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Abstract 
Kölliker’s organ is an epithelial tissue in the developing cochlea of the inner ear that disappears 

following functional development of the auditory sensory organ, the organ of Corti. It is a large 

collection of columnar epithelial cells medial to the developing inner sensory hair cells (IHCs), 

and comprises a major part of the organ of Corti during stages of auditory development, before 

the sensory cells are sensitive to sound (“pre-hearing”). The role of this tissue is unclear, but it 

has been speculated that it is important for driving or modulating spontaneous auditory nerve 

activity before the onset of hearing. It is suggested that this involves a paracrine or autocrine 

action of ATP, acting via P2 receptors which initiates spontaneous electrical currents in 

epithelial cells and may influence the IHC and its primary type I auditory innervation. 

Associated with this, epithelial cells of Kölliker’s organ also undergo rhythmic morphological 

changes (crenation), the purpose and mechanisms of which is not yet known. These studies 

were undertaken to explore these morphological changes, in order to identify potential origins, 

generators, and mechanisms for this rhythmic activity. Using a live tissue imaging approach 

with wholemounts of developing cochlea, the crenation of a cluster of cells could be observed 

as a change in refractive index of the tissue, allowing optical detection of this activity in real 

time. Utilising this principle, and the dynamic nature of the activity, spontaneous 

morphological events in developing Wistar rat (P7-16) Kölliker’s organ were studied with real-

time differential interference contrast (DIC) imaging. Tissue was superfused with artificial 

cerebrospinal fluid, and the involvement of P2 receptor activity was explored with the addition 

of P2 receptor manipulators (ATP, ATPγS and suramin). Initial studies verified the presence of 

spontaneous morphological events restricted to Kölliker’s organ of pre-hearing Wistar rats. 

These events were drastically inhibited with ATP depletion induced by perfusing tissue with 

oxygen and glucose depleted solution. Activity could not be restored with the introduction of 

P2 receptor agonists ATP and ATPγS during this time, demonstrating the requirement of 

periodic ATP release in generating these rhythmic volume changes. Further examination of the 

response to ATPγS revealed sustained crenation throughout Kölliker’s organ, and identified the 

border cells (defined in this thesis as the cells that surround IHCs in the developing cochlea) as 

the most affected. This crenation was unique to these border cells when tissue was exposed to a 

gap junction inhibitor carbenoxolone, outlining the requirement of tissue connectivity to induce 

changes in regions further medial from IHCs. In contrast to cell crenation with P2 receptor 
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activation, inhibition of these receptors with suramin lead to tissue-wide swelling, again more 

prominent in the border cells, as confirmed by histological analysis of the sensory organ. These 

results suggest that cells of Kölliker’s organ (particularly border cells) are under tight volume 

regulation through P2 receptor activity, and its absence leads to cell swelling. Together with 

the higher frequency of events in this border cell region, these findings imply a generator role 

for border cells in spontaneous morphological activity, while underlying the role of P2 receptor 

activity in initiating cell volume changes. A model is proposed that ATP released from border 

cells activates Ca2+ dependent Cl- channels, which leads to Cl- and water efflux, causing 

crenation. Restoration of the intracellular Cl- may involve multiple channels, including NKCC1 

for the inward drive of Cl-, coupled with Na-K-ATPase to remove Na+, and K+ channels (e.g. 

BK or KCNQ) to remove the excess intracellular K+. The role of these morphological events is 

speculated as a signal that connects IHC and the border cells which may be involved in the 

modulation of neural activity as well as signalling the maturation of hair cell activity and 

eventual atrophy of Kölliker’s organ.   
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UDP uridine diphosphate 

UTP uridine triphosphate 

VNUT vesicular nucleotide transporter 
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Introduction to Thesis 

During auditory development, the mammalian cochlea contains a transient group of epithelial 

cells known as Kölliker’s organ (Hensen, 1863; Kölliker, 1902). In the embryonic stages of 

cochlear development, this tissue provides the cells which differentiate into sensory cells of the 

organ of Corti. But after this period of differentiation, Kölliker’s organ remains as a collection 

of columnar epithelial cells medially adjacent to the sensory structures, until the organ of Corti 

has completed its development and is capable of detecting external sound. During this time, 

even though the sensory structures have not matured to receive and be excited by external 

sound, the neurons of the auditory system are spontaneously active, driven by activation at the 

level of immature inner sensory hair cells (IHC) in the cochlea, acting on its afferent nerve 

fibres. It was previously thought that this spontaneous neural drive was the influence of 

epithelial cells in Kölliker’s organ on these IHC through purinergic (Adenosine 5’ Tri-

phosphate) signalling on P2 receptors (Tritsch et al., 2007).  However, more recent data would 

suggest that activity is generated by sensory cells alone (Johnson et al., 2011; Sendin et al.,  

2014), leaving the function of  Kölliker’s organ and its role in spontaneous drive of the 

auditory circuits now unclear. However, purinergic signalling remains a prominent component 

of spontaneous activity within Kölliker’s organ (Tritsch et al., 2007), as well as potential 

regulatory role of spontaneous drive of the auditory system (Johnson et al., 2011).   

Morphological changes have been observed in clusters of cells within Kölliker’s organ that are 

closely associated with this spontaneous hair cell and neural activity. These events involve 

crenation of cells, also thought to be initiated by P2 receptor activation (Tritsch et al., 2007), 

although their purpose during development and the mechanism of the volume change is 

currently unknown. The studies presented in thesis therefore explored spontaneous 

morphological activity within Kölliker’s organ in order to gain insight into its generation, 

mechanisms, and purpose. Each chapter presents a series of investigations which examined 

various elements of spontaneous activity within Kölliker’s organ. 

In the first study (Chapter 3), methods were developed in order to investigate spontaneous 

events in developing rat organ of Corti in real-time. Morphological changes within Kölliker’s 

organ were characterised, and compared across various ages. These findings verified previous 
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observations of such events by demonstrating its specificity to pre-hearing Kölliker’s organ 

tissue (Tritsch et al., 2007, 2010), and built a platform which allowed further investigations 

using our methodologies.  

In the following chapter (Chapter 4), the influence of P2 receptor activity on the spontaneous 

morphological events within Kölliker’s organ was investigated. Based on previous studies in 

which a purinergic (ATP) dependence was demonstrated (Tritsch et al., 2010), it was 

hypothesised that ATP depletion would result in diminished morphological events. However 

this chapter further investigated the role of ATP in morphological events, by attempting to 

separate its role in energetic processes and as a signalling molecule. In order to do this, tissue 

production of ATP was minimised through oxygen and glucose deprivation, and controlled 

amounts of ATP or an ATP analogue was re-introduced in to circulation. As expected, ATP 

depletion resulted in a dramatic decrease in morphological activity. However, activity could 

not be re-established with the introduction of purinergic receptor agonists, and instead resulted 

in significant darkening throughout Kölliker’s organ, thought to be due to synchronised 

crenation of its cells, outlining the necessity of periodic ATP release in order to maintain the 

rhythmicity of these spontaneous events. 

The final chapter (Chapter 5) explored tissue distribution and potential generators of 

morphological activity based on observations in chapter two, which outlined a band of cells 

adjacent to IHC that were especially sensitive to purinergic receptor activation. These cells 

were defined as ‘border cells’ in Chapter 5, and demonstrated both significant crenation and 

swelling in response to P2 receptor activation and inhibition respectively. These cells were 

therefore theorised to be generators of spontaneous morphological events, and this idea 

supported with its unique P2 agonist-induced volume change in the presence of gap junction 

inhibition, which was absent from tissues further medial. Findings from this chapter suggests a 

generator band of border cells which initiate spontaneous morphological events, that are 

transmitted through to further regions of the Kölliker’s organ. P2 receptor activity in these cells 

is essential for regulating cell volume, as its absence leads to cellular swelling. Based on these 

findings, potential regulators and mechanisms of spontaneous morphological events are 

discussed in this thesis.    
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Chapter 1: 

Literature Review 

 

1.1 Overview 

The following literature review will firstly describe the anatomy of the mammalian inner ear 

and basic principles of sound transduction in the cochlea. It will then briefly examine the 

processes involved in the structural and functional development of the cochlea, focusing on the 

critical period prior to sound-driven activity in the auditory system. The Kölliker’s organ will 

then be introduced, which is a transient tissue present in the developing cochlea that is central 

to this thesis. A significant portion of this literature review will then focus in detail on 

spontaneous activity which is present in the Kölliker’s organ during the pre-hearing stage. 

Special attention will be given to purinergic signalling, it’s downstream pathways, and 

significance for the spontaneous activity in the cochlea, and development of the auditory 

system.  

 

1.2 Inner Ear Anatomy 

1.2.1 Introduction to Inner Ear Anatomy 

Evidence of semicircular canals and otolithic organs representing the vestibular part of the 

inner ear have been found in vertebrate fossil remains dating 500 million years ago. While egg-

laying vertebrates (such as birds and reptiles) have sickle-shaped cochlea (the sensory organ of 

hearing), most mammals (thought to have arisen around 220 million years ago) have a coiled 

shape resembling a snail shell (cochlea derivation) (Corwin & Warchol, 1991).  In humans, the 

cochlea is located within the temporal bone, encased in the otic capsule, along with the 

vestibular system (the organ responsible for balance), forming the labyrinth of the inner ear. 

The vestibular system consists of the three semicircular canals and two otolithic organs known 
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as the utricle and saccule. The semicircular canals are responsible for detecting angular 

acceleration or movement in rotational directions, and these fluid-filled canals are arranged 

orthogonal to each other covering all planes. The utricle and saccule in comparison are 

otolithic organs which detect linear acceleration and static head position because of the 

presence of crystals of calcium carbonate (otoliths) on the otolithic membrane overlying the 

sensory cells and which are sensitive to gravity (reviewed in: Corwin & Warchol, 1991; 

Rabbitt, Damiano, & Grant, 2004).  

In contrast, sound is detected by sensory structures in the cochlea, which comprises three fluid-

filled compartments that spiral from its base to the apex. The number of turns within a cochlea 

varies among different species, with the human cochlea containing approximately two and a 

half turns. Sound begins as longitudinal waves of compressions and rarefactions in the air that 

are focussed into the ear canal by the external ear, or pinna. These fluctuations transfer onto the 

tympanic membrane, more colloquially known as the eardrum, causing vibrations of the 

attached ossicles (malleus, incus and stapes) situated within the middle ear, which are 

responsible for enhancing sound vibrations in the low-impedance middle ear space. Movement 

of the foot-plate of the stapes transfer these movements to the high-impedance fluid-filled inner 

ear (cochlea) through the membrane covered opening in the vestibule called the oval window 

(Dallos, 1996). The locations of these structures are outlined in Figure 1.1.  
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Figure 1.1: Structure of the ear. 

Outer, middle, and inner ear components of the ear as they sit within the temporal bone. Outer 
ear is composed of the pinna and ear canal, while the middle ear is an air-filled cavity, 
containing the ossicles (malleus, incus, and stapes). The stapes is connected to the inner ear via 
its footplate on the oval window. The inner ear is fluid filled, and is composed of the 
semicircular canals (part of the vestibular system), and the cochlea (part of the auditory 
system).  

Diagram is not to scale. 
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1.2.2 Cochlear Compartments and Fluids 

The spiralling cochlea is divided into three compartments (Fig. 1.2): scala tympani, which 

terminates with the round window opening in to the middle ear, scala vestibuli, which connects 

with the vestibule of the inner ear, and scala media which forms the central space separating 

these two compartments. Scala tympani and scala vestibuli communicate at the apex of the 

cochlea through the helicotrema. Scala vestibuli is separated from scala media by Reissner’s 

membrane, a thin membrane composed of two layers of cells; a squamous epithelial layer 

facing the scala vestibuli and an endothelial cell layer on the scala media side, separated by a 

basement membrane (reviewed by Fuchs, 2010). The tight junctions between cells of this 

membrane create a barrier to free-flowing ions. In addition, pumps for ions such as Cl- and K+ 

have been identified in the cells of this membrane, indicating its involvement in regulation of 

ionic fluxes (and therefore volume), and the ionic homeostasis of its neighbouring fluid 

compartments (Duvall & Rhodes, 1967; Iurato & Taidelli, 1967; Raphael & Altschuler, 2003). 

The organ of Corti containing the sensory cells sits on the basilar membrane which lies 

between the scala media and scala tympani, and the functional seal between these 

compartments is formed by the surface of the organ of Corti, referred to as the reticular lamina. 

This barrier between the different compartments is formed by the combination of apical 

membranes and tight junctions of the sensory and supporting cells of the organ of Corti, facing 

the scala media (Gulley & Reese, 1976).  

The two larger outer compartments (scala tympani and vestibuli: see Fig. 1.2) are filled with 

perilymph, a fluid high in sodium resembling extracellular fluid (see Table. 1.1 for details). 

These perilymph filled compartments communicates with cerebrospinal fluid (CSF) through 

the cochlear aqueduct. However, perilymph has a slightly different ionic composition than CSF 

(Table 1.1). In addition, due to tight junctions of the reticular lamina, the extracellular space 

between and surrounding the outer sensory hair cells, the outer hair cells (OHCs) and 

supporting cells in the lateral portion of  the organ of Corti is also filled with fluid, referred to 

as cortilymph which resembles perilymph (Engstrom, 1960). In contrast, scala media is filled 

with a fluid resembling intracellular fluid (high in K+) known as endolymph (see Table 1.1 for 

details). The length of this endolymphatic space appears to be longer than either of the 

perilymph filled compartments in both mice and gerbils (Thorne et al., 1999). Endolymph  
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drains into the endolymphatic sac, through the endolymphatic duct (Raphael & Altschuler, 

2003). The ionic composition of each fluid compartment is summarised in Table 1.1.  

 

 

Component CSF 
Scala media 
endolymph 

(mM) 

Scala vestibuli 
perilymph 

(mM) 

Scala tympani 
perilymph 

(mM) 

Na+ 149 13 141 148 

K+ 3.1 157 6 4.2 

Ca2+ 1.2 0.023 0.6 1.3 

Cl- 129 132 121 119 

HCO3
- 19 31 18 21 

Glucose 4.8 0.6 3.8 3.6 

 

Table 1.1: Ionic composition of the cochlear fluids. 

Summary of the ionic composition of the three compartments within the cochlea, containing 
either perilymph or endolymph (Adapted from Wangemann & Schacht, 1996).
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Figure 1.2: Schematic cross section of the cochlea. 

Cross section of the cochlea, outlining its fluid-filled compartments (scala vestibuli, scala 
media, and scala tympani) and position of the sensory structure (organ of Corti).  
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1.2.3 Major Cochlear Regions and Cell Types in the Mature Cochlea 

Major cochlear regions, including cell types within the organ of Corti, are represented in 

Figures 1.2 and 1.3, and summarised below. 

 

1.2.3.1 Stria vascularis 

Important to the production of endolymph, the stria vascularis is a vascularised epithelial tissue 

that lines the lateral surface of the scala media, and is composed of three major cell layers 

(Hinojosa & Rodriguez-Echandia, 1966; Kikuchi & Hilding, 1966).  Each of these layers is 

involved (to different degrees) in the production and maintenance of the endocochlear potential 

(EP), a positive potential of approximately 80mV within the scala media (Von Békésy, 1951; 

Wangemann, 2002b). The generation of EP (reviewed by Wangemann, 2002b, Fuchs, 2010) 

essentially occurs through K+ gradients created in the stria vascularis, and is crucial in 

providing the driving force for inner hair cell (IHC) depolarisation, and sound transduction.  

The cell layer of the stria vascularis facing the endolymph is composed of marginal cells, 

which are hexagonal epithelial cells containing microvilli. Due to the presence of ion 

transporters such as Na-K-2Cl (NKCC co-transporter) in these cells (Mizuta, Adachi, & Iwasa, 

1997), marginal cells were initially thought to be responsible for the generation of the EP. 

However, they were shown to secrete K+ through mechanisms that were similar to vestibular 

dark cells, mainly involving slowly activating K+ channels in their apical membranes 

(Wangemann, 1995), and the process was shown to likely only contribute no more than a few 

millivolts towards the EP (Marcus & Shen, 1994; Wangemann, Liu, & Marcus, 1995). 

Separated from the marginal cells with a basement membrane (Kikuchi & Hilding, 1966), the 

intermediate cell layer is now thought to be the main site of generation of the EP, through an 

ATP-sensitive inward rectifier K+ channel expressed in the membranes of these cells ( 

Wangemann, 2002b). Further supporting evidence for this comes from the electrical potential 

observed across the third layer of the stria vascularis, the basal layer (Salt, Mleichar, & 

Thalmann, 1987), which maintains a dense network of gap junctions with the intermediate cell 

layer, creating a path for K+ movement (Forge, 1984; Kikuchi et al., 1995).  
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1.2.3.2 Spiral ligament 

Located between the stria vascularis and otic capsule, the spiral ligament provides both 

mechanical and functional support to other cochlear tissues (reviewed by Raphael & 

Altschuler, 2003). Together with the stria vascularis, it forms what is termed collectively, the 

lateral wall of the cochlea. Made mostly of connective tissue, the spiral ligament reaches 

beyond the borders of the scala media, spanning both perilymphatic compartments as well as 

scala media. In addition to its support function, cells in the spiral ligament  appear to be 

involved in maintaining cochlear ionic homeostasis by removing extracellular K+ and, through 

a series of interconnected fibrocytes (mainly type II, IV and V) (Spicer & Schulte, 1991; Spicer 

& Schulte, 1996), support the recycling of K+ back in to the endolymph, by utilising gap 

junctions and Na-K-ATPase (Raphael & Altschuler, 2003; Spicer & Schulte, 1991; Spicer & 

Schulte, 1996).  

The spiral ligament and stria vascularis have a rich blood supply.  Capillaries within the spiral 

ligament are the main metabolic supply to cochlear tissues as well as acting as points of 

drainage. A large proportion of these capillaries are found in the central region of the spiral 

ligament, one of the five basic regions identified by Henson and Henson (1988).  The other 

regions include the peripheral region, the marginal or border region, the acellular Hyaline 

region, and the subcentral region (Henson & Henson, 1988). The spiral ligament contains an 

arrangement of extracellular fibrils which are attached to both the bony wall of the cochlea, and 

the outer edge of the basilar membrane (Henson, Henson, & Jenkins, 1984; Henson & Henson, 

1988; reviewed by Fuchs, 2010). The attachment to the basilar membrane appears to modulate 

its tension, as a number of mammalian cochlea contain fibroblasts with stress fibres (tension 

fibroblasts) comprising contractile proteins, in their marginal region (Henson et al., 1984; 

Henson & Henson, 1988). The arrangement of these fibres in some animals demonstrates 

tonotopic variability, while inter-species differences indicate a number of possible 

configurations, as well as differences in actin content, structure, and distribution (Henson & 

Henson, 1988).  
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1.2.3.3 Tectorial and basilar membranes 

The tectorial membrane is an acellular structure composed entirely of type A (straight and 

unbranched) and type B (coiled and branched) fibrils (Kronester-Frei, 1978) within an 

extracellular matrix. It contains collagen, and other molecules including carbohydrates such as 

glucose, mannose and galactose (Khalkhali-Ellis, Hemming, & Steel, 1987). The tectorial 

membrane is attached to the surface of the spiral limbus through the interdental cells, which 

also secrete the tectorial membrane matrix, and it extends over the endolymphatic surface of 

the organ of Corti (Lim, 1972; Steel, 1983). Stereocilia of the outer hair cells (OHC) have been 

shown to be embedded underneath the  lateral portion of the tectorial membrane, in several 

species from humans to mice, a region referred to as Hardesty’s (or Kimura’s) membrane 

(Kimura, 1966; Lim, 1972; Tsuprun & Santi, 2002). Whether or not IHC stereocilia are also 

attached to the tectorial membrane is unclear but most evidence points to stereocilia of these 

cells being free-standing. 

In contrast to the acellular tectorial membrane, the basilar membrane is a combination of 

cellular and extracellular material, and its width and thickness display a gradient similar to that 

of the tonotopic map of the cochlea (Keiler & Richter, 2001; Roth & Bruns, 1992a). The 

basement membrane of the basilar membrane, comprise noncellular, thin, fibrous tissue 

(Raphael & Altschuler, 2003), and the main sensory structure, the organ of Corti, is attached to 

this basement membrane. Below the basement membrane, and facing the scala tympani, is the 

other portion of the basilar membrane, containing both acellular and cellular components such 

as mesothelial cells. The basilar membrane can be further divided into two domains in the 

medio-lateral axis: the medial (arcuate) zone, and the lateral (pectinate) zone, which meet each 

other under the outer pillar cell. The main functional difference between the two zones lies in 

their ability to undergo sound-induced vibration. While the pectinate zone can freely vibrate, 

movement of the arcuate zone is limited due to its partial enclosure in osseous spiral lamina 

(reviewed by Raphael & Altschuler, 2003).  
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1.2.3.4 Inner hair cells (IHC) 

Located on arcuate zone of the basilar membrane, the inner hair cells (IHCs) are the primary 

auditory sensory cells in the cochlea.  They form a single row along the length of the cochlea. 

Each IHC is polarised, and surrounded by multiple types of supporting cells (medially: border 

cells and laterally: pillar cells). These cells form complex, mixed junctions, with tight junctions 

at its apical membranes forming the reticular lamina, and adherens junctions in further basal 

portions of the cell (Raphael & Altschuler, 2003). Desmosomes and gap junctions have not 

been found on sensory hair cells (Gulley & Reese, 1976). The apical surface also contains 

stereocilia; hair-like projections composed mainly of actin, cross linked with fimbrin (Sobin & 

Flock, 1983), around 250 nm in length, increasing in number towards the basal end of the 

cochlea (Raphael & Altschuler, 2003). These stereocilia, along with their tip-link connections, 

are responsible for the mechano-electrial transduction which occurs in response to sound. Tip-

links are filaments composed of cahedrin 23 and procahedrins (Kazmierczak et al., 2007; 

Siemens et al., 2004) that are found on the surface of a stereocilium, and connect it to its 

adjacent, taller stereocilium (Osborne, Comis, & Pickles, 1988, reviewed by Fuchs, 2010). 

These links connect with the mechano-electrical transduction (MET) channels which enable 

sound transduction in the hair cells (Denk et al., 1995). Immediately below the apical 

membrane of IHCs is the cuticular plate, which functions as an anchoring point for the actin 

within stereocilia.  

Inner hair cells are innervated by the predominant (90-95%) type of spiral ganglion neuron 

(SGNs): type I SGNs. The synapses formed at the basal portion of IHC membranes are referred 

to as ribbon synapses because of the ribbon-like structures in the pre-synaptic region, which 

also contain a dense collection of synaptic vesicles that likely enables  the continuous, efficient 

release of neurotransmitter (Glowatzki & Fuchs, 2002).  The neurotransmitter at the type 1-

IHC synapse is glutamate. This has been demonstrated through both immunocytochemical 

(Altschuler et al., 1989; Usami et al.,1992) and neurochemical (Godfrey et al., 1976; Wenthold, 

1979) techniques, where the action of glutamate and its agonists were shown to mimic 

endogenous activity in type I SGNs (inhibited by its agonists) (Bobbin, 1979; Felix & 

Ehrenberger, 1990). Both N-methyl-D-aspartate (NMDA) receptors and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors have been shown to be expressed in type 

I SGNs (Kuriyama, Albin, & Altschuler, 1993; Niedzielski et al., 1996). Additional to 
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glutamatergic receptors, purinergic P2X2 receptors have also been found in SGNs, implicating 

ATP as a potential modulator of auditory nerve activity (Housley et al., 1999). 

 

1.2.3.5 Outer hair cells (OHC) 

Known as contributors to the cochlear amplifier, the OHCs typically form three rows along the 

length of the cochlea and in the lateral region of the organ of Corti (see Fig. 1.4).  While IHCs 

appear pear-shaped, the OHCs are more cylindrical sensory epithelial cells, and can vary in 

length between 20 µm and 70 µm with increasing length towards the cochlear apex (Raphael & 

Altschuler, 2003). They contain stereocilia similar to those on the surface of IHCs, with the 

apical surface forming tight and adherens junctions with the neighbouring pillar cells and 

Deiters’ cells to create the more lateral regions of the reticular lamina. OHCs also contain 

similar mixed junctions to IHCs. Its stereocilia are arranged in a ‘W’ shape, and are in contact 

with the tectorial membrane. As in IHC, deflection of stereocilia, opens the MET channels, 

allowing modulation of a standing influx of K+ from endolymph and depolarisation of the 

sensory cell. 

Interestingly, in response to changes in its membrane potential, OHC undergo changes in cell 

length of up to 5%, while maintaining its circumference (Ashmore, 1987; Santos-Sacchi & 

Dilger, 1988). The OHCs shorten and elongate during depolarisation and hyperpolarisation 

respectively (reviewed by Ashmore, 2008). This OHC motility is able to occur at high 

frequencies, and is accompanied by a change in cell stiffness (He & Dallos, 1999). This rapid 

change in cell length is dependent on voltage, and is independent of ATP or Ca2+ (Holley & 

Ashmore, 1988). Since earlier studies on OHC motility, a motor protein known as prestin has 

been identified as the generator of this voltage-induced cell shape, found in the plasma 

membranes of OHCs (Zheng et al., 2000; Zheng et al., 2001). These changes in OHCs 

contribute to the cochlear amplifier, which is responsible for enhancing the vibration of the 

organ of Corti in response to low intensity sounds, thus enhancing the sensitivity of the cochlea 

and also its frequency tuning (reviewed by Dallos, 2008). This amplification is likely 

transmitted to IHC through fluid movement below the tectorial membrane, or displacement of 

the tectorial membrane on to IHC stereocilia (Ashmore, 2008). 
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OHCs are innervated by the smaller, less abundant type II SGNs, which constitute about 5-

10% of all SGN neurons (Raphael & Altschuler, 2003). Past studies also suggest the function 

of OHCs may be modulated by a feedback loop through their central connections. This idea is 

supported by the efferent connections from the medial superior olivary nucleus, that have been 

shown through neuropharmacology (Bobbin & Konishi, 1971) and immunocytochemistry 

(Altschuler et al., 1985) to release acetylcholine (Ach) at these synapses. Gamma-

Aminobutyric acid (GABA) has also been shown to be present in the OHC-SGN type II 

synapse (Eybalin et al., 1988), demonstrating inhibitory feedback.  

 

1.2.3.6 Supporting cells 

In addition to sensory hair cells, the organ of Corti contains a number of non-sensory epithelial 

cells which have supporting structural and functional roles. The relative positions of these 

supporting cells are summarised in figure 1.3 and their structure and function have been 

reviewed by Raphael and Altschuler (2003). Each of these cells has extensive cytoskeletal 

filaments, distinct morphological features and functions that vary from structural support to 

involvement in K+ ion recycling. One particular type of supporting cells are the pillar cells, 

which are found between the inner and outer hair cells, and form the tunnel of Corti. The 

headplates of inner and outer pillar cells are connected via a dense network of desmosomes and 

adherens junctions, while the basal region is attached to the basement membrane (Raphael & 

Altschuler, 2003). Located beneath the OHCs, the Deiters’ cells consist of a cell body, stalk or 

phalangeal process and headplate. The base of the OHC sits within a cup formed by the 

Deiters’ cell body and the upper part of the cell body extends a phalangeal process to provide 

mechanical support to the OHCs, while the headplate integrates with four other OHCs situated 

more laterally and apically to form the reticular lamina. The Hensen cells are located further 

laterally and can be considered to form the lateral border of the organ of Corti (Fig. 1.3). 

In addition to the formation of the reticular lamina, supporting cells in areas such as the inner 

and outer sulcus are connected through a network of gap junctions, allowing the connection of 

intracellular compartments, and may form a critical communication network that may be 

important for signalling injury (Gale et al., 2004; Kikuchi et al., 1995). In particular, Hensen’s 

cells have been shown to respond to mechanical injury with ATP-driven (experimentally 
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restricted deterioration by hydrolysis using apyrase) Ca2+ waves that likely utilises these gap 

junctions to create a regenerative wave, as passive ATP diffusion alone could not model the 

observed Ca2+ waves (Gale et al., 2004). Direct damage to the OHCs also resulted in such 

waves in the Hensen’s cells, suggesting that these Ca2+ waves may be a mechanism of sensing 

damage in the cochlea, based on the release of ATP from damaged cells and initiation of Ca2+ 

waves through activation of purinergic (P2) receptors on the surface of Hensen’s cells (Gale et 

al., 2004). In the developing organ of Corti, similar waves are observed in the Kölliker’s  organ 

which becomes the inner sulcus region in the adult (Tritsch et al., 2007), and will be discussed 

later in greater detail. The role played by supporting cells in removing damaged hair cells has 

also been demonstrated, likely in order to maintain homeostasis within the organ of Corti: 

supporting cells surrounding damaged chick IHCs were found to excise the cuticular plate by 

assembling an actin cable around the hair cell, followed by its phagocytosis (Bird et al., 2010). 

Similar mechanisms of removing damaged epithelial cells have been studied in limb epithelial 

cultures (Rosenblatt, Raff, & Cramer, 2001). In addition to hair cell removal, supporting cells 

are responsible for scar formation at the surface of the organ of Corti in response to hair cell 

death, helping maintain the barrier between endolymphatic and perilymphatic compartments 

(Raphael, 2002), and therefore the EP. More recently, due to their proximity to hair cells, 

supporting cells have been investigated for therapeutic reasons, for the possibility of replacing 

dead hair cells through proliferation and differentiation, or differentiation alone (reviewed by 

Raphael, 2002).   
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Figure 1.3: Cross section of the organ of Corti.  

Simplified cross sectional drawing of the mature organ of Corti positioned on the basilar 
membrane, outlining major sensory and supporting cells, and their structures.  

Diagram is not to scale. 
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1.3 Cochlear Physiology 

1.3.1 Mechano-electrical Transduction 

Mechano-electrical transduction in the cochlea refers to the conversion of a mechanical 

stimulus to an electrical response, allowing the signal to be transmitted through the auditory 

nerve to the cochlear nuclei in the brainstem, and then through the superior and inferior 

colliculi, and medial geniculate body, to the auditory cortex in the temporal lobe. Prior to nerve 

activation, sound vibrations reach the fluid compartments of the cochlea and cause frequency-

specific displacement of the basilar membrane, and stimulation of the sensory cells. 

As described in Section 1.2, the apical surfaces of hair cells contain stereocilia which are 

arranged in increasing length. When these stereocilia are displaced through the movement of 

the basilar membrane, adjoining tip links open, allowing K+ ions to flow in to hair cells through 

MET channels located at the distal portion of the stereocilia (Hudspeth, 1982), down their 

electrochemical gradient, resulting in hair cell depolarisation and activation of voltage gated 

Ca2+ channels in the basolateral hair cell membrane (reviewed by Fuchs, 2010). While the 

MET channels are permeable to small (approximately 1.2 nm) molecules (Farris et al., 2004) 

such as Ca2+ as well as K+, the majority of the charge is carried by K+, due to its high 

concentration in the endolymphatic compartment (Wangemann & Schacht, 1996). In contrast, 

displacement towards the shorter stereocilia closes MET channels, hyperpolarising the hair 

cells to a smaller degree (Corwin & Warchol, 1991), because of a reduction in the standing 

current at rest. MET channel opening has been shown to occur rapidly, with time constants less 

than 10 µs in mammals at physiological temperatures (Ricci, Kennedy, Crawford, & Fettiplace, 

2005). This rate of activation helped establish a direct mechanical ‘spring-gated’ activation, 

rather than the involvement of a second messenger mediated mechanism (Corey & Hudspeth, 

1983). In resting state, stereocilia are upright, causing a small resting current of K+ to flow in to 

the hair cells, and low level of spontaneous activity in the auditory network (Raphael & 

Altschuler, 2003). The rapid entry of K+ during auditory stimulation leads to the activation of 

voltage gated Ca2+ channels on the lateral and basal membranes of IHCs (Zhang et al., 1999), 

resulting in the release of glutamate as described earlier.  
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1.3.2 Potassium (K+) Recycling 

Auditory mechano-electrical transduction relies heavily on the K+ gradient between endolymph 

and perilymph. It is therefore essential that the high K+ concentration be maintained in the 

scala media. While K+ secretion into the scala media is highly energy dependent, its flow into 

and out of hair cells (through the basolateral membrane) occurs down its electrochemical 

gradient (Marcus & Wangemann, 2010). K+ in the extracellular space within the organ of Corti 

is removed by the supporting cells and “recycled” through  two major networks of supporting 

cells connected by gap junctions present in the organ of Corti; the epithelial gap junction 

system, and the connective tissue gap junction (Kikuchi et al., 1995; Kikuchi et al., 2000). 

Following entry into the hair cell, K+ diffuses into the perilymph-like extracellular spaces of 

the organ of Corti through Ca2+-activated K+ channels. Here K+ ions are thought to enter the 

network of supporting cells connected by gap junctions, diffusing laterally through these gap 

junctions, towards the spiral ligament  (Kikuchi et al., 2000; Weber, Cunningham, & Schulte, 

2001). Fibrocytes found in the spiral ligament (namely type II fibrocytes) contain ion 

transporters and transport mediating enzymes such as Na-K-ATPase, in addition to long 

processes which extend their surface area to the outer sulcus (Kikuchi et al., 2000; Spicer & 

Schulte, 1991; Spicer & Schulte, 1996), which allow the uptake of K+ into the spiral ligament 

and its connective tissue gap junction network. From here, K+ ions enter type I fibrocytes, and 

finally the basal cells of the stria vascularis, before being transported through to the 

endolymphatic compartment (Kikuchi et al., 2000). Such transporters are also shown to be 

expressed in humans, in a similar manner to rodent models (Weber et al., 2001), suggesting a 

similar recycling process. A comparative process of recycling has also been suggested to occur 

at the medial regions of the organ of Corti, through the inner sulcus (Spicer & Schulte, 1998). 

Supporting epithelial cells medial to IHCs are similar in morphology to those of the outer 

sulcus, and are also part of a gap junction network (Toshihiko Kikuchi et al., 1995). However 

this medial gap junction network appears to be functionally different to that of the lateral 

network, containing Cx26/Cx30 heterotypic channels, while homotypic Cx26 gap junctions 

(capable of passing through large molecules) have only been found in the lateral compartment 

(Jagger & Forge, 2006). The absence of functional gap junctions (particularly connexins 26 

and 30) is strongly correlated with childhood deafness, possibly due to a loss in EP through a 

potassium recycling dysfunction (Sun et al., 2009; Takada et al., 2014) 
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1.3.3 Tonotopic Organisation of the Cochlea 

Beginning at the cochlea, neurons at each level of the auditory system are organised in a 

frequency specific manner, forming a tonotopic map in which frequency is mapped spatially. 

In the cochlea, differences in structure and function create a graded difference between the 

basal (high frequency) and apical (low frequency) ends. In humans, this varies from 20Hz at 

the apex, to 20kHz at the base.  

The mechanisms underlying this tonotopic organisation was originally studied by von Békésy 

in the 1950-60s (von Békésy, 1960). A major contributor to this graded organisation is the 

basilar membrane, with a gradient of stiffness along its length from the broad and stiff basal 

portion, and a narrow and less stiff apical end. This acts as a passive frequency filter (amplified 

by the activity of the OHCs), as the sound-induced vibrations in the cochlear fluids form a 

travelling wave with a peak deflection at the specific frequency coded area (Mann & Kelley, 

2011; Russell & Sellick, 1977). In addition to the basilar membrane, the tectorial membrane is 

also a known key element of frequency tuning in the cochlea by resonating at frequencies 0.5 

octaves below that of the basilar membrane (Gummer, Hemmert, & Zenner, 1996). While 

biochemical properties of the tectorial membrane do not show a frequency dependant gradient 

(Hasko & Richardson, 1988), the arrangement and thickness of its fibres differ between the 

base and apex of the cochlea: tectorial membrane at the base is composed of thin collagen 

filaments, arranged in parallel, while fibres at the apex are arranged at an angle, and are thicker 

(Gueta et al., 2007). Other structural gradients include the increase in length of both the 

stereocilia and OHC bodies towards the apex (Engel et al., 2006; Kaltenbach, Falzarano, & 

Simpson, 1994; Lelli et al., 2009; Roth & Bruns, 1992b).  

