequent neurotransmitter release onto auditory neurons.  This 

process relies on the maintenance of the electrical driving force promoting K+ influx into hair cells. 

Therefore, after hair cell depolarisation the K+ is believed to leave the hair cells basolaterally and be 

taken up by nearby supporting cells. The gap junction network connecting the supporting cells will 

then allow the K+ to diffuse across the epithelium and be pumped back out into the endolymph at the 

stria vascularis. (ISCs: inner sulcus cells, IBCs: inner border cells, IHC: inner hair cell, IPhCs: inner 

phalangeal cells, IPC: inner pillar cell, OPC: outer pillar cell, DCs: Deiters’ cells, OHCs: outer hair cells, 

HCs: Hensen’s cells, BCs: Boettchers cells, BM: basilar membrane, SGN: spiral ganglion neuron). Figure 

modified from (Köles et al., 2019). 
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However, this data still does not directly confirm a route for K+ recycling via the GJC network. 

Furthermore, dominant negative R75W Cx26 mutant mice were reported to have hearing loss 

with no significant difference in endocochlear potential when compared to wild-type mice 

(Kudo et al., 2003). In addition to this, when Cx26 was conditionally knocked out in the Dieters 

and pillar cells it had no effect on endocochlear potential (Zhu et al., 2013). This suggests that 

even if GJCs do contribute to the maintenance of the endocochlear potential, it cannot be the 

only aspect of cochlear function they influence. 

The GJC network is also believed to assist in the delivery of metabolites (such as glucose) to 

the cochlear epithelium as this tissue receives limited blood supply (Santos-Sacchi and Dallos, 

1983). Glucose from peripheral blood vessels is hypothesised to diffuse from cell to cell via 

the GJC network and supply the organ of Corti. Fluorescently tagged 2-NBDG (a glucose 

analogue) was able to diffuse across ~100 cells following injection into one outer sulcus cell, 

and octanol (GJC blocker) inhibited this diffusion (Chang et al., 2008). Additionally, this was 

repeated on Cx30 mutant mice who displayed a significant reduction in 2-NBDG diffusion, 

further suggesting glucose delivery to the organ of Corti utilises the GJC network. Therefore, 

hearing loss associated with connexin-related mutations could also be a result of glucose 

deprivation to the organ of Corti. It is well established that glucose deficiency prompts an 

increase in the production of reactive oxygen species (ROS) which are known to induce cell 

damage and death (Lee et al., 1998). So, another potential mechanism involved in connexin-

mutation-related hearing loss could be hair cell deterioration due to pathology associated 

with glucose deprivation and reactive oxygen species.  

A further function of the GJC network is to facilitate the spread of intercellular signalling 

cascades across the organ of Corti. For example, during cochlear development, immature hair 

cells and their associated neurons fire spontaneous action potentials  (Marcotti et al., 2003b; 

Johnson et al., 2011) which drive synaptic maturation (Clause et al., 2014; Müller et al., 2019). 

A purinergic signalling cascade, originating in the supporting cells, modulates this 

spontaneous hair cell activity (Section 1.1.1.2.1). This cascade utilises the GJC network to 

propagate downstream molecules across the epithelium. Specifically, purinergic receptor 

activation on the supporting cells stimulates the production of IP3 (inositol triphosphate) and 

Ca2+ release from intracellular stores, both of which utilise the GJC network to induce the 

same response in neighbouring cells (Figure 1.17) (Ceriani, Pozzan and Mammano, 2016). 
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Therefore, these intracellular Ca2+ oscillations can spread in waves across the Kölliker's organ 

and trigger widespread K+ efflux which will influence IHC depolarisation and action potential 

firing (Tritsch et al., 2007; Babola et al., 2020). However, it seems that this mechanism is not 

completely reliant on the GJC network as even though Cx30 knock out mice (which also only 

have ~10% Cx26 expression) had a reduction in Ca2+ waves across the Kölliker's organ, 

spontaneous action potentials were still detected in IHCs similar to those seen in wild-type 

IHCs (Johnson et al., 2017). Therefore, it was concluded that the Ca2+ waves in supporting cells 

must only modulate the IHC action potentials. This was supported by the observation that 

Cx30 knock out IHCs displayed increased action potential firing rarely when Ca2+ waves were 

seen in Kölliker's organ (Johnson et al., 2017). However, it was also shown that the adult Cx30 

knock out IHCs retained an immature phenotype, suggesting that the modulation of IHC 

action potentials during development may promote the correct maturation of inner hair cells. 

Therefore, another possible pathological mechanism contributing to the hearing loss 

associated with connexin-related mutations is dysfunction of intercellular Ca2+ wave 

propagation and incomplete hair cell maturation.  
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Figure 1.17: Intracellular Ca2+ signalling cascades can spread across the 

supporting cells via gap junction channels 

The supporting cells in the organ of Corti express purinergic G-protein coupled receptors (P2YR) which 

activate in response to the extracellular binding of ATP. This triggers the production of the signalling 

molecule IP3 (inositol triphosphate) which promotes the release of Ca2+ from the endoplasmic 

reticulum (ER). This will increase the cells concentration of cytosolic Ca2+. The downstream signalling 

molecules (Ca2+ and IP3) can travel to neighbouring cells via the gap junction channels (purple) and 

induce the release of more Ca2+. This is the mechanism by which intracellular Ca2+ waves can propagate 

across the cochlear sensory epithelium. Additionally, high intracellular Ca2+ will promote the opening 

of the connexon hemichannels (purple) which can allow the release of ATP from the cell. This ATP can 

go onto activate other P2Y receptors on other cells. Adapted from “Activation of Protein Kinase C 

(PKC)”, by BioRender.com (2024) and retrieved from https://app.biorender.com/biorender-

templates.&apos. 
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1.2 Age-related hearing loss  

The remainder of this chapter will introduce age-related hearing loss as this thesis is exploring 

whether changes in the cochlear supporting cells (Section 1.1.1.3) could influence the 

progression of this condition. 

Age-related hearing loss (ARHL) is defined as the progressive decline in hearing ability 

following the senescence of cells of the auditory system. Approximately two thirds of 

individuals aged 70 or above experience bilateral hearing loss, making ARHL the most 

prevalent sensory condition among the aged population (Goman and Lin, 2016). Typically, it 

presents as difficulties with speech perception (especially in a noisy environment), sound 

localisation and a decrease in the processing speed of auditory stimuli (Gates and Mills, 2005). 

ARHL initially affects the detection of high frequency sounds, followed by progressive loss of 

hearing of lower frequency sounds. These primary symptoms predispose numerous other 

related ailments, such as an increased incidence of mental health conditions, as hearing can 

affect many aspects of an individual’s life (Brewster et al., 2018). Treatments for ARHL are 

limited to symptomatic solutions, such as hearing aids and cochlear implants, as currently 

there’s no cure for the underlying cause (Sprinzl and Riechelmann, 2010). The main reason 

for this is the limited understanding of the multiple cellular mechanisms contributing to ARHL, 

and how these processes are affected by the many environmental and genetic risk factors 

(Gates and Mills, 2005). Therefore, ARHL is described as a complex, multifactorial disorder 

due to the diverse set of symptoms it can lead to, but also because of the plethora of factors 

which have been proposed to contribute to its development. 

 

1.2.1 ARHL pathology 
 

ARHL is a heterogeneous condition which has been categorised into sub-types based on the 

presence of four main forms of pathology: sensory, neural, strial/metabolic and conductive 

(Schuknecht, 1955; Gacek and Schuknecht, 1969). The sensory type of ARHL pathology 

involves the loss of the inner and outer hair cells as the organ of Corti degenerates. The neural 

type involves the loss of the spiral ganglion neurons which innervate the hair cells. The strial 

type involves a decline in the endocochlear potential as the stria vascularis degenerates and 
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can no longer maintain the positive electrical potential of the endolymph (Salt, Melichar and 

Thalmann, 1987). Finally, the conductive type is typically associated with problems in the 

outer and middle ear which influence how well sound can reach the inner ear. It is also 

believed to involve the thickening of the basilar membrane causing it to be less efficient as 

carrying sound-induced vibrations (Bhatt, Liberman and Nadol Jr, 2001). It is thought that 

many individuals with ARHL experience pathology across several of these subgroups. This can 

explain why both the onset, and rate of disease progression, for ARHL is so variable between 

patients (Brant and Fozard, 1990; Gopinath et al., 2009). Each individual is likely experiencing 

a differing combination of the four main ARHL pathologies, alongside various other genetic 

and environmental influences. Nevertheless, it is agreed within the literature that the sensory 

type of ARHL pathology is expected to have the largest contribution to ARHL progression and 

has been studied in more detail.  

 

1.2.2 ARHL risk factors 
 

The progression of ARHL is known to be influenced by a wide range of factors involving the 

dysfunction of numerous cells along the auditory pathway and molecular mechanisms over 

time (Keithley, 2020). A combination of the natural ageing of auditory cells, genetic 

contributions (Van Laer et al., 2010) and multiple environmental factors (Agrawal, Platz and 

Niparko, 2008) have all been shown to influence ARHL development. 

It has been estimated that there are ~150 genetic mutations associated with influencing the 

development of ARHL (Wells, Newman and Williams, 2020). These genes appear to be 

involved in a variety of different cellular processes suggesting ARHL pathophysiology involves 

the interaction of multiple different dysfunctional mechanisms in a variety of cells. One 

example of this being polymorphisms in genes involved in protection against oxidative 

damage such as GSTT1 and GSTM1 (Van Eyken et al., 2007).  It is expected that these 

mutations would disrupt the clearance of toxic reactive oxygen species and predispose 

mitochondrial damage and cell death (Orrenius, 2007). Additionally, mutations in estrogen 

related receptor gamma (ERRG) in women and female mice have also been linked to ARHL 

progression (Nolan et al., 2013). This receptor is expressed within inner hair cells and 

supporting cells but its function in the cochlea remains unclear.  In other tissues, ERRG is 
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known to regulate the expression of genes important for ionic homeostasis such as KCNE1 

(Alaynick et al., 2010). The maintenance of specific ionic environments is crucial for cochlear 

function, and so any mutations affecting ionic homeostasis would be expected to be linked to 

progressive hearing loss. Therefore, it is clear that ARHL pathophysiology involves the 

interaction of different dysfunctional mechanisms in a variety of cells.  

Furthermore, numerous environmental factors are known to promote the same dysfunctional 

mechanisms involved in age-related cochlear pathophysiology. For instance, it is 

hypothesised that damage following multiple events of loud noise exposure throughout life 

accelerates the progression of ARHL (Fransen et al., 2003). The pathophysiology involved in 

noise-induced hearing loss (NIHL) and ARHL occur in a similar manner; the more immediate 

effects include the loss of hair cell synapses, followed eventually by hair cell and neuron death 

(Sergeyenko et al., 2013; Kujawa and Liberman, 2015). Additionally, mice exposed to sound 

known to cause temporary threshold shift (TTS) displayed accelerated age-related 

synaptopathy (Fernandez et al., 2015). Therefore, this makes the distinction of damage 

resulting from NIHL and ARHL within one individual very challenging.  

 

1.2.3 ARHL and supporting cells 
 

The four categories of ARHL pathology highlight the wide range of structures in the auditory 

system which are affected by this disorder. Additionally, the numerous associated genetic 

mutations and environmental factors further suggest that ARHL pathophysiology involves 

multiple dysfunctional mechanisms in a variety of cells. However, most research into this 

condition has focused on age-related changes in the sensory hair cells of the organ of Corti. 

The cochlear non-sensory supporting cells are crucial for the health and functioning of the 

sensory hair cells, and thus, maintenance of hearing. Therefore, it is likely that any age-related 

changes in these supporting cells will impact hair cell function and potentially contribute to 

the changes in hearing ability we observe in the ageing cochlea. However, hardly any research 

has been conducted to investigate how these supporting cells change with age. This thesis 

will focus on investigating any age-related changes within the supporting cells to provide a 

better understanding of the senescence of the auditory system and ARHL. 
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1.2.3.1 Gap junction channels and ARHL 

As mentioned previously, the cochlear supporting cells form a functional syncytium across 

the sensory epithelium composed of gap junction channels connecting the intracellular 

spaces of neighbouring cells (Kikuchi et al., 1995; Jagger and Forge, 2015). This transport 

network is hypothesised to be crucial for hair cell longevity and hearing function as mutations 

affecting the connexin proteins which form these gap junction channels are the most common 

causes of non-syndromic hearing loss (del Castillo and del Castillo, 2017; Chan and Chang, 

2014; Chen et al., 2022). It has been reported that these cochlear GJCs exhibit changes in their 

structure and organisation with age. Eight-month-old C57BL/6J mouse inner sulcus cells 

displayed a significant decrease in GJ plaque length and  abundance, alongside a more 

scattered structure, when compared to the typical linear organisation and length in young 

adult mouse cells (Figure 1.18) (Tajima et al., 2020).  Although it’s unclear what effect these 

structural changes have on the GJCs ability to function, the mice were reported to have 

minimal hair cell damage and hearing loss at eight months, but exhibited severe hearing loss 

by nine months. This led to the hypothesis that the age-related changes in GJC structure 

reduce their functional efficiency, and thus negatively impact the transport of necessary 

molecules to/from the hair cells. This overall would be expected to contribute to hair cell 

dysfunction with age and the development of ARHL. This hypothesis seems feasible as 

reductions in GJC plaque size in other tissues have been associated with dysfunction in cell-

cell comunication and disease. For example, reductions in the size of GJC plaques across the 

cardiac epithelium are strongly linked to aryhthmias due to a reduced efficiency in the GJC-

mediated spread of electrical signals promoting synchronised contraction (Luke and Saffitz, 

1991; Kaprielian et al., 1998). 
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Figure 1.18: Cochlear supporting cell gap junction structure and age 

A: Immunolabelling of gap junction proteins Cx26 (top two panels) and Cx30 (bottom two panels) in 

C57BL/6J mice aged 4 weeks old (a-c, g-i) and 32 weeks old (d-f, j-l). The older mice show a different 

organisation of gap junction plaques which appear more scattered and smaller in length. Scale bars 

10μm. B: ABR thresholds of C57BL/6J mice aged 4-36 weeks old at 8, 20 and 40kHz. ARHL appears to 

start at 36 weeks of age, after the changes in plaque organisation. Figure from (Tajima et al., 2020). 
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Further support for this claim comes from looking at mutations in Cx26 and Cx30 (the two 

main components of cochlear GJCs). Cx26+/- mutant mice were reported to have accelerated 

hearing decline with age (deterioration in ABRs and DPOAEs) compared to wild type mice 

(Fetoni et al., 2018). It was hypothesised that the reduction in Cx26 made hair cells and their 

neurons more susceptible to damage resulting from lack of nutrient/glucose delivery, such as 

increased oxidative stress (a known contributor to ARHL). This was feasible as the lack of Cx26 

caused dysregulation in the expression of multiple genes associated with antioxidant defence 

mechanisms (Fetoni et al., 2018).  It has also been reported that mice with total deletion of 

Cx30 displayed accelerated levels of age-related hearing loss compared to wild type mice 

(Paciello et al., 2022). These knock-out mice also exhibited increases in cochlear damage 

associated with ARHL, such as inflammation and oxidative stress. Therefore, it is also possible 

that mutations in Cx26 and Cx30 predispose pathological mechanisms associated with 

senescence. 
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1.3 Aims and hypotheses of the study 

The overall aim of this research is to investigate how the supporting cells in the mammalian 

organ of Corti change with age. It is anticipated that any senescence-related alterations in the 

functioning of these cells will influence their ability to support the sensory hair cells, and so 

may contribute to the development of ARHL. This work should lead to a better understanding 

of the complete pathophysiology behind ARHL, as currently it is unknown whether the 

supporting cells are involved in the progression of this disease.  

 

Aim 1. Define progressive changes in the expression and functioning of P2Y receptors in the 

supporting cells of the organ of Corti. 

During development, P2Y purinergic receptors are known to be expressed in the supporting 

cells of the organ of Corti and are important for modulating inner hair cell action potentials 

and synaptic refinement. After cochlear maturation, it is believed that P2Y receptors are lost 

from the adult supporting cells. Here, it was hypothesised that the senescent cochlea will 

display alterations in P2Y receptor expression and function because other tissues have 

reported similar senescence-specific changes in their P2Y receptors. 

To investigate whether any age-related changes in P2Y receptors are associated with ARHL, 

P2Y receptor expression and functioning was compared in two mouse lines known to exhibit 

different phenotypes of ARHL. It was hypothesised that the C57BL/6N (early onset ARHL) will 

display more pronounced alterations in their P2Y receptors that C3H/HeJ (late onset ARHL) 

because it is anticipated that any changes in P2Y receptors specific to the aged cochlea will 

be associated with ARHL. 

 

Aim 2. Define progressive changes in the expression and functioning of gap junction 

channels in the supporting cells of the organ of Corti. 

The supporting cells of the organ of Corti are coupled together by a gap junction channel 

network. It is well established that these gap junction channels are crucial for cochlear 

function as any mutations in the connexin proteins within these membrane channels cause 
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hearing loss. Here, it was hypothesised that any changes in the structure or function of these 

gap junction channels with age in the organ of Corti may influence hearing function and could 

influence the progression of age-related hearing loss. 

To investigate progressive changes in the gap junction channel network in the organ of Corti, 

the structure of the gap junction channel plaques was visualised via immunolabelling for 

connexin 26 and connexin 30. Furthermore, the permeability of the gap junction channel 

network was investigated using dye diffusion experiments. 
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Chapter 2. General Methods 
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2.1 Ethics statement 

All experiments were completed in accordance with the Animals Scientific Procedures Act of 

1986 under a UK Home Office project licence (PCC8E5E93 and PP1481074). The Sheffield 

University Ethical Review Committee has endorsed all procedures described in this thesis.  

 

2.2 Animals 

All mice were housed at the animal facility at the University of Sheffield. The care of the mice 

was in line with Home Office guidelines such that they were kept in a 12-hour light-dark cycle 

and had unlimited supply to food and water. Animals were sacrificed via the Schedule 1 

procedure of cervical dislocation followed by decapitation. 

Three strains of mice were used in these experiments which are known to exhibit differing 

severities of age-related hearing loss (ARHL) phenotype. The C57BL/6N (6N) strain displays 

early onset hearing loss at ~3 months of age due to a hypomorphic allele in the Cadherin23 

gene (Cdh23ahl), which encodes for a protein required for the gating of the mechano-electrical 

transducer channel (Noben-Trauth, Zheng and Johnson, 2003; Mock et al., 2016). The 6N 

strain is co-isogenic to the C57BL/6NCdh23+ (6N-repaired) strain, except 6N-repaired mice have 

their Cadherin23 mutation corrected via CRISPR/Cas9-mediated homology directed repair 

(Mianné et al., 2016). This correction gives the 6N-repaired strain lower auditory brainstem 

response (ABR) thresholds at older ages, especially at higher sound frequencies (Figure 2.1). 

