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Abstract 

Sensory and non-sensory cells of the inner ear express numerous P2X and P2Y 

receptor subtypes, suggesting purines play various roles in hearing. Spiral ganglion 

neurons (SGNs), the primary afferents in the auditory nerve, rely on satellite glial cells 

(SGCs) and Schwann cells (SCs) for their long-term survival. This project examined 

the role of P2X7 receptors (P2X7Rs) as mediators of neuro-glial interactions in the 

auditory nerve, and their potential as therapeutic targets.  

In transgenic reporter mice where EGFP expression is driven by the P2X7R promoter, 

cytoplasmic EGFP localised to SGCs and SCs, but was absent from SGNs and 

auditory nerve CNS glia. In spiral ganglion primary cultures from these mice, EGFP 

was detected only in Sox10-positive glia. Functional EGFP-tagged P2X7Rs in BAC-

transgenic mice localised to the membranes of SGCs and SCs, but not those of 

SGNs. Comparable patterns of expression were observed using a P2X7R-specific 

nanobody on mouse cochlea, and a commercial antibody on rat cochlea. These data 

identify an expression of P2X7Rs that is specific to peripheral glia within the auditory 

nerve. 

The properties of glial P2X7Rs were studied in rat spiral ganglion primary cultures. 

The P2X7R agonist BzATP activated instantaneous increases of intracellular calcium 

concentration, an effect dependent on extracellular calcium. BzATP application 

activated glial uptake of the large fluorescent molecule YO-PRO-1 within minutes, an 

effect slowed by selective P2X7R antagonists. Prolonged (6-hour) incubation in 

BzATP or ATP activated apoptotic cell death in glia, though cells were resistant to 

shorter (1-hour) exposures.  

Together, the data demonstrate functional P2X7R expression specifically in 

peripheral glia within the auditory nerve. Their functional properties suggest P2X7R 

activation may activate the uptake or release of large molecules in the neuro-glial 

space. This mechanism may be neuroprotective, to preserve auditory nerve function 

during conditions of stress.   
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Impact statement 

The work presented here demonstrated P2X7R expression in peripheral glial cells 

within the auditory nerve, and this is the most in-depth study to date. These findings 

were corroborated in three different animal models (i.e. Tg(P2rx7-EGFP)FY174Gsat 

mice, BL/6N-Tg(RP24-114E20P2X7-451P-StrepHis-EGFP mice, and Sprague 

Dawley rats). Comparable patterns were observed with EGFP immunofluorescence 

detection in transgenic mice and anti-P2X7R immunofluorescence in rat cochleae 

with confocal imaging, which corroborated the expression of P2X7Rs in cochlear glia. 

Functional assays were performed in spiral ganglion primary cultures, which proved 

to be a good method to study the response of dissociated glial cells to various P2X7R 

agonists and antagonists.  

This work can be built upon by the auditory research community, by performing further 

functional studies to investigate the downstream effects of P2X7R activation (1) under 

normal circumstances, or (2) after damage to the cochlea (e.g. exposure to loud 

sounds, loss of SGNs). New therapies are being developed to target P2X7Rs in other 

systems, offering the opportunity to use such drugs within the auditory nerve, for 

preventative neuroprotection or the therapeutic treatment of hearing loss. Prolonged 

(6-hour) exposure to BzATP or high concentrations of ATP lead to an increase in 

apoptotic cell death in cochlear glial cells. Therefore, it might be of interest to inhibit 

P2X7R-mediated cell death using some of the inhibitors used for other diseases (e.g. 

nanobody 13A7). Another option would be to potentiate ATP uptake or breakdown, to 

avoid ATP accumulation in the extracellular space, and in turn decreasing the 

chances of P2X7Rs to activate.  

For the wider research community, the work shown here offers new insights into 

P2X7R expression. The live-imaging experiments presented were introduced for the 

first time in our laboratory, and the protocols found here can be used to develop similar 

assays in other systems. These protocols can be also used to replicate similar 

experiments in the cochlea but in more intact preparations, such as spiral ganglion 

explants where SGNs and glial cells maintain their interactions.   
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A3R(s) A3 receptor(s) 

AA amino acids  

ACh acetylcholine  

ADP adenosine diphosphate 

AM acetoxymethylester 

AnkG ankyrin G 

ANOVA analysis of variance 

AT apical turn 

ATP adenosine 5’-tryphosphate 

BAC bacterial artificial chromosomes 

BDNF brain-derived neurotrophic factor 

bp base pairs 

BT basal turn 

BzATP 2'(3')-O-(4-Benzoylbenzoyl)adenosine-5'-triphosphate 
Ca2+

o Ca2+
outside 

Caspr Contactin associated protein 

ccH2O cell culture H2O 

CMT Charcot-Marie-Tooth disease 

CNC cochlear nuclear complex 

CNS central nervous system 

DAPI 4′,6-diamidino-2-phenylindole 

DIC differential interference contrast 

DIV days in vitro 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid  

DPBS Dulbecco’s phosphate buffered saline 

E embryonic day 
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EC50 half maximal effective concentration 

ECS extracellular solution 

EDTA ethylenediaminetetraacetic acid 

EGFP enhanced green fluorescent protein 

F fluorescence 

FBS fetal bovine serum 

FI fluorescence intensity 

GENSAT Gene Expression Nervous System Atlas 

h hour 

HHL hidden hearing loss 

Hoechst hisbenzimide H 33342 trihydrochloride 

IgG immunoglobin 

IHC(s) inner hair cell(s) 

kb kilo bases 

KO knockout 

LDV-ECS low divalent extracellular solution 

LIF leukaemia inhibitory factor 

LOC lateral olivocochlear 

M molar  

MCC Mander’s co-localisation coefficient 

min minutes 

mM millimolar  

MOC medial olivocochlear 

ms milliseconds  

MT middle turn 

n number of cells/animals 

NA numerical aperture 

nm nanometres 

nM nanomolar 

NT3 neurotrophin 3 

OHC(s) outer hair cell(s) 

P postnatal day 

P2XR(s) P2X receptor(s) 

P2YR(s) P2Y receptor(s) 

Panx Pannexin 

PBS phosphate buffered saline 
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PCC Pearson’s correlation coefficient 

PFA paraformaldehyde 

PMT photomultipliers tube 

PNS peripheral nervous system 

PRPH peripherin 

ROI region of interest 

s seconds 

SC(s) Schwann cell(s) 

SD standard deviation 

SEM standard error of the mean 

SGC(s) satellite glial cell(s) 

SGN(s) spiral ganglion neuron(s) 

SNHL sensorineural hearing loss 

SNP single nucleotide polymorphism 

SYP synaptophysin  

tg transgenic 

th threshold 

UCL University College London 
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UTP uridine 5’-triphosphate 

VGN(s) vestibular ganglion neurons  

w/v weight/volume (solutions) 

wt wild-type 

µm micrometres 

µM micromolar 
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Chapter 1 Introduction 

 

1.1 The auditory system 

The auditory system is responsible for transmitting acoustic stimuli to the brain. 

Airborne sound enters the ear canal and propagates to the middle ear, where the 

vibrations are mechanically transmitted by the ossicles to the fluid-filled cochlea, the 

auditory part of the inner ear (Appler & Goodrich, 2011). The mammalian inner ear 

develops from the otic placode, a part of the ectoderm. During embryonic 

development the progenitor cells become prosensory precursors that then become 

partitioned to different regions of the ear (Dayaratne, Vlajkovic, Lipski, & Thorne, 

2014). Prosensory precursors give rise to either vestibular or cochlear sensory 

patches, depending on their position. Cells in these patches will ultimately assume 

final fates as either hair cells or supporting cells (Kelley, 2006). The organ of Corti, 

the sensory epithelium of the cochlea that contains a variety of epithelial cells and the 

mechanosensory hair cells, spirals around the modiolus (central axis of the cochlea; 

Figure 1.1A).  

The inner hair cells (IHCs) detect acoustic stimuli, which transduce and transform into 

synaptic signals to the primary auditory sensory neurons, the spiral ganglion neurons 

(SGNs; Figure 1.1B). These neurons are a part of the audio-vestibular (VIIIth cranial) 

nerve, which relays acoustic and vestibular information to the central auditory circuits 

(Dulon, Jagger, Lin, & Davis, 2006; Nayagam, Muniak, & Ryugo, 2011). The single 

row of IHCs are primarily responsible for encoding sound information (Dallos, Billone, 

Durrant, Wang, & Raynor, 1972), whereas the three rows of outer hair cells (OHCs) 

act as amplifiers, by mechanically modulating IHC sensitivity (Ashmore, 1987; 

Rodríguez Echandía, 1968).  

The spiralling cochlea can be divided into three different compartments or scalae 

(Figure 1.1A). Scala vestibuli and tympani contain perilymph, an extracellular fluid 

with electrolyte composition similar to that of the cerebrospinal fluid. Scala media is 

filled with endolymph, which has high K+ and low Na+ concentration, similar to the 

intracellular fluid. Endolymph is about 80-100 mV more positive than perilymph 

(endocochlear potential), and the potential inside the hair cells is about 125-145 mV 

more negative than that of the endolymph. This electrochemical gradient generates 
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the force for the ion-flow into the hair cells during sensory transduction, leading to 

depolarisation (Stöver & Diensthuber, 2011; Wangemann, 2006). When an acoustic 

signal enters into the cochlea, the basilar membrane undergoes an oscillatory motion 

at the frequency of the sound, resulting in a wave travelling towards the apical end. 

The cochlea produces a decomposition of the acoustic signal in producing a spatial 

frequency map, with higher frequencies more restricted to disturbance in the basal 

end of the basilar membrane. Motion of the basilar membrane excites the hair cells 

by deflecting the hair bundles and transducing the mechanical stimulation into an 

electric signal (Corns et al., 2018; Dallos, 1992; Fettiplace & Hackney, 2006).  

Figure 1.1 Cross section of the organ of Corti. Not available.  

 

1.1.1 Afferent innervation: signalling from the organ of Corti to the brain 

The cell bodies of SGNs are grouped together within the spiral ganglion. SGNs are 

bipolar cells that extend a peripheral neurite (the equivalent of a dendrite) that 

synapses with the hair cells, and a central neurite (or axon) that projects into the 

cochlear nuclei within the brainstem (Spoendlin & Schrott, 1989). SGNs are the first 

action potential generating neurons in the auditory system. Accordingly, hearing relies 

on synaptic transmission between the hair cells and the SGNs and the transmission 

of these signals to the brainstem via the auditory nerve (Appler & Goodrich, 2011).  

Type I SGNs, that innervate IHCs, comprise 90 to 95 % of the SGN population. Each 

type I SGN extends one unbranched, myelinated peripheral process that forms a 

synapse with one IHC. In the mature cochlea, each IHC is innervated by around 6-20 

type I SGNs (Liberman, Dodds, & Pierce, 1990; Rubel & Fritzsch, 2002; Rusznák & 

Szucs, 2009). Type I SGN peripheral neurites are also named radial fibres (Figure 

1.1). The remaining 5-10 % of SGNs are type II neurons that extend thin, 

unmyelinated processes within the outer spiral bundle underneath the OHCs (Barclay, 

Ryan, & Housley, 2011; Thiers, Nadol, & Liberman, 2008), and then make en passant 

connections with 5-20 different OHCs (Jagger & Housley, 2003). Type II SGN 

peripheral neurites are also named outer spiral fibres (Figure 1.1). This afferent 

patterning emphasises that a single type I SGN peripheral neurite carries information 

from a single IHC, whereas input from many OHCs converges onto a single type II 

fibre.  
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In the auditory system, formation of neuronal connections and its refinement occurs 

during period where there is no sound-driven activity (i.e. prior to the onset of hearing) 

in the cochlea (Dayaratne et al., 2014; Mikaelian, 1979; Mikaelian & Ruben, 1965). 

The initial electrical activity in the immature cochlea appears in the auditory nerve 

fibres in the absence of sound, and appears to be important to retain and refine 

synaptic connections made during early development. In rodents, hearing onset 

occurs around P10-P12, which coincides with the opening of the external and middle 

ear canals and the synchronisation of electrophysiological activity in hair cells 

(Mikaelian, 1979; Mikaelian & Ruben, 1965). Sound-evoked and spontaneous action 

potentials in afferent neurons are triggered by neurotransmitter release, mainly 

glutamate (Glowatzki & Fuchs, 2002). IHCs possess very specialised ribbon 

synapses, that carry the burden of acoustic signalling for each type I afferent neuron 

(Coate, Scott, & Gurjar, 2019; Moser, Brandt, & Lysakowski, 2006). Thus, type I SGNs 

transmit acoustic information, such as timing and intensity, into the brain (Fuchs, 

2005). Type II SGNs also receive glutamatergic input from OHCs and can conduct 

action potentials (Weisz, Glowatzki, & Fuchs, 2009). Type II SGNs have been 

suggested to report the activity of the cochlear amplifier provided by the OHCs, and/or 

to modulate communication among neighbouring OHCs (Thiers et al., 2008). 

Recently, it has been described that type II afferents are activated when OHCs are 

damaged, and this process involves purinergic receptors (Liu, Glowatzki, & Fuchs, 

2015). Therefore, type II SGNs can bind ATP released from nearby supporting cells 

(Tritsch, Yi, Gale, Glowatzki, & Bergles, 2007) in response to hair cell damage and 

exert a protective effect in response to hair cell damage (Liu et al., 2015).  

Neurotrophic factors are important for the development and maintenance of the 

auditory system. Brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3) 

play key roles in the development of cochlear afferent innervation (Fritzsch, Pirvola, 

& Ylikoski, 1999; Fritzsch, Tessarollo, Coppola, & Reichardt, 2004). In mice, afferent 

fibres extend to the epithelial region as early as embryonic day 12 (E12), but 

differentiating hair cells will not appear until two days later (Delacroix & Malgrange, 

2015). The innervation pattern follows a basal-to-apical gradient and SGNs extend 

peripheral projections to the developing organ of Corti along the entire length of the 

cochlea (Rubel & Fritzsch, 2002). By the end of gestation in mice, all hair cells are 

innervated by SGNs and most afferent fibres innervate both IHCs and OHCs 

(Greenwood et al., 2007). From birth to postnatal day 7 (P7), neurite retraction and 

synapse pruning are the last steps required to achieve the adult-like innervation 
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pattern, with type I SGNs projecting to IHCs and type II SGNs projecting to OHCs 

(Bulankina & Moser, 2012; Huang, Thorne, Housley, & Montgomery, 2007).  

 

1.1.2 Efferent innervation: signalling from the brain to the organ of Corti 

The efferent innervation to the organ of Corti consists of neurons originating in the 

superior olivary complex in the brain, and runs spirally within the cochlea as the 

intraganglionic spiral bundle. These efferent neurons are divided into two main 

subgroups according to the locations of their cell bodies in the superior olivary 

complex (Maison, Adams, & Liberman, 2003). The lateral olivocochlear (LOC) system 

projects predominantly to the ipsilateral cochlea via unmyelinated fibres. These 

neurons synapse with the peripheral afferent neurites of type I SGNs (axo-dendritic 

synapses) below the IHCs (Figure 1.2). They can change the firing of auditory nerve 

fibres but their function is not fully understood. Acetylcholine (ACh) is the main 

neurotransmitter in both systems, but LOC efferents also have others, which suggest 

that they may play both inhibitory and excitatory roles (Liberman et al., 1990).  

The medial olivocochlear (MOC) system mostly projects to the contralateral cochlea 

via myelinated fibres. MOC neurons synapse with the cell body of OHCs (axo-somatic 

synapses) but they can also make axo-dendritic synapses with type II SGN neurites 

(Liberman et al., 1990). The first row of OHCs receive more efferent terminals than 

the third, and basal OHCs have more efferent synapses than apical cells. Most MOC 

neurons contact OHCs at their basal pole, but some contact the lateral wall of OHCs 

well above their nuclei (Liberman et al., 1990). MOC system activation decreases the 

influence of the cochlear amplifier. It shifts the dynamic range of hearing, protects 

from acoustic trauma and helps in selective attention by supressing the response to 

unattended or ignored stimuli (Guinan, 2006).  

Transient MOC innervation is found on IHCs at birth (Glowatzki & Fuchs, 2000; Katz 

& Elgoyhen, 2014), but this inhibitory synapse disappears by the onset of hearing and 

then LOC fibres are found contacting type I SGN neurites. MOC innervation in OHCs 

does not occur until the end of the first postnatal week (Bulankina & Moser, 2012; 

Simmons, Moulding, & Zee, 1996).  
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Figure 1.2 Olivocochlear efferent system. Not available. 

 

1.2 Glial cells: Characteristics and functions in the nervous system 

Glial cells were first described by Rudolf Virchow in 1856, but understanding of their 

functions has grown considerably only over the last 30 years. There are about 86 

billion neurons in the brain and 85 billion glial cells, with slightly less than one glial cell 

per neuron (Azevedo et al., 2009). Investigators have endeavoured to decipher the 

role of these non-neuronal cells in the central and peripheral nervous systems. 

Broadly speaking, glial cells maintain homeostasis, provide metabolic support and 

protection to neurons, help synaptic contacts to form and later on they regulate 

synaptic transmission, and some form myelin (Bezzi & Volterra, 2001). They can also 

play roles in pathological processes, such as inflammation, pain and 

neurodegeneration (Jessen & Mirsky, 2008). Each type of glial cell is associated with 

different parts of the neuron or with different neuronal types. In the central nervous 

system (CNS) the glial cell types are astrocytes, microglia, ependymal cells, and 

oligodendrocytes. In the peripheral nervous system (PNS), there are Schwann cells 

and satellite glial cells.  

 

1.2.1 Neuro-glial interactions in the nervous system 

Neurons communicate chemically with other neurons or glial cells through the release 

of neurotransmitters that activate receptors in the other cells. On the other hand, glial 

cells communicate with other glial cells (same and different type), vascular cells and 

neurons. The term “neuro-glial interactions” will be used here to refer to the dynamic 

two-way communication present between neurons and glial cells (Fields & Stevens-

Graham, 2002). Neuro-glial interactions convey integrated information reflecting this 

complex microenvironment. These interactions are distinct depending on the area 

(CNS or PNS), type of transmitter used to mediate communication, and the age. 

Moreover, these also vary under physiological or pathological conditions. Indeed, 

under injury or inflammation, glial cells can proliferate and/or release various 

substances that can have beneficial or detrimental effects on the neurons (Jessen & 

Mirsky, 2008; Ohara et al., 2009). Because of the complexity of neuro-glial 

interactions, it is important to study how these cells communicate in each system, as 
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these interactions might vary in a location- and context-specific fashion. In addition, 

understanding changes in neuro-glial interactions after injury is essential for the 

development of therapeutic strategies.  

Neuro-glial interactions have been described in tripartite synapses of the CNS, where 

the pre-synaptic membrane, the post-synaptic membrane and the glial cell are in close 

association, forming a functional unit. Of all glial cells, astrocytes are the best 

characterised. Astrocytes display intracellular Ca2+ elevations in response to synaptic 

activity, indicating that they respond to neural activation. As a response to these Ca2+ 

elevations astrocytes release gliotransmitters (ATP, glutamate, D-serine, Ca2+, nitric 

oxide) that in turn activate neuronal receptors (Araque et al., 2014; Bezzi & Volterra, 

2001), thus enabling a bidirectional signalling complex between neurons and 

astrocytes.  

 

1.2.2 Glial cells in the cochlea 

Although largely overlooked, glial cells in the inner ear may play important roles in 

normal auditory function and pathology. SGNs are in close contact with different types 

of glial cells that maintain the spiral ganglion organisation, and are important for the 

growth, maintenance and function of the auditory nerve. In the adult cochlea, type I 

and type II SGN cell bodies are wrapped by satellite glial cells (SGCs; Figure 1.3; 

Locher et al., 2014). Myelinating Schwann cells (SCs) wrap type I SGN neurites along 

their length until they reach the habenula perforata, after which they continue 

unmyelinated into the epithelial region (Figure 1.3). Non-myelinating SCs wrap 

type II’s neurites (Hurley, Crook, & Shepherd, 2007; Locher et al., 2014). SCs 

myelinate the peripheral part of the auditory nerve. The central part of the auditory 

nerve is myelinated by oligodendrocytes, the equivalent of SCs in the CNS. A defined 

peripheral-central transition zone distinguishes between the SC and oligodendrocyte 

domains within the auditory nerve (Toesca, 1996).  
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Figure 1.3 Schematic representation of peripheral glial cells in the cochlea. Myelinating 

SCs ensheath both central and peripheral processes of type I SGNs that innervate the IHCs. 

Non-myelinating SCs ensheath type II SGN neurites that innervate OHCs. Beyond the 

habenula perforata in the organ of Corti, the most distal part of the peripheral neurites, lacks 

SCs. Type I and type II SGN cell bodies are wrapped by SGCs.  

 

During the early postnatal days (P3-P7) glial cells are supernumerary in the cochlea, 

suggesting that they play important roles in aiding the neurons to establish the mature 

auditory circuit (Brown et al., 2017). Degeneration of type I SGNs is followed by 

hypertrophy and hyperplasia of glial cells (Lang et al., 2011), emphasising the 

importance of neuro-glial interactions and how both cells are necessary for the normal 

functioning of the cochlea. Moreover, disruption of glial cell function can also underlie 

neuronal pathogenesis (Locher et al., 2014; Wan & Corfas, 2017).  

1.2.3 Schwann cell interactions with neurons 

SCs are the principal glia of the PNS, where they wrap motor and sensory neurites. 

During embryonic development, neural crest cells migrate towards peripheral nerves 

where they will give rise to SC precursors (E12 in mice) that provide trophic support 

for neurons. SC precursors differentiate to become immature SCs, which then mature 

between E17-E18 and the time of birth. During the first weeks after birth SCs become 

myelinating or non-myelinating, depending on the axons that they associate with 

(Jessen & Mirsky, 2005; Locher et al., 2014). Mature SCs wrap the neurites multiple 

times forming a myelin sheath, covering almost their entire length. Myelin is essential 

for efficient and rapid propagation of action potentials. The nodes of Ranvier are gaps 
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in the myelin sheath of a nerve, between adjacent SCs. This nodal region is organised 

into several distinct domains: nodes, paranodes, juxtaparanodes and internodes 

(Figure 1.4), and each domain contains a particular set of ion channels and adhesion 

molecules (Arancibia-Carcamo & Attwell, 2014; Salzer, 2015).  

Figure 1.4 Organisation of microdomains in the peripheral nervous system. Not 

available.  

 

The close association between neurons and SCs suggests that they may interact at 

a molecular level. SCs are involved in neuronal survival, growth and regeneration both 

in vivo and in vitro. The neurite-growth promoting effect of SCs on nerve fibres is 

mediated by trophic factors and expression of extracellular matrix proteins. This effect 

is mainly mediated by immature mitotic cells that haven’t yet started the myelination 

process (Corfas, Velardez, Ko, Ratner, & Peles, 2004; Whitlon, Tieu, Grover, Reilly, 

& Coulson, 2009). After nerve damage, mature SCs can revert to a more de-

differentiated state to support neurite growth, and hence, have the potential for aiding 

neurite regeneration (Cheng & Zochodne, 2002; Jessen & Mirsky, 2008; Whitlon et 

al., 2009). Such a mechanism has been described for cochlear SCs (Hurley et al., 

2007). ATP is released by injured cells after injury, and high concentrations of ATP 

can persist in the site of injury for a long time (Song et al., 2015). High extracellular 

ATP binds to local cells at the site of injury, including SCs via purinergic receptors 

(Fields & Burnstock, 2006; further explored in section 1.4).  

Neuregulins are a family of growth factors that bind to ErbB2 receptors, a family of 

ligand-activated tyrosine kinase receptors that are essential for the development of 

SCs and myelin formation. In the cochlea, the primary source for neuregulins are the 

SGNs, and they have a mitogenic effect on SCs (Hansen, Vijapurkar, Koland, & 

Green, 2001). Conversely, SCs produce NT3 and BDNF and provide trophic support 

to neurons (Hansen et al., 2001). Therefore, SCs and SGNs provide trophic support 

to each other, a further indication that their close association is essential for the 

normal function of the cochlea. SCs also have a guidance function in the cochlear 

innervation pattern. ErbB2-null mice do not have SCs in the PNS, which entails 

aberrant migration of SGNs and mis-directed projections of afferents into the organ of 

Corti (Morris et al., 2006). These mice also present a reduced number and 

disorganisation of efferent projections into the organ of Corti (Morris et al., 2006).  
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Glial cells elsewhere are often mutually coupled by gap junctions. This creates an 

intercellular network within cells can communicate. Gap junctions are aggregates of 

intercellular channels that permit direct diffusion of ions, second messengers and 

small molecules up to 1 kDa, between two distinct cells. They are formed by joining 

two connexin hemichannels, an assembly of six proteins called connexins (Jagger & 

Forge, 2015). Reflexive gap junctions are gap junctions that connect different regions 

of the same cell. These reflexive gap junctions are abundant in the paranodal area of 

SCs, where they shorten the path length of diffusion of small molecules between the 

myelin sheaths and the axon (Altevogt & Paul, 2004). Connexins provide a 

mechanism for chemical and electrical signalling between cells.  

In summary, cochlear SCs have different ways to communicate with SGNs and 

neighbouring SCs that may be important for the normal function of these cells in the 

auditory nerve. It is of considerable interest to decipher these neuro-glial interactions 

in the auditory nerve to understand their roles in the support of sound coding and any 

potential involvement in cochlear pathology.  

 

1.2.4 Satellite glial cell interactions with neurons 

In sensory ganglia, the cell bodies of neurons do not form contacts with one another. 

Instead, each neuronal cell body is enwrapped by one or more SGCs, forming a 

functional unit (Hanani, 2005). The distance between the neuron and the SGCs is 

around 20 nm, making the extracellular volume between the cells very small. SGCs 

may communicate between each other via a system involving gap junctions and/or 

purinergic receptors (Hanani, 2012; Huang, Gu, & Chen, 2013; Suadicani et al., 

2010). Elsewhere, these interactions are affected under pathological conditions like 

chronic pain, where functional changes in sensory neurons and SGCs can be 

observed, including an increase in gap junction coupling, and an increased sensitivity 

to ATP (Hanani, 2012). Not much is known about these interactions in the cochlea, 

and whether they are disrupted after distinct pathologies. Therefore, it is important to 

decipher how cochlear neurons and SGCs interact after injury. It has been observed 

that after type I SGN degeneration, SGCs respond to SGN loss by increasing their 

size (hypertrophy) and number (hyperplasia) (Lang et al., 2011), though the 

underlying mechanisms remain largely uncharacterised.  
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In the CNS the blood brain barrier protects the brain from the diffusion of larger 

molecules from blood vessels into the extracellular space around neurons. In the 

sensory ganglia it is hypothesised that SGCs around neurons might perform a partial 

barrier function, protecting the neurons from circulating substances but allowing the 

diffusion of others. Thus, SGCs are actively engaged in the control of the extracellular 

space of the ganglion and protect the neurons through the uptake of substances by 

transporters (Hanani, 2005). In other peripheral systems SGCs can catalyse 

conversion of glutamate into glutamine, due to their expression of the enzyme 

glutamine synthetase. The presence of this enzyme may help prevent excitotoxicity 

by metabolising excess glutamate released during synaptic transmission (Ohara et 

al., 2009), and suggests that SGCs provide protective support to the neurons. In the 

cochlea, there is evidence for the expression of glutamine synthetase in SGCs and 

SCs (Eybalin, Norenberg, & Renard, 1996). Cochlear SGCs also express 

glutamate/aspartate transporter (GLAST), a high affinity Na+-dependent transporter 

of glutamate and aspartate, which could be responsible for the maintenance of 

glutamate concentrations below neurotoxic levels (Furness & Lehre, 1997; Li et al., 

1994). Thus, cochlear glial cells could prevent excitotoxic levels of glutamate after 

ischemia or noise trauma.  

The dorsal root ganglion and the trigeminal ganglion have been the preferred 

peripheral systems to study SGCs. Such studies have revealed that neurons release 

somatic ATP, which activates purinergic receptors in SGCs (Ceruti, Fumagalli, Villa, 

Verderio, & Abbracchio, 2008; Gu et al., 2010; Hanani, 2012; Zhang, Chen, Wang, & 

Huang, 2007). The communication from SGCs to neurons is less well understood, but 

SGCs also release ATP to activate purinergic receptors expressed by neurons. 

Whether similar systems occur in the spiral ganglion is currently unknown. This project 

aims to better characterise the communication mechanisms between the glial cells, 

and between glia and SGNs.  

 

1.3 Auditory system pathology: aetiology and types of hearing loss 

Approximately 466 million people worldwide have a hearing impairment. Hearing loss 

results from hereditary and non-hereditary genetic factors, certain complications 

during pregnancy and childbirth, infectious diseases, chronic ear infections, use of 
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certain medicines (e.g. aminoglycoside antibiotics or cisplatin), exposure to excessive 

noise, and ageing (World Health Organisation1).  

Sensorineural hearing loss (SNHL) is the most common form of hearing loss, and 

comprises pathologies of the cochlea and the auditory nerve. It often starts with the 

loss of sensory hair cells, and then sometimes a gradual degeneration of SGNs. 

Excessive IHC glutamate release generates excitotoxicity of the peripheral neurites, 

which swell and degenerate. In consequence, neurites regress first to the habenula 

perforata and then towards the cell bodies, sometimes ultimately resulting in cell death 

of SGNs (Hoeffding & Feldman, 1988; Shepherd, Roberts, & Paolini, 2004). These 

pathological changes are likely to affect the generation and propagation of action 

potentials in the auditory nerve.  

Experimentally, neurotrophic factors have been applied to induce regrowth of SGN 

peripheral processes after different insults (Glueckert et al., 2008; Wise, Richardson, 

Hardman, Clark, & O’Leary, 2005). Deafened animals that present hair cell loss often 

present SGNs loss as well due to the loss of endogenous support from the hair cells. 

In these animals, administration of BDNF and/or NT3 helps maintain survival and 

functionality of SGNs (Gillespie, Clark, Bartlett, & Marzella, 2003; Suzuki, Corfas, & 

Liberman, 2016). SNHL can be induced in the lab with administration of drugs, such 

as aminoglycosides and diuretics. In rats, longer exposures to gentamicin and 

furosemide result in lower numbers of surviving SGNs. However, SCs survive for a 

limited time period in deafened cochleae, despite the degeneration of SGNs (Hurley 

et al., 2007; Leake & Hradek, 1988). The fact that glial cells persist long after 

degeneration of SGNs may have important clinical implications. On the other hand, it 

has been shown that after inducing SGC damage in the cochlea or noise exposure, 

SGCs will degenerate and this will be followed by SGN loss, resulting in loss of 

hearing (Akil et al., 2015; Panganiban et al., 2018). It is therefore pertinent to study 

neuro-glial interactions in the cochlea, as both cell types are essential for the hearing 

process.  

Auditory neuropathy is a hearing disorder in which the transmission of signals from 

the cochlea to the brain is impaired, often because the auditory nerve is damaged. 

This often results from a reduction in the number of activated auditory nerve fibres or 

 
1 World Health Organisation, deafness and hearing loss, accessed 14th October 2019 
<https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss> 
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a decrease in the degree of neural synchrony. For functional auditory perception, a 

high degree of temporal precision of the conduction of action potentials is required 

(Shepherd & Javel, 1997). People suffering this neuropathy have trouble 

understanding speech, especially in noisy environments. Faulty connections between 

SGNs and IHCs or damage to the auditory nerve fibres could account for auditory 

neuropathy (Moser & Starr, 2016; Rance & Starr, 2015).  