In addition to structural variability, hair cell functionality is also involved in frequency tuning. 

Tonotopic gradients (mostly in OHCs in mammals) in calcium binding proteins which regulate 

cytosolic Ca2+ concentrations, as well as K+ channels (Mann & Kelley, 2011), have been 

observed: Calbindin in OHCs appear to increase towards the apex (Imamura & Adams, 1996), 

while calretinin in Deiters’ cells appear to increase towards the base. Voltage gated CaV1.3 

expression in OHCs is also graded in a frequency specific manner, increasing towards the apex. 

Big potassium (BK) channel expression in mammalian OHCs increase towards the base (Engel 

et al., 2006). Together, these gradients outline physiological differences in hair cells, based on 
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their frequency tuning. This is especially apparent in the OHCs, suggesting a key role of 

amplification in the tonotopic map of the cochlea. Therefore, the tonotopic organisation of the 

auditory system which is present peripherally at the cochlea, and centrally through the 

brainstem nuclei to the auditory cortex, utilises a complex combination of passive 

morphological and active physiological gradients. These gradients are likely established early 

in development, during stages of spontaneous activity and synapse pruning, as a lack of 

feedback through efferent cholinergic neurotransmission during development has been shown 

to impair tonotopic map formation in mice (Clause et al., 2014). 

 

1.4 Cochlear Development 

1.4.1 Early Formation and Molecular Players 

The inner ear (both cochlea and semicircular canals) develops from a collection of ectodermal 

embryonic cells known as the otic placode (Appler & Goodrich, 2011). During early 

embryogenesis, this otic placode invaginates and pinches off to form the otocyst (or otic 

vesicle). This sack-like structure changes its morphology during development, to form the 

intricate labyrinths of the cochlea and semicircular canals. In the mouse, this process begins 

immediately following the formation of the otocyst, at embryonic day 9 (E9) (Morsli, et al., 

1998). In order to achieve this, guidance molecules such as fibroblast growth factors (FGF), 

Wnt, Sonic hedgehog (Shh), and bone morphogenetic proteins (Bmps) are involved early on in 

development to define these various regions. They act in combination to create gradients in the 

anterior-posterior and dorsal ventral axes, differentiating the distinct regions (Appler & 

Goodrich, 2011; Barald & Kelley, 2004; Rubel & Fritzsch, 2002; Simonneau, Gallego, & 

Pujol, 2003).  

More specifically at the otocyst stage, molecules such as Pax2 and Six1 specify the ventral, 

ventromedial, and medial regions of the otocyst (Oliver et al., 1995; Zheng et al., 2003).  Bmp4 

and its antagonist noggin has been shown to establish the anteroposterior and dorsoventral axes 

of the inner ear (Chang et al., 1999; Gerlach et al., 2000), while also being involved in the 

formation of the bony labyrinth (Chang, ten Dijke, & Wu, 2002). Also, during the otocyst 

stage, FGFs (particularly FGF1 and FGF3) have been implicated in epithelial proliferation and 
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differentiation (Mueller, Jacques, & Kelley, 2002; Pirvola et al., 2002), while Math1 

expression is known to be crucial specifically for hair cell differentiation (Chen et al., 2002). 

Cell-to-cell recognition and adhesion molecules such as Epithelial-cadherin (E-cad) and 

Neural-cadherin (N-cad) also act together to regulate differentiation of the various regions 

within the inner ear (Simonneau et al., 2003).  

During development of the organ of Corti, two major domains are formed. These are apparent 

at embryonic day 16 in mouse as the greater epithelial ridge (with the Kölliker’s organ in its 

medial aspect), and the lesser epithelial ridge, which lies further laterally. The greater and 

lesser epithelial domains are separated by cells that will later become the inner and outer pillar 

cells (Lim & Matti, 1985).  Each of these domains gives rise to IHCs and OHCs respectively 

(Simonneau et al., 2003), with the greater epithelial ridge receiving nerve fibre innervation first 

(Pujol, Lavigne-Rebillard, & Lenoir, 1998).  From here, the cochlea continues to develop, in a 

basal to apical direction. 

 

1.4.2 ‘Onset of Hearing’  

Development of the auditory system occurs in multiple stages, beginning with its general 

formation described earlier in Section 1.4.1. While humans are born with functional auditory 

systems, where auditory brainstem responses (ABRs) can be recorded hours after birth 

(Adelman et al., 1990; Hall, 2000; Rubinstein & Sohmer, 1981), many species of mammals 

require further development after birth before they are capable of responding to sound. The 

stage in development where it is possible to measure auditory responses is commonly known 

as the ‘onset of hearing’, although these thresholds continue to mature in all mammals, before 

reaching adult levels at variable times depending on the species. For instance, in humans 

thresholds reach adult levels approximately 2 weeks after birth (Adelman et al., 1990), while in 

rats, hearing responses are only starting to emerge  approximately 12-14 day after birth (Jewett 

& Romano, 1972). Rodent species such as rats therefore provide a useful model for studying 

development (embryonic in humans) of the cochlea. The functional development of the 

auditory system likely depends on a combination of factors, rather than an isolated event, and 

some of these developmental changes prior to onset of hearing are outlined below. 
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1.4.2.1 Outer and middle ear changes prior to hearing 

The delay in having a functional auditory system in altricial animals may occur due to limiting 

factors at the outer, middle or inner ear. Work by Jewett & Romano (1972) suggested that the 

closed ear canal present at very young ages is unlikely to be the major contributor to this delay 

in the onset of hearing, as its opening alone did not result in improved auditory responses. 

However, its significance was demonstrated in later studies, which found a marked increase in 

auditory responses once the outer ear canal opened and the tympanic membrane was exposed 

in  young kittens (Walsh, McGee, & Javel, 1986). In humans, Vernix caseosa, the fatty liquid 

composed of residual amniotic fluid found on newborn babies, has been shown to obstruct the 

external ear canal, and thereby reducing stimulus transmission or hindering probe 

measurements (Hall, 2000). 

Additionally, prior to the onset of hearing in mammals, middle ear spaces are smaller,  filled 

with fluid and mesenchymal tissue, with ossicles lacking the calcification seen in adult 

structures (Brugge, Javel, & Kitzes, 1978; Huangfu & Saunders, 1983). Together, the 

underdeveloped state of the middle ear and its inability to impedance-match and enhance sound 

vibrations may contribute to the very high thresholds observed during the ‘pre-hearing’ stages 

of mammalian auditory development. Furthermore, three major factors which contribute to the 

middle ear transformer need to be developed to a mature enough state in order for sound 

transduction to occur efficiently. These factors are: the ratio of the area of the tympanic 

membrane and foot plate of stapes, the curvature of the tympanic membrane, and the length of 

the long arm of malleus (Hall, 2000). The rate of development of these components, as well as 

the magnitude of effect by them on auditory development is variable among species, and may 

not necessarily correspond directly with human auditory development (Hall, 2000). For 

example, while some animal models such as kittens demonstrate a thickening of the tympanic 

membrane following birth, human tympanic membrane is known to decrease in thickness 

(Hall, 2000; Ruah et al., 1991).  
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1.4.2.2 Cochlear development prior to hearing  

In addition to limiting factors of the outer and middle ear, maturation of the inner ear also plays 

a major role in determining the onset of auditory functioning. Early experiments based on 

bone-conduction ABRs in rats suggest that the cochlea and the higher auditory centres are 

capable of detecting and signalling the presence of sound, even at pre-hearing (prior to air 

conduction through outer ear) stages, although it requires much greater intensities (Geal-Dor et 

al., 1993). In these studies, the presence of air-conducted ABRs only appear following outer 

and middle ear maturation (after the onset of hearing), and both air and bone conducted ABRs 

continue to improve, until adult levels are reached (Geal-Dor et al., 1993), demonstrating the 

importance of activity dependant refinement and strengthening. 

Postnatal development of the rat organ of Corti was studied in detail by Roth and Bruns in 

1992, using Wistar rat pups between 4 and 24 days of age, which align with the species and 

ages used in this thesis. Extracellular spaces between different cell types of the organ of Corti 

were minimal 4 – 8 days after birth (P4-P8), with the majority of changes observed between P8 

and P12, as rats near their onset of hearing (Roth & Bruns, 1992a). During this critical period 

of development, extracellular fluid compartments such as the tunnel of Corti and inner sulcus 

open, and tectorial membrane detaches from the sensory epithelium (with the exception of 

OHC stereocilia). In contrast, an increase in the length and thickness of the basilar membrane 

was only observed after P12. Its width appears to reach its final state during the earlier post-

natal stages (Roth & Bruns, 1992a).  

During the same critical period between P8 – P12, an increase in height of both pillar and 

Deiters’ cells were observed, increasing the maximum height of the organ of Corti (Roth & 

Bruns, 1992b). Sensory hair cells (inner and outer hair cells) also increased in length by P12, 

with a gradual increase in length in the baso-apical axis observed from P4 onwards. In the 

same studies, substantial change also occurred in the OHC width during P8 – P12. The apical 

surface of the organ of Corti is covered by microvilli during the early stages of development, 

with hair cells containing additional stereocilia. By P12, these microvilli disappear, leaving 

only the stereocilia on hair cells (Roth & Bruns, 1992b). 

In addition to morphological maturation of the organ of Corti cells, the cochlear innervation 

also develops substantially postnatally, leading in to (and beyond) the onset of hearing period. 
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IHC afferent innervation has been shown to be functional during very early (starting at P0) 

stages of post-natal development (Lelli et al., 2009; Waguespack, Salles, Kachar, & Ricci, 

2007), with excessive multiple ribbon synapses formed at IHCs during early post-natal ages 

(Huang et al., 2007). These synapses either mature, or are pruned for refinement at later stages 

(Sendin et al., 2007; Sobkowicz et al., 1982). The expression of voltage gated channels in IHCs 

appear to complement the changing synaptic activity prior to and after the onset of hearing. At 

the end of the first postnatal week, channels such as CaV1.3 demonstrate currents higher than 

mature levels (Beutner & Moser, 2001; Brandt, Striessnig, & Moser, 2003; Johnson et al.,  

2009), implicating its involvement in pre-hearing spontaneous activity of the auditory system 

(discussed later), and the pruning following sound-based activation. Purinergic receptor 

expression shows significant spatio-temporal variability during the post-natal pre-hearing 

period (Huang et al., 2010), and has been implicated in spontaneously generated activity 

(Tritsch et al., 2007). 

K+ channels (e.g. small conductance SK channels) are also expressed in IHCs prior to the onset 

of hearing (Bulankina & Moser, 2012; Marcotti, Johnson, & Kros, 2004). In particular, the 

appearance of K+ conductances (especially hyperpolarising currents by BK channels) observed 

towards the onset of hearing may be related to the disappearance of spontaneous activity after 

this critical point in development (reviewed by Bulankina & Moser, 2012). Interestingly, 

during early stages of development, OHCs also receive a large number of afferent innervations 

from both type I and II fibres, with an abundance of synaptic ribbons observed within OHCs, 

but these are greatly reduced in number prior to the onset of hearing and auditory maturity 

(Huang et al., 2012, 2007; Shnerson, Devigne, & Pujol, 1981; Sobkowicz et al., 1982). This is 

matched with retraction of type 1 neurites from OHCs (Huang et al., 2007), a phenomenon 

known as synaptic pruning. 

In contrast to the afferent innervation, only IHCs appear to receive efferent innervation at birth, 

with OHCs receiving innervation closer to the onset of hearing (around P7-9), during which 

time IHC innervation declines (Shnerson et al., 1981). Although the precise origins of these 

efferent neurons have not yet been established, the medial olivocochlear fibres originating in 

the medial superior olivary nucleus have been suggested as a key possibility (Cole & 

Robertson, 1992). It is interesting to note here that both afferent and efferent maturation relies 

on thyroid hormone, in both IHCs (Sendin et al., 2007) and OHCs (Uziel, 1986), with its 
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absence leading to the prolonged presence of immature synapses, and delayed upregulation of 

the BK channel activity described earlier (Brandt et al., 2007). Similar to the afferent pathways, 

pruning of the efferent circuit is also likely, while it develops in modiolar-strial, and basal-

apical axes (Stewart Cole & Robertson, 1992). 

 

1.4.3 Development of Tonotopicity 

The developmental gradient of the cochlea, from base to apex, represents the first tonotopic 

differences in the maturing auditory system (Rubel, 1978). The process of tonotopic 

development begins at the level of the organ of Corti, and has variable contributions by 

electrical and mechanical mechanisms, depending on the species (Mann & Kelley, 2011). 

Although tonotopic organisation (mainly in the form of morphological differences) is present 

from early stages of development, synaptic reorganisation and refinement occurs throughout 

development, with mature frequency discrimination absent until after the onset of hearing 

(Kandler, Clause, & Noh, 2009; Mann & Kelley, 2011).  

In its early stages, prior to synaptic activity, the cochlear nuclear complex is innervated by 

neurons from frequency specific regions of the cochlea, suggesting that the initial tonotopic 

organisation of this nucleus occurs through molecular guidance, in the absence of any activity 

(Kandler et al., 2009). Although it is difficult to identify the degree of refinement which occurs 

as a result of synaptic activity, tonotopic organisation has been shown to occur both before and 

after the ‘onset of hearing’ (Kandler et al., 2009). In the pre-hearing stages, this has been 

suggested to be a consequence of spontaneous neural activity that demonstrates frequency 

specific patterning, with bursts of activity observed in the IHCs of apical portions of the 

cochlea, and more sustained patterns of firing in the basal cochlea (Johnson et al., 2011). These 

spontaneous events have been suggested to involve purinergic receptor signalling, either as a 

direct cause of IHC activation (Tritsch et al., 2007), or through a modulatory action (Johnson et 

al., 2011).  
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1.5 Purinergic Signalling  

1.5.1 Introduction to Purines 

Purines (adenine and guanine) are heterocyclic organic compounds found throughout 

biological tissue. They are the building blocks of deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA), and have a major role in metabolic reactions and extracellular signalling (Wyatt, 

1951). 

Purines combined with ribose sugar are known as nucleosides (e.g. adenosine) and with the 

addition of a phosphate group, it becomes a nucleotide. Adenine in combination with a ribose 

sugar and three phosphate groups forms the basic unit of energy in cellular metabolism, 

adenosine triphosphate (ATP).  Other molecules important for cellular metabolism can be 

created by the addition of one (adenosine monophosphate: AMP), or two (adenosine 

diphosphate: ADP) phosphate groups to adenosine. In the same manner, guanine forms GTP 

(guanosine triphosphate). In the nervous system, glucose is taken up from the extracellular 

space to produce ATP, which is mainly created through oxidative phosphorylation in the 

mitochondria, glycolysis, and citric acid cycle (Fischer & Krugel, 2007). In addition to 

energetic processes, molecules such as ATP, adenosine, and GTP are further involved in 

cellular processes through extracellular signalling, which is discussed in more detail in the next 

sections. 

 

1.5.2 A Brief History of Purinergic Signalling 

The action of extracellular purinergic compounds on cells and tissues were first described by 

Drury and Szent-Györgyi in 1929 through their work on mammalian heart tissue (Drury & 

Szent-Györgyi, 1929). Responses in the intestine and uterus were demonstrated a few decades 

later (Mihich, Clarke, & Philips, 1954).  However, the idea of ‘purinergic signalling’ was not 

introduced until 1972, when Geoffrey Burnstock suggested that ATP or a related nucleotide 

may act as a transmitter in the gut and bladder (Burnstock, 1972). This theory was initially met 

with resistance as ATP was well known as an energy source in all cell types. However it was 

gradually accepted, especially with the identification of purinergic receptors in 1976 
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(Burnstock, 1976). By changing what were previously well-established principles of 

pharmacology, Burnstock received much attention in the scientific community, including the 

presentation of the following poem by Samuel C. Silverstein at a New York Academy of 

Sciences meeting in 1989: 

Oh tell me Lord how could it be, 

that though our cells make ATP, 

it’s not all used for energy, 

but sometimes is secreted free. 

It puzzles you, it puzzles me, 

while Geoffrey Burnstock smiles with glee 

at the many roles of ATP. 

- Sourced from (Geoffrey Burnstock, 2006) 

 

1.5.3 Nucleotides as Signalling Molecules 

It is now widely accepted that purines such as ATP and guanosine GTP, and pyrimidines such 

as uridine triphosphate (UTP) act as neurotransmitters, gliotransmitters, and paracrine 

signalling molecules in a wide variety of tissues, especially in the sensory systems (review: 

Housley, Bringmann, & Reichenbach, 2009) including vision (Mitchell, 2001; Perez et al., 

1986), taste (Finger et al., 2005), smell (Hegg et al., 2003; Hegg & Lucero, 2006), and hearing 

(Bobbin & Thompson, 1978; Housley et al., 1999). Such purine-based signalling is also 

strongly implicated in the development of the nervous system, with its ability to control cell-

cycle changes, and generate/regulate spontaneous activity through a rise in intracellular Ca2+ 

brought about by purinergic receptor activation (Dale, 2008; Zimmermann, 2006b).  

Additionally, other tissues and organs have been shown to be responsive to extracellular 

nucleotides, with variable outcomes, demonstrating the wide range of effects purinergic 

signalling may produce. Some of these include bladder contraction (Brown, Burnstock, & 

Cocks, 1979; Cusack & Planker, 1979), blood vessel dilation and contraction (Kennedy & 

Burnstock, 1985; Kennedy, Delbro, & Burnstock, 1985), and insulin secretion in pancreas 

(Loubatieres-Mariani et al., 1979).  The range of effects of purinergic signalling partly arises 

through the wide range of purinergic receptor subtypes, and their variable distributions 



 

28 
 

throughout the body. The expression of purinergic receptors in tissues relevant to this thesis 

will be discussed later.  

 

1.5.3.1 Physiological concentrations 

Most cells contain a high cytoplasmic concentration of ATP, exceeding 5 mM (Gordon, 1986). 

In contrast, extracellular ATP concentrations are very low. Additionally, the half-life of 

extracellular nucleotides is short, due to the action of ectonucleotidases found on the surfaces 

of cells (Gordon, 1986; Ralevic & Burnstock, 1998; Schwiebert, 1999; Taylor et al., 1998). 

ATP as a messenger is therefore limited to autocrine and paracrine signalling (Schwiebert & 

Kishore, 2001). However, extracellular ATP concentrations needed to activate purinergic P2X 

receptors can be as low as 0.1-10 µM, requiring cells to release only approximately 0.1% of 

their intracellular ATP content (Gordon, 1986; Ralevic & Burnstock, 1998; Schwiebert, 1999; 

Taylor et al., 1998).  

In comparison to ATP, intracellular UTP levels are much lower, with typical concentrations 

less than 1 mM (Lazarowski & Harden, 1999), and UTP concentrations 10 times lower than 

ATP have been reported in human plasma (Wihlborg et al., 2006).  There is considerable 

variability in physiological purine and pyrimidine concentrations among species, especially 

between humans and other species, although this may be a result of methodological differences 

(Traut, 1994).   

 

1.5.3.2 Triggers and Mechanisms of Purinergic Release  

ATP release from cells can be initiated in a number of ways, depending on the tissue type. 

Mechanical stimulation has been shown to be a key mechanism of ATP release, first revealed 

with forearm exercise in humans (Forrester, 1972). Since then, ATP release in response to 

shear stress in endothelial cells (Milner et al., 1992), compression of chondron cell culture 

(Graff et al., 2000), and through mechanical stimulation of astrocytoma (Lazarowski et al., 

1995), and airway epithelial cell cultures (Watt, Lazarowski, & Boucher, 1998) has been 

demonstrated. Mechanically stimulated ATP release is especially well documented in epithelial 
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cells, from hydrostatic-pressure-induced release in urinary bladder (Ferguson, Kennedy, & 

Burton, 1997), to flow rate and hypotonic dependant changes in airway epithelia (Braunstein et 

al., 2004; Guyot & Hanrahan, 2002), as well as oocytes (Hammami et al., 2013). In cochlear 

epithelia, mechanical damage to OHCs and Hensen’s cells have also been shown to trigger 

ATP release, which initiates increases in intracellular Ca2+ of adjacent cells (Gale et al., 2004). 

Additionally, UTP release was also triggered in human astrocytoma cell culture, through 

mechanical stimulation by medium displacement (Lazarowski et al., 1997).  

Cellular release of ATP may also be initiated by stimulation of cells with different receptor 

agonists. For example, Yang et al. (1994) demonstrated the release of ATP by stimulating 

cultured endothelial cells from guinea pig hearts with the inflammatory mediator bradykinin, 

acetylcholine, and serotonin (Yang et al., 1994). Furthermore, thrombin stimulates ATP release 

from aortic endothelial cells (Pearson & Gordon, 1979). ATP-induced ATP release has also 

been observed in different tissues, such as astrocytes (Anderson, Bergher, & Swanson, 2004), 

demonstrating the potential for regenerative ATP release, an idea previously suggested by 

Yang et al. (1994), as they observed ATP release in endothelial cells stimulated with purinergic 

agonists (Yang et al., 1994). Additionally, low level constitutive release of ATP has also been 

observed in a number of tissues such as bronchial epithelial cells, astrocytoma, bladder and 

airway epithelial cells, and this release was balanced through its hydrolysis, as low 

extracellular concentrations were maintained (Donaldson et al., 2000; Lazarowski, Boucher, & 

Harden, 2000, 2001). 

While the majority of stimulating mechanisms for release of intracellular ATP described here 

relate to the release by nonexcitatory tissues, excitatory and specialised sensory tissues also 

release ATP as an extracellular signalling molecule (Bobbin & Thompson, 1978; Mitchell, 

2001; Palea et al., 1993; Silinsky & Hubbard, 1973; Westfall, Stitzel, & Rowe, 1978). It is now 

believed that many neurons release ATP, where ATP is stored within synaptic/secretory 

vesicles, and released by exocytosis (reviewed by Abbracchio et al., 2009; Sawada et al., 

2008). Accumulation of ATP in these vesicles may occur through vesicular nucleotide 

transporters (VNUT), in a Cl- dependant manner (Abbracchio et al., 2009; Sawada et al., 2008). 

ATP, GTP and the ATP metabolite ADP are all recognised by VNUT, which are expressed in 

neurons throughout the brain.  
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While exocytotic release is likely for many parts of the nervous system (Pankratov et al., 

2007), other mechanisms of nucleotide secretion have been demonstrated in the past, including 

ATP-binding cassette transporters, P2X7 receptors, connexin and pannexin hemichannels 

(Praetorius & Leipziger, 2009). Release by connexin hemichannels is a key mechanism or 

process for the release of nucleotides, as it contains a non-selective pore which is permeable to 

molecules the size of ATP. The forced expression of connexon hemichannels causes a rise in 

stimulated ATP release (Cotrina et al., 1998) suggesting they provide a route for ATP release. 

However, whether these hemichannels open to release ATP under physiological conditions 

remains uncertain (Praetorius & Leipziger, 2009). ATP release through hemichannels is of 

importance to the studies in this thesis and will be discussed later in more detail. Analogous in 

structure to connexins, pannexin hemichannels are another possible site of ATP release. 

Pannexin1 has been implicated in release of ATP in mouse taste buds, in response to gustatory 

stimuli (Huang et al., 2007).  Unlike connexins, there is evidence that activation by membrane 

depolarisations of a physiological range can activate pannexin hemichannels (Bruzzone et al., 

2005; Bruzzone et al., 2003).  The purinergic receptor P2X7 can also form large pores or act as 

cation channels, and has been suggested to be mediated by pannexin1 (Pelegrin & Surprenant, 

2006), with some suggesting that pannexin1 may in fact form part of the P2X7 pore, as its 

activity can be modulated using hemichannel antagonists (Locovei et al., 2007). Finally, a link 

has been observed between the expression of ATP-binding cassette (ABC) transporters and the 

release of ATP (Abraham et al., 1993; Roman et al., 1997), although whether they are capable 

of transporting ATP themselves, or act through other ATP channels is still uncertain.  

 

1.5.3.3 Ectonucleotidases and breakdown of ATP 

Once released into the extracellular space, ATP is rapidly degraded by enzymes located on the 

cell surface known as ectonucleotidases (Zimmermann, 2006a). These enzymes 

dephosphorylate ATP, reducing them to AMP and adenosine through a cascade of 

ectonculeotidases, thereby terminating ATP signalling, while also producing ligands that act on 

other purinergic receptors such as adenosine-activated P1 receptors (Abbracchio et al., 2009).  

Multiple families of ectonucleotidases are present in the central nervous system (CNS), 

including E-NTPDases (ectonucleotide triphosphate diphosphohydrolases), ecto-5’-
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nucleotidase, E-NPPs (ectonucleotide pyrophosphatase/phosphodiesterases), and alkaline 

phosphatases (Zimmermann, 2006a). The metabolites of ATP are interchangeable, as they may 

be re-phosphorylated through extracellular enzymes such as ectonucleoside diphosphate kinase 

and adenylate kinase (Abbracchio et al., 2009; Zimmermann, 2006a). 

E-NTPDases are of particular interest on the inner ear, as all enzymes within this family 

(NTPDase1-8) are expressed in adult cochlea of the rat (O’Keeffe et al., 2010; Vlajkovic et al., 

2002; Vlajkovic et al., 2006), although only NTPDase1-3 and NTPDase 8 are typically found 

on the cell surface (Zimmermann, 2001). NTPDase1 is strongly expressed in cell bodies of 

SGNs, and cochlear blood vessels, while a high concentration of NTPDase2 was found within 

the stria vascularis (Vlajkovic et al., 2002). NTPDase3 was shown to be highly expressed in 

primary afferent neurons, with an up-regulation at high sound intensities (Vlajkovic et al., 

2006).  Although NTPDase5 and 6 are typically considered cytosolic, their co-localisation with 

P2Y receptors during development suggests a modulatory role in extracellular signalling 

(O’Keeffe et al., 2010). Furthermore, the expression patterns of these two ectonucleotidases 

vary both spatially and temporally during development (O’Keeffe et al., 2010). While 

NTPDase5 was localised in hair cells, Deiters’ cells, and primary auditory neurons in the spiral 

ganglion during the early post-natal period in the developing rat, NTPDase6 was strongly 

expressed in stereocilia bundles from embryonic (E18), to early post-natal period (P4-8), 

(O’Keeffe et al., 2010). NTPDase5 in particular, was co-localised with P2Y4 and P2Y14 in the 

spiral ganglion neuronal cell bodies and stria vascularis, but more interestingly for the work in 

this thesis, it was found to be co-localised with P2Y6 in the greater epithelial ridge, which 

contains the Kölliker’s Organ (O’Keeffe et al., 2010).  

 

1.5.4 Purinergic Receptors  

1.5.4.1 P1/adenosine receptors 

Adenosine-activated P1 receptors (A1, A2A, A2B, and A3) are all G protein-coupled receptors, 

which have been identified through molecular, biochemical, and pharmacological approaches. 

Receptors A1 and A2 and their actions were described in a 1979 study by Van Calker (Van 

Calker, Müller, & Hamprecht, 1979), which showed receptors that had two different potencies 
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for adenosine analogues. The A3 receptor subtype was later discovered through molecular 

cloning of the receptor, which showed distinct ligand specificity to numerous radioligands 

when compared to A1 and A2 receptors (Zhou et al., 1992). 

All P1 receptors are G-protein coupled. The A1 subtype is coupled to the Gi/o family of G 

proteins (Freissmuth, Schütz, & Linder, 1991; Munshi et al., 1991), generally resulting in the 

inhibition of cyclic AMP (cAMP) (van Calker, Müller, & Hamprecht, 1978), and increased 

activity of phospholipase C (PLC), leading to increased production of inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG) (Iredale, Alexander, & Hill, 1994; Megson et al., 

1995).  

In contrast, the A2A subtype of P1 receptors are coupled to the Gs family of G proteins, and 

stimulation leads to activation of adenylate cyclase (Ralevic & Burnstock, 1998). These 

specific receptors appear to act in a cAMP-independent manner, as demonstrated in strial nerve 

terminals (Kirk & Richardson, 1995), although their mechanism of activity may still involve 

cAMP dependant protein kinases (Correia-de-Sá & Ribeiro, 1994; Mogul, Adams, & Fox, 

1993). A2B receptors act through multiple pathways, including its coupling to Gq/G11 and 

associated PLC activation (Feoktistov & Biaggioni, 1995). A3 receptors are coupled to 

Giα2/Giα3, and to a lesser degree Gq/11 (Palmer, Gettys, & Stiles, 1995), and activation with 

adenosine stimulates PLC and a rise in IP3, ultimately leading to a rise in intracellular Ca2+ 

(Ralevic & Burnstock, 1998). All four adenosine receptors are coupled to extracellular signal-

regulated kinases (ERK) and mitogen-activated protein kinases (MAPK) (Schulte & Fredholm, 

2003). They are expressed throughout the body, and are involved in numerous roles such as 

generating a negative chronotropic state in the heart (Olsson & Pearson, 1990) and renal 

vasoconstriction (Barrett & Droppleman, 1993) through A1 receptors, reducing D2 dopamine 

receptor affinity through A2A receptors (Ferre et al., 1991), and the release of  histamines from 

mast cells by A3 receptors (Ramkumar et al., 1993). In the CNS, adenosine receptor activation 

is implicated in development through its inhibition of proliferation of progenitor cells, and 

stimulation of differentiation and myelination (Stevens et al., 2002). In addition, adenosine is a 

key signalling molecule for communication between neurons and glia in adult tissue 

(Abbracchio et al., 2009).  
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Extracellular adenosine levels are tightly regulated, by a combination of extracellular ATP 

metabolism, re-uptake into cells and enzymatic degredation. Intracellularly, adenosine is 

deactivated by adenosine deaminase to form inosine, or phosphorylated to form AMP by 

adenosine kinase (ADK) (Baldwin et al., 1999; Fredholm et al., 2001). These enzymes reduce 

the intracellular concentrations of adenosine, driving the facilitated uptake of extracellular 

adenosine through nucleoside transporters.  The main nucleoside transporters (ENT1 and 

ENT2) are bidirectional and equilibrative, requiring a concentration gradient to allow passive 

flow of adenosine (Baldwin et al., 2003; Griffith & Jarvis, 1996). In contrast, concentrative 

transporters (CN1-CN5) facilitate adenosine movement against its concentration gradient, and 

require a Na+ gradient created by Na-K-ATPase (Khan et al., 2007). 

In the developing rat cochlea, Vlajkovic et al. (2010) have demonstrated the expression of 

ADK in numerous cochlear tissues, with variability across ages, suggesting a potential role for 

adenosine in refinement of the cochlea. Adenosine has also been implicated in cell proliferation 

in the central nervous system (CNS) (Studer et al., 2006), thus the expression of ADK in the 

cochlea at birth may be linked to development-related cell proliferation (Vlajkovic et al., 

2010). ADK appears to be transiently down-regulated in most regions of the cochlea at P7, 

coinciding with myelination in the CNS (Stevens et al., 2002), suggesting that adenosine may 

also be involved in the myelination of SGNs as mentioned earlier  (Romand & Romand, 1985). 

In these studies, ADK was strongly expressed in the spiral ganglion, with a shift from satellite 

(glial) cells to neurons days after the onset of hearing (P14). During the period of onset of 

hearing ADK was also expressed in the marginal cells of the stria vascularis (Vlajkovic et al., 

2010), though the main adenosine receptor subtypes were not found in this tissue (Vlajkovic et 

al., 2007).  ADK was also found in both sensory and supporting cells of the developing organ 

of Corti at birth, likely for nucleic acid synthesis (Vlajkovic et al., 2010).  

All four types of P1 receptors are expressed in the rat cochlea, with differential distributions 

among cochlear tissues (Vlajkovic et al., 2007). A1, A2A, and A3 receptors are all found within 

the SGNs. A1 and A2A receptors are also localised mainly in the Deiters’ cells and IHCs within 

the organ of Corti. The A2 receptors are additionally expressed in endothelial cells of cochlear 

blood vessels and fibrocytes of the spiral ligament. A3 receptors are expressed widely 

throughout the cochlea, including sensory IHCs and OHCs, and the supporting cells, Deiters’, 

Hensen’s, pillar, and Claudius cells (Vlajkovic, Housley, & Thorne, 2009; Vlajkovic et al., 
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2007). The expression of P1 receptors within these regions suggest a strong involvement by 

adenosine in modulation of cochlear function, and their presence in hair cells and SGNs 

implies a role in sound detection.  In addition, the application of adenosine results in an 

increase in cochlear blood flow (Muñoz, McFie, & Thorne, 1999). However, adenosine does 

not appear to significantly alter the EP or hearing thresholds under physiological conditions 

(Ford et al., 1997). Instead, adenosine is implicated in cochlear protection (especially in 

relation to oxidative stress), with a rise in extracellular concentration to 100 µM during cellular 

distress. (Fredholm, 2007; Vlajkovic et al., 2009; Vlajkovic et al., 2010, 2014; Wong et al., 

2010). 

 

1.5.4.2 P2 receptors 

The P2 family of membrane receptors respond to both purines and pyrimidines, providing a 

wide range of ligands (ATP, UTP, ADP, UDP). P2 purinergic receptors serve a diverse range 

of functions, from nociception, developmental processes, and auditory function, while 

exhibiting plasticity through development, injury, and disease (Burnstock & Knight, 2004). 

They can be classified in to two distinct groups: P2X and P2Y receptors.  

 

P2X receptors 

The inotropic P2X receptors are ligand-gated cationic channels, activated by ATP binding 

(Burnstock & Knight, 2004). They are formed as trimers, with seven individual genes coding 

distinct subunits, designated P2X1 to P2X7 which can be arranged as homomeric (P2X1-P2X5 

and P2X7) or heteromeric (P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/6, and P2X4/6) channels which 

display variable sensitivities and desensitisation times to ATP (Abbracchio et al., 2009; Nicke 

et al., 1998; North, 2002; Roberts et al., 2006). For example, P2X1 and P2X3 display fast 

desensitisation, while P2X2 and P2X4 desensitise at a slower rate (North, 2002).  Experiments 

conducted on rats and bullfrogs revealed that the concentration-response relationship of these 

receptors was not 1:1, but rather mimicked a model which suggests that binding of three ATP 

molecules was necessary to open the channels (Bean, 1990). Each of these subunits contain 

two transmembrane domains, with both C and N-termini facing the intracellular compartment 
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(Burnstock & Knight, 2004).  The first transmembrane domain is associated with gating, while 

the second domain lines the pore of the channel, which is permeable to Na+, K+, and Ca2+  

(Burnstock & Knight, 2004).  

While ATP is a well-known P2X agonist, the commonly used suramin and pyridoxal-

phosphate-6-azophenyl-2’,4’-disulphonate (PPADS) are broadly specific antagonists (North, 

2002), although some antagonists of greater subtype specificity are now available.  For 

example, MRS2220 (cyclic pyridoxine-4,5-mono-phosphate-6-azo-phenyl-2,5-disulfonate) is 

significantly more effective against P2X1 receptors than P2X2 or P2X3 (Jacobson et al., 1998).  