Finally, the C3H/HeJ (C3H) strain are known to be a good-hearing mouse model which exhibit 

a very late onset of ARHL (Trune, Kempton and Mitchell, 1996; Jeng et al., 2021). Thus, it will 

be possible to compare how certain pathophysiological mechanisms associated with ARHL 

present in mice known to display differing onsets of this disorder.  
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Figure 2.1: Auditory brainstem responses from C57BL/6N (6N), C57BL/6NCdh23+ 

(6N-repaired) and C3H/HeJ (C3H) mice 

ABR thresholds for frequency-specific pure tone stimulation from 6 to 42 kHz recorded from 6N (A, 

red), 6N-repaired (B, blue) and C3H (C, black) mice at different ages. ABR data are grouped into three 

age ranges: 1–3 months (open circle data points), 6–9 months (triangle data points) and 14–18 months 

(star data points). The median value for each age group is plotted. Figure and legend modified from 

(Jeng et al., 2020a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

2.3 Immunolabelling  

2.3.1 Tissue preparation 
 

Following the decapitation of the mice, the skin was removed from the skull and the whole 

head was cut in half along the sagittal plane. The brain was carefully removed from each half 

to reveal the inner ear. Forceps were used to separate the whole inner ear (cochlea and 

vestibule) from the rest of the skull. If a mouse was older than P7, a small opening was made 

with forceps in the bony membrane surrounding the cochlea at the tip of the bulla. The whole 

inner ears were then perfused with 4% paraformaldehyde (PFA) solution in phosphate-

buffered saline (PBS), entering via the round and oval windows and leaving through the new 

opening at the apex. The inner ears were then placed in an Eppendorf tube with about 1ml of 

the 4% PFA solution to fix for 20 minutes on a shaker at room temperature.  

Following fixation, the inner ears underwent three, 10-minute-long washes in PBS. After the 

PBS washes, the apical turn of the organ of Corti was dissected out from the rest of the inner 

ear using forceps, under a microscope (Leica, Germany). These were then left in a blocking 

solution containing 0.5% Triton X-100 and 5% normal horse serum (H0146, Sigma-Aldrich) in 

PBS. 

 

2.3.2 Antibodies  
 

All antibodies were diluted in blocking solution containing 0.5% Triton X-100 and 1% normal 

horse serum (H0146, Sigma-Aldrich) in PBS. The organs of Corti were incubated at 4°C 

overnight in primary antibody solution. All primary antibodies used in this thesis are 

summarised in Table 2.1. The samples were washed three times in PBS following incubation 

in primary antibody solution. The secondary antibody solutions were then applied for one 

hour at 35°C. Secondary antibodies used included goat anti-rabbit IgG 490 (Alexa fluor 488, 

A11034, Thermo Fisher) and goat anti-mouse IgG2a 650 (Alexa fluor 647, A21241, Thermo 

Fisher). DAPI nuclear staining (1:1000, 10 236 276 001, Merck Sigma) and Texas Red-X 

Phalloidin staining of F-actin (1:1000, T7471, Thermo Fisher) were used alongside the 

secondary antibodies. 
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Table 2.1: List of primary antibodies 

 

 

2.3.3 Mounting and imaging 
 

After incubation in secondary antibody solutions, the organs of Corti underwent three PBS 

washes before being transferred onto a microscope slide, mounted in Vectashield (H-100, 

VECTOR labs) and cover-slipped. All images of the organ of Corti were taken using a Zeiss 

LSM880 Airyscan Confocal microscope in the Wolfson Light Microscopy Facility at the 

University of Sheffield. A Zeiss Plan-Apochromat 63x/1.4 oil objective was used and z-stack 

images were taken of the samples with 0.5 μm increments between slices. Additionally, all 

images are of the 9-12 kHz region of the cochlear spiral. The images were processed using Fiji 

ImageJ software (https://imagej.net/Fiji). 

 

 

 

 

 

 

 

Antibody Species Isotype Company Reference  Concentration 

Anti-P2Y1 Rabbit-IgG Alomone Labs #APR-009 1:800 

Anti-P2Y2 Rabbit-IgG Alomone Labs #APR-010 1:800 

Anti-P2Y4 Rabbit-IgG Alomone Labs #APR-006 1:800 

Anti-Connexin26 Mouse-IgG2a Thermo Fisher 33-5800 1:500 

Anti-Connexin30 Rabbit-IgG Thermo Fisher 71-2200 1:200 

https://imagej.net/Fiji
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2.4 Fluorescent Ca2+ imaging 

2.4.1 Fura-2  
 

The fluorescent Ca2+ dye Fura-2 AM was used to visualise intracellular Ca2+ responses in inner 

sulcus cells. Fura-2 is readily taken up into the cells as it is used with a lipophilic acetoxymethyl 

ester. Then, esterases within the cells cytoplasm induce de-esterification of the molecule 

(Tsien, 1981). This stops Fura-2 being able to leave the cell, but also frees its Ca2+ binding site, 

ensuring only the dye within cells will fluoresce. This setup allowed the real-time visualisation 

of changes in intracellular Ca2+ concentration by observing changes in fluorescence. 

Therefore, the functioning of purinergic receptors within the inner sulcus cells could be 

investigated by applying various purinergic receptor agonists and antagonists extracellularly 

and monitoring the intracellular Ca2+ responses. 

 

Fura-2 is a ratiometric Ca2+ dye which undergoes alterations in its light absorption and 

emission properties depending on the Ca2+ concentration (Grynkiewicz, Poenie and Tsien, 

1985). The isosbestic point (i.e. the excitation wavelength at which the fluorescence emission 

intensity is equal no matter the Ca2+ concentration) for Fura-2 is 360 nm. The binding of Ca2+ 

ions to Fura-2 causes an increase in absorption and a shift of the absorption peak towards 

lower wavelengths (Figure 2.2). This results in an increase or decrease of the fluorescence 

emission when excited with wavelengths lower or higher than the isosbestic point, 

respectively. Therefore, it can be demonstrated that the ratio between the fluorescence 

intensities produced following excitation at two different wavelengths is a monotonic 

function of the Ca2+ concentration within the cell (Grynkiewicz, Poenie and Tsien, 1985). The 

use of a ratiometric dye removes the potential for tissue specific differences, such as dye 

loading and cell size. 

All data was presented in the format of these fluorescence ratios (and not converted to Ca2+ 

concentration). This was because the conversion requires in-situ calibration of the dye for 

every cell investigated and this involves pharmacological alteration of the preparation. 

Therefore, to better preserve the explants, and because we were only interested in 

comparing relative sizes of the Ca2+ responses, we decided to not calculate the conversion 

and use the ratiometric values only. 
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Figure 2.2: The light absorption and emission properties of Fura-2  

The light absorption and emission properties of Fura-2 are dependent on the concentration of free 

Ca2+. Each blue trace represents the excitation spectrum of Fura-2 for light emitted at 510 nm (green) 

for different Ca2+ concentrations. At the largest free Ca2+ concentration (39.8 μM), Fura-2 has the 

greatest difference between the fluorescence intensity recorded for excitation at 340nm and 380nm. 

(Fura-2 product information, Molecular Probes, 2006). 
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2.4.2 Tissue preparation 
 

The apical cochlear turn was dissected out from the inner ear (as previously described in 

Section 2.3.1) in extracellular solution (ECS) (composition found in table 2.2 along with amino 

acids and vitamins from Thermo Fisher Scientific, UK). The pH of this solution was raised to 

7.48 with 4M NaOH and had an osmolality of ~304 mmol kg-1.  

 

 

 

 

 

 

 

 

 

 

 

Table 2.2: Concentrations of chemicals in extracellular solution 

 

2.4.3 Dye loading and setup 
 

The dissected organ of Corti was incubated in dye loading solution at 35°C for 40 minutes. 

The loading solution contained DMEM/F12, 0.1% pluronic F-127 (Thermo Fisher Scientific, 

UK), 250 μM sulfinpyrazone to avoid dye sequestration (Sigma-Aldrich) and 10 μM of the 

fluorescent Ca2+ indicator Fura-2 AM (Thermo Fisher Scientific, UK). Following incubation, the 

organ of Corti was transferred into a microscope chamber containing ECS, and held in place 

with a nylon mesh grid (Figure 2.3C). The tectorial membrane was then removed from above 

the epithelium. The chamber was placed under custom-made epifluorescence microscope 

(Ceriani et al., 2016) based on an Olympus BX51WI upright microscope (Japan) fitted with a 

15x eyepiece and 60x water immersion objective (0.1 NA, Olympus LUMPlanFl) (Figure 2.3A).  

Chemical Final concentration (mM) 

NaCl 135 

CaCl2 1.3 

KCl 5.8 

MgCl2 0.9 

HEPES 10 

Glucose 5.6 

NaH2PO4 0.7 

Na-Pyruvate 2 
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Figure 2.3: Ca2+ imaging experimental setup 

A: Image of the equipment setup for Ca2+ imaging experiments. The Olympus BX51 upright microscope 

is shown with the ORCA Flash 4.0 V2 CMOS camera attached behind. The five tubes on the right are 

the gravity fed perfusion system for agonist/antagonist application. B: Magnified image of the 

microscope stage showing the perfusion pipette (asterisk) where the gravity fed perfusion system 

leads. The microscope chamber is continually being perfused with ECS via the inlet (1) and outlet (2) 

tubes connected. C: The microscope chamber with nylon mesh grid. D: A magnified image of the nylon 

grid within the chamber where the organ of Corti is secured for imaging. It is oriented so that there is 

a flat section of epithelium free containing both the hair cells and the inner sulcus. 
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2.4.4 Perfusion 
 

The sample was continually perfused with fresh ECS throughout the experiment using a 

Peristaltic pump (Figure 2.3B) (Cole-Palmer, UK). A complete list of agonists/antagonists used 

in these experiments, along with the concentrations used, can be found in Table 2.3. The 

chemicals were diluted in ECS and applied to the preparation via a gravity-dependant 

perfusion system. 

 

 

Table 2.3: List of chemicals used as P2Y receptor agonists and antagonists 

 

 

 

 

 

 

 

 

 

 

 

 

Name Pharmacology Concentration (μM) Supplier Reference 

ATP P2 receptor agonist 0.1 
Thermo 

Fisher 
R0441 

UTP 
P2Y2 and P2Y4 

agonist 
0.3 

Sigma-

Aldrich 
U1006 

ADP P2Y1 agonist 1 
Sigma-

Aldrich 
01897 

Thapsigargin SERCA pump blocker 2 TOCRIS 1138 

MRS4062 P2Y4 specific agonist 10 TOCRIS 4261 

AR-C 118925XX P2Y2 antagonist 15 TOCRIS 4890 

MRS2500 P2Y1 antagonist 1 TOCRIS 2159 
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2.4.5 Imaging 
 

During each recording, the tissue was exposed to alternating pulses of light via two light-

emitting diodes (Thorlabs, USA) with peak emission at 365 nm and 385 nm, respectively. Light 

from the LEDs was passed through FF360/23 (365 nm LED) and FF392/23 (385 nm LED) narrow 

bandpass filters (Semrock, USA). The exposure time for 365 nm and 385 nm excitation was 

set at 65ms and 25ms respectively, with 100ms between these two separate pulses. The 

sequence of dual-wavelength light exposures was repeated every 1s (1Hz acquisition rate for 

the ratio signal) and controlled via Python software created in our lab (Python 3.10, Python 

Software Foundation). To minimise photo bleaching and phototoxic effects due to the use of 

UV light, the LED illumination was synchronised with camera exposure using an Arduino 

Microcontroller (Arduino Mega, Italy). 

The emitted light from Fura-2 was separated from the excitation light using a T495lpxr long 

pass dichromatic mirror and filtered through a ET525/50M bandpass interference filter 

(Chroma, USA). Images of the emitted light were captured with an ORCA Flash 4.0 V2 CMOS 

camera (Hamamatsu, Japan) using Micro-Manager software (Edelstein et al., 2014). Before a 

sample was disposed of when all recordings were complete, a brightfield image was 

sometimes taken to better illustrate the location of individual cells for later analysis (Figure 

2.4A). 

 

2.4.6 Analysis of recordings  

The recordings were viewed and analysed using ImageJ (NIH) and custom-made Python 

scripts. From each recording, approximately 15 regions of interest (ROI) were manually 

chosen (Figure 2.4B). These ROIs were 3.5 μm × 3.5 μm in size and were placed over a single 

inner sulcus cell. This meant the changes in fluorescence over time could be analysed for 

around 15 individual cells per recording. The brightfield images collected following imaging 

experiments could be used as reference for the location of cells. 
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Figure 2.4: Analysis of Ca2+ imaging recordings from mouse organs of Corti 

A: Brightfield image taken of the cochlear explant after completion of imaging to help identify 

individual cells on the fluorescent images. The location of inner hair cells is indicated by the white 

arrow heads. The location of inner sulcus cells is indicated by the green arrows. Scale bar is 20 μm. B: 

False-colour images before (top), during (middle) and after (bottom) the application of 100 nM ATP. 

Square regions of interest (ROIs, red and white) were manually drawn on supporting cells in the 

proximity of the IHCs. The arrowhead in the bottom panel shows the location of the IHCs. Scale bar is 

20 μm. C: Ca2+ traces, calculated as fractional change of the ratio between the fluorescence emission 

for excitation at 365 nm and 385 nm (ΔR/R0), respectively, for a subset of ROIs (red ROIs shown in 

panel B). ATP (100 nM) was applied during the time-window highlighted in grey. Figure taken from 

(Hool et al., 2023). 

 



50 
 

2.4.6.1 Calculation of fluorescence intensity ratio 

To determine background fluorescence (BF) emission (e.g. due to tissue autofluorescence), 

an organ of Corti was imaged using the same recording conditions as in the Ca2+ imaging 

experiments (see above) but without incubation in Fura-2. An average of the pixel 

fluorescence following both the 365 nm and the 385 nm light were calculated and subtracted 

from each recording to remove any fluorescence not resulting from the excitation of Fura-2 

dye.  

To estimate the concentration of intracellular Ca2+, the ratio between the fluorescence 

emission intensity following the 365 nm and 385 nm light exposures was calculated using the 

following equation (Eq. 1): 

Eq. 1:         𝑅 =  
𝐹(365)−𝐵𝐹(365)

𝐹(385)−𝐵𝐹(385)
 

The change in intracellular Ca2+ concentration evoked by purinergic receptor activation 

following agonist application could then be estimated using the following equation (Eq. 2):  

Eq. 2:         
Δ𝑅

𝑅0
=

𝑅(𝑡)−𝑅0

𝑅0
 

Where R(0) is the baseline emission ratio before application of any chemicals and R(t) is the 

emission ratio recorded following chemical application. The baseline value was calculated for 

each recording by taking an average of the fluorescence ratios from the 3 seconds just before 

chemical application. The equation also normalises the ΔR to the specific baseline 

fluorescence ratio value calculated for each recording (divide whole equation by R(0)).  

 

2.4.6.2 Quantification of intracellular Ca2+ responses 
 

To quantify the intracellular Ca2+ responses to the various agonists and antagonists, both a 

maximum and average fluorescence intensity ratio was calculated for each ROI. The first 30 

seconds of chemical application was used for these calculations. Ca2+ oscillations were first 

identified automatically using custom Python scripts (function find_peaks of the scipy.signal 
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Python module) and then reviewed manually to determine the validity of the peaks. The 

frequency of intracellular Ca2+ oscillations was determined by dividing the number of 

oscillations by the duration of chemical application.  

 

2.4.6.3 Statistical analysis 
 

The sample sizes used in the statistical tests were chosen to be similar to those used in 

previous work from this lab which also analysed age-related changes in cochlear cell 

physiology (Ceriani et al., 2019b; Jeng et al., 2020a; Jeng et al., 2021). Mice of both sexes were 

used in these experiments and randomly distributed over the different experimental groups.  

The statistical analysis was completed on R software (R Core Team 2022). All data analysed 

were non-parametric and P < 0.05 was the criterion for statistical significance. The Wilcoxon 

signed-rank test was used to compare paired data groups (analysis of Ca2+ responses from the 

same animal before and after antagonist application). The aligned ranks transformation (ART) 

two-way ANOVA was used to compare between unpaired data groups (analysis of Ca2+ 

responses between different animals of different ages and strains). The ART two-way ANOVA 

was followed by a Wilcoxon rank sum test with Bonferroni correction (for potential error from 

multiple comparisons) to determine which of the data groups were statistically different. 
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2.5 Whole-cell dye injections 

2.5.1 Tissue preparation and setup 
 

The fluorescent dye Lucifer yellow (charge -2, molecular mass 443 Da) was used to evaluate 

gap junction channel permeability between the supporting cells of the cochlear epithelium. 

The apical cochlear turn was dissected out from the inner ear as described above in 

extracellular solution (ECS) (Table 2.2). The cochlear epithelium was maintained intact to 

preserve the cell-cell connections across the inner sulcus. Once dissected, the organ of Corti 

was transferred into a microscope chamber containing ECS, and held in place with a nylon 

mesh grid (shown previously in Figure 2.3). This chamber was placed under an Olympus BX51 

upright microscope (Japan) fitted with a 15x eyepiece and 60x water immersion objective 

(Olympus LUMPlanFl) (Figure 2.5). The sample was continually perfused with fresh ECS 

throughout the experiment (Peristaltic pump, Cole-Palmer, UK). The microscope was placed 

on an anti-vibration table (TMC, UK).  

 

A target cell was chosen and then a patch pipette was lowered into the chamber. Patch 

pipettes were pulled from soda capillary glass (1413027, Hilgenberg, Germany) and were 

filled with intracellular solution (ICS) (Table 2.4). The pH of the ICS was raised to 7.28 with 1M 

KOH and had an osmolality of ~294 mOsm/kg. Additionally, 137μM Lucifer Yellow dye was 

also added to the intracellular solution (Thermo Fisher, Scientific). The pipettes had a 

resistance between 3-3.5 MΩ when lowered into the chamber containing ECS. 

 

 

 

 

 

 

 

 

 

Table 2.4: Chemical composition of intracellular solution 

Chemical Final concentration (mM) 

KCl 141 

MgCl2 3 

HEPES 5 

Na2Phosphocreatine 10 

EGTA-KOH 1 
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The patch pipette could be positioned adjacent to the target cell using a micromanipulator 

(PatchStar, Scientifica, UK). This pipette was connected to a mouthpiece so that 

positive/negative pressure could be applied manually. To avoid the pipette becoming 

blocked, positive pressure was applied continually whilst approaching the target cell. To form 

a seal between the cell membrane and the patch pipette tip, the pipette was pushed against 

the cell membrane and gentle negative pressure was applied until a seal was formed with a 

resistance of ~1GΩ. The voltage was stepped to -55mV and then an inward suction was 

applied to break the cell membrane and create a direct connection between the ICS in the 

pipette and the cells cytosol. After this, the resistance would largely decrease and gradually 

the dye would enter the cell from the pipette, this would indicate whole-cell patch-clamp 

configuration had been achieved. 
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Figure 2.5: Whole-cell dye injection experiment setup 

A: Image of the equipment setup for whole-cell dye injection experiments. The Olympus BX51 upright 

microscope is shown with the ORCA Flash 4.0 V2 CMOS camera attached behind. B: Zoomed in view 

of the microscope stage. The patch pipette holder (with the patch pipette) (1) and the ground 

electrode (2) are positioned into the microscope chamber. The organ of Corti is located in the chamber 

under the mesh grid. The chamber is continually perfused with fresh ECS via the inlet (3) and outlet 

(4) tubes. C: Brightfield image of the organ of Corti. The inner sulcus cells are in focus located above 

the cyan line. The hair cells are out of focus and are located below the cyan line. The patch pipette 

(red arrow) is positioned adjacent to a target inner sulcus cell. Scale bar: 20 μm. 
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2.5.2 Imaging 
 

During each recording, the epithelium was repeatedly exposed to pulses of 470 nm light from 

a light-emitting diode (Thorlabs, USA) which was passed through an ET470/40X narrow 

bandpass filter (Chroma, USA). Each pulse of light lasted for 100ms and these were given 

every 300ms throughout the recording. The light exposure was controlled via Python software 

created in our lab (Python 3.10, Python Software Foundation).  