Hidden hearing loss (HHL) is an auditory neuropathy that is associated with increased 

difficulties to understand speech in noisy environments. HHL is characterised by 

normal auditory thresholds but impaired sound processing related to defective 

cochlear neurotransmission. Until recently, the only known cause for HHL was the 

loss of IHC afferent synapses, a condition known as synaptopathy. However, recent 

work has demonstrated that transient loss of SCs results in permanent auditory 

deficits, a characteristic of HHL (Wan & Corfas, 2017). In this case, it would not be 

associated with the specific loss of synapses, but rather with permanent disruptions 

of the first heminodes of the peripheral neurites close to the IHCs where action 

potentials are generated. Recent work has also highlighted the importance of SCs in 

the cochlea. Following hearing loss induced by noise exposure, a disorganisation of 

the myelin loops wrapping the SGN neurites occurs, and this leads to neurite 

degeneration (Coyat et al., 2019).  

Charcot-Marie-Tooth disease (CMT) is hereditary disorder characterised by 

moderate-to-severe motor and sensory neuropathy. There are many types of CMT 

caused by different genetic mutations and these can be inherited in several different 

ways. CMT type 1A, the predominant subtype, is a demyelinating peripheral 

neuropathy. CMT type 1A is associated with chromosomal duplication of 17p22, 

which includes the peripheral myelin protein 22 gene (PMP22; Kovach et al., 2002). 

Patients present auditory nerve demyelination, with slowed/stopped conduction of 

neural inputs, and thus some patients exhibit hearing loss (Kovach et al., 2002) or 

HHL (Choi et al., 2018). Other patients with mutations in the myelin protein zero (MPZ) 

gene present myelin disorganisation and a lack thereof, and a reduced number of 

SGN neurites, with consequent hearing loss (Starr et al., 2003). 

A cochlear implant is the only available intervention for most patients with moderate 

to profound deafness due to hair cell loss. Cochlear implants are surgically implanted 

devices that electrically stimulate the SGNs, and so replace the mechanosensory 

functions of the damaged ear. However, not all cochlear implants users have a 
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positive outcome (Rance & Starr, 2015). To improve outcomes it will be important to 

gain a clearer picture of auditory nerve function under normal and pathological 

conditions. A better understanding of neuro-glial interactions in the auditory nerve 

would help identifying new therapeutic strategies for patients with auditory neuropathy 

and hearing loss.  

 

1.4 Intercellular communication via purinergic signalling 

In addition to its fundamental role as the universal intracellular energy source and in 

ribonucleic acid synthesis; adenosine 5’-tryphosphate (ATP) fulfils a crucial role as an 

extracellular messenger molecule (Fields & Stevens, 2000; Giuliani, Sarti, & Di 

Virgilio, 2019). ATP can act as an intercellular messenger in the nervous system, and 

is released from many cell types. The main release mechanisms for ATP are 

exocytosis, transporters and membrane pores such as gap junction hemichannels or 

pannexins. In the nervous system, ATP can be released from pre-synaptic and post-

synaptic terminals, axons, dendrites, cell bodies of neurons, and from glial cells 

(Fields, 2011; Fields & Burnstock, 2006).  

Released ATP can activate ionotropic P2X and metabotropic P2Y receptors. 

Nucleotides in the extracellular space are rapidly hydrolysed and then interconverted 

by ectoenzymes, resulting in active metabolites with altered receptor selectivity or 

terminated signalling action. The first breakdown product of ATP is adenosine 

diphosphate (ADP), which is also a potent agonist at some P2X and P2Y receptors 

(North, 2002). The end-product of ATP dephosphorylation is adenosine, which 

activates P1 receptors (Fredholm, IJzerman, Jacobson, Linden, & Müller, 2011). In 

general, P2 receptors can transmit very brief (< 10 ms) to longer term (> 60 s) signals, 

depending on the type of receptor and the concentration and length of exposure to 

the agonist (North, 2002; von Kugelgen & Harden, 2011). Overall, purinergic 

signalling elements include: (1) nucleotide release from tissues, (2) signalling via P2 

receptors, (3) hydrolysis or interconversion to adenosine by a complex family of 

ectoenzymes, (4) P1 receptors, (5) transporters for re-uptake of nucleosides 

(Yegutkin, 2008).  

The P2RX gene family encodes seven different ionotropic P2X receptors (P2X) 

members (P2X1-7; Figure 1.5A). Ionotropic receptors are transmembrane proteins 
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that form a channel that can “open” or “close”, allowing ions to travel in and out the 

cell. Three P2XR subunits bind to form a functional receptor, and at least two 

molecules of ATP are required for their activation. In addition to homomeric P2XRs, 

different subunits can aggregate in heteromeric forms (e.g. P2X1/2, P2X2/3, P2X4/6). 

In general, their activation leads to Ca2+ and Na+ influx into the cell, and K+ efflux 

(Khakh & North, 2012; North, 2002). P2XRs can be modulated by divalent cations, 

protons, trace metals, reactive oxygen species and phosphoinositides (Coddou, 

Stojilkovic, & Huidobro-Toro, 2011).  

The P2RY gene family encodes eight different metabotropic P2Y receptor (P2YR) 

members (P2Y1, 2, 4, 6, 11, 12, 13, 14; Figure 1.5B). Metabotropic receptors do not form a 

channel. Instead, they link functionally to G-proteins that activate different intracellular 

signalling cascades. P2YRs can also form heteromeric configurations. One P2YR 

subfamily consists of P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 which couple preferentially 

to Gq-proteins to stimulate phospholipase C, and increase inositol phosphates and 

mobilise Ca2+ from intracellular stores. The second subfamily consists of P2Y12, P2Y13 

and P2Y14 which couple preferentially to Gi-proteins and inhibit adenylate cyclase 

activity (Jacobson, Ivanov, de Castro, Harden, & Ko, 2009; von Kugelgen & Harden, 

2011). 

Figure 1.5 Membrane structure of P2 receptors. Not available. 

 

Why are there so many purinergic receptors that bind ATP and its breakdown 

products? HEK293 cells (derived from the human embryonic kidney) overexpressing 

P2X and P2Y receptors have been used to study the physiology of these receptors. 

These receptors have different responses if stimulated transiently or repeatedly 

(Figure 1.6; North, 2002). Also, the expression of each subtype is regulated 

temporally. Some subtypes are present during development but then are down-

regulated, suggesting that they may only play specific roles during tissue ontogeny. 

Some appear only in adult structures, where they contribute to normal function of the 

system.  

Figure 1.6 Physiology of rat homomeric P2XRs expressed in HEK293 cells. Not available. 
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1.4.1 Roles for purinergic signalling in the cochlea 

Purinergic receptors are expressed widely, and they play numerous roles in 

physiology and pathophysiology. In other systems, it has been described that the 

activation of purinergic receptors by ATP is an important component of the glial 

response to injury (James & Butt, 2002). Purinergic receptors have been proposed as 

candidates to mediate neuro-glial interactions in different systems, including the 

sensory systems (Housley & Gale, 2010; Housley, Bringmann, & Reichenbach, 2009; 

Ito & Dulon, 2010; Lohr, Grosche, Reichenbach, & Hirnet, 2014). In the cochlea, 

purinergic receptors have been studied widely, yet their roles are not fully understood. 

One of the first hints that purinergic receptors were expressed in the cochlea came 

with the observation that isolated outer hair cells were sensitive to ATP (Ashmore & 

Ohmori, 1990). Insightful reviews on which P2 receptor subtypes are expressed in 

hair cells, supporting cells and SGNs can be found elsewhere (Housley et al., 2002; 

Köles, Szepesy, Berekméri, & Zelles, 2019).  

Kölliker’s organ, a mass of supporting cells medial to the IHCs, during development 

of the cochlea periodically releases ATP. This ATP is released via connexin 

hemichannels in non-sensory cells and it activates purinergic receptors present in the 

supporting cells and in hair cells, causing an increase in intracellular Ca2+ (Ceriani et 

al., 2019; Ceriani, Pozzan, & Mammano, 2016; Tritsch et al., 2007). Extracellular ATP 

released from Kölliker’s organ activates P2 receptors present in IHCs, causing a 

depolarisation and glutamatergic transmission to the SGNs to establish SGN-

mediated transmission to the auditory brainstem (Tritsch et al., 2007). Deiters’ cells 

also release ATP during the early postnatal days (Ceriani et al., 2016). ATP acts on 

P2XRs present in OHCs and it helps synchronise spiking activity in nearby OHCs, 

and so refines afferent innervation (Ceriani et al., 2019). Overall, this spontaneous 

release of ATP helps in the development and refinement of the auditory pathways 

before the hearing onset (Tritsch & Bergles, 2010). After mechanical damage to the 

organ of Corti in vitro, ATP released via purinergic receptors can also trigger Ca2+ 

waves, propagating intercellular communication signals between cells (Lahne & Gale, 

2010; Piazza, Ciubotaru, Gale, & Mammano, 2007; Sirko, Gale, & Ashmore, 2019). 

These mixed ionotropic and metabotropic responses point to complex roles for P2XRs 

and P2YRs in the cochlea.  

ATPases are enzymes that dephosphorylate extracellular ATP, and they co-localise 

with ATP release sites. They have been identified in SGN cell bodies and their 
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neurites, efferent fibres, hair cells, supporting cells, and epithelial cells (Vlajkovic, 

Thorne, Sévigny, Robson, & Housley, 2002b). These enzymes regulate extracellular 

ATP concentration, and therefore, the activation of purinergic receptors. Noise 

exposure experiments have shown that these enzymes can be upregulated (Vlajkovic 

et al., 2006).  

 

1.4.2 P2X2 receptor and P2X3 receptor expression in the cochlea 

P2X2Rs are expressed in hair cells, supporting cells, SGNs and their synaptic 

terminals (Greenwood et al., 2007; Housley et al., 1999; Järlebark, Housley, & 

Thorne, 2000; Salih, Housley, Raybould, & Thorne, 1999). Sound evoked ATP 

release activates P2X2Rs and in turn, there is an inhibition of OHC motility, thus 

supressing the cochlear amplifier (Housley et al., 2013). P2X2R-null mice are more 

vulnerable to damage from excessive noise (Housley et al., 2013). Mutations in 

P2X2Rs lead to progressive hearing loss and increased susceptibility to noise. The 

P2RX2p.V60L mutation causes P2X2Rs to not display ATP-evoked inward currents, 

and is associated with dominant inherited progressive hearing loss (Yan et al., 2013).  

P2X3Rs may be important for the development and refinement of cochlear 

innervation. P2X3R expression is finely temporally regulated. P2X3R mRNA was first 

detected at E16 and by P14 the detection level was minimal, being undetected in the 

adult rat cochlea (Huang, Greenwood, Thorne, & Housley, 2005). 

Immunofluorescence revealed the expression of these receptors in the SGNs, their 

peripheral neurites, and in hair cells. ATP may activate P2X3Rs expressed in the 

neurites that contact IHC & OHCs, and activation of this purinergic receptor helps in 

the establishment of targeted synapses. This period of neurite refinement is resolved 

by the onset of hearing, which is coincident with the down-regulation of P2X3Rs 

(Huang et al., 2005). As mentioned before, BDNF has a trophic effect on neurite 

growth in the cochlea. Such an effect was inhibited by activation of P2X3/P2X2/P2X3 

heteromers using ATP analogues. These results validate the idea that P2X3Rs, both 

in homomeric and heteromeric forms, are important for the final refinement of the 

organ of Corti innervation (Greenwood et al., 2007). Inhibition of axon outgrowth by 

activation of P2X3Rs has also been described in neural tube explants (Cheung, Chan, 

& Burnstock, 2005).  
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Type I SGNs display desensitising inward currents in response to ATP, α,β-MeATP, 

2-MeSATP and ADP (Salih, Jagger, & Housley, 2002). The P2X antagonists PPADS 

and TNP-ATP blocked the currents. This study showed that SGNs express P2XRs 

that have desensitisation kinetics and conductance profiles suggestive of heteromeric 

assemblies of P2X2Rs and P2X3Rs. A later study used single cell PCR to show that 

P2X3R and P2X2R are the main subtypes in SGNs (Greenwood et al., 2007). 

However, heterogeneity was observed in the SGNs analysed, indicating that these 

cells have additional subtypes expressed, which may have different functional 

implications.   

Overall, the presence of P2X2Rs and P2X3Rs in hair cells, supporting cells, and 

SGNs suggests that these receptors mediate different pathways, some of which 

remain to be elucidated, including the involvement of these purinergic receptors within 

neuro-glial interactions (Housley et al., 2002; Thorne et al., 2002).   
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1.4.3 Evidence for P2X7 receptor signalling in the cochlea 

P2X7Rs are expressed in cells of the hematopoietic lineage, and other lineages such 

as fibroblasts, endothelial cells, and epithelial cells. In the nervous system they are 

sometimes expressed in glial cells (Burnstock & Knight, 2018). However, in the spinal 

cord, cerebellum, hypothalamus and substantia nigra they can also be found on 

neurons (Burnstock, 2007). P2X7Rs are involved in cytokine and prostaglandin 

release, reactive oxygen species formation, glutamate efflux, transcription activation, 

cell proliferation and phagocytosis (Bartlett, Stokes, & Sluyter, 2014). These receptors 

have a wide variety of possible functions that may vary due to the tissue, agonist and 

exposure time (Burnstock & Knight, 2018). P2X7Rs play a role in different 

pathologies, like neuropathic pain, inflammation, tumour progression, diabetes, and 

neurodegenerative diseases. As P2X7Rs regulate inflammation and many diseases 

involve inflammation and immune responses, extensive research has been conducted 

in the pathophysiological roles of P2X7Rs and the use of P2X7R antagonist as 

therapeutic targets (Burnstock & Knight, 2018).  

The P2X7R is structurally and functionally distinct from the other members of this 

family. It has an extended carboxy-terminal domain, ~240 amino acids in length, which 

is involved in interactions with other proteins and lipids. It has relatively low affinity to 

ATP compared with the other members of this family (Jarvis & Khakh, 2009; 

Kaczmarek-Hájek, Lörinczi, Hausmann, & Nicke, 2012). When P2X7Rs are 

stimulated transiently, they become permeable to cations, but if this stimulation is 

repeated or prolonged then they can act as non-selective pores that are permeable 

to larger molecules (up to 900 Da). This pore formation permeabilises the cell, and 

allows the influx or efflux of large molecules. For example, the dye YO-PRO-1 has 

been used by several investigators to study this pore formation (Virginio, Mackenzie, 

North, & Surprenant, 1999). It is not clear yet though, whether pore formation is 

allowed by an intrinsic conformational change in the protein itself (Browne, Compan, 

Bragg, & North, 2013; Jindrichova et al., 2015) or if an accessory protein is required 

(reviewed by Di Virgilio, Schmalzing, & Markwardt, 2018). It has been proposed that 

P2X7Rs associate with pannexins, and that pannexins allow the passage of the large 

molecules (Figure 1.7). Pannexins are a family of three glycoproteins (Panx1-3) that 

share a similar structure to connexins. Pannexins form non-junctional channels on the 

cell surface that can release ATP under physiological conditions (Alberto et al., 2013; 

Coddou, Yan, Obsil, Pablo Huidobro-Toro, & Stojilkovic, 2011). The expression and 

function of pannexins in the inner ear is controversial. While some believe that Panx1 
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and Panx3 are not essential for hearing (Abitbol et al., 2016), others argue that Panx1 

deficiency can induce hearing loss (X. H. Wang, Streeter, Liu, & Zhao, 2009; Zhao, 

Zhu, Liang, & Chen, 2015).  

Figure 1.7 Proposed models for P2X7R pore formation. Not available. 

 

The expression of P2X7Rs within the auditory nerve has been reported from E16 to 

adulthood, but it has not been associated with glial cells (Nikolic, Housley, & Thorne, 

2003). In addition, there are no published studies that have confirmed that these 

channels in the auditory nerve cells are functional, or that they play signalling roles in 

the auditory nerve. In the original study by Nikolic and colleagues, P2X7Rs were also 

detected from P2 onwards in neurites innervating IHCs and OHCs (Nikolic et al., 

2003), an observation that suggested P2X7Rs may modulate synaptic transmission 

in the cochlea. Again, this potentially important result has not been confirmed using 

physiological techniques.   
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1.4.4 Distinct P2Y receptors expressed in the cochlea 

P2YR family members differ in their amino acid sequence and their pharmacological 

profiles. They are expressed in almost all human cells (Von Kügelgen & Hoffmann, 

2016). The major ligands for P2YRs are uridine 5’-triphosphate (UTP), ADP, uridine 

5’-diphosphate (UDP), ATP, and UDP-glucose (Jacobson et al., 2009). P2Y1Rs and 

P2Y12Rs mediate ATP-induced platelet aggregation, P2Y1Rs modulate neuronal 

activity and neuronal fibre growth, microglia migration is mediated by P2Y12Rs, and 

UDP-activated P2Y6Rs stimulate phagocytosis in microglial cells (von Kugelgen & 

Harden, 2011). Thus, P2YRs have a wide range of distinct functions in different 

systems.  

P2YRs are also expressed in the cochlea. Relative immunofluorescence intensity was 

used to determine the expression of P2Y1R, P2Y2R, P2Y4R, P2Y6R and P2Y12R in 

the rat cochlea from E18 onwards (Huang, Thorne, Vlajkovic, & Housley, 2010). 

These receptors are expressed in hair cells and supporting cells at different stages. 

P2Y2R and P2Y4R expression in the epithelial cells of the organ of Corti during the 

early postnatal days suggested the involvement of metabotropic purinergic signalling 

in the initiation and regulation of spontaneous activity in the hair cells. Between P6-

P12, all five receptors were expressed in SGNs. However, P2Y1R labelling suggests 

that this receptor is expressed in SGCs during the first postnatal week. P2Y4Rs are 

detected in SGCs in the adult cochlea. P2Y4Rs are also detected in the efferent fibres 

crossing the tunnel of Corti and their terminals under the OHCs, and the synaptic 

terminals of type I SGNs under the IHCs (Huang et al., 2010).  

 

1.4.5 Adenosine receptors as potential therapeutic targets in the cochlea 

There are four types of adenosine receptors (or P1 receptors): A1, A2A, A2B, A3. A1 and 

A3 receptors are coupled to Gi/o protein, while both A2A and A2B are coupled to 

adenylate cyclase. The presence of adenosine receptors in the cochlea has been 

investigated in adult Wistar rats (Vlajkovic, Abi, Wang, Housley, & Thorne, 2007). A1 

receptor (A1R) immunolabelling was detected in IHCs, Deiters’ cells, spiral ligament, 

stria vascularis, Reissner’s membrane, and SGNs. A2A receptor (A2AR) 

immunolabelling was detected in IHCs, OHCs, Deiters’ cells, stria vascularis, and 

SGNs. A3 receptor (A3R) immunolabelling was present in IHCs, OHCs, Deiters’ cells 

and other supporting cells, spiral ligament, and SGNs. An insightful review on which 
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adenosine receptor subtypes are expressed in hair cells, supporting cells and SGNs 

can be found elsewhere (Köles et al., 2019).  

A1Rs have been investigated as potential pharmacological targets to reduce noise 

induced hearing loss. Systemic administration of a selective A1R agonist, adenosine 

amine congener, in adult rats after noise exposure provided protection against noise 

induced hair cell loss and resultant hearing loss (Vlajkovic et al., 2010). Most likely, 

this agonist was acting on A1Rs present in IHCs and SGNs. Similar results were 

observed with local administration of adenosine in the rat cochlea after noise 

exposure, and they also observed up-regulation of A1Rs after noise exposure (Wong 

et al., 2010). A1R-null mice had increased susceptibility to hearing loss, whilst A2AR-

null mice had increased cochlear resistance to noise-induced trauma .These studies 

provided evidence that modulation of adenosine receptors activity using either agonist 

or antagonist, depending on the receptor subtype, can grant protection to noise-

induced hearing loss, and thus these signalling pathways should be further 

investigated.  

 

1.5 Aims and objectives 

The overall objective of this PhD thesis is to understand neuro-glial interactions in the 

cochlea. Since the discovery of glial cells, it has been of interest to understand their 

function and their interactions with neurons. In recent years the literature in cochlear 

glial cells has increased with more studies focusing on these cells, but the cochlear 

glial field still requires additional effort to further understand how these cells are 

involved in cochlear pathologies, such as hearing loss and auditory neuropathy.  

Purinergic receptors are the candidates I propose for mediating such interactions in 

the cochlea. They meet important criteria in that they are expressed in both neurons 

and glial cells, and ATP could be released from either cell type. However, their role in 

any cochlear neuro-glial interactions has not been confirmed. The expression of 

purinergic receptors in glial cells suggests that they may act as sensors of tissue 

stress during periods of damaging noise or ischemia.  

Understanding how glial cells and neurons interact not only is of interest to understand 

the normal function of the cochlea, but it is of special interest to prevent, stop or revert 

SGN loss. SGN loss causes varied pathologies in the cochlea, such as sensorineural 
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hearing loss and auditory neuropathy. Therapeutic approaches to SGN loss have 

been proposed for many years, but no major discoveries have been reported since 

the inception of cochlear implants.  

This project started by confirming which purinergic subtypes are expressed in 

cochlear SCs and SGCs. As stated above most of these receptors are temporally-

regulated, and hence, experiments were performed at different developmental ages. 

Immunohistochemistry, dye uptake, Ca2+-imaging, and pharmacology, are commonly 

used to describe and characterise purinergic receptor expression and function in 

different tissues, and these techniques were used in this study to functionally 

characterise purinergic receptors in the auditory nerve. This work was carried out in 

normal hearing animals, because it is essential to first identify these receptors, before 

they can be considered as potential contributors to cochlear pathologies, and thus the 

focus of targeted therapies for hearing loss.  
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Chapter 2 Materials and methods 

 

2.1 Materials 

2.1.1 Reagents 

All reagents were purchased from Sigma-Aldrich (Merck) unless stated otherwise. 

2.1.1.1 Cell culture solutions 

Primary cultures were maintained in growth media containing Dulbecco’s Modified 

Eagle’s Medium (DMEM/F-12 without phenol red; Gibco, #11039 or #21041025) 

supplemented with N2 (1:1000 dilution; Life Technologies), 15 mM glucose, 10 % 

fetal bovine serum (FBS), and 1x penicillin-streptomycin (Life Technologies). This 

formulation has been previously used for spiral ganglion primary cultures (Whitlon et 

al., 2006). The growth medium used was DMEM/F-12 phenol red free. The pH 

indicator dye, phenol red has been shown to antagonise P2XRs (King et al., 2005; 

Nagasawa, Escartin, & Swanson, 2009). Trypsin was made up as a solution of 

0.25 % w/v in Dulbecco’s Phosphate Buffered Saline (DPBS) without Ca2+ and Mg2+, 

aliquoted, frozen and stored until use. A stock solution of poly-L-lysine hydrobromide 

was made up as 1 mg/ml in cell culture H2O (ccH2O), aliquoted and frozen until use. 

A working concentration of 50 µg/ml (1:20 dilution) poly-L-lysine in ccH2O was made 

up on the day of use. 12 mm diameter glass coverslips (Scientific Laboratory 

supplies), 35 mm petri dishes with a 10 mm glass-bottom microwell (MatTek) and 

glass-bottom 24-well plates (MatTek) were coated with 50 µg/ml poly-L-lysine for 1 h 

at 37 °C and 5 % CO2, and washed three times with ccH2O before use.  

2.1.1.2 Extracellular solutions 

The extracellular solution (ECS) for live-cell imaging contained (in mM): NaCl, 145; 

KCl, 4; CaCl2, 1.3; MgCl2, 1; HEPES, 10; glucose, 5. In some cases low divalent 

extracellular solution (LDV-ECS) was used because divalent cations can inhibit 

BzATP- and ATP-mediated currents (Virginio, Church, North, & Surprenant, 1997). 

LDV-ECS contained (in mM): NaCl, 145; KCl, 4; CaCl2, 0.3; HEPES, 10; glucose, 5. 

All solutions had the pH adjusted to 7.3 with NaOH.  
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2.1.1.3 Primary and secondary antibodies 

Table 2.1 Primary antibodies used for immunolabelling. 

Antibody Immunogen  Type  Company (cat #) Dilution 
Anti-Caspr Cytoplasmic C-

terminus of rat Caspr 
(AA 1308-1381) 

Mouse 
monoclonal IgG1 

NeuroMab (K65/35) 1:100 

Anti-CtBP2 Mouse CtBP2 (AA 
361-445) 

Mouse 
monoclonal IgG1 

BD Transduction 
Laboratories (612044) 

1:400 

Anti-GFP Aequorea victoria 
GFP protein 

Chicken 
polyclonal 

ThermoFisher (A10262) 1:400 

Anti-GFP Recombinant full 
length GFP protein 

Rabbit polyclonal  Abcam (AB6556) 1:2000 

Anti-GluR2 Recombinant fusion 
protein TrpE-GluR2 
(putative N-terminus, 
AA 475-430) 

Mouse 
monoclonal IgG2A 

Merck (MAB397) 1:200 

Anti-P2X7R nb 
(7E2-rbIgG) 

Extracellular domain Nanobody 7E2 
fused to rabbit IgG 

Nolte lab (Danquah et al., 
2016). Under Prof Nicke´s 
licence  

1:200 

Anti-P2X7R Synthetic peptide 
derived from C-
terminus of rat P2X7R  

Rabbit polyclonal 
IgG 

Abcam (AB109054) 1:200 
 

Anti-P2X7R  Intracellular C-
terminus of rat P2X7R 
(AA 576-595) 

Rabbit polyclonal 
IgG 

Alomone labs (APR-004) 1:200 

Anti-P2X7R  Extracellular loop of 
mouse P2X7R (AA 
136-152) 

Rabbit polyclonal 
IgG 

Alomone labs (APR-008) 1:100 

Anti-P2X7R Internal region of 
human P2X7R (AA 
81-106) 

Mouse 
monoclonal IgG2A 

Santa Cruz Biotechnology  
(sc-514962) 

1:200 

Anti-Panx1 Intracellular N-
terminus of human 
Panx1 (AA 18-31) 

Rabbit polyclonal 
IgG 

Alomone labs (ACC-234) 1:200 

Anti-Peripherin N-terminus of human 
peripherin (AA 21-90)  

Mouse 
monoclonal IgG2A 

Santa Cruz Biotechnology  
(sc-377093) 

1:100 

Anti-S100 S100 isolated from 
cow brain 

Rabbit polyclonal 
IgG 

Dako (z0311) 1:500 

Anti-Sox10 N-terminus of human 
Sox10 

Goat polyclonal 
IgG 

Santa Cruz Biotechnology, 
(sc-17342) 

1:50 

Anti-SYP Human SYP (AA 221-
313) 

Mouse 
monoclonal IgG1 

Santa Cruz Biotechnology  
(sc-11750) 

1:100 

Anti-βIII 
tubulin  

Microtubules derived 
from rat brain 

Mouse 
monoclonal IgG2A 

Covance (MMS-435P) 1:500 
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Table 2.2 Secondary antibodies used for immunolabelling. 

Antibody AlexaFluor conjugated  Company (cat #) Dilution 
Donkey anti-goat IgG 633 ThermoFisher (A-21082) 1:400 
Donkey anti-rabbit IgG 555 ThermoFisher (A-31572) 1:400 
Goat anti-chicken IgG 488 ThermoFisher (A-11039) 1:400 
Goat anti-mouse IgG 546 ThermoFisher (A-11003) 1:400 
Goat anti-mouse IgG 555 ThermoFisher (A-21422) 1:400 
Goat anti-mouse IgG1 488 ThermoFisher (A-21121) 1:400 
Goat anti-mouse IgG1 555 ThermoFisher (A-21127) 1:400 
Goat anti-mouse IgG2A 633 ThermoFisher (A-21136) 1:400 
Goat anti-mouse IgG2B  647 ThermoFisher (A-21242) 1:400 
Goat anti-rabbit IgG 488 ThermoFisher (A-11034) 1:400 
Goat anti-rabbit IgG 633 ThermoFisher (A-21105) 1:400 
 

 

2.1.2 Animals 

2.1.2.1 Transgenic mouse lines 

A P2X7-EGFP bacterial artificial chromosome (BAC) transgenic (tg) mouse line was 

studied in the laboratory of Prof Annette Nicke (Walther Straub Institute of 

Pharmacology and Toxicology, Ludwig Maximilian University of Munich). To generate 

the line BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) the Strep-tagII-Gly-7xHis-

Gly-EGFP sequence was inserted into the P2rx7 BAC clone RP24-114E20, 

immediately upstream of the P2rx7 stop codon by homologous recombination using 

locus-specific homology arms of 50-60 bp length (Kaczmarek-Hajek et al., 2018). The 

P2rx7 cDNA was obtained from C57BL/6 mouse brain. Two allelic P2X7R variants, 

451P and 451L (SNP, present in C57BL/6), with different functionality have been 

described (Adriouch et al., 2002), the L451P-variant was generated by site directed 

mutagenesis in this tg line. The final BAC constructs were microinjected into pronuclei 

of C57BL/6N mouse zygotes.  

Prof Nicke obtained the Tg(P2rx7-EGFP)FY174Gsat mouse line from the Gene 

Expression Nervous System Atlas (GENSAT) database of engineered mouse strains 

(www.gensat.org2; Gong et al., 2003; Schmidt, Kus, Gong, & Heintz, 2013). To 

generate this line, an EGFP reporter gene, followed by a polyadenylation sequence, 

was inserted into BAC clone RP23-181F3 at the initiating ATG codon of the first 

 
2 The GENSAT Project at The Rockefeller University, accessed on 23rd September 2019,  
<http://www.gensat.org/GeneProgressTracker.jsp?entrez=18439>.  
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coding exon of the P2rx7 gene so that EGFP expression is driven by the P2rx7 

promoter. The resulting modified BAC (BX1095) was used to generate this transgene.  

Animal handling and experimental procedures were performed in accordance with 

German and European Union guidelines. Generation of BAC mice was approved by 

the State of Upper Bavaria and Lower Saxony.  

2.1.2.2 Sprague Dawley rats 

Sprague Dawley rats were bred in the Biological Services Unit at University College 

London (UCL). All animal work conformed to United Kingdom legislation outlined in 

the Animals (Scientific Procedures) Act 1986. Rat pups younger than P7 were killed 

by cervical dislocation and followed by decapitation. From P8 onwards, rats were 

killed by CO2 inhalation and decapitation.  

 

2.2 Methods 

2.2.1 Immunofluorescence of mouse cochlear sections 

2.2.1.1 Mouse cochlear vibratome sections for immunofluorescence 

All procedures using tg mouse lines were carried out at the Walther Straub Institute 

of Pharmacology and Toxicology, Ludwig Maximilian University of Munich. Mice from 

both tg lines BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) and Tg(P2rx7-

EGFP)FY174Gsat of either sex between P22 and P38 were used to prepare cochlear 

vibratome sections. After decapitation, the head was bisected along the sagittal plane 

and each half of the brain was removed. Both skull halves were transferred to 35 mm 

sterile petri dishes containing ice-cold phosphate buffered saline (PBS). Further 

dissection was continued under a microscope. Isolation of the inner ear was achieved 

by pulling out the surrounding tissue and the remaining temporal bone. For a better 

fixation of the tissue, the apex of the otic capsule was perforated with a needle to 

perfuse 4 % paraformaldehyde (PFA) in PBS with a pipette into the cochlea. Whole 

cochleae were immersed in 4 % PFA in PBS for 1 h at room temperature on a rotator. 

After fixation, samples were washed three times with PBS for 5 min each and 

decalcified with 4 % ethylenediaminetetraacetic acid (EDTA) in PBS, pH 7.3, for 12-

72 h at room temperature on a rotator. Samples were rinsed three times with PBS 

and subsequently stored in PBS at 4 °C. Cochleae were mounted in agarose blocks 
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to be sectioned on a vibratome (Leica VT1200 S). A 4 % gel was prepared with 

agarose NERO Ultra-Quality (Carl Roth) in PBS. Samples were mounted with the 

round window facing up so that the vibratome blade cut parallel to the modiolus. 