Both P2X3 and P2X2/3 are also highly sensitive to the antagonist 2’-O-(Trinitrophenyl) 

adenosine 5’ triphosphate (TNP-ATP), when compared to other P2X receptor subtypes 

(Thomas et al., 1998). While all P2X receptor subtypes display variability in their responses to 

various agonists and antagonists, no other subtype is more distinct from the rest than P2X7. 

Unique to this subtype, a much higher concentration of ATP is required to cause P2X7 channel 

opening (Surprenant et al., 1996), and its functions may include signalling pathways associated 

with apoptosis and inflammation (Ferrari et al., 1997, 1999). Furthermore, P2X7 subtypes have 

been implicated in similar roles to connexin hemichannels (such as ATP release and 

amplification of Ca2+ signalling in astrocytes), due to their pore-forming ability and the ability 

of this pore to increase in size to allow the passage of molecules up to 900Da (North, 2002). 

This pore formation may be mediated by pannexins as described previously (Pelegrin & 

Surprenant, 2006; Suadicani, Brosnan, & Scemes, 2006). 

 

P2Y receptors 

In contrast to inotropic P2X receptors, P2Y receptors are G-protein coupled, with seven 

transmembrane domains (Abbracchio et al., 2006). The N-termini of P2Y receptors face the 

extracellular space, while the C-terminus lies within the intracellular compartment (Fischer & 

Krugel, 2007). These receptors are capable of dimerisation, possibly to increase stability (Ecke 

et al., 2008). This may occur with other P2Y receptors, both as homodimers or heterodimers 

(Ecke et al., 2008), as well as with other receptor types, possibly as a response to prolonged 

stimulation by agonists (Fischer & Krugel, 2007). P2Y receptors still lack selective synthetic 
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agonists and antagonists, although broad-spectrum antagonists such as suramin and Reactive 

Blue 2 are effective blockers (Abbracchio et al., 2006).  

There are eight mammalian P2Y receptor subtypes. These P2Y subtypes fall in to two major 

groups, depending on their G protein selectivity, ligand binding sites, and phylogenetics 

(Abbracchio et al., 2006). One group comprising P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 is 

coupled to Gq/G11 G-proteins.  Stimulation of these receptors leads to activation of PLC and 

inositol triphosphate (IP3), followed by a rise in intracellular Ca2+ by release from the 

endoplasmic reticulum (Abbracchio et al., 2009; Verkhratsky, 2005). The second group 

contains P2Y12, P2Y13, and P2Y14 receptor subtypes, and these are coupled to Gi/o. Activation 

of these receptors therefore lead to an inhibition of adenylyl cyclase, and a decrease in 

production of cAMP, while also regulating various ion channels (Abbracchio et al., 2006). 

However, the outcome of P2Y receptor activation can be dependent on the ligand and receptor 

subtype, allowing cells to respond differently under various conditions. For example, activation 

of P2Y by ATP and UTP results in different outcomes (increase in cAMP versus lack of cAMP 

rise respectively) (White, Webb, & Boarder, 2003). Receptors not mentioned above (e.g. P2Y3, 

P2Y7) are G-protein coupled receptors from non-mammalian vertebrates, or receptors which 

have not yet been shown to respond to nucleotides (Abbracchio et al., 2006). The P2Y 

receptors are expressed throughout the central, and peripheral nervous system, in both neurons 

and glial cells (see reviews by Abbracchio et al., 2006; Fischer & Krugel, 2007).  

Native agonists such as ATP, ADP, and UTP show variable efficacies depending on the P2Y 

receptor subtype (reviewed by Abbracchio et al., 2006). P2Y11 preferentially activates in 

response to ATP, with the analogue ATPγS showing greater potency than ATP (Communi, 

Robaye, & Boeynaems, 1999), while ADP is more potent on P2Y1, P2Y12 and P2Y13 receptors 

(Boeynaems et al., 2003). P2Y2 and P2Y4 have been shown to favour activation by both ATP 

and UTP equally, but are not activated by metabolites ADP or UDP. P2Y6 is activated by the 

specific native ligand UDP (Malmsjö et al., 2000), while P2Y14 responds to UDP-glucose 

(Abbracchio et al., 2003). 
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1.5.5 P2 receptor Expression and Function in the Cochlea 

1.5.5.1 P2X receptors in the cochlea 

Both P2X and P2Y purinergic receptors are expressed in tissues throughout the  cochlea, with 

functions ranging from synaptic development, homeostasis and injury signalling (Gale et al., 

2004; Housley et al., 2013; Huang et al., 2010; King et al., 1998; Nikolic et al., 2001; Nikolic, 

Housley, & Thorne, 2003). 

In IHCs, P2X2, P2X3, and P2X7 receptors are expressed at various times throughout 

development and adulthood, though their expression varies depending on the species 

investigated (Huang et al., 2005; Ito & Dulon, 2010). P2X2 appears to be a predominant 

subtype in the cochlea, and IHC stereocilia have been shown to express the highest density of 

P2X2 in adult guinea pigs, with other tissues lining the endolymphatic compartment (such as 

surface and basal regions of Deiters’ cells and endothelial cells in Reissner’s membrane) also 

showing significant expression (Housley et al., 1999, p. 2; King et al., 1998). No P2X2 receptor 

expression was indicated in the stria vascularis of the guinea pig in this study, but has been 

found in cells of the stria vascularis and spiral ligament in rats (Xiang, Bo, & Burnstock, 

1999). These tissues play a role in the production and regulation of the ionic composition of 

endolymph; therefore purines acting via P2X2 receptors expressed in these regions may be 

involved in modulating the EP (Housley, Raybould, & Thorne, 1998; King et al., 1998). 

Indeed, the modulation of EP by extracellular ATP was demonstrated by Thorne et al., 2004 

who showed that ATP introduced into the endolymphatic compartment resulted in a reduction 

of EP which was blocked by PPADs indicating a P2X2 involvement (Thorne, Muñoz, & 

Housley, 2004). This effect has also been demonstrated in mice (Telang et al., 2010) and is 

thought to involve an ATP-induced shunt of K+ current through the Reissner’s membrane and 

supporting cells lining the endolymphatic space. Further studies  show that this shunt may 

contribute to temporary threshold shift following low-level nosie exposure and also provide 

protection from permanent noise induced injury (Housley et al., 2013). Indeed, mutations of 

the P2X2 gene can lead to severe deafness (Yan et al., 2013) which can be exacerbated by noise 

exposure.  However, a basal level of activity through P2X2 receptors facing endolymph is 

unlikely due to the very low (nanomolar) concentrations of ATP in this compartment (Muñoz 

et al., 1995), but may instead involve a stress-induced release of ATP from the organ of Corti 
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(Wangemann, 1996), and marginal cells of the stria vascularis (White et al., 2003). In support 

of this, P2X2 receptors show adaptive properties, and are upregulated in the organ of Corti and 

SGNs  in response to noise in adult rats, measured by a rise in its mRNA, protein levels, and 

ATP-induced inward currents (Wang et al., 2003). P2X2  is also expressed in type II SGN 

synapses, suggesting a potential role as a neurotransmitter at OHC afferent synapses (Housley 

et al., 1999), especially as glutamate receptors found at IHC synapses are absent at the OHCs 

(Matsubara et al.,1996). 

All P2X subtypes (P2X1 – P2X7) appear in SGNs, although P2X1, P2X2, P2X3 subunits appear 

transiently during early development (from embryonic stages to early post-natal ages), and 

disappear following the onset of sound-driven activity; this suggests a role in synaptic 

organisation and development of neurotransmission prior to sound detection, though this has 

not been investigated further ( Huang et al., 2005; Järlebark, Housley, & Thorne, 2000; Nikolic 

et al., 2001). P2X1 was shown to be expressed in the rat otic capsule at embryonic stages, with 

expression later in non-sensory tissues such as spiral limbus, spiral ligament, and Reissner’s 

membrane during postnatal (P2-6) ages, with SGNs expressing P2X1 from early embryonic 

stages (E16) through to P6 (Nikolic et al., 2001). Together, these results implicate P2X1 in the 

early structural development of the otic capsule and the organ of Corti leading up to the ‘onset 

of hearing’, and establishment of neuronal innervation. Although P2X1 is also linked with 

apoptosis (Brake, Wagenbach, & Julius, 1994; Chvatchko et al., 1996), its expression pattern 

does not coincide with the spatio-temporal occurrence of apoptosis in developing parts of the 

cochlea, which peaks around E16 (Nikolic et al., 2000). 

Similar to P2X1, P2X3 is only expressed in the cochlea during developmental ages, 

disappearing soon after the onset of hearing, and not showing an up-regulation to sound-

induced stress (Huang et al., 2005). P2X3 has been localised mainly in neural processes, from 

embryonic (E18), to early post-natal ages (P6), with some expression in OHCs and IHCs of the 

mid and basal regions of the embryonic cochlea, and in the apical turns at P3 (Huang et al., 

2005). P2X3, in combination with P2X2-3 is thought to be involved in cochlear development 

prior to the onset of hearing by inhibiting brain-derived neurotrophic factor (BDNF)-driven 

neuronal growth (Greenwood et al., 2007). This may potentially lead to synaptic pruning and 

formation of mature innervation, as well as reorganisation and refinement that takes place prior 

to the onset of hearing.   
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The P2X7 receptor is expressed in neurons innervating IHCs and OHCs in the rat (Nikolic et 

al., 2003) during early development (E18), and through to adulthood. In the same studies, 

expression in IHCs and OHCs was limited to an early postnatal period (P0-6) (Nikolic et al., 

2003). P2X7 may therefore be involved in development, while also acting as a candidate for 

initiating apoptosis during pathological conditions in the mature cochlea (Surprenant et al., 

1996). P2X receptor activity, combined with P2Y receptors, is also thought to be strongly 

involved during spontaneous activity in the cochlea prior to the onset of hearing (Tritsch et al., 

2007),  and will be discussed later.  

 

1.5.5.2 P2Y receptors in the cochlea 

Although P2Y receptor expression in the developing cochlea has not been extensively 

investigated, a study by Huang et al. in 2010 demonstrated the expression of P2Y1, P2Y2, 

P2Y4, P2Y6 and P2Y12 receptors in both the developing and adult rat cochlea. This study 

outlined the dynamic expression patterns of P2Y receptors during mammalian cochlear 

development, from birth to the onset of hearing  (Huang et al., 2010). The earliest P2Y 

expression is found at embryonic day 18 (E18), with a low level of expression of P2Y2 and 

P2Y6 receptors in the greater epithelial ridge, as well as weak P2Y4 expression in the SGNs 

(Huang et al., 2010). There was more substantial expression of P2Y receptors including P2Y4 

in the greater epithelial ridge,  and P2Y12 in SGNs. P2Y2 was strongly expressed in the 

intraganglionic bundles (Huang et al., 2010). The presence of these receptors at E18 coincides 

with the time of cochlear differentiation from the two major epithelial domains (greater and 

lesser epithelial ridges), and may therefore be involved in the early stages of sensory and 

nonsensory cell formation which occurs at this time (Lim & Matti, 1985).   

At birth, all P2Y subtypes are expressed throughout various cochlear tissues, and continue 

through to adult ages; with the exception of P2Y1, which does not appear till later post-natal 

ages (P6-12) (Huang et al., 2010).  In particular, P2Y2 receptors are expressed throughout the 

organ of Corti (IHCs, OHCs, Deiters’ cells, Claudius cells), including a diffuse expression 

throughout the greater epithelial ridge. P2Y4 during P6-12 expression was strong within the 

greater epithelial ridge, as well as the OHCs, the stria vascularis, and Reissner’s membrane 

(Huang et al., 2010). This expression of P2Y4 was shown to decline to reach adult levels in 
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outer sulcus cells at approximately P14 (Lee et al., 2007), with its major changes 

corresponding to a time of endolymphatic composition maturation, and an increase of EP 

(Yamasaki et al., 2000). The wide expression of numerous P2Y receptor types throughout the 

cochlea suggests a variety of roles, including their involvement in sound transduction 

processes, as well as cochlear development. Of particular significance to sound transduction is 

the K+ secretion required for the maintenance of EP. This is thought to be partially regulated 

through extracellular nucleotides (UTP and ATP) (Liu, Kozakura, & Marcus, 1995), and their 

activity has been linked to P2Y2 receptors present in the basolateral regions of marginal cells 

within stria vascularis, and P2Y4 receptors localised to the luminal membranes of the marginal 

cells which would be exposed to ATP in endolymph (Sage & Marcus, 2002). In the latter case, 

ATP may regulate the release of K+ into endolymph through the P2Y4 regulation of the 

KCNE1 subunit of the KCNQ1/KCNE1 potassium ion channel expressed on the marginal cell 

luminal membrane (Marcus et al., 1998). Presence of P2Y receptors have also been 

demonstrated in avian inner ear development, with the expression of P2Y1, P2Y2 and P2Y6 in 

embryonic chick inner ear, possibly with similar functions to that of the receptors in 

mammalian cochlea (Galindo et al., 2013).  

Changes in the expression pattern of P2Y receptors in the rat cochlea were shown to be 

minimal from the onset of hearing (about 12 days after birth) to adulthood (Huang et al., 2010), 

suggesting a key developmental role of P2Y receptors during that period. During this critical 

period prior to the onset of hearing (P6-12 group), expression of P2Y2 receptors diminished in 

sensory hair cells, while maintaining a strong presence in the surrounding supporting cells of 

the organ of Corti. P2Y6 was diffusely expressed throughout the organ of Corti (Huang et al., 

2010). While P2Y4 expression was not present in supporting Deiters’ cells or Hensen’s cells in 

this study on rats, a more recent study on gerbils revealed the presence of P2Y4 throughout the 

cochlea, including the supporting cells (Kim et al., 2010), suggesting potential species 

variability, and the involvement of P2Y4 in activity of these supporting cells. In contrast to the 

inner sulcus region, the outer sulcus showed prominent expression of P2Y2 receptors (Huang et 

al., 2010). The presence of P2Y2 receptors in the adult outer sulcus and supporting Hensen’s 

cells was demonstrated by Gale et al., (2004), and P2Y2 receptors in Hensen’s cells were linked 

to Ca2+ waves throughout the tissue resulting from focal, experimentally induced damage, 

possibly as a mechanism of communication between hair cells and supporting cells. Similar 
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purinergic based Ca2+ waves were also correlated to the developmental period of spontaneously 

generated activity prior to the onset of hearing, and will be discussed later. This is thought to 

be based on ATP-induced signalling in the transient tissue known as Kölliker’s Organ, which is 

derived from the greater epithelial ridge, and may therefore involve the activity of P2Y4 

receptors which is expressed in these cells (Huang et al., 2010; Tritsch et al., 2007).  

 

1.6 Kölliker’s Organ 

The transient epithelial structure known as Kölliker’s organ, present in the developing cochlea 

of a range of mammals including rodents, rabbits, dogs, cattle, and humans, was originally 

described by a Swiss anatomist Albert von Kölliker in 1863 (Hensen, 1863; Kölliker, 1902). 

Kölliker’s organ and greater epithelial ridge are often used interchangeably in the literature, 

and both refer to the very early (embryonic) appearance of the mass of epithelial cells, giving 

rise to sensory cells. Even following sensory cell differentiation, the structure of Kölliker’s 

organ continues to exist within the organ of Corti (named after one of Kölliker’s students, 

Alfonso Corti), as a tightly packed group of columnar epithelial cells, which lie immediately 

medial to IHCs. This thesis focuses on the Kölliker’s organ in the developing cochlea, after the 

period of sensory cell differentiation. Although discovered well over a century ago, the role of 

Kölliker’s organ in cochlear development remains unclear.  

 

1.6.1 Structure of the Kölliker’s Organ 

The columnar epithelial cells comprising Kölliker’s organ are tightly packed together, with the 

nuclei located at variable heights, although the majority are located in the basal half of the cell 

(Fig. 1.4). This produces a stratified appearance when viewed in cross section (Hinojosa, 

1977). Due to its dense nature, spaces between cells of Kölliker’s organ are small, measuring 

approximately 200 Å, with most densely packed cells separated by as little as 30Å (Hinojosa, 

1977; Lim & Matti, 1985; Zine & Romand, 1996). Borders of these cells are connected 

through tight junctions and adherens junctions, with a third of these junctions containing 

desmosomes (Hinojosa, 1977). The epithelial cells themselves measure approximately 65 µm 
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in height, and 3-4 µm in width in young cats. Their apical/luminal surfaces are covered in 

microvilli, with only an occasional kinocilium observed (Hinojosa, 1977). In contrast, another 

study on rats revealed the presence of kinocilia surrounded by microvilli in all cells of 

Kölliker’s organ (Zine & Romand, 1996). These microvilli (measuring 3-4 µm in height in 

mice), can persist up to 10 days after birth (David Lim & Matti, 1985). The apical ends of these 

epithelial cells are filled with cellular organelles such as mitochondria, endoplasmic reticulum 

and secretory vesicles (Alain Uziel, 1986).  

During early stages of development, Kölliker’s organ appears to be in contact with the tectorial 

membrane through a network of fine filaments (Hinojosa, 1977; David Lim & Matti, 1985). 

Due to this close proximity, it has been proposed that Kölliker’s organ plays a role in the 

formation of the tectorial membrane (Anniko, 1980). The immature organ of Corti contains 

extensive gap junction connections between supporting cells. In the Kölliker’s organ, outer 

sulcus, and stria vascularis, these connections allow the cells to form an extensive syncytium-

like structure (Cohen-Salmon, Castillo, & Petit, 2005), and may allow it to synchronise activity 

among the epithelial cells of this structure. Within Kölliker’s organ, two connexin subtypes 

strongly associated with congenital deafness, connexin 26 and connexin 30, are both expressed 

with similar distributions (Cohen-Salmon et al., 2005; Majumder et al., 2010). 
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Figure 1.4: The immature organ of Corti and the adjacent Kölliker’s organ. 

(A) A diagram of a cross section of a rat organ of Corti (approximately 10 days old, P10) 
outlining the sensory hair cells and supporting epithelia. The Kölliker’s organ is found 
immediately adjacent to the inner hair cells (IHCs), shaded in darker colour.  (B) A diagram 
outlining a horizontal section of the same developing organ of Corti, showing the positions of 
various sensory and non-sensory cells. (C) Resin embedded toludine-blue stained 1 µm cross 
section of the organ of Corti and Kölliker’s  organ from a 10 day old Wistar rat. (D) Resin 
embedded horizontal section of an 11 day old Wistar rat organ of Corti, post-fixed in 1% 
osmium tetroxide. HC-Hensen’s cells; DC-Deiters’ cells; OHC-outer hair cells; PC-pillar cells; 
IHC-inner hair cells; KO-Kölliker’s organ. Scale bar: 20 µm. 

Image taken with permission from (Dayaratne et al., 2014). 
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1.6.2 Transformation 

Following early stages of auditory development, and the onset of hearing, columnar cells of 

Kölliker’s organ begin to be replaced with cuboidal cells. This occurs in a basal to apical, 

medial to lateral manner (Hinojosa, 1977). The process and its regulation do not appear to have 

been extensively studied. In a study of the cat (Hinojosa, 1977) it was shown that the new cells 

measure (on average) approximately 10 µm in height, and form the mature inner sulcus of the 

organ of Corti. At the same time, the tectorial membrane detaches from these cells prior to the 

onset of hearing (Hinojosa, 1977). During this transformation, the number of cells within 

Kölliker’s organ is dramatically reduced, with the mature inner sulcus containing only 12% of 

the cell count of the original Kölliker’s organ (Hinojosa, 1977). This study suggests the 

possibility of apoptotic processes in columnar cell removal and replacement with cuboidal 

cells. However, border and phalangeal cells remain in this region. In support of this, autophagic 

vacuoles were observed in later stages of the Kölliker’s organ (Hinojosa, 1977).  However, 

previous observations of apoptosis in the developing rat cochlea were limited to embryonic 

stages, with minimal apoptotic cells observed after birth (Nikolic et al., 2000).  

The transformation of Kölliker’s organ is also thought to be linked with thyroid hormone 

exposure, as its deficiency has been shown to cause prolonged survival of the columnar 

epithelial structure (in rats, as long as 30 days) (Legrand et al., 1988; Uziel et a., 1981; Uziel, 

1986). Furthermore, a malformed structure of the organ of Corti was observed in these animals, 

underlining the importance of the thyroid hormone in the maturation of the organ of Corti. 

Supplementation of thyroid hormone at P30 stimulated the transformation of the organ of Corti 

into the mature structure in these animals (Uziel, 1986). 
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1.7 Spontaneous Activity in the Developing Cochlea 

 

1.7.1 Introduction to Spontaneous Activity 

Following the formation of basic structures of the auditory system during development, the 

neural connections continue to refine, with synaptic pruning observed in early post-natal 

hearing mice as described earlier (Huang et al., 2007). During this pre-hearing stage, IHC 

synapses also undergo significant modifications, leading to the maturation of defined ribbon 

synapses, from multiple bodies found in the immature cells (Huang et al., 2012; Sobkowicz et 

al., 1982). This synaptic maturation allows IHCs to respond efficiently to membrane 

depolarisation with fast neurotransmitter release prior to, and following the onset of hearing. 

This ‘onset of hearing’,  where the cochlea and auditory system becomes responsive to 

airborne sound begins at a time when the innervation of IHCs and OHCs appear to already 

have reached mature pattern and orientation (Locher et al., 2013). Action potentials 

independent of sound stimulation have been observed prior to this period throughout the 

developing mammalian and avian auditory systems, from IHCs and cochlear neurons, through 

to auditory centres in the brain (Johnson et al., 2013; Tritsch & Bergles, 2010a; Lippe, 1995). 

This spontaneous activity is thought to drive the functional connection between the cochlea and 

the central auditory nervous system and thus promote survival and maturation of neurons 

innervating the inner ear (Mostafapour et al., 2000), synapse development (Erazo-Fischer, 

Striessnig, & Taschenberger, 2007), organisation of auditory nuclei (Franklin, Brunso-

Bechtold, & Henkel, 2006; Gabriele, Brunso-Bechtold, & Henkel, 2000), and the formation of 

tonotopic maps (Johnson et al., 2011; Kandler et al., 2009).  These observations have been 

made in a variety of mammalian species and most likely occurs in humans where the onset of 

hearing occurs around week 20 of gestation in human development (Pujol & Lavigne-

Rebillard, 1995). 

This intrinsic activity is not confined to the auditory system as it also appears in other 

developing neural circuits, such as the cerebellum (Watt et al., 2009), hippocampus (Ben-Ari et 

al., 1989), spinal cord (Landmesser & O’Donovan, 1984), and other sensory tissues, such as 

the retina (Dale, 2008; Jones, Jones, & Paggett, 2001; Lippe, 1994; Sonntag et al., 2009). In the 
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auditory system, spontaneous activity in the auditory nerve can be abolished by applying the 

neurotoxin tetrodotoxin to the round window membrane, implicating the cochlea as the origin 

of spontaneous activity (Lippe, 1994). Within the cochlea, the two key candidates for the 

generation of this spontaneous activity are the Kölliker’s organ (Tritsch & Bergles, 2010a; 

Tritsch et al., 2007) and IHCs (Johnson et al., 2011; Johnson et al., 2012; Sendin et al., 2014).  

 

1.7.2 Spontaneous Currents in Cells of Kölliker’s Organ  

 

1.7.2.1 Characteristics and molecular players 

Spontaneous inward currents in the epithelial cells of developing rat (P7-19) Kölliker’s organ 

have been demonstrated by Tritsch & Bergles, (2010) and  Tritsch et al. (2007). In these 

studies, spontaneous inward currents occurred at an average frequency of 0.2 Hz, an amplitude 

(although highly variable) of -254 pA, and a slow rise time of about 1.5 seconds. Such inward 

currents in these epithelial cells were correlated strongly (85%) with extracellular field 

potentials within Kölliker’s organ (Tritsch et al., 2007), which implied a strong link between 

the spontaneous activity in individual epithelial cells and the generation of electrical activity by 

Kölliker’s organ. Although acetylcholine (Ach) receptors are located in the developing cochlea 

(Eybalin, 1993), spontaneous field potentials within Kölliker’s organ were unaffected by Ach 

receptor antagonists strychnine, atropine (muscarinic receptor antagonist), or D-tubocurarine 

(nicotinic receptor antagonist), suggesting an independence from cholinergic efferent inputs 

(Tritsch et al., 2007). They were also not dependent on neuronal firing or, Additionally, 

inhibition of Ca2+ currents with Ca2+ channel antagonists and blockers nifedipine and 

cadmium, nor glutamate receptor inhibition by antagonists such as 2,3-dihydroxy-6-nitro-7-

sulphamoyl-benzo(f) quinoxaline (NBQX) caused a significant effect (Tritsch et al., 2007). 

These results suggests that the spontaneous events were not dependent on neuronal firing or 

Ca2+ induced glutamate release from IHCs. The application of the P1 receptor antagonist 1,3-

dipropyl-8-cyclopentylxanthine (DPCPX) also did not result in a change in activity. In 

contrast, extracellular field potentials were significantly reduced in the presence of P2 

purinergic receptor antagonists PPADS and suramin, as well as the ATP hydrolysing enzyme 
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apyrase (Tritsch et al., 2007). These results suggested that these extracellular potentials within 

Kölliker’s organ are dependent on extracellular ATP signalling, and this hypothesis is 

supported with previous studies that outlined the presence of purinergic receptors in the similar 

regions of the developing cochlea (Huang et al., 2010; Järlebark et al., 2000; Nikolic et al., 

2001), and the large inward currents (4.1 nA) of these cells in response to extracellular 

application of ATP (Tritsch et al., 2007). Together, these findings established the presence of 

ATP-induced spontaneous currents within cells of Kölliker’s organ, which lies adjacent to the 

developing IHCs. 

 

1.7.2.2 Potential mechanisms of spontaneous currents within Kölliker’s organ 

The observation of ATP-induced currents in Kölliker’s organ tissue raises questions regarding 

mechanism of ATP release into extracellular space. Two likely candidates of ATP release 

include large transmembrane pores such as P2X7, or unpaired connexons (hemichannels) 

(Bennett et al., 2003). In addition, pannexin hemichannels which are expressed in adult rodent 

supporting cells (Wang et al., 2009) are another candidate for ATP release, although their 

expression in cochlear tissues during development has not yet been established. Involvement of 

hemichannels in this role was supported by the inhibition of spontaneous events with the 

application of gap-junction blockers such as carbenoxolone and octanol (Tritsch et al., 2007). 

Furthermore, exposure to a hemichannel opening protocol such as Ca2+ free solution (Bennett 

et al., 2003) increased the frequency of spontaneous events, while being unaffected by P2X7 

antagonist brilliant blue G (Tritsch et al., 2007). Once released, ATP would act through both 

P2X and P2Y receptors which have been identified on cell membranes in the Kölliker’s organ 

region of the developing cochlea (Huang et al., 2010; Järlebark et al., 2000; Nikolic et al., 

2001). This is especially likely to involve receptor subtypes identified in the greater epithelial 

ridge, such as P2Y4 (Huang et al., 2010). P2X receptors are also likely involved, as ATP-

induced currents in Kölliker’s organ mimicked properties of P2X receptors, such as inward 

rectification and 0 mV reversal potential (North, 2002; Tritsch et al., 2007). 
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1.7.2.3 Developmental changes of spontaneous currents within Kölliker’s organ 

Although spontaneous currents in the epithelial cells within Kölliker’s organ of rat can be 

recorded from birth, their frequency changes with development leading up to the onset of 

hearing. In the early pre-hearing stages (P0-3), amplitudes and rise time of inward currents are 

smaller, while the frequency of events are greater, when compared with ages closer to the onset 

of hearing (P7-10) (Tritsch & Bergles, 2010a). Nevertheless, the P2 receptor antagonists 

PPADS and suramin caused a significant decrease in the magnitude of inward currents at all 

ages, while the extracellular application of ATP and UTP (which acts mainly through P2Y 

receptors) caused larger inward currents at both age groups (Tritsch & Bergles, 2010a). While 

this suggests the involvement of P2 receptors across all pre-hearing ages, the spatio-temporal 

pattern of P2 receptor expression is known to change within the developing cochlear tissue 

prior to the onset of hearing (Huang et al., 2010; Lee et al., 2007; Nikolic et al., 2001). It is 

therefore possible that these age-related changes in spontaneous current properties may be a 

consequence of a change in purinergic receptor composition within Kölliker’s organ, although 

this has not been investigated in detail.  

 

1.7.3 Spontaneous Activity of Inner Hair Cells 

1.7.3.1 ATP-induced IHC activity 

Studies by Tritsch and colleagues demonstrated that the ATP-induced currents of Kölliker’s 

organ cells correlated with spontaneous inward currents in IHCs, when recorded  

simultaneously (Tritsch et al., 2007). These IHC currents had a wide range of amplitudes (-8 to 

-180 pA), and occurred at a frequency of 0.053 Hz, with a rise time of 2.2 s, indicating that 

they are slower, less frequent, and smaller in amplitude when compared to the currents 

observed in Kölliker’s organ. However, these small currents were capable of depolarising the 

IHC membrane by 28 mV. ATP dependency of IHC activity was supported by the stable 

membrane potential and reduced frequency of spontaneous activity in the presence of PPADS 

and suramin (Tritsch et al., 2007). Furthermore, ATP application led to bursts of EPSCs from 

afferent terminals at the base of IHCs, through glutamate-dependent processes (these were 

inhibited by NBQX), as well as action potentials at the somata of SGNs, suggesting that ATP 
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causes IHC depolarisation, and subsequent Ca2+ dependant release of glutamate into its 

synapses (Tritsch et al., 2007).  By combining these results with the observation that most 

spontaneous currents in Kölliker’s organ occurred closer to IHCs, it was suggested by Tritsch 

et al. (2007) that ATP released by Kölliker’s organ may in fact initiate the sound-independent 

activity observed throughout the developing auditory system. It is however important to note 

that IHCs do not respond to ATP at P0, and show minimal responses between P1 and P3, when 

spontaneous currents are observed in Kölliker’s organ (Tritsch & Bergles, 2010a). These 

variations may again simply be due to dynamic changes in P2 receptor expression that has been 

shown to occur during this time (Huang et al., 2005, 2010).  

 

1.7.3.2 IHCs as generators of spontaneous activity 

In contrast to the idea of ATP-induced IHC depolarisation leading to neural activity, more 

recent studies suggest that IHCs are capable of generating spontaneous activity themselves, 

independent of ATP release from Kölliker’s organ (Johnson et al., 2012; Johnson et al., 2011; 

Sendin et al., 2014). In the study by Johnson et al., (2011), spontaneous currents in IHCs were 

measured using cell-attached techniques, and no waves of depolarisation resembling ATP-

induced currents were observed. Additionally, the membrane potential of IHCs during the first 

post-natal week is thought to be at a level which allows the  generation of Ca2+ currents 

without the need for ATP-induced depolarisation (Marcotti et al., 2003). While exogenously 

applied ATP did appear to modulate IHC activity, the response was concentration dependent, 

with high concentrations causing IHC depolarisation and a higher spiking rate, while 

concentrations closer to physiological levels resulted in diminished activity, and slight 

hyperpolarisation (Johnson et al., 2011). Application of P2X antagonists TNP-ATP and 

PPADS resulted in IHC depolarisation, and a higher frequency of spontaneous currents in 

apical IHCs, supporting the hyperpolarising effect of low ATP concentrations, though the 

effect of P2Y receptor activity was not investigated (Johnson et al., 2011). This study also 

suggested a modulatory role for acetylcholine, unlike the studies by Tritsch et al. (2007), as the 

inhibition of nicotinic receptors using strychnine resulted in a small depolarisation and change 

in firing pattern of IHCs. Taken together, the research by Johnson et al. implies that IHCs are 

capable of independently generating the spontaneous activity observed during cochlear 
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development, but this can be modulated by ATP and acetylcholine, both acting to 

hyperpolarise the hair cells. ATP in particular is thought to activate P2X3 due to its sensitivity 

to nanomolar concentrations (North & Surprenant, 2000), resulting in activation of small 

conductance Ca2+ activated K+ channels (SK2).  

The activation of SK2 may be the defining distinction of these studies, when compared to those 

by Tritsch et al. (2007). By simulating the temperature (22-24ºC) and concentrations of Ca2+ 

buffer EGTA (10 mM) of electrophysiological studies by Tritsch et al. (2007), Johnson et al. 

(2011) demonstrated the removal of the SK2 current. As a consequence, this impeded the 

repolarisation and ability of  IHCs to maintain intrinsic spiking (Johnson, Adelman, & 

Marcotti, 2007; Marcotti et al., 2004). Modulation of IHC by acetylcholine was verified in a 

study by Sendin et al. (2014), who also demonstrated an inhibitory effect of strychnine, an 

inhibitor of Ach receptors on IHC activity. They further supported the independence of IHC 

activity from local ATP release, by showing the absence of any influence of P2 receptor 

antagonists PPADS and suramin on IHC spontaneous activity. Absence of the antagonist-

resistant P2X4 through gene knockout also did not affect IHC action potentials, suggesting that 

these spontaneous events were not influenced through the P2X4 receptor subtype (Sendin et al., 

2014).   

While work by Tritsch et al. (2007) touched on the possibility that IHC currents in similar 

tonotopic cells are synchronised through paracrine ATP signalling, Johnson’s work took this a 

step further by providing evidence for differences in spiking activity between the base and apex  

of developing cochlea, suggesting that this spontaneous spiking may be involved in tonotopic 

patterning of the auditory system (Johnson et al., 2011). Cells in the more apical regions 

displayed a burst-like pattern of firing with long quiet periods, while those in the basal region 

of the cochlea were active in a more sustained manner (Johnson et al., 2011). As these authors 

considered P2X3 to be a predominant channel involved in modulating IHC activity through 

SK2 channels, the basal to apical expression gradient of P2X3 (Huang et al., 2005) potentially 

supports such a tonotopic difference in spontaneous activity. Tonotopic variability in 

spontaneous activity has also been observed in developing avian auditory system, with faster 

rates towards the higher frequency regions (Lippe., 1995). In contrast, work by Sendin et al. 

(2014) demonstrated an indistinguishable pattern of bursting throughout the length of the 

cochlea, which changed uniformly with development (Sendin et al., 2014). It therefore remains 
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unclear whether spontaneously driven activity in the auditory system plays a major role in 

determining and defining the tonotopic map.  

 

1.7.4 Rhythmic Morphological Activity in Kölliker’s Organ 

In addition to inward currents within Kölliker’s organ, spontaneous structural changes to the 

supporting cells themselves were also demonstrated by Tritsch and colleagues (Tritsch et al., 

2007; Tritsch et al., 2010). Studies regarding these spontaneous morphological changes are 

limited, and the majority of our current knowledge has been derived from the studies by 

Tritsch and colleagues.  

 

1.7.4.1 Characteristics of morphological activity 

The studies by Tritsch et al (2007) were undertaken using live imaging of organ of Corti 

explants at different developmental ages. In these studies they observed spontaneous 

morphological events as periodic changes in light scattering properties of the supporting cells, 

at an average frequency of 0.034 Hz. These spontaneous optical events were observed 

throughout Kölliker’s organ as regions of darkening, with increasing frequency towards the 

IHCs, much like the extracellular potentials. Darkening of tissue as seen during live imaging 

using transmitted light, occurs as a result of cell crenation within Kölliker’s organ, condensing 

the intracellular compartment, and increasing extracellular space, causing a change in the 

refractive index of tissue. Although the cytoplasm appears to pull away from the membrane, 

sites of cell adhesion such as tight and adherens junctions found in this tissue (Hinojosa, 1977) 

appear to be unaffected, and input resistance of these cells is also unchanged (Tritsch et al., 

2010). Tritsch & Bergles, (2010) showed that these morphological events started in a small 

group of cells in Kölliker’s  organ, and spread radially to affect an average area of 973 µm2 at a 

rate of 5-15 µm s-1, preceded by a rise in intracellular [Ca2+] which were comparable to Ca2+ 

waves observed in astrocytes (Giaume & Venance, 1998; Guthrie et al., 1999), suggesting a 

similar mechanism of activity. While spontaneous optical changes were mainly present in 

Kölliker’s organ, some small structural changes were also observed within phalangeal cells 

near IHCs, which were unaffected by purinergic signalling (Tritsch et al., 2010). In contrast, no 
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spontaneous morphological changes were observed in the outer sulcus region, or OHCs 

(Tritsch et al., 2007).  