The emitted light was isolated using a T495lpxr long pass dichromatic mirror and a 

ET525/50M bandpass interference filter (Chroma, USA). Recordings were taken with an ORCA 

Flash 4.0 V2 CMOS camera (Hamamatsu, Japan). Each recording was always started when 

the pipette formed a giga seal with the cell membrane, just before any suction was applied to 

break through into whole-cell mode. This ensured the first moment of dye entry into the cell 

was always included in the recording. Each recording was left to run for around 25 minutes 

after whole-cell mode was achieved. The recordings were viewed using Micro-Manager 

software (Edelstein et al., 2014). After each experiment, a brightfield image was taken of the 

epithelium to better illustrate the location of individual cells for later analysis (Figure 2.5C). 

 

2.5.3 Analysis of recordings 
 

The recordings were analysed with custom-made Python scripts. A single frame at the end of 

the recording was used as a reference image to position ROIs (regions of interest). Each ROI 

measured 3.5 μm x 3.5 μm and was manually placed in the centre of every inner sulcus cell 

which showed fluorescence due to dye entry (Figure 2.6). An additional ROI was placed over 

the pipette to measure the decrease in fluorescence intensity due to photobleaching in later 

analysis. The pixel-average of each ROI was then used to calculate the relative fluorescence 

intensity (ΔF/F0). Where F is the fluorescence intensity and F0 is an average of the 

fluorescence in the first five frames of each recording. This was calculated for every ROI 

including the pipette ROI. Then, the ΔF/F0 for the pipette was subtracted from the ΔF/F0 of 

each cell. 

A mask was generated on top of the reference image using the “label” layer of the Napari 

imaging software (https://napari.org) where the outline of each cell was manually highlighted 

https://napari.org/
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(Figure 2.6C). This then allowed for automatic determination of the location of each cell (in 

relation to the patched cell) using custom python routines. Specifically, cells were categorised 

into one of four groups based on their position: the patched cell, first order cells (cells directly 

adjacent to the patched cell), second order cells (cells directly adjacent to first order cells) and 

third order cells (cells directly adjacent to second order cells) (Figure 2.6D). 

 

2.5.3.1 Statistical analysis 
 

The sample sizes used in the statistical tests were chosen to be similar to those used in 

previous work from this lab which also analysed age-related changes in cochlear cell 

physiology (Ceriani et al., 2019b; Jeng et al., 2020a; Jeng et al., 2021). Mice of both sexes were 

used in these experiments and randomly distributed over the different experimental groups.  

The statistical analysis was completed on OriginPro 2023 (OriginLab, USA). P < 0.05 was the 

criterion for statistical significance. Two-sample t tests were used to compare the means of 

cells from two mouse age-groups. 
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Figure 2.6: Analysis of dye injection recordings 

A: Reference image from the last frame of a recording which was used to determine the location of 

cells for analysis. Scale bar: 20 μm (also applies to B, C and D). B: Square ROIs measuring 

3.5 μm × 3.5 μm have been placed in the centre of each cell with visible dye diffusion. The ROI on the 

far left of the image (green) has been placed over the pipette as a reference for fluorescence decrease 

due to photobleaching. C: The ROIs in B have been manually extended in Napari imaging software to 

create this mask showing the entire visible surface of each cell. D: The cells were grouped depending 

on their distance from the patched cell (labelled ‘P’). First order cells (blue asterisk) are directly 

adjacent to the patched cell. Second order cells (orange asterisk) are directly adjacent to first order 

cells. E: Fluorescence intensity traces normalised as ΔF/F0 where the signal from the pipette ROI is 

subtracted from each cell. The black line shows the fluorescence of the patched cell. The blue line 

shows an average trace of the individual fluorescence’s of each first order cell. The orange line shows 

an average trace of the individual fluorescence’s of each second order cell.  
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2.6 Electrophysiological recordings 

The experimental setup and equipment for performing whole-cell electrophysiological 

recordings on cells of the cochlear inner sulcus were exactly the same as described in Section 

2.5.1.  The only difference being no Lucifer yellow was added to the intracellular solution 

within the patch pipette.  

After breaking through the cell membrane and establishing whole-cell mode, the input 

resistance of the electrodes was compared between 1-month-old and 19-20-month-old inner 

sulcus cells. This parameter gives an indirect measurement of how coupled the patched cell 

is to the rest of the epithelium. As mentioned in Section 1.1.1.2.2, all cells of the inner sulcus 

are connected by a gap junction network. Therefore, the membrane resistance of the patched 

cell will be influenced by the leak of current from neighbouring cells via the gap junctions. It 

was hypothesised that any changes in the gap junction-mediated connectivity of the inner 

sulcus cells with age might be revealed as differences in the input resistances. 

This data was acquired using an Optopatch patch clamp amplifier (Cairn Research LTD, UK) 

with pClamp software on DigiData 1440A low noise board (Molecular Devices, USA). 

Recordings were filtered using an 8-pole Bessel filter at 2.5 kHz and then sampled at 5 kHz. 

The input resistance of the electrodes was calculated by Clampex software (Molecular 

Devices, USA) using a 10 mV test pulse.  
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Chapter 3. Age-related changes in P2Y 
receptor signalling in mouse cochlear 

supporting cells 
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3.1 Introduction 

The extracellular binding of purines to metabotropic purinergic (P2Y) receptors induces an 

intracellular G-protein coupled signalling cascade leading to efflux of Ca2+ from the 

endoplasmic reticulum into the cytoplasm (Housley, 2000). These resultant Ca2+ transients are 

known to regulate several cellular processes including gene expression and cell proliferation 

(Berridge, Bootman and Roderick, 2003).  

Within the organ of Corti, P2Y receptors are expressed by various supporting cells (Gu Hur et 

al., 2007; Horváth et al., 2016). This chapter will focus on the role of P2Y receptors within the 

inner sulcus cells (or ‘Kölliker’s cells’ in the neonate) (Figure 3.1A).  During cochlear 

development, P2Y1, P2Y2 and P2Y4 are all believed to be expressed by the cells within Kölliker’s 

organ (Huang et al., 2010; Babola et al., 2020). These cells readily release ATP and activate 

P2Y autoreceptors, triggering intracellular Ca2+ transients (Piazza et al., 2007; Tritsch et al., 

2007). The gap junction network connecting these supporting cells facilitates the spread of 

the Ca2+ transients across the cochlear epithelium (Forge et al., 2003; Ceriani, Pozzan and 

Mammano, 2016), and the downstream effects of these Ca2+ waves can modulate immature 

hair cell action potentials and promote refinement of their synaptic connections (Johnson et 

al., 2017). 

Following development, the role of P2Y receptors within the inner sulcus remains unclear due 

to the limited amount of research conducted, along with several contradictory findings. On 

one hand, the expression of P2Y receptors was reported to be absent in the adult rat inner 

sulcus (Huang et al., 2010), and ATP/UTP-inducible Ca2+ oscillations were either significantly 

reduced or not detected at all following hearing onset (Tritsch and Bergles, 2010; Chan and 

Rouse, 2016). However, it has also been suggested that P2Y receptors are maintained in the 

adult inner sulcus as Ca2+ responses were induced  following ATP, and UTP, application (Sirko, 

Gale and Ashmore, 2019). Further investigation is required to better define P2Y receptors and 

their function within the adult cochlear inner sulcus. 

Additionally, senescence-related changes in the expression and function of P2Y purinergic 

receptors are yet to be researched within the cochlea. This could have important implications 

for the development of ARHL as numerous other tissues have displayed a link between 
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changes in P2Y purinergic receptors and the development of age-related neurodegenerative 

disease (Burnstock, 2008). For example, alterations in P2Y receptor activity in the ageing brain 

has been linked to pathological mechanisms associated with Parkinson’s disease and 

Alzheimer’s disease (Erb et al., 2015; Iring et al., 2022). More specifically, P2Y1 receptors were 

found to co-localise with pathologic structures associated with Alzheimer’s disease, such as 

neuritic plaques and reactive astrocytes (Moore et al., 2000), and P2Y1 antagonist application 

largely reduced disease-associated hyperactivity within these pathogenic structures 

(Delekate et al., 2014). Additionally, P2Y receptor antagonists are being considered as 

treatments for these neurodegenerative diseases (Cieślak and Wojtczak, 2018), further 

highlighting their involvement in age-related disease. 

This chapter aims to define the progressive changes in P2Y receptor expression and activity 

within the murine cochlear inner sulcus cells. Three age groups were studied to compare any 

change in P2Y receptor properties between pre-hearing (postnatal day 7), adult (1-month-

old) and aged (17+ months old) cochleae.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

3.2 Results 

3.2.1 Progressive changes in P2Y receptor expression in the 
cochlea 
 

Organs of Corti from neonatal (postnatal day 7, P7), adult (1-month-old) and aged (17-22-

month-old) mice were immunolabelled with antibodies against P2Y1, P2Y2 and P2Y4 receptors 

(see Chapter 2, General Methods). This was performed to determine whether the supporting 

cells in the organ of Corti undergo age-related changes in the expression of P2Y receptors. 

Additionally, mice of C57BL/6N (6N) background were compared with C3H/HeJ mice (C3H) to 

investigate whether any age-related changes in P2Y receptor expression were associated with 

mouse strains showing signs of early onset or late onset ARHL, respectively. For all antibodies 

tested, the labelling in the organ of Corti is shown from both a top-down view and a lateral 

side-on view to better illustrate the location of protein expression (Figure 3.1A). Bright field 

images of the epithelium have also been taken from the top-down view to better show the 

position of the cells labelled in later images (Figure 3.1B, C).  

 

3.2.1.1 P2Y1 receptor expression 
 

At P7, the organs of Corti of 6N and C3H mice displayed similar expression of P2Y1 receptors 

in the Kölliker’s organ cells (Figure 3.1D, E, F, G). This is consistent with previous work showing 

P2Y1 receptors contribute to the generation of spontaneous Ca2+ transients within Kölliker’s 

organ at this neonatal age (Babola et al., 2020). At 1-month, immunolabelling experiments 

showed a loss of expression of P2Y1 receptors in the cochlear inner sulcus of both 6N and C3H 

mice (Figure 3.1D, E, F, G). This again would be expected as spontaneous Ca2+ transients are 

absent after hearing onset (Tritsch and Bergles, 2010). Similar P2Y1 receptor expression was 

observed between 1-month-old and 17-22-month-old mice from both 6N and C3H strains 

(Figure 3.1D, E, F, G).  
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Figure 3.1: P2Y1 receptor expression in the ageing cochlea of 6N and C3H mice 

A: Diagram showing a cross-section side-view of a pre-hearing (left) and mature (right) organ of Corti. 

IHC: inner hair cell; OHC: outer hair cell; IPhC: inner phalangeal cell; IBC: inner border cell; PC: pillar 

cell; GER: greater epithelial ridge; IS: inner sulcus; SC: supporting cells of the GER and IS, which also 

include IPhCs and IBCs. The ‘Immature’ and ‘Mature’ designations refer to before and after the onset 

or hearing, respectively, which in mice occurs at around P12. The image on the left was modified from 

(Ceriani et al., 2019b). The images below represent either the top view (red arrow) or the side view of 

the GER and IS. B, C: Brightfield images of the organ of Corti in P7 (top), 1-month-old (middle) and 

aged (bottom) C57BL/6N (B) and C3H/HeJ (C) mice taken from the top-view orientation used for the 

fluorescence images in panels D and E; these images highlight the location of the different supporting 



64 
 

cell types (SC) in the GER and IS and the IHCs. Note that for simplicity, only a few SCs are highlighted 

in panels B and C. Scale bars are 20 μm. D, E: Maximum intensity projections of confocal z-stacks 

showing images of the GER and IS viewed from the top (red arrow in panel A) in P7 (top panels), 1-

month-old (middle panels) and aged (17–22 months: bottom panels) 6N (D) and C3H (E) mice. Left 

columns show the actin-marker phalloidin (magenta), which is labelling the hair bundles of the IHCs 

(yellow arrows) and the membrane of some of the supporting cells. Middle columns show the 

P2Y1 puncta-like labelling (white) in the supporting cells from the bulk of the GER and IS (white 

arrows). P2Y1 was also expressed in the pillar cells (PCs: orange arrows) which were not investigated 

in this study. Right panels show the merged images. Scale bars are 20 μm. F and G: Maximum intensity 

projections of confocal z-stack images of the GER and IS viewed from the side (see panel A). Phalloidin: 

magenta; P2Y1: white. Note that Phalloidin primarily labels actin in the hair bundle of the IHCs (yellow 

circles) and the intercellular junctions of pillar cells (PC). Scale bars are 10 μm. Whole figure and legend 

taken from (Hool et al., 2023). 
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3.2.1.1 P2Y2 and P2Y4 receptor expression 
 

The organs of Corti of P7 6N and C3H mice displayed comparable expression of P2Y2 and P2Y4 

receptors in the Kölliker’s organ cells (Figure 3.2 and 3.3). This suggests P2Y2 and P2Y4 

receptors could also contribute to ATP-induced Ca2+ responses within the immature organ of 

Corti (Piazza et al., 2007; Huang et al., 2010). At 1-month, immunolabelling experiments 

showed a loss of expression of P2Y2 and P2Y4 receptors in the cochlear inner sulcus of both 

6N and C3H mice (Figure 3.2 and 3.3). This again would be expected as spontaneous Ca2+ 

transients are absent after hearing onset (Tritsch and Bergles, 2010). The supporting cells 

from 17-22-month-old 6N mice displayed an upregulation of P2Y2 and P2Y4 receptor 

expression compared to those present in the 1-month-old inner sulcus (Figure 3.2 and 3.3). 

However, this upregulation was minimal or strongly delayed in inner sulcus cells from 17-22-

month-old C3H mice.  
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Figure 3.2: P2Y2 receptor expression in the ageing cochlea of 6N and C3H mice 

A, B: Maximum intensity projections of confocal z-stacks showing images of the greater epithelial 

ridge (GER) and inner sulcus (IS) viewed from the top (red arrow in Figure 3.1A) in P7 (top panels), 1-

month-old (middle panels) and aged (17–22 months: bottom panels) C57BL/6N (A) and C3H/HeJ (B) 

mice. Left column: actin-marker phalloidin (magenta); middle column: P2Y2 (white). Right panels show 

the merged images. For the identification of the cellular organisation and labels, see Figure 3.1. Scale 

bars are 20 μm. C, D: Maximum intensity projections of confocal z-stack images of the GER and IS 

viewed from the side (see Figure 3.1). Phalloidin: magenta; P2Y2: white. Scale bars are 10 μm. Whole 

figure and legend taken from (Hool et al., 2023). 
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Figure 3.3: P2Y4 receptor expression in the ageing cochlea of 6N and C3H mice 

A, B: Maximum intensity projections of confocal z-stacks showing images of the GER and IS viewed 

from the top (red arrow in Figure 3.1A) in P7 (top panels), 1-month-old (middle panels) and aged (17–

22 months: bottom panels) 6N (A) and C3H (B) mice. Left column: actin-marker phalloidin (magenta); 

middle column: P2Y4 (white). Right panels show the merged images. For the identification of the 

cellular organization and labels, see Figure 3.1. Scale bars are 20 μm. C, D: Maximum intensity 

projections of confocal z-stack images of the GER and IS viewed from the side (see Figure 3.1). 

Phalloidin: magenta; P2Y4: white. Scale bars are 10 μm. Whole figure and legend taken from (Hool et 

al., 2023). 
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3.2.2 Progressive changes in P2Y receptor function in the 
cochlea 
 

In order to study P2Y-mediated intracellular Ca2+ responses in the supporting cells, the 

cochlear explants from neonatal (postnatal day 7), adult (1-month-old) and aged (18-24-

months-old) mice were incubated with the ratiometric fluorescent Ca2+ indicator Fura-2. This 

was performed to determine whether the supporting cells in the organ of Corti undergo age-

related changes in the function of P2Y receptors. For these experiments, C57BL/6N and 

C3H/HeJ mice were investigated together with C57BL/6N-repaired mice, which are co-

isogenic with C57BL/6N mice but have the Cdh23ahl allele repaired with CRISPR/Cas9 (Mianné 

et al., 2016).  

Three of the most abundant endogenous ligands for the P2Y receptor family include 

adenosine 5’-triphoshate (ATP), adenosine 5’-diphosphate (ADP) and uridine 5’-triphosphate 

(UTP) (Jacobson et al., 2009). ATP is a general P2 receptor agonist known to activate all three 

P2Y receptors we intend to study (P2Y1, P2Y2 and P2Y4) as well as other P2Y and P2X receptor 

subtypes (Burnstock, 2004). It has been reported that the concentration of ATP in the 

endolymph and perilymph of the cochlea at rest is 10-20 nM (Muñoz et al., 1995). However, 

this is expected to fluctuate, and is likely increased during development as ATP is being 

constantly released by Kölliker’s organ cells (Piazza et al., 2007). Additionally, it is also known 

that ATP is released into the extracellular cochlea fluids following insults such as high levels 

of noise exposure or hypoxia (Muñoz et al., 1995; Chan and Rouse, 2016). Therefore, 100 nM 

was selected as the concentration of ATP to use in these experiments to elicit P2Y-mediated 

Ca2+ responses in the supporting cells of the cochlea. However, the majority of other studies 

in the literature use 1-100 μM of ATP (Piazza et al., 2007; Tritsch and Bergles, 2010; Sirko, 

Gale and Ashmore, 2019) which is much larger than the ATP concentration expected to exist 

in vivo. Nonetheless, it was apparent that it was not necessary to use such a high ATP 

concentration as we observed Ca2+ responses in cochlear supporting cells with 100 nM (Figure 

3.4). 
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3.2.2.1 ATP-induced intracellular Ca2+ responses increase in the aged 

inner sulcus  

 

The extracellular application of 100 nM ATP onto the sensory epithelium from postnatal day 

7 6N mice induced increases in intracellular Ca2+ concentration which propagated across the 

cells of Kölliker’s organ in waves (Figure 3.4B). This was anticipated as it is well established 

that P2Y receptors are expressed in Kölliker’s organ prior to hearing onset (Babola et al., 2020; 

Huang et al., 2010). ATP is known to stimulate P2Y-mediated Ca2+ release from the 

endoplasmic reticulum, and the gap junction network connecting these cells will facilitate the 

spread of this Ca2+ response across the epithelium (Ceriani, Pozzan and Mammano, 2016). 

Alongside this, spontaneous intracellular Ca2+ waves were also observed in Kölliker’s organ 

cells, unrelated to the application of ATP. In vivo, these cells are known to spontaneously 

release ATP which activates their own P2Y receptors and induces spontaneous intracellular 

Ca2+ waves (Piazza et al., 2007; Tritsch et al., 2007). Neonatal supporting cells also exhibit 

oscillatory activity comprising of periodic, transient increases in Ca2+ levels upon continuous 

stimulation with ATP. Therefore, age-related differences in both individual Ca2+ spikes, and 

Ca2+ oscillations, were investigated to evaluate both the size and dynamics of Ca2+ responses 

in the ageing cochlea. 

In 1-month-old organs of Corti, the application of 100 nM ATP induced minimal increases in 

intracellular Ca2+ in the supporting cells of the inner sulcus (Figure 3.4C). The average, and 

maximum, ATP-induced Ca2+ response was significantly reduced in 1-month-old explants 

compared to those recorded at P7 (P < 0.0001) (Figure 3.4O, P). Additionally, ATP-induced 

Ca2+ responses remained minimal in supporting cells from 6-month-old 6N mice and, when 

compared with the 1-month-old explants, no significant difference was found between either 

the average or maximum ATP-inducible Ca2+ responses. 