Cochleae were sectioned in 200 µm intervals, with a 20 ° blade angle.  

Prior to antibody labelling, cochlear sections were permeabilised and blocked in 0.2 % 

Triton X-100 and 10 % normal goat serum in PBS for 1 h on a shaker at room 

temperature. Primary antibodies were diluted in lysine/Triton solution (0.1 M L-lysine 

and 0.2 % Triton X-100 in PBS), and incubated for 3 h at room temperature. Table 

2.1 lists the dilutions used for each primary antibody. After primary antibody 

incubation, sections were washed three times in PBS for 10 min each. Secondary 

antibodies were diluted in lysine/Triton solution for 1 h at room temperature (Table 

2.2). Sections were subsequently washed three times in PBS for 10 min each. The 

sections were mounted in Vectashield with DAPI mounting media (VECTOR 

laboratories) in 35 mm petri dishes with a 10 mm glass-bottom microwell (MatTek).  

2.2.1.2 Confocal microscopy of mouse cochlear sections 

Initial confocal images were acquired in Munich with an LSM 880 (ZEISS). This 

confocal microscope was equipped with a 10X air objective (NA 0.45), a 20X objective 

(NA 0.8), and a 63X water-immersion objective (NA 1.2). AlexaFluor 488 was excited 

using a 488 nm laser, and emitted light between 490-606 nm was collected on a 

photomultipliers tube (PMT) detector. AlexaFluor 555 was excited with a 561 nm 

laser, and emitted light between 570-641 nm was collected on a PMT detector. 

AlexaFluor 633 was excited using a 633 nm laser, and emitted light between 638-

747 nm was collected on a PMT detector. DAPI was excited using a 405 nm laser, 

and emitted light between 410-513 nm was collected on a PMT detector. Multi-

channel 8-bit depth z-stacks were acquired using sequential scanning with a frame 

average of 2, and a z-step size of 7.5 µm for 10X, 2.1 µm for 20X, and 1.2 µm for 63X. 

Further imaging was performed with the LSM 880 at the UCL Ear Institute (settings 

used can be found in section 2.2.2.2).  

Image contrast and brightness was adjusted with Zen Black Edition (ZEISS) offline 

version, and figure panels were assembled using Photoshop Elements (Adobe 

systems). Unless stated otherwise in the figure legend, images presented in the 

figures are single z-planes.   



46 

2.2.2 Immunofluorescence of rat cochlear sections 

2.2.2.1 Rat cochlear vibratome sections for immunofluorescence 

Rats of either sex between P0 and P42 were used to prepare cochlear sections. 

Cochleae were dissected and fixed as described in section 2.2.1.1. Cochleae were 

mounted in 4 % agarose gel prepared with Low Gelling Temperature Agarose in PBS. 

Samples were sectioned on a vibratome (1000 plus system, Intracel) at 200 µm 

intervals. Immunolabelling was performed as described in section 2.2.1.1. In some 

experiments, AlexaFluor 633 Phalloidin (ThermoFisher) was added at 1:400 with the 

secondary antibodies mix.  

2.2.2.2 Confocal microscopy of rat cochlear sections 

Initial images at the Ear Institute were acquired using an LSM 510 confocal 

microscope (ZEISS) equipped with a 10X air objective (NA 0.3), a 20X air objective 

(NA 0.75) and a 63X water-immersion objective (NA 1.2). AlexaFluor 488 was excited 

using a 488 nm laser, and light emission was collected using a 505-530 nm band-

pass filter. AlexaFluor 555 was excited using a 555 nm laser, and a 560-615 nm band-

pass filter. AlexaFluor 633 and 647 were excited using a 633 nm laser, and a 650 nm 

long-pass filter. DAPI was excited using a 405 nm laser, and a 420-480 band-pass 

filter. Multi-channel z-stacks were acquired using sequential scanning with a frame 

average of 4, and a z-step size of 22.2 µm for 10X, 2.4 µm for 20X, and 1.4 µm for 

63X.  

Later, the LSM 510 confocal microscope was replaced by an LSM 880 with Airyscan 

(ZEISS). This confocal microscope was equipped with a 10X air objective (NA 0.45), 

20X air objective (NA 0.8), a 40X oil-immersion objective (NA 1.3), and a 63X oil-

immersion objective (NA 1.4). AlexaFluor 488 was excited using a 488 nm laser, and 

emitted light between 491-526 nm was collected on a PMT detector. AlexaFluor 555 

was excited with a 561 nm laser, and emitted light between 562-624 nm was collected 

on a PMT detector. AlexaFluor 633 was excited using a 633 nm laser, and emitted 

light between a 638-747 nm was collected on a PMT detector. DAPI was excited using 

a 405 nm laser, and emitted light between 410-470 nm was collected on a PMT 

detector. Multi-channel 8-bit depth z-stacks were acquired using sequential scanning 

with a frame average of 2, and a z-step size of 7.5 µm for 10X, 2.1 µm for 20X, 1.2 µm 

for 40X, and 1.0 µm for 63X.  
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The Airyscan detector replaces the confocal pinhole with a 32 element detector that 

collects information for each element at every scan position. This results in both an 

improved resolution and signal-to-noise ratio (Weisshart, 2014). Airyscan images 

were acquired with the 63X oil-immersion objective and a z-step size of 0.165 µm. For 

Airyscan acquisition, the emission light is passed through a set of dual bandpass 

filters or a bandpass and a long-pass filter combination before hitting the Airyscan 

detector. AlexaFluor 488 was excited using a 488 nm laser, and emission was 

collected using 420-480 and 495-550 nm dual band-pass filters. AlexaFluor 555 was 

excited with a 561 nm laser, and emission was collected using 420-480 and 495-

620 nm dual band-pass filters. AlexaFluor 633 was excited using a 633 nm laser, and 

emission was collected using a 495-550 nm band-pass filter and a 570 nm long-pass 

filter. DAPI was excited using a 405 nm laser, and emission was collected using a 

420-480 nm band-pass filter and a 605 nm long-pass filter. Multi-channel 8-bit depth 

z-stacks were acquired using sequential scanning with a frame average of 2.  

Image contrast and brightness was adjusted with Zen Black Edition (ZEISS) offline 

version, and figure panels were assembled using Photoshop Elements (Adobe 

systems). Unless stated otherwise in the figure legend, images presented in the 

figures are single z-planes. 

 

2.2.3 Immunofluorescence of Tg(P2rx7-EGFP)FY174Gsat mice spiral 
ganglion primary cultures 

2.2.3.1 Preparation of Tg(P2rx7-EGFP)FY174Gsat mice spiral ganglion primary 
cultures 

Three P7 Tg(P2rx7-EGFP)FY174Gsat mice (two wild-type (wt) and one tg of either 

sex) were used to prepare spiral ganglion primary cultures. Dissections were 

performed under a microscope in a sterile environment, in 35 mm petri dishes 

containing ice cold Dulbecco’s PBS (DPBS). Inner ears were dissected as described 

in section 2.2.1.1. The otic capsule was broken by inserting a pair of Dumont #5 

forceps into the apical part of the cochlea to create a hole. The capsule was gently 

broken to separate the cochlea. The lateral wall and the organ of Corti were peeled 

off, and the remaining bony structures surrounding the modiolus were then removed 

to isolate the spiral ganglion. The spiral ganglion was cut into smaller pieces, and they 

were placed in an Eppendorf tube with 0.25 % trypsin in DPBS. Samples were 
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incubated with trypsin for 30 min at 37 °C to allow the trypsin to enzymatically digest 

the tissue. The reaction was quenched with growth medium (containing DMEM/F-12; 

Gibco 21041025, phenol red free). A P1000 pipette was then used to mechanically 

triturate the tissue. Cells were pelleted by centrifugation at 250 rcf for 3 min. The 

supernatant was removed while taking care not to disturb the pellet. Cells were 

resuspended in growth medium and plated on 50 µg/ml poly-L-lysine coated glass-

bottomed dishes (MatTek). Dishes were incubated in a humidified chamber at 37 °C, 

5 % CO2, for 50 min to allow the dissociated cells to adhere. Growth medium 

supplemented with 10 ng/ml BDNF was added into the plated cells and cultures were 

incubated for 1 DIV.  

Spiral ganglion cultures were fixed at 1 DIV in 4 % PFA in PBS for 30 min, then 

washed three times with PBS for 5 min each. For antibody labelling, cells were 

permeabilised and blocked in 0.2 % Triton X-100 and 10 % FBS in PBS for 1 h on a 

shaker at room temperature. Primary antibodies were diluted in lysine/Triton solution 

and incubated for 2 h at room temperature (Table 2.1). After primary antibody 

incubation, cells were washed three times in PBS for 10 min each. Secondary 

antibodies were diluted in lysine/Triton solution for 1 h at room temperature (Table 

2.2). Cells were washed three times in PBS for 10 min each. Vectashield with DAPI 

(VECTOR laboratories) was added to the wells for imaging.  

2.2.3.2 Confocal microscopy of spiral ganglion primary cultures of Tg(P2rx7-
EGFP)FY174Gsat mice 

Imaging was performed with the LSM 880 at the UCL Ear Institute using the settings 

described in section 2.2.2.2. Image contrast and brightness was adjusted with Zen 

Black Edition (ZEISS) offline version, and figure panels were assembled using 

Photoshop Elements (Adobe systems). Unless stated otherwise in the figure legend, 

images presented in the figures are single z-planes. 

The percentage of Sox10 and Sox10 + EGFP expressing cells in wt and tg spiral 

ganglion primary cultures was measured by counting the number of cells that 

expressed EGFP only, Sox10 only or EGFP and Sox10. Graphs were assembled in 

OriginLab and edited in CorelDraw.  
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2.2.3.3 Persistent EGFP expression in spiral ganglion primary cultures from 
Tg(P2rx7-EGFP)FY174Gsat mice 

Spiral ganglion primary cultures provide a mixed population of glial cells, SGNs and 

fibroblasts. This preparation has been used in the literature to study neurons and glial 

cells using a range of techniques (e.g. electrophysiological recordings, 

immunofluorescence detection, calcium imaging). To investigate whether P2X7R 

expression is maintained in dissociated cochlear glial cells in vitro, spiral ganglion 

primary cultures were prepared from P7 + 1 DIV Tg(P2rx7-EGFP)FY174Gsat mouse 

cultures (two wt and one tg). Sox10, a transcription factor expressed in both mature 

and undifferentiated glial cells (Britsch et al., 2001), was used in these cultures as a 

glial cell marker (Figure 2.1A and B). The proportion of EGFP and/or Sox10 

expressing cells in wt and tg spiral ganglion primary cultures was determined by 

counting the number of cells that expressed Sox10-only or EGFP and Sox10 (Figure 

2.1C). Glial cells in wt cultures were labelled with anti-Sox10, but no EGFP-positive 

cells were detected. In tg cultures, all EGFP-positive cells were co-labelled with anti-

Sox10 (67.05 % of Sox10-positive glial cells), confirming their glial identity. Not all 

Sox10-positive glial cells were EGFP-positive (32.96 % of Sox10-only cells). These 

results confirm that P2X7Rs are expressed in the majority of cochlear glial cells 

cultured from tg Tg(P2rx7-EGFP)FY174Gsat mice.  
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Figure 2.1 Quantification of EGFP-positive glial cells in spiral ganglion primary cultures 
of Tg(P2rx7-EGFP)FY174Gsat mice. A) In a wt spiral ganglion primary culture, numerous 

Sox10 (magenta) glial cells were detected but EGFP immunofluorescence (green) was absent. 

Maximum projection of a 7.2 µm stack. B) In a tg spiral ganglion primary culture, both Sox10 

and EGFP immunofluorescence signals were detected. Maximum projection of an 8.2 µm 

stack. Scale bars: 50 µm. C) Proportion of cells that expressed Sox10-only or Sox10 + EGFP. 
In tg cultures, all EGFP-positive cells were co-labelled with Sox10 but not all Sox10-positive 

cells were EGFP-positive. Representative results from two wt and one tg mice cultures (P7 + 

1 DIV) are shown.  

 

In these cultures, closer inspection revealed that most glial cells had a spindle-shaped 

morphology (Figure 2.2A and D, arrows), and cytoplasmic EGFP 

immunofluorescence in the cytoplasm confirmed that the spindle-shaped morphology 

was characteristic of the Sox10-positive glial cells in vitro (Figure 2.2B and E). As 

mentioned above, all EGFP-positive cells were co-labelled with anti-Sox10 but not all 

Sox10-positive cells were EGFP-positive (Figure 2.2C and F). Fibroblasts could be 

distinguished by their larger nuclei and the absence of Sox10 and EGFP 

immunofluorescence (Figure 2.2 arrowheads).  
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Figure 2.2 Characterisation of EGFP-positive glial cells in spiral ganglion primary 
cultures of Tg(P2rx7-EGFP)FY174Gsat mice. A) DIC image of dissociated cells from a tg 

mouse spiral ganglion primary culture. Most glial cells presented a spindle-shaped morphology 
(arrow). B) Sox10 (magenta) was used as a glial marker, and cell nuclei were labelled with 

DAPI (blue). Cytoplasmic EGFP immunofluorescence detection (green) in the cytoplasm of 

these cells revealed the spindle-shaped morphology characteristic of glial cells in vitro. 

Fibroblasts were also present in these cultures, and they were distinguished by their larger 

nuclei and the absence of Sox10 and EGFP staining (arrowhead). Maximum projection of a 

2.4 µm stack. C) Same region as in B, but without DAPI signal to reveal the presence of some 

Sox10-positive glial cells that did not co-label with EGFP. D) DIC image of other glial cells 

presenting a spindle-shaped morphology (arrows). E) Cytoplasmic EGFP 
immunofluorescence detected in Sox10-positive glial cells. Note the presence of a fibroblast 

(arrowhead). Maximum projection of a 2.4 µm stack. F) Same region as in E without DAPI 

signal. Representative results of one tg mouse culture (P7 + 1 DIV) are shown. Scale bars: 

10 µm.  
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2.2.4 Immunofluorescence of rat spiral ganglion primary cultures 

2.2.4.1 Preparation of rat spiral ganglion primary cultures 

Rats of either sex, between P5 and P14, were used to prepare spiral ganglion primary 

cultures for immunolabelling and live-imaging experiments. Rat spiral ganglion 

primary cultures were obtained as described for mice in section 2.2.3.1. Rat spiral 

ganglion primary cultures were resuspended in growth medium (containing DMEM/F-

12 Gibco, 11039, phenol red free) and plated on 50 µg/ml poly-L-lysine coated glass-

bottomed dishes or glass-bottom 24-well plates (MatTek). Dishes/plates were 

incubated in a humidified chamber at 37 °C, 5 % CO2, for 50 min to allow the 

dissociated cells to adhere. Growth medium supplemented with 8 ng/ml BDNF, 

8 ng/ml neurotrophin 3 (NT3) and 100 ng/ml leukaemia inhibitory factor (LIF) was 

added into the plated cells. The medium was replaced with fresh growth medium after 

1 DIV and cells were incubated for up to 3 DIV.  

In some experiments, spiral ganglion primary cultures were fixed for immunolabelling. 

Cells were fixed with 4 % PFA for 30 min and the protocol for immunolabelling is 

described in section 2.2.3.1. In some experiments, FITC-phalloidin (ThermoFisher) 

was added at 1:200 with the secondary antibodies mix.  

2.2.4.2 Confocal microscopy of immunolabelled rat spiral ganglion primary 
cultures 

Initial images were acquired using a confocal microscope (LSM 510; ZEISS) and the 

settings used are described in section 2.2.2.2. Later, the LSM 510 confocal 

microscope was replaced by an LSM 800 with Airyscan (ZEISS) and the settings used 

are described in section 2.2.2.2.  

Image contrast and brightness was adjusted with Zen Black Edition (ZEISS) offline 

version, and figure panels were assembled using Photoshop Elements (Adobe 

systems). Unless stated otherwise in the figure legend, images presented in the 

figures are single z-planes.  

2.2.4.3 Characterisation of spiral ganglion primary cultures from juvenile rats 

Rats were chosen as the animal model to study the functional properties of cochlear 

glial P2X7Rs in vitro, because P2X7R agonist/antagonist pharmacology in this 

species more closely compares to that of P2X7Rs in humans (Donnelly-Roberts, 
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Namovic, Han, & Jarvis, 2009; Fujiwara et al., 2017; Hibell, Kidd, Chessell, Humphrey, 

& Michel, 2000). Spiral ganglion primary cultures from rats were thus obtained to see 

whether they were indeed a good model for functional experiments. Preliminary 

experiments were carried out to identify key cell types in the cultures. Rat spiral 

ganglion primary cultures provided a mixed population of glial cells, SGNs and 

fibroblasts, though the number of SGNs in the cultures was relatively low, and it 

declined rapidly in older animals. SGNs in vitro were characterised by a round cell 

body, and in most cases bipolar neurite extensions, although sometimes they could 

extend more branches. SGNs were labelled with anti-βIII-tubulin, and these were 

often found in close association with S100-positive glial cells (Figure 2.3). The majority 

cell type found in spiral ganglion primary cultures were glial cells. Glial cells in rat 

spiral ganglion primary cultures were immunolabelled with anti-S100 and anti-Sox10 

(Figure 2.4A and B). Anti-S100 immunolabelling was predominantly cytoplasmic, 

whereas anti-Sox10 was nuclear. Fibroblasts could be distinguished from glial cells 

by their larger nuclei, and instead they were positively stained using phalloidin, which 

detects F-actin (Figure 2.5).  

 

 
Figure 2.3 Characterisation of SGNs and glia in rat spiral ganglion primary cultures. 
A) Rat spiral ganglion primary cultures provided a mixed population of glial cells, SGNs and 

fibroblasts. SGNs in vitro were labelled with anti-βIII-tubulin (green), whereas glial cells were 

labelled with anti-S100 (magenta) and many of these were closely associated with the 

neurons. Cell nuclei were labelled with DAPI (blue). Maximum projection of a 6.25 µm stack. 
B) Most SGNs in vitro had a bipolar morphology, with a round cell body. Cytoplasmic S100 

labelling in glial cells revealed their spindle-shaped morphology. Maximum projection of a 
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7.2 µm stack. Representative images from two rat cultures (P12 + 2 DIV) are shown. Scale 

bars: A = 50 µm; B = 20 µm.   

 

 
Figure 2.4 S100-positive and Sox10-positive glial cells in rat spiral ganglion primary 
cultures. A) Spiral ganglion cultures of a rat with anti-S100 (magenta) immunofluorescence 

localised in the cytoplasm of some glial cells with elongated nuclei (DAPI, blue). Anti-Sox10 

(green) immunofluorescence was localised to the nuclei of these cells. Maximum projection of 

a 7.5 µm stack. B) Same cells as in A, with Sox10 immunofluorescence in grayscale. Images 

representative of two rat cultures (P5 + 4 DIV). Scale bar: 20 µm.  
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Figure 2.5 Fibroblasts in rat spiral ganglion primary cultures were S100-negative and 
had larger nuclei. Anti-S100 immunofluorescence (magenta) was identified spindle-shaped 
glial cells. Fibroblasts had larger nuclei and were stained with phalloidin (green), but anti-S100 

was negligible in these cells (arrowhead). Phalloidin labelling revealed the branched actin 

filaments present in fibroblasts. Cell nuclei were labelled with DAPI (blue). Maximum projection 

of a 6 µm stack. A representative of two rat cultures (P6 + 1 DIV) is shown in this image. Scale 

bar: 20 µm.   

 

In some live-imaging experiments described in Chapter 4, it was not possible to fix 

the spiral ganglion primary cultures for post hoc labelling with glial markers. In those 

cases, identification of glial cells was based on their morphology in DIC images. As 

described before, most cells identified as glial cells in immunofluorescence 

experiments had a spindle-shaped morphology, while fibroblasts had an extended 

cytoplasm and larger nuclei (Figure 2.6, arrow). Morphological criteria from the 

immunofluorescence experiments thus allowed identification of cells in live-imaging 

experiments as glia, SGNs or fibroblasts.  
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Figure 2.6 Glial cells and fibroblasts in rat spiral ganglion primary cultures were 
distinguishable by their appearance during live-imaging experiments. A) DIC image from 

a P14 + 1 DIV rat spiral ganglion primary culture. Dissociated glial cells in vitro presented a 

spindle-shaped morphology. Cell nuclei were labelled with Hoechst (blue). B) Fibroblasts were 

quite different from the spindle-shaped glial cells, with larger nuclei and a flat morphology with 

extended cytoplasm (arrowhead). Representative images from at least three rat cultures are 
shown. Scale bars: 10 µm. 

 

2.2.5 Fluorescence intensity profiles of glial cells and spiral ganglion 
neurons 

Fluorescence intensity profiles were plotted using EGFP and βIII-tubulin fluorescence 

signals in both tg mouse lines. Fluorescence intensity profiles were plotted using 

P2X7R, S100 and βIII-tubulin signals in rat cochlear sections. To obtain these plots a 

vector was drawn across the SGN/SGC pair to measure fluorescence intensity in 

arbitrary units (a.u.; Figure 2.7A). In other cases, a vector was drawn across the 

central neurites to measure fluorescence intensity of SCs and SGN central neurites 

(Figure 2.7B). Fluorescence intensity measurements from several cells/neurites were 

averaged and normalised, and plotted across the length of the vector (in µm) using 

OriginLab. Fluorescence intensity values were normalised using the following 

formula:  	

𝑋!"#$%&'()* =	
𝑋 − 𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛
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Figure 2.7 Measurement of fluorescence intensity profiles in SGCs and SGNs. A) A 

16 µm vector was drawn across the SGN and SGC cell body to measure fluorescence intensity 

(a.u.). B) A 3 µm vector was drawn across the SGN central neurite and the SC to measure 

fluorescence intensity (a.u.).  

 

2.2.6 P2X7 receptor immunolabelling in early postnatal rat cochleae 

Rats at different developmental stages (P0 to P14, in two day intervals) were used for 

immuno-labelling experiments with the anti-P2X7R antibody (APR-004). Apical, 

middle and basal turns were analysed separately to determine any differential 

expression of P2X7Rs along the axis of the cochlea. For each postnatal day and turn, 

a low-power image (20X) was taken to have an overview of the structure. High 

magnification images (63X) were taken in the spiral ganglion and the organ of Corti. 

To allow for comparison between samples, laser power and gain were kept the same 

for all images taken. There were no apparent differences in P2X7R fluorescence 

intensity along the length of the cochlea, and to facilitate data interpretation the basal 

turn was used to describe receptor expression.  

 

2.2.7 Intracellular Ca2+ measurements in cultured glial cells 

2.2.7.1 Experimental design for Fura-2 AM loading of rat spiral ganglion 
primary cultures 

Changes in intracellular Ca2+ concentration ([Ca2+]i) elicited by different P2X and P2Y 

receptor agonists were measured with the membrane permeable acetoxymethyl (AM) 

ester Ca2+-indicator Fura-2 (Grynkiewicz, Poenie, & Tsien, 1985). Spiral ganglion 

primary cultures from P5 to P11 rats were loaded with 5 µM Fura-2 AM in the 

presence of 0.01 % pluronic w/v and DMSO in DMEM/F-12 for 25 min at 37 °C and 

5 % CO2. Subsequent to loading, cultures were washed three times over a period of 
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5 min in ECS or LDV-ECS and left to equilibrate for a further 20 min to allow for the 

complete cleavage of the AM ester.  

Fluorescence images were acquired using an epifluorescence inverted microscope 

(ZEISS Axiovert S100 TV) equipped with a 20X Fluar objective (NA 0.75) and a 12-

bit cooled CCD camera (PCO Sensicam, Pulse Photonics) under the control of Andor 

iQ 1.5 software (Oxford instruments). Differential interference contrast (DIC) images 

were acquired before the fluorescence measurements with a frame size of 1280 x 

1024 pixels (full frame, 1x1 binning) and 12-bit depth. Fura-2 fluorescence was 

excited alternatively at 340 nm (Ca2+-bound) and 380 nm (Ca2+-free) by means of a 

fast switching monochromator (Kinetic imaging). The 340 and 380 nm channels were 

exposed sequentially for a period of 550 ms each and the duration of each time series 

acquisition was 5 min 50 s in total. Fluorescence was collected using a 500 nm 

dichroic mirror and a 510 nm long-pass filter. The standard protocol consisted of 600 

image frames of 320 x 256 pixels (4x4 binning), and 12-bit depth.  

In all recordings, agonists were applied manually into the bath at t = 65 s (after frame 

#120) and therefore these were present in the bath for just under 5 min. For BzATP 

experiments, 10 µM BzATP (TOCRIS) in LDV-ECS was applied to cells from different 

cultures (from three P8 + 2 DIV rats). In another set of experiments (from three P8 + 

2 DIV rats) external Ca2+ (Ca2+
o)  was completely removed from the LDV-ECS, and 

10 µM BzATP in Ca2+
o-free LDV-ECS was applied at t = 65 s.  

For UTP, UDP and ADP experiments, increasing concentrations of these agonists 

were applied into the bath. In the first recording 5 µM UTP/UDP/ADP (UTP and UDP 

purchased from Abcam) in ECS was applied at t = 65 s. After this first recording, cells 

were then washed with ECS for 2 min. The same area of cells was recorded again 

and then 50 µM UTP/UDP/ADP in ECS was applied at t = 65 s. Cells were washed 

again and in the last recording, 500 µM UTP/UDP/ADP in ECS was applied into the 

bath at t = 65 s. This approach allowed the measurement of changes in intracellular 

Ca2+ concentration ([Ca2+]i) to different concentrations of the agonists. One P5 + 1 

DIV, one P5 + 3 DIV and one P8 + 2DIV rat cultures were used for UTP applications. 

One P6 + 1 DIV and one P11 + 2 DIV cultures were used for UDP applications. One 

P6 + 1 DIV and one P11 + 2 DIV cultures were used for ADP applications. In another 

set of experiments (from three P8 + 2 DIV rat cultures), Ca2+
o

 was completely removed 

from the ECS. In this case 50 µM UTP/UDP/ADP in Ca2+
o-free ECS was applied at 

t = 65 s.   
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2.2.7.2 Analysis of intracellular Ca2+ concentration changes 

Fura-2 image data sets were analysed in ImageJ, and DIC images were used as a 

reference to classify cell types. ROIs were only drawn in cells that had glial-like 

morphology (spindle-shaped cells; see section 2.2.4.3 for more details) and remained 

within the imaging frame for the duration of the experiment. For each data sets, an 

extra ROI was drawn in an area without cells to measure the background fluorescence 

for subsequent subtraction. 340 and 380 nm fluorescence intensity was measured for 

each ROI over time with the plugin Time Series Analyzer V3 (imagej.net3). The Fura-

2 ratio was measured by dividing 340 nm by 380 nm emission measurements 

(F340/380) at each time point, and then plotted over time in OriginLab. Cells were 

then classified as “responders” if a change in [Ca2+]i elicited by an agonist was 

observed above the baseline, or “non-responders” if no change in [Ca2+]i was 

observed. From all the cells that responded to BzATP, UTP, UDP and ADP with or 

without Ca2+
o

 in the LDV-ECS/ECS the mean trace (F340/380) was plotted as a 

function of time using OriginLab. Graphs were annotated in CorelDraw. 

The percentage of glial cells that responded to BzATP, UTP, UDP and ADP with or 

without Ca2+
o

 in the LDV-ECS/ECS was quantified. A two sample t-test was used to 

compare each agonist response with or without Ca2+
o

 in the LDV-ECS/ECS. All p-

values reported here were relative to a significance level (α) of 0.05. Statistical 

analysis and graphing was performed in OriginLab. Data are presented as mean ± 

standard error of the mean (SEM). 

The increase in 340/380 nm fluorescence intensity (DF340/380) was measured as:  

𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑣𝑎𝑙𝑢𝑒 −𝑀𝑖𝑛𝑖𝑚𝑢𝑚	𝑣𝑎𝑙𝑢𝑒 

The average DF340/380 value of all cells in each group is presented in the results as 

mean ± SEM.  

 

 
3 Time Series Analyzer V3, accessed 23rd September 2019, 
<https://imagej.nih.gov/ij/plugins/time-series.html>  
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2.2.8 YO-PRO-1 uptake in cultured glial cells 

2.2.8.1 Experimental design of YO-PRO-1 uptake assay 

YO-PRO-1 (629.33 MW; ThermoFisher, Y3603) is a cell-impermeant green-

fluorescent propidium dye that can enter cells through P2X7Rs under constant 

stimulation with ATP or analogues (Virginio, Mackenzie, North, & Surprenant, 1999). 

Spiral ganglion primary cultures from three rats at P14 + 2 DIV were used for YO-

PRO-1 uptake experiments. Cells were plated on 35 mm petri dishes with a 10 mm 

glass-bottom microwell coated with 50 µg/ml poly-L-lysine. For each animal, six 

dishes of cultured cells were obtained, and two dishes were used in each of the three 

experimental conditions.  

To facilitate the visualization of the live-cells during the time series imaging protocol 

on the confocal microscope, 2 µg/ml bisBenzimide H33342 trihydrochloride (Hoechst; 

Sigma-Aldrich, B2261), a fluorescent DNA stain with low cytotoxicity to intercalate in 

A-T regions of DNA, was used. Hoechst was prepared as a stock solution of 2 mg/ml 

in DMSO, and then diluted to 2 µg/ml in DMEM/F-12. Cells were incubated with 

2 µg/ml Hoechst in a humidified chamber for 10 min at 37 °C and 5 % CO2. 

Afterwards, unbound, excess Hoechst was subsequently removed by washing with 

LDV-ECS. Just before starting the time series imaging protocol the LDV-ECS solution 

from the dishes was removed and in the case of the control and BzATP groups, cells 

were incubated with 1 µM YO-PRO-1 in LDV-ECS for 5 min. YO-PRO-1 was prepared 

from a 1 mM stock solution in DMSO. After LDV-ECS was removed and the YO-PRO-

1 solution was added to the bath, cells were transferred to the confocal microscope 

and the live-imaging time series protocol was started. At t = 290 s (after frame #15) in 

the control experimental condition, YO-PRO-1 was added manually with a Gilson 

pipette and cells were imaged for another 15 min. This experimental condition was 

used to assess YO-PRO-1 permeability without the presence of P2R agonists or 

antagonists (negative control). In the BzATP experimental condition, at t = 290 s 

BzATP and YO-PRO-1 in LDV-ECS were added manually into the bath and cells were 

imaged for another 15 min. In this case BzATP was added into the bath for 15 min to 

allow P2XR activation and pore formation. A-740003 is a specific competitive 

antagonist of P2X7Rs. In the A-740003 + BzATP group, cells were initially incubated 

with A-740003 and YO-PRO-1 in LDV-ECS. At t = 290 s, BzATP, A-740003, and YO-

PRO-1 were added manually into the bath and cells were imaged for another 15 min. 

To test whether BzATP-mediated uptake of YO-PRO-1 in the BzATP group was via 

P2X7Rs, in the antagonist group the experiment was repeated in the presence of the 
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P2X7R-specific blocker A-740003. Table 2.3 summarises the three experimental 

conditions.  

 

Table 2.3 Experimental groups for YO-PRO-1 uptake in spiral ganglion primary cultures. 
All drugs were diluted in LDV-ECS. Incubations were performed at 34 ⁰C in a built-in chamber 
at the LSM 510 while imaging. At t = 290 s (after frame #15), solutions were added manually 

into the bath with a Gilson pipette. Each experimental group was representative of n = 3 rat 

cultures (P14 + 2 DIV) and duplicates for each animal and experimental condition were used.  