Spontaneous morphological events are thought to be initiated by the same mechanisms as the 

inward currents, since 93% of all optical changes within Kölliker’s organ were correlated with 

inward currents (Tritsch et al., 2007). It is also thought that the size of each spontaneous optical 

event indirectly indicates the amount of ATP released, providing a non-invasive measure of 

ATP release. In these studies, such structural changes could be induced through exogenous 

ATP and UTP application, and inhibited through P2 receptor antagonists suramin and PPADS, 

further supporting an ATP activation of purinergic receptors as a basis for their generation 

(Tritsch et al., 2010).  

 

1.7.4.2 Developmental changes  

In contrast to spontaneous inward currents which are present from birth within Kölliker’s 

organ, morphological changes associated with it are not prominent until a few days later 

(Tritsch & Bergles, 2010a).  An increase in the frequency of events as well as amplitude was 

noticeable approximately at P4-6, peaking in the P7-10 age group of rats (Tritsch & Bergles, 

2010a). Although limited responses to P2 receptor signalling could account for reduced 

morphological events at early stages, both ATP and UTP were found to induce strong inward 

currents and Ca2+ rise within Kölliker’s organ, consistent with the early expression of P2X and 

P2Y receptors in the developing cochlea at these early post-natal periods (Huang et al., 2005, 

2010; Nikolic et al., 2001). This suggests a delayed development of the machinery involved in 

producing morphological changes (Tritsch & Bergles, 2010a). Much like inward currents, 

spontaneous morphological events rapidly decrease in both frequency and amplitude following 

the onset of hearing (Tritsch & Bergles, 2010a), implying both these events are important to 

the maturation of the organ of Corti and its detection of sound. 
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1.7.4.3 Potential mechanisms of morphological events 

In order to determine the cause of morphological changes within cells of the Kölliker’s organ, 

Tritsch and colleagues exposed developing cochlear tissue to high K+ concentrations, and 

injected large current steps to mimic purinergic signalling-induced membrane depolarisation. 

This however did not produce morphological changes within these supporting cells (Tritsch et 

al., 2007; Tritsch et al., 2010), demonstrating that membrane depolarisation alone was not 

capable of inducing morphological change within Kölliker’s organ.  

When Ca2+ levels were recorded in these tissues with the indicator dye Fluo-4 AM, 98% of the 

morphological events were found to be associated with transient intracellular Ca2+ waves, and 

also matched the duration of events (Tritsch et al., 2010). While proteins such as the Ca2+ 

dependent protein myosin or actin, as well as the voltage dependent electromotile protein 

prestin that is expressed in OHC, were considered as potential candidates for inducing these 

changes in cell shape, no solid evidence is currently present to support this (Tritsch et al., 

2010). Instead it is proposed that cell crenation involves Ca2+ activated Cl- channels, which 

have been shown to be involved in inward currents in outer supporting cells induced through 

purinergic signalling (Lagostena et al., 2001; Sugasawa et al., 1996). In addition, G-protein 

coupled receptors (P2Y in some cases) have been shown to induce Cl- release, followed by 

water egress in a number of tissues such as airway and intestinal epithelia (Hartzell, Putzier, & 

Arreola, 2005; Kidd & Thorn, 2000). The ability to secrete water has also been suggested in 

inner supporting cells of cochlear tissue cultures (Sobkowicz, Loftus, & Slapnick, 1993). In 

experiments by Tritsch and colleagues, Cl- channel blocker 4,4’-diisothiocyano-2,2’-stilbene 

disulfonic acid (DIDS) reduced spontaneous morphological events within Kölliker’s organ by 

approximately 87%, supporting a Cl- channel based mechanism (Tritsch, Zhang, et al., 2010). 

Additionally, Anoctamin-1, a known Ca2+ activated Cl- channel has more recently been found 

to be expressed in Kölliker’s organ, particularly in cells closest to IHCs (Yi, Lee, & Lee, 

2013). This is especially significant as Anoctamin-1 has been associated with fluid secretion in 

epithelial cells of trachea, salivary glands, and pancreas (Dutta et al., 2011; Ousingsawat et al., 

2009), while involved as a pacemaker for spontaneous motility in the gastrointestinal tract and 

oviduct (Dixon et al., 2012; Hwang et al., 2009). 
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1.7.4.4 Possible functions of cell crenation within Kölliker’s organ 

Although little is known about the function behind underlying spontaneous crenation of cells 

within Kölliker’s organ due to a lack of specific manipulations, some possibilities can be 

proposed. For example, due to its presence during pre-hearing stages and potential movement 

of water during crenation, morphological events may be associated with forming the 

endolymph and/or perilymph of the immature cochlea at a stage in development where fluid 

compartments expand (Tritsch et al., 2010). Also, through its periodic crenation, these cells 

may be assisting detachment of the tectorial membrane which at this stage is attached to the 

Kölliker’s organ. Others have proposed a different role for the secretory activity of Kölliker’s 

organ, suggesting an involvement in the production of tectorial membrane formation, 

especially due to its close proximity during these critical stages of development (Anniko, 1980; 

Hinojosa, 1977; Lim & Matti, 1985; Zine & Romand, 1996).  

 

1.7.5 Role of Calcium in Spontaneous Activity Within the Developing 

Cochlea 

Calcium is known for its actions as an intracellular messenger in various tissues, and is 

involved in a number of signalling pathways in the cochlea. In particular, defects of CaV1.3 

have been associated with cochlear dysfunction (Glueckert et al., 2003). Within Kölliker’s 

organ, Ca2+ waves are tightly associated with spontaneous inward currents and morphological 

changes to the cells, as described previously (Tritsch et al., 2007; Tritsch et al., 2010). These 

bursts of activity likely occur through the combination of a rise in intracellular Ca2+ through 

release from internal stores, and inward currents through P2X receptor-channels (Tritsch et al., 

2007; Tritsch, Zhang, et al., 2010). In the IHCs, elevations of Ca2+ are associated with 

excitatory postsynaptic currents (EPSCs) and glutamate release (Glowatzki & Fuchs, 2002).  

Work by Tritsch et al. (2007) demonstrated EPSCs in afferent auditory neurons in response to 

exogenous ATP. ATP release also resulted in Ca2+ spiking with similar timing to intrinsic SGN 

firing. The intervals between these Ca2+ transients were consistent with SGN firing, with a 

decrease in rate of bursting, followed by an increase (Tritsch et al., 2010b). Furthermore, 

artificially depolarising IHCs resulted in a Ca2+ rise within these cells, and initiated action 
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potentials in the associated SGNs. Combined with comparable firing pattern further along the 

auditory circuit, these studies suggest that Ca2+ acts as a pacemaker to generate spontaneous 

activity throughout the auditory system prior to the onset of hearing (Tritsch et al., 2010b).  

Within Kölliker’s organ, Ca2+ waves arise in a small group of 1 to 4 cells and spread radially. 

The characteristics of these waves are comparable with those observed in astrocytes connected 

via gap junctions (Fiacco & McCarthy, 2006; Tritsch et al., 2007; Tritsch et al., 2010b). These 

waves, thought to be triggered by ATP, further induce the release of more ATP, resulting in a 

synchronised, regenerative wave (Tritsch et al., 2007; Tritsch et al., 2010). While spontaneous 

Ca2+ waves diminish rapidly following the onset of hearing, exogenously applied ATP is 

capable of producing such Ca2+ responses, further supporting ATP release as the initiator of 

such activity (Tritsch & Bergles, 2010). Additionally, P2 receptor antagonists PPADS and 

suramin significantly decrease these spontaneous waves (Tritsch & Bergles, 2010). 

Although not active spontaneously during pre-hearing development, cells within the outer 

sulcus also display Ca2+ waves in the presence of ATP or mechanical stimulation, and may be 

involved in communicating cellular damage (Gale et al., 2004).  Spontaneous Ca2+ waves are, 

therefore, only specific to Kölliker’s organ, during pre-hearing stages of development. During 

this critical early to late pre-hearing stage, the frequency, as well as the area of Ca2+ spikes 

increases significantly by 5.1 and 1.7 fold respectively (Tritsch & Bergles, 2010), suggesting 

considerable activity prior to the onset of hearing.  
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1.8 Gap Junctions 

1.8.1 Structure of Gap Junctions  

As mentioned previously, gap junctions are extensively expressed throughout the immature 

organ of Corti, including Kölliker’s organ (Cohen-Salmon et al., 2005), and allow direct 

communication between neighbouring cells. Each gap junction is formed by two connexin 

hemichannels from adjacent cells, known as connexons, each of which can be further 

subdivided in to six subunits (Fig. 1.7). Each of these subunits contain four transmembrane 

domains, two extracellular loops and a cytoplasmic loop, with both N and C termini located at 

the cytoplasmic side (Nickel & Forge, 2010). There are over 20 different subunits, all of which 

are named according to their molecular weight (in kDa), and can come together in a 

homomeric (identical subunits) or heteromeric (mixed) manner, to form homotypic and 

heterotypic channels respectively. Gap junction channel characteristics, such as selectivity, can 

vary depending on the combination of subunits (Cottrell & Burt, 2005), as well as other factors 

such as its state of phosphorylation (Lampe & Lau, 2004).  However, it is difficult to attribute 

specific characteristics for each subunit, due to the lack of specific inhibitors. 

 

1.8.2 Hemichannels (connexons) 

It is also important to note the presence of unpaired connexons (hemichannels), which can play 

a role in both physiological and pathophysiological processes. Evidence for the presence of 

these hemichannels have been shown through biochemical and electrophysiological studies 

(Goodenough & Paul, 2003). For example, antibodies (which are too large to enter through 

extracellular spaces of gap junctions) directed at the extracellular loops of unpaired connexons 

impaired their ability to form gap junctions in live cells (Meyer et al., 1992). The ability for 

such hemichannels to be active was first demonstrated in Xenopus laevis oocytes, as 

expression of connexin 46 (Cx46) led to membrane depolarisation, and uptake of Lucifer 

yellow (Paul et al., 1991). Cx46 in this model also demonstrated the voltage and Ca2+ 

sensitivity of this specific hemichannel, suggesting that connexons may be modulated much 

like conventional ion channels (Ebihara & Steiner, 1993; Paul et al., 1991). 
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Although unpaired connexons can be artificially opened, their transfection into multiple cell 

lines demonstrated a lack of intrinsic connexon activity (i.e. connexons remained closed) (Falk, 

2000; Jordan et al., 1999; Jordan et al., 2001; Lauf et al., 2002). Interestingly, connexons have 

been found to be activated by ischemic insult, particularly in cardiac myocytes (Contreras et 

al., 2002; John et al., 1999; Li et al., 2001). However, this may seem counter-intuitive, as such 

large pores may deteriorate membrane integrity and lead to cell death.   

Unpaired connexons may also provide a new and alternative method for Ca2+ wave 

propagation through cells such as astrocytes and osteocytes (Cotrina et al., 2000; Guthrie et al., 

1999), which was previously believed to occur through gap junction channels. This concept 

suggests the release of ATP through hemichannels, which activate P2 receptors, leading to 

Ca2+ elevation and further activation of ATP-releasing channels, resulting in a regenerative 

Ca2+ wave that is capable of travelling through the tissue, and is of particular importance to the 

studies presented in this thesis. This is consistent with the observations that ATP release is 

accompanied by Ca2+ waves, and P2 receptor inhibition diminishes Ca2+ wave propagations 

(Frame & de Feijter, 1997; Fry, Evans, & Sanderson, 2001; Guthrie et al., 1999; Jørgensen et 

al., 2000; Scemes, Suadicani, & Spray, 2000; Suadicani, Vink, & Spray, 2000).  
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Figure 1.5: Structure of gap junctions and their subunits.  

Organisation of gap junctions are presented from the basic structure of a connexin, to their 
arrangement into a hexamer (forming a connexon), and the interaction of two connexons of 
adjacent cells, to create a gap junction.   
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1.8.4 Gap Junctions in the Cochlea 

Gap junctions have been identified as key players in inner ear function and hearing, while 

genetic studies have implicated a number of connexin subtypes in hereditary deafness. In 

humans, approximately 50% of prelingual childhood deafness is linked with mutations within 

the GJB2 gene which encodes Cx26 (Hochman et al., 2010). Additionally, Cx26 and Cx30 are 

both expressed throughout Kölliker’s organ, and show strong association with both syndromic 

(with other clinical abnormalities) and non-syndromic (lacking other symptoms) congenital 

deafness (Sun et al., 2009; Takada et al., 2014). In rodents, the lack of Cx30 leads to an 

increase in auditory threshold, and a reduction in Ca2+ transients within Kölliker’s organ 

(Rodriguez et al., 2012; Schütz et al., 2010). Other connexins such as Cx31, Cx32 and Cx43 

have also been associated with hereditary hearing loss, though not as common or severe as 

Cx26 and Cx30-related deafness (Cohen-Salmon et al., 2005).  

Gap junctions appear in the cochlea prior to its functional maturation (Cohen-Salmon et al., 

2005), and mainly comprise connexin 26 (Cx26) and connexin 30 (Cx30) subunits, although 

Cx29, Cx31 and Cx43 are also expressed to a lesser degree in the mature cochlea. These 

subunits are capable of forming heterotypic as well as homotypic channels. Gap junction 

channels have been found in supporting epithelial tissue, and connective tissue of the cochlea 

(Kikuchi et al., 1995). The extensive expression within epithelial tissue forms a syncytium 

within the supporting cells, while excluding sensory cells (Jagger & Forge, 2006; Zhao & 

Santos-Sacchi, 2000). Within connective tissues, gap junctions are prominent in fibrocytes and 

mesenchymal cells, with the likely function of forming a K+ recycling pathway, in order to 

maintain sensory sensitivity (Kikuchi et al., 2000). Furthermore, by potentially recycling K+ 

back in to the endolymph, gap junctions within the cochlea may be involved in formation of 

the EP (Souter & Forge, 1998; Wangemann, 2002a).  

Cx26 has been shown to be a vital component for the development of the immature cochlea, as 

its absence leads to structural abnormalities and severe hearing loss, and could not be rescued 

by overexpressing Cx30 (Qu et al., 2012).  Additionally, while both Cx26 and Cx30 are present 

during cochlear development, Cx26 expression reaches higher levels during pre-hearing stages 

of development in mice, further emphasising a more crucial role played during this time. 

During early embryonic stages in mice, Cx43 and Cx45 were found to be expressed in the 
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cochlea (Cohen-Salmon et al., 2004). In particular, Cx43 is strongly expressed in cochlear 

connective tissue, until approximately postnatal day P7, when expression shifts to the otic 

capsule (Cohen-Salmon et al., 2004).  In contrast, Cx45 was found to be expressed in both 

connective and epithelial tissue during embryogenesis, with a shift to the vasculature, which 

increased with age and persisted in the adult (Cohen-Salmon et al., 2004). Together, these 

studies underline the roles played by gap junctions during cochlear development, and the 

potential consequences arising from the absence or dysfunction of connexin hemichannels (in 

particular Cx26 and Cx30). 
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1.9 Summary of Literature Review 

The cochlea is a specialised organ for hearing, and each of its structures plays a vital role in 

this sensory process.  During its development, a transient structure, Kölliker’s organ, is present, 

adjacent to the sensory cells of the organ of Corti. This structure is composed of a tightly 

packed group of epithelial cells (Hinojosa, 1977). In its embryonic stages, the Kölliker’s organ, 

or greater epithelial ridge, provides cells which develop into IHCs (Simonneau et al., 2003). 

Even following cell differentiation and formation of the sensory structures, the Kölliker’s 

organ is maintained until the cochlea is capable of detecting external sound. After this ‘onset of 

hearing’, Kölliker’s organ begins to deteriorate, later forming the inner sulcus composed of 

cuboidal cells in the mature cochlea (Hinojosa, 1977). 

During the pre-hearing period of development, the auditory system is kept active through 

spontaneous neural activity in the auditory nerve, driven by the cochlea, to the higher structures 

(Tritsch et al., 2007). This is thought to aid in refining and retaining neural connections formed 

earlier on in development. Previously thought to be the action of epithelial cells of Kölliker’s 

organ on IHCs through P2 receptor activation by ATP secreted within this tissue (Tritsch et al., 

2007), this spontaneous drive is now suggested to more likely occur independently through 

activity in the IHC (Johnson et al., 2011; Sendin et al., 2014). While the role of Kölliker’s 

organ remains unclear, purinergic activity remains a major component of spontaneous events 

within Kölliker’s organ (Tritsch et al., 2007), with a potential regulatory role suggested for 

spontaneous drive of the auditory system (Johnson et al., 2011).  

During this time, an interesting phenomenon occurs, involving periodic morphological changes 

to clusters of cells within Kölliker’s organ. These spontaneous morphological events are 

strongly correlated with spontaneous currents observed in these supporting cells, and appear to 

be the result of cell crenation within these clusters (Tritsch et al., 2007; Tritsch et al., 2010). 

The current understanding of these morphological changes suggests the release of ATP from 

Kölliker’s organ epithelia, activation of P2 purinergic receptors on surrounding cells, followed 

by a rise in intracellular Ca2+ and cell crenation (Tritsch et al., 2010; Tritsch et al., 2010b). It 

has been suggested that Ca2+ activated Cl- channels may cause a Cl- efflux, which would result 

in the expulsion of water from these cells due to the osmotic gradient created (Tritsch, Zhang, 
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et al., 2010). While this is currently a leading theory, the mechanism of volume change and its 

regulation remains one of the major unanswered questions regarding these spontaneous events. 

The P2 receptor based idea of morphological change in Kölliker’s organ relies on the release of 

ATP from its epithelial cells. While ATP can be released through vesicles at neuronal 

synapses, it can also be released through transporters, P2X7 receptors, pannexins, and connexin 

hemichannels (Abbracchio et al., 2009; Sawada et al., 2008). Connexins are strong candidates 

for this spontaneous activity, as Cx26 and Cx30 are expressed in the developing cochlea 

(Cohen-Salmon et al., 2005), and gap junction inhibitors have been shown to inhibit 

spontaneous activity within Kölliker’s organ (Tritsch et al., 2007). However, the triggers for 

ATP release from these cells and the origins of spontaneous events are still not known, in 

addition to the purpose of these spontaneous changes in cell morphology within Kölliker’s 

organ during development. This thesis therefore explores such questions raised about the 

origins, generation, and mechanisms of spontaneous morphological events within cells of 

Kölliker’s organ.   
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1.10 Thesis Objectives 

The main purpose of this thesis was to explore the spontaneous morphological activity 

occurring within Kölliker’s organ during auditory development, in order to identify potential 

origins and mechanisms of cell volume change.  

 

Specific aims 

1. Characterise the changes in Kölliker’s organ tissue during spontaneous morphological 

events and test its presence with age, by observing changes in light transmittance using 

real-time imaging.  

 

2. Investigate the energy requirement and influence of purinergic signalling on these 

spontaneous morphological events within Kölliker’s organ using metabolic depletion 

and purinergic manipulators.  

 

3. Explore the tissue distribution of spontaneous morphological activity, and identify 

potential sites of generators of these events.  
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Chapter 2: 

Common Materials and Methods 

 

Cochlear tissues from young rat pups (at ages defined in each chapter) were used to investigate 

the properties of Kölliker’s organ and its intrinsic spontaneous morphological change. Due to 

the dynamic nature of this spontaneous activity, the use of real-time imaging allowed this 

phenomenon to be studied as it occurred, and was therefore the key technique used in these 

studies. While this section describes general materials and methods commonly used during all 

studies, protocols specific to each study are described in greater detail in the appropriate 

chapters.  

 

2.1 Materials 

2.1.1 Animals 

Wistar rats (Rattus norvegicus) of either sex ranging in age from post-natal day P7 to 16 were 

used for the series of experiments. The presence and location of the large blood vessel in the 

basilar membrane hindered imaging of spontaneous optical changes in very young animals, 

while tissue survivability decreased with age. Therefore, P7-16 was chosen as an acceptable 

age range to study such activity before and after the onset of hearing. Wistar rats were chosen 

as they are a widely used animal model in neuroscience, and a well-established colony was 

available for use. Rats have also been used in the major studies conducted previously on 

spontaneous activity in the developing cochlea (Tritsch et al., 2007), therefore comparisons 

could be made with the current findings. The presence/absence of hearing was tested with a 

crude auditory startle response to a handclap.  All animals were sourced from the University of 

Auckland, Faculty of Medical Health Sciences Vernon Jensen Unit (VJU), where they were 

bred and housed under standard conditions. All procedures and protocols were approved by the 
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University of Auckland animal ethics committee (AEC number R779). Methods were 

optimised to reduce animal usage.  

 

2.1.2 Chemicals and Solutions 

As the organ of Corti is bathed in perilymph under in-vivo conditions (except for its apical 

surface), cochlear tissue was initially imaged while superfused with artificial perilymph. 

Although various perilymph compositions were tested, all solutions resulted in rapid swelling 

of cochlear tissue. Most of the chloride was replaced with lactobionic acid in an attempt to 

reduce swelling, as suggested in previous studies (Emadi, Richter, & Dallos, 2004), without 

any significant success. Therefore, an artificial cerebrospinal fluid (aCSF) composition used by 

Tritsch et al. was tested (Tritsch et al., 2007), and this did not result in any obvious tissue 

swelling for duration of recording (approximately 1.5 hours). Therefore, this aCSF perfusion 

fluid was used to bathe fresh tissue for the duration of all experiments.  

 

aCSF composition for dissection and real-time imaging 

Both stock and working aCSF solutions for dissection and real-time imaging were prepared 

using distilled water. All chemicals used in aCSF were purchased from Sigma-Aldrich (NZ).  

 

Solutions for each experiment were prepared by diluting pre-prepared 10x stock aCSF with 

distilled water. The osmolarity and pH of aCSF used during experiments were tested at least 

once for each new stock solution to ensure they were consistently approximately 290 mOsm 

and 7.4 respectively.  
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pH: ~ 7.4 

Osmolarity: ~ 290mOsm 

Chemical Molecular weight 
(gmol) 

10x Stock concentration 
(M) 

Final working 
Concentration (mM) 

KCl 74.55 0.025 2.5 

NaCl 58.44 1.19 119 

CaCl2.2H20 147 0.025 2.5 

NaH2PO4.H20 137.99 0.01 1 

MgCl2.6H20 203.3 0.013 1.3 

*NaHCO3 84.01 - 26.2 

*Glucose 180.16 - 11 

Table 2.1: Composition of aCSF used for dissection and real-time imaging. 

 

* Chemicals only added to the final working aCSF solution. NaHCO3 was excluded from the 

stock aCSF to avoid precipitation of CaCO3, and glucose was excluded to reduce risk of 

bacterial growth.  

 

Chemicals 

Specific chemicals used to alter/modulate cochlear tissue structure and function are described 

in the appropriate chapters. 
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2.2 Methods 

2.2.1 Tissue Preparation  

Pre-hearing Wistar rats were anaesthetised using carbon dioxide (CO2), and decapitated using a 

guillotine. Cochleae were immediately removed from the temporal bone and placed into ice-

cold aCSF, bubbled with carbogen composed of 95% O2 and 5% CO2, from British Oxygen 

Company (BOC). Finer dissection was carried out following decapsulation: apical turns were 

isolated with the lateral wall and tectorial membrane gently peeled off using Dumont #5 

forceps, and transferred to the imaging chamber. Tissue was left on stage for approximately 10 

minutes to acclimatise, continuously superfused with heated (35°C), carbogen-bubbled aCSF.  

The aCSF was heated both in-circulation, and at the imaging chamber. A temperature probe 

measured the temperature at the imaging chamber, in close proximity to cochlear tissue. A 

Gilson Minipuls3 pump was used to perfuse the chamber at 3 ml per minute. aCSF was re-

circulated from the outlet, back in to bottles containing the control solution. Tissues from the 

apical turns were secured on the stage in a whole-mount position with the reticular lamina 

facing upwards, using a circular harp grid.  

 

2.2.2 Real-time Imaging of Cochlear Tissue 

Intrinsic optical signals (IOS) 

Real-time imaging was used to observe changes in light scattering properties of cochlear tissue, 

which are induced by morphological alterations during the experiments. A broad-spectrum 

beam of light, in this case from a 100W halogen lamp passing through the tissue can be 

modified through reflection, refraction and absorption, providing information about the tissue, 

known as intrinsic optical signals (IOS).  Light scattering which give rise to IOS in biological 

tissue reflect the difference in refractive indices between various tissues. An increase in light 

transmittance is commonly indicative of tissue swelling, as light scattering particles are diluted 

within cells. Conversely, a decrease in light transmittance through tissue can be attributed to 

tissue crenation, resulting in a higher density of scattering particles within cells (Aitken, Fayuk, 

Somjen, & Turner, 1999).   



 

68 
 

Hardware and software 

Images were acquired using a Zeiss Axioskop microscope, coupled to a 12-bit greyscale CCD 

camera (Hamamatsu), and linked to software Imaging Workbench 5.2 (IW5.2) (Indec 

Biosystems). A 63x water immersion Zeiss objective (achroplan, numerical aperture 0.9) was 

chosen for real-time imaging as it provided detail of tissue regions, while still maintaining an 

acceptable field of view (360 µm x 270 µm), containing most important types of cells within 

the organ of Corti and Kölliker’s organ.  All images were recorded under differential 

interference contrast (DIC), with the appropriate 63x prism. A simplified schematic of the live 

tissue imaging system is summarised in Figure 2.1. 

 

Imaging protocol 

Broad-spectrum light travelled through a neutral density filter and condenser, before passing 

through anchored cochlear tissue, and a bandpass filter of 540 ± 25 nm.  During the 10 minute 

acclimatisation period, average pixel intensity within 5 x 20 µm regions of interest (ROI) was 

adjusted to 2000 arbitrary units in order to maintain a consistent dynamic range of light 

intensity between experiments. Following this, an image was captured every 2 or 20 seconds 

(see Chapters 3-5 for specific experiments), with an exposure time of 150 ms, using IW5.2. 

Images were focused on the mid-section of Kölliker’s organ, in order to clearly capture 

changes in cell volume. Binning of 1x1 and gain of 50 was set for all experiments.  
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Figure 2.1: Schematic of the hardware system used for real-time DIC imaging of live 
cochlear tissue. 

Tissue imaging under controlled conditions is illustrated. Direction of aCSF flow is indicated 
through the blue arrows, while light path is outlined in yellow.  

The figure defines the relative positioning of the major equipment, and not their exact locations 
or sizes.  
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2.2.3 Analysis 

Image analysis 

Circular ROI in IW5.2 were placed on the Kölliker’s organ (with the exception of a series of 

experiments in results Chapter 3, which outlined activity in multiple cell types), each with a 

diameter of 20 µm. ROI were maintained in the desired locations throughout the experiment, 

with manual adjustment during small tissue movements. Average raw pixel intensity values 

were collected as .sta files in IW5.2, and further analysed in Microsoft Excel 2010. More 

specific image analysis is discussed in greater detail in the appropriate chapters.  

 

Data analysis 

Raw data were analysed in Excel 2010 in order to extract necessary information from 

recordings. Prior to experimental analysis, a dark current (DC) of 196 (mean pixel intensity 

without a light path to the camera) arbitrary units was subtracted from each ROI. Further 

specific analysis of data can be found in the corresponding results chapters. 

 

Common formula 

Dark current subtraction: 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝 − 𝐷𝐷𝐷𝐷 
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Statistical Analysis 

As majority of data failed the normality test D’Agostino-Pearson, and was composed of small 

sample sizes (n<12), non-parametric analyses were carried out to test the statistical 

significance.  

When comparing light transmittance changes within groups over time, a Friedman test was 

performed with Dunn’s post test to measure the difference of each time point from the starting 

control value. Average changes between two treatment groups were compared using Mann-

Whitney test, and for comparisons of three or more groups, Kruskal-Wallis test was used. 

Quantitative results are displayed as mean +/- standard error of mean (SEM). 

 

𝑚𝑚𝑝𝑝𝑟𝑟𝑖𝑖 =
∑(𝑟𝑟𝑣𝑣𝑝𝑝𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑟𝑟 𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝)

𝑖𝑖𝑣𝑣𝑚𝑚𝑛𝑛𝑝𝑝𝑟𝑟 𝑜𝑜𝑜𝑜 𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑖𝑖
  

 

𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝑝𝑝𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟 (𝑆𝑆𝑆𝑆𝑆𝑆) =  
𝑖𝑖𝑖𝑖𝑟𝑟𝑖𝑖𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝑠𝑠𝑝𝑝𝑣𝑣𝑝𝑝𝑟𝑟𝑖𝑖𝑝𝑝𝑜𝑜𝑖𝑖 (𝑆𝑆𝐷𝐷)

�𝑖𝑖𝑣𝑣𝑚𝑚𝑛𝑛𝑝𝑝𝑟𝑟 𝑜𝑜𝑜𝑜 𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝𝑖𝑖
 

 

 

All graphs with appropriate p-values were also constructed using Graphpad Prism 6. A p value 

of less than 0.05 was considered statistically significant. 
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Chapter 3: 

 Defining Kölliker’s Organ and Spontaneous 

Morphological Activity in The Developing 

Cochlea 

 

3.1 Introduction 

During auditory development in mammals, synchronised groups of epithelial cells in Kölliker’s 

organ exhibit spontaneous morphological changes, which appear as spontaneous crenations 

(Tritsch et al., 2007; Tritsch et al., 2010; Yi et al., 2013). Experimentally, these changes in cell 

morphology can be visualised in real time by measuring the changes in light scattering through 

the tissue using optical imaging techniques (Tritsch et al., 2007). The purpose of these 

spontaneous changes, their mechanisms, and their origin have not been extensively studied. 

Spontaneous currents within Kölliker’s organ cells were clearly found to be associated with 

this morphological activity and it was initially thought to be involved in triggering rhythmic 

depolarisation of the adjacent IHCs and stimulation of the auditory nerve (Tritsch et al., 2007), 

leading to establishing and refining circuits in the central auditory nuclei. However, recent 

evidence suggests that these events within Kölliker’s organ may play more of a modulatory 

role in spontaneous activity generated at the IHCs and neurons, or a role independent of IHC 

activation (Johnson et al., 2011; Sendin et al., 2014). 

As a precursor to further studies regarding the nature of these morphological events, this 

chapter aims to develop real-time imaging approaches to study morphological changes in the 

epithelial cells of Kölliker’s organ in the developing sensory organ of the rat. Once established, 

studies were undertaken to verify the characteristics of these spontaneous morphological 

changes and compare these with results from previous findings. This set up valid baselines 

using our approaches and methods, thus allowing further studies of their origin and 

mechanism. 
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3.2. Materials and Methods 

 

3.2.1. Materials 

3.2.1.1. Animals 

Young Wistar rats (Rattus norvegicus) ranging in age from post-natal day 7 to 16 (P7-16) were 

used to define the spontaneous morphological activity. All animals were sourced from the 

University of Auckland, Faculty of Medical Health Sciences VJU. All procedures and 

protocols were approved by the University of Auckland Animal Ethics Committee. Methods 

were optimised to reduce animal usage.  

 

3.2.1.2. Artificial cerebrospinal fluid (aCSF) solutions 

aCSF for both dissection and real-time imaging was prepared by diluting a 10x pre-prepared 

aCSF stock described in Chapter 2, using distilled water. All chemicals were purchased from 

Sigma-Aldrich (NZ).  

 

3.2.2. Methods for Real-time Imaging 

3.2.2.1. Tissue Preparation 

Wistar rats were anaesthetised using carbon dioxide (CO2), and decapitated using a guillotine. 

The auditory bullae with the cochlea were immediately removed and placed into ice-cold 

aCSF, bubbled with carbogen composed of 95% O2 and 5% CO2 (British Oxygen Company, 

BOC). Following decapsulation, apical and basal turns of the sensory organ (organ of Corti) 

containing Kölliker’s organ were isolated with the lateral wall and tectorial membrane gently 

peeled away with forceps. The cochlear turns were then transferred to the imaging chamber, 

placed in wholemount position and treated as per the protocol described in Chapter 2. Tissue 

was allowed to acclimatise for approximately 10 minutes before imaging and manipulation.  
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3.2.2.2. Real-time Imaging 

Images were acquired using a Zeiss Axioskop microscope and a real-time imaging system with 

differential interference contrast (DIC) optics. Broad-spectrum light from a 100W halogen 

lamp was passed through the sensory organ, and transmitted light was collected using a 63x 

0.9NA water immersion objective (Zeiss), coupled to a 12 bit greyscale CCD camera 

(Hamamatsu).  Images were captured in a 180 µm x 137 µm field of view every 20 seconds 

using Imaging Workbench 5.2 when exploring overall spontaneous activity, and at higher 

resolution (every 2 seconds, in 5 minute slots) when examining components (amplitude, 

frequency, rate) of this activity. Transmitted light intensity was analysed in 5x circular ROI, 

each with a diameter of 20 µm. 

 

3.2.2.3. Subtraction Images  

Since the spontaneous morphological activity causes a change in optical density through 

crenation, a reduction of the transmitted light and darkening of the tissue is expected during an 

event, with its return to baseline values (brightening) during recovery of volume or swelling. In 

order to visually present this, light intensity values (grey scale value) of all pixels within an 

image were subtracted from the previous image (of the previous time point), using ImageJ 

(1.46r) software. 

 

3.2.2.4. Light Transmission Calculations 

In order to quantify morphological events, pixel intensities of one image were subtracted from 

the subsequent image over all time points, resulting in negative values as the cells crenate, and 

a positive value when the tissue recovers (or swells). All calculations were preceded by a dark 

current (DC) subtraction of 196 as stated in Chapter 2. The calculations were made using 

Microsoft Excel 2010.  