However, 12-month-old inner sulcus cells showed a significant increase in average and 

maximum ATP-induced Ca2+ responses compared to those from 1-month-old explants (Figure 

3.4O, P), and this was even more pronounced in the senescent age group (P < 0.0001) (18-24-

months-old). These Ca2+ responses also appeared to resemble more closely those observed 
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in the neonatal explants as they manifested as both Ca2+ spikes and oscillations (an oscillation 

being classed as a repetitive Ca2+ spike where Ca2+ levels rise and fall cyclically) (Figure 3.4Q).  

The reason for an upregulation in P2Y receptor function in the 6N aged cochlea is unclear. To 

understand whether this upregulation was linked to the degree of hearing loss, age-related 

changes in P2Y receptor function were first compared between the 6N (early onset ARHL) and 

C3H mouse (late onset ARHL) strains. No significant difference was found in the average or 

maximum ATP-induced Ca2+ responses between the neonatal explants from 6N and C3H mice 

(Figure 3.4N, O and P), and similar to the 6N mice, the 1-month-old C3H explants showed a 

significant reduction in ATP-induced Ca2+ responses compared to the neonatal cells 

(P < 0.0001). However, unlike the 6N strain, the 12-month-old C3H inner sulcus cells did not 

show a significant upregulation in the average or maximum ATP-induced Ca2+ responses when 

compared to the 1-month-old cells (Figure 3.4O and P). Furthermore, in the senescent age 

group (18-24-months-old) the C3H inner sulcus cells exhibited a significantly smaller 

upregulation in ATP-induced Ca2+ responses compared to the upregulation observed in the 

6N cells. There was also no significant increase in the frequency of ATP-induced 

Ca2+ oscillations in the senescent C3H inner sulcus compared to the 1-month-old adult (Figure 

3.4Q). Taken together, these results suggest that the C3H mouse strain undergoes much less 

of (or a delayed) upregulation of P2Y receptor function with ageing in comparison to the 6N 

strain. This conclusion raises the possibility that these age-related changes in the function of 

P2Y receptors might be associated with the progression of ARHL. However, there is also the 

possibility that they might be a secondary effect of ARHL and have no influence on its 

progression. 
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Figure 3.4: ATP-induced Ca2+ responses in ageing 6N, C3H and 6N-repaired 

mouse inner sulcus cells 

A: Brightfield images of the organ of Corti in P7 (left), 1-month-old (middle) and aged (right) mice from 

Figure 3.1 B (immunolabelling experiments) showing the area of the GER and IS used for the 

Ca2+ imaging experiments, which includes the supporting cells close to the IHCs (area in between the 
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white dashed lines). Scale bars are 20 μm. B–M: Representative Ca2+ responses in supporting cells 

induced by the extracellular application of 100 nM ATP (grey area) in 6N (B–E, black), C3H (F–I, 

magenta), and 6N-Repaired (6N-Rep.: J–M, blue) mice at different ages reported above each set of 

traces. Synchronised peaks in several traces after the increase at the onset of stimulation (evident in 

panels B, F and L) reflect the propagation of Ca2+ waves across multiple cells. N: Comparison of the 

average Ca2+ responses from supporting cells at the onset of ATP application from 6N (left), C3H 

(middle), and 6N-Repaired (right) mice at different ages. Continuous traces represent averages, while 

the shaded area is the SD. Numbers of individual ROIs (i.e. supporting cells) for mice at P7–P8, 1–

2 months, 12–13 months, and 18–24 months are: 6N, 212 (8 mice), 144 (7), 134 (3), 276 (10); C3H, 127 

(3), 194 (7), 127 (4), 173 (9); Repaired, 176 (6), 171 (5), 88 (3), 250 (8). For 6N mice, an additional set 

of experiments was performed in 6-month-old animals (130 ROIs from 4 mice). O, P: Comparison of 

the average (O) and maximum (P) Ca2+ response of each cell to 100 nM ATP application in the three 

mouse strains at different ages. Open circles represent single data points. Significance values are 

indicated by the asterisks (**P < 0.0001, Wilcoxon rank sum test, ART two-way ANOVA). Q: Comparison 

of the oscillation frequency in supporting cells during application of 100 nM ATP. For this 

quantification, we only used experiments from panels O and P in which ATP perfusion was longer than 

100 s. Numbers of individual ROIs (i.e. supporting cells) for mice at P7–P8, 1–2 months, 12–13 months, 

and 18–24 months are: 6N, 60 (3 mice), 52 (3), 55 (2), 48 (3); C3H, 66 (3), 71 (3), 65 (4), 56 (5); Repaired, 

66 (3), 65 (4), 77 (3), 132 (6). For 6N mice, an additional set of experiments was performed in 6-month-

old animals (55 ROIs from 4 mice). Open circles represent single data points. Significance values are 

indicated by the asterisks (*P = 0.031, **P < 0.0001, Wilcoxon rank sum test, ART two-way ANOVA). 

Whole figure and legend taken from (Hool et al., 2023). 
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In order to evaluate whether the Cdh23ahl allele in 6N hair cells was indirectly involved in the 

upregulation of P2Y receptors, the progressive changes in P2Y receptor function were 

compared between 6N and 6N-repaired mouse strains. As mentioned above, the 6N-repaired 

mouse line is co-isogenic to the 6N mouse strain, except the 6N-repaired strain has the 

mutation in Cadherin 23 corrected via CRISPR/Cas9-mediated homology directed repair 

(Mianné et al., 2016). This correction reduces the severity of early onset ARHL observed in 6N 

mice and gives the 6N-repaired mice significantly better ABR thresholds at older ages in the 

high-frequency regions (>12kHz) (Figure 2.1) (Jeng et al., 2021). The 6N-repaired inner sulcus 

cells displayed a similar upregulation of ATP-induced Ca2+ responses in the senescent explants 

to that observed by 6N explants (Figure 3.4J-N). No significant difference was found in the 

size or dynamics of these Ca2+ responses between 6N or 6N-repaired aged inner sulcus cells 

(Figure 3.4O-Q). These data suggest the observed age-related alterations in P2Y-mediated 

purinergic signalling is unlikely to be influenced by the Cdh23ahl allele. However, the C57BL 

strain, irrespectively to the Cdh23ahl allele, was more susceptible to changes in supporting 

cells compared to the C3H mice. 

To better understand the dynamics of these senescence-specific Ca2+ responses, different 

concentrations of ATP were applied to inner sulcus cells from 6N mice aged 18-24-months 

old. From this, it could be inferred what concentrations of ATP would be required in vivo in 

the endolymph to generate Ca2+ responses. Spikes and sustained oscillations in intracellular 

Ca2+ could be induced from application of 30 – 300 nM ATP (Figure 3.5A). The application of 

higher ATP concentrations (1 μM) triggered a rise in intracellular Ca2+ levels followed by a 

plateau or damped oscillations (Figure 3.5A). The EC50 (the concentration required to produce 

50% of the response) was calculated to be 60-70 nM ATP for both the average and maximum 

Ca2+ responses from aged supporting cells (Figure 3.5C and D).  
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Figure 3.5: Dose-dependent ATP-induced Ca2+ signalling in supporting cells 

from aged 6N mice 

A: Representative Ca2+ responses to different concentrations of ATP in supporting cells induced by ATP 

perfusion (grey area) in aged (18–24 months) 6N mice. B: Prolonged stimulation (5 min) with 

60 nM ATP, highlighting the occurrence of slow oscillations. C, D: Dose-response curves for the 

average (C) and maximal (D) Ca2+ response as a function of the ATP concentration. Data are plotted as 

mean ± SD. The continuous lines represent a fit with a Hill function:   

     𝑅 = 𝑅max 
[ATP]𝑛

[ATP]𝑛+EC50
𝑛,  

where EC50 = 74 ± 6 nM and n = 1.62 ± 0.23 (C) and EC50 = 58 ± 10 nM and n = 1.07 ± 0.22 (D). Numbers 

of individual supporting cells (ROIs) recorded from 18–24-month-old mice and from lower to higher 

concentrations are: 31 (3 mice), 56 (3), 130 (6), 276 (10), 66 (3), 56 (5). Whole figure and legend taken 

from (Hool et al., 2023). 
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3.2.2.2 ATP-induced intracellular Ca2+ responses rely on Ca2+ release 

from intracellular stores 

 

The activation of P2Y purinergic receptors induces an intracellular G-protein coupled 

signalling cascade which drives Ca2+ efflux into the cytoplasm from the endoplasmic reticulum 

(Housley, 2000). Therefore, to confirm whether the observed intracellular Ca2+ responses are 

a result of activating P2Y receptors, thapsigargin was used to block the SERCA ATPase pump. 

This ATPase pump is located on the endoplasmic reticulum and is responsible for building up 

the Ca2+ stores by taking up Ca2+ from the cytoplasm (Thastrup, 1990). Therefore, thapsigargin 

will deplete Ca2+ stores within the endoplasmic reticulum and prevent any P2Y-mediated 

intracellular Ca2+ responses. Extracellular thapsigargin completely abolished any intracellular 

Ca2+ rise or oscillations induced following the application of 100 nM ATP to aged inner sulcus 

cells (Figure 3.6). This suggests the Ca2+ responses induced by application of nanomolar 

concentrations of ATP are a result of the activation of P2Y receptors stimulating Ca2+ release 

from the ER into the cytoplasm, and are not due to Ca2+ influx into the cell from the 

extracellular space via ionotropic P2X purinergic receptors. Furthermore, it has already been 

reported that thapsigargin abolishes ATP-mediated intracellular Ca2+ responses in the pre-

hearing Kölliker’s organ (Piazza et al., 2007; Babola et al., 2020). 
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Figure 3.6: ATP-induced Ca2+ signals in supporting cells of aged mice depend 

on intracellular Ca2+ stores 

A: Representative Ca2+ responses in supporting cells induced by ATP perfusion (100 nM, grey area) in 

an aged 6N mouse before (left) and after (right) 30-min incubation in 2 μM Thapsigargin. B: Maximal 

ATP-induced Ca2+ response before and after Thapsigargin incubation. Thapsigargin incubation 

abolished the Ca2+ responses (P < 0.0001, Wilcoxon signed-rank test). Numbers of individual 

supporting cells (ROIs): P7–P8, 102 (3 mice); 18–24 months old, 46 (3 mice). Whole figure and legend 

taken from (Hool et al., 2023). 
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3.2.2.3 ADP-induced intracellular Ca2+ responses are unchanged in the 

aged cochlea 

 

Adenosine 5′-diphosphate (ADP) is known to activate P2Y1, but not P2Y2 and P2Y4 (Burnstock, 

2004; von Kügelgen and Hoffmann, 2016). The use of this agonist allowed the observation of 

intracellular Ca2+ responses due to P2Y1 alone without the influence of the other two 

receptors known to be expressed in the inner sulcus cells (Figure 3.2 and 3.3). The 

extracellular application of 1uM ADP onto the organs of Corti from postnatal day 7 mice 

induced similar intracellular Ca2+ responses to those observed after ATP application (Figure 

3.7A-F). However, ADP application triggered Ca2+ responses in 1-month-old inner sulcus cells 

and this was not observed following ATP application at this age. Furthermore, these ADP-

induced Ca2+ responses remain unchanged and are maintained in the aged inner sulcus cells. 

No significant difference was found between the maximum or average Ca2+ responses from 

6N inner sulcus cells aged 1-month-old and 18-24-months-old (Figure 3.7E, F). To confirm that 

the Ca2+ responses are due to ADP activating P2Y1 receptors, the P2Y1 specific antagonist 

MRS2500 was applied. This antagonist completely abolished any ADP-induced Ca2+ responses 

in the aged inner sulcus cells (Figure 3.7G, H). Therefore, it is likely that these ADP-induced 

Ca2+ responses are a result of P2Y1 receptor activation. However, the immunolabelling images 

show no P2Y1 receptor expression at 1-month old or 18-24 months old (Figure 3.1).  

This means the immunolabelling and Ca2+ imaging experiments give contradictory conclusions 

about the presence of P2Y1 receptors in the adult and aged inner sulcus. One explanation for 

this could be that the antibody was not validated on a P2Y1 knock out mouse and so it is not 

certain as to whether the labelling was reliable. Alternatively, there could be other receptors 

which become expressed in the adult and aged inner sulcus which both respond to ADP, and 

are influenced by the MRS2500 antagonist. This will be discussed further in later chapters. 

Nevertheless, both of these data report no difference between the expression or function of 

P2Y1 receptors in the adult cochlea (1-month-old) compared to the aged cochlea (18-24 

months old). Therefore, it was decided to investigate other P2Y receptors to try and figure 

out what was driving the senescence-specific increase in ATP-inducible Ca2+ responses 

reported earlier.  
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Figure 3.7: ADP-induced Ca2+ responses in supporting cells of the 6N mouse 

cochlea 

A–C: Representative Ca2+ responses in supporting cells induced by the extracellular application of 

1 μM ADP (grey area) in 6N mice at different age ranges shown above the recordings. D: Comparison 

of the average Ca2+ response at the onset of ADP application (grey bar beneath the traces) in cochlear 

supporting cells of 6N mice in the three different age ranges tested. Continuous traces represent 

averages, while the shaded area is the SD. Numbers of individual supporting cells (ROIs): P7–P8, 59 

ROIs (3 mice); 1–2 months old, 70 ROIs (4), and 18–24 months old, 121 ROIs (5). E, F: Comparison of 

the average (E) and maximum (F) Ca2+ response to 1 μM ADP application in 6N mice at different ages. 

Number of supporting cells used is shown above the averages (± SD) and single data points (plotted 

as open circles). G: Representative Ca2+ responses in supporting cells induced by 1 μM extracellular 
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ADP (grey area) in aged 6N mice. The application of ADP together with the P2Y1 antagonist MRS2500 

(1 μM, top black horizontal line) blocked the ADP-induced Ca2+ response. H: Effect of P2Y1 antagonist 

MRS2500 on the size of the ADP-induced Ca2+ response in cochlear supporting cells from aged mice 

from 64 supporting cells (ROIs) from 3 mice. Significance values are indicated by the asterisks 

(P < 0.0001, Wilcoxon signed-rank test). Whole figure and legend taken from (Hool et al., 2023). 
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3.2.2.4 UTP-induced intracellular Ca2+ responses are increased in the 

aged cochlea 

 

UTP is known to activate P2Y2 and P2Y4 receptors, but not P2Y1 receptors (von Kügelgen and 

Hoffmann, 2016). Application of 300 nM UTP to 6N organs of Corti from postnatal day 7 mice, 

1-month-old and aged cells induced similar intracellular Ca2+ responses to those observed 

after ATP application. Both the neonatal (P7/8) and aged (18-24 months old) inner sulcus cells 

displayed intracellular Ca2+ oscillations in response to UTP (Figure 3.8A and C). While 

supporting cells from 1-month-old 6N mice showed little or no Ca2+ responses to this agonist 

(Figure 3.8B). As observed with ATP, no difference was observed between the Ca2+ responses 

recorded from 6N and C3H mouse strains in the neonatal (P7/8) and adult (1-month-old) age 

groups (Figure 3.8G-I). However, inner sulcus cells from aged 6N mice displayed significantly 

larger UTP-induced Ca2+ responses when compared to C3H mice of the same age (Figure 3.8G-

I). This data again suggests that the upregulation of P2Y receptor function observed in the 

aged inner sulcus appears to be more pronounced in mice with more severe ARHL. 

To further confirm that UTP-induced Ca2+ responses are a result of P2Y2 and P2Y4 receptor 

activation, the specific P2Y2 receptor antagonist AR-C 118925XX (Rafehi et al., 2017) and the 

P2Y4 receptor agonist MRS4062 (Maruoka et al., 2011) were extracellularly applied (Figure 

3.9). When AR-C 118925XX was applied together with UTP, it abolished the UTP-induced 

Ca2+ responses in the inner sulcus cells of 6N aged mice, indicating that these Ca2+ oscillations 

rely on the P2Y2 receptor. Additionally, application of MRS4062 elicited similar intracellular 

Ca2+ responses to those seen following UTP application. This suggests that UTP is also 

activating the P2Y4 receptors as the UTP-induced responses are comparable to P2Y4-specific 

responses. Taken together, these results suggest that the P2Y2 and P2Y4 receptors are 

responsible for the upregulation of UTP-induced Ca2+ responses in the aged inner sulcus. 
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Figure 3.8: Age dependence of UTP-induced Ca2+ responses in ageing mice 

A–F: Representative Ca2+ responses in supporting cells induced by the superfusion of 300 nM UTP 

(grey area) in 6N (A–C, black) and C3H (D–F, magenta) mice at the different age ranges shown above 

the recordings. G: Comparison of the average Ca2+ response at the onset of UTP application (grey bar 

beneath the traces) in cochlear supporting cells of 6N (left) and C3H (right) mice. Continuous traces 

represent averages, while the shaded area is the SD. Numbers of individual supporting cells (ROIs) for 

P7–P8, 1- to 2-month-old and 18- to 24-month-old mice, are: 6N, 151 (5 mice), 104 (5 mice), 148 (7 

mice); C3H, 66 (3 mice), 128 (5 mice), 125 (7 mice). The average frequency of UTP-induced 

Ca2+ oscillations for 6N mice at different ages was: P7–P8, 3.75 ± 1.29 oscillations/min; 1–2 months, 

1.33 ± 1.29 oscillations/min; 18–24 months, 3.83 ± 2.35 oscillations/min. The average frequency of 

UTP-induced Ca2+ oscillations for C3H mice at different ages was: P7–P8, 3.32 ± 1.24 oscillations/min; 
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1–2 months, 1.24 ± 1.05 oscillations/min; 18–24 months, 1.57 ± 0.85 oscillations/min. H, I: 

Comparison of the average (H) and maximum (I) Ca2+ response to 300 nM UTP application in 6N and 

C3H mice at different ages. Single data points are plotted as open circles. Numbers of individual 

supporting cells (ROIs) and mice is as described in panel G above. Significance values are indicated by 

the asterisks (*P < 0.0001, Wilcoxon rank sum test, ART two-way ANOVA). Whole figure and legend 

taken from (Hool et al., 2023). 
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Figure 3.9: Pharmacology of UTP-induced Ca2+ responses in supporting cells 

A: Representative Ca2+ responses in supporting cells induced by the extracellular application of 

300 nM UTP (grey area) in aged 6N mice. The application of UTP together with the P2Y2 antagonist 

ARC-118925XX (15 μM, top black horizontal line) caused a reduction of the UTP-induced Ca2+ response 

and stopped Ca2+ oscillations. B: Average UTP-induced Ca2+ responses during the last 10 s of UTP 

application and when UTP was applied together with the P2Y2 antagonist ARC-118925XX in cochlear 

supporting cells from aged mice (74 ROIs from 4 mice). Significance values are indicated by the 

asterisks (P < 0.0001, Wilcoxon signed-rank test). C: Representative Ca2+ responses in supporting cells 

induced by the P2Y4 agonist MRS4062 (10 μM, top black horizontal line) in aged 6N mice. This initial 

response was followed by the application of 300 nM UTP alone (grey area), to confirm that the 

supporting cell was responsive to UTP. D: Average and maximum MRS4062-induced Ca2+ response in 

comparison to the average and maximum UTP-induced Ca2+ response in cochlear supporting cells from 

aged mice. Open symbols are measurements from individual supporting cells (ROIs): 126 or 84 cells 

from 3 mice. Whole figure and legend taken ad modified from (Hool et al., 2023). 
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3.3 Discussion 

It is well established that purinergic P2Y receptors are expressed by the Kölliker’s organ cells 

in the immature cochlea (Huang et al., 2010; Babola et al., 2020). The activation of these 

receptors has been shown to induce rises in intracellular Ca2+ levels which can propagate 

across the Kölliker’s organ as Ca2+ waves (Piazza et al., 2007; Ceriani, Pozzan and Mammano, 

2016). This mechanism is believed to be crucial for the correct development of the organ of 

Corti, as spontaneous intercellular Ca2+ transients modulate the immature hair cell spiking 

which drives both synaptic maturation (Johnson et al., 2017) and refinement of central 

auditory pathways (Babola et al., 2018; Babola et al., 2020). Even though it is clear P2Y 

receptors play an important role during development, very little is known about their role in 

the adult organ of Corti. Moreover, no research has investigated whether P2Y purinergic 

receptor function is altered in the aged cochlea. Seeing as the pathology behind age-related 

conditions such as Alzheimer’s disease and Parkinson’s disease have reported associations 

with changes in P2Y receptor functioning (Erb et al., 2015), investigating the progressive 

changes in P2Y receptors of the ageing cochlea might reveal information regarding ARHL 

pathophysiology. Therefore, this chapter discusses data collected regarding the expression 

and function of P2Y receptors in the ageing cochlea.  