Group Solutions at start of time series Solutions added at t = 290 s of time series 
Control group 1 µM YO-PRO-1  1 µM YO-PRO-1  
BzATP group 1 µM YO-PRO-1  10 µM BzATP + 1 µM YO-PRO-1  
A-740003 + 
BzATP group 1 µM A-740003 + 1 µM YO-PRO-1  1 µM A-740003 + 10 µM BzATP + 1 µM YO-

PRO-1  
 

As soon as YO-PRO-1 was added the imaging protocol was started using the Zeiss 

LSM 510 confocal microscope. The time series protocol had a duration of 20 min and 

single images were taken every 20 s with a scan time of 3.93 s per image. A total of 

61 acquisitions were taken in each experiment with the 20X objective, using 0.7 zoom, 

12-bit image depth, 512 x 512 image size, and average 2 per frame. A built-in 

chamber maintained the cells at 34 °C while imaging. YO-PRO-1 was excited using a 

488 nm laser at 5.0 %, and emission was collected using a 505 nm long-pass filter. 

Hoechst was excited using a 405 nm laser at 1.0 %, and a 420-480 nm band-pass 

filter. All settings were kept the same across all experiments to allow for comparisons 

of YO-PRO-1 fluorescence intensity. Before and after each time series, single DIC 

images (1024 x 1024 pixels) were taken to assess cell morphology.  

2.2.8.2 Analysis of YO-PRO-1-positive glial cells 

ImageJ software was used for YO-PRO-1 fluorescence quantification. A region of 

interest (ROI; 4 x 4 pixels) was drawn in each glial cell (see section 2.2.4.3 for more 

details). The Time Series Analyser V3 plugin was used to quantify fluorescence 

intensity in the same ROIs over time (61 frames over 20 min). The mean fluorescence 

intensity for each ROI at each time point was obtained. For each file, an extra ROI 

was drawn in an area without cells to measure background fluorescence for 

subtraction. The proportion of cells that had taken up YO-PRO-1 was used as a 

method to compare between the three experimental conditions. The baseline mean ± 

standard deviation (SD) YO-PRO-1 fluorescence intensity was measured for each cell 
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(mean across 200 s, frame #4 to #14), before adding agonist/antagonist into the bath 

(added after frame #15). The threshold to consider a cell “YO-PRO-1-positive” was 

calculated with the following formula: 

𝑌𝑂 − 𝑃𝑅𝑂 − 1	𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑐𝑒𝑙𝑙	𝑖𝑓	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑣𝑎𝑙𝑢𝑒	

> 𝑚𝑒𝑎𝑛+#%$)	-./- + (5	 ×	𝑆𝐷+#%$)	-./-	) 

For each experimental replicate, the number of YO-PRO-1-positive cells was 

normalised as a percentage of total cells (% YO-PRO-1-positive cells = number of 

YO-PRO-1-positive cells / total number of glial cells x 100).  

A Shapiro-Wilk test confirmed that the dataset followed a normal distribution. 

However, Levene´s test for homogeneity of variances showed that these were not 

homogeneous. A Welch ANOVA for heterogenous variances was used to compare 

the three experimental conditions. All p-values reported here were relative to a 

significance level (α) of 0.05. Statistical analysis and graphing were performed in 

OriginLab. Data are presented as mean ± SEM.  

2.2.8.3 Analysis of YO-PRO-1 uptake rates 

The rate of YO-PRO-1 uptake rate was only measured in YO-PRO-1-positive cells, 

which had YO-PRO-1 fluorescence intensity values above the threshold (see formula 

in section 2.2.8.2). To measure “YO-PRO-1 uptake rate” the first YO-PRO-1 

fluorescence intensity value above the threshold (Fth) and the fluorescence intensity 

value 400 s later (Fth+400 s) were used as described in the following formula:  

𝑌𝑂 − 𝑃𝑅𝑂 − 1	𝑢𝑝𝑡𝑎𝑘𝑒	𝑟𝑎𝑡𝑒	(𝑎. 𝑢./𝑠) 	= 	
𝐹012-33	( 	− 	𝐹01

400
 

This formula allowed to measure the slope over the initial 400 s of YO-PRO-1 uptake. 

In some cells, YO-PRO-1 signal was saturated towards the end of the trace and to 

avoid this bias the slope was only measured over 400 s. This formula also excluded 

all cells that became YO-PRO-1-positive towards the end of the time series 

acquisitions and therefore the traces were not completed.  

A Shapiro-Wilk test confirmed that all three groups failed to fit a normal distribution. 

Therefore Kruskal-Wallis tests were used to compare the different experimental 

groups. All p-values reported here were relative to a significance level (α) of 0.05. 
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Statistical analysis and graphing were performed in OriginLab. Data are presented as 

mean ± SEM.  

 

2.2.9 Image-iT DEAD Green assay in S100-positive glial cells from juvenile 
rat spiral ganglion primary cultures 

2.2.9.1 Experimental design of Image-iT DEAD Green assay 

Image-iT DEAD Green is an impermeant dye (ThermoFisher, I10291) to healthy cells 

that becomes permeant when the plasma membrane of the cells is compromised 

(www.thermofisher.com4). It forms stable dye-nucleic acid complexes when bound to 

DNA, and is amenable to fixation. Image-iT DEAD Green was used to assess P2X7R-

mediated cytotoxicity after pore formation. Spiral ganglion primary cultures from one 

P11 + 3 DIV, two P12 + 3 DIV and three P13 + 3 DIV rats were used for these 

experiments. Cells were plated on 12 mm diameter glass coverslips coated with 

50 µg/ml poly-L-lysine.  

Saponin is widely used to permeabilise cells as it selectively removes membrane 

cholesterol and leaves holes in the membrane (Khakh, Bao, Labarca, & Lester, 1999). 

In the saponin group (cytotoxicity positive control), cells were treated with 100 µg/ml 

saponin in ECS. In the ECS-only and LDV-ECS only groups, cells were incubated 

with ECS or LDV-ECS, respectively for 20 min. To stimulate P2X7Rs using ATP, cells 

were treated with 2 mM ATP in ECS, or with 2 mM ATP in LDV-ECS. To stimulate 

P2X7Rs using BzATP, cells were treated with 10 µM BzATP in ECS, or with 10 µM 

BzATP in LDV-ECS. In all groups the agonist solution was removed after 20 min, and 

cells were washed twice with LDV-ECS or ECS. Cells from all experimental groups 

were then incubated with 100 nM Image-iT DEAD Green in ECS or LDV-ECS. All 

incubations were performed in a humidified chamber at 37 ⁰C and 5 % CO2. Cells 

were washed twice with LDV-ECS or ECS and fixed with 4 % PFA for 30 min. Cells 

were labelled with anti-S100 and DAPI following the immunolabelling protocol 

described in section 2.2.3.1. Table 2.4 summarises the different experimental 

conditions.  

 
4 Image-iT DEAD Green Viability Stain, accessed on 23rd September 2019, 
<https://www.thermofisher.com/order/catalog/product/I10291>  
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Table 2.4 Experimental groups for Image-iT DEAD Green assay. All drugs were diluted in 

either ECS or LDV-ECS. Incubations were performed in a humidified chamber at 37 ⁰C and 

5 % CO2. Each experimental group was representative of n = 4 rat cultures (P11-P13 + 3 DIV).  

Experimental group Incubation  Image-iT DEAD Green incubation 

Saponin (+ve control) 100 µg/ml saponin in ECS 
for 5 min 100 nM Image-iT DEAD Green for 30 min 

ECS-only  ECS for 20 min 100 nM Image-iT DEAD Green for 30 min 
ATP in ECS 2 mM ATP for 20 min 100 nM Image-iT DEAD Green for 30 min 
BzATP in ECS 10 µM BzATP for 20 min 100 nM Image-iT DEAD Green for 30 min 
LDV-ECS only LDV-ECS for 20 min 100 nM Image-iT DEAD Green for 30 min 
ATP in LDV-ECS 2 mM ATP for 20 min 100 nM Image-iT DEAD Green for 30 min 
BzATP in LDV-ECS 10 µM BzATP for 20 min 100 nM Image-iT DEAD Green for 30 min 
 

Confocal images were acquired using the LSM 880. To image as many cells as 

possible 4 x 4 tiles with 5 % overlap were acquired (x: 1647.66 µm; y: 1645.17 µm; z: 

7.30 µm). Images were taken with the 20X objective, 8-bit image depth, 1024 x 1024 

pixels, and average 1 per frame. All settings were kept the same across all 

experiments. The software used to acquire the images was ZEN 2.  

2.2.9.2 Quantification and analysis of Image-iT DEAD Green-positive cells 

All Image-iT DEAD Green images were stacked together in a new file to make the 

signal binary by using the default auto threshold method in ImageJ (imagej.net5). In 

each experimental group, cells that had both S100 and DAPI staining were classified 

as “glial cells”. If S100- and DAPI-positive cells also had Image-iT DEAD Green 

labelling in the cytoplasm these cells were classified as “Image-iT DEAD Green-

positive cells”. The percentage of Image-iT DEAD Green-positive cells was obtained 

for each experimental group (% Image-iT DEAD Green-positive cells = number of 

Image-iT DEAD Green-positive cells / total number of S100- and DAPI-positive cells 

x 100).  

The saponin group was not included in the statistical analysis as this group was only 

used to validate the assay. A Shapiro-Wilk test confirmed that the dataset failed to 

follow a normal distribution. Fisher’s exact test was used to compare the number of 

DEAD Green-positive cells in the different experimental groups. All p-values reported 

 
5 Auto Threshold, accessed on 23rd September 2019, < https://imagej.net/Auto_Threshold>  
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here were relative to a significance level (α) of 0.05. Statistical analysis and graphing 

were performed in OriginLab. Data are presented as mean ± SEM.  

 

2.2.10 Measurement of apoptosis rates with NucView 488 in glial cells from 
juvenile rat spiral ganglion primary cultures 

2.2.10.1 Experimental design for short-term P2X7R activation 

The potential association between short- and long-term P2X7R activation and the 

triggering of apoptosis was analysed using NucView 488 (Biotium). This is a novel 

membrane-permeable fluorogenic dye that detects caspase-3/7 activity within living 

cells in real time (Cen, Mao, Aronchik, Fuentes, & Firestone, 2008). Figure 2.8 shows 

the principle of the NucView 488 substrate mechanism.  

To study the effects of short-term P2X7R activation, spiral ganglion primary cultures 

from four P12 + 3 DIV rats were used for these experiments. Cells were plated on 

glass-bottomed 24-well plates (MatTek) for multi-position fluorescence live-imaging 

on the LSM 880 confocal microscope. Prior to imaging, cells were pre-incubated with 

different drugs diluted in ECS for a total of 3 h in the incubator at 37 °C and with 

5 % CO2. All solutions had the pH adjusted to 7.3 with NaOH. Staurosporine, a broad 

spectrum protein kinase inhibitor with high affinity for the ATP-binding site and which 

can also activate caspase-3 (Chae et al., 2000), was used to validate the assay and 

experimental conditions. In this apoptosis positive control group, cells were pre-

incubated with staurosporine prepared from a 1 mM stock solution in DMSO. In the 

ECS-only group (negative control), cells were pre-incubated with ECS-only. In the 

BzATP group, cells were pre-incubated in ECS and then the solution was replaced 

for 10 µM BzATP in ECS. In the low [ATP] group cells were pre-incubated in ECS first 

and then in 500 µM ATP in ECS. In the high [ATP] group cells were pre-incubated in 

ECS and then in 2 mM ATP in ECS. At the end of the pre-incubation period all wells 

were washed three times with ECS. Afterwards 1 µM NucView 488 in ECS was added 

to all wells. 1 µM NucView 488 was prepared from a 1 mM stock solution in DMSO. 

Table 2.5 summarises the five experimental conditions.  
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Figure 2.8 NucView 488 substrate mechanism. NucView 488 consists of the caspase-3/7 

substrate peptide DEVD attached to a DNA-binding dye. The substrate enters the cytoplasm 
where it is cleaved by caspase-3/7 in apoptotic cells to release the fluorogenic DNA dye, which 

stains the nucleus, thus allowing monitoring of caspase activity in real time and visualization 

of changes in nuclear morphology during apoptosis. Before cleavage, the dye is non-

fluorescent and unable to bind DNA.  

 
Table 2.5 Experimental groups to study the effects of short-term P2X7R activation. All 
drugs were diluted in ECS. Incubations prior to imaging were performed in a humidified 

chamber at 37 °C and 5 % CO2. A built-in chamber allowed to keep the cells at 37 °C while 

imaging. Each experimental group was representative of n = 4 rat cultures (P12 + 3 DIV).  

Treatment group Incubations prior to imaging (3 h) Live-imaging (6.5 h) 
Staurosporine (+ve control) 100 nM staurosporine for 3 h 1 µM NucView 488  
ECS-only (-ve control) ECS for 3 h 1 µM NucView 488  
10 µM BzATP  ECS for 2 h  10 µM BzATP for 1 h 1 µM NucView 488  
500 µM ATP  ECS for 2 h  500 µM ATP for 1 h 1 µM NucView 488  
2 mM ATP ECS for 2 h  2 mM ATP for 1 h  1 µM NucView 488  
 

After adding NucView 488 the 24-well plate was transferred to the confocal 

microscope stage. There was a 30 min delay between adding NucView 488 and 

starting the live-imaging protocol. This time was required to set up the confocal and 

select all the positions in the 24-well plate. Images were acquired with the LSM 880, 

using the 20X objective (NA 0.8), 2856 x 2856 pixels, 8-bit image depth, and average 

2 per line. A built-in chamber allowed the cells to be maintained at 37 °C during 

imaging. NucView 488 was excited with the 488 nm laser at 0.2 %, and emitted light 

between 491-695 nm was collected on a PMT detector. The pinhole was opened to 

3.7 µm to collect as much light as possible in a single plane, rather than having to do 

a z-stack, which would increase the acquisition time. DIC images were acquired 
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simultaneously with the fluorescence signal to assess changes of the cell membrane 

and morphology. The time series protocol had a duration of 6 h, and single images 

were taken every 6 min with a scan time of 10.15 s per image. The multi-position 

parameter allowed the acquisition of images in different xy coordinates, with a total of 

20 positions from 10 wells. Definite Focus.2 is an add-on of the LSM 880 that helps 

stabilise the z-position of the objective when acquiring continuous images in different 

xy coordinates, allowing the images to be focused during long-term acquisitions. The 

software used to acquire the images was ZEN 2. All settings were kept the same to 

allow for comparison across all experiments.  

2.2.10.2 Quantification and analysis of Nucview 488-positive cells after short-
term P2X7R activation 

The proportion of cells that were NucView 488-positive was quantified as a method to 

compare between the five experimental conditions. Image files were opened in 

ImageJ and DIC images were used as a reference to categorise “glial cells” (spindle-

shaped cells, see section 2.2.4.3 for more details). Only glial cells that could be traced 

over the whole imaging time were considered for this analysis, and cells that moved 

out of the frame were dismissed. Cells were then classified as “NucView 488-positive” 

if they had NucView 488 detectable immunofluorescence signal within their 

cytoplasm. 

To normalise the number of positive cells the percentage of NucView 488-positive 

cells was obtained for each experimental replicate (% NucView 488-positive cells = 

number of NucView 488-positive cells / total number of glial cells x 100). The 

staurosporine group was not included in the statistical analysis as this group was only 

used to validate the assay. A Shapiro-Wilk test confirmed that all groups were 

normally distributed. Levene´s test for homogeneity of variances showed that these 

were homogeneous. A one-way ANOVA was used to compare the mean percentage 

of NucView 488-positive cells in each experimental condition. All p-values reported 

here were relative to a significance level (α) of 0.05. Statistical analysis and graphing 

were performed in OriginLab. Data are presented as mean ± SEM.  

2.2.10.3 Experimental design for long-term P2X7R activation and apoptosis 
rates with NucView 488 

Spiral ganglion primary cultures from two P11 + 3 DIV and two P12 + 3 DIV rats were 

used to study the effects of long-term P2X7R activation on apoptosis. Prior to imaging, 
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cells were pre-incubated with different drugs diluted in ECS for a total of 3 h in the 

incubator at 37 °C and 5 % CO2. All solutions had the pH adjusted to 7.3 with NaOH. 

A-740003 is a specific competitive antagonist of P2X7Rs and was used to inhibit any 

BzATP-mediated response through P2X7Rs. Table 2.6 summarises the five 

experimental conditions. After adding the NucView 488 and the other drugs the 24-

well plate was transferred to the confocal microscopy stage. The imaging settings 

were the same as described in section 2.2.10.1. The multi-position parameter 

acquired images from two different positions for each well, with a total of 20 positions 

from 10 wells.  

 
Table 2.6 Experimental groups to study the effects of long-term P2X7R activation. All 
drugs were diluted in ECS. Incubations prior to imaging were performed in a humidified 

chamber at 37 °C and 5 % CO2. A built-in chamber allowed to keep the cells at 37 °C while 

imaging. Each experimental group was representative of n = 4 rat cultures (P11-12 + 3 DIV).  

Treatment 
group Incubations prior to imaging (3 h) Live-imaging (6.5 h) 

Staurosporine  
(+ve control) 100 nM staurosporine for 3 h 1 µM NucView 488  

ECS-only  
(-ve control) ECS for 3 h 1 µM NucView 488  

BzATP ECS for 3 h 10 µM BzATP + 1 µM NucView 488  
BzATP + A-
740003 ECS for 2 h 1 µM A-740003 for 1 h 10 µM BzATP + 1 µM A-740003 + 

1 µM NucView 488  
ATP ECS for 3 h  2 mM ATP + 1 µM NucView 488  
 

2.2.10.4 Quantification and analysis of Nucview 488-positive cells after long-
term P2X7R activation 

The proportion of cells that were NucView 488-positive was used as a method to 

compare between the different experimental conditions. The criteria used was the 

same as described in section 2.2.10.2. A Shapiro-Wilk test confirmed that all groups 

were normally distributed. Levene´s test for homogeneity of variances showed that 

these were not homogeneous. A Welch ANOVA for heterogenous variances was 

used to compare the different experimental conditions. All p-values reported here 

were relative to a significance level (α) of 0.05. Statistical analysis and graphing were 

performed in OriginLab. Data are presented as mean ± SEM.  
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2.2.11 Co-localisation analysis of P2X7R and SYP immunofluorescence in rat 
cochlear whole mount preparations 

2.2.11.1 Cochlear whole mount preparations for confocal microscopy 

P0 to P21 rats of either sex were used for cochlear whole mount preparations. 

Samples were dissected and fixed in 4 % PFA for 1 h as described in section 2.2.1.1. 

Once samples were decalcified, excess bone tissue was removed before further 

careful removal of the cochlear lateral wall. The remaining tissue containing the organ 

of Corti and the modiolus was cut in smaller pieces according to the apical (defined 

as 0-30 % of the total length of the cochlear partition), middle (30-60 %), and basal 

(60-100 %) turns (Viberg & Canlon, 2004).  

Whole mount samples were immunolabelled with anti-P2X7R (APR-004) and anti-

SYP following the protocol described in section 2.2.1.1. In some experiments, 

AlexaFluor 633 Phalloidin (ThermoFisher) was added at 1:400 with the secondary 

antibodies mix. Whole mounts were mounted on glass microscope slides and 

samples were oriented so that the stereocilia were projecting upwards. Vectashield 

with DAPI was applied on top of each sample before adding the coverslip.  

Using the LSM 880 (ZEISS) a low power image of each whole mount preparation was 

acquired with the 10X objective, using 0.6 zoom, 2048 x 2048 image resolution, and 

average 2 per frame. High magnification images of the OHCs and IHCs were acquired 

for co-localisation analysis with the 63X objective, using 1.2 zoom, and 1024 x 1024 

image resolution. Multi-channel 8-bit depth z-stacks were acquired using sequential 

scanning with a frame average of 2.  

2.2.11.2 Quantification of co-localisation of P2X7R and SYP 

Co-localisation is described as the co-occurrence of two proteins that overlap, as well 

as their co-distribution in proportion to one another within and between structures 

(Bolte & Cordelières, 2006; Dunn, Kamocka, & McDonald, 2011). There are various 

methods to quantify co-localisation, and two different quantification techniques were 

used here. First, Pearson’s correlation coefficient (PCC) was used to quantify co-

localisation (Dunn et al., 2011). PCC used the intensity values of P2X7R and SYP 

immunofluorescence to measure the amount of co-localisation. PCC ranges from 1 to 

-1, where 1 indicates two proteins whose fluorescence intensities are linearly related 

(positive correlation) and -1 for two images whose fluorescence intensities are 

inversely related one to another (negative correlation), and 0 standing for no 
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correlation. The second method to quantify co-localisation was Mander’s co-

localisation coefficient (MCC), which states the fraction of each protein that is co-

localised with the other (Dunn et al., 2011; Manders, Verbeek, & Aten, 1993). M-

values range from 0 to 1, with a 0 value reflecting two channels that are mutually 

exclusive with no overlap at all, and 1 reflecting 100% co-localisation between the 

channels. M-values can be divided into M1 and M2, where M1 values represent the 

fraction of the SYP channel in compartments containing the P2X7R channel, whilst 

M2 values represent the fraction of P2X7R channel in compartments containing the 

SYP channel.  

High magnification images (63X) of the hair cell region were opened in ImageJ for co-

localisation analysis. A ROI was drawn for each row of OHCs (rows 1 to 3; Figure 

2.9A) and independent measures were obtained for each row of OHCS to compare 

any possible differences across the three rows of OHCs in the basal (BT), middle 

(MT), and apical turns (AT) of the cochlea. The plugin Coloc2 was used to measure 

PCC, M1- and M2-values (imagej.net6). A Shapiro-Wilk test confirmed that data were 

normally distributed, and Levene’s test confirmed homogeneity of variances. A one-

way ANOVA was used to compare the PCC values across the three rows of OHCs 

(OHC rows 1 to 3), and across the length of the cochlea (basal, middle and apical 

turns). A one-way ANOVA was used to compare M1 values for each OHC row across 

the length of the cochlea, and another to compare M2 values. When comparing PCC, 

M1 and M2 values across the three rows of OHCs and across basal, middle and apical 

turns, no significantly differences were observed across the three rows of OHCs in 

each turn. To simplify, the mean PCC, M1 and M2 value for the three rows of OHCs 

(mean value OHC rows 1 to 3) in each cochlear turn was used in the next analysis.  

As a negative control PCC, M1- and M2-values were quantified from the images 

included in the previous analysis, but after rotation of P2X7R images by 90 degrees 

to the right, a condition in which only random co-localisation was observed (Figure 

2.9 B; Dunn et al., 2011). This change was applied to all images, to be able to compare 

potential real co-localisation with random co-localisation. The mean PCC, M1 and M2 

value across the three rows of OHCs (mean value OHC rows 1 to 3) in each cochlear 

turn was used in the next analysis. Two sample t-tests were used to compare the PCC 

value (mean value OHC rows 1 to 3) with the PCC value for the 90 degrees control 

group for the basal, middle and apical turns. T-tests were also used to compare M1 

 
6 Coloc 2, accessed on 23rd September 2019, <https://imagej.net/Coloc_2> 



71 

and M2 values in each cochlear turn. All p-values reported here were relative to a 

significance level (α) of 0.05. Statistical analysis and graphing were performed in 

OriginLab. Data are presented as mean ± SEM.  

 

 
Figure 2.9 Independent measures of co-localisation in three rows of OHCs. A) In high 

magnification images (63X) ROIs were drawn in each row of OHCs (OHC rows 1 to 3) to obtain 

independent measures of co-localisation for each row. ROIs were also selected based on the 

SYP channel (magenta). IHCs were not included in the analysis. B) In the negative control 
group the same ROIs were used to measure co-localisation but P2X7R images (green) were 

rotated 90 degrees to the right, a condition in which only random co-localisation was observed. 

Scale bar: 10 µm.  

“Bleed-through controls” were carried out to check for overlap between neighbouring 

fluorophore channels (i.e. goat anti-rabbit IgG AlexaFluor 488 and goat anti-mouse 

IgG1 AlexaFluor 555). These control experiments were important for checking whether 

the channel settings in the confocal were only picking up the desired antibodies. The 

SYP bleed-through control experiment used whole mount samples that were only 

incubated with the anti-SYP primary antibody and the goat anti-mouse IgG1 

AlexaFluor 555 secondary antibody, but the samples were imaged using both 

AlexaFluor 488 and AlexaFluor 555 channels. The reverse was done for the P2X7R 

bleed-through control experiment. Using ROIs for each OHC row, PCC was measured 

in these bleed-through controls. MCC was not measured because to measure this 

coefficient images are required to have a fluorescent signal above background noise, 

and in these controls in one of the channels no immunofluorescence signal was 

detected. For this reason, the Coloc2 plugin gave an error when measuring MCC and 

only PCC was considered.   
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Chapter 3 Localisation of P2X7 receptors in 
the auditory nerve 

 

3.1 Introduction 

3.1.1 Potential for P2X7 receptor signalling in cochlear glial cells 

Only few studies have reported P2X7R localisation in the cochlea. In the original study 

by Nikolic and colleagues P2X7R immunofluorescence was detected using a 

commercially-available antibody (Alomone, APR-004) in the spiral ganglion of Wistar 

rats, from E16 to adulthood, but this signal was not associated specifically with glial 

cells (Nikolic et al., 2003). P2X7R immunofluorescence was also detected in IHCs 

from birth to adulthood, in OHCs only from birth to P6, and in Deiters’ cells from birth 

to adulthood (Nikolic et al., 2003). In adult guinea pigs, P2X7R immunofluorescence 

was reported in dissociated OHCs using a commercially-available antibody (Sigma, 

P8232), and consequently it was suggested that P2X7Rs modulate OHC 

electromotility (Zhao, Yu, & Fleming, 2005). The only evidence of P2X7R expression 

in glial cells from the inner ear came from Verderio and colleagues. They described 

that increases of [Ca2+]i in vestibular neurons induced the release of ATP, which then 

activated purinergic receptors in SCs. In particular, P2X4R and P2X7R were detected 

in vestibular SC homogenates by western blot (Verderio et al., 2006).  

The P2X7R has been overlooked by the auditory research community since these 

studies. However, this receptor has been characterised in several other systems, and 

potential P2X7R-targetted therapies for different pathologies are being developed 

(reviewed by Burnstock & Knight, 2018; Koch-Nolte et al., 2019). Preliminary data 

collected by Gregory Heard, an MSc student in the Jagger lab, showed that 

dissociated SGCs and SCs display BzATP-activated currents, which were blocked 

with the specific P2X7R antagonist A-740003 (unpublished). These novel findings 

together with the importance of P2X7R as a potential therapeutic target in other 

systems meant that it was important to study them in more depth.  
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3.1.2 Transgenic mouse models to study P2X7 receptor expression and 
function 

P2X7R investigation in the cochlea was consolidated by using two different tg reporter 

gene lines. One of the lines used (Tg(P2rx7-EGFP)FY174Gsat) was part of the 

GENSAT project to create a library of engineered mice utilizing BAC to drive the 

expression of EGFP in genetically defined cell populations (Schmidt et al., 2013). 

Previous work with this mouse line reported cytoplasmic EGFP expression in both 

neurons and glia in different regions of the brain (The GENSAT Project, 

www.gensat.org7). Functional studies have been carried out using this line to 

investigate the role of P2X7Rs in epilepsy (Jimenez-Mateos et al., 2015; Jimenez-

Pacheco et al., 2016; Sebastián-Serrano et al., 2016).  

The other tg reporter line used here overexpressed EGFP-tagged P2X7Rs under the 

control of a BAC-derived mouse P2rx7 promoter (BL/6N-Tg(RP24-114E20P2X7451P-

StrepHis-EGFP)), and this allowed visualization of EGFP-tagged P2X7Rs and 

determination of consequences of its overexpression (Kaczmarek-Hajek et al., 2018). 

The group that developed this line provided a quantitative analysis of the distribution 

of P2X7R protein in certain brain regions (Figure 3.1). The main focus of that study 

was the CNS, where EGFP-P2X7 protein expression was detected in microglia, 

Bergmann glia, and oligodendrocytes, but not in neurons. In the PNS, they only looked 

at retina, dorsal root ganglia and sciatic nerve fibres, and P2X7-EGFP was detected 

in glial cells. Moreover, functional experiments (ATP-induced ethidium uptake and 

patch-clamp recordings) indicated that no differences were observed between 

endogenous P2X7 and P2X7-EGFP responses (Kaczmarek-Hajek et al., 2018). 

Neither of these reporter lines had been used before to investigate P2X7R expression 

in the cochlea. Therefore, both lines were used in the present study to determine 

P2X7R expression within the cochlea.  

Figure 3.1 Validation of transgenic P2X7-EGFP overexpression. Not available. 

 

  

 
7 The GENSAT Project at The Rockefeller University - Gene Expression Nervous System 
Atlas, accessed on 26th September 2019, 
<http://www.gensat.org/imagenavigator.jsp?imageID=46738> 
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There are P2X7R knockout (KO) lines available but these were not investigated here. 

The P2X7R presents a number of alternative splice variants identified in human and 

rodents (Cheewatrakoolpong, Gilchrest, Anthes, & Greenfeder, 2005). Alternative 

splicing is a process that enables one gene to produce multiple protein isoforms. 

There are two P2X7R KO mice, and they were generated via different approaches 

(Chessell et al., 2005; Solle et al., 2001). Recent work has revealed that these are not 

true knockouts, though, because certain splice variants are still expressed, and this 

has confused the reported findings from these lines (Masin et al., 2012). Recently, a 

P2X7R conditional humanised mouse has been developed where the human P2rx7 

allele is accessible to spatially and temporally controlled Cre recombinase-mediated 

inactivation. This conditional KO seems to be the only P2X7R KO available in which 

there is no P2X7R expression (Metzger et al., 2017).  

The animal model chosen to study endogenous P2X7Rs in the cochlea was the 

Sprague Dawley rat. The main reason for using rats for functional studies is that the 

pharmacological profiles for rat P2X7R and human P2X7R are more similar than 

those of mouse and human receptors (further explored in Chapter 4).  
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3.1.3 Neuronal microarchitecture in the peripheral nervous system 

Mature SCs wrap neurites several times to form the myelin sheath, covering almost 

their entire length. The nodes or Ranvier are gaps in the myelin sheath between 

adjacent SCs, and it is where action potentials are propagated via saltatory 

conduction (Arancibia-Carcamo & Attwell, 2014). This nodal region is organised into 

several sub-domains, and each of these contains a particular set of ion channels and 

adhesion molecules that can be labelled with antibodies, allowing us to identify each 

area (Arancibia-Carcamo & Attwell, 2014; Salzer, 2015).  

Figure 3.2 Cartoon of proteins present at peripheral nodes. Not available. 

 

It is also worth mentioning that the cochlea offers a unique scenario to study 

peripheral and central glial cells within the same experimental preparation, as the 

peripheral-central transition zone (or the “glial border”) is found within the modiolus 

(Toesca, 1996). The distinction between the peripheral and the central parts of the 

auditory nerve is based on the origin and identity of the glial cells wrapping the 

neurons, with SCs (PNS-derived) wrapping neurites in the proximal portion of the 

auditory nerve and oligodendrocytes (CNS-derived) in the distal portion.   
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3.2 Results 

3.2.1 Detection of cytoplasmic EGFP in cochlear sections from Tg(P2rx7-
EGFP)FY174Gsat mice 

The tg mouse line Tg(P2rx7-EGFP)FY174Gsat (Schmidt et al., 2013) was used to 

asses P2X7R expression in the cochlea. In this reporter line, EGFP is cytoplasmic 

and so it diffuses throughout the cytoplasm of all cells expressing P2X7Rs, and 

survives fixation. The term “direct EGFP” will be used to refer to fluorescent detection 

of cytoplasmic EGFP without anti-GFP antibody amplification. Cochlear vibratome 

sections were used to detect direct EGFP fluorescence in young adult mice (P30-P31, 

where hearing onset occurs around P12). In P31 tg mice, direct EGFP fluorescence 

was detected around the neurites within the peripheral portion of the auditory nerve 

and within the spiral ganglion (Figure 3.3A).  