In order to calculate characteristics of individual spontaneous optical events, a threshold of 5 

arbitrary units was set to remove noise of unrelated light fluctuations. This value was chosen as 

it was the smallest value that corresponded to visually detectable tissue crenation.  
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Equations used in Microsoft Excel:  

When attributing light transmittance fluctuations to level of spontaneous activity: 

𝐿𝐿𝑝𝑝𝑎𝑎ℎ𝑖𝑖 𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖 (𝐿𝐿𝐿𝐿) 𝑐𝑐ℎ𝑟𝑟𝑖𝑖𝑎𝑎𝑝𝑝 𝑝𝑝𝑖𝑖 𝑟𝑟 𝑅𝑅𝑅𝑅𝐿𝐿 (∆LI) = 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝 − 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑜𝑜𝑣𝑣𝑖𝑖 𝑝𝑝𝑚𝑚𝑟𝑟𝑎𝑎𝑝𝑝 

𝑟𝑟𝑛𝑛𝑖𝑖𝑜𝑜𝑝𝑝𝑣𝑣𝑖𝑖𝑝𝑝 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝 𝑟𝑟𝑖𝑖 𝑟𝑟 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖 =  
∑𝑟𝑟𝑛𝑛𝑖𝑖(𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑟𝑟𝑝𝑝𝑝𝑝 𝑅𝑅𝑅𝑅𝐿𝐿)
𝑖𝑖𝑣𝑣𝑚𝑚𝑛𝑛𝑝𝑝𝑟𝑟 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝐿𝐿

 

𝑚𝑚𝑝𝑝𝑟𝑟𝑖𝑖 𝑟𝑟𝑛𝑛𝑖𝑖𝑜𝑜𝑝𝑝𝑣𝑣𝑖𝑖𝑝𝑝 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑟𝑟 𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑝𝑝 =  
∑(𝑟𝑟𝑛𝑛𝑖𝑖. 𝐿𝐿𝐿𝐿 𝑟𝑟𝑖𝑖 𝑟𝑟𝑝𝑝𝑝𝑝 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖)
𝑖𝑖𝑣𝑣𝑚𝑚𝑛𝑛𝑝𝑝𝑟𝑟 𝑜𝑜𝑜𝑜 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖

 

 

Three point running average to smooth data: 

𝑟𝑟𝑣𝑣𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑎𝑎 𝑟𝑟𝑣𝑣𝑝𝑝𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝 (𝑅𝑅𝑅𝑅) =  
∑(𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑐𝑐𝑣𝑣𝑟𝑟𝑟𝑟𝑝𝑝𝑖𝑖𝑖𝑖 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖 +  𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑜𝑜𝑣𝑣𝑖𝑖 2 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖)

3
 

 

To detect the presence of a spontaneous optical event in data: 

∆𝐿𝐿𝐿𝐿 = 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑐𝑐𝑣𝑣𝑟𝑟𝑟𝑟𝑝𝑝𝑖𝑖𝑖𝑖 𝑅𝑅𝑅𝑅 − 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑜𝑜𝑣𝑣𝑖𝑖 𝑅𝑅𝑅𝑅  

 

If criteria met (∆LI > 5), to calculate amplitude (arbitrary units: u): 

𝑟𝑟𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑣𝑣𝑠𝑠𝑝𝑝 (𝑣𝑣) = min(𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 4 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑟𝑟𝑝𝑝𝑜𝑜𝑟𝑟 𝑖𝑖𝑜𝑜 𝑟𝑟𝑖𝑖𝑠𝑠 𝑟𝑟𝑜𝑜𝑖𝑖𝑝𝑝𝑟𝑟) − max (𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑝𝑝𝑟𝑟𝑝𝑝𝑜𝑜𝑟𝑟 4 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖) 

 

To calculate frequency within a 5 minute recording interval: 

𝑜𝑜𝑟𝑟𝑝𝑝𝑓𝑓𝑣𝑣𝑝𝑝𝑖𝑖𝑐𝑐𝑖𝑖 (𝐻𝐻𝐻𝐻) =
𝑐𝑐𝑜𝑜𝑣𝑣𝑖𝑖𝑖𝑖(𝑖𝑖𝑜𝑜. 𝑜𝑜𝑜𝑜 𝑝𝑝𝑣𝑣𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 𝑖𝑖ℎ𝑟𝑟𝑖𝑖 𝑚𝑚𝑝𝑝𝑖𝑖 𝑐𝑐𝑟𝑟𝑝𝑝𝑖𝑖𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟)

(5 𝑝𝑝 60 𝑖𝑖𝑝𝑝𝑐𝑐𝑜𝑜𝑖𝑖𝑠𝑠𝑖𝑖)
 

To calculate rise time (t1/2) of a spontaneous event, once criteria was met: 

𝑖𝑖1/2 (𝑖𝑖) =
𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑟𝑟𝑖𝑖min 𝐿𝐿𝐿𝐿 𝑖𝑖ℎ𝑟𝑟𝑖𝑖 𝑚𝑚𝑝𝑝𝑖𝑖 𝑐𝑐𝑟𝑟𝑝𝑝𝑖𝑖𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟 − 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑟𝑟𝑖𝑖max 𝑜𝑜𝑜𝑜 𝑝𝑝𝑟𝑟𝑝𝑝𝑜𝑜𝑟𝑟 12 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖

2
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3.2.2.5. Statistical Analysis 

Statistical analyses were undertaken and graphs created using GraphPad Prism 6 as described 

in Chapter 2. As the majority of data failed the D’Agostino-Pearson test for normality, and was 

composed of small sample sizes (n<12), non-parametric analyses were carried out to test the 

statistical significance.  

When comparing light transmittance changes within groups over time, a Friedman test was 

performed with Dunn’s post test to measure differences between time points of data within 

groups. Average changes between groups were compared using the Kruskal-Wallis test. A p 

value of less than 0.05 was considered statistically significant. 

 

3.2.3 Methods for Fluorescence Imaging 

3.2.3.1 Tissue Preparation 

Wistar rats (P7-16) were anaesthetised and cochleae extracted in an identical manner to the 

tissue prepared for real-time imaging. Once the bony capsule was trimmed away exposing soft 

tissue inside, cochleae were placed inside Eppendorf tubes containing 4% paraformaldehyde 

(PFA), and fixed at 4ºC overnight. Tissue was then washed twice in 0.1M phosphate buffered 

saline (PBS) and cochlear turns isolated, before permeabilising with 1% Triton-X for 1 hour at 

room temperature. Cochlear tissue was again washed with PBS, and incubated in 1:600 

Alexa546 phalloidin (1:600 in PBS) for 1 hour, in darkness. Following a washout of phalloidin, 

cochlear turns were mounted on glass slides, using Citifluor (containing 4',6-diamidino-2-

phenylindole: DAPI), coverslipped, and sealed with nail polish.  

 

3.2.3.2 Imaging 

Slides containing cochlear tissue were imaged using fluorescence imaging on Nikon Eclipse 

80i microscope (Japan). Images were captured using NIS-Elements imaging software (Basic 

Research - Japan). The excitation and emission wavelengths for the fluorescence markers are 

displayed in Table 3.1.  



 

77 
 

Stain Excitation Emission 

Phalloidin 488 nm 519 nm 

DAPI 360 nm 460 nm 

Table 3.1: Excitation and emission wavelengths for Phalloidin and DAPI. 

 

3.3. Results 

 

3.3.1. Morphology of Kölliker’s Organ in Wholemount Preparation 

Wholemount preparations of the tissue enabled stable live imaging of large pieces of cochlear 

tissue with the sensory as well as the supporting epithelial regions at the same time. Here the 

morphology was evaluated using both the live imaging system with DIC optics and by 

fluorescence imaging of fixed tissues. For real-time imaging under DIC optics, apical turns of 

developing Wistar rat cochleae were anchored flat on to the recording chamber in the 

wholemount position with the endolymphatic surface uppermost, using circular Harp grids. 

The field of view of imaging was 180µm x 137µm, which allowed the simultaneous imaging of 

IHCs, OHCs, and a large portion of the Kölliker’s organ (Fig. 3.2). Under fluorescence 

imaging, the nuclear stain, DAPI and the actin stain phalloidin helped to identify and evaluate 

the morphology of sensory and non-sensory components of the organ of Corti and Kölliker’s 

organ (Fig. 3.1). These were then compared with the morphology of living tissue using DIC 

real-time imaging (Fig 3.2). Stereocilia were clearly identified on IHC and OHC by phalloidin 

staining (Fig 3.1) and could be also identified using DIC (Fig 3.2), appearing in bundles on the 

surface of the hair cells. The organisation of the endolymphatic surface (the reticular lamina) 

made up of the surface of different cells of the organ of Corti and Kölliker’s organ was clearly 

identifiable (Fig 3.1, 3.2) and the cell bodies of hair cells and supporting cells were distinct and 

showed normal morphology. Overall, the immature organ of Corti retained its morphology and 

organisation throughout the 60-70 min live-imaging period (Fig. 3.2b). Although individual 

hair cells as well as Hensen’s cells can be identified using this real-time imaging technique, 
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Kölliker’s organ appears less well organised and dense, and while cell nuclei were clearly 

identified, the cellular margins were not distinguishable,  meaning individual cells could not be 

identified (Fig. 3.1).  

The angles created by the endolymphatic surface of the organ of Corti limited the ability to 

focus on all cell layers in the same plane, throughout the recording. However, IHC, OHC, and 

the Kölliker’s organ regions were distinctly visible in all acquired real-time images over time 

(Fig. 3.2b). Due to the dense nature of the Kölliker’s organ (also illustrated in Fig 3.1), 

individual cells could not be consistently outlined. On average, Kölliker’s organ was clearly 

imaged spanning approximately 60-70 µm (in-focus epithelial cells medially from the medial 

boundary of IHCs) for earlier age groups studied (P7-8), with ages closer to the onset of 

hearing (P13) containing a Kölliker’s organ spanning approximately 40-45 µm.  
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Figure 3.1: Developing Wistar rat organ of Corti, stained with DAPI and phalloidin. 

A and B: Cells within the organ of Corti stained with phalloidin and C and D: stained with 
DAPI, showing nuclei. E: Merged image showing sensory hair cells (containing stereocilia 
stained with phalloidin), and supporting cells of the developing organ of Corti. HC: Hensen’s 
cells, OHC: outer hair cells, IHC: inner hair cells, KO: Kölliker’s organ. Scale bar (B and C): 
50 µm. Scale bar (A, D, E): 20 µm  
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Figure 3.2 DIC images of a wholemount Wistar rat cochlea, outlining major regions 
identified during recording. 

A: Differential interference contrast (DIC) images of whole-mount P10 cochlear tissue. The 
top three boxes outline major cell types (OHC: outer hair cells, IHC: inner hair cells, KO: 
Kölliker’s organ) visible in the recording window below. B: DIC images from a P11 Wistar rat 
cochlear apical turn, acquired at the start, and after 60 mins in the aCSF during real-time 
imaging. Scale bar: 20 µm.   



 

81 
 

3.3.2. Spontaneous Activity within Kölliker’s Organ 

Consistent with the observations of Tritsch et al. (2007), there were random spontaneous 

changes in light transmittance in a region medial to the IHCs, which were deemed to be due to 

morphological changes in epithelial cells of Kölliker’s organ. This decrease in light 

transmittance allowed visualisation of cell crenation in real-time and could be more easily 

distinguished by subtraction of each subsequent image, which outlined areas that underwent 

such changes in their intrinsic optical properties. An example of this is shown in Figure 3.3, 

which illustrates changes in pixel intensity within regions of cells of Kölliker’s organ. The 

morphological changes appear to occur in clusters roughly circular in shape, but with variable 

size (Fig. 3.3).  

As stated previously, individual cells and their changes during these events could not be 

identified using such imaging, due to the closely packed nature of cells in Kölliker’s organ. 

The events occurred at what appeared to be random locations throughout the length of the 

region of Kölliker’s organ that could be imaged. The appearance of spontaneous morphological 

events with real-time DIC imaging is outlined in Figure 3.4. During a spontaneous event, cell 

crenation becomes evident due to the transient darkening of regions within the tissue. 

Qualitatively, this darkening occurs rapidly, while recovery appears to require a longer period 

of time (Fig. 3.4).  
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Figure 3.3: Examples of subtraction between images taken 20 seconds apart, isolating 
regions of spontaneous morphological change. 

Pixel intensities of each image from a P10 rat were subtracted from the previous image, in 
order to present tissue crenation (and darkening) as a positive change. A: An example of the 
subtraction process of two images, taken 20 s apart. B: Examples of spontaneous events. The 
dotted circles indicate regions of spontaneous morphological changes, which lead to changes in 
light transmittance. Scale bars: 20 µm.  
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Figure 3.4: Changes in light transmittance and DIC images of cochlear tissues, from four 
Wistar rats, undergoing a spontaneous morphological event. 

Differential interference contrast (DIC) imaging of whole-mount cochlear tissue from the 
apical turns from four rats (1: P9, 2-4: P10) before (0s), during (20s), and following (120s) a 
spontaneous crenation event. Changes in pixel intensities were analysed in the oval ROI 
outlined in each image, and displayed on the left of each corresponding row of figures. 
Examples of areas of crenation are demarcated and indicated with white arrow-heads. IHC: 
inner hair cells; KO: Kölliker’s organ. Scale bars: 20 µm. 
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3.3.3. Specificity of Morphological Activity 

Light transmittance through wholemount apical turns was recorded and analysed within five 

different ROIs in real-time. Spontaneous morphological activity was observed through changes 

in optical properties in the tissue, in images captured once every 20 seconds. Light 

transmittance was measured as the average pixel intensity within a ROI (as shown in Fig. 3.4). 

Results show both fluctuations in pixel intensity over time (the change in pixel intensity from 

the image recorded 20 seconds prior to itself), and the average absolute fluctuations in light 

intensity between images during the entire recording. These fluctuations reflect the 

spontaneous alterations in morphological state of cells in the ROI during the recording. 

 

3.3.3.1. Changes to light transmittance fluctuations with age 

As shown in Figure 3.5, the average magnitude (arbitrary intensity units) of the optical events 

(fluctuations between images) is much greater in the pre-hearing animals and this is 

substantially and significantly (p < 0.05, Kruskal-Wallis test) reduced in P15-16 animals, 

which is an age when the cochlea is capable of detecting airborne sound (i.e. ‘hearing onset’). 

There was also a trend towards an increase in optical events from P7-8, to the ages of P9-13, 

but this was not significant. Recording of optical changes of such small magnitude in tissues 

from these younger age groups (P7-8) was often hindered by the large blood vessel of the 

basilar membrane, and red blood cell movement causing changes in light transmittance. As this 

was more prominent in younger animals, only those tissues without red blood cell interference 

were imaged and analysed, decreasing the number of viable recordings, which may have 

affected the variability.  

The relatively large changes in spontaneous activity observed as events in Kölliker’s organ of 

pre-hearing rats, appears to be specific to this time of development, which is further validated 

by the absence of light transmittance fluctuations over time and low level background 

fluctuations in hearing animals (Fig. 3.5b and c) 
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Figure 3.5: Age specificity of spontaneous morphological events.  

A: Average of absolute fluctuation in light transmittance of cells in apical turns from Kölliker’s  
organ in post hearing-onset group of Wistar rats (P15-16; n = 4), P9-10 (n = 7) and P11-13 (n = 
6), P7-8 (n = 3). Values displayed as mean ± SEM. B: Example of light fluctuations from a 
pre-hearing (P9) rat. C: Example of light fluctuations from a hearing rat (P16) showing a much 
reduced level of fluctuation in light transmittance. Pixel intensity values are arbitrary values 
derived from Imaging Workbench 5.2. *p < 0.05 (Kruskal-Wallis test).  
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3.3.3.2. Fluctuations in light transmittance of various cell types of the developing 

organ of Corti 

Fluctuations in optical properties and related changes in light transmittance of pre-hearing 

cochleae were mainly localised to cells of the Kölliker’s organ (Fig. 3.6). The Kölliker’s organ 

significantly (p < 0.05, Kruskal-Wallis test) showed the greatest average change in light 

transmittance, with a mean fluctuation of 4.85 ± 0.37 arbitrary units between each 20 second 

image capture. Such optical activity also appeared to be present in the IHC (Fig 3.6c) region, 

however these events were substantially smaller (2.62 ± 0.28 arbitrary units). Given the 

circular shape of the ROI used, and the proximity of the Kölliker’s organ to IHCs, it is possible 

these fluctuations were the actions of cells within the Kölliker’s organ (particularly the cells 

which surround the IHCs). ROIs containing OHC (which may also contain portions of Deiter’s 

cells) and Hensen’s cells (Fig. 3.6d and e) showed minimal fluctuations (1.13 ± 0.09 and 1.25 

± 0.077 average arbitrary units respectively) in light transmittance. However, it should be noted 

that more Kölliker’s organ tissue was analysed relative to other tissues as only a portion of the 

captured images contained all other cell types within the imaging window.  
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Figure 3.6: Cell specificity of spontaneous morphological events. 

Spontaneous fluctuations in optical density (measured as changes in light transmittance 
between consecutive recordings) are most pronounced in the Kölliker’s organ (p < 0.05, 
Kruskal-Wallis test). A: Average fluctuations in light transmittance of various regions of organ 
of the Corti. B: Example of light fluctuations from Kölliker’s Organ (KO: n = 16). C: Example 
of light fluctuations from inner hair cells (IHC: n = 6). D: Example of light fluctuations from 
outer hair cells (OHC: n = 6). E: example of light fluctuations from Hensen cells (HC: n = 6). 
Pixel intensity values were measured for two hours, and are arbitrary values taken from 
Imaging Workbench 5.2.   
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3.3.4. Characteristics of Spontaneous Optical Events in the Apex and 

Base of the Cochlea 

In order to analyse characteristics of individual events in more detail, the temporal resolution 

of the real time recording was increased to capture an image every 2 seconds. The separate 

spontaneous events within Kölliker’s organ were then isolated (as specified in the Methods), 

and the amplitudes, frequencies, and rate of change were analysed (Fig. 3.7). Characteristics 

were compared between tissue from apical and basal ends of the cochlea in order to determine 

any graded responses that may already be present in the apical-basal axis. Due to its delicate 

nature and adherence to the surrounding bony capsule, dissections of tissue in the basal end of 

the cochlea led to a greater number of mechanically damaged organ of Corti explants, which 

limited the final number of available tissue samples. With this caveat the following results 

outline a comparison of tissue from the apical and basal regions of the cochlea. 

 

3.3.4.1. Average change in light transmittance 

Figure 3.7 outlines the average change in pixel intensity of spontaneous optical events (as 

determined by the thresholding technique described in the Methods) within Kölliker’s organ in 

both the apical and basal turns. Although a small difference was observed in pixel intensity, 

this was not statistically significant. Furthermore, this difference between apical and basal 

components of the cochlea was not maintained consistently during the 95 minute trials (Fig. 

3.8), but rather fluctuated in both ends of the cochlea.  Therefore, amplitudes of spontaneous 

optical events from the apical and basal ends were considered to be indistinguishable for these 

recordings.   

 

3.3.4.2. Average frequency of events 

The number of events which met threshold requirements during the 5 minute recording 

intervals were counted (total recording time 25 minutes per trial), and converted to number of 

events/second (Hz). Much like event amplitudes, the average frequencies of spontaneous 

events appeared to be of similar values between apical and basal portions of the developing 
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cochlea (Fig. 3.7. apex: 0.0160 ± 0.0033 Hz, base: 0.0170 ± 0.0004 Hz). However, cells from 

the basal end were spontaneously active at a significantly (p < 0.05, Mann-Whitney test) higher 

rates during the initial 5 minutes of recording (Fig. 3.8), suggesting the apical turn tissue took 

longer to acclimatise to the in vitro conditions. This difference did not occur in the recordings 

from 20 minutes onwards. Interestingly, there was a significant (p < 0.05, Friedman with 

Dunn’s post-test) increase in frequency between the start and end of trials in the apical turn 

tissue.    

 

3.3.4.3. ‘Rise time’ (t1/2) of morphological events  

The rate of change in pixel intensity within the Kölliker’s organ was determined with the time 

taken to reach half the maximum darkening for each event. Kölliker’s organ tissue from both 

apical and basal ends revealed a similar ‘rise time’ (t1/2) (Fig 3.7: apex: 3.20s ± 0.12s, and base: 

3.20s ± 0.00033s). The values for rise time remained similar for both apical and basal regions 

of the cochlea during the majority of the recording, with a small separation during the final 5 

minutes (Fig. 3.8).  
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Figure 3.7: Characteristics of spontaneous morphological events in apical and basal 
regions of the Kölliker’s organ. 

Spontaneous optical events were recorded every 2 seconds, in order to measure the 
characteristics of optical events in both apical (n = 10) and basal (n = 2) ends of developing 
(P9-11) Wistar rat cochleae. Arrowheads indicate a reduction in transmittance (darkening) that 
would be considered as an event. The average amplitude, frequency of occurrence, and time 
taken to reach half the maximum amplitude was measured. Pixel intensity values are arbitrary 
values derived from Imaging Workbench 5.2, and displayed as mean ± SEM.   
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Figure 3.8: Changes to characteristics of spontaneous morphological events in apical and 
basal regions of the Kölliker’s organ over time. 

Spontaneous optical events were recorded every 2 seconds, in order to measure the 
characteristics of optical events in both apical (n = 10) and basal (n = 2) ends of developing 
(P9-11) Wistar rat cochleae, over time. The average amplitude, frequency of occurrence, and 
time taken to reach half the maximum amplitude was measured during 5 minute recording 
intervals, with a total trial run time of 95 minutes. Pixel intensity values are arbitrary values 
derived from Imaging Workbench 5.2. *compared between apex and base (p < 0.05 Mann-
Whitney test). #Apex values compared between start and end recordings (p < 0.05, Friedman 
with Dunn’s post-test)  
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3.4 Discussion 

Studies presented in this chapter verified previous observations (Tritsch et al., 2007; Tritsch et 

al., 2010) of spontaneous morphological events that occur specifically within the Kölliker’s 

organ of pre-hearing rats. Protocols for stable whole-mount preparations were developed 

following the study of Kölliker’s organ structure, and baseline measurements of the 

characteristics of these events were established using our methodology. Morphological change 

(crenation) during an event was visualised as a darkening, and recovery or swelling as a 

brightening of the tissue using DIC images taken over time. Significantly higher levels of 

activity were recorded in Kölliker’s organ of pre-hearing rats, but no significant difference was 

observed in the characteristics of spontaneous events between basal and apical ends of the 

cochlea. 

 

3.4.1. Establishing Whole-mount Preparations of Cochlear Tissue 

During the initial stages of method development, attempts were made to maintain live organ of 

Corti tissue in an artificial perilymph in order to mimic physiological conditions. Although 

multiple perilymph compositions were tested, all solutions resulted in tissue swelling. 

Furthermore, due to the delicate nature of cochlear tissue, and its tight association with 

surrounding bone, live organ of Corti cross-sections could not be maintained and imaged. In 

contrast, wholemount preparations maintained the integrity of the developing sensory organ 

while providing large regions of tissue for imaging. When placed in the artificial cerebrospinal 

fluid (aCSF) as undertaken by  Tritsch et al., (2007), wholemounts of the sensory tissues were  

maintained with good morphology throughout the imaging period (see Fig. 3.2b). This 

approach was therefore chosen for the studies which followed.   

The studies in this chapter established reliable methods for investigating spontaneous 

morphological events while verifying and similarly characterising the observations in the 

Kölliker’s organ reported in previous studies by Tritsch and colleagues (2007). Comparable 

morphological events were imaged in this study through changes in light transmittance, though 

its frequency was calculated to be between 0.016 ± 0.003 Hz, which is lower than values 

(0.034 ± 0.003 Hz) reported by Tritsch et al. ( 2007). This is likely due to a higher threshold for 
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crenation set in our studies. As described in the methods, this threshold was set in order to 

remove noise and isolate events that were clearly visible using our DIC optical setup. 

Additionally, experiments in this study was conducted at 35ºC, while the earlier studies were 

carried out at ambient (22-24ºC) temperatures.   

 

3.4.2. Visualisation of Kölliker’s Organ in Wistar Rats 

Kölliker’s organ structure was visualised in real-time through DIC imaging. A comparison was 

made with light microscopy, and fluorescence microscopy of fixed tissue by using DAPI 

(nuclear stain), and phalloidin (actin stain) to identify cells and evaluate the quality of the 

tissue. All techniques confirmed earlier observations, revealing the compact nature of 

Kölliker’s organ (Hinojosa, 1977). The real-time imaging in this series of experiments was not 

capable of providing consistent information about changes in individual cells of Kölliker’s 

organ, as seen in Figures 3.1 and 3.2. Due to this, real-time imaging of the developing organ of 

Corti focused on analysis at a tissue level, isolating Kölliker’s organ region from other cell 

types. The morphological appearance of the tissues medial to the IHC were consistent with 

other reports of Kölliker’s organ cells and so in subsequent experiments using DIC imaging, 

Kölliker’s organ was defined as epithelial cells lying medially from IHCs that could be clearly 

imaged (spanning approximately 60 µm).   

 

3.4.3. Hearing Onset and Intrinsic Activity 

The ages of the Wistar rat pups used in this study roughly corresponded to those where the 

greatest rate of developmental changes have been observed in the rat cochlea (P8-12) in past 

studies (Roth & Bruns, 1992a, 1992b). As the ‘onset of hearing’ occurs at approximately P12-

14 in rats (Jewett & Romano, 1972), ages of P15-16 were chosen as hearing ages, at which the 

spontaneous activity was expected to disappear (Tritsch & Bergles, 2010a). As expected, 

fluctuations in pixel intensity (representing spontaneous morphological events) diminished 

significantly in these hearing animals. The Kölliker’s organ begins to diminish following the 

onset of hearing, but because this occurs later in the apex of the cochlea, Kölliker’s  organ was 
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still present in the apical turns where observations were mainly made in this study. As the 

cochlea develops from base to apex, tall columnar cells of Kölliker’s organ are replaced by 

cuboidal cells in the same gradient (Hinojosa, 1977; Cole & Robertson, 1992). Additionally, 

Hinojosa (1977) revealed that this process may continue for 4 weeks in cats, suggesting the 

presence of some remnants (e.g. columnar epithelial cells) of Kölliker’s organ beyond the time 

where it ceases to display spontaneous morphological activity. 

Interestingly, although inward currents in epithelial cells of Kölliker’s organ significantly 

decrease in older rats following the onset of hearing (Tritsch & Bergles, 2010a), and 

morphological events were shown to diminish in both that and the current study, both 

morphological changes and currents have been observed in post-hearing ages in response to 

externally applied ATP (Tritsch et al., 2010). Similarly, Ca2+ currents which they found to be 

associated with spontaneous activity were also minimal following the onset of hearing, but 

could be induced with ATP (Tritsch & Bergles, 2010a). Together, these results suggest that the 

decrease in spontaneous events following hearing onset is likely due to a reduction in ATP 

release, rather than a reduction in purinergic receptor expression.   

In the present study, there was a small increase in morphological activity between the ages of 

P7-8 and P9-10. Although this difference was not significant, possibly due to the small sample 

size at this age, it is consistent with the similar increase in activity from early (P0-4) to late 

(P7-10) pre-hearing animals observed by Tritsch et al. (2010). While they grouped together 

animals from P7-10, the small differences in spontaneous activity with increasing age (Fig. 

3.5) suggests that perhaps morphological activity within Kölliker’s organ gradually increases 

during these pre-hearing ages, to peak at approximately P9-10. The presence of spontaneous 

inward currents from birth (Tritsch et al., 2010), and a delayed development of morphological 

events (Fig. 3.5), suggests a delayed development of the mechanisms required to bring about 

cell volume change associated with the morphological events. The observation of spontaneous 

ATP-dependent inward currents within Kölliker’s organ at early post-natal stages (Tritsch & 

Bergles, 2010) also implies that this delay in developing morphological activity is not due to an 

absence of ATP release (contrary to the mature cochlea), or a lack of purinergic receptor 

expression. In contrast, their studies showed that Ca2+ currents also developed with age, 

indicating a strong link with these morphological events (Tritsch & Bergles, 2010). 
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Expression of both P2X and P2Y receptors have been shown to be dynamic during pre-hearing 

stages of development (Galindo et al., 2013; Housley et al., 1999; Huang et al., 2005, 2010). 

Therefore, different subtype expression throughout Kölliker’s organ may be involved with the 

development of spontaneous inward currents, Ca2+ currents, and morphological events. 

Additionally, these dynamic changes in P2 receptor expression (see Chapter 1 for more detail) 

suggests their involvement in the critical period of auditory development, prior to the onset of 

hearing.  

 

3.4.4. Cell Specificity of Spontaneous Events 

Light fluctuations of major cell types within the developing Wistar rat organ of Corti were 

measured in order to test the specificity of spontaneous morphological changes. Although the 

highest level of optical changes were localised to Kölliker’s organ, it was not exclusive to this 

region, with IHCs demonstrating a lower level of spontaneous activity. However, these 

fluctuations may be due to the circular ROI used, which would encompass both IHCs and 

portions of supporting cells/ Kölliker’s organ in its vicinity. The absence of activity in OHCs 

and Hensen’s cells (and likely IHCs) could be due to an absence of ATP release, P2 receptor 

expression, cellular machinery, or a combination of these factors required for cell volume 

change.  

A number of P2X and P2Y receptor subtypes have been identified in sensory and non-sensory 

cells throughout the organ of Corti during early developmental stages (Huang et al., 2010; Ito 

& Dulon, 2010), suggesting that the absence of P2 receptors is unlikely to be responsible for 

variations in spontaneous activity specificity in the different regions of the developing sensory 

tissue. However, spatio-temporal changes in P2 receptor expression within the developing 

cochlear tissues has been observed during post-natal ages (Huang et al., 2005; Nikolic et al., 

2001), and a detailed correlation of receptor expression with the location of spontaneous events 

as described here is needed to confirm this. It should also be noted that although exogenous 

application of ATP can generate Ca2+ waves in Hensen’s cells of the mature cochlea (Gale et 

al., 2004), such events in these cells are  not observed spontaneously (Tritsch et al., 2007), and 

cell volume changes were not visible. Together, these results suggest that only cells within 

Kölliker’s organ spontaneously release ATP, and contain unique processes or machinery which 
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allows them to change in volume in response to P2 receptor activation. However, not all of 

these events appear to be under P2 receptor regulation as spontaneous morphological events 

have been occasionally observed in phalangeal cell processes, but these were not associated 

with ATP signalling (Tritsch & Bergles, 2010; Tritsch et al., 2010). 

 

3.4.5. Tonotopic Differences 

In this series of experiments, no significant differences in spontaneous morphological events 

were observed between apical and basal ends of the Kölliker’s organ in developing Wistar rat 

cochlea (Fig. 3.7 and 3.8). These results support previous observations by Tritsch et al. (2010), 

which showed the random nature of spontaneous morphological events in the tonotopic axis. 

However, Johnson et al. (2011) demonstrated distinct spontaneous electrical firing patterns in 

IHCs of the apex and base of rodent cochlea. In their work, spontaneous firing at apical ends 

showed a more burst-like pattern, while basal cells maintained a sustained firing pattern 

(Johnson et al., 2011). Since Johnson et al. (2011) did not simultaneously study patterning of 

spontaneous morphological events within Kölliker’s organ, it is possible that the tonotopic 

differences observed may be limited to spontaneous currents within IHCs. Together, these 

studies suggest the possibility of independent or turn specific mechanisms for the generation of 

spontaneous currents, and morphological events.  

It is important to note that since the cochlea is known to develop first in the base and progress 

to the apex (Remy Pujol & Marty, 1970), and spontaneous morphological events show age-

dependant changes (Fig. 3.5), some difference may be observed between the base and apex. 

Apical turns were therefore chosen as a consistent representative sample of developing cochlea 

for the studies discussed in Chapters 4 and 5 due to their stability under the experimental 

conditions.  
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3.5 Conclusions 

Kölliker’s organ can be viewed as a tightly packed group of epithelial cells, immediately 

medial to IHCs. Due to its dense nature, individual cells could not be identified during real-

time imaging which was necessary in order to study the dynamic changes in cell volume. The 

phenomenon of spontaneous morphological activity within Kölliker’s organ was imaged using 

fluctuations in light transmittance as an indicator. These spontaneous events peaked at ages 

immediately prior to the ‘onset of hearing’, and disappeared soon after. The fluctuations in 

pixel intensity were mostly limited to the Kölliker’s organ in random locations along the length 

of the tissue, with no significant difference observed along its tonotopic axis. The studies here 

verified previous observations of spontaneous morphological events, and provided a base for 

imaging spontaneous morphological events within Kölliker’s organ, allowing the subsequent 

chapters to demonstrate the results of its manipulation. 
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Chapter 4: 

Energy Dependency and P2 Receptor Signalling 

in the Generation of Spontaneous Morphological 

Activity in Kölliker’s Organ 

4.1. Introduction 

In the previous study (Chapter 3), methods were developed to enable investigations of the 

characteristics and origins of the spontaneous morphological activity occurring in Kölliker’s 

organ of the developing cochlea. Those studies verified earlier observations by Tritsch et al. 

(2007, 2010), while also providing a baseline for further investigations of the mechanisms and 

origins of the spontaneous morphological events.  

There is clear evidence that these spontaneous events within Kölliker’s organ are regulated by 

extracellular ATP through activation of P2 receptors (Tritsch et al., 2007). Spontaneous 

activity is stimulated by P2 receptor agonists, and inhibited by P2 antagonists (PPADS and 

suramin) and the ATP hydrolysing enzyme apyrase. It was suggested from these studies that 

the crenation by ATP activation of P2X receptors could follow from the influx of ions such as 

Na+ and Ca2+ (Burnstock and Knight, 2004), while P2Y receptor activation would result in the 

production of IP3 and a release of intracellular Ca2+ stores (Abbracchio et al., 2006). There is 

good evidence of P2 receptor expression (particularly P2Y4) in the Kölliker’s organ region 

(Huang et al., 2010), but the subtype expression is quite dynamic during development, so the 

specific subtypes involved in this activity is not yet clear. Ectonucleotidases are also expressed 

in these tissues (O’Keeffe et al., 2010) and would be responsible for regulating endogenous 

extracellular ATP concentrations, but their influence in the production of activity is not known. 

Because of the enzyme kinetics these could also influence the timing of this spontaneous 

activity by affecting the kinetics of ATP degradation. Of particular interest also is how the 

rhythmic pattern is generated and whether this is associated with a specific group of cells or the 
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entire Kölliker’s organ. Assuming the crenation is a function of ion fluxes across the cell 

membrane, how volume would be restored in a rhythmic fashion is unknown. Thus, although 

the phenomenon of spontaneous morphological activity in Kölliker’s organ seems well 

established in the rat (the current study and Tritsch et al., 2007, 2010), there are still many 

questions regarding the origins, mechanisms and role of this activity in development of the 

organ of Corti.     

Studies in this chapter were thus undertaken to further explore the energy dependency, and 

particularly the role played by extracellular ATP as a signalling molecule in initiating and 

maintaining the spontaneous activity. To look at the energy dependency on rhythmicity and 

influence of ATP release, morphological events within Kölliker’s organ were investigated 

during oxygen and glucose deprivation (OGD) of cochlear tissue, which minimises ATP 

production by removing vital metabolic components necessary for aerobic respiration 

(Milusheva et al., 1996). This was combined with the re-introduction of ATP signalling 

through controlled application of P2 receptor agonists, to investigate the role of extracellular 

ATP and ectonucleotidases on the spontaneous crenation. Using this approach, the role of ATP 

metabolism and ectonucleotidase activity in the generation of spontaneous activity, as well as 

the characteristics affected (established in Chapter 3) were investigated.  

The overall aim of the studies presented in this chapter is therefore to explore the aspects of 

energy dependency, and the involvement of ATP signalling pathways in generating and 

regulating spontaneous morphological changes within cells of Kölliker’s organ. 

 

4.2. Materials and Methods 

4.2.1. Materials 

4.2.1.1. Animals 

Young Wistar rats ranging from post-natal day 9-11 were used in this study. The age range was 

consistent with the study in the previous chapter, which showed a high rate of spontaneous 

morphological activity at this stage of development, with less hindrance from the presence of 
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the blood vessel in the basilar membrane. P9-11 rats were selected as pre-hearing animals, 

qualitatively lacking an auditory startle response. Further detail regarding animal use can be 

found in Chapter 2. 

 

4.2.1.2. Artificial cerebrospinal fluid (aCSF) solutions 

Control aCSF 

Artificial cerebrospinal fluid (aCSF) for both dissection and real-time imaging was prepared by 

diluting a 10x stock (composition described in Chapter 2), using distilled water. All chemicals 

were purchased from Sigma-Aldrich (NZ).  

 

Oxygen-glucose deprivation (OGD) aCSF: 

aCSF was altered to deplete aerobic energy production in cells by using OGD. Glucose in the 

OGD solution was replaced by sucrose to maintain osmolarity of the solution. The differences 

in the control and OGD aCSF solutions were as follows: 

treatment Gas mixture Glucose (mM) Sucrose (mM) 

Control 95% O2,  5%CO2 11 - 

OGD 95% N2,  5%CO2 - 11 

Table 4.1: Differences in aCSF composition between control and OGD solutions.  