 

3.3.1 P2Y receptors in the pre-hearing Kölliker’s organ 
 

The immunolabelling images show that P2Y1, P2Y2 and P2Y4 receptors are all expressed across 

the Kölliker’s organ cells of both 6N and C3H neonatal organs of Corti. These results are 

supported by the ratiometric Ca2+ imaging recordings. Kölliker’s organ cells from P7 organs of 

Corti displayed intracellular Ca2+ transients both spontaneously and in response to ATP 

(general P2 receptor agonist), UTP (P2Y2 and P2Y4 receptor agonist) and ADP (P2Y1 receptor 

agonist). The Ca2+ transients were confirmed to be a result of P2Y-mediated Ca2+ release from 

the endoplasmic reticulum as they were abolished by the SERCA ATPase pump blocker 

thapsigargin.  

Even though the immunolabelling and Ca2+ imaging experiments in the neonatal cochlea 

suggest P2Y receptors are responsible for driving intracellular Ca2+ transients, it remains 
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unclear how each of the individual P2Y receptor subtypes contribute to the observed ATP-

induced Ca2+ responses. The non-specific P2 agonist ATP should activate P2Y1, P2Y2 and P2Y4 

receptors, and so it is likely they all contribute to the observed Ca2+ responses. It would have 

been beneficial to perform an additional experiment to see how blocking each P2Y receptor 

subtype individually would affect the size and dynamics of the ATP-induced Ca2+ responses. 

For example, the P2Y1 receptor antagonist was only applied alongside ADP (P2Y1 receptor 

agonist) and so the entire Ca2+ response was abolished because it was generated by ADP 

activating P2Y1 receptors alone. However, applying the P2Y1 receptor antagonist alongside 

ATP should leave P2Y2 and P2Y4 receptors unaffected and able to produce Ca2+ responses. 

This would allow us to infer how much of the ATP-induced Ca2+ response is produced by P2Y1 

receptor activation.  

The P2Y2 antagonist was applied alongside UTP (P2Y2 and P2Y4 receptor agonist) and so 

should have not affected the activation of P2Y4 receptors. However, we observed a complete 

loss of Ca2+ response to UTP when AR-C 118925XX was applied. This raises concerns about the 

specificity of the antagonist as it would be expected that the P2Y4 receptors would still 

respond to UTP. This uncertainty regarding the true pharmacology of P2Y receptors could also 

explain the discrepancies within the literature around which P2Y receptor subtype is driving 

the immature spontaneous Ca2+ transients in the cochlea. For example, UTP (agonist for P2Y2 

and P2Y4, but not for P2Y1) was reported to trigger large Ca2+ oscillations across the Kölliker's 

cells of the rat cochlea (Piazza et al., 2007). In addition to this, a significantly larger Ca2+ 

response was observed in the Kölliker's cells following ATP administration compared to ADP 

administration.  ATP is known to be the principal agonist for P2Y2 and P2Y4 receptors, whereas 

P2Y1 receptors have a weak response to ATP and respond most strongly to ADP (von Kügelgen 

and Hoffmann, 2016). Therefore, this suggests P2Y2 and P2Y4 receptors are responsible for 

the ATP-induced Ca2+ transients observed within Kölliker's organ before hearing onset. 

However, it has also been hypothesised that P2Y1 is the main receptor responsible for the 

spontaneous purinergic-induced Ca2+ signals in supporting cells of the immature cochlea 

(Babola et al., 2020). It was reported that all spontaneous activity is absent when the P2Y1 

receptor activity is blocked via an antagonist, even though Huang et al., 2010 show no P2Y1 

expression in Kölliker's organ.   
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One possible explanation for this discrepancy could be the formation of hetero-oligomers 

containing numerous different subtypes of P2Y receptor. These complexes are known to form 

readily at the cell membrane and have shown to alter the typical pharmacology expected 

from complexes containing one subtype of P2Y receptor (Ecke et al., 2008). For example, P2Y1 

receptors were found to associate with P2Y2 and P2Y4 receptors in granulocytes, and these 

hetero-oligomers responded to both ADP and UTP (Ribeiro-Filho et al., 2016). It is well 

established that P2Y1 receptors respond to ADP but not to UTP, and P2Y2 and P2Y4 respond 

to UTP but not ADP (von Kügelgen and Hoffmann, 2016). Therefore, it would be beneficial to 

investigate whether the P2Y1, P2Y2 and P2Y4 receptors in the cochlea also co-localise as 

hetero-oligomers and exhibit alterations in their typical pharmacology. 

 

3.3.2 P2Y receptors in the adult inner sulcus 
 

The immunolabelling data suggest that the expression of all three P2Y receptor subtypes are 

lost from the 1-month-old adult inner sulcus cells in both the 6N and C3H mice. This is again 

supported by the ratiometric Ca2+ imaging data. The application of ATP and UTP induced 

minimal changes in intracellular Ca2+ concentration across the cells of the adult inner sulcus, 

suggesting the absence of P2Y receptors. However, the application of ADP to the 1-month-

old inner sulcus did induce elevations of intracellular Ca2+ which were abolished by the P2Y1 

receptor antagonist MRS2500. This suggests the presence of P2Y1 purinergic receptors and 

contradicts the immunolabelling images. Therefore, it is unclear from the data collected here 

whether P2Y1 receptors are maintained in the adult inner sulcus.  

It would be beneficial to validate the P2Y1 receptor antibody using a P2Y1 knock-out mouse 

to be sure that the labelling is reliable. It is possible that the antibody specificity is poor and 

is not detecting expression at older ages or has shown non-specific labelling at P7. However, 

if the immunolabelling is validated, it could mean that there are other P2Y purinergic 

receptors present contributing to the ADP-induced Ca2+ responses in the adult cochlea. As 

discussed in the previous section, the specificity of the P2Y antagonists is questionable 

because AR-C 118925XX (P2Y2 antagonist) appeared to block the activity of both P2Y2 and 

P2Y4 receptors. Therefore, there is the possibility that the P2Y1 antagonist MRS2500 might 

also be blocking the activity of other P2Y receptors. ADP is also known to activate P2Y12 
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receptors and so potentially these could become upregulated in the adult inner sulcus and 

contribute to the ADP-induced Ca2+ responses. This could also explain the lack of P2Y1 

receptors in the immunolabelling images from the adult inner sulcus.  

However, it would be expected that if another purinergic receptor was upregulated in the 

adult inner sulcus (such as P2Y12) that it would also respond to ATP. This might not be the case 

for P2Y12 as ATP is only known to be a weak partial agonist for this receptor, so potentially, 

the 300nM ATP was not enough to trigger much of a Ca2+ response. Therefore, it is possible 

that any P2Y1 or P2Y12 receptors expressed in the adult inner sulcus might have not been 

detected by the immunolabelling, and might only be able to induce Ca2+ responses following 

ADP application due to agonist selectivity. 

Other studies in the literature also gives contradictory data on whether P2Y receptors are 

expressed in the adult inner sulcus. Both the expression of P2Y receptors and ATP/UTP-

inducible Ca2+ oscillations were reported to be absent in the inner sulcus cells following 

hearing onset (Huang et al., 2010; Tritsch and Bergles, 2010; Chan and Rouse, 2016). 

However, it has also been reported that P2Y receptors are maintained in the adult inner 

sulcus, as Ca2+ oscillations were observed in response to ATP and UTP application (Sirko, Gale 

and Ashmore, 2019). Overall, there is still uncertainty about whether P2Y receptors are 

maintained in the adult inner sulcus. The complexity of their unique pharmacological profiles, 

along with the formation of P2Y receptor heterodimers which will further complicate their 

pharmacology, means further experiments will be needed to better understand this topic. 

 

3.3.3 P2Y receptors in the aged inner sulcus 
 

We report an upregulation of P2Y2 and P2Y4 receptor expression in the aged inner sulcus cells, 

when compared to the adult. Furthermore, we observed an upregulation of ATP and UTP-

induced Ca2+ oscillations in these aged inner sulcus cells. As mentioned previously, UTP is the 

primary agonist for P2Y2 and P2Y4 receptors, indicating their possible involvement in the 

Ca2+ responses. Furthermore, the application of AR-C 118925XX (P2Y2 antagonist) abolished 

ATP- and UTP-induced Ca2+ responses in the aged inner sulcus cells, indicating P2Y2 receptors 

participate in this response. Also, the application of MRS4062 (P2Y4 agonist) triggered similar 
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intracellular Ca2+ responses to those seen following ATP and UTP application, suggesting P2Y4 

receptors are also involved. Conversely, there was no upregulation of P2Y1 receptor 

expression, or ADP-induced Ca2+ responses, in the aged inner sulcus. This data together 

indicates that the aged inner sulcus cells only appear to upregulate P2Y2 and P2Y4 receptor 

expression and function. 

These age-related changes in P2Y receptors were investigated in both 6N and C3H strains. 

Interestingly, both the age-related upregulation in P2Y2 and P2Y4 receptor expression, and 

the increase in ATP and UTP-induced Ca2+ oscillations, were more pronounced in the 6N and 

6N-repaired mice than the C3H mice. In other words, it appears that the senescence-related 

increase in P2Y receptors in the inner sulcus is associated with mouse strains exhibiting a 

more severe low-frequency hearing loss (6N and 6N-repaired strains) rather than the C3H 

strain. Similar patterns have also been observed in ageing hair cells and their innervations. 

For example, hallmarks of ageing hair cells, including changes in innervation and cell size, have 

also been reported to be more pronounced in 6N than C3H mice (Jeng et al., 2020a; Jeng et 

al., 2021). Therefore, it is likely that the inner sulcus cells also undergo senescence-related 

changes which affect their functioning, and the level of this might be associated with the 

progression of hearing loss. However, these differences in P2Y receptor upregulation with 

ARHL severity could also be due to strain-related differences, so further research is required 

to confirm a link between P2Y receptors and ARHL. 

It is unclear why aged inner sulcus cells might upregulate P2Y2 and P2Y4 receptors in 

association with hearing loss progression. However, these receptors do not appear to be 

present in adult mice (1-month-old), suggesting that their upregulation is likely not associated 

with typical cochlear function. One possible explanation for their upregulation in the aged 

cochlea might involve the increase in cochlear damage signalling pathways due to 

senescence-related trauma. It has been reported in the immature cochlea that hair cells 

release ATP following insult, and this activates P2Y2 and P2Y4 receptors on surrounding 

supporting cells (Hensen’s and Claudius’ cells) producing intracellular Ca2+ waves (Gale et al., 

2004). This Ca2+ signalling pathway has been found to activate ERK1/2 and encourage hair cell 

death in response to cochlear insult (Lahne and Gale, 2008). It is unknown whether this 

damage response signalling pathway is present in the non-senescent, adult inner sulcus. 

Nevertheless, the accumulation of damage known to occur during ageing of the auditory 
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system may drive an upregulation of P2Y receptor expression in the inner sulcus to assist in 

the propagation of insult-associated Ca2+ signalling. Both pathological changes in hair cell 

characteristics, and age-related hearing loss, have been reported to occur in 6N mice from as 

early as 6 months of age (Jeng et al., 2020a; Jeng et al., 2021). Since age-related cochlear 

changes are well-established by 12 months of age, and this is a time when P2Y receptors are 

upregulated, this suggests a possible role for P2Y receptors in assisting the management of 

senescence-induced cochlear functional changes.  

A further explanation for the upregulation of P2Y receptor function in the aged cochlea could 

be linked to an attempt to mimic development and limit senescence-related damage. Both 

the P2Y receptor expression and associated Ca2+ responses observed in the aged inner sulcus 

closely resemble those seen in the pre-hearing Kölliker’s organ (Tritsch et al., 2007; Johnson 

et al., 2017). These events are completely absent in the inner sulcus of the adult cochlea.  

Another instance of this has been reported in the senescent hair cells which display efferent 

re-innervation (Jeng et al., 2021; Lauer et al., 2012). It is well established that the inner hair 

cells only retain innervation from efferent fibres up until just before the onset of hearing 

(Simmons et al., 2011). However, senescent hair cells were reported to become re-innervated 

by these fibres in a manner very similar to the neonatal hair cell innervation phenotype (Lauer 

et al., 2012). It is unknown as to why the ageing cochlea might revert back to express more 

developmental characteristics, as no benefit to this process is yet to be detected. 

Nevertheless, it would be beneficial to better understand whether this recapitulation is a 

coincidence unrelated to the ageing of the cochlea, or whether it is some kind of attempt to 

mimic development and limit senescence-related damage. 

 

3.3.4 Summary 
 

Overall, this chapter has investigated the progressive changes in P2Y receptor expression and 

function in the supporting cells of the ageing inner sulcus of the cochlea. The data collected 

on neonatal and adult cochleae further support previous findings. For example, the 

expression of P2Y receptors and associated intracellular Ca2+ responses in the pre-hearing 

Kölliker’s organ appear to be, for the most part, lost in the inner sulcus after hearing onset. 

Furthermore, we show new data regarding the upregulation of P2Y2 and P2Y4 receptor 
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expression and function in the senescent inner sulcus. The reason behind this remains 

unclear, however, we hypothesise it is linked to the progression of ARHL as the degree of P2Y 

receptor upregulation was more pronounced in mice known to exhibit severe ARHL. 
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Chapter 4. Age-related changes in gap 
junction channels of mouse cochlear 

supporting cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

4.1 Introduction 

Gap junction membrane channels allow intercellular diffusion of ions and small molecules 

between neighbouring cells (Bennett and Goodenough, 1978). They occur when two 

connexon complexes on adjacent cells align their membrane pores and create a continuous 

passageway between the two intracellular spaces. Connexons contain six connexin proteins 

at the cell membrane which assemble as a hexametric ring with a pore in the centre between 

the cytosol and extracellular space (Bruzzone, White and Paul, 1996; Beyer, Paul and 

Goodenough, 1990). Connexons can form either homomeric or heteromeric complexes 

consisting of one or numerous different connexin proteins respectively (Kumar and Gilula, 

1996). The different combination of connexin proteins within a connexon have been shown 

to influence how they function, e.g. their pore size and selectivity (Veenstra, 1996). Typically, 

multiple gap junction channels (GJCs) congregate together at the cell membrane in groups 

forming GJC plaques (Lopez et al., 2001). These GJC plaques can contain thousands of 

individual gap junction channels and span several micrometres wide (Lauf et al., 2002). 

In the organ of Corti, the majority of the supporting cells express GJC plaques composed of 

connexin 26 (Cx26) and connexin 30 (Cx30) (Kikuchi et al., 1995; Zhao et al., 2006). This 

widespread expression of GJCs forms a transport network across the epithelium. Molecules 

such as IP3, ATP, Ca2+, K+ and glucose use this network to travel between cells across the organ 

of Corti (Hernandez et al., 2007; Kikuchi et al., 2000; Chang et al., 2008). The diversity in 

molecules proposed to use this transport network implies it is involved in multiple different 

aspects of cochlear function and signalling. For example, the GJC network has been shown to 

be involved in ionic homeostasis within the organ of Corti to maintain the driving force for 

hair cell depolarisation (Santos-Sacchi and Dallos, 1983; Wangemann, 2006). Additionally, 

intercellular signalling cascades also use the GJC network to spread downstream signalling 

molecules from cell to cell. One example of this is the purinergic receptor signalling cascade 

which propagates intracellular Ca2+ waves across the inner sulcus cells during development, 

which has been shown to be crucial for the generation of coordinated inner hair cell firing, 

synaptic maturation and sensory domain refinement in the auditory pathway (Tritsch et al., 

2007; Babola et al., 2021). The array of important processes involved in cochlear functioning 

which utilise the GJC network can explain why mutations affecting Cx26 or Cx30 are the most 
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common causes of non-syndromic hearing loss (del Castillo and del Castillo, 2017; Chan and 

Chang, 2014; Chen et al., 2022). 

Even though connexin-related mutations are well researched as a cause for inherited hearing 

loss (Jagger and Forge, 2015; Wingard and Zhao, 2015), less is known regarding whether 

changes in the gap junction network could also contribute to age-related hearing loss. Tajima 

et al. 2020 showed that the cochlear GJC plaques of 32-week-old C57BL/6J mice were 

significantly shorter, and displayed a more fragmented organisation, when compared with 4-

week-old C57BL/6J cochlear GJC plaques (Tajima et al., 2020). However, it is not known 

whether this affected the GJC’s ability to function, and so the consequences of these 

structural changes remain unknown. Although, it was reported that there was minimal hair 

cell damage and hearing loss at 32 weeks (when GJC plaque structure was altered), but by 36 

weeks, the mice had developed severe hearing loss. This data led the authors to hypothesise 

that the fragmentation of the GJC plaques negatively influenced their functional efficiency. A 

reduction in transportation of molecules necessary to support hair cell function may have 

been implicated in the development of the hearing loss. In support of this, reductions in GJC 

plaque size in other tissues such as the heart are already known to negatively impact 

intercellular communication and have been linked to disease (Luke and Saffitz, 1991; 

Kaprielian et al., 1998). However, it is necessary to examine this in more detail as it is not 

known how these changes impact GJC permeability in the cochlea. In addition to this, looking 

at mice older than 32-weeks would determine whether this GJ plaque fragmentation 

continues to worsen and whether it is part of the progressive pathological changes in the 

auditory organ. 

This chapter will focus on investigating age-related changes in the gap junction channels 

within the supporting cells of the organ of Corti. Specifically, the expression and structural 

organisation of GJC plaques will be compared between young adult and aged mice. 

Furthermore, the permeability of GJCs will also be compared across these age groups via 

Lucifer yellow fluorescence imaging. It is anticipated that any age-related changes in the 

structure or function of the gap junction channel network could influence cochlear function, 

and potentially, the development of age-related hearing loss. 
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4.2 Results 

4.2.1 Progressive changes in gap junction plaque organisation 
and expression 
 

Organs of Corti from young adult (1-month-old), adult (12-months-old) and aged (17-22-

months-old) mice were immunolabelled with antibodies against Cx26 and Cx30, which are the 

two major components of cochlear gap junction plaques (Kikuchi et al., 1995; Zhao et al., 

2006). This allowed for the investigation of age-related changes in gap junction plaque 

expression and structural organisation in the supporting cells of the organ of Corti. 

Additionally, mice of C57BL/6N (6N) background were compared with C3H/HeJ mice (C3H) to 

determine whether any progressive changes in gap junction plaque expression were 

associated with mouse strains showing signs of early onset, or late onset ARHL, respectively.  

 

4.2.1.1 Gap junction plaque location in the ageing organ of Corti 

 

In the 1-month-old 6N organ of Corti, gap junction channel plaques were found to be 

expressed on the majority of non-sensory supporting cells, and absent in hair cells (Figure 

4.1). Furthermore, most plaques appear to contain a combination of both Cx26 and Cx30, 

with only the Deiters’ cell plaques containing predominantly Cx30. These observations align 

with what has already been reported and show similar characteristics for gap junction 

expression in the adult mouse organ of Corti (Jagger and Forge, 2015; Forge et al., 2003). 