In the images presented from here on, EGFP signal was amplified using an anti-GFP 

antibody, and is referred to as “EGFP immunofluorescence”. In control experiments, 

the anti-GFP antibody was tested on wt tissue (Figure 3.3B). In P31 wt mice no 

antibody-enhanced EGFP immunofluorescence signals were detected, confirming the 

specificity of both the chosen BAC construct in this tg mouse line and the anti-GFP 

antibody.  
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Figure 3.3 Direct EGFP detection in the cochlea of Tg(P2rx7-EGFP)FY174Gsat mice. 
A) Cochlear vibratome section with a middle turn of a P31 tg mouse. Direct EGFP fluorescence 

(green) was detected close to the peripherally-directed neurites (PN) within spiral lamina, and 

close to the centrally-directed neurites (CN), as well as within the spiral ganglion (SG). 

Neuronal elements were labelled with anti-βIII-tubulin (magenta), and cell nuclei were labelled 

with DAPI (blue). A’) Higher magnification of the spiral ganglion in A. Direct EGFP 

fluorescence was detected in a circular pattern around the SGN cell bodies, and in cells 
associated with the central neurites. A’’) Higher magnification of the peripheral neurites in A. 

EGFP fluorescence was detected in cells associated with the peripheral neurites. EGFP 

fluorescence detection was negligible within the organ of Corti (oC). B) Cochlear basal turn of 

a P31 wt mouse. No antibody-enhanced EGFP immunofluorescence (green) was detectable. 

B’) Same region as in B but with EGFP signal in greyscale. Images from one wt and one tg 

adult mice are shown. Scale bars: A, B, B’ = 100 µm; A’, A’’ = 10 µm.  

 

Antibody-enhanced EGFP immunofluorescence was present around the peripheral 

and central neurites as well as in the spiral ganglion in P31 tg mice (Figure 3.4). 

Antibody-enhanced EGFP signal was negligible in the organ of Corti. The peripheral-

central transition zone of the auditory nerve (known alternatively as the “glial border”) 

was marked by a distinct decrease of antibody-enhanced EGFP immunofluorescence 
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(Figure 3.4A and B, arrowheads). The only difference between the peripheral and the 

central zone is the origin of the glial cells associated with the SGNs. This clear 

termination of EGFP signal in the peripheral-central transition zone suggested that 

EGFP immunofluorescence was present in PNS glia (SGCs and SCs), but not in CNS 

glia (oligodendrocytes and astrocytes). 

 

 
Figure 3.4 Antibody-enhanced EGFP immunofluorescence in the spiral ganglion of 
adult Tg(P2rx7-EGFP)FY174Gsat mice. A) Basal, middle and apical cochlear turns of a P31 

tg mouse. The peripheral-central transition zone represents the region where peripheral and 

central glial cells meet, and was marked by a distinct decrease of antibody-enhanced EGFP 

immunofluorescence (green; arrowheads). Neuronal elements were labelled with anti-βIII-

tubulin (magenta), and cell nuclei were labelled with DAPI (blue). Vestibular ganglion (VG) is 
at the lower left of the image. Maximum projection of an 18.8 µm stack. B) Higher magnification 

of the transition zone, showing SCs from PNS (immunopositive for EGFP) and 

oligodendrocytes from CNS (not labelled). Maximum projection of a 9.45 µm stack. C) Detail 

of basal turn from A. EGFP immunofluorescence was detected in the central and peripheral 

neurites region and in the spiral ganglion, but it was negligible in the organ of Corti. Images 

representative of at least three animals are shown. Scale bars: A-C = 100 µm.  
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Looking more closely at the spiral ganglion, EGFP immunofluorescence localised to 

cells wrapped around the SGN cell bodies (Figure 3.5A and B). There was no 

apparent co-localisation with the neuronal specific marker anti-βIII tubulin. EGFP and 

βIII-tubulin fluorescence intensity profiles were very different in the SGN/SGC pairs 

(Figure 3.6). EGFP fluorescence intensity profile was distinguished by two peaks 

(from 0 to 2 µm and from 14 to 16 µm), which corresponded to the cytoplasm of SGCs 

at either side of the SGN cell bodies. EGFP fluorescence intensity values were very 

low between 3 to 13 µm, where βIII-tubulin fluorescence intensity reached its highest 

values within the cytoplasm of SGNs. These observations suggested that EGFP 

immunofluorescence was present in SGCs and not in SGNs. In the vestibular 

ganglion, EGFP immunofluorescence was in a circular fashion around the vestibular 

ganglion neuron (VGN) cell bodies. It was likely that EGFP immunofluorescence 

corresponded to SGCs wrapping the VGNs (Figure 3.5C and D).  
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Figure 3.5 EGFP immunofluorescence in cochlear satellite glial cells of Tg(P2rx7-
EGFP)FY174Gsat mice. A) In the spiral ganglion of a P31 tg mouse, EGFP 

immunofluorescence (green) was detected in a circular pattern around the SGN cell bodies. 

There was no apparent co-localisation with the neuronal marker βIII-tubulin (magenta). Cell 

nuclei were labelled with DAPI (blue). B) Same region as in A, with EGFP in greyscale to 

emphasise the circular labelling characteristic of SGCs. EGFP immunofluorescence was 
associated with SGCs and not with SGNs. C) In the vestibular ganglion of a P31 tg mouse, 

EGFP immunofluorescence was present as a circle around some neurons, suggesting that it 

was likely associated to SGCs. D) Same region as in B with EGFP signal in greyscale. There 

was detectable EGFP immunofluorescence in some VGNs. Images representative of at least 

three animals are shown. Scale bars: A, C = 20 µm.  
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Figure 3.6 Distinct spatial distributions of EGFP and βIII-tubulin immunofluorescence 
in the spiral ganglion of Tg(P2rx7-EGFP)FY174Gsat mice. A 16 µm vector was drawn 

across SGN/SGC pairs in Figure 3.5A to measure relative EGFP (green) and βIII-tubulin 

(magenta) immunofluorescence intensity. EGFP immunofluorescence profile was 

characterised by two peaks at either side of the SGN cell body. βIII-tubulin fluorescence 

intensity values were higher in the cytoplasm of SGNs. The decrease in βIII-tubulin 

fluorescence intensity corresponded to the position of SGN cell nuclei. The traces represent 

the mean fluorescence intensity of 10 cells from one P31 tg mouse.  

 

Strong EGFP immunofluorescence was detected in the peripheral neurites region 

(Figure 3.7A and B). EGFP immunofluorescence was negligible in the IHCs (Figure 

3.7A, arrowhead) and in the surrounding supporting cells. EGFP immunofluorescence 

in the central neurites, just after they emerge from the SGN cell bodies, resembled 

that of the peripheral neurites area (Figure 3.7C and D). Where a neurite was cut 

longitudinally, EGFP immunofluorescence could be observed either side of the neurite 

but never co-localised with anti-βIII tubulin. This was reflected in the distinct 

fluorescence intensity profiles of EGFP and βIII-tubulin measured in the central 

neurites (Figure 3.8). EGFP fluorescence intensity was distinguished by two peaks 

(from 0 to 0.5 µm and from 2 to 2.5 µm), which corresponded to EGFP 

immunofluorescence detection in the cytoplasm of the SCs ensheathing the SGN 

central neurite. βIII-tubulin fluorescence intensity reached its highest values between 

0.7 and 1.7 µm, which corresponded to βIII-tubulin immunofluorescence detection in 

the central neurites of SGNs. These observations suggested that EGFP 

immunofluorescence was present in SCs and not in the neurites of SGNs.  



82 

 
Figure 3.7 EGFP immunofluorescence distribution pattern in cochlear Schwann cells in 
Tg(P2rx7-EGFP)FY174Gsat mice. A) In the peripheral neurites region of a P31 tg mouse, 

antibody enhanced-EGFP immunofluorescence (green) was detected in cells around the 

peripheral neurites. EGFP immunofluorescence was negligible in the IHC (arrowhead) and 

supporting cells. Cell nuclei were labelled with DAPI (blue). Image acquired with Airyscan. 
Maximum projection of a 2.4 µm stack. B) Same region as in A with EGFP in grayscale to 

show labelling in SCs. C) In the central neurites region, EGFP immunofluorescence was 

detected in SCs that wrap the central neurites. When a central neurite was cut longitudinally, 

EGFP fluorescence could be observed on either side but never co-localised with anti-βIII-

tubulin (magenta). Maximum projection of a 6.5 µm stack. D) Same region as in C with EGFP 

signal to show labelling in SCs. Images representative of at least three animals are shown. 

Scale bars: A, C = 10 µm.  
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Figure 3.8 Distinct confocal distributions of EGFP and βIII-tubulin immunofluorescence 
across single central neurites of Tg(P2rx7-EGFP)FY174Gsat mice. A 2.7 µm vector was 

drawn across the central neurites in Figure 3.7C to measure relative EGFP (green) and βIII-

tubulin (magenta) immunofluorescence intensity. The traces represent the mean fluorescence 

intensity of five central neurites. EGFP immunofluorescence profile was characterised by two 

peaks at either side of the SGN central neurites. βIII-tubulin fluorescence intensity values were 

higher within SGN central neurites. Representative results of one P31 tg mouse.  

 

EGFP immunofluorescence could be detected evenly through the cytoplasm of SCs, 

but focal densities of EGFP immunofluorescence were also observed (Figure 3.9). 

Airyscan imaging visualised these small structures with higher resolution. EGFP 

densities measured across the axis of the neurite were localised at either side of the 

node of Ranvier, labelled with Ankyrin-G (AnkG; Figure 3.9A, arrowheads), an 

essential scaffolding protein (Kim & Rutherford, 2016). Here, EGFP 

immunofluorescence intensity profile was characterised by two distinct external peaks 

(at 1 µm and at 2.5 µm), both quite distinct from the internal AnkG fluorescence 

intensity profile which was characterised by a single peak at 1.5 µm (Figure 3.9B). 

EGFP immunofluorescence densities were localised close to labelling for an antibody 

targeting Contactin associated protein (Caspr; Figure 3.9C), a major constituent of 

paranodes in the auditory nerve (Kim & Rutherford, 2016). Again, EGFP 

immunofluorescence intensity profile was characterised by two peaks (at 1.2 µm and 

at 2.5 µm), both distinct from Caspr fluorescence intensity profile, which was 

characterised by a single peak at 1.7 µm (Figure 3.9D). When measuring 

fluorescence intensity along the axis of the nodal and paranodal regions, EGFP 
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immunofluorescence intensity was higher in the paranodes than in the nodes (Figure 

3.9E and F). In conclusion, EGFP diffused within the cytoplasm of SCs and the 

densities reported here are most likely associated to EGFP detection within the 

microvilli of SCs that contact the nodes, and in paranodal myelin loops of SCs that 

are in close association with the paranodes (D’Este, Kamin, Balzarotti, & Hell, 2017), 

as described in Figure 1.4.  

 

 
Figure 3.9 Airyscan analysis of EGFP focal densities associated with centrally-directed 
neurites of Tg(P2rx7-EGFP)FY174Gsat mice. Airyscan imaging of nodes of Ranvier with 

antibodies used to identify sub-domains. A) AnkG (blue) expression identified the node of 

Ranvier. EGFP immunofluorescence (green) densities were detected at either side of the node 
(arrowheads). A 3.4 µm vector (yellow line) was drawn across the nodal region to measure 

relative AnkG and EGFP immunofluorescence intensities. B) EGFP immunofluorescence 
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intensity profile was characterised by two peaks, both distinct from the AnkG fluorescence 

intensity profile, which was characterised by a single peak. C) Nodes of Ranvier flanked by 

paranodes at either side, labelled with anti-Caspr (magenta). EGFP immunofluorescence 

densities were localised close to the paranodal regions. A 3.4 µm vector (yellow line) was 

drawn across the paranodal region. D) EGFP immunofluorescence intensity profile was 

characterised by two peaks, which were distinct from the Caspr fluorescence intensity profile 

which was characterised by a single peak. E) EGFP, Caspr and AnkG images merged. A 
9.7 µm vector (yellow line) was drawn along the node and paranodal regions. F) EGFP 

immunofluorescence intensity was higher in the paranodal regions, but lower in the nodal 

region. Representative images from one P31 tg mouse are shown. Scale bar: 2 µm.  

 

3.2.2 Detection of overexpressed P2X7-EGFP in cochlear sections from 
BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice 

The tg mouse line BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) (Kaczmarek-

Hajek et al., 2018) was used to study the pattern of overexpressed P2X7-EGFP 

receptors in the cochlea. In this line, overexpressed P2X7Rs have EGFP fused to the 

C-terminal. Therefore, detection of P2X7-EGFP fluorescence in this model 

corresponds to the actual location of the protein. The term “direct P2X7-EGFP” will 

be used to refer to direct detection of overexpressed functional fluorescence-tagged 

P2X7Rs, without amplification. Cochlear vibratome sections were used to visualise 

EGFP fluorescence in young adult mice (P22-P38). In P22 tg mice, direct P2X7-EGFP 

fluorescence was detected around the central and peripheral neurite regions as well 

as in the spiral ganglion (Figure 3.10A).  

In images presented from here onwards, P2X7-EGFP signal was enhanced using an 

anti-GFP antibody, referred here as “P2X7-EGFP immunofluorescence”. This 

antibody was tested on wt tissue to corroborate its specificity (Figure 3.10B). In P38 

wt mice no antibody enhanced-EGFP signals were detected, indicating the specificity 

of the BAC construct in this tg mouse line and confirming the specificity of the anti-

GFP antibody.   
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Figure 3.10 Direct P2X7-EGFP detection in the cochlea of BL/6N-Tg(RP24-
114E20P2X7451P-StrepHis-EGFP) mice. A) Basal turn of a P22 tg mouse. Direct P2X7-

EGFP fluorescence (green) was detected close to the peripherally-directed neurites within the 

spiral lamina, and close to the centrally-directed neurites, as well as within the spiral ganglion. 

Neuronal elements were labelled with anti-βIII-tubulin (magenta), and cell nuclei were labelled 
with DAPI (blue). A’) Higher magnification of the spiral ganglion in A. Direct EGFP 

fluorescence was detected in a circular pattern around the SGN cell bodies, and it was also 

present in cells associated to the central neurites. A’’) Higher magnification of the peripheral 

neurites in A. EGFP fluorescence was detected in cells associated to the peripheral neurites. 

EGFP fluorescence was negligible in the organ of Corti. B) Basal turn of a P38 wt mouse. No 

antibody enhanced-EGFP immunofluorescence was detectable in wt cochlear tissue. 

B’) Same region as in B but with EGFP signal in grayscale. Images from one wt and one tg 

adult mice are shown. Scale bars: A, B, B’ = 100 µm; A’, A’’ = 10 µm.  
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Antibody-enhanced P2X7-EGFP immunofluorescence was detected close to the 

peripheral and central neurites as well as in the spiral ganglion in adult tg mice (Figure 

3.11). Antibody-enhanced P2X7-EGFP immunofluorescence was negligible in the 

organ of Corti.  

 

 
Figure 3.11 Antibody-enhanced P2X7-EGFP immunofluorescence in the spiral ganglion 
of adult BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice. Basal turn of a P38 tg 

mouse. P2X7-EGFP immunofluorescence (green) was detected in the centrally-directed and 

peripherally-directed neurites, and within the spiral ganglion as a circular pattern. No signal 

was detected in the organ of Corti. Neuronal elements were labelled with anti-βIII-tubulin 

(magenta), and cell nuclei were labelled with DAPI (blue). Representative images are shown 

of tissue from at least three animals. Scale bar: 50 µm.   

 

Examining the spiral ganglion more closely, P2X7-EGFP immunofluorescence was 

detected as a circle around the SGN cell bodies (Figure 3.12A and B), and there was 

no apparent co-localisation with anti-βIII-tubulin. EGFP and βIII-tubulin fluorescence 

intensity profiles were quite distinct in the SGN/SGC pair (Figure 3.13). P2X7-EGFP 

fluorescence intensity profile was characterised by two peaks (from 0 to 2 µm and 

from 14 to 16 µm), which corresponded to the membrane of SGCs. P2X7-EGFP 

fluorescence intensity values were very low between 3 to 13 µm, coincident with the 

highest values of βIII-tubulin fluorescence intensity in the cytoplasm of SGNs. These 

observations suggested that EGFP immunofluorescence was present in SGCs, and 

not in SGNs. In the vestibular ganglion, P2X7-EGFP immunofluorescence was 

detected in SGCs that wrap the VGN cell bodies (Figure 3.12C and D).   
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Figure 3.12 P2X7-EGFP immunofluorescence in satellite glial cells of BL/6N-Tg(RP24-
114E20P2X7451P-StrepHis-EGFP) mice. A) In the spiral ganglion of a P38 tg mouse, 

antibody enhanced P2X7-EGFP immunofluorescence (green) was detected in cells around 

the SGN cell bodies. There was no apparent co-localisation with the neuronal marker βIII-

tubulin (magenta). Cell nuclei were labelled with DAPI (blue). B) Same region as in A, but with 

P2X7-EGFP in grayscale. C) In the vestibular ganglion, P2X7-EGFP immunofluorescence 

was detected in SGCs that wrap the VGN bodies. D) Same region as in C with P2X7-EGFP 
signal in grayscale. Images representative of at least three animals are shown. A = 20 µm; 

C = 100 µm.   
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Figure 3.13 Distinct spatial distributions of P2X7-EGFP and βIII-tubulin 
immunofluorescence in the spiral ganglion of BL/6N-Tg(RP24-114E20P2X7451P-
StrepHis-EGFP) mice. A 16 µm line was drawn across the SGN/SGC pairs in Figure 3.12A 

to measure P2X7-EGFP (green) and βIII-tubulin (magenta) immunofluorescence intensity. 

P2X7-EGFP immunofluorescence profile was characterised by two peaks at either side of the 

SGN cell body. The highest βIII-tubulin fluorescence intensity values corresponded to the 

cytoplasm of SGNs, and the decrease in intensity corresponded to the position of the SGN 

cell nuclei. The traces represent the mean fluorescence intensity of 10 cells from one P38 tg 

mouse.  

 

P2X7-EGFP immunofluorescence was also detected close to the central and 

peripheral neurites (Figure 3.14A-D) but it was less strong in SCs compared to SGCs. 

SCs expressed P2X7-EGFP evenly along their membrane, but paired focal densities 

were also observed close to the presumptive nodes of Ranvier (Figure 3.14D, 

arrowhead). Indeed, in Airyscan imaging the P2X7-EGFP immunofluorescence 

intensity profile was characterised by two peaks (at 0.4 µm and 1.7 µm), quite distinct 

from the AnkG fluorescence intensity profile which was characterised by two different 

peaks (at 0.5 µm and 1.6 µm; Figure 3.15A and B). Close to the paranodal region, the 

P2X7-EGFP immunofluorescence intensity profile was characterised by two peaks (at 

1.2 µm and 2.5 µm), quite distinct from the Caspr fluorescence intensity profile which 

was characterised by two different peaks (at 0.6 µm and 1.5 µm; Figure 3.15C and 

D). In conclusion, P2X7-EGFP paired densities reported here adjacent to the nodes 

of Ranvier were spatially distinct from AnkG and Caspr, suggesting that P2X7R is not 

found in the neurites.  
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Figure 3.14 P2X7-EGFP immunofluorescence distribution pattern in cochlear Schwann 
cells of BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice. A) In a P22 tg mouse, 

P2X7-EGFP immunofluorescence (green) was detected by Airyscan in cells around the 

peripheral neurites. Cell nuclei were labelled with DAPI (blue). Maximum projection of a 2.9 µm 

stack. B) Same region as in A with P2X7-EGFP in grayscale. C) In the central neurites region 

of a P38 tg mouse, P2X7-EGFP immunofluorescence was detected in SCs that wrap the 

central neurites. The central neurites were labelled with βIII-tubulin (magenta). Maximum 
projection of an 8.9 µm stack. D) Same region as in C with P2X7-EGFP signal to show 

labelling in SCs. Note the densities present (arrowhead). Images representative of at least 

three animals are shown. Scale bars: A, C = 10 µm.   
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Figure 3.15 Airyscan analysis of P2X7-EGFP focal densities associated with centrally-
directed neurites of BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice. A) P2X7-

EGFP immunofluorescence (green) densities were present at either side of the node of 

Ranvier, labelled with AnkG (blue). A 2.3 µm vector (yellow line) was drawn across the nodal 

region to measure relative AnkG and P2X7-EGFP immunofluorescence intensity. B) P2X7-
EGFP immunofluorescence intensity profile was characterised by two peaks, distinct from the 

AnkG fluorescence intensity profile, which had two different peaks. C) P2X7-EGFP 

immunofluorescence densities were localised close to the paranodal regions, labelled with 

Caspr (magenta). A 2.3 µm vector (yellow line) was drawn across the paranodal region. 

D) P2X7-EGFP immunofluorescence intensity profile was characterised by two peaks, distinct 

from the Caspr fluorescence intensity profile which had two different peaks. Representative 

images from one P22 tg mouse are shown. Scale bar: 2 µm.  

 

3.2.2.1 Comparison of Tg(P2rx7-EGFP)FY174Gsat and BL/6N-Tg(RP24-
114E20P2X7451P-StrepHis-EGFP) mice 

Cytoplasmic EGFP and P2X7-EGFP immunofluorescence in tg Tg(P2rx7-

EGFP)FY174Gsat and tg BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice, 

respectively localised in the same structures. Both reporter mice showed EGFP 

immunofluorescence in the peripheral proportion of the auditory nerve (Figure 3.16).  
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Figure 3.16 Comparison of cytoplasmic EGFP and overexpressed P2X7-EGFP 
immunofluorescence. A) In the spiral ganglion of a P31 tg Tg(P2rx7-EGFP)FY174Gsat 

mouse, EGFP immunofluorescence (greyscale) was detected in a circular pattern around the 

SGN cell bodies. B) In the central neurites region, EGFP immunofluorescence was detected 

in SCs that wrap the central neurites. Maximum projection of a 6.5 µm stack. C) In the spiral 

ganglion of a P38 tg BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mouse, P2X7-EGFP 
immunofluorescence was detected in cells around the SGN cell bodies. D) In the central 

neurites region, P2X7-EGFP immunofluorescence was detected in SCs that wrap the central 

neurites. Maximum projection of an 8.9 µm stack. Images representative of at least three 

animals are shown. Scale bar: = 20 µm.  

 

3.2.2.2 Comparison of P2X7-EGFP and anti-P2X7R immunofluorescence in 
transgenic BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice 

A widely used commercially available antibody (Alomone APR-004) was used to 

immunolabel P2X7Rs in this tg mouse model. Anti-P2X7R immunofluorescence co-

localised with P2X7-EGFP immunofluorescence in SGCs and SCs (Figure 3.17). In 

SGCs, both labels were detected in the typical circular fashion for these glia (Figure 

3.17D-F). In SCs along the central and peripheral neurites, anti-P2X7R and P2X7-

EGFP immunofluorescence also shared a common pattern (Figure 3.17G-I). The 

immunofluorescence detection profile of the anti-P2X7R mirrored the P2X7-EGFP 

profile and thus validated the specificity of the anti-P2X7R antibody.  
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Figure 3.17 Co-detection of anti-P2X7R and P2X7-EGFP immunofluorescence in adult 
BL/6N-Tg(RP24-114E20P2X7451P-StrepHis-EGFP) mice. A) Basal turn of a P22 tg mouse. 

Anti-P2X7R immunofluorescence was detected in the peripheral and central neurites region 

as well as in the spiral ganglion. B) Same region as in A, showing P2X7-EGFP 

immunofluorescence. C) Merged image of A and B to show anti-P2X7R (magenta) and P2X7-

EGFP (green) labelling the same structures. D) Detail of anti-P2X7R labelling in the spiral 

ganglion. E) Same region as in D, showing P2X7-EGFP signal. Note the paired densities 

present (arrowhead). F) Merged image of D and E. G) Detail of anti-P2X7R 

immunofluorescence in the peripheral neurites region. No signal was detected in the organ of 
Corti. H) Same region as in G, showing P2X7-EGFP signal. I) Merged image of G and H. 

Images from one adult tg mouse. Scale bars: A = 100 µm; D,G = 10 µm.  
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3.2.2.3 Nanobody detection of P2X7Rs in peripheral glial cells 

The endogenous P2X7R expression pattern was explored further using a novel 

mouse P2X7-specific nanobody fused to rabbit IgG (7E2-rbIgG) (Danquah 2016; used 

under a Material Transfer Agreement granted to the Nicke lab). The 7E2-rbIgG 

nanobody was tested in wt cochlear sections, in order to detect endogenous P2X7Rs. 

7E2-rbIgG immunofluorescence was detected in the peripheral and central neurites 

region, and within the spiral ganglion (Figure 3.18A). In the spiral ganglion, 7E2-rbIgG 

immunofluorescence was detected in SGCs in a typically circular pattern around the 

SGN cell bodies (Figure 3.18B). 7E2-rbIgG immunofluorescence was present in SCs 

close to the peripheral and central neurites (Figure 3.18C). In the vestibular ganglion, 

a circular labelling was observed, corresponding to SGCs (Figure 3.18D). Overall, 

7E2-rbIgG immunofluorescence patterns were very similar to P2X7-EGFP and anti-

P2X7R (compare Figure 3.17 with Figure 3.18).  

 



95 

 
Figure 3.18 Detection of endogenous P2X7Rs using a novel P2X7R-specific nanobody. 
A) Middle turn of a P38 wt mouse. Using the novel P2X7-specific nanobody-rbIgG fusion 

construct (7E2-rbIgG; green), immunofluorescence was detected in the peripheral and central 

neurites region, as well as in the spiral ganglion. Cell nuclei were labelled with DAPI (blue). 

B) In the spiral ganglion, 7E2-rbIgG immunofluorescence revealed the circular pattern 

characteristic of SGCs. It was also present in SCs wrapping the central neurites. Note the 

paired densities present (arrowhead). C) 7E2-rbIgG immunofluorescence in SCs that wrap the 
peripheral neurites. 7E2-rbIgG immunofluorescence was negligible in the organ of Corti. D) In 

the vestibular ganglion of wt mice, 7E2-rbIgG immunofluorescence was also detected in 

SGCs. Images from one wt adult mouse are shown. Scale bars: A = 100 µm; B-D = 10 µm. 
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3.2.3 P2X7 receptor immunofluorescence detection in rat cochlea 

The expression of P2X7Rs in the rat auditory nerve was investigated using the 

commercial anti-P2X7R antibody (APR-004) in cochlear sections. Initial experiments 

were carried out just after hearing onset (P13-P14), to compare to earlier mouse 

experiments, and corresponding to the age to be used for later functional experiments 

in cultured rat cells. At this age, P2X7R immunofluorescence was only detected in the 

peripheral portion of the auditory nerve, where SGCs and SCs reside. The peripheral-

central transition zone marked the termination of P2X7R immunofluorescence (Figure 

3.19A-C, arrowheads). In the spiral ganglion, P2X7R signal was detected around the 

SGN cell bodies (Figure 3.19D). In the organ of Corti, P2X7R labelling highlighted 

clusters below IHCs and OHCs (Figure 3.19E). The specificity of the anti-P2X7R 

antibody was tested using a control antigen peptide provided by the manufacturer. 

Preabsorption of the primary antibody with the control peptide resulted in no P2X7R 

signal detection, in either in the spiral ganglion (Figure 3.20A) or in the organ of Corti 

(Figure 3.20B). A negative control was performed, with the primary antibody omitted 

(Figure 3.20C). Both control tests confirmed that the anti-P2X7R labelling observed 

was specific.  

 

 
Figure 3.19 P2X7R immunofluorescence detection in juvenile rat cochlea. A) Low power 

cochlear vibratome section of a P13 rat showing a basal and a middle turn. The peripheral-
central transition zone was marked by a distinct decrease of P2X7R immunofluorescence 

(green; arrowheads). Neuronal elements were labelled with anti-βIII-tubulin (magenta), and 

cell nuclei were labelled with DAPI (blue). Maximum projection of a 75 µm stack. B) Higher 

magnification showing the transition zone. Maximum projection of a 6 µm stack. C) Same 
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region as in B but with P2X7R signal in grayscale. D) In the spiral ganglion, P2X7R signal was 

detected in SGCs wrapping the SGN cell bodies. Image acquired with Airyscan. E) In the 

organ of Corti, P2X7R immunofluorescence was observed in clusters of puncta under the IHCs 

and OHCs. The cuticular plate and the stereocilia of the hair cells were labelled with phalloidin 

(white). Images representative of at least three animals are shown. Scale bars: A = 100 µm; 

B, D, E = 20 µm.  

 

 
Figure 3.20 Confirmation of specificity of the P2X7R antibody in rat cochlear sections. 
A) Specificity of the P2X7R antibody was tested by pre-absorption of the anti-P2X7R antibody 

(APR-004) with the control antigen peptide provided by the manufacturer. Binding of the 

primary antibody with the control peptide resulted in no P2X7R signal (green) detection in the 
spiral ganglion. Neuronal elements were labelled with anti-βIII-tubulin (magenta), and cell 

nuclei were labelled with DAPI (blue). A’) Same region as in A with P2X7R signal in grayscale. 

B) Pre-absorption of the antibody with the peptide also led to no P2X7R signal detection in the 

organ of Corti. B’) Same region as in B with P2X7R signal in grayscale. C) Negative control 

with P2X7R primary antibody omitted. C’) Same region as in C with Alexa 488 signal in 

grayscale. Images from one P14 rat are shown. Scale bars: A-B = 10 µm; C = 100 µm.   

 

Cochlear glial cells in rats can be immunolabelled using markers such as S100, a 

Ca2+-binding protein broadly used to identify glial cells (Coppens, Kiss, Heizmann, 

Schäfer, & Poncelet, 2001). S100 immunofluorescence in SGCs localised in a circular 

fashion around the SGN cell bodies (Figure 3.21A and B). S100 immunofluorescence 

also detected SCs wrapping SGN central neurites within the auditory nerve (Figure 

3.21C and D). Similar to S100 labelling, P2X7R immunofluorescence localised to cells 

around the SGN cell bodies (Figure 3.21E and F). There was no apparent co-

localisation with βIII-tubulin, a neuro-specific marker. These observations confirmed 

that the circular P2X7R labelling corresponded to the membrane of SGCs. Expression 

of anti-P2X7R immuno-labelling in SCs was also observed along the central and 
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peripheral neurites (Figure 3.21G and H). This observation, together with the 

termination of P2X7R signal in the central portion of the auditory nerve, confirmed that 

P2X7R immunofluorescence was located within the membranes of SCs. 

 

 
Figure 3.21 Comparable distribution of S100 and P2X7R immunofluorescence in the 
juvenile rat cochlea. A) In the spiral ganglion of a P13 rat, anti-S100 immunofluorescence 

(green) revealed how SGCs wrap around the SGN cell bodies, labelled with anti-βIII-tubulin 
(magenta). Cell nuclei were labelled with DAPI (blue). B) Same region as in A with S100 signal 

in grayscale. C)  S100 immunofluorescence revealed the presence of SCs ensheathing the 

central neurites. D) Same region as in C but with S100 signal in greyscale. E) In the spiral 

ganglion of a P14 rat, anti-P2X7R immunofluorescence (green) showed a circular pattern 

around the SGN cell bodies. Image acquired with Airyscan. F) Same region as in E but with 

P2X7R signal in grayscale. G) P2X7R immunofluorescence in SCs wrapping the central 

neurites. H) Same region as in G with P2X7R signal in grayscale. Paired densities of P2X7R 
immunofluorescence are evident (arrowhead). Images representative of at least three animals 

are shown. Scale bars: 10 µm.   
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S100 and βIII-tubulin immunofluorescence intensity profiles were distinct in the 

SGN/SGC pair (Figure 3.22). S100 immunofluorescence profile was defined by two 

peaks (between 0 to 2 µm and between 14 to 16 µm), which corresponded to the 

cytoplasm of the SGCs at either side of the SGN cell bodies. S100 fluorescence 

intensity values were negligible from 3 to 13 µm. However, βIII-tubulin fluorescence 

intensity reached its highest values between this range, which corresponded to the 

cytoplasm of SGNs. The decrease in βIII-tubulin intensity between 6 and 10 µm 

corresponded to the SGN cell nuclei.  