 

4.2.1.3. Chemicals for purinergic manipulation 

Adenosine 5′-[γ-thio]triphosphate tetralithium salt (ATPγS) 

MW: 546.98 gmol-1 

Each 5mg vial of powdered ATPγS was dissolved in 200µL of autoclaved Milli-Q water in 

order to make stock solution of 45.7 mM, which was stored at -20ºC, and thawed before use. 
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Stock solutions were diluted 457x to 100 µM working concentrations, using aCSF. ATPγS was 

purchased from Santa Cruz Biotechnology, Inc. (CA, USA).  

 

Adenosine-5′-triphosphate disodium salt hydrate (ATP) 

MW: 551.14 gmol-1 

Stock solutions of ATP were prepared at 90.72 mM in autoclaved Milli-Q water, stored at -

20ºC, and thawed before use. A working concentration of 100 µM was achieved by diluting 

stock aliquots 907x in aCSF. ATP was purchased from Sigma-Aldrich (NZ). 

 

Suramin sodium salt 

MW: 1429.17 gmol-1 

Suramin was used as a broad spectrum P2 receptor antagonist, and its powder form was 

dissolved in autoclaved Milli-Q water to produce stock aliquots of 35 mM, which were stored 

at -20ºC, and thawed before use. Stock solutions were diluted 233x to 150 µM working 

concentrations, using aCSF. Suramin was purchased from Sigma-Aldrich (NZ).  

 

Adenosine 

MW: 267.24 gmol-1 

Adenosine was directly dissolved in aCSF in order to produce a working concentration of 100 

µM (1.34 mg in 50 mL). Adenosine was purchased from Sigma-Aldrich (NZ). 

Adenosine 5’-monophosphate sodium salt (AMP) 

MW: 347.22gmol-1 

AMP powder was directly dissolved in aCSF in order to produce a working concentration of 

100 µM (1.74 mg in 50 mL).  AMP was purchased from Sigma-Aldrich (NZ). 
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4.2.2. Methods 

4.2.2.1. Tissue preparation 

Apical turns were isolated as described in Chapter 2, and anchored to the imaging chamber, 

and superfused with carbogen-bubbled aCSF, at 35°C. Tissue was allowed to acclimatise for 

approximately 10 minutes before imaging and manipulation. Experimental conditions were 

altered by switching solutions via a three-way tap.  

 

4.2.2.2. Real-time imaging and data collection 

Light transmittance of images collected from apical turns were analysed in 5 regions of interest 

(ROI) every 20 seconds when exploring overall light intensity changes and spontaneous 

activity, with higher resolution recordings (every 2 seconds, in 5 minute epochs) when 

examining characteristics (amplitude, frequency, rate) of this spontaneous activity in more 

detail. 

 

4.2.2.3. Oxygen-glucose deprivation (OGD) 

Solutions were switched from control aCSF, to one with the OGD composition via a three-way 

tap. Cochlear tissue was superfused with OGD solution for 20-60 minutes depending on the 

study, and imaged every 2 or 20 seconds. Reperfusion with control aCSF was established 

following each OGD exposure.  

Detailed information regarding specific timing of OGD, chemical exposures, and recording 

periods are outlined in each figure in the results.   

 

4.2.2.4. Calculations 

Dark current subtractions were made preceding all other calculations, as mentioned in Chapter 

2. All calculations were made using Microsoft Excel 2010. Basic calculations regarding light 

intensity changes are identical to those described in Chapter 3. Single spontaneous 
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morphological events were also detected and characteristics analysed using the same formula 

as described in Chapter 3. 

 

The following are additional formulae to this chapter:  

Running average in order to smooth out data and observe overall changes: 

𝑟𝑟𝑣𝑣𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑎𝑎 𝑟𝑟𝑣𝑣𝑝𝑝𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝 (𝑅𝑅𝑅𝑅) =  
∑(𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑝𝑝𝑟𝑟𝑝𝑝𝑣𝑣𝑝𝑝𝑜𝑜𝑣𝑣𝑖𝑖 30𝑝𝑝 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖)

30
 

 

Overall changes in LI: 

𝑖𝑖𝑜𝑜𝑟𝑟𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑠𝑠 𝐿𝐿𝐿𝐿 =
𝐿𝐿𝐿𝐿 𝑟𝑟𝑖𝑖 𝑖𝑖𝑝𝑝𝑚𝑚𝑝𝑝 𝑝𝑝𝑜𝑜𝑝𝑝𝑖𝑖𝑖𝑖

𝑟𝑟𝑣𝑣𝑝𝑝𝑟𝑟𝑟𝑟𝑎𝑎𝑝𝑝 𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑜𝑜𝑝𝑝𝑟𝑟𝑖𝑖𝑖𝑖 300𝑖𝑖 𝑜𝑜𝑜𝑜 𝑟𝑟𝑝𝑝𝑐𝑐𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑖𝑖𝑎𝑎
 

 

4.2.2.5. Statistical analysis 

Statistical analyses were undertaken and graphs created using GraphPad Prism 6 as described 

in Chapter 2. As the majority of data failed the D’Agostino-Pearson normality test and were 

drived from small sample sizes (n < 12), non-parametric analyses were carried out to test for 

statistical significance. 

When comparing light transmittance changes within groups over time, a Friedman test was 

performed with Dunn’s post hoc test. Average changes between two treatment groups were 

compared using a Mann-Whitney test, and for comparisons of three or more groups, Kruskal-

Wallis test was used. Quantitative results are displayed as mean ± standard error of the mean 

(SEM). A p value of less than 0.05 was considered statistically significant. 



 

104 
 

4.3. Results 

4.3.1 Effect of Oxygen and Glucose Deprivation (OGD) on Spontaneous 

Morphological Activity 

In order to study spontaneous morphological events over time, light through the thickness of 

whole-mounts of the organ of Corti from apical turns was measured every 20 seconds for 100 

minutes. During each recording, tissue was exposed to 60 minutes of ATP depletion through 

OGD, with the intention of establishing the dependence of spontaneous events on ATP 

production. Spontaneous morphological activity was analysed through fluctuations in pixel 

intensity within ROI placed over Kölliker’s organ. As the ROI were kept constant, the 

magnitude of pixel intensity changes (amplitudes) indicates a combination of the area of 

morphological activity, and the extent of crenation.   

The amplitude changes were averaged across all ROI within Kölliker’s organ, and their 

absolute values used to create a 30-point running average, which was then normalised to the 

starting value (10 minute control period). These data are summarised in Fig.4.1a, which 

illustrates a significant decrease (p < 0.05, Mann-Whitney test) in the extent of morphological 

events with OGD (individual trials are shown in Fig. 4.1e). The 60 minutes of ATP depletion 

did not appear to cause permanent changes to cellular processes involved in this volume 

change, as the level of activity returned to control levels upon reperfusion.  

The reduction in activity could be seen more markedly by observing changes in light 

transmittance of each ROI with each new image. These fluctuations in pixel intensity 

dramatically disappeared during the OGD period (Fig. 4.1c). In contrast, activity within 

Kölliker’s organ exposed to control aCSF appeared to be maintained (Fig. 4.1b), though at 

variable levels (Fig. 4.1d). This activity increased slightly over time, which resulted in a 

significantly higher level of activity (p < 0.05, Friedman’s test, and Dunn’s post hoc test) 

during the final minutes, when compared to starting values (Fig. 4.1a). 
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Figure 4.1:  Response of Kölliker’s organ light transmittance fluctuations to oxygen-
glucose deprivation (OGD). 

Average changes (mean ± SEM)  in spontaneous optical activity outlining differences between 
control and OGD treated Kölliker’s organ (A), with individual levels of spontaneous optical 
activity in control (D: n = 16), and OGD treated tissue (E: n = 6). Spontaneous optical 
fluctuations in a P10 Wistar rat Kölliker’s organ recorded under control conditions (B) and a 
P10 rat exposed to 60 minutes of OGD (C) show the reduction in spontaneous activity. Shaded 
red areas indicate period of OGD exposure. *p<0.05 (between groups: Mann-Whitney test). 
#p<0.05 (over time within group:  Friedman’s test and Dunn’s post-test). 
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4.3.2. Changes to Characteristics of Spontaneous Activity During OGD 

To analyse individual morphological events and changes in their characteristics during OGD, 

the temporal resolution of the recording was increased to capture an image every 2 seconds. 

The events were then isolated (as specified in Chapter 3), with the amplitudes, frequencies, and 

rise times analysed for control and OGD treatments. Two shorter periods of OGD were 

introduced to investigate the sensitivity and reversibility of the effect of ATP depletion on 

these spontaneous events. Due to the large amounts of data and file sizes, only the final 5 

minutes of each treatment phase was recorded and analysed. 

 

Amplitude changes 

Figure 4.2a outlines the average pixel intensity decrease during spontaneous morphological 

events in Kölliker’s organ at each 5 minute recording interval. Greater pixel intensity reduction 

represents a greater crenation of epithelial cells and a possibly a large area of activity. As 

expected, at the end of the first control period, no difference between the control and OGD 

groups was observed. However, during the last 5 minutes of the first 20 minute OGD exposure, 

the amplitude of spontaneous optical events significantly decreased (p < 0.05, Mann-Whitney 

test). These values returned to that of baseline in the first reperfusion, and did not significantly 

change again for the duration of the recordings.  

 

Frequency changes 

There was no difference in the frequency of spontaneous optical events between the control 

and OGD treatment group during the initial control phase (0-5min) (Fig. 4.2b). However, the 

frequency of events decreased significantly (p < 0.05, Mann-Whitney test) during the final 5 

minutes of the first OGD phase. This effect was reversible, as activity returned during 

reperfusion, reaching frequencies that were significantly higher than control tissue (p < 0.05, 

Friedman’s test, and Dunn’s post hoc test). These effects were replicated in the second phases 

of OGD and reperfusion, demonstrating that the frequency of morphological events can be 

repeatedly manipulated through OGD, compared with the amplitude of the changes. 
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Additionally, in agreement with observations from Figure 4.1, a significant increase was 

observed in the frequency of events (p < 0.05, Mann-Whitney test) under control conditions, 

between 0-5 minute and 90-95 minute phases. 

 

Rate/rise time changes 

The rise times of events were calculated as time taken to reach half the peak (most negative) of 

the amplitude. This time represents the relative rate at which cells within Kölliker’s organ 

change shape and crenate. No difference was observed between control and OGD groups, at 

any stage of the recordings (Fig. 4.2c).  
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Figure 4.2: Changes in optical activity characteristics in response to OGD. 

Light transmittance through Kölliker’s organ was recorded 2 seconds apart, at 5 minute 
recording intervals in order to gain a higher temporal resolution, as detailed above (control and 
OGD: n = 10). A: Average change in amplitude during an event, during each 5 minutes of 
recording. B: Frequency of optical fluctuations that reach threshold during the recording 
window. C: Average time taken to reach half the maximum amplitude of an event. A threshold 
of 5 arbitrary units was set as a threshold to determine the occurrence of an optical event. Data 
presented as mean ± SEM. *p < 0.05 (between groups: Mann-Whitney test). #p < 0.05 (over 
time within group, Friedman’s test and Dunn’s post-test). 
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4.3.3. Changes to Light Transmittance Through Kölliker’s Organ 

Tissue During OGD 

In addition to fluctuations in light transmittance, overall changes in pixel intensity over time in 

Kölliker’s organ was recorded every 20 seconds, with the purpose of ensuring that changes to 

spontaneous morphological activity with OGD were not a result of overall volume change 

across the entire tissue during this time.  

Pixel intensities within the ROI were normalised to the average intensity of the first 5 minutes 

of recording and Figure 4.3 presents the change in light transmittance over a period of 60 

minutes. Overall light transmittance through Kölliker’s organ bathed in control aCSF appears 

to slightly increase after the initial 10 minutes, but plateaus with a mean increase of less than 

2.5% from the initial recordings. Tissue undergoing OGD showed similar light transmittance 

intensities as controls during the first 10 minutes of normal aCSF perfusion but the overall 

transmitted light decreased slightly during the 40 minute OGD phase, although this was not 

statistically significant. Interestingly, there was consistently a sharp and statistically significant 

(p < 0.05, Mann-Whitney) decrease in overall light transmittance through the tissue within 3 

minutes of re-perfusion with control aCSF (Fig. 4.3). This decrease is mostly transient, 

although light transmittance after OGD did not always fully recover to baseline levels.  

It is important to note that cochlear tissue did not show any overall structural changes in 

response to OGD, or reperfusion. Both IHCs and OHCs appeared to maintain their shape, 

volume and stereocilia morphology (Fig. 4.4).  
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Figure 4.3:  Changes in Kölliker’s organ light transmittance over time in response to 
OGD. 

Light intensity transmitted through Kölliker’s organ superfused with aCSF, recorded every 20 
seconds for 60 minutes.  Solution was switched to an OGD-specific aCSF between 10-50 
minutes (OGD: n = 9), and re-perfused for 10 minutes following treatment. Control tissue was 
superfused with aCSF for the entire duration (n = 16). Pixel intensity values of each recording 
were normalised against the average intensity during the first 5 minutes. Data presented 
normalised mean ± SEM.  *p < 0.05 (Mann-Whitney test).  
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Figure 4.4: Effect of OGD on developing organ of Corti tissue. 

The tissue outlined represent the start (10 min) and end (50 min) of OGD exposure, and end of 
reperfusion (60 min). Major cell types are demarcated in the first row of images (scale bar: 20 
µm), and examples shown in greater detail below. IHC: inner hair cell, OHC: outer hair cell, 
KO: Kölliker’s organ. Scale bar: 5 µm.   



 

112 
 

4.3.4. Effects of a Non-hydrolyzable P2 Receptor Agonist (ATPγS) 

4.3.4.1. Effect of ATPγS on Spontaneous Events During OGD  

As the OGD treatment did not show any evidence of major tissue damage within the organ of 

Corti (Fig. 4.4), the inhibition of spontaneous activity through OGD was assumed to be due to 

ATP depletion. The changes in activity could be due to the reduction in available ATP to act 

extracellularly as a signalling molecule in spontaneous morphological activity, or may be due 

to the loss of energy dependent processes that may be involved in cell crenation. To assess this, 

ATP signalling was reintroduced during the OGD period through the addition of an analogue 

and P2 receptor agonist (ATPγS), which is only slowly hydrolysed. Due to its inability to be 

used in energy reactions, it was rationalised that ATPγS could be used to differentiate the 

function of ATP as a signalling molecule, from its involvement in energetic processes.  

Various concentrations of ATPγS were introduced into the aCSF circulation during the final 10 

minutes of each OGD exposure. The initial concentration tested (10 µM) caused a further 

decrease in the average amplitude (Fig. 4.5a) and frequency (Fig. 4.5b) of spontaneous events, 

when compared to OGD alone. This effect was aggravated with higher concentrations (20 µM 

and 100 µM) of ATPγS, demonstrating a negative correlation between ATPγS concentration 

and extent of spontaneous morphological events, in ATP depleted tissue.  

The inhibitory effects on both amplitude and frequency by ATPγS were not permanent, as 

reperfusion with control aCSF resulted in the recovery of these spontaneous event 

characteristics (except the frequency of events following the second OGD phase, treated with 

20 µM and 100 µM ATPγS).   

Rise times were not analysed further from the previous experiment, as no effect was observed 

with OGD exposure.  
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Figure 4.5: Effects of ATPγS on optical activity characteristic changes in response to 
OGD. 

Light intensity was recorded 2 seconds apart, at 5 minute recording intervals, as detailed above. 
A: Average change in amplitude during an event, during each 5 minutes of recording. B: 
Frequency of optical fluctuations that reach threshold during the recording window. Periods of 
recorded OGD and addition of ATPγS is outlined with shaded red boxes. Data presented as 
mean ± SEM. Control: n = 10, OGD: n = 10, ATPγS 10 µM: n = 4, 20 µM: n = 2, 100 µM: n = 
2.    
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4.3.4.2. Effect of ATPγS on Light Transmittance of Control Kölliker’s Organ 

Tissue 

As a result of the lack of recovery, and apparent further inhibitory effects of ATPγS on 

spontaneous morphological events during OGD, it was essential to study ATPγS alone under 

baseline conditions. The recording frequency was once again decreased to capture images 

every 20 seconds (for 60 minutes), allowing the study of any dynamic changes with ATPγS 

over time, in contrast to five minute intervals that captured discrete sets of information.  

Pixel intensities were once again analysed within each ROI, and normalised to the average 

intensity of the initial five minutes of recording. Though some fluctuations of light 

transmittance were expected due to the spontaneous events, tissue exposed to 40 minutes of 

control aCSF remained fairly consistent with initial values, as it remained approximately 100% 

when normalised (Fig. 4.6).  

A high concentration (100 µM) of ATPγS was then introduced into the aCSF circulation for 10 

minutes which resulted in the rapid darkening of Kölliker’s organ, illustrated by the significant 

decline (p < 0.05, Friedman’s test with Dunn’s post-test) in light transmittance values (Fig. 

4.6). On average, this decline in light intensity reached values approximately 8% lower than 

baseline (Fig. 4.6a), and was synchronised throughout all ROI placed within Kölliker’s organ 

(Fig. 4.6b). Subtraction of pixel intensity from images taken before and during the maximum 

responses (e.g. Fig. 4.6c) revealed a band of cells that appear to show a greater change in pixel 

intensity than the surrounding Kölliker’s organ tissue (Fig. 4.7). This band of cells varied in 

width, depending on the angle of imaging of the organ Corti and Kölliker’s organ, but was 

located immediately adjacent to IHCs, with some changes also observed around the IHCs, and 

less (yet visible) changes observed in other regions of Kölliker’s organ (arrowheads in Fig. 

4.7). 

This tissue-wide darkening was reversible, as light transmittance returned to near-baseline 

values following removal of the purinergic agonist, and reperfusion by control aCSF (Fig. 4.6).  
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Figure 4.6: Change in overall light transmittance in response to ATPγS under control 
conditions. 

Light transmittance recorded every 20 seconds, showing the effect of ATPγS (100 µM) on 
Kölliker’s organ tissue (highlighted by teal coloured rectangle). Pixel intensity values of each 
recording were normalised against the average intensity during the first 5 minutes. A: Average 
changes. B: Individual traces outlining the consistency of darkening. n = 6. C: DIC images of 
images captured at various times during a recording. White arrowheads indicate areas mostly 
affected where there is obvious darkening of tissue. Significant differences in light 
transmittance from baseline recordings are outlined: p < 0.05 (Friedman’s test with Dunn’s 
post-test).  

  



 

116 
 

 

 

 

Figure 4.7:  Visualisation of changes in light transmittance in response to ATPγS.  

Images were acquired at the start of ATPγS exposure (A), and following 200 s of control aCSF 
or ATPγS (100 µM) exposure (B). Subtraction images (C) were acquired in ImageJ by 
subtracting pixel values of the later images from the untreated tissue, in order to achieve a 
positive difference. Differences in light transmittance are shown as green areas, and dotted 
lines outline area of greatest effect.  Arrow heads indicate other areas of crenation. OHC: outer 
hair cells, IHC: inner hair cells, KO: Kölliker’s organ Scale bars: 20 µm. 
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4.3.5. Effect of P2 Modulators on Light Transmittance Through 

Kölliker’s Organ 

Once the effect of ATPγS on Kölliker’s organ was established under control conditions, its 

effects during OGD were reassessed using real-time imaging, in order to study the dynamic 

changes brought about by purinergic receptor stimulation, and the reasons for its previous 

inhibition of spontaneous activity (Fig. 4.5). To do this, ATPγS (100 µM) was introduced into 

the circulation, this time during the final 10 minutes of a 40 minute OGD exposure.   

Tissue darkening attributed to cell crenation was once again observed consistently, though the 

average decrease caused by ATPγS (reversible with the antagonist suramin) was approximately 

5.2% (Fig. 4.8), compared to 8% when applied during control conditions (Fig. 4.6). This 

outlines the capacity of cells of Kölliker’s organ to undergo morphological change in response 

to P2 receptor stimulation, in the absence of ATP production. The darkening appeared to occur 

in two phases: an initial rapid darkening followed by further tissue crenation at a slower rate. 

The presence of the initial darkening is outlined in the example traces of an individual trial 

(arrowhead in Fig. 4.8c), which illustrates the fluctuations in light transmittance between 

images through time. Interestingly, a further transient reduction in light transmittance was 

observed upon reperfusion, comparable to the observation following OGD alone (Fig. 4.3).  

ATP was applied to the tissue using the same protocol as for ATPγS, with two major purposes: 

to validate the effects of ATPγS, and to study the influence of ectonucleotidases (extracellular 

ATP-hydrolysing enzymes) which terminate ATP signalling. As a result of ATP (100 µM) 

application, tissue darkening was observed within Kölliker’s organ, to a similar extent as the 

first phase of darkening caused by ATPγS (Fig. 4.9 and 4.10). However, in contrast to ATPγS, 

this decrease in light transmittance was transient, and was not sustained throughout the 10 

minute exposure (Fig. 4.10). The recovery of tissue treated with ATP is illustrated by the rise 

in light transmittance after the first phase of darkening (Fig. 4.10). Together, these results 

outline the transient nature of tissue crenation caused by a hydrolysable P2 receptor agonist 

(ATP), and the prolonged crenation induced by a slowly hydrolysed agonist (ATPγS). The 

establishment of reperfusion with control aCSF following ATP exposure once again resulted in 

a transient darkening throughout Kölliker’s organ, comparable to the darkening seen with 

ATPγS, as well as OGD alone.  
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To confirm that ATP and ATPγS elicited tissue crenation through the activation of P2 

receptors, a broad spectrum P2 receptor antagonist (suramin) was introduced to demonstrate 

the receptor-specific effect. Suramin (150 µM) was included in the aCSF following a three 

minute delay after agonist addition. This delay was necessary to first identify the presence of a 

darkening response, which occurred 2-3 minutes after the introduction of an agonist. 

When introduced to tissue that have undergone crenation in response to ATPγS, suramin 

immediately and consistently reversed its affect, with light transmittance recovering to control 

levels during the recording time. This was in contrast to ATPγS alone, which continued to 

darken during its exposure time, as described previously (Fig. 4.8b). Furthermore, the 

application of suramin appeared to inhibit the secondary darkening following reperfusion, 

suggesting a purinergic basis for this decrease in light transmittance, although these changes 

were not statistically significant (Fig. 4.8b). Suramin appeared to hinder the recovery of tissue 

crenation induced with ATP, while tissue treated with ATP alone began recovering 

immediately after the darkening phase (Fig. 4.9b). Again, the secondary darkening observed 

with reperfusion was absent after administration of suramin.  

In addition to the induced morphological change of Kölliker’s organ, the dependence of 

spontaneous morphological activity on purinergic signalling is illustrated in Figure 4.8c, as 

intensity fluctuations do not return to baseline levels following reperfusion, in contrast to 

reperfusion after ATPγS alone. This result also suggests a prolonged effect of suramin in P2 

receptor inhibition. The antagonist pyridoxal-phosphate-6-azophenyl-2’,4’-disulphonate 

(PPADS) which is more potent on P2X receptors was also tested, but no reliable results could 

be acquired due to its darker colour (causing a reduction in transmitted light) and consistency 

which prevented the circulation of a constant concentration. 
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Figure 4.8: Effect of suramin on ATPγS activity during OGD. 

OGD was introduced between 10-50 minutes, with ATPγS (100 µM: n = 5) included between 
40-50 minutes. Suramin (150 µM: n = 5) was added to the circulation following 3 minutes of 
exposure to P2 receptor agonist ATPγS, after the initial darkening was observed (arrowheads). 
A: Average light intensity through Kölliker’s organ of experimental groups at specific time 
periods. B: Average light intensity of tissue over time. C and D: Examples of light fluctuations 
in individual recordings. E and F: Two individual traces for each treatment.   
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Figure 4.9: Effect of suramin on ATP activity during OGD. 

OGD was introduced between 10-50 minutes, with ATP (100 µM: n = 6) included between 40-
50 minutes. Suramin (150 µM: n = 2) was added to the circulation following 3 minutes of 
exposure to P2 receptor agonist ATP, after the initial darkening was observed (arrowheads). A: 
Average light intensity through Kölliker’s organ of experimental groups at specific time 
periods. B: Average light intensity of tissue over time. C and D: Examples of light fluctuations 
in individual recordings. E and F: Two individual traces for each treatment. 
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Figure 4.10: Comparison of light transmittance changes with ATPγS and ATP exposure 
during OGD. 

A: Average change in light transmittance during 10 minutes of ATPγS (100 µM: n = 5) or ATP 
(100 µM: n = 6) exposure. B: Average normalised light intensity during 42-44 minutes. C: 
Average normalised light intensity during the final 2 minutes of exposure (48-50 min). 
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4.3.6. Effect of ATP Metabolites on Light Transmittance Through 

Kölliker’s Organ 

To test the specificity of purinergic receptor activation, Kölliker’s organ was exposed to two 

products of ATP metabolism: adenosine and adenosine monophosphate (AMP). Tissue was 

maintained in control solution for 40 minutes prior to purine addition, in order to confirm a 

stable baseline activity. Similar to prior manipulation, adenosine (100 µM) and AMP (100 µM) 

were added to the aCSF for 10 minutes, followed by a 10 minute reperfusion period.  

No change in light transmittance (Fig. 4.11a) or spontaneous activity (Fig. 4.11b) was observed 

with adenosine, during any stage of recording. Tissue used for AMP recordings on average 

indicated a small overall decrease in light transmittance during the control period; however this 

was highly variable and not statistically significant. Similar to adenosine, no change in light 

transmittance (Fig. 4.12a) or spontaneous activity (4.12b) was observed with the addition of 

AMP.   
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Figure 4.11: Effect of adenosine on light transmittance of Kölliker’s organ. 

Light transmittance through Kölliker’s organ was recorded every 20 seconds, with the values 
normalised to the first 5 minutes of each trial. Adenosine (n = 4) was added to the circulation 
between 40-50 minutes of each recording, indicated by the purple shaded area. A: Mean 
normalised light transmittance ± SEM. B: An example of an individual traces outlining 
spontaneous activity.   
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Figure 4.12: Effect of AMP on light transmittance of Kölliker’s organ. 

Light transmittance through Kölliker’s organ was recorded every 20 seconds, with the values 
normalised to the first 5 minutes of each trial. AMP (n = 4) was added to the circulation 
between 40-50 minutes of each recording, indicated by the black horizontal line. A: Mean 
normalised light transmittance ± SEM. B: An example of an individual traces outlining 
spontaneous activity 
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4.4. Discussion 

The studies presented in this chapter further support a purinergic basis for spontaneous 

morphological activity within Kölliker’s organ. While ATP depletion caused a reduction in 

overall level of spontaneous morphological activity, the re-introduction of P2 receptor 

signalling through a non-hydrolysable ATP analogue and P2 receptor agonist (ATPγS) did not 

restore these intrinsic changes. Instead, the application of ATPγS appeared to cause further loss 

of light fluctuations, which is interpreted as likely due to the synchronised, sustained, crenation 

of Kölliker’s organ by ATPγS. Both hydrolysable (ATP) and slowly-hydrolysable (ATPγS) P2 

receptor agonists induced Kölliker’s organ crenation, which was reversible with the P2 

receptor antagonist suramin. They did not however restore spontaneous morphological events, 

most likely highlighting the requirement of ATP release in generating this rhythmicity.  

 

4.4.1. Effect of ATP Depletion on Spontaneous Morphological Events 

within Kölliker’s Organ 

Cochlear tissues were exposed to an aCSF solution lacking both oxygen and glucose. By doing 

so, aerobic respiration was limited (Milusheva et al., 1996). Due to the low ATP production by 

anaerobic respiration, this method effectively depletes ATP production down to minimal levels 

(Milusheva et al., 1996). This manipulation resulted in a significant decline in light 

transmittance fluctuations (which was used as an indicator of the level of intrinsic 

morphological activity as shown in Fig. 4.1), due to the reduced energy capacity or reduced 

purinergic signalling (or a combination of both). This effect was unlikely to be due to 

permanent tissue damage induced by ischemia, as rhythmic activity returned to control values 

soon after reperfusion was established, and no major structural changes were observed within 

the organ of Corti, at least at the level of the light microscope.  In addition, IHCs and OHCs 

which are known to be highly susceptible to prolonged periods (hours) of ischemic damage 

(Amarjargal et al., 2009; Billett, Thorne, & Gavin, 1989; Mazurek et al., 2003), did not display 

any significant damage during the relatively short exposures in the current study (Fig. 4.4). 

This ischemic insult also did not cause a significant change in overall light transmittance, 

implying that an overall change in cell volume was not the cause of the reduced activity. 
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Interestingly, a sharp darkening was observed upon reperfusion (Fig. 4.3). Given previous 

studies that outlined the purinergic nature of these spontaneous morphological events (Tritsch 

et al., 2007; Tritsch et al., 2010), the rapid nature of this shift suggests that ATP signalling was 

restored throughout the tissue at the same time due to bath application, leading to a 

synchronous, transient crenation.  

However, as ischemia and reperfusion are major triggers for the generation of reactive oxygen 

species, it is important to note that free radicals may have played a role in this event (Reviewed 

by Tabuchi et al., 2010). In the cochlea, such free radical damage mainly occurs in the sensory 

cells (OHCs, IHCs), with disruptions to cell structure, and destruction of stereocilia (Choung et 

al., 2009; Clerici, DiMartino, & Prasad, 1995; Dehne et al., 2000). In our study cell volume 

and stereocilia of sensory cells remained intact throughout the relatively short OGD treatment 

and reperfusion (Fig. 4.4) suggesting a minimal if any effect of the OGD on cochlea as seen by 

light microscopy. This apparent tolerance to OGD may be due to the younger animals used, as 

key antioxidant proteins (e.g. superoxide dismutase) have been shown be expressed at higher 

concentrations in the developing cochlea (Jiang et al., 2007).  

The morphological activity appears to be highly sensitive to ATP depletion, as repeated (20 

minute) OGD periods resulted in significantly lower frequency of activity (Fig. 4.2b). 

Although this triggering mechanism remains unknown, ATP appears to be a likely candidate, 

with its release essential for rhythmic morphological activity. The amount of ATP released in a 

morphological event is thought to be related to the area of an event (Tritsch et al., 2010), but 

may also be correlated with the level of tissue crenation (as observed by the amplitudes of 

figure 4.2a). Therefore, as amplitudes of light transmittance change within Kölliker’s organ did 

not significantly decrease during the second period of OGD, ATP depletion likely reduced the 

frequency of ATP release, rather than the amount released. Although both the frequency and 

size of spontaneous events decreased with the initial ATP depletion, the speed at which each 

event occurred (‘rise’ time) was unchanged (Fig. 4.2c), indicating that once epithelial cells 

within Kölliker’s organ are triggered to undergo volume change, the process itself may be 

independent of ATP.   

Together, these results imply that although spontaneous morphological activity decreases 

during OGD, the amount of ATP released during a spontaneous event can be relatively 
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preserved with repeated interventions. In contrast, the frequency of ATP release is altered 

rapidly in response to repeated ATP depletion (Fig. 4.2b), suggesting that cells comprising 

Kölliker’s organ may prioritise the synchronous activation of cells, rather than maintenance of 

its rate of activity, and that the release of ATP is crucial in initiating these rhythmic events.  

 

4.4.2. P2 Receptor Activation of Kölliker’s Organ Tissue During ATP 

Depletion  

In order to determine whether the decline in spontaneous morphological activity within 

Kölliker’s organ during OGD was due to a reduction in ATP signalling (rather than lack of 

energy), tissue was exposed to a slowly hydrolyzed ATP analogue (ATPγS). It was 

hypothesised that this will restore some level of spontaneous morphological activity, as ATP 

has been shown to increase the spontaneous rates of EPSCs of afferent dendrites (Tritsch et al., 

2007). This slowly-hydrolysable form was chosen as ATP itself is hydrolysed by 

ectonucleotidases in the tissue (Vlajkovic et al., 1996), while ATPγS is likely to be more potent 

due to its resistance to metabolism (Kujawa et al., 1994). However, increasing concentrations 

of ATPγS appeared to enhance the OGD effects, decreasing both amplitude and frequency of 

spontaneous morphological events in a concentration-dependant manner (Fig. 4.5). The lack of 

morphological events with ATPγS suggests that P2 receptor activation alone is insufficient in 

generating the rhythmic spontaneous changes in cell volume. 

To investigate this further, ATPγS was introduced with control aCSF, and overall light 

transmittance was recorded over time. The dramatic darkening throughout Kölliker’s organ 

(Fig. 4.6) in response to ATPγS demonstrated a shift of epithelial cells towards a crenated state. 

Due to this synchronised and sustained crenation of Kölliker’s organ, especially at high 

concentrations such as 100 µM, cells were unable to undergo further crenation during intrinsic 

morphological activity (Fig. 4.5). While this purinergic-activated crenation presented an 

explanation for the apparent enhancement of OGD responses by ATPγS, it also potentially 

provides a unique method of studying these morphological changes in more detail, which 

otherwise, due to their spontaneous and random nature, cannot be isolated in order to 

manipulate and study a single event. These ATPγS responses therefore provided both further 
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evidence for a purinergic-based mechanism for cell volume change, and a model for studying 

the mechanisms of this change, with reversible, synchronous and sustained crenation. 

Additionally, this widespread crenation, while present in the majority of Kölliker’s organ, 

appeared to be consistently more prominent in a band of cells within Kölliker’s organ lying 

adjacent to IHCs, suggesting that spontaneous morphological events themselves may not be 

evenly distributed throughout Kölliker’s organ (Fig. 4.7). Consequently, the mechanisms 

responsible for generating these morphological changes are unlikely to be uniform throughout 

Kölliker’s organ.  

 

4.4.3. Kölliker’s Organ Cell Volume Regulation through P2 Receptor 

Activity 

The major difference between responses to ATP and ATPγS was the duration of darkening, as 

tissue crenation by ATP was only transient, compared with the tissue treated with ATPγS, 

which continued to darken throughout the exposure period. This reversibility of ATP-induced 

darkening is likely due to hydrolysis by ectonucleotidases, present in the developing cochlear 

tissue, (O’Keeffe et al., 2010). However, spontaneous fluctuations in light transmittance were 

not restored during the application of either ATP or ATPγS, implying that ATP hydrolysis is 

not sufficient to create the rhythmicity of these morphological changes, though it is likely to 

play a key role in its kinetics. 

Interestingly, tissue treated with both ATP and ATPγS responded similarly to that of OGD 

alone, when reperfusion was established. A rapid darkening was observed in all tissue, as 

described previously, likely due to a synchronised rapid release of ATP from cells within 

Kölliker’s organ once cellular respiration was restored. 

In order to confirm purinergic receptor activation by ATP and ATPγS, a broad spectrum 

purinergic antagonist (suramin) was introduced into aCSF following the initial darkening 

response of Kölliker’s organ. As expected, the addition of suramin reversed tissue crenation 

through non-competitive inhibition (Beukers et al., 1995) of purinergic receptors (Fig. 4.8. and 

4.9). It is also important to note that following reperfusion with control aCSF, the darkening 
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phase seen in other treatment groups was not present. This may be due to traces of suramin 

remaining within tissue during early stages of washout. Although some earlier work suggest 

suramin washes out rapidly (Nakazawa et al., 1990), the effect of suramin on spontaneous 

extracellular potentials and morphological changes within Kölliker’s organ appear to last 

beyond the treatment period (Tritsch et al., 2007). Therefore if this lack of darkening following 

suramin exposure is due to lingering suramin molecules, a purinergic basis for the reperfusion-

induced crenation of Kölliker’s organ is likely.  