12-month-old and 17-22-month-old mouse organs of Corti were also immunolabelled for 

Cx26 and Cx30. There appears to be no age-related differences in the location of gap junction 

plaques between the 1-month-old, 12-month-old and 17-22-month-old cochleae in both 6N 

mice (Figure 4.2) and C3H mice (Figure 4.3). As observed in the 1-month-old organ of Corti, 

Cx26 and Cx30 are co-expressed within gap junction plaques across the majority of non-

sensory supporting cells in the older age groups investigated. Additionally, the expression of 

Cx30 alone is maintained in the Deiters’ cells in all age groups. 
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Figure 4.1: Connexin 26 and connexin 30 expression in the organ of Corti of 1-

month-old 6N mice 

Lateral projections of immunolabelled murine organs of Corti from 1-month-old 6N mice. The 

stereocilia and nuclei of the hair cells were labelled using phalloidin to stain F-actin (red) and DAPI 

(blue) respectively. Nuclei of supporting cells were removed to better show labelling of gap junction 

plaques. A: Connexin 26 labelling (Cx26, magenta) was observed in the inner sulcus (IS) and outer 

sulcus cells (OS). B: Connexin 30 labelling (Cx30, green) was observed in the inner sulcus, outer sulcus 

and Deiters’ cells (DC). C: Merge of A and B. Scale bars: 20 μm. 
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Figure 4.2: Connexin 26 and connexin 30 expression in the organ of Corti of 12-

month-old and 20-month-old 6N mice 

Lateral projections of immunolabelled murine organs of Corti from 12-month-old (A) and 20-month-

old 6N mice (B). The labelling of Cx26 (magenta) and Cx30 (green) show gap junction plaques 

expressed in the supporting cells. The inner sulcus cells (IS) and outer sulcus cells (OS) show expression 

of gap junction plaques containing both Cx26 and Cx30. The Deiters’ cells express gap junction plaques 

containing Cx30 only. Phalloidin (staining F-actin, red) labels the hair cell stereocilia bundles and DAPI 

(blue) labels the hair cell nuclei. Nuclei of supporting cells were removed to better show labelling of 

gap junction plaques. Scale bars: 20 μm. 
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Figure 4.3: Connexin 26 and connexin 30 expression in the organ of Corti of 1-

month-old and 20-month-old C3H mice 

Lateral projections of immunolabelled murine organs of Corti from 1-month-old (A) and 20-month-old 

C3H mice (B). The labelling of Cx26 (magenta) and Cx30 (green) show gap junction plaques expressed 

in the supporting cells. The inner sulcus cells (IS) and outer sulcus cells (OS) show expression of gap 

junction plaques containing both Cx26 and Cx30. The Deiters’ cells express gap junction plaques 

containing Cx30 only. Phalloidin (staining F-actin, red) labels the hair cell stereocilia bundles and DAPI 

(blue) labels the hair cell nuclei. Nuclei of supporting cells were removed to better show labelling of 

gap junction plaques. Scale bars: 20 μm. 
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4.2.1.2 Gap junction plaque organisation in the ageing organ of Corti 

 

When studying plaque organisation, it was decided to focus on the cells of the inner sulcus as 

they form a single cell layer and so each cell-cell connection would be easier to visualise. The 

supporting cells directly adjacent to the IHCs were not included in any analysis as their cell 

borders are more difficult to define as some stack on top of each other (Figure 4.4, 4.5, 4.6).  

Inner sulcus cells within 1-month-old 6N organs of Corti showed Cx26 and Cx30 co-expression 

in large plaques around the cell border (Figure 4.4). The plaques appear to typically organise 

into a hexagon/pentagon shape around each cell, with ~1-3 large plaques located at each cell-

cell junction (Figure 4.4D). These observations align with what is already published regarding 

the organisation of typical gap junction plaques in the healthy adult inner sulcus. Previous 

immunolabelling and freeze-fracture imaging experiments have also described gap junction 

plaque structure between inner sulcus cells as having ‘long profiles’ and covering large 

portions of the membrane connecting the two cells (Forge et al., 2003; Kamiya et al., 2014). 

The 12-month-old and 17-22 month-old inner sulcus cells similarly showed co-expression of 

Cx26 and Cx30 in their gap junction plaques (Figure 4.5, Figure 4.6). However, in comparison 

to the 1-month-old gap junction plaques, the organisation and size of the plaques in the 12-

month-old and 17-22-month-old inner sulcus cells appeared different. There seemed to be a 

higher quantity of plaques per cell in the inner sulcus cells from the older age groups, and 

these plaques looked to be much smaller in size (Figure 4.5D, Figure 4.6D). This change 

appeared to occur similarly in both 6N and C3H mouse strains (Figure 4.7).  

Additionally, a progressive increase in cell size in the 12-month-old and 17-22 month-old inner 

sulcus cells was also observed. The aged cells appeared to have expanded to cover a larger 

area in comparison to the young adult. This age-specific change in cell morphology has not 

been reported before, but it must be considered in this chapter as it could influence the 

organisation of the gap junction plaques. 
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Figure 4.4: Gap junction plaque organisation in the 1-month-old 6N inner 

sulcus 

A, B, C: Maximum intensity projections of confocal z-stacks from images of a 1-month-old 6N mouse 

organ of Corti. Immunolabelling for Cx30 (green) and Cx26 (magenta) is shown alongside phalloidin 

staining of F-actin (red) to show the hair cells and DAPI staining (blue) to show the nuclei. The inner 

sulcus cell borders co-express Cx26 (magenta) and Cx30 (green) within their gap junction plaques. 

Scale bars: 20 μm. D: Magnified image of the yellow box highlighted in C showing the organisation of 

gap junction plaques into pentagon/hexagon formation around the border of each cell. Scale bar: 5 

μm.  
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Figure 4.5: Gap junction plaque organisation in 12-month-old 6N inner sulcus 

A, B, C: Maximum intensity projections of confocal z-stacks from images of a 12-month-old 6N mouse 

organ of Corti. Immunolabelling for Cx30 (green) and Cx26 (magenta) is shown alongside phalloidin 

staining of F-actin (red) to show the hair cells and DAPI staining (blue) to show the nuclei. The inner 

sulcus cell borders co-express Cx26 (magenta) and Cx30 (green) within their gap junction plaques. 

Scale bars: 20 μm. D: Magnified image of the yellow box highlighted in C showing the organisation of 

gap junction plaques into pentagon/hexagon formation around the border of each cell. Scale bar: 10 

μm.  
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Figure 4.6: Gap junction plaque organisation in 20-month-old 6N inner sulcus 

A, B, C: Maximum intensity projections of confocal z-stacks from images of a 20-month-old 6N mouse 

organ of Corti. Immunolabelling for Cx30 (green) and Cx26 (magenta) is shown alongside phalloidin 

staining of F-actin (red) to show the hair cells and DAPI staining (blue) to show the nuclei. The inner 

sulcus cell borders co-express Cx26 (magenta) and Cx30 (green) within their gap junction plaques. 

Scale bars: 20 μm. D: Magnified image of the yellow box highlighted in C showing the organisation of 

gap junction plaques into pentagon/hexagon formation around the border of each cell. Scale bar: 10 

μm.  
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Figure 4.7: Gap junction plaque organisation in the 1-month-old and 20-

month-old C3H inner sulcus 

A, C: Maximum intensity projections of confocal z-stacks from images of a 1-month-old (A) and a 20-

month-old (C) C3H mouse organs of Corti. Immunolabelling for Cx30 (green) and Cx26 (magenta) is 

shown alongside phalloidin staining of F-actin (red) to show the hair cells and DAPI staining (blue) to 

show the nuclei. The inner sulcus cell borders co-express Cx26 (magenta) and Cx30 (green) within their 

gap junction plaques. Scale bars: 20 μm. B, D: Magnified image of the yellow boxes highlighted in A 

and C showing the organisation of gap junction plaques into pentagon/hexagon formation around the 

border of each cell. Scale bars: 10 μm.  
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4.2.1.3 Gap junction plaque fragmentation in the ageing organ of Corti 

 

In order to quantify the observed changes in gap junction plaque organisation with age, the 

individual plaque length was measured and compared between 1-month-old, 12-month-old 

and 17-22-month-old 6N inner sulcus cells (Figure 4.8). It has been reported that GJ plaque 

length within inner sulcus cells can approximately range from 3 μm up to 10 μm, with the 

mean plaque length being calculated as 5.10 μm (Tajima et al., 2020) and 6.25 μm (Kamiya et 

al., 2014). Our data has provided similar measurements, with the 6N 1-month-old inner sulcus 

cells possessing a median plaque length of 5.57 μm and mean of 5.73 μm (Figure 4.8). 

Furthermore, the majority of plaques measure above 2 μm in length. It is only in CX26R75W+ 

(dominant negative Cx26 mutation) mice that GJ plaques have been measured to be smaller 

than 2 μm and appear ‘vesicle-like’ (Kamiya et al., 2014). This is likely due to issues with plaque 

assembly with the lack of functional Cx26 in that mutant.  Therefore, immunostained objects 

were categorised as ‘plaques’ or ‘fragments’ depending on whether they were above or below 

the limit of 2 μm length. This distinction allowed the investigation of whether there was a 

difference in the abundance of these smaller fragment-like objects, but also in the length of 

the ‘healthy’ plaques. Anytime the word ‘plaque’ is used for the rest of this chapter it refers 

to objects longer than 2 μm. 

The median plaque lengths for 6N 1-month-old, 12-month-old and 17-22-month-old cells 

were calculated to be 5.57 μm, 3.60 μm and 3.01 μm respectively. There was a significant 

decrease in the median plaque length between 1-month-old and 12-month-old inner sulcus 

cells, 12-month-old and 17-22-month-old inner sulcus cells, and between 1-month-old and 

17-22-month-old inner sulcus cells (P < 0.0001) (Figure 4.8A). Furthermore, there was a 

progressive increase in both the number of ‘fragments’ and ‘plaques’ per cell with age. The 

17-22-month-old cells have significantly more fragments and plaques per cell than both the 

1-month-old and the 12-month-old groups (P < 0.05) (Figure 4.8B, C). Additionally, the 12-

month-old group has significantly more fragments and plaques per cell than the 1-month-old 

age group. This suggests that with age, the inner sulcus cells exhibit a higher frequency of gap 

junction plaques and fragments which are shorter in length. 

However, as mentioned previously, the size of the inner sulcus cells increases with age. So, it 

might be expected that larger cells would contain more individual plaques or fragments. 
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Therefore, the combined number of plaques and fragments per cell was calculated and 

normalised to the length of the cell. This still found a significant increase in normalised plaque 

and fragment count per cell between 1-month-old, 12-month-old and 17-22-month old cells 

(P < 0.05) (Figure 4.8D), further suggesting the frequency of plaques and fragments per cell 

progressively increases with age.  
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Figure 4.8: There is a higher frequency of shorter gap junction plaques in the 

aged inner sulcus cells 

A: Length of gap junction plaques from 6N cochlear inner sulcus cells in three age groups: 1-month-

old (green), 12-months-old (purple) and 17-22-months-old (grey).  Mean plaque length is labelled by 

the star. Median plaque length is the central line of each box plot. n=3 mice analysed for each age 

group. Ten inner sulcus cells from each mouse were analysed, giving 240, 312 and 388 plaques total 

for 1-month, 12-month and 17-22 month old groups respectively. There is a significant decrease in the 

median plaque length between 1-month-old and 12-month-old inner sulcus cells, 12-month-old and 

17-22-month-old inner sulcus cells and between 1-month-old and 17-22-month-old inner sulcus cells. 

Significance values are indicated by the asterisks (*P < 0.0001, Kruskal-Wallis ANOVA). B, C: The 

number of gap junction plaques (measuring above 2 μm) (B) and gap junction fragments (measuring 

below 2 μm) (C) per cochlear inner sulcus cell from three age groups: 1-month-old (green), 12-months-

old (purple) and 17-22-months-old (grey).  Diamonds represent the individual data points. Median 

plaque length is the central line of each whisker plot. n=3 mice analysed for each age group. Ten inner 

sulcus cells from each mouse were analysed. There is a significant increase in the median number of 

both plaques and fragments between 1-month-old and 12-month-old inner sulcus cells, and also 

between 12-month-old and 17-22-month-old inner sulcus cells. Significance values are indicated by 
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the asterisks (*P < 0.05, Kruskal-Wallis ANOVA). D: The total number of gap junction plaques and 

fragments per cochlear inner sulcus cell were measured in three age groups: 1-month-old (green), 12-

months-old (purple) and 17-22-months-old (grey). This value was normalised to the length of the cell. 

Mean number of gap junction plaques and fragments per cell are show as the top of the coloured bar 

for each age group. n=3 mice analysed for each age group. Ten inner sulcus cells from each mouse 

were analysed. There is a significant increase in the mean plaque length between 1-month-old and 

12-month-old inner sulcus cells, 12-month-old and 17-22-month-old inner sulcus cells and between 1-

month-old and 12-month-old inner sulcus cells. Significance values are indicated by the asterisks 

(*P < 0.05, one-way ANOVA). 
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4.2.2 Progressive changes in gap junction plaque permeability 
 

To test the difference in GJ permeability due to the change in plaque morphology with time, 

whole-cell dye injection of Lucifer yellow was performed in 1-month-old and 19-20-month-

old inner sulcus cells from 6N mouse organs of Corti. Dye diffusion into neighbouring cells via 

the gap junction channels could then be analysed to determine whether gap junction channel 

permeability was altered with age. Lucifer yellow dye (molecular weight: 443 Da; charge, −2) 

has been utilised previously to investigate gap junction channel coupling in the organ of Corti 

(Santos-Sacchi and Dallos, 1983; Zwislocki et al., 1992; Jagger and Forge, 2006). Homotypic 

mouse, rat and human Cx26 gap junction channels are all permeable to Lucifer yellow 

(Manthey et al., 2001; Beltramello et al., 2003; Marziano et al., 2003). However, homotypic 

mouse and rat Cx30 gap junction channels do not allow Lucifer yellow diffusion (Manthey et 

al., 2001; Marziano et al., 2003). The differences between the cytoplasmic domains of these 

connexins were shown to directly influence the selectivity, permeability and voltage gating of 

Cx26 and Cx30 (Manthey et al., 2001).  

The formation of Cx26/Cx30 heterotypic gap junction channels will produce different 

permeability properties compared to the homotypic channels. It has been reported that HeLa 

cells transfected with rat cDNA for both Cx26 and Cx30 were impermeable to Lucifer yellow 

(Marziano et al., 2003). However, HeLa cells transfected with human cDNA for both Cx26 and 

Cx30 showed permeability to Lucifer yellow (Yum et al., 2007). This could potentially be due 

to interspecies differences in connexins, but also could be due to Cx26 homotypic channels 

forming in the HeLa cells, alongside the heterotypic channels, to allow dye diffusion. This 

latter hypothesis is suggested to explain why the inner sulcus cells and Hensen’s cells both 

showed Lucifer yellow diffusion in rats at P12 (Jagger and Forge, 2006), even though these 

cells are known to express both Cx26 and Cx30.  

All of the immunolabelled gap junction plaques in the previous section of this thesis show co-

expression of both Cx26 and Cx30. This makes it highly likely that these cells contain 

Cx26/Cx30 heterotypic gap junction channels within the plaques, alongside Cx26 and Cx30 

homotypic gap junction channels. Therefore, it was anticipated that because Lucifer yellow is 

only permeable via some subtypes of the gap junction channel, it may help to reveal any age-

related changes in the type of gap junction channels present.  
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4.2.2.1 Lucifer yellow dye diffusion in inner sulcus cells 

 

For each whole-cell patch clamp recording, the dye was injected and diffusion was monitored 

for 25 minutes. This length of time was chosen as it became apparent that Lucifer yellow 

diffusion speed was very slow (Figure 4.9). By the end of the 25 minutes, dye had reached an 

average of 11 cells across both age groups. It was expected that the reason for such slow dye 

diffusion was that Lucifer yellow is only permeable via homotypic Cx26 channels, and so the 

homotypic Cx30 channels and potentially the heterotypic Cx26/Cx30 channels were not 

allowing dye diffusion. The immunolabelling images, along with the slow speed of dye 

diffusion, both suggest that the majority of gap junction channels may be Cx26/Cx30 

heterotypic gap junction channels.  

A subset of inner sulcus cells showed no dye diffusion into neighbouring cells throughout the 

full recording. This could simply be because the chosen cell is uncoupled from the rest of the 

epithelium. This inconsistency in dye diffusion was also found in numerous other studies 

investigating Lucifer yellow dye diffusion in the organ of Corti (Santos-Sacchi, 1986; Jagger 

and Forge, 2006). Therefore, when analysing gap junction channel permeability, only cells 

which showed evidence of dye diffusion were considered.  
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Figure 4.9: The diffusion of Lucifer yellow dye across inner sulcus cell gap 

junctions is very slow 

Individual frames taken from an example recording of Lucifer yellow dye injection into a single inner 

sulcus cell from a 1-month-old 6N mouse. A: The first frame of the recording. The fluorescent patch 

pipette containing the dye is in contact with the chosen cell membrane before whole cell mode has 

been achieved. B: A frame taken from 88 seconds into the recording after entering whole-cell mode 

where the dye has entered the patched cell. C: A frame taken from 612 seconds into the recording 

where the dye has diffused into neighbour cells directly adjacent to the patched cell. D: A frame taken 

from 1095 seconds where the dye has diffused even further into second and third order cells. Scale 

bar in D also applies to A, B and C: 30 μm. 
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4.2.2.1 Lucifer yellow diffusion is unchanged with age in inner sulcus 

cells 

From both the 1-month-old and 19-20-month old injected inner sulcus cells the dye was able 

to reach second order or third order cells within 25 minutes. As discussed in the Methods 

chapter (Section 2.5.3), first order cells are directly adjacent to the injected cell, second order 

cells are adjacent to first order cells, and third order cells are adjacent to second order cells. 

Of the ten 1-month-old cells injected, eight displayed dye diffusion into second order cells 

and two displayed dye diffusion into third order cells. Conversely, of the nine 19-20-month-

old cells injected, six displayed dye diffusion into second order cells and three displayed dye 

diffusion into third order cells. This suggests the inner sulcus cells of both age groups have 

similar permeability to Lucifer yellow. In addition to this, the number of cells the dye entered 

was counted at the end of each 25-minute-long recording. No significant difference was 

calculated in the number of cells which had taken up Lucifer yellow between the 1-month-old 

and 19-20-month-old cells (P = 0.3458) (Figure 4.10A). Additionally, the total area displaying 

fluorescence due to dye diffusion was also measured at the end of each recording. No 

significant difference was identified between the area of fluorescent cells between the 1-

month-old cells and the 19-20-month-old cells (P = 0.1041) (Figure 4.10B). This again suggests 

no age-related differences in the permeability of inner sulcus cells to Lucifer yellow. 