 

 
Figure 3.22 Distinct spatial distributions of S100 and βIII-tubulin immunofluorescence 
in the spiral ganglion of juvenile rat. A 16 µm line was drawn across SGN/SGC pairs to 

measure relative S100 (green) and βIII-tubulin (magenta) immunofluorescence intensity. S100 

trace (green) was characterised by two peaks at either side of the SGN cell body. βIII-tubulin 

fluorescence intensity corresponded to the SGN cytoplasm. The traces represent the mean 
fluorescence intensity of 10 cells from one P13 rat.   

 

As described earlier for mice, rat SCs expressed P2X7Rs evenly along their 

membrane, but paired focal densities of P2X7R immunofluorescence were also 

observed. Confocal microscopy showed that the P2X7R densities were localised 

close to the paranodal regions (Figure 3.23).  
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Figure 3.23 P2X7Rs localise to paranodal regions of centrally-directed neurites. A) SGN 

central neurites from a P14 rat. Paranodes were labelled with anti-Caspr (magenta). Strong 

P2X7R signal (green) was present in the SCs membranes that ensheath the central neurites. 

P2X7R immunofluorescence also featured as paired densities close to the paranodal regions. 

Maximum projection of a 7 µm stack. A’) Same region as in A with P2X7 signal in greyscale. 
Images representative of at least three animals are shown. Scale bar: 10 µm.   

 

Both type I and type II SGNs were labelled with anti-βIII-tubulin, detecting a neuronal 

microtubule protein. However, it is difficult to distinguish between these two cell types 

based on size alone (Jagger & Housley, 2003). Peripherin (PRPH) is an intermediate 

filament protein that is only expressed in type II SGNs (Hafidi, Després, & Romand, 

1993). PRPH immunofluorescence showed that SGCs associated to type II SGN cell 

bodies also expressed P2X7Rs (Figure 3.24).  

  



101 

 
Figure 3.24 P2X7Rs in satellite glial cells wrapping type II SGNs. A) Basal turn of a P14 

rat, with anti-PRPH labelling identifying type II SGNs (magenta). Anti-P2X7R 

immunofluorescence (green) was detected in SGCs associated with PRPH-positive type II 
SGNs. Cell nuclei were labelled with DAPI (blue). B) Type II SGN projecting a central and a 

peripheral neurite. The SGC wrapping the type II SGN cell body was labelled with anti-P2X7R. 

The arrowhead points to the nucleus of the SGC. C) Same region as in B with P2X7R and 

DAPI only to emphasise the P2X7R-positive membrane of the SGC. Images are 

representative of two animals. Scale bars: A = 100 µm; B = 10 µm.  

 

3.2.3.1 P2X7R expression in the cochlea becomes adult-like by hearing onset 

Following the initial experiments at P13-P14 to validate the rat as a model for P2X7R 

studies, the postnatal development of P2X7Rs was investigated next in this species. 

The pattern of expression of P2X7Rs in the rat cochlea changed during the first days 

after birth. At P0, faint P2X7R signal was detected in Kölliker’s organ (Figure 3.25A, 

asterisk), but the P2X7R signal was negligible in the spiral ganglion (Figure 3.25B and 

C). At P4, faint P2X7R signal was observed in the region of the peripheral and central 

neurites, and in Kölliker’s organ (Figure 3.25D, asterisk). In the spiral ganglion, P2X7R 

immunofluorescence appeared as puncta around SGNs (Figure 3.25E and F, 

arrowhead). By P8, P2X7R signal was present in SCs membranes wrapping the 

peripheral and central neurites. P2X7R signal became more distinctly circular in the 

spiral ganglion, suggesting that SGCs display P2X7Rs in their membrane by P8 

(Figure 3.25G-I). By P12, strong P2X7R signal was detected in SCs wrapping the 

central and peripheral neurites (Figure 3.25J), and in the spiral ganglion strong P2X7R 

signal was associated to SGCs (Figure 3.25K and L).  
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Figure 3.25 P2X7R expression during postnatal development of the rat auditory nerve. 
A) Detection of faint P2X7R signal in Kölliker’s organ (green; asterisk) at P0. Neuronal 

elements were labelled with anti-βIII-tubulin (magenta). Cell nuclei were labelled with DAPI 

(blue). B) Detail of P2X7R signal in the spiral ganglion. C) Same region as in B but with P2X7R 

signal in grayscale. D) At P4 there was decreased P2X7R signal in Kölliker’s organ (asterisk). 

E) P2X7R signal in the spiral ganglion, including cytoplasmic puncta (arrowhead). F) Same 

region as in E with P2X7R signal in grayscale. G) At P8, P2X7R immunofluorescence was 
detected around the peripheral and central neurites. H) P2X7R signal in the spiral ganglion. 
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I) Same region as in H with P2X7R signal in grayscale showing a characteristic circular 

pattern. J) At P12, strong P2X7R signal was detected around the peripheral and central 

neurites. K) In the spiral ganglion, strong P2X7R signal was present in SCs and SGCs. 

L) Same region as in K with P2X7R signal in grayscale. Representative images shown from 4 

P0, 4 P4, 4 P8 and 3 P12 rats. Scale bars: A, D, G, J = 100 µm; B, E, H, K = 20 µm.   

 

In SGN/SGC pairs, βIII-tubulin and P2X7R fluorescence profiles were distinct, with 

P2X7R immunofluorescence intensity increasing within individual SGCs from P0 to 

P12 (Figure 3.26). βIII-tubulin profiles at P0 and P12 looked alike, and corresponded 

to the signal present in SGN cell bodies. At P0, P2X7R immunofluorescence intensity 

profile was characterised by very low values (< 15 a.u.), but by P12, P2X7R 

fluorescence intensity profile revealed the presence of two main peaks (> 30 a.u.), 

corresponding to the membrane of the SGC at each side of the SGN cell body. At 

P12-P13, P2X7R and S100 fluorescence intensity profiles looked alike (compare 

Figure 3.22 with Figure 3.26B), supporting the hypothesis that P2X7Rs are expressed 

by SGCs but not by SGNs.  

 

 
Figure 3.26 Distinct spatial distributions of βIII-tubulin and P2X7R immunofluorescence 
in the spiral ganglion during postnatal development. A 16 µm line was drawn across the 

SGN/SGC pair to measure βIII-tubulin and P2X7R immunofluorescence intensity. P0 values 

were calculated from Figure 3.25C and P12 values from Figure 3.25L. A) βIII-tubulin 

fluorescence intensity values at P0 (magenta continuous line) and P12 (magenta dotted line) 
looked alike. The decrease in intensity corresponded to the position of the SGN cell nuclei. 

B) At P0, P2X7R immunofluorescence profile (green continuous line) had very low values, 

without measurable peaks. At P12, P2X7R immunofluorescence intensity profile (green dotted 

line) was characterised by two peaks. The traces represent the mean fluorescence intensity 

of 10 cells from one animal at each developmental stage.  
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Innervation in the organ of Corti undergoes refinement and pruning during the first 

postnatal days, a process in which purinergic signalling has been implicated (Huang 

et al., 2005). P2X7R immunofluorescence was studied in the organ of Corti during 

this critical period. At P0 and P4, negligible P2X7R immunofluorescence was detected 

in the organ of Corti (Figure 3.27A-D). At P8, disperse punctate labelling was 

observed in the synaptic region below the IHCs and OHCs (Figure 3.27E and F). At 

P12, P2X7R immunofluorescence was observed in clusters below the IHCs and 

OHCs (Figure 3.27G and H), reminiscent of presumptive synaptic labelling described 

previously (Nikolic et al., 2003). These findings are further explored in Chapter 5.  

 

 
Figure 3.27 P2X7R immunofluorescence in the rat organ of Corti during postnatal 
development. A) At P0, negligible P2X7R immunofluorescence (green) was detected in the 

organ of Corti. SGN peripheral neurites were labelled with anti-βIII-tubulin (magenta), and cell 

nuclei were labelled with DAPI. B) Same region as in A but with P2X7R signal in grayscale. 

C) P2X7R immunofluorescence at P4. D) P2X7R signal in grayscale. E) By P8, P2X7R 

immunofluorescence was detected in clusters below the IHCs and OHCs. F) P2X7R signal in 
grayscale. G) By P12, P2X7R-labelled clusters were more intense below the hair cells. 

H) P2X7R signal in grayscale. Images are representative of at least three animals for each 

developmental stage. Scale bars: 20 µm.   



105 

In adult rat (P42) cochlear sections, P2X7R immunofluorescence largely resembled 

that described at P14. Strong P2X7R immunofluorescence was detected in SGCs and 

SCs, and in clusters below the IHCs and OHCs (Figure 3.28).  

 

 
Figure 3.28 P2X7R immunofluorescence in adult rat cochlea. A) Basal turn of a P42 rat. 

P2X7R immunofluorescence (green) was detected in the spiral ganglion, and in the central 

and peripheral neurites region. Cell nuclei were labelled with DAPI (blue). B) In the spiral 
ganglion, P2X7R immunofluorescence was present in the SGCs wrapping the SGNs and SCs 

ensheathing the central neurites. C)  P2X7R immunofluorescence in SCs in the central 

neurites region. Note the paired densities of P2X7R immunofluorescence (arrowhead). A 

representative of two animals is shown in these images. Scale bars: A = 100 µm; B-

C = 20 µm.   
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Table 3.1 summarises spatiotemporal changes of P2X7R immunofluorescence in the 

rat cochlea from birth until after hearing onset, and into adulthood.  

 

Table 3.1 P2X7 receptor immunofluorescence from birth to adulthood in rat cochlea. 
SGNs = spiral ganglion neurons, SGCs = satellite glial cells, SCs – PN = Schwann cells 
wrapping peripheral neurites, SCs – CN = Schwann cells wrapping central neurites, IHCs = 

inner hair cells, IHCs inn = innervation below IHCs, OHCs = outer hair cells, OHCs inn = 

innervation below OHCs, K organ = Kölliker’s organ, DC = Deiters’ cells. The results in this 

table are representative of n = 3-4 rats for each developmental stage.  

 SGNs SGCs SCs – 
PN 

SCs – 
CN IHCs IHCs 

inn OHCs OHCs 
inn 

K 
organ DC 

P0 + - - - - - - - + - 
P2 + - - - - - - - + - 
P4 + + + + - - - - + - 
P6 + + + + - + - + - - 
P8 - + + + - + - + - + 
P10 - + + + - ++ - ++ - - 
P12 - ++ ++ ++ - ++ - ++ - - 
P14 - ++ ++ ++ - ++ - ++ - - 
P42 - ++ ++ ++ - ++ - ++ - - 

- = no signal detected; + = faint P2X7R; ++ = increased P2X7R immunofluorescence 
 

 

All data shown here was obtained with the anti-P2X7R antibody from Alomone 

laboratories (APR-004), which has been used extensively in the literature (Faroni et 

al., 2014; Kaczmarek-Hajek et al., 2018; Nikolic et al., 2003; Song et al., 2015) and it 

has been validated in P2X7R KO tissue (Apolloni, Amadio, Montilli, Volonté, & 

D’ambrosi, 2013). This antibody is directed against the intracellular C-terminus of the 

rat protein. However, other less widely used antibodies were also tested on rat 

cochlear tissue. Similar labelling was obtained with an Abcam antibody (109054), 

which is also directed against the intracellular C-terminus of the rat protein. With this 

antibody clustered immunofluorescence was observed in the synaptic area below the 

hair cells, and in SGCs and SCs but with lower signal-to-noise ratio (not shown). An 

Alomone antibody against the extracellular loop of mouse P2X7R (APR-008), and a 

Santa Cruz Biotechnology antibody (sc-514962) against the transmembrane region 

of human P2X7R failed to detect any specific staining (not shown).   
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3.3  Discussion 

This chapter investigated P2X7R expression within the auditory nerve. In the three 

animal models investigated, the peripheral-central transition zone was marked by a 

distinct decrease of EGFP/P2X7-EGFP/P2X7R immunofluorescence, which 

determined that these receptors were only detected in the peripheral portion of the 

auditory nerve, but not in the central portion. The tg mouse models revealed EGFP 

and P2X7-EGFP immunofluorescence in SGCs and SCs, but not in SGNs. In 

agreement, P2X7R immunofluorescence in rat cochleae was detected only in SGCs 

and SCs. A further common finding was the localisation of P2X7Rs within subcellular 

elements of SCs located close to nodes of Ranvier.  

 

3.3.1 Cytoplasmic EGFP detection in peripheral glial cells in Tg(P2rx7-
EGFP)FY174Gsat mice 

The tg mouse line Tg(P2rx7-EGFP)FY174Gsat had not been used before to 

investigate P2X7R expression in the cochlea. The data presented here argues in 

favour of P2X7Rs being expressed by SGCs and SCs rather than by SGNs. The 

specificity of this reporter gene construct was demonstrated in cochlear sections from 

wt adult mice, where no direct EGFP or antibody enhanced-EGFP 

immunofluorescence was detected. In sections from tg adult mice, cytoplasmic EGFP 

immunofluorescence was only detected within the peripheral portion of the auditory 

nerve. The decrease in EGFP immunofluorescence detection in the central part of the 

auditory nerve suggests a lack of P2X7R expression in the CNS-derived glial cells. In 

the organ of Corti, no EGFP immunofluorescence was detected. This suggests, 

contrary to previous reports (Nikolic et al., 2003; Zhao et al., 2005), that P2X7Rs are 

not expressed in cells of the cochlear sensory epithelium.  

Within the spiral ganglion, cytoplasmic EGFP immunofluorescence was detected in a 

circular pattern around the SGN cell bodies, and with no co-localisation with the 

neuronal marker βIII-tubulin. This supports the hypothesis that P2X7R expression 

was associated to SGCs rather than SGNs. The same pattern was observed in the 

vestibular ganglion, with EGFP-positive SGCs wrapping VGN cell bodies. 

Cytoplasmic EGFP immunofluorescence was also detected in the cytoplasm of SCs 

ensheathing the central and peripheral neurites of SGNs. The paired densities 
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observed with EGFP immunofluorescence suggested that it had diffused into the SC 

paranodal loops contacting the paranodes, and the SC microvilli that are in close 

association with the nodes (see Figure 1.4).  

 

3.3.2 P2X7-EGFP detection in peripheral glial cells in BL/6N-Tg(RP24-
114E20P2X7451P-StrepHis-EGFP) mice auditory nerve 

Kaczmarek-Hajek and co-workers developed the tg mouse line BL/6N-Tg(RP24-

114E20P2X7451P-StrepHis-EGFP) to evaluate P2X7R expression in CNS (brain, 

spinal cord) and PNS (retina, dorsal root ganglia and sciatic nerve fibres), but the 

expression of P2X7Rs in the auditory system was not investigated (Kaczmarek-Hajek 

et al., 2018). This reporter line had the advantage that EGFP was fused to the C-

terminal of overexpressed P2X7Rs (Kaczmarek-Hajek et al., 2018). Thus, EGFP-

P2X7 immunofluorescence detection corresponded to endogenous P2X7R 

expression, and proved to be a highly accurate method to localise overexpressed 

P2X7Rs within the auditory nerve. In cochlear sections from wt adult mice no direct 

P2X7-EGFP or antibody enhanced P2X7-EGFP immunofluorescence could be 

detected, verifying the specificity of the BAC construct in this line.  

P2X7-EGFP immunofluorescence was only detected within the peripheral portion of 

the auditory nerve in tg adult mice. In the spiral ganglion, P2X7-EGFP 

immunofluorescence was detected as a circular pattern around the SGN cell bodies 

and no co-localisation with βIII-tubulin was observed, suggesting P2X7-EGFP 

expression in SGCs. In the vestibular ganglion P2X7-EGFP immunofluorescence was 

also detected in SGCs. P2X7-EGFP immunofluorescence was also detected in SCs 

associated to central and peripheral neurites. P2X7-EGFP immunofluorescence was 

absent from the node of Ranvier itself (it did not co-localise with AnkG 

immunofluorescence), but it was concentrated in the SC membrane surrounding the 

paranodal and nodal microdomains of the neurites. No P2X7-EGFP 

immunofluorescence was detected in the organ of Corti, suggesting that P2X7Rs are 

not expressed in the hair cells or supporting cells. These findings matched with the 

P2X7-EGFP expression pattern described for the GENSAT mice, and further 

supported the hypothesis of specific P2X7R expression in SGCs and SCs.  
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The commercially available antibody anti-P2X7R (APR-004) against the intracellular 

C-terminus of the rat P2X7R was verified in cochlear tissue from tg mice. The 

detection pattern of anti-P2X7R and P2X7-EGFP immunofluorescence were largely 

the same. Both labelled SGCs and SCs. It should also be noted that the co-expression 

of P2X7-EGFP and endogenous P2X7R detection with the P2X7R antibody 

demonstrated the reliability of this reporter line. The patterns of P2X7R expression 

were further corroborated using the novel 7E2-rbIgG nanobody (Danquah et al., 

2016). This nanobody is specific for the extracellular P2X7R domain and it is fused to 

a rabbit IgG, making it suitable for immunolabelling. 7E2-rbIgG labelled SGCs and 

SCs in the peripheral portion of the auditory nerve in cochlear sections from wt adult 

mice. Overall, P2X7-EGFP, anti-P2X7R and 7E2-rbIgG immunofluorescence 

detection patterns were alike.  

Together these findings suggest that tg P2X7-EGFP expression patterns of 

overexpressed receptors reflect the distribution of endogenous P2X7Rs in mouse 

cochlea, and indicate a specific expression of P2X7Rs in peripheral glial cells. The 

presence of P2X7-EGFP immunofluorescence in SGCs and SCs in mouse cochlea is 

in agreement with the detection of P2X7-EGFP in SGCs present in the dorsal root 

ganglia (Kaczmarek-Hajek et al., 2018).  

 

3.3.3 Transgenic mice as a model to study P2X7 receptor expression in the 
auditory nerve 

As outlined before, both reporter gene lines proved to be a helpful resource to study 

P2X7R expression in the auditory nerve, using detection of EGFP fluorescence in 

adult mice (>P22). However, as younger tg animals were not available during this 

study a developmental study of P2X7R expression in these mice is still lacking. It 

would be of interest to investigate when EGFP is first detectable within the auditory 

nerve, and how this progresses with time. These tg lines could be of great benefit to 

study P2X7R expression in pathological conditions. For instance, it is not known 

whether P2X7Rs are up- or down-regulated during age-related hearing loss or after 

exposure to loud sounds. Noise exposure can up-regulate P2X2Rs (Szucs et al., 

2006; Wang et al., 2003) and it can also elevate the levels of ectonucleotidases 

(Vlajkovic et al., 2006). Investigating what happens to P2X7R expressing glial cells in 

certain auditory neuropathies where SGNs are damaged or lost, would also be of 
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interest. These mouse models also offer the opportunity to characterise P2X7R 

physiology in vitro and in vivo, to decipher the roles of P2X7Rs in the auditory nerve 

under physiological conditions and in particular pathologies of the hearing system. 

Furthermore, the overexpressed P2X7-EGFP mice provided a powerful tool to study 

the functional consequences of overexpression as overexpressed P2X7-EGFP 

receptors have been proved to be functional (Kaczmarek-Hajek et al., 2018).   

In addition to the two tg lines presented here, another model to consider for such 

studies is the P2X7R conditional humanised mouse (Metzger et al., 2017). These 

were generated by knock-in of human P2RX7 cDNA to the murine P2rx7 locus. Thus, 

they express a humanised P2X7R under the control of the endogenous murine 

regulatory elements, thus enabling the interrogation of the properties of the human 

P2X7R in vitro and in vivo. The human P2X7R has been shown to be 10-100 times 

more sensitive to BzATP compared to the murine orthologue, and species-specific 

differences of receptor sensitivity to agonists and antagonists have been reported 

(Donnelly-Roberts et al., 2009; Fujiwara et al., 2017; Hibell et al., 2000). The 

humanised allele was designed to allow for Cre recombinase-mediated inactivation of 

the P2X7R by breeding humanised mice to Cre driver mice, allowing P2X7R 

expression to be ablated in a region- or cell type-specific manner.  

 

3.3.4 Glial P2X7R expression in peripheral glial cells preceded hearing onset 
and it was maintained throughout adulthood in rat cochleae 

Previous work showed P2X7R mRNA detection in the rat spiral ganglion and organ 

of Corti from P1 to P16 (Brändle, Zenner, & Ruppersberg, 1999). Furthermore, in adult 

guinea pigs P2X7R immunofluorescence (anti-P2X7R antibody from Sigma, P8232) 

had been detected in OHCs (Zhao et al., 2005). Others, using the Alomone anti-

P2X7R antibody in Wistar rat cochlea, localised P2X7R protein expression in the 

spiral ganglion, in the neurite projections of the SGNs and in the synaptic regions 

beneath the IHCs and OHCs (Nikolic et al., 2003). These authors described the 

localisation of P2X7Rs in the spiral ganglion during the first postnatal week and it 

persisted to the adult stage (>P40), but this was not associated with glial cells. The 

data presented here argue that P2X7R expression is associated specifically with glial 

cells, and not with hair cells, supporting cells, or neurons.  
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Despite rats having been used before to examine P2X7R expression in the cochlea, 

this is the most in-depth study to date. The specificity of the anti-P2X7R antibody was 

confirmed by pre-absorption of the antibody with the antigen peptide in rat tissue but 

this antibody was also validated in cochlear tissue in the P2X7-EGFP tg mice. In 

juvenile (P14) and adult rats (P42), P2X7R immunofluorescence detection with the 

anti-P2X7R antibody was exclusively localised to the peripheral portion of the auditory 

nerve. P2X7R immunofluorescence in the spiral ganglion was first detected at P4, but 

at this stage it was not possible to distinguish in which cell type. From P6 onwards, 

P2X7R immunofluorescence acquired the circular fashion characteristic of SGCs. 

P2X7R fluorescence intensity profile was almost negligible at P0, but by P12 it was 

defined by two distinct peaks, corresponding to the cell membranes of SGCs at either 

side of the SGN cell bodies. In the peripheral and central neurites region, P2X7R 

immunofluorescence in SCs was detected from P4 onwards. The fact that these 

receptors are not present at birth but they are before hearing onset indicates that they 

might be important for the postnatal maturation of the cochlea, and then in the normal 

function of the hearing cochlea. It is of interest then to study if there are any changes 

in the localisation and expression of this receptor in aged and deaf animals.  

The data shows for the first time that SCs, but not oligodendrocytes, within the 

auditory nerve express P2X7Rs. P2X7R immunofluorescence detection showed that 

P2X7Rs were not distributed uniformly on the plasma membrane of SCs. P2X7Rs 

were perhaps present in the SC myelin loops that wrap the paranode, and in the 

microvilli that SCs extend into the node (see Figure 1.4). Similar densities of P2X7R 

labelling in SCs had been reported in rat spinal roots (Grafe, Mayer, Takigawa, 

Kamleiter, & Sanchez-Brandelik, 1999), and in sciatic nerve (Kaczmarek-Hajek et al., 

2018; Luo et al., 2013). Moreover, in isolated rat spinal roots application of BzATP in 

the SC paranodal loops produced a rise in [Ca2+]i, which was attributed to P2X7Rs 

(Grafe et al., 1999). In the sciatic nerve, P2X7R expression in SCs was up-regulated 

in the early days after sciatic nerve injury, and this up-regulation led to SC proliferation 

(Song et al., 2015). Comparable changes of expression of P2X7Rs in the auditory 

nerve might also mediate SC proliferation after acoustic injury of the auditory nerve.  

Since P2X7R immunofluorescence was detected in the same cell types that were 

labelled with the glial marker S100, the hypothesis that P2X7Rs are expressed in 

SGCs and SCs was confirmed. Any differences between S100 and P2X7R staining 

might be explained by the different cellular localisation of these proteins. S100 is a 

calcium binding protein that is present in the cytoplasm, and when detected by 
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immunofluorescence it reveals as a continuous signal through the cytoplasm. Indeed, 

there was a similarity between anti-S100 labelling in rat cochlear tissue and 

cytoplasmic EGFP immunofluorescence detection in GENSAT mice. Because 

P2X7Rs are mostly present in the cell membrane when they are detected by 

immunofluorescence, they appear as a punctate signal. The punctate anti-P2X7R 

labelling in rats resembled P2X7-EGFP labelling in the overexpressed P2X7-EGFP 

BAC tg mice, reflecting that both proteins were mostly present in the cell membrane.  

 

3.3.5 Transient P2X7R expression in Kölliker’s organ during the first 
postnatal days 

Purinergic receptors are essential to the development of the auditory system during 

the first postnatal days. Spontaneous release of ATP form epithelial cells in Kölliker’s 

organ activates different P2X and P2Y receptors present in the IHCs to synchronise 

the output of neighbouring IHCs and refine the tonotopic maps in the brain (Tritsch et 

al., 2007). The data presented here suggested P2X7R expression in Kölliker’s organ 

during the first postnatal days. This suggests that this receptor might be involved in 

mediating ATP-induced ATP release, and contributing to the spontaneous electrical 

and mechanical activity in Kölliker’s organ, as described for other purinergic receptors 

(Huang et al., 2010; Tritsch & Bergles, 2010; Tritsch, Zhang, Ellis-Davies, & Bergles, 

2010). Further studies using the tg mice described here may help to determine the 

contribution of P2X7Rs to this mechanism that drives spontaneous activity in the 

auditory nerve prior to hearing onset. 

 

3.3.6 Sprague Dawley rats as a model to study P2X7 receptor expression in 
the auditory nerve 

The in-depth study of P2X7R immunofluorescence detection presented here has 

demonstrated that using rats to study purinergic signalling in the cochlea still has 

much to offer. The anti-P2X7 antibody (APR-004) proved to be a valuable tool to study 

P2X7R localisation in the rat cochlea, especially high-resolution images acquired with 

Airyscan. The data presented with the two different tg mouse lines corroborated the 

findings observed with common antibodies in rat tissue, and it strengthened the 

hypothesis that within the auditory nerve only SGCs and SCs express P2X7Rs. This 
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finding adds new insight into the importance of purinergic receptor-mediated 

signalling mechanisms within neuro-glial interactions.  

As described earlier, the findings obtained in rat cochlear sections largely match the 

findings obtained with both tg mouse lines. The only discrepancy was the detection of 

P2X7R immunofluorescence in clusters below the hair cells in rat, and this will be 

explored further in Chapter 5. Therefore, the study of P2X7R localisation using 

immunolabelling in rat cochlear glial cells proved to be an informative approach, and 

helped validate the rat cochlea as a suitable model for later in vitro functional studies 

(Chapter 4).  
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Chapter 4 Functional characterisation of P2 
receptors in cochlear glial cells in vitro 

 

4.1 Introduction 

4.1.1 Potential for distinct P2YRs signalling in cochlear glial cells 

P2YRs differ in their tissue distribution, pharmacology and biophysical properties. 

P2Y1R, P2Y2R, P2Y4R, P2Y6R and P2Y12R immunofluorescence has been detected 

in the rat cochlea from E18 to adulthood (Figure 4.1). Immunofluorescence detection 

of P2Y4R in Kölliker’s organ during the early postnatal days suggested that this 

receptor might be involved in ATP-induced generation of calcium waves and 

subsequent activity in IHCs and SGNs (Huang et al., 2010). The only P2YR subtypes 

associated to glial cells were P2Y1R during the first postnatal week and P2Y4R in adult 

cochleae (Huang et al., 2010), suggesting that P2YRs might also be involved in neuro-

glial interactions in the cochlea, and thus functional expression of P2YRs will also be 

assessed here.  

Figure 4.1 Schematic of P2YR expression in the neonatal and adult cochleae. Not 

available. 

 

4.1.2 Unique characteristics of P2X7Rs  

The P2X7R is an unusual P2XR subtype, mainly because of its pharmacology and its 

functional properties. P2X7Rs have the longest amino acid sequence of all P2XRs, 

with 595 residues in mammals. Unlike the others, the P2X7R is the only subtype of 

which BzATP, a synthetic ATP analogue, is a more potent agonist (EC50 = 20 µM) 

than ATP itself (EC50 = 100 µM; Jarvis & Khakh, 2009). However, it should be noted 

that BzATP is not specific for P2X7Rs, as it also binds other P2XRs with lower affinity. 

Most of the early studies carried out in P2X7Rs used rats because they have 10-fold 

higher sensitivity to BzATP and ATP compared to mice. The agonist and antagonist 

profile for rat P2X7Rs and human P2X7Rs is more closely matched than that for 

mouse and human receptors (BzATP EC50 for rat, human and mouse P2X7Rs is 10, 
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5 and 100 µM, respectively; Donnelly-Roberts et al., 2009; Hibell et al., 2000). The 

sequence homology between the mouse and the rat P2X7R is only is only 84.9%, 

substantially less than for other P2XRs (> 92.6%; Young, Pelegrin, & Surprenant, 

2007). This may underlie the large species difference in agonist sensitivity.  

Divalent cations like Ca2+ and Mg2+ at concentrations found in vivo can inhibit P2X7R 

activation in vitro (Surprenant, Rassendren, Kawashima, North, & Buell, 1996). Some 

authors argue that cations have the ability to chelate the free acid form of ATP (ATP4-), 

the presumed form of ATP that binds to these receptors (Klapperstück, Büttner, 

Schmalzing, & Markwardt, 2001). Others believe that cations act as allosteric 

modulation of P2X7Rs, decreasing the affinity for ATP (Acuña-Castillo, Coddou, Bull, 

Brito, & Huidobro-Toro, 2007; Yan, Khadra, Sherman, & Stojilkovic, 2011). Another 

characteristic of P2X7Rs is their ability to become permeable to larger molecules upon 

repetitive or prolonged activation (Browne et al., 2013; Di Virgilio et al., 2018). To 

evaluate if P2X7Rs are expressed functionally in cochlear glial cells, some of these 

unique characteristics will be assessed here in spiral ganglion primary cultures from 

rat cochleae.  

 

4.1.3 P2X7R is involved in protective mechanisms in distinct cell types 

In microglial cells resident in the hippocampus, P2X7R pore formation but not channel 

conductance is important for cell activation and proliferation (Monif, Reid, Powell, 

Smart, & Williams, 2009). These events are disrupted when a mutation in P2X7R 

(P2X7RG345Y) is introduced that abolishes P2X7R pore formation. P2X7R in 

hippocampal microglia seems to be acting as a sensor of high ATP concentrations, 

activating a trophic role rather than a cytolytic one. Another example of a P2X7R-

mediated trophic effect is the increase in SC proliferation observed after sciatic nerve 

injury. Authors observed that in cultured SCs, application of 100 µM ATP for 6 h 

caused an increase in P2X7R expression, measured by Western blot and 

immunocytochemistry (Song et al., 2015). Incubation with the P2X7R antagonist A-

740003 inhibits this ATP-mediated P2X7R upregulation. P2X7R activation in SCs 

mediates their proliferation, which in turn promotes axon growth and elongation after 

nerve injury.  
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4.1.4 P2X7R-mediated apoptosis in distinct cell types 

Wang and colleagues reported P2X7R expression in spinal cord neurons, and when 

P2X7R antagonists were administered after spinal cord injury there was a decrease 

in apoptosis and an improved recovery after injury (Wang et al., 2004). In the absence 

of P2X7R antagonists, ATP released after spinal cord injury mediated 

neurodegeneration via a P2X7R-dependent mechanism. Similarly, in hippocampal 

neurons in vitro, researchers observed that axons exposed to ATP were shorter than 

controls, whilst with P2X7R antagonists or short-hairpin RNA (shRNA) there was an 

increased elongation and ramification of these axons compared to controls (Díaz-

Hernandez et al., 2008). These results suggested that blocking P2X7Rs promoted 

axonal growth and branching.  