The combination of suramin and ATP also appeared to decrease the rate of light transmittance 

increase towards baseline, when compared to tissue treated with ATP alone (Fig. 4.9). As 

discussed earlier, the transient nature of the ATP response is likely due to the action of 

ectonucleotidases. In addition to its antagonistic action on purinergic receptors, the inhibitory 

action of suramin on such ATPase activity has been documented in the past (Beukers et al., 

1995; Chen, Lee, & Lin, 1996), and may thus be responsible for this effect. 

In addition to ATP and its analogue, breakdown products of ATP (adenosine and AMP) were 

introduced into aCSF to observe the presence of any effects on tissue light transmittance. 

Consistent with previous studies that demonstrated a lack of involvement of adenosine in 

intrinsic morphological activity (Tritsch et al., 2010), adenosine treated tissue demonstrated no 

significant change in light transmittance within Kölliker’s organ during the 10 minute exposure 

(Fig. 4.11). Additionally, AMP also failed to induce any change in light transmittance through 

Kölliker’s organ (Fig. 4.12). Together, these results support an ATP, P2 receptor mediated 

mechanism for changes in cell volume within Kölliker’s organ, rather than an effect caused by 

the activation of P1 receptors through adenosine.  
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4.5 Summary and Conclusions 

The epithelial cells within Kölliker’s organ can be artificially induced to undergo cell crenation 

through P2 receptor activation, mimicking intrinsic tissue crenation observed as darkening. 

Both hydrolysable and non-hydrolysable P2 receptor agonists caused this volume change, 

further supporting a P2 receptor basis for intrinsic spontaneous morphological activity within 

Kölliker’s organ. This tissue crenation was reversible with a broadly selective P2 receptor 

antagonist, suramin. Action of ATP on P2 receptors are likely removed by ATP-hydrolysing 

enzymes (ectonucleotidases) before the next morphological event can be initiated, as outlined 

by the difference between the ATP and ATPγS responses. However, ectonucleotidase activity 

is insufficient in maintaining rhythmicity, as ATP application did not restore the spontaneous 

events during energy deprivation. The rate of processes involved in causing this change in cell 

volume does not appear to be sensitive to ATP depletion, as the t1/2 remained unaltered during 

energy deprivation. Together, the strong involvement of P2 receptor signalling in causing 

morphological shifts within epithelial cells of the Kölliker’s organ is outlined in this chapter, 

along with the crucial role of ATP release in generating spontaneous events. Finally, ATPγS 

provides a potential method of isolating changes in cell volume observed during spontaneous 

morphological events, by causing tissue-wide synchronised crenation, especially in a narrow 

region adjacent to IHCs. This allows the study of these structural changes that were otherwise 

not possible, due to the unpredictable nature of such activity.  
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Chapter 5: 

Localising and Exploring the Site of Generation 

of Spontaneous Morphological Activity 

 

5.1 Introduction 

Studies in the previous chapter established that the morphological changes within Kölliker’s 

organ were regulated by P2 receptor signalling. These studies demonstrated that a band of cells 

within Kölliker’s organ close to IHCs were particularly responsive to purinergic receptor 

activation. These findings confirm and extend previous observations that demonstrated a 

purinergic basis for activity, and a higher rate of these spontaneous events with proximity to 

IHCs (Tritsch et al., 2007). This band of cells has been shown to express a high density of 

Anoctamin1, a Ca2+ activated Cl- channel (Yi et al., 2013), which may play a key role in 

inducing the volume change within Kölliker’s organ cells, as Cl- channels have been implicated 

in spontaneous morphological change;  Cl- channel antagonist 4,4′-diisothiocyano-2,2′-stilbene 

disulfonic acid (DIDS) significantly reduced such morphological changes (Tritsch et al., 2010). 

An interesting collateral finding in the previous study was that ATPγS induced a sustained 

crenation throughout Kölliker’s organ. This provided a method to look at the origins of the 

crenation and the sequence of events. Thus, ATPγS was used to induce synchronised crenation 

throughout Kölliker’s organ, in order to study the distribution and sequence of morphological 

changes in Kölliker’s organ tissues. The role of endogenous P2 receptor activity in crenation 

was also studied further using the broadly selective P2 receptor antagonist suramin.  

Based on responses to the exogenous agonist ATPγS, we postulated that cells surrounding the 

IHC in the developing cochlea may act as generators for the spontaneous morphological 

activity. This chapter will first describe tissue distribution of morphological changes in 

Kölliker’s organ and then investigate the spread of these changes by using blockers of gap 

junction activity to inhibit cellular connectivity in the Kölliker’s organ. 
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5.2 Materials and Methods 

5.2.1 Materials 

5.2.1.1 Animals 

Wistar rats (Rattus norvegicus) at post-natal days 9-11 were used in this study. All animals 

were sourced from the University of Auckland, Faculty of Medical Health Sciences animal 

facility (Vernon Jensen Unit). All procedures and protocols were approved by the University of 

Auckland Animal Ethics Committee. Methods were optimised to reduce animal usage. The age 

range is consistent with previous studies described in this thesis, which showed a high rate of 

spontaneous activity at this stage before hearing onset.  

 

5.2.1.2 Artificial cerebrospinal fluid (aCSF) 

aCSF for both dissection and real-time imaging was prepared by diluting a 10x stock 

(composition described in Chapter 2), using distilled water. All reagents were purchased from 

Sigma-Aldrich (NZ). 

 

5.2.1.3 Chemicals and Solutions for Real-time Imaging 

Adenosine 5′-[γ-thio]triphosphate tetralithium salt (ATPγS) 

ATPγS (5 mg) was dissolved in 200µL autoclaved Milli-Q water in order to make stock 

solutions of 45.8mM. Stock solutions were diluted 457x to 100 µM working concentrations 

using aCSF. ATPγS was purchased from Santa Cruz Biotechnology Inc. (USA).  

 

Suramin sodium salt 

Suramin (Sigma-Aldrich NZ) was used as a broad spectrum P2 receptor antagonist, and it was 

dissolved in autoclaved Milli-Q to produce stock aliquots of 35 mM. Stock solutions were 

diluted 233x to 150 µM working concentrations using aCSF. 
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Carbenoxolone disodium salt (CBX) 

CBX (Sigma-Aldrich NZ) was directly dissolved in aCSF to produce a working concentration 

of 150 µM (9.22 mg in 100 mL). 

 

Glutaraldehyde 

25% Glutaraldehyde (BDH Laboratory supplies) was diluted 10x to 2.5% working 

concentration in aCSF when fixing tissue for histology.  

 

5.2.2 Methods and Protocol for Real-time Imaging 

5.2.2.1 Tissue preparation  

Wistar rats (P9-11) were anaesthetised using carbon dioxide (CO2), and decapitated using a 

guillotine. The cochleae were immediately dissected into ice-cold carbogen-bubbled aCSF. 

Apical turns were chosen for the experiments as they showed greater survivability during 

dissection and imaging. Tissue from apical cochlear turns were isolated and anchored to the 

imaging chamber as described previously in Chapter 2, and superfused with carbogen-bubbled 

aCSF at 35°C. Flow rate was maintained at 3ml/min.  

  

5.2.2.2 Real-time imaging and data collection 

Images were collected and analysed using Imaging Workbench 5.2 software, using protocols 

outlined in Chapters 2. Light transmittance of images collected from apical turns were analysed 

in 5 regions of interest (ROI) every 20 seconds when exploring overall light intensity changes 

and spontaneous activity, with higher resolution recordings (every 2 seconds, in 5 minute 

epochs) when examining characteristics (amplitude, frequency, rate) of this spontaneous 

activity in more detail. 
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5.2.2.3 Statistical analysis 

Statistical analyses were undertaken and graphs created using GraphPad Prism 6 as described 

in Chapter 2. As the majority of data failed the D’Agostino-Pearson normality test and were 

derived from small sample sizes (n < 12), non-parametric analyses were carried out to test for 

statistical significance. 

When comparing light transmittance changes within groups over time, a Friedman test was 

performed with Dunn’s post hoc test. Average changes between three or more groups were 

compared with Kruskal-Wallis test. Quantitative results are displayed as mean +/- SEM. A p 

value of less than 0.05 was considered statistically significant. 

 

5.2.3 Methods and Protocol for Histology 

5.2.3.1 Tissue collection  

Wistar rats were anaesthetised and their cochleae extracted in an identical manner to tissue 

prepared for real-time imaging. Once the bony capsule was trimmed away, exposing soft 

tissue, cochleae were placed in Eppendorf tubes containing freshly carbogen-bubbled aCSF. 

Tubes containing P2 receptor modulators diluted in aCSF were used to mimic the conditions of 

real-time imaging. All tubes were placed in a waterbath set at 35ºC. Cochlear turns used for 

real-time imaging were not used for histological analysis as they require anchoring using harp 

grids, and due to their delicate nature would be physically damaged once removed from these 

grids. After 10 minutes of exposure to control aCSF, ATPγS, or suramin, cochlear tissues were 

fixed for 4 hours at room temperature with gluteraldehyde (2.5% in phosphate buffer).  

 

5.2.3.2 Dehydration and resin embedding 

Cochlear turns were isolated and separated into half turns, preparing them for embedding. 

Some tissues were then post-fixed in 1% aqueous OsO4 (in 0.1M PB). All tissue underwent a 

series of dehydration steps in ethanol (70-100%) and acetone and then they were placed in a 
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75:25% resin:acetone mixture overnight, before embedding in 100% resin and curing overnight 

at 60ºC. 

 

5.2.3.3 Resin preparation 

Resin was pre-prepared for tissue embedding. The mixture was prepared in a plastic measuring 

cup. 45 ml of Dodecenylsuccinic anhydride (DDSA; 45 ml) was thoroughly mixed with 20 ml 

of Glycid ether, using a wooden spatula. 1.2 ml of 2,4,6-tris(dimethylamine-methyl)phenol 

(DMP30) was added to the mixture, and mixed until activated epoxide was bound to oxygen 

(judged by the darker shade of resin). The resin mixture was stored in a plugged 60ml syringe 

and stored at -20ºC until use. When required, resin was thawed at room temperature for 1 hour 

prior to use.  

 

5.2.3.4 Sectioning 

Resin blocks were sectioned using glass knives (cut using glass knife-maker Leica EM KMR2) 

on a microtome (Leica Ultra UCT). Tissue was sectioned at 1 µm intervals and sections 

collected in a drop of distilled water. 

 

5.2.3.5 Staining and mounting 

All 1 µm sections (excluding those clearly post-fixed with OsO4) were placed on a clean glass 

slide, and stained using 1-2 drops of 1% toluidine blue (in 1% sodium borate) applied through 

a syringe with a 0.45 µm pore filter to remove sediment and particles.  The slide was then 

placed on a hot plate at approximately 60ºC for approximately 30 seconds until the edges of 

stain were golden. Excess stain was washed with distilled water. The slide was then replaced 

on the hot plate until all water has evaporated.  

Once slides containing stained tissue had dried, a drop of resin was placed on top of the tissue, 

and coverslipped. The liquid resin was allowed to spread under the weight of the cover slip, to 
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ensure the entire tissue was covered. Slides were then placed in the oven (~60ºC) over night 

before imaging.  

 

5.2.3.6 Imaging stained tissue 

Fixed, stained, and mounted cochlear tissue were imaged with bright-field microscopy, using 

Nikon Eclipse 80i (Japan), following Kohler illumination to ensure even illumination. Images 

were captured using NIS-Elements imaging software (Basic Research - Japan), and exposure 

was auto-adjusted.  

 

5.3 Results 

5.3.2 Tissue Distribution of Spontaneous Morphological Activity 

Based on the differential response to ATPγS within Kölliker’s organ shown in Chapter 4, and 

variable frequency of spontaneous events observed by Tritsch et al. (2007), characteristics of 

spontaneous morphological events were studied with respect to distance from the IHCs.  High 

temporal resolution imaging was used during recording (every 2 seconds). The individual 

events were then isolated (as described in Chapter 3), and the amplitudes, frequencies, and rate 

of change recorded. Regions were grouped and analysed based on their distance from IHCs, 

with each group 20 µm further than the previous one as shown in Fig 5.1. In these results, 

supporting cells surrounding IHC are referred to as border cells for simplicity, and do not refer 

to mature border cells present in the adult cochlea. 

 

Amplitude 

The average amplitudes of spontaneous morphological events which met the threshold was 

calculated for each group containing 3 separate ROI. Although the regions 40-60 µm from 

IHCs measured slightly smaller arbitrary pixel intensity values, no statistically significant 

difference was observed between these and other regions (Fig. 5.2a). However, fewer events of 

larger amplitudes were seen in these ROI when observing individual trials (Fig 5.2c) 



 

137 
 

Frequency 

In contrast to amplitudes, there was a significant difference in the number of spontaneous 

optical events that met the threshold criteria (Fig. 5.2b). The highest frequency of events was 

observed in regions closest to IHCs (0-20 µm), which contain cells that mature to form inner 

supporting cells in the adult.  Activity in the regions furthest away (40-60 µm) was 

significantly lower (p < 0.05, Kruskal-Wallis) in frequency (0.008 ± 0.002 Hz ) when 

compared to regions closer to IHCs (0.015 ± 0.002 Hz). A higher frequency of events in the 

region closest to IHC is also apparent when pixel intensity fluctuations were observed over 

time in a single trial within various regions (Fig. 5.2c). 
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Figure 5.1: DIC image of cochlear tissue, outlining placement of ROI. 

Apical cochlear tissue from a P9 Wistar rat with 20 µm wide ROI at varying distances from the 
medial border of IHCs. Scale bar: 20 µm  
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Figure 5.2: optical recordings of spontaneous morphological events at various distances 
from the IHCs.  
Spontaneous optical events were recorded every 2 seconds, in order to measure the different 
characteristics of these events (n = 7). The average amplitude (A) and frequency of occurrence 
(B) were measured. Pixel intensity values are arbitrary values derived from Imaging 
Workbench 6.0. C: example light fluctuations in different regions. D: Images outlining the 
crenation of border cells (arrowheads) adjacent to IHCs during a spontaneous event.  *p < 0.05 
(Kruskal-Wallis test).  
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5.3.3 Regional Variations in Optical Response to ATPγS 

After establishing an increase in the frequency of spontaneous morphological events near the 

IHCs (Fig. 5.2), the response to slowly hydrolysed ATPγS was investigated in a region-specific 

manner.  

Light transmittance within Kölliker’s organ was analysed every 20 seconds for a total of 60 

minutes, with respect to distance from IHCs. ATPγS was introduced into the circulation during 

40-50 minutes of the recording. By recording these images continuously, the reduction in 

activity observed with ATPγS in Chapter 4 became apparent, as outlined by the decreased 

degree of light fluctuations (Fig. 5.3). The average light intensity of the fluctuations was 

significantly reduced by ATPγS in the regions closest to the IHC and recovered when the 

ATPγS was washed out. However, a significant reduction in activity was not observed in the 

regions furthest (40-60 µm) from IHCs, possibly due to its low baseline activity.  

The distinct decrease in overall light transmittance in response to ATPγS is illustrated in Figure 

5.4, with regions closest to (0-20 µm) IHCs revealing a sharp decrease. Recovery of this tissue 

darkening appeared to begin after 5 minutes of exposure, however baseline levels were not 

reached until after 10 minutes of reperfusion. In contrast (though not significantly different), 

regions 20-40 µm away from IHCs displayed a plateau in light transmittance once a reduction 

of approximately 3% was reached. Epithelial cells 40-60 µm from IHCs continued to darken 

during ATPγS exposure, and only exhibited partial recovery of light transmittance (Fig. 5.4b).  

The maximum change in light transmittance decreased from Kölliker’s organ tissue closest to 

IHCs, to those furthest away, in a stepwise manner, with the border cell region showing a faster 

rate and greater amplitude of response (7.12%) than cells in the region 40-60 µm away (5.05%) 

(Fig. 5.4c and d). Areas of darkening responsible for this change can be seen in the border 

cells, as outlined in Figure 5.4a. In some instances, the change in light transmittance was 

visualised  in a wave-like manner, beginning at the border cells surrounding IHCs (Fig. 5.5), 

spreading in a wave-like manner to regions further away from IHCs.  
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Figure 5.3: Effect of ATPγS on spontaneous light fluctuations within regions of Kölliker’s 
organ. 

A: An example recording of light fluctuations over time within Kölliker’s organ, treated with 
ATPγS (100 µM).  B: Average light fluctuations before, during, and after ATPγS treatment (n 
= 6). *p < 0.05 (Kruskal-Wallis test). 
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Figure 5.4:  Regional changes in light transmittance in response to ATPγS. 

(A) DIC images acquired before (5 min) and half way through ATPγS (100 µM) exposure (10 
min), showing sensory cells and crenation of supporting cells (demarcated, and indicated with 
white arrowheads). (B) Changes in pixel intensity over time within Kölliker’s organ, 
normalised to the control period (ATPγS treatment highlighted in yellow). (C) Maximum 
normalised change in pixel intensity during ATPγS exposure. (D) Rate of change in pixel 
intensity during ATPγS treatment. Scale bar: 10 µm. Data presented as mean ± SEM (n = 6).   
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Figure 5.5: Visualising ATPγS-
induced distribution of change in light 
transmittance through the organ of 
Corti. 

 

The example here demonstrates a spread 
of light transmittance change in 
response to ATPγS (100 µM), beginning 
in regions surrounding IHCs, dispersing 
to regions further away within 
Kölliker’s organ. DIC images were 
acquired every 20 s during ATPγS 
treatment. Pixel intensities of an image 
were subtracted from each subsequent 
image to isolate the regions affected. 

Scale bar: 20 µm 
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5.3.4 Regional Variations in the Optical Response to Suramin 

After establishing regional variability of crenation in response to the P2 purinergic receptor 

agonist ATPγS, the P2 receptor antagonist suramin was introduced to control tissue under 

identical conditions. The purpose of this was to test the action of endogenous P2 receptor 

activity within the various regions of Kölliker’s organ, and correlate these observations with 

findings based on spontaneous, and induced morphological events.  

A few minutes following the introduction of suramin (150µM), a significant (p < 0.05, 

Kruskal-Wallis) inhibitory effect on spontaneous morphological events was observed across all 

regions of Kölliker’s organ (Fig. 5.6). Additionally, during this P2 receptor inhibition, an 

increase in light transmittance was observed across the tissue, attributable to cell swelling (Fig. 

5.7a and e). This effect was most pronounced in the border cell region (0-20 µm from IHCs). 

None of the regions returned to baseline values for spontaneous events or light transmittance, 

during, or after the 10 minutes of suramin exposure (Fig. 5.7), possibly due to a slow washout.  

Similar to ATPγS, suramin induced the greatest change in light transmittance in the regions 

closest to IHCs, with a stepwise decrease in amplitude for regions further away (Fig. 5.7b). The 

rate of this cell swelling also appeared to decrease with distance from IHCs (Fig. 5.7c).  
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Figure 5.6: Effect of suramin on spontaneous light fluctuations within regions of 
Kölliker’s organ. 
A: An example recording of light fluctuations over time within Kölliker’s organ, treated with 
suramin (150 µM).  B: Average light fluctuations before, during, and after suramin treatment (n 
= 6). *p < 0.05 (Kruskal-Wallis test). 
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Figure 5.7: Regional changes in light transmittance in response to Suramin. 

(A) Changes in pixel intensity over time within Kölliker’s organ, normalised to the control 
period (suramin treatment highlighted in yellow). (B) Maximum normalised change in pixel 
intensity during suramin exposure. (C) Rate of change in pixel intensity during suramin 
treatment. (D) DIC images acquired before (0 s) and end of (600 s) suramin exposure, showing 
areas of swelling (white arrowheads). IHC: inner hair cells; KO: Kölliker’s organ; OHC: outer 
hair cells. Scale bar: 10 µm (n = 6).  
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5.3.5 Histological Analysis of Organ of Corti in Response to Purinergic 

Modulation 

In order to identify changes occurring in particular regions of Kölliker’s organ as suggested by 

the real-time imaging, cochlear tissue was studied using histology. The tissue was dissected in 

cold aCSF in a similar manner to real-time imaging, and treated with purinergic modulators, at 

35ºC for 10 minutes before fixation. Whole-mount cochlear turns were post fixed in osmium 

tetroxide (a lipid membrane stain) and imaged. These images supported differences in the 

border cell region, however cross sections were required to identify these in greater detail (Fig. 

5.8). The 1µm cross sections were stained with toluidine-blue, which outlined nucleic acids 

and polysaccharides, increasing the imaging contrast.  

Cross sections of the Kölliker’s organ revealed the tightly packed nature of epithelial cells, 

with a dense collection of nuclei, even in the presence of ATPγS or suramin (Fig. 5.9 and 

5.10). Due to this dense arrangement, borders of individual epithelial cells could not be 

outlined. At P9-11, the tunnel of Corti in Wistar rats appears to be open in most cochleae. 

Observations regarding the state of cell volume within Kölliker’s organ and border cells under 

control conditions were limited due to the spontaneous nature of morphological changes. Due 

to its unpredictability concerning both location and timing, it cannot be determined whether the 

imaged tissue under control conditions was fixed at normal or crenated states (Fig. 5.8).  

 

Response to ATPγS (100 µM) 

Cross sections of developing organ of Corti were collected, with most tissue containing a 

length-wise section of IHCs and their nuclei. Due to the inability to distinguish between 

epithelial cells of Kölliker’s organ, cell volume changes in response to purinergic manipulation 

could not be easily observed. However, epithelial cells surrounding IHCs (border cells) are 

separated from the bulk of Kölliker’s organ, allowing them to be clearly visualised. Cochlear 

turns were treated with ATPγS rather than ATP as a P2 receptor agonist due to its sustained 

response (ATP in contrast elicits a transient response), allowing the structure to be fixed in its 

crenated state. Following 10 minutes of ATPγS (100 µM) exposure, these border cells appear 

to be crenated, appearing only as a thin sliver adjacent to IHCs (Fig. 5.9, indicated by black 
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arrowheads). This response supports observations made during live imaging, pointing at border 

cells as the area of greatest darkening of light transmittance during exposure to ATPγS.  

 

Response to suramin (150 µM) 

The densely organised nature of Kölliker’s organ is also preserved in the presence of suramin, 

and tightly packed nuclei are clearly visible in cross sections (Fig. 5.10). The major contrast 

between suramin and ATPγS treated tissue again is found within the volume of border cells 

surrounding IHCs. These cells appear swollen around the basolateral regions surrounding  

IHCs (in direct contrast to crenation observed with ATPγS), as indicated by the black 

arrowheads in Figure 5.10, while their small apical surface remained unaltered. These 

histological studies therefore suggest that the border cells may be the source of the increased 

light transmittance observed near the IHCs during real-time imaging (Fig. 5.10). 
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Figure 5.8: Analysis of organ of Corti bathed in control aCSF, and changes observed with 
P2 receptor agonist (ATPγS) or antagonist (suramin). 

A: Apical tissue exposed to control aCSF, stained with toluidine blue. Scale bars: 10 µm. B: 
DIC image of tissue treated with ATPγS (100 µM), subtracted from a control image. C: ATPγS 
treated tissue post fixed in oxmium tetroxide. D:  DIC image of tissue treated with suramin 
(150 µM), subtracted from a control image. E: ATPγS treated tissue post fixed in oxmium 
tetroxide. Border cells in each panel are indicated by the black or white arrowheads. IHC: inner 
hair cells; KO: Kölliker’s organ; OHC: outer hair cells; PC: pillar cells. Scale bars: 20µm  
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Figure 5.9: Histological analysis of cochleae treated with ATPγS.   

Developing cochleae were dissected in an identical manner to live imaging preparations, and 
treated with ATPγS (100 µM) for 10 minutes. Tissue was fixed in 2.5% gluteraldehyde, 
embedded in resin, sectioned at 1 µm, and stained with toluidine blue. Border cells are 
indicated by the black arrowheads.   
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Figure 5.10: Histological analysis of cochleae treated with suramin. 

Developing cochleae were dissected in an identical manner to live imaging preparations, and 
treated with suramin (150 µM) for 10 minutes. Tissue was fixed in 2.5% gluteraldehyde, 
embedded in resin, and sectioned at 1 µm. Developing border cells which appear swollen are 
indicated by the black arrowheads. 
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5.3.6 Regional Variations in Optical Response to Carbenoxolone (CBX) 

 

5.3.6.1 Effect of CBX on spontaneous morphological activity 

Based on the higher rate of spontaneous morphological events, and higher sensitivity to 

purinergic receptor based volume change, it was postulated that border cells to play a major 

role in generating spontaneous morphological activity throughout Kölliker’s organ. To test this, 

a gap junction blocker (carbenoxolone) was introduced to developing cochlear apical turns, in 

order to isolate the spontaneous events, as well as the P2 receptor agonist-induced volume 

change occurring in the absence of Kölliker’s organ tissue connectivity.  

Average light fluctuations during the recording period were used as a measure of spontaneous 

morphological events within Kölliker’s organ. Examples of these fluctuations in the presence 

of varying carbenoxolone (CBX) concentrations and ATPγS are illustrated in Figure 5.11. 

These fluctuations were normalised against the levels observed during the 10 minute control 

period in order to compare across groups (Fig. 5.12). Results were highly variable, and on 

average no decrease in activity was observed in any region, with the application of either 150 

µM or 300 µM CBX (Fig. 5.11 and 5.12). Instead, a small increase in the average pixel 

intensity fluctuation was observed for all regions within Kölliker’s organ during this time. 

However, an overall decrease in activity was observed with the combined action of CBX and 

100 µM ATPγS, which was sustained during the reperfusion period.  

In the presence of 500 µM CBX however, spontaneous fluctuations in light transmittance 

appeared to decrease in regions of Kölliker’s organ 0-40 µm from IHCs (the biggest decrease 

occurring in regions 20-40 µm from IHCs), with a minute rise in activity in the regions 40-60 

µm from IHCs (Fig. 5.12). These effects were however again highly variable, and were 

followed by a consistent decrease in activity with the addition of ATPγS, as well as 

reperfusion. A typical recording in each region with CBX and ATPγS application is shown in 

Figure 5.11. This outlines a lack of effect of 150 µM and 300 µM CBX on spontaneous events, 

while a reduction can be observed with the higher 500 µM application of CBX. 
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5.3.6.2 Effect of CBX on Light Transmittance in Cochlear Tissue 

In addition to fluctuations, the change in light transmittance over the duration of CBX 

application were monitored for all regions within Kölliker’s organ, since previous observations 

with ATPγS demonstrated that an overall tissue volume change was the underlying reason for 

inhibition of spontaneous events (Fig. 4.5). 

With the addition of 150 µM CBX for 20 minutes, overall tissue light transmittance did not 

appear to significantly change in any of the regions of Kölliker’s organ, although a small 

decline was initially observed. In the presence of 300 µM, an increase in light transmittance 

(attributed to overall tissue swelling) was observed after 10 minutes of exposure, in the regions 

0-20 µm from IHCs (Fig. 5.13), previously defined as border cells. This was not observed in 

regions further away, suggesting a greater capacity for volume change in this region. 

Application of 500 µM CBX resulted in tissue swelling throughout all regions of Kölliker’s 

organ, although it appeared earlier and more pronounced in regions closer to IHCs (Fig.5.13).  

It is also important to note that with exposure to 500 µM CBX, tissue of the organ of Corti 

appeared damaged, with cellular swelling, loss of uniformity among OHCs, and increased 

movement of intracellular structures. In particular, dramatic swelling was observed in the 

border cell region immediately adjacent to IHCs. This increase in cell volume appeared to lead 

to the displacement and expulsion of IHCs.  Due to such dramatic damage to the cochlear 

tissue at higher concentrations, 150 µM CBX was chosen for the investigations that followed.  

 

 

 

 

 

 

 

 



 

154 
 

 

 

 

 

 

 

Figure 5.11: Example of spontaneous fluctuations in light transmittance within Kölliker’s 
organ in response to CBX and ATPγS 

Light transmittance through the Kölliker’s organ was recorded every 20 seconds, and pixel 
intensity values normalised to the first 5 minutes. Carbenoxolone (150 µM, 300 µM, 500 µM) 
was added to the circulating aCSF at 10 minutes (box of broken blue lines), and ATPγS (100 
µM) added at 30 minutes (shaded blue box).   
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Figure 5.12: Average fluctuations in light transmittance in response to various CBX 
concentrations, and ATPγS  

Light transmittance through the Kölliker’s organ was recorded every 20 seconds, and pixel 
intensity values normalised to the first 10 minutes. Carbenoxolone (150 µM, n = 5; 300 µM, n 
=2; 500 µM, n = 2) was added to the circulating aCSF at 10 minutes, ATPγS at 30 min (100 
µM), with average fluctuations in light transmittance recorded throughout.  *p < 0.05 
(Friedman test with Dunn’s post hoc test).  
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Figure 5.13: Changes in light transmittance in response to CBX  

Light transmittance through the Kölliker’s organ was recorded every 20 seconds, and pixel 
intensity values normalised to the first 5 minutes. Carbenoxolone (150 µM, n = 5; 300 µM, n 
=2; 500 µM, n = 2) was added to the circulating aCSF at 10 minutes. 
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5.3.6.3 Regional changes in light transmittance with CBX, and its effect on the 

ATPγS response 

The previously characterised response to ATPγS was tested in the presence of the gap junction 

blocker CBX to remove tissue connectivity, in order to study the respective roles of various 

regions within Kölliker’s organ in generating P2 receptor-induced crenation. This study 

provided further support for the hypothesis that the border cells were the generators of 

spontaneous activity. 

After testing a number of CBX concentrations (150 µM, 300 µM, 500 µM), 150µM was 

chosen as minimal tissue damage (measured through increased light transmittance attributable 

to cell swelling: Fig. 5.13, and integrity of tissue) was observed during application.  CBX was 

introduced after 10 minutes of control aCSF perfusion, and maintained in circulation for 20 

minutes, before the addition of ATPγS. Circulation of aCSF continued with both ATPγS (100 

µM) and CBX (150 µM) for 10 minutes, with a final 10 minute period of reperfusion with 

control aCSF. While some increase in variability was observed during CBX perfusion, it was 

of small magnitude. Interestingly, with the addition of ATPγS, light transmittance began to 

decrease in the border cell region (0-20 µm), while the other regions started to show a slight 

increase (Fig. 5.14). The darkening effect in border cells was transient, and was reversed after 

approximately 200 seconds, with an increase in light transmittance. None of the regions 

appeared to return to baseline values following reperfusion. 

The average rate of light transmittance change in regions were analysed during the first 200 

seconds and final 400 seconds of ATPγS treatment, by calculating the gradients of Figure 

5.14c. During the first 200 seconds, a negative rate of change was observed for tissue 0-20 µm 

from IHCs, indicating a crenation. This rate was significantly different to that of tissue that was 

20-40 µm from IHCs, which show a positive rate of change (swelling). In contrast, during the 

final 400 seconds, rate of change in the closer regions reversed to a high positive rate. 

Together, these results outline the transient darkening specifically in the future border cell 

region in response to P2 receptor activation, when gap junction connectivity throughout the 

Kölliker’s organ is inhibited. It is important to note that these regional differences were 

observed with the same ATPγS concentration (100 µM) as previous studies (Chapter 4), which 

resulted in sustained crenation of all regions within Kölliker’s organ (Fig. 5.4b).  
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Figure 5.14:  Responses to CBX and ATPγS over time in various regions of Kölliker’s 
organ 

Light transmittance through the Kölliker’s organ was recorded every 20 seconds, with 
carbenoxolone (150 µM; n = 5) included in circulation for the first 900 s. Measurements are 
displayed based on their distance from IHCs. A: Gradients of the first 200 s of ATPγS (100 
µM) exposure. B: Rate of change of final 400 seconds. C: average changes in light 
transmittance of Kölliker’s organ regions. *p < 0.05 (Kruskal-Wallis test). 
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5.4 Discussion 

This series of experiments further established the tissue crenation observed in epithelial cells of 

the Kölliker’s organ in response to P2 receptor activation, and explored its tissue distribution. 

P2 receptor signalling appears to be involved in intrinsic volume regulation in Kölliker’s 

organ, with cellular swelling in the presence of a P2 receptor antagonist and crenation with a 

P2 receptor agonist. With both manipulations of purinergic signalling, the greatest effect was 

recorded in the region surrounding the IHC and containing the developing border cells, 

suggesting a potential role for these cells as the generator of the spontaneous morphological 

changes that spread throughout the Kölliker’s organ. Furthermore, in the presence of a gap 

junction blocker, crenation was unique to these border cells suggesting that the border cell 

region plays key role in generating and regulating spontaneous morphological activity 

throughout the Kölliker’s organ. 

 

5.4.1 Tissue Distribution of Spontaneous Morphological Events and 

Responses to Purinergic Manipulation 

Following the initial observation of a band of cells that was consistently more affected by P2 

receptor agonist ATPγS (Chapter 4, Fig.4.7), intrinsic morphological changes were studied in 

greater detail with respect to their tissue distribution. A significantly lower frequency of 

activity (p < 0.05, Kruskal-Wallis) in the region of Kölliker’s organ furthest (40-60 µm) from 

IHCs was observed (Fig. 5.2). As each morphological event is dependent on ATP release 

acting on P2 receptors (Tritsch et al., 2007), a lower frequency may be attributed to a reduced 

rate of ATP release, or a lower expression of P2 receptors in these regions. The faster rate and 

higher amplitude of response by border cells to exogenously applied ATPγS (Fig. 5.4) supports 

a higher expression of P2 receptors in this region, in comparison to regions more medial to 

IHCs. Although P2Y2 and P2Y4 receptor expression has been demonstrated in the greater 

epithelial ridge (which contains cells that form Kölliker’s organ) (Huang et al., 2010), specific 

cellular expression of P2 receptors within Kölliker’s organ has not yet been established.  
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Alternatively, it is also possible that cellular machinery required to induce morphological 

change is differentially distributed throughout the Kölliker’s organ, with a higher expression in 

the border cells. In support of this concept, it has been shown that a band of cells 

corresponding to border cells (similar to that outlined in this chapter) strongly expresses 

anoctamin-1, a Ca2+ activated Cl- channel (Yi et al., 2013). Together, this reinforces the 

concept of a Cl- efflux based mechanism for the morphological changes in the Kölliker’s organ 

epithelial cells as suggested by Tritsch et al. (2007), while also correlating the location of 

higher frequency of spontaneous morphological activity with the greatest extent of agonist-

induced morphological change. In Tritsch’s model of morphological change, Ca2+-induced Cl- 

efflux creates an osmotic gradient, causing an efflux of water and a reduction in cell volume. A 

mechanism such as this may be responsible for both spontaneous and agonist-induced localised 

cell crenation within Kölliker’s organ. In support of this, Cl- channel activation through Ca2+ 

has been observed in other supporting (outer) cells of the cochlea (Lagostena et al., 2001; 

Sugasawa et al., 1996), and P2Y induced Cl- movement is known to cause water fluxes in 

airway epithelia (Hartzell et al., 2005; Kidd & Thorn, 2000). This Cl- based mechanism, 

combined with high sensitivity to P2 receptor agonists, and the localised Cl- channel 

expression raises the possibility of a generator group of cells (border cells), which initiate these 

morphological events, that are then transmitted through to more medial regions via the 

extensive network of gap junctions (mainly Cx26 and Cx30) that are expressed in both rat and 

mouse cochlear tissue (Cohen-Salmon et al., 2005; Lautermann et al., 1999). This may account 

for the slower rate of P2 receptor mediated change in light transmittance, the delay in reaching 

maximal change in regions further from IHCs, and the wave-like spread of light transmittance 

changes. 