The similarity between the extent of Lucifer yellow dye diffusion between the two age groups 

suggests the level of gap junction-mediated cell-cell coupling is unchanged. To further 

investigate this, the membrane resistance of the cells was compared between 1-month-old 

and 19-20-month-old inner sulcus cells. The value of the resistance incorporates the 

membrane resistance of the patched cell, but is also influenced by other neighbouring cells 

which are electrically coupled via the gap junction channels. Therefore, this value is an indirect 

measurement of cells GJ connectivity. Lucifer yellow was not added to the intracellular 

solution for these recordings. The cells from both age groups displayed a wide range of 

membrane resistances (19 to 190 MΩ) indicating that the cells across the epithelium of the 

inner sulcus display varied degrees of coupling (Figure 4.10C). This is consistent with what is 

already known regarding the membrane resistance of an inner sulcus cell as P25-P35 

C57BL/6N inner sulcus cells have previously been shown to have membrane resistances 
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ranging from 30 to 660 MΩ (Sirko, Gale and Ashmore, 2019). Here, no significant difference 

was found between the membrane resistances of 1-month-old and 19-20-month-old inner 

sulcus cells (P = 0.4599), suggesting that the large variation in cell-cell coupling is maintained 

with age. 

 

Figure 4.10: The inner sulcus cells display similar permeability to Lucifer yellow 

at 1-month-old and 19-20-months-old 

A: Number of neighbour cells showing fluorescence due to dye diffusion counted 25 minutes after 

injection into a single cell. Error bars show mean ± SD. N=10 cells in 1-month-old group (green data 

points) and n=9 cells in 19-20-month-old group (grey data points). (Two-sample t test, P = 0.3458). B: 

The total area showing fluorescence due to dye diffusion measured 25 minutes after dye injection into 

a single cell. Error bars show mean ± SD. N=10 cells in 1-month-old group (green data points) and n=9 

cells in 19-20-month-old group (grey data points). (Two-sample t test, P = 0.1041). C: The membrane 

resistance measured from inner sulcus cells. Error bars show mean ± SD. N=17 cells in 1-month-old 

group (green data points) and n=16 cells in 19-20-month-old group (grey data points). (Two-sample t 

test, P = 0.4599). 
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4.2.2.2 Lucifer yellow diffusion directionality is unchanged with age in 

inner sulcus cells 
 

Next, the direction of dye diffusion was analysed to determine if there was a difference in GJ 

connectivity along the radial (i.e. pillar-modiolar) and longitudinal (i.e. apex-to-base) axis of 

the cochlea. The distance of dye spread was measured along two orthogonal axes and in three 

directions. This included modiolar diffusion (towards the modiolus), pillar diffusion (towards 

pillar cells and the hair cell rows) and radial diffusion (movement laterally along the inner 

sulcus away from the patch pipette) (Figure 4.11A). Depending on the position of the patch 

pipette, diffusion was either measured in the apical radial direction or the basal radial 

direction (always away from the pipette). No significant difference was found between the 

distance of dye diffusion radially (P = 0.4534) (Figure 4.11B) or towards the hair cells (P = 

0.6744) (Figure 4.11C) between the two age groups. 

Regarding diffusion towards the modiolus, two of the nine cells aged 19-20-months did not 

diffuse at all in this direction (Figure 4.11D). This could have been because the cells in this 

area were uncoupled from the rest of the epithelium. However, it is unlikely to be the case 

because of a preference for diffusion in other directions as the other seven cells in this group 

show diffusion towards the modiolus. Nevertheless, when these two points were included in 

the analysis there was a significant increase in modiolar diffusion in the 1-month-old group 

compared to the 19-20-month-old group (P < 0.05). Overall, this suggests that Lucifer yellow 

freely and passively diffuses from cell to cell without a preferential direction, indicating 

homogenous distribution in cell-cell coupling across the inner sulcus.  
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Figure 4.11: There is no directional preference for dye diffusion in inner sulcus 

cells at both 1-month-old and 19-20-months-old 

A: Brightfield image of the organ of Corti. The cyan dotted line shows the divide between the inner 

sulcus above and the hair cell rows below. A patch pipette (black arrow) is shown contacting the 

injected inner sulcus cell (yellow). The maximum dye diffusion distance from the centre of the injected 

cell was measured in three directions: towards the modiolus (red arrow), radially along the inner 

sulcus away from the patch pipette (purple arrow) and towards the hair cell rows (blue arrow). Scale 

bar: 20 μm. B: Dye diffusion in the radial direction was measured for each recording. (Two-sample t 

test, P = 0.4534). C: Dye diffusion towards the hair cell rows was measured for each recording. (Two-

sample t test, P = 0.6744). D: Dye diffusion in the modiolar direction was measured for each recording. 

(Two-sample t test, *P < 0.05). Green data points represent recordings from 1-month-old inner sulcus 

cells and grey data points are from 19-20-month-old cells. Error bars show mean ± SD. 
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4.2.2.3 Lucifer yellow diffusion speed is unchanged with age in inner 

sulcus cells 
 

 

Lucifer yellow dye diffusion was plotted as relative changes in fluorescence intensity (ΔF/F0). 

Where F is the fluorescence intensity and F0 is an average of the fluorescence in the first five 

frames of each recording. This was calculated for all cells in each recording and for an 

additional region of interest placed over the patch pipette (See Methods 2.5.3). Then, the 

ΔF/F0 for each cell was subtracted from that of the pipette to correct for the reduction in 

fluorescence over time due to photobleaching.  

 

From looking at the traces, it became apparent that there were large variations between the 

ΔF/F0 across all recordings from both age groups (Figure 4.12). For analysis, the average ΔF/F0 

traces for each cell order (distance from the patched cell) were compared between the two 

age groups. This comparison was made at a specific timeframe (1300 seconds after whole cell 

mode was established) and took an average ΔF/F0 of five frames at this time point. Each one 

of these average ΔF/F0 values was also normalised to the fluorescence in the patched cell 

(this was determined by calculating the 90th percentile of the patched cell ΔF/F0 values before 

1300 seconds). As seen in the traces in Figure 4.12A-F, the average ΔF/F0 values were very 

varied across both age groups (Figure 4.12G-1). No significant difference was found between 

the average normalised fluorescence values of first order (P = 0.9756) or second order cells 

(P = 0.9360) in the 1-month-old and the 19-20-month-old inner sulcus. 
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Figure 4.12: The ΔF/F0 traces show large variations from both 1-month-old and 

19-20-months-old inner sulcus cells 

Example Lucifer yellow fluorescence ΔF/F0 traces from whole-cell injection recordings from 1-month-

old (A, B, C) and 19-20-month-old (D, E, F) inner sulcus cells. D: The box and red arrow at 1300 seconds 

show the five frames taken and averaged, and then normalised to the fluorescence in the patched cell 

(this was determined by calculating the 90th percentile of the patched cell ΔF/F0 values before 1300 

seconds). These values were then used as the normalised Lucifer yellow fluorescence in G, H and I. G: 

No significant difference was found between the normalised Lucifer yellow fluorescence of first order 

cells from 1-month-old and 19-20-month old 6N mice. (Two-sample t test, P = 0.9756). H: No 

significant difference was found between the normalised Lucifer yellow fluorescence of second order 

cells from 1-month-old and 19-20-month old 6N mice. (Two-sample t test, P = 0.9360). I: The 

normalised Lucifer yellow fluorescence of third order cells did not have a large enough n number to 

perform statistical analysis as not enough recordings reached this order (n=2 for 1-month-old cells and 

n=3 for 19-20-month-old cells). Error bars show mean ± SD. 
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To test possible differences in the diffusion speed among the two ages, a time constant was 

calculated by fitting the fluorescence traces with the following exponential growth function:  

𝑎 ∙ (1 − 𝑒−
𝑥
𝑡 ) 

 

For this analysis, the average ΔF/F0 traces for each cell order were fit with the function.  

However, because the spread of Lucifer yellow dye was slow, some of the traces did not 

exhibit a plateau within the 25 minutes of recording (Figure 4.12), making the fit difficult to 

converge and giving extremely large time constant values. Nevertheless, all time constant 

values were plotted and included within the analysis. For example, for the average ΔF/F0 

traces of first order cells, three out of the ten recordings from 1-month-old mice had large 

time constant values, and one out of the nine recordings from 19-20-month-old mice had a 

large time constant value (Figure 4.13A). Furthermore, the 19-20-month-old cells displayed a 

significant decrease in the first order cell time constants in comparison to the 1-month-old 

cells (P < 0.05). This would suggest that the dye moves more quickly from the patched cell 

into neighbouring cells in the older age group, which would also imply the aged gap junction 

channels have an increased permeability compared to the young adults. In addition to this, 

for the second order cell time constants, no significant difference was found between the 1-

month-old cells and the 19-20-month-old cells (P = 0.0662) (Figure 4.13B). Six out of the ten 

recordings from 1-month-old cells, and two out of the nine recordings from the 19-20-month-

old cells, displayed extremely large time constant values.  

Overall, there does appear to be a trend suggesting that the 1-month-old inner sulcus cells 

display slower diffusion speed of Lucifer yellow dye into neighbouring cells as a higher 

proportion of the 1-month-old time constants were very large. However, it is very likely that 

the slow speed of dye diffusion as a whole has made it more difficult to identify subtler 

changes in dye diffusion speed between age groups.  
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Figure 4.13: Dye diffusion speed time constants of 1-month-old and 19-20-

months-old inner sulcus cells 

A: Time constant values calculated from the average ΔF/F0 traces of first order cells from 1-month-

old and 19-20-month old 6N mice. 19-20-month-old cells displayed a significant decrease in the first 

order cell time constants in comparison to the 1-month-old cells (Mann-Whitney test, *P < 0.05). B: 

Time constant values calculated from the average ΔF/F0 traces of second order cells from 1-month-

old and 19-20-month old 6N mice. No significant difference was found between the time constant of 

second order cells from 1-month-old and 19-20-month old 6N mice. (Mann-Whitney test, P = 0.0662).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 
 

4.3 Discussion 

A network of gap junction channels connects the supporting cells of the organ of Corti and 

facilitates the movement of ions and small molecules across the epithelium (Hernandez et al., 

2007; Kikuchi et al., 2000; Chang et al., 2008; Jagger and Forge, 2015). Any mutations affecting 

the synthesis, trafficking or permeability of these membrane channels is well known to have 

a negative effect on cochlear function and lead to hearing loss (del Castillo and del Castillo, 

2017; Chan and Chang, 2014; Chen et al., 2022). This is believed to be because the gap 

junction transport network is implicated in numerous important processes required for the 

correct development and functioning of the organ of Corti. For instance, the delivery of 

metabolites such as glucose (Chang et al., 2008), the propagation of intercellular signalling 

cascades during development (Anselmi et al., 2008) and the recycling of ions such as K+ to 

maintain ionic homeostasis within the cochlea (Kikuchi et al., 2000; Wangemann, 2006). Even 

though it is clear these GJCs are critical for the maintenance of cochlear function, minimal 

research has been performed to investigate whether this could also be implicated in age-

related hearing loss. Therefore, this chapter investigated whether gap junction channel 

plaques in the organ of Corti undergo changes in their structural organisation and function 

with age.  

 

4.3.1 Gap junction plaque organisation is altered in the aged 
inner sulcus 
 

Here, it was found that C57BL/6N murine cochlear inner sulcus cell gap junction plaques 

become significantly smaller and more fragmented with age. Specifically, a progressive 

decrease in plaque length was measured across 1-month-old, 12-month-old and 17-22-

month-old inner sulcus cells. This aligns with previous work which showed that in comparison 

to one-month-old C57BL/6J mice, eight-month-old mice had significantly shorter gap junction 

plaques which exhibited a ‘scattered structure’ (Tajima et al., 2020). Furthermore, their qRT-

PCR showed no age-related difference in Cx26 (GJB2 gene) or Cx30 (GJB6 gene) mRNA 

expression, whereas western blots show a significant decrease in Cx26 and Cx30 protein levels 

with age. Therefore, they hypothesised that this decrease in plaque length was likely due to 
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an age-related increase in the degradation and instability of plaques rather than a 

downregulation of connexin expression.  

Most gap junctions have short half-lives lasting from 1-5 hours (Beardslee et al., 1998; Fallon 

and Goodenough, 1981). This means that the plaques are continuously being remodelled as 

older connexons are degraded and replaced with new ones. In the Golgi apparatus, most 

newly-assembled connexons travel along microtubules to the plasma membrane (Lauf et al., 

2002). They are then recruited towards gap junction plaques via interactions with the actin 

cytoskeleton mediated by the actin binding protein zona occludens (Hervé et al., 2014). The 

connexons then dock onto the outer edges of the pre-existing plaques and form intercellular 

channels with adjacent connexons on the neighbouring cell. Alongside this, older connexons 

are endocytosed from the centre of the plaque and sent for lysosomal degradation (Gaietta 

et al., 2002).  It is not known as to why GJ plaques are so dynamic, one possible explanation 

might be that the continual remodelling makes it easier to alter the extent of cell-cell coupling 

in response to physiological stimuli. 

Nevertheless, the observed age-related decrease in gap junction plaque length might be a 

result of dysfunction of gap junction remodelling. Any changes in how new connexins are 

recruited or how old connexins are removed will affect the size of the GJC plaque. As 

mentioned above, plaque remodelling is a complex process involving the actin cytoskeleton, 

microtubules and a range of scaffolding/support proteins in the plaque. Therefore, age-

related dysfunction in any of these components could be what is driving the observed changes 

in GJC plaque size. For example, a decrease in zona occludens expression has been shown to 

cause large GJC plaque size as it is believed that this protein regulates how quickly new 

connexons are added to the plaque (Hunter et al., 2005). Age-related changes in gap junction 

channel remodelling has not been the focus of much research in any tissues. However, the 

individual components important for this complex mechanism have been investigated in 

senescence. For example, the actin cytoskeleton is known to undergo a reduction in actin 

expression and changes in dynamics with old age (Moshier, Cornell and Majumdar, 1993; 

Kasper et al., 2009). Therefore, age-related changes in a component required for gap junction 

plaque remodelling could be influencing the observed reductions in plaque size.  

Tajima et al., 2020 also report changes in the organisation of gap-junction-associated lipid 

rafts and suggest that this could be contributing to the observed decrease in plaque size, and 
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maybe plaque disassembly, in the aged inner sulcus. Typically, Cx26/Cx30 gap junction 

plaques have the location of their lipid rafts restricted to tricellular junctions (regions which 

are adjacent to the end of three separate plaques) (Figure 4.14) (Defourny, Thelen and Thiry, 

2019; Defourny and Thiry, 2021). These lipid rafts are rich in actin filaments and adhesion 

molecules and so newly-assembled connexons from the Golgi are believed to be trafficked to 

this location before being added to the existing plaques (Defourny and Thiry, 2021; Locke, Liu 

and Harris, 2005). However, instead of orderly lipid rafts at located at tricellular junctions, the 

eight-month-old inner sulcus cells displayed scattered localisation of their lipid rafts at 

random points along the gap junction plaques (Tajima et al., 2020). Therefore, it is possible 

that the reduction in gap junction plaque size and integrity is due to age-related changed in 

lipid rafts which negatively impact gap junction plaque remodelling. Overall, in future work it 

would be beneficial to investigate age-related changes in the expression and location of other 

components associated with gap junction plaque remodelling to understand why there is an 

increase is disassembly with age in the cochlea. 

 

 

 

 

 

 

 

 

 

Figure 4.14: Age-related changes in gap junction plaques and associated lipid 

rafts in the organ of Corti 

Normal gap junction plaques (GJPs) organise into long planar structures along the edge of the inner 

sulcus cells (red). They also have regular organisation of lipid rafts in the gaps between gap junction 

plaques (blue). In age-related hearing loss (ARHL) the size of gap junction plaques becomes shorter, 

and the location of their lipid rafts appears to be more scattered and disorganised. Figure from (Tajima 

et al., 2020). 
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4.3.2 Gap junction plaque permeability in the aged inner sulcus 
 

Whole cell injection of the fluorescent dye Lucifer yellow was utilised to investigate whether 

gap junction channels exhibited changes in their permeability, as well as their organisation, 

in the aged inner sulcus. No significant difference was found between the dye diffusion 

distance or directionality between 1-month-old and 19-20-month-old C57BL/6N murine 

cochlear inner sulcus cells. However, a significant decrease in in the dye diffusion time 

constant of first order cells from 19-20-month-old cells was discovered compared to 1-month-

old cells, suggesting GJ channels from the older age group were more permeable to Lucifer 

yellow. Although, no significant difference was observed between the time constants of the 

second order cells. 

Overall, this implies that the observed changes in gap junction plaque size have minimal 

effects on the permeability of Cx26 homotypic channels. However, it is well established that 

alterations in gap junction plaque organisation and size do in fact influence permeability. For 

instance, cells with larger gap junction plaques have been found to exhibit greater electrical 

coupling via electrophysiological recordings (Bukauskas et al., 2000; Johnson et al., 1974). 

Additionally, HeLa cells transfected with Cx26 and Cx30 showed reduced Neurobiotin transfer 

(a tracer permeable to both Cx26 and Cx30 gap junction channels) in cells with smaller gap 

junction plaques (Kamiya et al., 2014). Furthermore, a decrease in gap junction plaque size 

has been associated with disease in other tissues. For example, within the heart, the lack of 

synchronised muscle contraction associated with aryhthmias has been linked to smaller gap 

junction plaques limiting cell-cell coupling and the efficient spread of electrical signals (Luke 

and Saffitz, 1991; Kaprielian et al., 1998).  

Therefore, it would be expected that the changes observed here in the organisation of aged 

inner sulcus cell gap junction plaques would also influence their permeability. One 

explanation for this could be that the diffusion of Lucifer yellow dye may not have been a 

sensitive enough measure to detect these changes. The main reason for this is likely that its 

impermeable to gap junction channels containing Cx30 (Manthey et al., 2001; Marziano et al., 

2003), which make up a large proportion of gap junction channels within the organ of Corti. 

This meant that it could have only been the homotypic Cx26 channels being considered in the 

analysis in this chapter, which excludes the homotypic Cx30 channels and the heterotypic 
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Cx26/Cx30 channels. The dye moved quite slowly into neighbouring cells suggesting the levels 

of Cx26 homotypic channels were low in both age groups. Therefore, it would suggest this 

experiment is actually not considering the majority of gap junction channels in these inner 

sulcus cells, which could explain the inability to see many age-related changes in gap junction 

permeability.  

Nevertheless, this meant it was possible to measure age-related changes in permeability 

across homotypic Cx26 gap junction channels alone. This was advantageous as Tajima et al., 

2020 hypothesised that the decrease in gap junction plaque length they observed with age in 

the inner sulcus was potentially due to the degradation of plaques following the progressive 

conversion of hydrophilic Cx26 to hydrophobic Cx26. This would promote the association of 

the plaques with lipid rafts and impact how and where new connexons are recruited to the 

existing gap junction plaques. Therefore, it would be expected that the plaque fragmentation 

would be most extreme at Cx26 homotypic channels. However, the dye diffusion reported 

here suggests that there is likely to be too few of these homotypic channels present in the 

plaques for many age-related changes in permeability to be detected.  

Even though studying homotypic Cx26 channels alone was beneficial in some ways, 

performing additional dye diffusion experiments alongside Lucifer yellow would have allowed 

measurement of permeability in other channel subtypes. Neurobiotin has been utilised to 

measure gap junction permeability within the cochlea (Jagger and Forge, 2006; Jagger, Nickel 

and Forge, 2014). It is known to be permeable to homotypic Cx26, homotypic Cx30 and 

heterotypic Cx26/Cx30 gap junction channels (Manthey et al., 2001; Marziano et al., 2003). 

However, for Neurobiotin to be visualised it requires the explant to be fixed and labelled with 

fluorescent streptavidin, meaning live imaging of the diffusion cannot be performed. This is 

effective for testing whether cells are coupled or not, but will not be as sensitive at detecting 

aspects such as dye diffusion speed. Nevertheless, performing this alongside the Lucifer 

yellow experiments could still have provided additional information regarding the other 

subtypes of gap junction channel.   