Cultured SCs isolated from sciatic nerves exposed to ATP concentrations higher than 

2 mM ATP undergo morphological changes within 10-15 min (Luo et al., 2013). SC 

processes retract and cells round up, events characteristic of early apoptosis (Taylor, 

Cullen, & Martin, 2008). With ATP concentrations of 3-4 mM, or 200 µM BzATP, these 

changes are followed by a significant increase in cell death compared to controls. Cell 

death is reduced when cells are incubated with P2X7R antagonists, suggesting that 

P2X7Rs mediate SC death (Luo et al., 2013).  

P2X7R-dependent cell death occurs in CNS-derived glial cells. For example, cultured 

optic nerve oligodendrocytes exposed to oxygen-glucose deprivation present a 

significant increase in cell death (Domercq et al., 2010), a mechanism mediated via 

P2X7R activation. Oxygen-glucose depravation may cause ATP release via Panx 

hemichannels, which activates P2X7Rs and culminates in oligodendrocyte death, 

myelin damage and axon dysfunction (Domercq et al., 2010). In another study, 

astrocyte cultures treated with 3 mM ATP or 500 µM BzATP for 30 min led to a 

considerable reduction in the number of viable cells, whilst P2X7R KO astrocyte 

cultures were almost unaffected (Salas et al., 2013). Additionally, exposure to 3 mM 

ATP for 4 min is sufficient to induce P2X7R-mediated cell death in macrophages 

(Hanley et al., 2012).  

Such studies provide evidence that P2X7Rs can induce cell death via distinct 

mechanisms, which may vary depending on cell type, concentration of agonists, and 

molecules entering/exiting P2X7R channel pore. The literature described here 

provides just a few examples of how distinct P2X7R downstream effects can be, and 
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these have been reviewed in more detail elsewhere (Adinolfi et al., 2005; del Puerto, 

Wandosell, & Garrido, 2013). The effects of P2X7R activation in cochlear glial cells 

are unknown, and so these were investigated here. 

When cells undergo apoptosis, they become rounded, they retract and their nucleus 

condenses and then fragments. These events are followed by, or are accompanied 

closely by dynamic plasma membrane blebbing. The apoptotic process culminates 

with the release of these blebs, the apoptotic bodies, which will be engulfed by 

phagocytes (Taylor et al., 2008). Most of these events are initiated as a result of 

caspase activation, proteases that mediate cleavage of particular substrate proteins. 

Caspase -3/7 are execution caspases, once activated they trigger the last part of the 

apoptosis mechanism (Elmore, 2007). They are involved in degrading nuclear and 

cytoskeletal proteins, cytoskeletal reorganisation and disintegration of the cell into the 

apoptotic bodies (Riedl & Salvesen, 2007).  
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4.2 Results 

4.2.1 Purinergic receptor-mediated Ca2+ entry in rat cochlear glial cells 

Having developed and validated the spiral ganglion culture model for functional 

experiments (see section 2.2.3.3 and 2.2.4.3), the next part of the study aimed to 

determine the physiological properties of P2X7Rs in the glial cells. To test the 

sensitivity of the imaging system, a series of exploratory calcium imaging experiments 

were undertaken. Spiral ganglion primary cultures were loaded with the ratiometric 

calcium indicator Fura-2 AM in order to measure [Ca2+]i changes in response to 

various purinergic agonists. The Fura-2 ratio (F340/380) was only measured in cells 

that had glia-like morphology in DIC images (see Figure 2.6).  

Firstly, ADP (5, 50 and 500 µM) was used as a P2YR agonist, which targets P2Y1R 

(pIC50 6.2-7.2), P2Y12R, (pKi 5.9) and P2Y13R ( pIC50 6.5; Jacobson et al., 2009; Von 

Kügelgen & Hoffmann, 2016). Only P2Y1R responses would be observed when 

measuring changes of [Ca2+]i though, as P2Y1R are coupled to Gq-proteins, but 

P2Y12R, and P2Y13R are coupled to Gi-proteins (Jacobson et al., 2009; von Kugelgen 

& Harden, 2011). ADP can also activate P2XRs, including P2X1R and P2X3R (North 

& Surprenant, 2000). ADP-elicited responses were heterogeneous, and to facilitate 

analysis the average response across all responsive glial cells was used to compare 

different concentrations and conditions. In normal ECS (1.3 mM CaCl2), ADP induced 

a transient increase in [Ca2+]i in glial cells (Figure 4.2A; n = one P6 + 1 DIV culture 

and one P8 + 2 DIV cultures), where the biggest response was elicited by 5 µM ADP. 

The mean response to 5 µM ADP, evaluated as an increase in 340/380 fluorescence 

ratio (DF340/380), was 0.95 ± 0.08 (mean ± SEM). The mean DF340/380 for 50 µM 

and 500 µM ADP was 0.44 ± 0.03 and 0.35 ± 0.03, respectively. Changes in [Ca2+]i 

became smaller with increasing concentrations of ADP, suggestive of desensitising 

P2YRs and/or P2XRs responses. P2YRs are G-protein-coupled receptors, and the 

increase in [Ca2+]i resulting from their activation derives from the intracellular stores, 

and not from the extracellular medium. In a separate set of experiments, Ca2+
o

 was 

removed from the ECS (zero added CaCl2), in order to investigate whether Ca2+ 

mobilisation in response to ADP originated from the extracellular environment or from 

the intracellular stores. In the absence of Ca2+
o, 50 µM ADP elicited a transient 

response in a proportion of glial cells (Figure 4.2B; n = three P8 + 2 DIV rat cultures). 

The mean DF340/380 for 50 µM ADP was 2.12 ± 0.23, significantly larger compared 

to the response elicited by 50 µM ADP in the presence of Ca2+
o

 in the ECS 
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(p < 0.0001, two sample t-test). However, the proportion of glial cells that responded 

to 50 µM ADP in the presence of Ca2+
o (23.4 ± 4.60 %; i.e. 142/620 responding glial 

cells) was not significantly different to that responding in the absence of Ca2+
o 

(16.7 ± 3.73 %; i.e. 54/324 responding glial cells; p > 0.05, two sample t-test; Figure 

4.3). The continued response of glial cells to ADP in the absence of Ca2+
o

 suggested 

the presence of functional P2Y1R.  

 

 
Figure 4.2 Intracellular Ca2+ changes in rat glial cells in response to ADP. A) The 

continuous traces represent individual cell responses (n = 142 glial cells) from one P6 + 1 DIV 

culture (red traces) and one P8 + 2 DIV culture (blue traces), and the black dotted trace 

represents the mean response which is expanded in A’. In the presence of Ca2+o in the ECS, 

most glial cells responded to 5 µM ADP with a transient increase in [Ca2+]i. The response to 
50 µM and 500 µM ADP was smaller. B) In the absence of Ca2+o in the ECS, 50 µM ADP 

elicited a transient response larger in magnitude compared to that observed in the presence 

of Ca2+o. The continuous traces represent individual cell responses (n = 54 glial cells) from 

three separate P8 + 2 DIV rat cultures (purple, yellow, and green traces), and the black dotted 

trace represents the mean response which is expanded in B’. Recordings were carried out at 

room temperature.   
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Figure 4.3 Glial cells respond to ADP applied with or without Ca2+o. The proportion of glial 

cells that responded to 50 µM ADP in the presence of Ca2+o in the ECS (23.4 ± 4.60 %) did 

not differ significantly from the mean response in absence of Ca2+o (16.7 ± 3.73 %; p > 0.05, 

two sample t-test). Data are mean ± SEM of two and three rat cultures, respectively.  

 

UTP (5, 50 and 500 µM) was next used to activate P2YRs, which mainly targets 

P2Y2R (pEC50 8.1), P2Y4R (pEC50 6.3) and P2Y11R (pEC50 5.2; Jacobson et al., 2009; 

Von Kügelgen & Hoffmann, 2016). In normal ECS (1.3 mM CaCl2) UTP application 

resulted in a transient increase in [Ca2+]i, which was similar in magnitude for 5 µM, 

50 µM and 500 µM UTP (Figure 4.4A; n = two P5 + 2 DIV, and one P8 + 2 DIV rat 

cultures). The mean DF340/380 was 0.41 ± 0.04 in response to 5 µM UTP, 

0.33 ± 0.04 in response to 50 µM UTP, and 0.44 ± 0.04 in response to 500 µM UTP. 

50 µM UTP also elicited a transient response in the absence of Ca2+
o

 (Figure 4.4B; n 

= three P8 + 2 DIV rats). The mean DF340/380 was 1.77 ± 0.12, larger in magnitude 

compared to the response elicited by UTP in the presence of Ca2+
o

 in the ECS 

(p < 0.0001, two sample t-test). 
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Figure 4.4 Intracellular Ca2+ changes in rat glial cells in response to UTP. A) In the 

presence of Ca2+o, 5 µM, 50 µM and 500 µM UTP elicited a transient increase in [Ca2+]i. The 
continuous traces represent individual cell responses (n = 98 glial cells) from two separate P5 

+ 2 DIV rat cultures (red and blue traces), and one P8 + 2 DIV culture (green traces), and the 

black dotted trace represents the mean response, which is expanded in A’. B) In the absence 

of Ca2+o, 50 µM UTP elicited a transient response. The continuous traces represent individual 

cell responses (n = 84 glial cells) from three P8 + 2 DIV cultures (purple, yellow, and green 

traces) and the black dotted trace represents the mean response, which is expanded in B’. 

Recordings were carried out at room temperature.   

 

The proportion of glial cells that responded to 50 µM UTP in the presence of Ca2+
o 

(14.1 ± 2.70 %; i.e. 98/654 glial cells) was not significantly different to that responding 

in the absence of Ca2+
o (23.3 ± 16.9 %; i.e 84/374 glial cells; p > 0.05, two sample t-

test; Figure 4.5). The continued response of glial cells to UTP in the absence of Ca2+
o 

suggested the presence of functional P2Y2Rs, P2Y4Rs and/or P2Y11Rs. 
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Figure 4.5 Glial cells respond to 50 µM UTP with or without Ca2+o. The proportion of glial 

cells that responded to 50 µM UTP in the presence of Ca2+o in the ECS (14.1 ± 2.70 %) did 

not differ significantly from the mean response in absence of Ca2+o (23.3 ± 16.9 %; p > 0.05, 

two sample t-test). Data are mean ± SEM of three rat cultures in each group.  

 

Finally, UDP (5, 50 and 500 µM) was used to activate P2YRs, which mainly targets 

P2Y6R (Jacobson et al., 2009; Von Kügelgen & Hoffmann, 2016). A transient increase 

in [Ca2+]i was only observed in a small proportion of glial cells (not shown; one P6 + 

1 DIV and one P11 + 2 DIV rat cultures). In another set of experiments, Ca2+
o

 was 

removed from the ECS to investigate whether Ca2+ mobilisation originated from the 

intracellular stores (not shown; n = three P8 + 2 DIV rats). Only a small proportion of 

cells responded to 50 µM UDP in the presence of Ca2+
o (3.15 ± 2.62 %; i.e. 31/716 

cells), or in the absence of Ca2+
o (1.63 ± 1.63 %; i.e. 5/372 cells; n = three P8 + 2 DIV 

cultures; p > 0.05, two sample t-test; data not shown). Such a small proportion of 

responding glial cells suggested only a limited contribution from P2Y6Rs to cochlear 

glial cell signalling. 

 

4.2.2 BzATP-mediated Ca2+ entry in glial cells within rat spiral ganglion 
primary cultures  

The previous experiments determined that the imaging system had appropriate 

sensitivity for an exploration of Ca2+ signalling in cochlear glial cells. Next, spiral 

ganglion primary cultures were loaded with Fura-2 AM to measure [Ca2+]i changes in 
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response to BzATP, a P2R agonist commonly used to activate P2X7Rs. Divalent 

cations negatively modulate P2X7Rs (Coddou, Stojilkovic, & Huidobro-Toro, 2011; 

Virginio et al., 1997), and for this reason BzATP was diluted in LDV-ECS (0.3 mM 

CaCl2, zero added MgCl2). Fura-2 AM ratio (F340/380) was measured in cells that 

had glial morphology in DIC images (see Figure 2.6).  

10 µM BzATP induced a sustained increase in [Ca2+]i in glial cells (Figure 4.6A; n = 

three P8 + 2 DIV rats), consistent with the lack of desensitisation observed during 

prolonged activation of P2X7Rs (North, 2002). The mean DF340/380 response to 

BzATP in LDV-ECS was 1.34 ± 0.33. In a separate set of experiments, Ca2+
o

 was 

removed completely from the LDV-ECS (zero added CaCl2), in order to investigate 

whether the observed rise in [Ca2+]i was caused by influx from the extracellular 

medium (Figure 4.6B). The peak response in the absence of Ca2+
o was similar in 

magnitude (DF340/380 1.30 ± 0.44; n = three P8 + 2 DIV rat cultures; p > 0.05, two 

sample t-test) to that in the presence of Ca2+
o, but the response was mostly transient 

in nature with only a small sustained component.  

 

 
Figure 4.6 Intracellular Ca2+ changes in response to 10 µM BzATP in rat glial cells. A) In 

0.3 mM Ca2+o, most glial cells responded to 10 µM BzATP with a sustained increase of [Ca2+]i 

during application (~5 min). The continuous traces represent individual cell responses (n = 

289 glial cells) from three separate P8 + 2 DIV rat cultures (red, blue, and green traces). The 

black dotted trace represents the mean response, which is expanded in A’. B) In 0 mM Ca2+, 
glial cells responded to 10 µM BzATP with transient rises in [Ca2+]i. The continuous traces 

represent individual cell responses (n = 46 glial cells) from three separate P8 + 2 DIV rat 

cultures (purple, yellow, and green traces). The black dotted trace represents the mean 

response, which is expanded in B’. Recordings were carried out at room temperature.  
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The proportion of glial cells that responded to 10 µM BzATP in the presence of Ca2+ 

(66.8 ± 6.55 %; i.e. 289/390 glial cells) was significantly higher than that for 10 µM 

BzATP in the absence of Ca2+
o (10.9 ± 2.88 %; i.e. 46/435 cells; p < 0.0001, two 

sample t-test; Figure 4.7). These experiments demonstrated that the non-selective 

P2R agonist BzATP activated sustained Ca2+ entry into cochlear glial cells. The slow 

time-course of this entry was consistent with a mechanism that involves ionotropic 

channels, such as P2X7R, that activate progressively and do not display fast 

desensitisation.  

 

 
Figure 4.7 Sustained BzATP-activated [Ca2+]i increase depends on Ca2+entry. The mean 

percentage of glial cells that responded to 10 µM BzATP in the presence of Ca2+ (66.8±6.55 %) 

was significant from the mean percentage of cells that responded in absence of Ca2+ 

(10.9±2.88 %; ****p < 0.0001, two sample t-test). Data are mean ± SEM of three rat cultures 

(P8 + 2 DIV).  

  



125 

4.2.3 BzATP-activated YO-PRO-1 uptake into glial cells in rat spiral ganglion 
primary cultures 

When activated by purinergic agonists, P2X7Rs can form a pore that provides a 

transmembrane pathway large enough to allow the passage of macromolecules 

(including organic dyes) into the cell (Virginio, MacKenzie, Rassendren, North, & 

Surprenant, 1999; Virginio et al., 1997). YO-PRO-1 is a high molecular weight 

propidium dye (376 Da) that does not permeate the cell membrane under normal 

circumstances, but can pass through the large pore of P2X7Rs. The next experiments 

used confocal live-imaging of YO-PRO-1 fluorescence to investigate whether this 

characteristic property of P2X7Rs is displayed by dissociated cochlear glial cells.  

Spiral ganglion primary cultures from three juvenile rats (P14 + 2 DIV) were used to 

investigate P2X7R pore formation in dissociated glial cells (see Figure 2.6). For each 

animal, cells were tested under all three conditions described below. In the control 

group, cells were incubated with 1 µM YO-PRO-1 only for 20 min, in order to assess 

the amount of uptake under agonist-free conditions. In most cells in this group, YO-

PRO-1 fluorescence intensity changed minimally (Figure 4.8A and B, representative 

of one rat culture). Few cells took up the dye, suggesting that YO-PRO-1 was not able 

to permeate the cell membrane in most cells. In the BzATP-only group, cells were 

incubated initially with YO-PRO-1 and then, 10 µM BzATP was added to the bath (at 

t = 290 s). An increase in YO-PRO-1 fluorescence intensity was observed in some 

cells soon after adding BzATP (Figure 4.8C and D, representative of one rat culture). 

In the third group, the specific P2X7R antagonist A-7400034 (Honore & Donnelly-

Roberts, 2006), was added before and during the BzATP application. Cells in this 

group were pre-incubated with 1 µM A-740003. YO-PRO-1 fluorescence intensity 

increased in very few cells when 10 µM BzATP was added to the bath (at t = 290 s), 

though a small minority displayed an increase after 20 min (Figure 4.8E and F, 

representative of one rat culture). A-740003 decreased the fraction of cells that had 

up taken the dye, suggesting that P2X7Rs mediated the majority of BzATP-mediated 

YO-PRO-1 uptake under normal conditions.  
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Figure 4.8 YO-PRO-1 uptake in glial spiral ganglion primary cultures in vitro. 
Representative data from one rat (P14 + 2 DIV). A) YO-PRO-1 mean fluorescence intensity 

(FI; in a.u.) plotted over time (total duration time series imaging protocol = 1200 s). Each trace 

represented a ROI from an individual glial cell. In the control group, cells were first incubated 

with 1 µM YO-PRO-1. At t = 290 s (arrow), 1 µM YO-PRO-1 was added into the bath. Thus, 

for 20 min cells were incubated with YO-PRO-1 alone. YO-PRO-1 FI remained low in most 

cells. B) Representative image of some cells from the experiment in A, taken at the end of the 
experiment. Hoechst labelled the cell nuclei (red). In the presence of YO-PRO-1 alone, few 

cells displayed YO-PRO-1 uptake (green). Brightfield view overlaid to facilitate cell morphology 

assessment. C) In the BzATP group, cells were first incubated with 1 µM YO-PRO-1. At 

t = 290 s (arrow), cells were exposed to 10 µM BzATP in 1 µM YO-PRO-1, resulting in YO-

PRO-1 FI to increasing in some cells. The uptake was very quick (note the steep slope). 

D) Representative image of some cells from the graph in C. E) In the A-740003 + BzATP 

group, cells were first incubated with 1 µM A-740003 to allow A-740003 to block P2X7Rs. At 
t = 290 s (arrow), cells were exposed to 1 µM A-740003 and 10 µM BzATP in 1 µM YO-PRO-

1. YO-PRO-1 FI increased in some cells. F) Representative image of some cells from the 

graph in E. Scale bars: 20 µM. Imaging carried out at 34 °C.  
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The proportion of glial cells that had YO-PRO-1 signal above threshold at the end of 

the time-series was quantified (see 2.2.8.2 for details; Figure 4.9). In the control group 

45.1 ± 4.98 % of cells were YO-PRO-1-positive (i.e. 60/135 glial cells). In the BzATP-

only group, 75.7 ± 3.57 % cells had taken up YO-PRO-1 (i.e. 91/125 glial cells), which 

was significantly higher than the control group (p < 0.001, Welch ANOVA). In the A-

740003 group 45.0 ± 11.7 % of cells took up YO-PRO-1 (i.e. 46/103 glial cells), which 

was significantly different to the BzATP-only group (p < 0.05, Welch ANOVA) but not 

significantly different from the control group (p > 0.05, Welch ANOVA).   

 

 
Figure 4.9 BzATP activated YO-PRO-1 uptake in cochlear glial cells. Graph representing 

the proportion of cells that had up taken YO-PRO-1 at the end of the experiment in each 

condition (individual squares represent control group n = 6 independent experiments, BzATP 

group n = 5, A-740003+BzATP n = 5; from three P14 + 2 DIV rat cultures). Box plots represent 

the 25th and 75th percentiles, the black horizontal lines represent the median percentage of 

YO-PRO-1-positive cells in each group, and whiskers represent the 10-90th percentiles. The 

mean is represented by open triangles. The mean proportion of YO-PRO-1-positive cells in 

the BzATP group differed significantly from the control group (***p < 0.001, Welch ANOVA). 

The mean response in the A-740003 + BzATP group differed significantly from the BzATP 

group (*p < 0.05, Welch ANOVA).  
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The data were then analysed to compare the rates of YO-PRO-1 uptake between the 

three experimental conditions (see 2.2.8.3 for details; Figure 4.10). This was only 

carried out for the glial cells that had YO-PRO-1 fluorescence above the threshold at 

the end of the time-series. In all groups there were cells with a very low rate of YO-

PRO-1 uptake (i.e. < 1 a.u./sec), and also cells with a rapid rate of YO-PRO-1 uptake 

(i.e. > 6 a.u./sec). The mean rate of YO-PRO-1 uptake in the BzATP-only group 

(2.79 ± 0.41 a.u./sec) was significantly faster than that in the control group 

(1.25 ± 0.34 a.u./sec; p < 0.01, Kruskal-Wallis test) and A-740003 + BzATP group 

(1.48 ± 0.40 a.u./sec; p < 0.05, Kruskal-Wallis test). The BzATP + A-740003 group 

and the control group did not differ significantly (p > 0.05, Kruskal-Wallis test).  

 

 
Figure 4.10 BzATP activated a rapid YO-PRO-1 uptake mechanism in glial cells. Graph 

representing the rate of YO-PRO-1 uptake under three experimental conditions. 

Representative results from three rat cultures (P14 + 2 DIV) are shown (n = 55 cells in the 

control group, n = 77 cells in the BzATP group, and n = 42 cells from in the A-740003+ BzATP 

group). Individual squares represents the rate of YO-PRO-1 uptake in one cell. Box plots 

represent the 25th and 75th percentiles, the black horizontal lines represent the median rate of 

YO-PRO-1 uptake in each group, and whiskers represent the 10-90th percentiles. The mean 
rate is represented by open triangles. The mean rate of YO-PRO-1 uptake in the BzATP group 

differed significantly from the control group (**p < 0.01, Kruskal-Wallis test). The rate of YO-

PRO-1 uptake in the A-740003 + BzATP group differed significantly from the BzATP group 

(*p < 0.05, Kruskal-Wallis test).  
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These experiments suggested that BzATP activated additional YO-PRO-1 uptake, via 

a mechanism sensitive to the selective P2X7R antagonist A-740003. YO-PRO-1 

uptake could enter some cells in the absence of the agonist, though, suggesting the 

activation of an uptake mechanism by endogenously released purinergic ligands or 

via other uptake routes. Similarly, uptake continued in the presence of A-740003, 

suggesting that P2X7R-independent uptake occurs. Overall, the analysis supports a 

hypothesis that P2X7R activation in dissociated cochlear glia leads to the formation 

of membrane pores that are permeable to high molecular weight macromolecules.  

 

4.2.4 Effects of transient P2R activation on cell membrane integrity in glial 
cells from rat spiral ganglion primary cultures 

P2X7R pore formation should allow the entry/exit of molecules < 1 kDa, and it should 

not disrupt the integrity of the cell membrane. However, membrane blebbing and 

vesiculation have also been observed after P2X7R activation (Luo et al., 2013; Roger, 

Pelegrin, & Surprenant, 2008; Virginio, Mackenzie, et al., 1999), suggesting 

pathophysiological mechanisms may be involved when cells are exposed to high ATP 

concentrations in physiological extracellular media.  

To assess membrane integrity in cochlear glia after P2R activation, cells were pre-

exposed to agonists, and then incubated in Image-iT DEAD Green viability stain. 

Image-iT DEAD Green is normally cell-impermeant and non-fluorescent, but it forms 

highly fluorescent and stable dye-nucleic acid complexes when bound to DNA. 

Staining of nuclear DNA only occurs when cell membranes become compromised 

and permeable (e.g. in dying cells). In the calcium imaging and YO-PRO-1 uptake 

assay where maximal receptor activation was targeted, BzATP was diluted in LDV-

ECS (0.3 mM CaCl2, zero added MgCl2), as it is known that divalent cations can 

negatively modulate P2X7Rs (Coddou et al., 2011; Virginio et al., 1997). However, 

such low concentrations of divalent cations are not necessarily physiological. In these 

membrane integrity experiments described in this section, ATP and BzATP were 

diluted in either LDV-ECS or ECS (1.3 mM CaCl2, 1 mM MgCl2) to test whether cation 

concentration had an effect on P2X7R-dependent changes of membrane integrity. 

The anti-S100 antibody was used as a glial marker, and only S100-positive glial cells 

were considered in the analysis of this study.  
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To validate the sensitivity of the viability assay spiral ganglion primary cultures were 

exposed to 100 µg/ml saponin in ECS for 5 min (positive control; Figure 4.11A), an 

agent used to achieve maximal cell permeabilisation in comparable assays (Khakh et 

al., 1999). Cells were then incubated for 30 min with 100 nM Image-iT DEAD Green 

in saponin-free ECS, and fixed for anti-S100 immunofluorescence. This treatment 

resulted in 37.1 ± 17.5% of cells (i.e. 89/211 cells) being double labelled for S100 and 

Image-iT DEAD Green.  

In the negative control groups, cells were incubated with ECS or LDV-ECS only for 

20 min. To stimulate P2X7Rs, two groups of cells were treated with 2 mM ATP 

dissolved in LDV-ECS or in ECS for 20 min. Another two groups were treated with 

10 µM BzATP dissolved in LDV-ECS or in ECS for 20 min. Cells from all experimental 

groups were then incubated for 30 min with 100 nM Image-iT DEAD Green in agonist-

free LDV-ECS or ECS, and then fixed for confocal imaging. To measure the effect of 

P2X7R stimulation on cell membrane integrity, the proportion of S100-positive cells 

that were also Image-iT DEAD Green-positive was calculated (Figure 4.11B).  

The percentage of Image-iT DEAD Green-positive cells in the ECS-only group 

(0.26 ± 0.26 %; i.e. 3/766 cells) was significantly different from the LDV-ECS group 

(10.80 ± 7.49 %; i.e. 110/828 cells; p < 0.0001, Fisher’s exact test). The percentage 

of Image-iT DEAD Green-positive cells in the BzATP in ECS group (0.17 ± 0.17 %; 

i.e. 2/978 cells) was significantly different from the BzATP in LDV-ECS group 

(6.06 ± 5.24 %; i.e. 61/671 cells; p < 0.0001, Fisher’s exact test). The percentage of 

Image-iT DEAD Green-positive cells in the ATP in ECS group (1.58 ± 1.04 %; i.e. 

11/1170 cells) was significantly different from the ATP in LDV-ECS group 

(5.69 ± 5.17 %; i.e. 36/758 cells; p < 0.0001, Fisher’s exact test).  

These experiments showed that the purinergic agonists in ECS (1.3 mM CaCl2, 1 mM 

MgCl2) did not cause levels of membrane permeabilisation above that under agonist-

free conditions, and that incubation in LDV-ECS (0.3 mM CaCl2, 0 mM MgCl2) alone 

could lead to near-pathological levels of membrane permeability. 
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Figure 4.11 Exposure to P2R agonists does not decrease viability of cochlear glial cells. 
Bars represent the mean ± SEM of Image-iT DEAD Green-positive cells in each condition. 

A) To validate the sensitivity of the assay, cells were treated with 100 µg/ml saponin dissolved 

in ECS for 5 min to disrupt cell membranes and maximally activate Image-iT DEAD Green. 
The mean percentage of Image-iT DEAD Green-positive cells in the saponin group was 

37.1 ± 17.5 %. B) Cultures were incubated in ECS alone or purinergic agonists (BzATP 10 

µM, ATP 2mM) in ECS, or in LDV-ECS alone or purinergic agonists (BzATP 10 µM, ATP 2mM) 
in LDV-ECS. There was a significant difference in the number of S100/Image-iT DEAD Green 

double-positive glia in ECS groups compared to LDV-ECS groups (p < 0.0001, Fisher’s exact 

test). Representative results of n = four rat cultures (P11-P13 + 3 DIV) are shown.  

 

4.2.5 Short-term P2R activation had no effect on activation of apoptosis in 
glial cells from rat spiral ganglion primary cultures 

The next set of experiments investigated whether activation of P2XRs under 

physiological conditions (i.e. in ECS with millimolar divalent concentrations) could 

trigger apoptosis in cochlear glial cells. Activation of P2X7Rs, especially using ATP at 

high concentrations, has been reported to activate cell death in a number of different 

cell types (Domercq et al., 2010; Hanley et al., 2012; Luo et al., 2013; Salas et al., 

2013). The experiments here used live-cell imaging of dissociated cochlear glial cells 

incubated with NucView 488, a novel cell membrane-permeable fluorogenic dye that 

detects activated caspase-3/7 in real time (Cen et al., 2008). These experiments, 

using spiral ganglion primary cultures from four rats (P12 + 3 DIV), tested whether 
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P2R agonists caused downstream activation of caspase-3/7, and so induced 

apoptotic cell death.  

First, the protein kinase inhibitor staurosporine at 100 nM for 3 h was used as a 

positive control to validate the sensitivity of the assay due to its reported ability to 

induce apoptosis over relevant timescales (Chae et al., 2000). Live imaging occurred 

after the staurosporine incubation in order to characterise the different stages of cell 

death visually in real time. Cells could be classified as NucView 488-positive when 

they had red fluorescence in their cytoplasm. NucView 488 fluorescence signal 

activation was preceded by abrupt cell contraction and membrane blebbing, events 

characteristic of apoptotic cells (Figure 4.12; Taylor, Cullen, & Martin, 2008).  

 

 
Figure 4.12 Staurosporine-activated apoptosis in rat cochlear glial cells. Image 

representative of a glial cell (identified by its spindle-shaped morphology) at the beginning of 

the time series protocol (t = 0 min). Following staurosporine incubation, this cell contracted 

and membrane blebbing was observed (t = 54 min). Apoptosis was confirmed subsequently, 

when cytoplasmic NucView 488 immunofluorescence was detected (t = 192 min). Nuclear 

condensation and the formation of apoptotic bodies were also evident. The time series protocol 
had a total duration of 6 h and single images were taken every 6 min. A built-in chamber 

allowed the cells to be maintained at 37 °C throughout the imaging. Representative images 

from n = four rat cultures (P12 + 3 DIV). Scale bar: 10 µm.   

 

In the purinergic agonist experiments, cells were first incubated for 1 h in ECS-only 

(no agonist control), 10 µM BzATP in ECS, 500 µM ATP in ECS, or 2 mM ATP in 

ECS. Cells from all experimental groups were then incubated with NucView 488 in 

ECS and transferred to the confocal microscope (t = 0 min) for 6 h live-imaging (see 

section 2.2.10 for more details on experimental design). In the ECS-only group, some 

cells displayed blebbing after around 1.5 h, and there was cytoplasmic NucView 488 

fluorescence signal detected within ~5 h. Apoptosis also occurred in the three groups 

of agonist-treated cells over a comparable timescale. First cells would contract, then 
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extensive membrane blebbing was observed (Figure 4.13 middle panels), and finally 

apoptosis was confirmed when cells became NucView 488-positive (Figure 4.13 right 

panels).  

 

 
Figure 4.13 Characterisation of NucView 488-positive cells in dissociated cochlear glial 
cells. A) Glial cell from the ECS-only group at the beginning of the time series protocol (t = 
0 min). First, dynamic membrane blebbing was observed (t = 96 min) and then cytoplasmic 

NucView 488 was detected (t = 264 min), confirming apoptosis. B) Glial cell from the 10 µM 

BzATP group at the beginning of the time series (t = 0 min). The same series of events was 

observed, membrane blebbing happened first (t = 102 min) and then NucView 488 was 

detected (t = 258 min). C) Glial cell from the 2 mM ATP group at the beginning of the time 

series (t = 0 min). Cell contraction and dynamic membrane blebbing happened first (t = 

168 min) and these events were followed by NucView 488 immunofluorescence detection (t = 
288 min), confirming apoptosis. A built-in chamber allowed the cells to be maintained at 37 °C 

throughout the imaging. Representative images from n = four rat cultures (P12 + 3 DIV). Scale 

bar: 10 µm.  