The response to P2 antagonist suramin (150 µM) also demonstrated a stronger effect in this 

border cell region, indicating that P2 receptors serve a major role in cell volume regulation and 

morphology in this localised area (discussed further in the next section). It is however 

important to note the dual action of suramin, resulting in the inhibition of both P2 receptors, 

and ectonucleotidases responsible for the hydrolysis of ATP (Chen et al., 1996). It is therefore 

likely that the inhibitory effect was delayed, due to prolonged activation by endogenously 

released ATP. In addition to the overall increase in tissue light transmittance of Kölliker’s 
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organ, suramin abolished spontaneous morphological events in all regions consistently, with a 

prolonged affect that continued beyond the period of drug application.  

 

5.4.2 P2 Receptor Signalling in Cell Volume Regulation and its Link to 

Mechanisms of Spontaneous Morphological Events 

In addition to tissue crenation with the P2 agonist ATPγS, swelling (recorded as an increase in 

light transmittance) observed during P2 receptor antagonist (suramin) application suggests a 

tight volume regulation of the epithelial cells of Kölliker’s organ by P2 signalling. The cell 

swelling also indicates an inward drive for water movement, with purinergic receptor 

activation restoring cell volumes back to baseline, likely through Ca2+ activated Cl- fluxes 

(Tritsch et al., 2007; Yi et al., 2013). It is therefore possible that the mechanism of ATP release 

from cells of Kölliker’s organ may involve a stretch or volume dependent component. In 

support of this idea, past studies have demonstrated the involvement of ATP on cell volume 

regulation, and the ability of airway and alveolar epithelial tissue to release ATP under 

hypotonic conditions or mechanical stimulation (Braunstein et al., 2004; Grygorczyk, Furuya, 

& Sokabe, 2013; Taylor et al., 1998). Additionally, these epithelial cells responded in a similar 

manner to purinergic manipulation, with cells swelling in the presence of nucleotide 

scavengers and crenating in the presence of purinergic receptor agonists such as ATPγS 

(Braunstein et al., 2004).  

Interestingly, swelling observed with suramin was again significantly greater in the border cell 

region (both during real-time imaging and after histological analysis), implying a gradient in 

cellular water movement within Kölliker’s organ. A gradient in volume oscillations within 

Kölliker’s organ is supported by strong expression of the Cl- channel anoctamin-1 in these 

border cells (Yi et al., 2013). This variability may also be attributed to the distribution of 

aquaporins in the tissue, in particular AQP4 which has been shown to be expressed in rodent 

supporting cells of the cochlea, including inner sulcus cells (Miyabe, Kikuchi, & Kobayashi, 

2002; Takumi et al., 1998). In contrast, while AQP1 is present in the cochlea, its distribution 

was found to be localised to non-epithelial cells (Miyabe et al., 2002; Takumi et al., 1998), and 

is thus unlikely to be involved in the cell volume changes observed in the experiments 
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discussed here. Although detailed expression of aquaporins in the Kölliker’s organ has not yet 

been established, the rapid nature of cell swelling in the border cell region suggests a stronger 

expression of these water channels in this area, but this is yet to be determined. If ATP is in 

fact released in a cell volume dependant manner, then a strong co-expression of aquaporins and 

Cl- channels in the border cells could at least partly explain the gradient of both spontaneous 

and P2 receptor agonist induced morphological changes within Kölliker’s organ. 

 

5.4.3 Role of Gap Junctions in Morphological Changes of Kölliker’s 

Organ 

Although spontaneous morphological activity was not clearly inhibited with 150 µM and 300 

µM CBX, the higher concentration of 500 µM demonstrated an inhibitory effect (Fig. 5.11 and 

Fig. 5.12), supporting previous observations (Tritsch et al., 2007), where inhibition with the 

gap junction blocker octanol also induced such responses. Together, as CBX is known to 

inhibit both gap junctions and unpaired connexons, these results suggest the requirement of gap 

junctions and/or hemichannels in the release of ATP and initiation of morphological change 

throughout Kölliker’s organ (Rozental, Srinivas, & Spray, 2000).  

Furthermore, higher concentrations of CBX (300 µM and 500 µM) caused swelling of 

Kölliker’s organ, particularly of the border cells. Similar dysfunction of volume regulation was 

also observed in the present study in response to P2 receptor antagonist suramin. This effect of 

CBX may therefore be due to the inhibition of volume regulation and spontaneous volume 

oscillations, through the blockage of potential ATP releasing hemichannels. It is however a 

possibility that the swelling in response to CBX may also be due to its connexin-independent 

effects that have been documented in other tissues (Connors, 2012; Rouach et al., 2003; Tovar, 

Maher, & Westbrook, 2009). In particular, CBX has been shown to cause inhibitory effects of 

voltage gated Ca2+ channels in the retina (Vessey et al., 2004), and may disrupt similar 

channels in Kölliker’s organ which may serve key a role in morphological change. 

Nevertheless, CBX remains a common drug used for the modulation of gap junctions 

(Juszczak & Swiergiel, 2009; Rozental et al., 2000; Tritsch et al., 2007). 
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Due to the cellular swelling at higher concentrations (300 µM and 500 µM), the lower 

concentration (150 µM) of CBX was used to observe the effects of gap junction inhibition on 

P2 receptor activation. In the presence of CBX, response to P2 receptor activation by ATPγS 

was restricted to the border cell region (0-20 µm from IHCs), while this typical darkening 

response was absent in regions of Kölliker’s organ further away from IHCs (Fig. 5.14). As the 

concentration of ATPγS was consistent throughout the experiments described in this chapter, 

the absence of the darkening in regions 20-60 µm from IHCs imply that inhibition of gap 

junctions present in the Kölliker’s organ (mainly Cx26 and Cx30) (Cohen-Salmon et al., 2005; 

Jagger & Forge, 2006; Zhao & Santos-Sacchi, 2000) restricts this agonist-induced 

morphological change to the border cells. Therefore, this specific response to ATPγS further 

supports the possibility of a generator group of cells within 0-20 µm of IHCs, which under 

physiological conditions, transmits the change to surrounding epithelial cells through the 

network of gap junctions.  

Unexpectedly, following the transient darkening response to ATPγS, rapid swelling was 

observed in CBX-treated Kölliker’s organ tissue, particularly in the border cell region. 

Swelling of Kölliker’s organ region after the addition of ATPγS suggests strong interaction 

between gap junctions/hemichannels and P2 receptors within Kölliker’s organ. However the 

details of this relationship are not yet established. It is a possibility that ATPγS is slowly 

hydrolysed during its exposure time, removing the signal for cell crenation. This in turn may 

have resulted in a similar outcome as CBX alone, which appeared to cause cell swelling 

(particularly in the border cell region), potentially through hemichannel inhibition (Fig. 5.13). 
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5.5 Summary and Conclusions 

Within Kölliker’s organ, the region containing border cells was found to be the most sensitive 

to P2 receptor agonists and antagonists, resulting in the most pronounced crenation and 

swelling, respectively. These results suggest the possibility of a strong expression of P2 

receptors and other proteins involved in morphological change (such as Cl- channels) in order 

for rapid volume change to occur. Furthermore, cells within Kölliker’s organ appear to be 

under tight volume regulation through P2 receptor activity, which resulted in its swelling once 

this regulation was removed. This reveals an inward drive for water, which is moderated by 

water efflux that is dependent on ATP receptor activation. Finally, with tissue connectivity 

blocked, cell crenation through P2 activation was isolated to the border cell region of 

Kölliker’s organ. Together with a higher frequency of intrinsic activity, these results suggest a 

higher drive for morphological change within border cells. These cells could therefore be 

responsible for generating intrinsic morphological change, which is transmitted through gap 

junctions to the surrounding cells of Kölliker’s organ.  
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Chapter 6: 

General Discussion 

 

The presence of spontaneous morphological activity within Kölliker’s organ and its 

disappearance following the ‘onset of hearing’ had been described by Tritsch et al. (2007) and 

was confirmed in the studies presented in this thesis.  The characteristics of these events, in 

terms of their frequency and amplitude, were established and these were generally similar to 

the previous reports, although the frequency of the events was lower than previous studies. 

Further studies demonstrated that spontaneous events were dependent on ATP and P2 receptor 

activation with the implication that “rhythmic” release of ATP, rather than P2 receptor 

activation alone was necessary for these spontaneous transient morphological events. P2 

receptor activity was also shown to be essential for volume regulation of Kölliker’s organ 

epithelial cells, as inhibition of these receptors led to cellular swelling. Finally, cells that 

surround the inner hair cells, the border cells, were identified as a potential site of generation of 

these rhythmic morphological events. This was due to their high sensitivity to P2 receptor 

manipulation, and P2 receptor agonist-induced crenation in the presence of gap junction 

inhibition; an effect absent in regions further medial of border cells.  

In the following general discussion the overall limitations of the studies and potential 

mechanisms and function of spontaneous morphological events are discussed, in addition to the 

significance of the current research.   
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6.1 Methodology and its Limitations 

6.1.1 Variability 

The wholemount, live imaging approach provided the opportunity to observe a reasonably 

large area of the Kölliker’s  organ consistently and from similar regions of the cochlea across 

age. The approach is similar to previous studies of spontaneous morphological activity, and 

used identical aCSF compositions (Tritsch et al., 2007), though Sprague Dawley rats were used 

in the previous study, while the current study used Wistar rats. Additionally, the study by 

Trtisch et al. (2007) was performed under ambient temperatures (22-24ºC); in contrast to the 

studies presented in this thesis, where aCSF was maintained at 35◦C to more closely replicate 

physiological conditions. 

However, a notable feature of these current studies was the very high degree of variability in 

the changes that were observed with different experimental manipulations. Whilst individual 

responses to the same manipulations were consistent across animals, changes in amplitude 

often had a different time course, which accounted a lot for the variability when data were 

averaged across the sample. This variability may also be caused by differences in the diffusion 

rate of compounds with the experimental setup as well as differences in diffusion of 

compounds through the tissues.  The amplitudes also varied considerably across animals which 

may be a result of the small changes in cell volume (measured as small changes in light 

transmittance), causing a greater individual variation. While this is a limitation of using real-

time tissue darkening as a marker for intrinsic activity, its use can be justified by the ability to 

observe and measure such dynamic tissue changes in real time. Additionally, the average light 

transmittance of all ROI within Kölliker’s organ was adjusted to a standard of 2000 arbitrary 

units at the start of each recording, in order to reduce variability in the dynamic range of 

change. Finally, in whole-mount configuration, only one layer of cells within Kölliker’s organ 

was imaged, and the size of the imaging window was compromised in order to increase the 

resolution acquired with an image (i.e. objective magnification). The number of cells analysed 

with each image was therefore limited.  

Together, the use of whole-mount cochlea and intrinsic tissue darkening in real-time increases 

the influence of individual cell variation. However, this variability was at least partly overcome 
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by inducing tissue-wide morphological changes in Chapter 4 and 5 (e.g. through use of 

ATPγS), and analysing the resulting relative changes as trends.  

 

6.1.2 ATPγS Exposure as a Model of Morphological Activity 

The spontaneous morphological changes that are consistently observed in the Kölliker’s organ 

are relatively random in location and timing.  This makes it difficult to look at the mechanisms 

of the crenation (and swelling) in greater detail simply through real-time imaging of Kölliker’s 

organ. A collateral finding of the studies in Chapter 4 was that the bath application of both 

ATP and ATPγS (a slowly-hydrolysable ATP analogue) induced more sustained cell volume 

changes within Kölliker’s organ. Although ATP induced volume changes, its hydrolysis by 

ectonucleotidases present in the developing cochlea (O’Keeffe et al., 2010) limited this change 

to a more transient response albeit with a reasonably long time constant. On the other hand, 

ATPγS produced a sustained crenation, enabling more detailed study and fixation of tissue in 

an altered state for histological analysis.    

It must be noted that the use of ATPγS has its drawbacks as it causes the prolonged activation 

of P2 receptors, which may alter cellular functioning to a certain degree due to changes in ionic 

homeostasis. Additionally, fast desensitisation kinetics (<100 ms) have been observed in P2X 

receptor subtypes such as P2X1, P2X3, although the P2X2 receptor subtype (the predominant 

subtype in the cochlea ( Housley et al., 1999) shows a slower and linear rate (> 10 s) of 

desensitisation (North, 2002). In extreme cases, prolonged entry of Ca2+ through P2X receptors 

may activate cell death pathways, leading to apoptosis (Brake et al., 1994; Chvatchko et al., 

1996; Ferrari et al., 1999).  However, the likelihood that ATPγS has any lasting effects on cells 

in the organ of Corti and Kölliker’s  organ was minimised by the short exposure time of 10 

minutes, as shown by recovery of cell shape and volume after ATPγS exposure.  

While ATPγS provided a predictable morphological change within Kölliker’s organ, on its own 

it did not induce spontaneous dynamic events. Thus it provides a useful model system for 

studying the mechanisms of the P2 receptor activated crenation, but not the spontaneous 

activity itself.    
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6.1.3 Gap Junction and P2 Blockers: Specificity and Side Effects 

Although a number of gap junction blockers have been identified (e.g. octanol, CBX, 

mefloquine), none of them is connexin subtype specific (Juszczak & Swiergiel, 2009). 

Furthermore, many have additional effects other than blocking gap junction function (Juszczak 

& Swiergiel, 2009). For example CBX, which was used in this thesis, has been shown to 

increase firing threshold and reduce firing rates of cultured neurons independently of gap 

junction inhibition (Rouach et al., 2003), in addition to blocking voltage gated Ca2+ channels in 

photoreceptors of the retina (Vessey et al., 2004). It is, therefore, challenging to confidently 

draw conclusions regarding the role of gap junctions in the generation and distribution of 

spontaneous morphological activity within Kölliker’s organ based on blocking gap junction 

activity with CBX. Nonetheless, CBX is still widely used for the inhibition of gap junctions 

(Juszczak & Swiergiel, 2009; Rozental et al., 2000), and in these studies it consistently 

prevented the apparent spread of activity between regions of  Kölliker’s organ, suggesting it 

was acting on intercellular communication pathways. This could be investigated further by 

looking at the transfer of compounds between cells, such as movement of dyes (Hofer & 

Dermietzel, 1998) to confirm that the inhibition of gap junctions was responsible for the loss of 

morphological activity in regions away from the border cells.  

While suramin was used to inhibit P2 receptors, it has other effects such as reducing activity of 

ectonucleotidases and activation of intracellular ryanodine receptors. While inhibition of 

ectonucleotidases would prevent the hydrolysis of extracellular nucleotides (Vlajkovic et al., 

1998) and prolong the effect of endogenously released nucleotide signalling, activation of 

ryanodine receptors will result in the release of intracellular Ca2+ stores and rise in cytoplasmic 

[Ca2+] (Klinger et al., 1999; Sitsapesan & Williams, 1996). Although a low expression of 

ryanodine receptors has been demonstrated in Kölliker’s organ epithelial cells (Liang, Huang, 

& Yang, 2009), the effects of suramin on ryanodine receptors in the cochlea has not been 

demonstrated and in fact has only been shown in skeletal and cardiac muscle tissue (Klinger et 

al., 1999; Sitsapesan & Williams, 1996). Nevertheless, it is possible that suramin leads to a rise 

in intracellular [Ca2+] through ryanodine receptor activation, which may negate some of its 

effects as a P2 receptor antagonist. Additionally, suramin does not differentiate between P2X 

and P2Y receptor subtypes, and these may perform different roles in the generation of 
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spontaneous events due to their distinct gating properties (Burnstock & Knight, 2004). The 

specific P2X antagonist PPADS was tested in an attempt to separate this activity, however its 

dark colour and consistency affected the background light transmittance and no reliable data 

was collected. A potential P2X antagonist for future studies is trinitrophenyl-ATP (TNP-ATP), 

which shows some specificity for P2X3 and P2X2/3 receptor subtypes, however with lower 

potency against P2X2 receptors (Thomas et al., 1998). 

 

6.2 Possible Mechanisms of Spontaneous Morphological 

Changes in Kölliker’s Organ Epithelial Cells and the Role 

of Border Cells 

Previous studies by Tritsch et al. (2007, 2010) suggested an ATP-based mechanism for the 

generation of spontaneous morphological activity within Kölliker’s organ. In their model, 

autocrine and paracrine signalling in epithelial cells of Kölliker’s organ cause the activation of 

P2X and P2Y receptors, resulting in an influx of Ca2+, Na+ and rise in IP3 through P2 inotropic 

and metabotropic receptor activation respectively (Tritsch, Zhang, et al., 2010). Results 

presented in the current study (Chapters 4 and 5) provide further support for this mechanism, 

as the morphological change (in this case, crenation) was initiated with P2 receptor activation 

and reversed with its antagonism by suramin. P2 receptor activity was also shown to be 

necessary for intrinsic volume regulation within Kölliker’s organ by endogenous ATP, as its 

antagonism by suramin led to cellular swelling throughout the tissue (Chapter 5), but especially 

around the IHC. Tritsch et al. (2007) also suggested that the activation of Cl- channels is 

involved in this process through a rise in intracellular Ca2+, which would occur as a 

combination of the Ca2+ influx through P2X receptors, and release from internal stores (Tritsch 

et al., 2007). Cl- efflux through Ca2+ activated Cl- channels would then create an osmotic 

gradient, causing water movement out of these cells. This is supported by the reduction in 

morphological events with a Cl- channel blocker (DIDS) (Tritsch et al., 2010) , and the high 

concentration of Ca2+ activated Cl- channels localised to border cells found medial to IHCs (Yi 

et al., 2013), where the greatest change is observed in the present study (Chapters 4 and 5). 
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Rhythmic morphological changes are continuously observed for extended periods under 

control conditions (Chapter 3), so it must be assumed that the Cl- efflux is regulated and its 

intracellular concentration restored periodically. Therefore, these cells must be under 

considerable homeostatic control to regulate their ion fluxes and water movement. In 

particular, a route must be present for the re-entry of Cl-, in order for the rhythmic 

morphological oscillations to continue. One potential candidate for the re-entry of Cl- is the 

Na-K-2Cl co-transporter (NKCC), which transports K+, Na+, and two molecules of Cl- in the 

same direction, while maintaining electroneutrality. Whilst NKCC2 is not expressed in the 

cochlea  (Hidaka, 1996), NKCC1 is found in both rodent and human cochlear tissue 

(Sakaguchi et al., 1998; Weber et al., 2001). Specific NKCC1 expression in the organ of Corti 

is not well established, with one study suggesting their lack of expression near the border cells 

(Yi et al., 2013), while another demonstrating some expression within the cells of the 

developing inner sulcus (Sakaguchi et al., 1998). The Cl- K+ co-transporter (KCC) is another 

possibility, though they are generally outward rectifying, leading to Cl- efflux (Chee, Kistler, 

& Donaldson, 2006). Members of the Cl- channel family (ClC) display inward rectification, 

and are expressed in the cochlea, though mostly in spiral ligament fibrocytes and outer hair 

cells (Kawasaki et al., 1999; Qu et al., 2007). NKCC1 remains an attractive candidate, as it has 

been shown to be activated by a reduction in cell volume (reviewed by Palfrey & O'Donnell, 

1992), and a reduction of intracellular [Cl-] enhances its activation (Xu et al., 1994). NKCC1 is 

expressed in a similar pattern to Na-K-ATPase in both rodent (Crouch et al., 1997) and human 

cochlear tissues (Weber et al., 2001), although its expression in developing cochlear tissues is 

not well established. The Na-K-ATPase removes intracellular Na+ in exchange for K+, and 

helps maintain ionic homeostasis, while requiring ATP for its activity. This pump would 

potentially be inhibited during OGD in the studies described in this thesis (Chapter 4), resulting 

in the inability to maintain the physiological intracellular [Na+] and [K+]. Due to the depletion 

of ATP within these cells, OGD is also likely to reduce the release of ATP, thereby having a 

dual inhibitory effect on spontaneous morphological events through inhibition of both release, 

and restoration of ionic balances through Na-K-ATPase after an event.  

If NKCC1 and Na-K-ATPase are in fact involved in reverting intracellular ionic concentrations 

during these Cl- mediated events, a route for balancing intracellular K+ concentrations is 

required. A number of K+ channels (e.g. KCNQ, KCNE, BK) have been detected in the 
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cochlear tissues (Hibino & Kurachi, 2006). Interestingly, KCNQ1 and KCNQ4 are capable of 

detecting cell volume change and membrane stress, and are implicated in regulating a decrease 

in volume (Calloe et al., 2007; Grunnet et al., 2003; Hammami et al., 2009). The presence of 

KCNQ1 has been linked to increased ATP release under hypoosmotic/hypotonic conditions in 

oocytes (Hammami et al., 2013), implicating its potential involvement in morphological 

activity. Additionally, BK channels are known to be expressed within supporting cells of the 

cochlea, and are also capable of inducing Ca2+ activated hyperpolarising currents, particularly 

leading up to the onset of hearing (Bulankina & Moser, 2012). Ca2+-induced activation of such 

a K+ current would allow these Kölliker’s organ cells to maintain electroneutrality during ATP-

induced Cl- efflux. Furthermore, BK channels may also be activated through stretch-activated 

mechanisms (Hammami et al., 2009). Finally, the movement of water which follows such ionic 

fluxes may occur passively through a number of aquaporin (AQP) channels present in cochlea, 

including AQP1, AQP5 (Merves et al., 2003), AQP2 (Merves et al., 2000), and AQP4 (Huang 

et al., 2002). AQP4 is a key candidate as it is strongly expressed during development (Huang et 

al., 2002), and has been shown to be localised to supporting cells of the organ of Corti in adult 

cochlea (Mhatre et al., 2002; Takumi et al., 1998).  

Although based on speculation, it could be that these channels coordinate the ionic movements 

that are likely to occur during ATP-mediated spontaneous morphological events in Kölliker’s 

organ and this is supported by observations from Chapters 3-5.  These putative interactions are 

summarised in Fig. 6.1. In Chapter 5, suramin was shown to inhibit P2 receptor activity, 

arresting the periodic Cl- efflux, while Cl- influx would continue until equilibrium is reached.  

Perilymphatic [Cl-] is known to be approximately 119mM (Wangemann & Schacht, 1996), and 

the experimental aCSF [Cl-] was 129.1mM. In contrast, mammalian intracellular [Cl-] is 

generally reported to be approximately 4-40mM (Berne & Levy, 1988), creating an inward 

drive for Cl- alone, potentially leading to the swelling observed with P2 receptor activation; 

however, other osmotic particles and electrochemical gradients need to be considered. For 

example, cellular swelling is not observed during OGD, although ATP-mediated activity is 

inhibited (Chapter 5), possibly due to inhibition of Na,K-ATPase, and the accumulation of 

osmotic particles such as Na+ in the cytosol.  

While the interplay between P2-mediated Ca-Cl- channel activation and restoring mechanisms 

of Cl- may indicate a possible mechanism of rhythmic volume change, the trigger for release of 
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ATP still needs to be identified. It is possible that ATP is released in response to increased cell 

volume in a stretch dependent manner; a mechanism previously observed in hypotonic 

epithelial tissue (Braunstein et al., 2004; Guyot & Hanrahan, 2002; Taylor et al., 1998). This 

released ATP would then activate P2 receptors to induce crenation as described earlier, and its 

activity terminated through ectonucleotidases that have been identified in juvenile cochlear 

tissues (O’Keeffe et al., 2010; Zimmermann, 2001), allowing cells to reset the ionic 

composition and volume once again. However, while the action of ectonucleotidases may 

determine the kinetics of crenation, alone, they are not sufficient to maintain the rhythmicity of 

spontaneous events, as these spontaneous events did not return with the addition of ATP during 

OGD (Chapter 4). The periodic release of ATP therefore appears to be essential in generating 

this rhythmic drive for spontaneous crenation of Kölliker’s organ cells. This release could 

occur through connexin hemichannels in the cochlea (Cohen-Salmon et al., 2004; Toshihiko 

Kikuchi et al., 1995), as CBX lead to cellular swelling (much like suramin), possibly by 

preventing ATP-induced crenation.  

Within Kölliker’s organ, it appears that the border cells are the most sensitive to P2 receptor 

agonists and antagonists, show the greatest volume change with such exogenous P2 receptor 

manipulators, and have the highest intrinsic rate of morphological activity (Chapter 5). These 

cells are, therefore, likely to be the generators of spontaneous morphological events, through 

volume-dependant release of ATP. In this proposed model, the released ATP would act on P2 

receptors through autocrine and paracrine signalling as originally suggested by Tritsch et al. 

(2007), synchronising adjacent cells. Downstream effects of P2X and P2Y activation (i.e. rise 

in intracellular Ca2+) are transmitted to neighbouring cells through the gap junction network 

within supporting cells (Cohen-Salmon et al., 2004), leading to the Cl- dependent volume 

change described earlier. Such a model would account for the faster and larger response to P2 

receptor agonists and antagonists in the border cells (Chapter 5). This idea is further supported 

by the unique P2 agonist-induced crenation of border cells in the presence of a gap junction 

blocker, which outlined the requirement of gap junctions to transmit this change to cells further 

from IHCs. However, this could also be due to a graded expression of purinergic receptors, 

which may still lead to a higher generation of activity in the border cells. There is an 

assumption in this model that P2 receptor expression and release of ATP is in the basolateral 

region of the cell and not at the endolymphatic surface. Although P2Y2, P2Y4 and P2Y6 are 
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expressed in this region of the developing cochlea (Huang et al., 2010), it is not clear whether 

any of these receptors are expressed at the endolymphatic surface of the border cells.  P2X2 is 

expressed on the surface of mature Deiter’s cells and possibly inner sulcus cells (Housley et al., 

1999) but detailed localisation of these P2 receptors in supporting cells of the developing 

cochlea needs to be undertaken.    

Following the ‘onset of hearing’, these spontaneous morphological events decrease 

significantly (Chapter 3), supporting earlier observations by Tritsch et al. (2007). The reduction 

in activity is unlikely to be due to a reduced P2 receptor or Cl- channel expression, as 

exogenous application of ATP has been shown to induce morphological changes in hearing rats 

aged P15-16 (Tritsch & Bergles, 2010b), which correspond to the hearing ages used in this 

thesis. It is therefore likely that the disappearance of spontaneous morphological activity with 

cochlear maturity is a result of the removal of the ATP release mechanism, and further 

emphasises its necessity in creating the rhythmicity of these events. 
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Figure 6.1: Schematic model of cellular events and ionic homeostasis in border cells 
during morphological activity of Kölliker’s organ. 

 

Potential transporters involved in spontaneous morphological activity, and influence of 
experimental interventions on epithelial cells of Kölliker’s organ, bathed in perilymph. Red 
lines indicate inhibition and green arrows denote activation.  
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6.3 Potential Function of Spontaneous Morphological 

Activity 

Little is currently known about the role of such spontaneous morphological events within 

Kölliker’s organ. It had been speculated (Tritsch et al., 2007) that if changes in cell 

morphology are in fact due to osmosis, these spontaneous events may be involved in the 

production of endolymph while the cochlea increases in size and matures (Mu et al., 1997). 

Although this cannot be discounted it would seem unlikely that this would be a function of the 

border cells which have a very small area at the endolymphatic surface. An alternative role of 

these rhythmic morphological changes is the detachment of sensory hair cells of the organ of 

Corti from the tectorial membrane, preparing the sensory structure for detecting external 

sounds (Tritsch, Zhang, et al., 2010).   

Additionally, it is important to note the proximity of Kölliker’s organ (especially border cells) 

to IHCs, and the increased activity towards these sensory cells. While work by Tritsch and 

colleagues (Tritsch & Bergles, 2010b; Tritsch et al., 2007; Tritsch et al., 2010) has suggested 

modulation of IHC activation (and subsequent auditory pathways) by spontaneous activity of 

Kölliker’s organ, others suggest IHCs are activated without the need of purinergic signalling 

from Kölliker’s organ (Johnson et al., 2012; Johnson et al., 2011; Sendin et al., 2014).  

Although IHC activity was not studied in this thesis, the release of ATP from supporting cells 

would likely activate P2 receptors present in their vicinity, including those on IHCs (Huang et 

al., 2010; Nikolic et al., 2003), thereby regulating the spontaneous drive of the auditory system. 

Border cells are the closest to IHCs and show significant oscillations in volume (Chapter 5), 

suggesting they might be the key generator of these morphological events. This is especially 

significant if volume change is the determinant of ATP release, as speculated in section 6.2. 

Such a mechanism would suggest that spontaneous morphological change of border cells 

within Kölliker’s organ could regulate the initiation and rhythmicity of spontaneous activity of 

nearby IHCs, resulting in activity further along the auditory pathways and nuclei.  

Conversely, the generation of spontaneous events and its distribution throughout Kölliker’s 

organ may be necessary for maintaining the health of Kölliker’s organ during development by 

enhancing communication through the supporting cell network. A loss of this activity, 



 

176 
 

synchronised to the maturation of the sensory cells and onset of sound-driven activity may 

serve as a trigger for the synchronised maturation and transformation of this region into the 

inner sulcus of the mature cochlea. 

 

6.4 Significance of Research 

The spontaneous activity-driven period of auditory development is crucial in priming the 

auditory system for sound-driven activity by promoting neuronal survival, maturation and 

organisation (Erazo-Fischer et al., 2007; Franklin et al., 2006; Johnson et al., 2011; 

Mostafapour et al., 2000), however its origins and mechanisms are still not well established. 

Research presented in this thesis explores spontaneous morphological activity, a component 

tightly associated with such spontaneous activity (Tritsch et al., 2007), specifically within the 

Kölliker’s organ. Potential mechanisms of this activity are discussed, leading to further studies 

that may clarify these events. Due to the dramatic rhythmic volume changes, these 

morphological events may play a number of roles in structural maturation (such as tectorial 

membrane detachment and fluid formation) of the cochlea, leading up to the ‘onset of hearing’. 

These spontaneous events are diminished when tissue is deprived of ATP production (Chapter 

4), and may contribute to the correlation between auditory deficits and ischemic exposure 

during development (McClure et al., 2005). Within Kölliker’s organ, border cells surrounding 

IHCs showed the greatest capacity of such volume change, and demonstrated their potential as 

generators of spontaneous activity (Chapter 5). These outcomes are especially significant given 

their close proximity to IHCs, suggesting their involvement in regulating IHC activity. This 

supports similar ideas by Johnson et al. (2011) and Tritsch et al. (2007), whose studies 

suggested at least a modulatory role of ATP in IHC activation. These spontaneous 

morphological changes within border cells of the developing cochlea may therefore play a 

direct role in regulating the spontaneous drive of the developing auditory system, and the 

associated refinement of its connections. 
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6.5 Future Directions 

In order to better understand the graded response to purinergic manipulation throughout 

Kölliker’s organ, knowledge regarding the specific expression of P2X and P2Y receptors in the 

developing cochlea would be required, as the current understanding on their localisation is 

limited. Furthermore, the distribution of aquaporins (particularly AQP4) within Kölliker’s 

organ will be an indication of the capacity for water movement and volume change within the 

tissue. 

As demonstrated by Tritsch et al. (2007, 2010), Ca2+ waves are tightly associated with 

spontaneous morphological events. Therefore, Ca2+ imaging during ATP and ATPγS exposure 

would enable the study of its characteristics, and allow links to be formed between morphology 

and intracellular signalling, as well as the agonist-induced distribution of Ca2+ waves 

throughout Kölliker’s organ. Additionally, imaging of ATP release through markers such as 

luciferin-luciferase (Taylor et al., 1998) could be used to test the hypothesis of a volume/stretch 

dependent release, by changing osmolarity of the surrounding solution. 

Specific distribution of NKCC, CLC, Na-K-ATPase, KCNQ and BK transporters in the 

developing organ of Corti should be established, and would provide insight into the channels 

involved in ionic homeostasis during spontaneous events. Following this, the relationship 

between channel activity and morphological changes can be investigated through blockers such 

as vanadate (inhibits Na-K-ATPase) (Cantley et al., 1977) and bumetanide (inhibits NKCC) 

(Haas & Sontheimer, 2010), thus providing evidence to support or reject their involvement in 

the mechanism of spontaneous morphological activity.   

Finally, assessing auditory function and morphology of the mature cochlea in knockouts (or 

conditional knockouts) for vital channels involved in spontaneous morphological events would 

give an indication of its role in the development of cochlear tissues, and the significance to 

auditory system functioning. 
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Chapter 7: 

Summary and Conclusions 

 

This series of studies explored the Kölliker’s organ, and aimed at defining the phenomenon of 

spontaneous morphological activity, in the hopes of exploring its underlying mechanism of 

activity. The activity was characterised in real-time DIC imaging, which allowed the recording 

of these dynamic events, and was found to be mostly specific to the Kölliker’s organ of pre-

hearing Wistar rat pups. Following this, the P2 receptor dependency of the activity was 

demonstrated through P2 agonists and antagonists, with the final series of experiments 

outlining the possibility of a generator within border cells of the developing organ of Corti.  

 

The following is a list of the major findings of these studies: 

 Spontaneous morphological activity was identified as fluctuations in transmitted light 

intensity due to changes in refractive index, as cells of the tissue underwent cycles of 

contraction and swelling.   

 This was mostly restricted to cells of the Kölliker’s organ in pre-hearing animals, with 

the activity diminishing significantly following the ‘onset of hearing’ (P15-16). 

 No significant difference in spontaneous morphological activity characteristics was 

observed along the cochlear tonotopic axis. 

 Spontaneous morphological events were very sensitive to energy depletion, which may 

inhibit both ATP release and ion transporters necessary for ionic homeostasis and 

volume regulation. 

 P2 agonists ATP and ATPγS cause cellular crenation throughout Kölliker’s organ, 

reversible with P2 receptor antagonist suramin, confirming a P2 receptor activated 

volume change. 

 Addition of ATP during energy deprivation does not restore spontaneous events, 

suggesting that ectonucleotidases are not sufficient to maintain rhythmicity.  
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 ATP-induced transient crenation, compared to the sustained crenation by ATPγS, 

outlined the role played by ectonucleotidases in returning cells to their original size. 

Additionally, ATPγS proved to be a consistent method of stimulating cell volume 

change that would otherwise be random.  

 Products of extracellular ATP metabolism (Adenosine) did not elicit any change within 

Kölliker’s organ, confirming the absence of P1 receptor mediated changes to cell 

morphology. 

 Using ATPγS to stimulate crenation, graded changes were identified, increasing 

towards the IHCs. Histology confirmed the greatest crenation in border cells, adjacent 

to IHCs.  

 A graded response was also observed with a broadly selective P2 receptor antagonist 

suramin, which resulted in cellular swelling, particularly in the border cells, reinforcing 

the requirement of intrinsic P2 receptor activity to regulate cell volume. This was 

supported by histological data confirming swelling of border cells. 

 Swelling in response to suramin also suggested a volume-induced mechanism for the 

release of ATP within Kölliker’s organ cells. 

 After administration of a gap junction blocker (CBX), ATPγS induced darkening was 

restricted to the border cells, suggesting a generator role of these cells, which is then 

transmitted to the rest of Kölliker’s organ through a network of gap junctions. 

 Due to their potential generator role for spontaneous events within Kölliker’s organ and 

close proximity to IHCs, border cells may be involved in generating and/or regulating 

spontaneous activity within these sensory cells.  

 

In conclusion, the border cells are postulated to generate spontaneous morphological activity 

through rhythmic release of ATP via a volume dependent mechanism. This in turn causes the 

observed crenation of surrounding cells through P2 receptor activation, and is communicated 

through the network of gap junctions to cells of Kölliker’s organ located further from the 

border cells. Due to its close proximity to IHCs, ATP released from border cells may act 

through paracrine signalling to modulate IHC activity.  
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