Moreover, dye diffusion speed seems to be an important parameter as even though it is 

apparent Lucifer yellow transfer was not a very sensitive method to study GJC permeability, 

a significant decrease was still identified between the first order cell time constants of aged 

cells compared to young adult cells. This would suggest that the aged cells display faster 
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diffusion of Lucifer yellow into neighbouring cells, implying a potential increase in Cx26 

homotypic channels or even a change in the selectivity of the Cx26/Cx30 heterotypic 

channels. This difference might have been missed if the dye diffusion were not live imaged, 

as with the potential use of Neurobiotin. However, again the slow speed of dye diffusion 

meant that it was difficult to identify significant differences between the time constants of 

second order cells, and third order cells rarely showed signs of dye diffusion within the 25-

minute recording.  

 

4.3.3 Summary 
 

In conclusion, this chapter has investigated age-related changes in gap junction channel 

plaque organisation and permeability in the inner sulcus of the cochlea. The immunolabelling 

experiments show that young adult inner sulcus cells display large gap junction plaques 

covering large portions of the cell membranes, alongside dye diffusion experiments showing 

low permeability to Lucifer yellow. In addition to this, the chapter presents new data showing 

that gap junction plaque organisation becomes progressively more fragmented with age in 

12-month-old and 17-20-month-old inner sulcus cells. It is not clear why gap junction plaques 

might become shorter in aged cells, one potential explanation could be that these cells 

undergo age-related changes in their ability to remodel their gap junction plaques. However, 

this change in organisation was not found to impact the permeability of the gap junction 

plaques to Lucifer yellow. Additional experiments should be performed to further analyse 

changes in gap junction permeability which might have been missed in the experiments 

performed in this thesis. 
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Chapter 5. General Discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 
 

The majority of research into the pathophysiology behind age-related hearing loss (ARHL) has 

focused on the progressive loss of inner hair cells, outer hair cells and spiral ganglion neurons 

(Spongr et al., 1997; Viana et al., 2015; Jeng et al., 2021; Jeng et al., 2020b). However, the 

mechanisms which actually precede and trigger this sensory cell loss are poorly understood, 

making it difficult to generate targeted treatments for ARHL. The supporting cells of the organ 

of Corti promote hair cell longevity and are required to maintain our sense of hearing (Wan, 

Corfas and Stone, 2013). Minimal research has been conducted to investigate whether these 

glia-like non-sensory cells also undergo an age-related decline in function alongside sensory 

hair cells. Here it was hypothesised that any age-related dysfunction in the supporting cells 

would affect their ability to aid hair cell functioning, and this might exacerbate the progressive 

hair cell loss driving ARHL.  Therefore, the overarching aim of this thesis was to evaluate 

whether the cochlear supporting cells underwent age-related changes in their protein 

expression and function.  

Two main functions of the supporting cells have been extensively discussed in this thesis. The 

first being the P2Y purinergic receptor signalling cascade initiated in the supporting cells 

during cochlear development (Tritsch et al., 2007; Babola et al., 2020). The intracellular Ca2+ 

transients produced following P2Y receptor activation are thought to have downstream 

effects on the driving force for inner hair cell depolarisation, and therefore, modulate the 

immature spontaneous inner hair cell action potentials which are crucial for synaptic 

maturation (Clause et al., 2014; Müller et al., 2019). Secondly, the majority of supporting cells 

express gap junction channel plaques which couple the intracellular spaces of neighbouring 

cells (Kikuchi et al., 1995). This creates a transport network across the cochlear epithelium 

which is believed to promote hair cell longevity by facilitating ion and metabolite homeostasis 

(Zhang et al., 2005; Chang et al., 2008). Age-related changes in either of these mechanisms in 

the supporting cells were anticipated to influence the functioning of the hair cells and 

therefore could be involved in age-related hearing loss. 
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5.1 P2Y purinergic receptors in the ageing mammalian 

organ of Corti 

In Chapter 3 of this thesis, age-related changes in P2Y receptor expression and associated 

intracellular Ca2+ transients were investigated in the cochlear inner sulcus cells. Specifically, 

P2Y1, P2Y2 and P2Y4 receptors were all found to be expressed in the immature inner sulcus 

(Kölliker’s organ) where they were responsible for generating ATP-induced intracellular Ca2+ 

waves. This mechanism was lost in the adult inner sulcus as it is believed to only be required 

during development to modulate the immature hair cell action potentials and promote 

synaptic maturation (See Introduction section 1.1.1.2.1) (Tritsch et al., 2007; Clause et al., 

2014). However, aged inner sulcus cells displayed an upregulation of P2Y2 and P2Y4 receptor 

expression and associated intracellular Ca2+ transients. It is unclear as to why an upregulation 

of P2Y receptors might occur in the aged inner sulcus when they are not required in the adult 

cochlea, and in Section 3.3 a few hypotheses to explain this were suggested including the 

cochlea attempting to recapitulate immature characteristics to limit further age-related 

damage. Nevertheless, the actual function of P2Y receptors at this age remains uncertain and 

further work is required to better understand this mechanism. 

One area of future work, which could advance our understanding of age-related P2Y receptor 

upregulation, is the use of conditional knock-out mice. In this thesis, using an immunological 

and pharmacological approach, it was reported that only P2Y2 and P2Y4 receptors were re-

expressed with age, but not P2Y1 receptors which are also present during development. This 

selective re-upregulation suggests the different receptor subtypes might be involved in 

different mechanisms, with only P2Y2 and P2Y4 being implicated in age-related processes. 

However, the functioning of the individual receptor subtypes could not be fully investigated 

in this thesis because the antagonists were not completely specific (e.g. P2Y2 antagonists also 

blocked P2Y4 activity), or it is possible that the formation of P2Y heterodimers might have 

influenced the pharmacology of individual receptors (Ecke et al., 2008; Ribeiro-Filho et al., 

2016). Nevertheless, removing a single subtype of P2Y receptor via conditional knock-out 

mice could help provide information regarding how each receptor contributes to these Ca2+ 

transients, and also, why only certain subtypes are upregulated in the aged inner sulcus.  
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Alongside this, tamoxifen inducible knock-out mice would allow the deletion of individual P2Y 

receptor subtypes in adult mice, thus bypassing the role of these receptors in the developing 

cochlea. This approach would allow the investigation of the specific role of P2Y2 and P2Y4 

receptors in the aged cochlea. In Chapter 3, it was reported that P2Y receptor upregulation 

was more pronounced in mice with more severe ARHL (C57BL/6N) than in those with good 

hearing (C3H/HeJ). This suggests a link between P2Y receptor upregulation and the severity 

of ARHL. However, C57BL/6N and C57BL/6N-repaired had comparable levels of P2Y receptor 

upregulation, even though the C57BL/6N-repaired display significantly less severe ARHL 

compared to C57BL/6N (Noben-Trauth, Zheng and Johnson, 2003). Therefore, it is likely that 

there are multiple different mechanisms influencing ARHL progression and the upregulation 

of P2Y receptors is potentially implicated in one of them. It would be interesting to see 

whether blocking this P2Y upregulation would have any effect on ARHL progression, and if so 

does it exacerbate or alleviate it. 

In addition to this, it would be beneficial to study these P2Y-receptor-mediated Ca2+ transients 

both ex vivo and in vivo. For the ex vivo experiments used in this thesis, the organ of Corti had 

to be removed from its natural physiological environment. This would be expected to impact 

the cells being studied as normal cochlear function is known to largely rely on the specific 

ionic compartments and coupling of all supporting cells forming a syncytium. The loss of the 

endolymph and damage to cell-cell connections from the dissection process is therefore 

expected to influence the cell activity observed ex vivo. Furthermore, intracellular Ca2+ 

transients across the supporting cells are also stimulated by damage to the epithelium (Gale 

et al., 2004). Therefore, it is not known whether some of the transients observed in the 

present work were spontaneous (similar to those during development known to modulate 

hair cell firing) or induced by damage. In vivo Ca2+ imaging techniques on live immature mice 

have recently been developed by other members in the Marcotti lab here at the University of 

Sheffield. This procedure uses two-photon microscopy to image Ca2+ transients in reporter 

mice where GCaMP6 is selectively expressed in the cells of interest. Therefore, another 

potential area for future work would be to repeat these experiments in vivo to evaluate 

whether we see the same characteristics of Ca2+ transients as we do ex vivo. 
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5.2 Gap junction channels in the ageing mammalian 

organ of Corti 

In Chapter 4 of this thesis, age-related changes in the structural organisation and permeability 

of gap junction channel (GJC) plaques were studied in the cochlear inner sulcus cells. As 

discussed in the Introduction chapter (Section 1.1.1.2.2), the majority of supporting cells 

express GJC plaques composed of connexin 26 (Cx26) and connexin 30 (Cx30) (Kikuchi et al., 

1995; Lautermann et al., 1998), which facilitate the transport of ions and metabolites across 

the epithelium (Zhang et al., 2005; Chang et al., 2008). Here, it was discovered that with 

increasing age between 1-month-old, 12-months-old and 17-20-months-old inner sulcus cells, 

there was a higher quantity of shorter gap junction plaques per cell. It was hypothesised that 

this alteration in plaque size was due to age-related changes in proteins required for GJC 

plaque remodelling, as this would influence how channels are added or removed from the 

plaques. Therefore, it would be interesting to study progressive changes in the expression of 

proteins involved in GJC plaque remodelling in the cochlea to investigate whether this could 

be what is driving the plaque fragmentation.  

GJC plaque size and organisation have been shown to influence their permeability (Kaprielian 

et al., 1998; Kamiya et al., 2014). This could have important implications for ARHL as it is 

already well established that dysfunction of supporting cell gap junction channels is a 

common cause of non-syndromic hearing loss (del Castillo and del Castillo, 2017; Chan and 

Chang, 2014; Chen et al., 2022). Therefore, any progressive change in GJC permeability with 

age would be expected to impact ARHL progression. However, no differences were found 

between the distance or directionality of Lucifer yellow dye diffusion between 1-month-old 

and 19-20-month-old inner sulcus cells, suggesting gap junction channel permeability is 

similar across both age groups. As discussed in Chapter 4, it became apparent that this dye 

diffusion technique was not very sensitive for cochlear GJCs as it was only permeable via Cx26 

and not Cx30. Therefore, alternative experiments are required to better evaluate how the 

observed changes in GJC plaque structure affect their permeability.  

Fluorescence recovery after photobleaching (FRAP) is an example of another method which 

could be utilised to better measure GJC permeability. The full organ of Corti epithelium would 
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be loaded with a cell permeable dye (such as Calcein-AM) which is only converted into a 

fluorescent form after being taken up into cells. After loading, a defined section of the 

epithelium is photo-bleached and then dye redistribution into the bleached cells is monitored 

to evaluate how coupled those cells are by GJCs. One advantage of this technique is that no 

dye injection is required and so the cell integrity is maintained across the epithelium. This is 

particularly important for measuring gap junction permeability as it has been shown that 

mechanical forces applied during whole-cell patch clamp experiments can influence 

supporting cell coupling in the cochlea (Zhao and Santos-Sacchi, 1998).  

Alternatively, supporting cell gap junction coupling could also be inferred using other whole-

cell patch clamp electrophysiology measurements. One example already used in Chapter 4 is 

the input membrane resistance which indirectly represents the extent of gap junction 

coupling between the patched cell and the rest of the epithelium. Low input membrane 

resistances indicate the patched cell has many open gap junction channels allowing it to be 

electrically coupled to the others in the epithelium. The gap junction blocker octanol has been 

reported to greatly increase inner sulcus cell input membrane resistance as it uncouples the 

patched cell from the rest of the epithelium (Sirko, Gale and Ashmore, 2019). Alongside this, 

the cells resting current at -55 mV could also be used as an indication of how coupled the cell 

is to the rest of the epithelium. A larger inward resting current would suggest a lot of current 

leak from surrounding cells via the gap junction channels. Additionally, dual patch-clamp 

experiments would also give an indication of cell-cell coupling in the supporting cells. Stepping 

the voltage of one patched cell in the epithelium, and measuring the resultant current in 

another neighbour cell, would also infer the degree of cell-cell coupling by seeing how much 

of the current induced within the stepped cell was able to leak into neighbour cells. 

 

5.3 Other supporting cell proteins to investigate in the 

aged cochlea 

Following on from the work completed in this thesis, there is a wide range of other supporting 

cell proteins which could also undergo age-related changes in their expression and function. 

The combined alterations in P2Y purinergic receptors and gap junction channels, alongside 
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any other important proteins, could have a cumulative impact on age-related hair cell 

functional decline. Therefore, it is important to gain insight into any other potential 

progressive change in support cell proteins to have a more complete understanding of what 

could be driving age-related hair cell loss. 

For instance, an additional function of the supporting cells not discussed in this thesis is their 

involvement in protection from noise-induced hearing loss (NIHL). As mentioned in Section 

1.2.2, NIHL is known to be a risk factor for ARHL development. Therefore, it would be 

anticipated that any age-related change in the supporting cells affecting the NIHL protective 

mechanisms would exacerbate the progression of ARHL. One protein involved in this 

protective mechanism is the glutamate aspartate transporter known as GLAST, which is 

expressed by the inner phalangeal cells and border cells adjacent to the inner hair cell (IHC) 

synapse (Furness and Lehre, 1997). This transporter clears glutamate from the IHC synaptic 

cleft to prevent excitotoxicity which can lead to synaptopathy and hearing loss (Glowatzki et 

al., 2006; Hakuba et al., 2000). Any age-related change in GLAST expression or function would 

be expected to influence the efficiency of glutamate recycling from the IHC synapse, and 

impact how vulnerable the IHCs are to excitotoxicity, synaptopathy and hearing loss. One 

article examined GLAST expression levels across the apical, middle and basal cochlear turns 

of patients with ARHL and found the basal turn to have significantly higher GLAST expression 

(Ahmed et al., 2013). Due to the fact that ARHL is more severe at the base of the cochlea, this 

upregulation in GLAST might be an attempt to limit further synaptopathy and hearing loss in 

this area.  

Another protein involved in preventing excitotoxicity and NIHL are P2X2 purinergic receptors. 

Similar to P2Y receptors, they are activated by the extracellular binding of purines such as ATP 

(Burnstock, 1980) and are expressed by the supporting cells of the cochlea (Järlebark et al., 

2002; Xiang, Bo and Burnstock, 1999). However, they are ionotropic receptors, rather than 

metabotropic like the P2Y subgroup, so exhibit much faster responses. ATP is released from 

the cochlear partition into the endolymph during damaging levels of noise exposure (Muñoz 

et al., 2001), which is hypothesised to activate P2X2 non-selective cation channels causing 

cation influx into supporting cells down the electrical gradient out of the more positive 

endolymph.  Thus, the driving force for hair cell depolarisation will be reduced as the 

endolymphatic potential has been decreased (Muñoz et al., 1995), and this is thought to delay 
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glutamate release by the hair cells and limit excitotoxicity (Housley et al., 1999; Housley et 

al., 2013). Therefore, the cochlea can protect itself from noise-induced damage by modulating 

the sensitivity of the hair cells to sound. Any age-related changes in the expression or function 

of P2X2 receptors would therefore be expected to impact the cochlea’s response to damaging 

levels of noise exposure and influence the accumulation of NIHL and ARHL. One article 

reported that 12-15 month old mice exhibited a much lower upregulation of P2X2 receptor 

expression, alongside significantly smaller ATP-induced reductions in endocochlear potential, 

than 3-6 month old mice following damaging levels of noise exposure (Telang et al., 2010). 

This suggests P2X2 receptors might also undergo age-related changes in their expression and 

function and this could further influence the build-up of hair cell damage leading to ARHL 

development. 

 

5.4 Is this ageing of the supporting cells unique to the 

cochlea? 

Across the majority of tissues in the nervous system, sensory cell function requires support 

from glia-like accessory cells. The most well researched of these being the astrocytes within 

the brain which assist with the development and functioning of neurons (Benarroch, 2005; 

Ransom and Ransom, 2012). Astrocytes and cochlear supporting cells share many of the same 

physiological characteristics and functional roles as they both provide support for a group of 

specialised sensory cells. For instance, they both express GLAST (glutamate aspartate 

transporter) and facilitate the uptake and recycling of glutamate to avoid excitotoxicity and 

neuronal death (Lehre et al., 1995; Chaudhry et al., 1995; Furness and Lehre, 1997; Glowatzki 

et al., 2006). Furthermore, both groups of cells form a functional syncytium as they are inter-

connected by a gap junction channel network (Kikuchi et al., 1995; Dermietzel et al., 1991; 

Giaume et al., 2021). Therefore it is supposed that, similar to cochlear supporting cells, the 

astrocytes also facilitate ion and metabolite homeostasis (Wangemann, 2006; Walz, 1989), 

alongside propagation of intercellular signalling cascades and Ca2+ transients (Anselmi et al., 

2008; Dani, Chernjavsky and Smith, 1992). Additionally, these Ca2+ transients in astrocytes can 

be induced in a similar way to what we see in cochlear supporting cells: by activation of their 

P2Y purinergic receptors (Gallagher and Salter, 2003; Agostinho et al., 2020).  
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Due the conservation of physiological characteristics and functions across the cochlear 

supporting cells and other glial cells, it might be reasonable to suggest that these cells also 

undergo similar alterations with age. For instance, astrocytes from 21-month-old mouse 

brains were reported to have a higher frequency of connexin 43 and connexin 30 gap junction 

plaques per cell, which were also significantly shorter in length, when compared to 3-month-

old mice (Cotrina et al., 2001). Interestingly, they also investigated plaque permeability via 

FRAP but reported no significant differences in dye redistribution with age. Therefore, it 

appears that these results produced similar conclusions to those from Chapter 4 of this thesis: 

as these supporting cells age the gap junction plaques display a fragmentation in their 

structure which does not appear to elicit any changes in permeability according to dye 

diffusion experiments. However, it was also reported that astrocytes in human brain slices 

from older adults (51-72 years old) showed higher cell input resistances and a reduction in 

gap junction cell-cell coupling compared to younger adult astrocytes (22-50 years-old) (Popov 

et al., 2023). Therefore, the consequences of age-related changes in the structure of GJC 

plaques on their permeability needs further investigation in the cochlea and other tissues.  

In addition to this, an upregulation of P2Y receptor signalling has been reported in aged 

astrocytes and associated with neurodegenerative disease. Specifically, astrocyte 

hyperactivity associated with Alzheimer’s disease was linked to an upregulation of P2Y1 

receptors and ADP-induced Ca2+ transients using mouse models for the disease (Delekate et 

al., 2014). This is similar to what was observed in Chapter 3 of this thesis as it was reported 

that more pronounced P2Y receptor upregulation was observed in mice with more severe 

ARHL (C56BL/6N) than those with good hearing (C3H/HeJ). Therefore, this association 

between P2Y receptor upregulation and age-related disease is present across multiple tissues. 

Overall, further comparisons of other glial cells with the cochlear supporting cells might reveal 

other potential areas to study to better understand how these cells change with age. 

 

5.5 Final conclusions 

 

In conclusion, our sense of hearing relies on the coordinated function of sensory hair cells and 

glia-like supporting cells. This thesis has revealed that, similar to the hair cells, the supporting 
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cells also undergo age-related changes in their protein expression and function. Therefore, 

these changes could potentially influence the ability of the supporting cells to maintain hair 

cell longevity, and might contribute to the age-related decline in hair cell function driving age-

related hearing loss. This work has highlighted the importance of further investigation into 

how these supporting cells age, as any additional changes in their function could result in new 

information regarding what drives hair cell loss and ARHL. Furthermore, deciphering whether 

these age-related changes in supporting cells are protective changes to limit disease 

progression, or causative changes which contribute to disease progression, could also reveal 

new targets for potential treatments for ARHL. 
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