 

The proportion of glial cells that were NucView 488-positive was calculated to 

compare the level of apoptosis in the different experimental conditions. Only glial cells 

(based on appearance, see Figure 2.6) that could be traced over the whole 6 h were 

considered for this analysis. Staurosporine treatment activated extensive levels of 

apoptosis (70.54 ± 1.31 %; i.e. 249/353 cells; Figure 4.14A). In the purinergic agonist 

experiments (Figure 4.14B), the mean percentage of NucView 488-positive cells in 
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the ECS-only group (39.9 ± 3.37 %; i.e. 89/220 cells) was not significantly different 

from the BzATP group (38.5 ± 2.99 %; i.e. 114/294 cells; p > 0.05, one-way ANOVA), 

the 500 µM ATP group (42.6 ± 3.49 %; i.e. 139/330 cells; p > 0.05, one-way ANOVA), 

or the 2 mM ATP group (46.5 ± 2.62 %; i.e. 133/285 cells; p > 0.05, one-way 

ANOVA).  

In summary, under physiological conditions short-term (1 h) activation of P2Rs with 

ATP or BzATP did not cause a significant increase in apoptosis compared to the 

control group within the 6.5 h live-imaging time window.  

 

 
Figure 4.14 Short-term (1 h) P2R activation failed to activate apoptosis in rat glial cells. 
Box plots represent the 25th and 75th percentiles. Each square represents the proportion of 

cells that were NucView 488-positive at the end of the 6 h time series in each experimental 

replicate (duplicates for each rat culture, total of eight experiments). The black horizontal lines 

represent the median percentage of NucView 488-positive cells in each group, whiskers 
represent the 10-90th percentiles, and the mean is represented by open triangles. 

A) Proportion of cells that were NucView 488-positive at the end of the 6 h recording period 

after pre-incubation with the pro-apoptotic kinase inhibitor staurosporine (100 nM for 3 h). 

B) There was no significant differences in the mean percentage of NucView 488-positive cells 

among the cultures treated with ECS alone (control), 10 µM BzATP, 500 µM ATP or 2 mM 

ATP (p > 0.05, one-way ANOVA). Representative results of n = four rat cultures (P12 + 3 DIV) 

per group.  
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4.2.6 Long-term P2R activation increased apoptosis rates in glial cells from 
rat spiral ganglion primary cultures 

Experiments extended this investigation to test whether longer-term (6 h) P2R 

activation activated caspase-3/7 and induced apoptosis in dissociated glial cells in 

vitro using the same imaging approach. To study the effects of long-term P2R 

activation, spiral ganglion primary cultures from four rats were used (P11-

P12 + 3 DIV). Staurosporine incubation (100 nM for 3 h) was used to validate the 

assay and to determine the visible signs of apoptosis activation (53.9 ± 6.48 % 

NucView 488 positive cells; i.e. 135/255 cells; Figure 4.15A).  

For the purinergic agonists experiments, in the negative control group cultures were 

only incubated with ECS for 6 h while imaging. In the BzATP and ATP groups cultures 

were incubated with 10 µM BzATP and 2 mM ATP, respectively for 6 h while imaging. 

In the BzATP + A-740003 group, the cultures were incubated in the agonist and 

antagonist for 6 h while imaging. The imaging time series protocol had a duration of 

6 h, with single images being taken every 6 min (see section 2.2.10 for more details 

on experimental design). The proportion of glial cells that were NucView 488-positive 

was used as a method to compare between the different experimental conditions 

(Figure 4.15B). The criteria to consider a cell NucView 488-positive was the same as 

described earlier in this section.  

In the ECS-only group 18.8 ± 1.99 % of cells (i.e. 47/261 cells) were NucView 488-

positive, which was significantly lower than the BzATP group (46.0 ± 6.63 %; i.e. 

88/147 cells; p < 0.01, Welch ANOVA), the BzATP + A-740003 group (41.4 ± 7.88 %; 

i.e. 99/248 cells; p < 0.05, Welch ANOVA), and the 2 mM ATP group (70.9 ± 10.2 %; 

i.e. 134/211 cells; p < 0.01, Welch ANOVA). There was no significant difference 

between the agonist/antagonist groups (p > 0.05, Welch ANOVA).  

Overall, long-term (6 h) stimulation of P2Rs with 10 µM BzATP and 2 mM ATP caused 

a significant increase in glial cell apoptosis compared to the control group. However, 

the increased apoptosis activated by BzATP could not be prevented by the P2X7R-

specific blocker.   
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Figure 4.15 Long-term (6 h) P2R activation triggered apoptosis in rat glial cells. Box plots 

represent the 25th and 75th percentiles. Each square represents the proportion of cells that 

were NucView 488-positive at the end of the 6 h time series acquisition in each experimental 
replicate (duplicates for each rat culture, total of eight experiments). The black horizontal lines 

represent the median percentage of NucView 488-positive cells in each group, whiskers 

represent the 10-90th percentiles, and the mean is represented by open triangles. 

A) Proportion of cells that were NucView 488-positive at the end of the 6 h recording period 

after pre-incubation with the pro-apoptotic kinase inhibitor staurosporine (100 nM for 3 h). B) 

Proportion of cells that were NucView 488-positive at the end of the 6 h recording period whilst 

cells were incubated with ECS-only (control), BzATP (10 µM), BzATP (10 µM) with the P2X7R 

inhibitor A-740003 (1 µM), or ATP (2 mM). There were significant differences between all test 
groups and ECS-only group (*p < 0.05, **p < 0.01, Welch ANOVA). Representative results of 

n = four rat cultures (P11-P12 + 3 DIV).  
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4.3 Discussion 

This chapter investigated whether spiral ganglion primary cultures are a valid 

preparation to study glial purinergic signalling. In spiral ganglion primary cultures from 

rat cochleae, P2Y and P2X receptor agonists induced increases in [Ca2+]i, suggesting 

the activation of various distinct purinergic receptors. P2X7R activation and pore 

formation was confirmed with the YO-PRO-1 assay, where BzATP-activated dye 

uptake was observed in glial cells, which was reduced using a specific P2X7R 

antagonist.  

This chapter also investigated the consequences of P2R activation on the viability of 

dissociated cochlear glial cells in vitro. It seemed that the timeframe of P2R activation 

played a critical role in the downstream effects of this activation. Short-term exposure 

(1 h) to BzATP and ATP failed to cause a significant increase in the proportion of 

apoptotic glial cells. However, under more extreme conditions, such as longer-term 

exposure (6 h) to BzATP and ATP, a significant increase in the proportion of apoptotic 

glial cells in spiral ganglion primary cultures occurred.  

 

4.3.1 Spiral ganglion primary cultures from rats as a potential tool for in vitro 
studies of P2X7R function 

Using spiral ganglion primary cultures to functionally characterise P2X7Rs has 

advantages and disadvantages. Spiral ganglion primary cultures allowed study of 

endogenous P2X7R in peripheral glial cells. This is an advantage over using 

established cell lines of non-cochlear origin. It should be mentioned that culture 

conditions might affect P2X7R expression in primary cells. However, primary cultures 

from the GENSAT mice showed preservation of P2X7R expression in vitro.  

In all spiral ganglion primary cultures from rats, the predominant cell type present 

were glial cells. These labelled with anti-S100 and anti-Sox10 antibodies, and they 

were defined by a spindle-shaped morphology, a finding also reported for cells derived 

from the GENSAT mouse. Fibroblasts and SGNs were also found in these cultures, 

but in a smaller proportion. The glial-permissive conditions that were employed in this 

study may not be ideal for SGN longevity. When SGNs were present though, they 
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were often surrounded by glial cells, suggesting that these cell types still conserve 

some of their interactions in vitro.  

All functional experiments were performed with rat tissue, and could not be replicated 

in mice as the opportunity to use the tg lines came at the end of the project. A 

disadvantage of not doing these functional experiments with a reporter gene line is 

the added difficulty to distinguish a particular population of cells in live-imaging 

experiments. In live-imaging experiments of rat spiral ganglion primary cultures, the 

classification of glial cells was based on their spindle-shaped morphology in DIC 

images. This method, whilst not perfect, proved helpful when antibodies could not be 

used as markers. Going forward, using primary cultures from the EGFP reporter lines 

presented here and/or purifying these EGFP expressing cells would overcome some 

of these downsides.  

 

4.3.2 ADP- and UTP-mediated changes in [Ca2+]i in glial cells from rat spiral 
ganglion primary cultures confirmed the activation of various P2Y 
receptors 

Single-cell calcium imaging assessed whether rat spiral ganglion primary cultures 

would be suitable for functional purinergic receptor characterisation. Analysis of 

single-cell responses to ADP and UTP in dissociated glial cells from juvenile rats 

revealed an increase in [Ca2+]i. Transient changes in [Ca2+]i observed with ADP and 

UTP in the absence of Ca2+ in the extracellular solution confirmed that the changes 

recorded in [Ca2+]i were originated from the intracellular stores, ruling out the 

involvement of ionotropic P2XRs in these responses.  

A high proportion of glial cells responded to different concentrations of ADP with a 

transient increase in [Ca2+]I, suggesting that dissociated glial cells might express 

P2Y1R. P2Y1R immunofluorescence had been identified before in rat cochlear glial 

cells from P6 onwards (Huang et al., 2010). Changes in [Ca2+]i elicited by UTP were 

observed with all the concentrations tested, again suggesting that the responses were 

mediated by P2YRs, most likely P2Y2R, P2Y4R and/or P2Y11R. Immunofluorescent 

detection of P2Y4Rs has been reported before in rat cochleae after hearing onset 

(Huang et al., 2010), but the results here suggested that P2Y4Rs might be expressed 
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earlier in development. P2Y2R expression had been reported elsewhere in the 

cochlea, but not in glial cells (Horváth et al., 2016; Huang et al., 2010).  

It became clear that it is complex to resolve exactly which P2YRs are expressed in 

cochlear glial cells based only on calcium imaging. RT-PCR may be an additional 

technique to decipher P2YR expression at different stages. It is important to identify 

which purinergic receptors are expressed in each cell type, to gain a clearer picture 

of the mechanisms involved in the normal functioning of the cochlea. The 

physiological consequences of activating P2YRs in cochlear glial cells is not yet 

known. A comprehensive analysis of all the elements of such a purinergic signalling 

complex in the cochlea is therefore necessary. 

 

4.3.3 BzATP-mediated changes in [Ca2+]i and YO-PRO-1 uptake demonstrated 
functional P2X7Rs in glial cells from rat spiral ganglion primary 
cultures 

BzATP elicited instantaneous changes in [Ca2+]i in a large proportion of glial cells. The 

mean response was small, but persistent while the agonist was present in the bath. 

This is consistent with P2X7Rs being rapidly permeable to Ca2+ when stimulated, and 

the subsequent formation of a pore that allows the entry of Ca2+ and larger molecules 

(see below). P2X7Rs are resistant to desensitisation (North, 2002) and the BzATP-

mediated responses shown here reflected a constant entry of Ca2+ into the cells. 

These responses would potentially be larger in magnitude with higher Ca2+ 

concentrations in the extracellular solution (LDV-ECS only had 0.3 mM Ca2+). When 

Ca2+ was removed from the extracellular solution there was a significant decrease in 

the number of glial cells responding to BzATP, suggesting that BzATP was acting on 

Ca2+ permeable P2XRs. The few cells that responded to BzATP in the absence of 

Ca2+ might have displayed receptor-mediated or spontaneous intracellular Ca2+ 

release. It is plausible that BzATP activated other purinergic receptors with lower 

affinity (e.g. P2X1R, P2X3R , P2Y11R).  

The YO-PRO-1 uptake assay was used as a well-established readout of P2X7R pore 

formation. BzATP increased significantly the number of cells that were capable of dye 

uptake. The significant reduction in YO-PRO-1-positive cells when treated with A-

740003 compared to those treated with BzATP-only showed that some portion of the 
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BzATP-activated uptake was P2X7R-dependent. The mean rate of YO-PRO-1 uptake 

was also significantly decreased in cells treated with A-740003. However, the 

individual rates of YO-PRO-1 uptake were scattered, and different populations were 

evident (i.e. slow vs fast rates) in all experimental groups, suggesting that several 

parallel mechanisms may be operating in these cultures.  

Despite demonstrating P2X7R-dependent pore formation in cochlear glial cells, the 

underlying mechanism remains open to debate. Two mechanisms have been 

proposed for pore formation, a conformational change of the P2X7R (Browne et al., 

2013), or through the coupling of these receptors to Panx1 channels (Khakh & North, 

2012). An antibody against Panx1 was used to localise Panx1 in the cochlea using 

immunofluorescence (data not shown). Panx1 immunofluorescence was detected in 

the spiral ganglion but it proved impossible to ascertain in which cell type the Panx1 

channels were localised. Further experiments are required to elucidate the 

mechanism employed by P2X7Rs in cochlear glial cells to form pores, for instance 

using Panx1-null mice. Pore formation has the potential to provide a dual role for 

P2X7Rs. Brief stimulation causes P2X7Rs to be permeable to cations, preferably Ca2+ 

(Khakh & North, 2012; North, 2002). Prolonged activation causes pore formation, 

which allows the influx of large molecules, but it may also allow molecules to be 

released (North, 2002). Therefore, it may be of interest for the development of 

therapeutic approaches for auditory nerve preservation to further study how these 

channels behave, and to determine which molecules enter and/or exit the cell when 

these pores form in the glial cells.  

 

4.3.4 Low divalent cation concentration in the extracellular solution disrupts 
cell membrane upon P2R activation in glial cells 

Some functional experiments involving P2X7Rs are performed in solutions that 

contain low concentrations of divalent cations, as these can negatively modulate 

P2X7Rs (Hanley et al., 2012; Salas et al., 2013; Song et al., 2015; Virginio, 

Mackenzie, et al., 1999; Yan, Khadra, Sherman, & Stojilkovic, 2011). This condition 

allows the measurement of maximal receptor activation. However, it is hard to 

envision a situation in vivo where divalent cation concentrations are so low. Cell 

membrane integrity after transient (20 min) activation with BzATP and ATP diluted in 

LDV-ECS or ECS was assessed with Image-iT DEAD Green. The proportion of 
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Image-iT DEAD Green-positive cells was significantly higher when BzATP and ATP 

were diluted in LDV-ECS compared with the agonists diluted in ECS. The increase in 

Image-iT DEAD Green-positive cells in the LDV-ECS groups might be explained by 

the fact that BzATP and ATP effects were potentiated in the absence of divalent 

cations. However, there was also an unexpectedly high level of cell permeability under 

agonist-free conditions in LDV-ECS, suggesting the absence of divalent cations alone 

could be cytotoxic. For these reasons, agonist were diluted in ECS for subsequent 

live-imaging experiments.  

 

4.3.5 P2R-mediated apoptosis under extreme conditions in glial cells from 
rat spiral ganglion primary cultures 

There is little consensus on what the roles of P2X7Rs are in vivo. These roles seem 

to depend on many factors, such as cell type, agonist concentration, and the 

timeframe of exposure to the agonists. On one hand, some authors argue that 

P2X7Rs are involved in proliferation and in protective mechanisms (Chen et al., 2008; 

Díaz-Hernandez et al., 2008; Faroni et al., 2014; Monif, Reid, Powell, Smart, & 

Williams, 2009; Song et al., 2015; just to name a few). But on the other hand, P2X7R 

mediated cell death has been reported in several types of cells, such as Schwann 

cells (Luo et al., 2013), macrophages (Hanley et al., 2012), oligodendrocytes 

(Domercq et al., 2010), and astrocytes (Salas et al., 2013) among others.  

This study investigated for the first time both the effects of shorter and longer P2R 

activation in dissociated glial cells from the auditory nerve. Using live-cell imaging, 

short-term (1 h) activation of P2Rs with 10 µM BzATP, 500 µM ATP or 2 mM ATP did 

not cause an increase in apoptosis. By contrast, live-cell imaging showed that longer-

term (6 h) stimulation of dissociated glial cells with 10 µM BzATP and 2 mM ATP 

significantly increased the proportion of apoptotic cells. The mechanism of cell death 

observed in all groups was characteristic of apoptosis. The first detectable sign was 

cell retraction, followed by dynamic membrane blebbing and finally apoptosis was 

confirmed with NucView 488 immunofluorescence as a reporter of caspase-3/7 

activation. Although there is not currently enough evidence to confirm that apoptosis 

was P2X7R-dependent, it seems possible, particularly as a high ATP concentration 

was required to induce significant cell death. It is likely that ATP may have been acting 

on numerous cell receptors though, as demonstrated by the presence of certain P2Y 
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receptors in these cells. There was a slight (but non-significant) reduction of apoptosis 

in cells treated with A-740003 + BzATP compared with the cells treated with BzATP-

only. Higher concentrations of this antagonist might be needed to reduced apoptosis 

in these types of long-term experiments, but this may reduce its specificity. The lack 

of agonist specificity (both for BzATP and ATP) may also lead to other P2Rs 

contributing to the observed effects.  

A new paradigm was designed here, in which long-term stimulation of P2Rs could 

trigger apoptosis in dissociated cochlear glial cells in vitro. NucView 488 allowed the 

detection of apoptotic cells in real time in live-cells. This method represents an 

innovative alternative to study apoptosis in different cell types in the cochlea. P2R 

activation, most likely P2X7R activation, was eventually lethal to cells, presumably 

due to massive perturbations of ion homeostasis and pore formation. It is well known 

that prolonged activation of P2X7Rs leads to the formation of large transmembrane 

pores resulting in the movement of solutes across membranes, which could also 

trigger cell death (reviwed by Adinolfi et al., 2005; Di Virgilio, Schmalzing, & 

Markwardt, 2018). It could be possible that the extent of pore formation reaches a 

critical level with a certain concentration of agonist that the leakage of intracellular 

contents becomes so severe in some cells that they enter cell death. One key 

candidate may be ATP itself, which could perpetuate further purinergic activation in 

nearby cells. 

Given that these findings from dissociated cochlear glial cells in vitro, the results 

should be viewed with caution. In spiral ganglion primary cultures, the physical 

proximity of SGNs and glial cells is mainly lost, and therefore these results are not 

100% representative of the in vivo situation. These results focus on the response of 

cochlear glial cells to certain experimental scenarios, but they do not assess how 

neurons and glial cells would mediate a two-way communication under these same 

conditions. Therefore, similar experiments should be replicated in preparations where 

SGNs and glial cell interactions are more intact, such as in spiral ganglion explants.   
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4.3.6 ATP sources in the cochlea 

ATP has been proposed to act as a neurotransmitter or a neuromodulator in the 

auditory system (Berekméri, Szepesy, Köles, & Zelles, 2019; Housley et al., 2002; 

Housley & Gale, 2010; Housley, 2000). However, this is the first report that suggests 

that long-term exposure to P2R agonists can cause apoptosis in cochlear glial cells 

in vitro. One might ask under which situations ATP levels can become high enough 

to activate P2X7Rs in vivo. ATP concentrations in the cochlea are normally in the 

nanomolar range (Muñoz, Thorne, Housley, & Billett, 1995), but noise exposure can 

increase ATP levels in the cochlear fluids (Muñoz, Kendrick, Rassam, & Thorne, 

2001). In addition, ATP released by injuries (e.g. noise exposure and trauma) could 

induce further ATP release (ATP-induced ATP release; Ceriani et al., 2016). Another 

source of ATP might be the SGNs, as suggested for other peripheral neurons (Zhang 

et al., 2007), and the extracellular space between neurons and glial cells is so small 

that would facilitate the accumulation of ATP. Altogether, these effects could 

contribute to ATP concentrations rising, possibly high enough to activate P2X7Rs in 

cochlear glial cells. In the organ of Corti, ATP released after injury increases Ca2+ 

levels via Ca2+ waves synchronised across long distances via purinergic receptors 

(Gale, Piazza, Ciubotaru, & Mammano, 2004; Lahne & Gale, 2010; Mammano, 2013; 

Piazza et al., 2007; Sirko et al., 2019). Similar Ca2+ waves may function as early 

detectors of cochlear injury in glial cells as well.  

When considering ATP levels in the cochlea, the nucleotide- and nucleoside-

converting ectoenzymes also need to be considered, as they maintain ATP within low 

nanomolar concentrations in cochlear fluids under normal circumstances, and thus 

regulate P2 receptor signalling pathways (O’Keeffe, Thorne, Housley, Robson, & 

Vlajkovic, 2010; Vlajkovic, Thorne, Sévigny, Robson, & Housley, 2002; Vlajkovic et 

al., 2006; Yegutkin, 2008). Some of these enzymes can be up-regulated after noise 

exposure (O’Keeffe, Thorne, Housley, Robson, & Vlajkovic, 2010; Vlajkovic et al., 

2006). Therefore, a combination of events are required to reach high ATP values in 

the cochlea. Perhaps the “perfect storm” would rely on the dysregulation or 

desynchronization of several of these processes. 
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Chapter 5 Further investigation of synaptic 
P2X7 receptors in the rat cochlea 

 

5.1 Introduction 

The immunofluorescence experiments on rat cochlea (Chapter 3) confirmed the 

observations of Nikolic and colleagues of apparent P2X7R expression within the 

synaptic region of IHCs and OHCs (Nikolic et al., 2003). This chapter describes further 

investigation of this observation, in order to identify the specific cellular structures 

involved. Aisha Warsame carried out some of these experiments under my 

supervision during her MSc Audiological Science project. 

 

5.1.1 Evidence of synaptic P2X7Rs 

Electron microscopy has revealed P2X7R immunoreactivity in neuronal presynaptic 

terminals in excitatory neurons of the medulla oblongata and spinal cord (Deuchars 

et al., 2001). P2X7 was mainly localised adjacent to the membrane, but also in the 

cytoplasm of terminals, concordant with trafficking of the receptor to its final site. No 

P2X7R immunoreactivity was detected in the plasma membrane of neuronal cell 

bodies or dendrites, suggesting that it was only targeted to the presynaptic 

membrane. Within the same study, P2X7R immunoreactivity was also present in 

myelinating SCs in the neuromuscular junction (Deuchars et al., 2001). 

Pharmacological activation of P2X7Rs with BzATP in presynaptic terminals was 

associated with glutamate release and excitation of postsynaptic terminals, 

suggesting that P2X7Rs play a role in enhancing neurotransmitter release (Deuchars 

et al., 2001). Similar findings were also observed in hippocampal neurons, where 

BzATP and ATP activated P2X7Rs present in presynaptic terminals of excitatory 

neurons and regulated the release of glutamate (Sperlágh et al., 2002). 
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In the cochlea, the only evidence of P2X7R expression in the synaptic regions below 

the IHCs and OHCs came from Nikolic and colleagues, where they detected P2X7R 

immunofluorescence in presumptive afferent and/or efferent fibres contacting the hair 

cells (Nikolic et al., 2003). This data supports the hypothesis that P2X7Rs may play a 

role in cochlear synaptic transmission.  

 

5.1.2 Receptor targeting to small structures - measures of co-localisation 

The approach of this part of the study was to identify specific neural structures using 

characterised markers, and to determine whether P2X7R immunofluorescence was 

coincident with that signal. Co-localisation is described as the co-occurrence of two 

proteins that overlap, as well as their co-distribution in proportion to one another within 

and between structures (Bolte & Cordelières, 2006; Dunn et al., 2011). Pearson’s 

correlation coefficient (PCC) quantifies the degree to which the variability in two 

images with different pixel intensities can be explained with a simple linear 

relationship between the two. PCC values range from -1 to 1, with 1 indicating two 

channels whose fluorescence intensities are linearly related (positive correlation), and 

-1 for two channels whose fluorescence intensities are inversely related one to 

another (negative correlation), and 0 standing for no correlation. Signal and 

background levels do not affect this coefficient, making it a simple method of 

quantification. Mander’s correlation coefficient (MCC) measures the fraction of one 

fluorescent channel that co-occurs coincident with the fluorescence of the second 

channel, independent of signal levels. M-values range from 0 to 1, with 0 values 

reflecting two channels that are mutually exclusive (i.e. with no overlap at all), and 1 

reflecting 100% co-localisation between both channels.  
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5.2 Results 

5.2.1 P2X7Rs localise to cochlear efferent boutons but not afferent boutons 

As described in Chapter 3, large puncta of P2X7R immunofluorescence were 

detected below the hair cells in rat cochlear sections. In agreement with previous 

findings, immunofluorescent detection of P2X7R clusters in the region of synaptic 

contacts with the hair cells suggested that this purinergic receptor is expressed 

densely in afferent and/or efferent terminals (Nikolic et al., 2003). Specific synaptic 

markers were used here to investigate whether these receptors were expressed in 

afferent and/or efferent terminals. CtBP2 is the main component of the pre-synaptic 

ribbon present in the IHCs, and GluR2 is a post-synaptic afferent marker that labels 

AMPA receptor clusters present in the neurites of type I SGNs (Meyer et al., 2009). 

In P14 rat cochleae, P2X7R immunofluorescence did not co-localise qualitatively with 

either CtBP2 (Figure 5.1A) or GluR2 (Figure 5.1B), suggesting that P2X7Rs are not 

associated with afferent synaptic machinery. 

 

 
Figure 5.1 Afferent terminal markers failed to co-localise with P2X7R-immunopositive 
clusters in rat organ of Corti. A) IHC (arrowhead) region in a P14 rat cochlear section. Anti-
CtBP2 labelling (magenta) was observed in the IHC pre-synaptic ribbons and nuclei, but it 

failed to co-localise with anti-P2X7R immunofluorescence (green). Cell nuclei were stained 

using DAPI (blue). B) In another P14 rat cochlear section, AMPA receptors present in the 

postsynaptic membrane of type I SGNs were labelled using anti-GluR2 (magenta). GluR2 and 

P2X7Rs did not co-localise. Representative images from two rats are shown. Scale bars: 

10 µm.   
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Next, an anti-synaptophysin (SYP) antibody was used to investigate whether P2X7Rs 

were expressed in efferent pre-synaptic terminals. SYP is an integral membrane 

protein abundantly expressed in small pre-synaptic vesicles. It has been used as a 

marker for sites of synaptic transmission in the efferent olivocochlear system 

innervating IHCs and OHCs (Gil-Loyzaga & Pujol, 1988). In the juvenile rat cochlea 

(P14), SYP immunofluorescence was detected in MOC efferent fibres that synapse 

with OHCs. P2X7R immunofluorescence in the synaptic region below the OHCs co-

localised qualitatively with SYP, suggesting that P2X7Rs associate closely with the 

pre-synaptic vesicles of MOC efferent fibres that make axo-somatic synapses with 

the OHCs (Figure 5.2A-C). P2X7R immunofluorescence was also observed in the 

synaptic region below IHCs, though the signal was more dispersed in comparison with 

that in the large clusters below OHCs. SYP immunofluorescence co-localised with 

P2X7R signal, suggesting that P2X7Rs are present in the LOC efferent fibres that 

make axo-dendritic synapses with afferent neurites of type I SGNs (Figure 5.2D-F).  

 

 
Figure 5.2 P2X7R immunofluorescence localised to SYP-labelled efferent pre-synaptic 
terminals in rat cochlear sections. A) P2X7R immunofluorescence (green) was detected in 

the synaptic region below the three rows of OHCs. Cell nuclei were labelled with DAPI (blue). 

Image acquired with Airyscan. B) Same region as in A with anti-SYP (magenta) labelling the 

MOC efferent fibres that synapse with the OHCs. C) Image A and B merged to show P2X7R 
immunofluorescence co-localising with SYP below the OHCs. D) Image of an IHC 
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(arrowhead). Clusters of P2X7R immunofluorescence detected in the synaptic area below the 

IHCs. Image acquired with Airyscan. E) Same region as in D with anti-SYP labelling the pre-

synaptic LOC efferent fibres. E) Images in D and E merged to show the co-localisation of 

P2X7R and SYP below the IHC. Images representative of at least three P14 rats are shown. 

Scale bars: 10 µm.  

 

5.2.2 P2X7R- and SYP-immunopositive clusters are only detected after the 
first postnatal week on OHCs 

To further investigate the co-localisation of P2X7R and SYP immunofluorescence 

cochlear whole mounts were used for immunolabelling (Figure 5.3A). This preparation 

allowed several hair cells to be imaged concurrently. Imaging was carried out from 

the hair cell apical surface (Figure 5.3B) downwards to the synaptic region, where 

P2X7R and SYP immunofluorescence were co-localised (Figure 5.3C).  

 

 
Figure 5.3 P2X7R and SYP immunofluorescence co-localisation in cochlear whole 
mount preparations. A) Low power image (10X) of a cochlear whole mount preparation from 
a middle turn of a P14 rat. Anti-P2X7R immunofluorescence (green) was detected in the 

peripheral neurites (PN), in the spiral ganglion (SG), and in clusters beneath the hair cells. 

Anti-SYP (magenta) immunofluorescence was detected in the pre-synaptic efferent terminals. 

Cell nuclei were labelled with DAPI (blue). Maximum projection of a 48 µm stack. B) Higher 

power image (63X magnification) of the apical surface of the hair cells. Phalloidin (greyscale) 

labelled the stereocilia and the cuticular plate of the IHCs and the OHCs, and apical regions 

of the inner and outer pillar cells. Maximum projection of a 40 µm stack. C) High power image 

(63X magnification) of the synaptic region below the OHCs in image B. Anti-P2X7R 
immunofluorescence was detected in clusters below the OHCs and it co-localised with anti-

SYP immunofluorescence. Images representative of at least three animals are shown. Scale 

bars: A = 100 µm; B-C = 10 µm.   
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To determine the developmental onset of efferent P2X7R expression, cochlear whole 

mount preparations were prepared from basal, middle and apical turns at different 

postnatal days (P0, P7, P14, P21). In P0 whole mount preparations, P2X7R 

immunofluorescence only co-localised with SYP around the IHCs (Figure 5.4A and 

B). Accordingly, efferent fibres are only present in IHCs at birth, and around a week 

later they can be also be found in OHCs (Bulankina & Moser, 2012). By P7, SYP 

immunofluorescnce was detected in both IHCs and OHCs, but P2X7R signal was 

quite faint (Figure 5.4C and D). During the early postnatal development there was little 

co-localisation of P2X7R and SYP immunofluorescence. 

 

 
Figure 5.4 SYP and P2X7R staining in the immature innervation of rat cochlea. A) High 
magnification image (63X) of the hair cell nuclei in the basal turn of a P0 rat whole mount 

preparation. DAPI staining (blue) labelled nuclei of hair cells and supporting cells. Maximum 

projection of a 6.5 µm stack. B) Synaptic region below the hair cells from A. P2X7R (green; 

shown in B’) and SYP (magenta; shown in B’’) immunofluorescence co-localised below the 

IHCs. C) Nuclei in the apical turn of a P7 rat whole mount. Maximum projection of a 9 µm 

stack. D) Synaptic region below the hair cells presented in C. P2X7R immunofluorescence 

(shown in D’) was very faint. SYP immunofluorescence (shown in D’’) was present below the 

IHCs and OHCs. Images representative of three animals are shown. Scale bars: 10 µm.  
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In P14 rat whole mount preparations (i.e. just after hearing onset), P2X7R and SYP 

immunofluorescence were detected in distinct clusters below OHC in all three rows 

(Figure 5.5A and B), and in the synaptic area below the IHCs. By P21, P2X7R and 

SYP immunofluorescence also co-localised within efferent terminals below the OHC 

and IHCs (Figure 5.5C and D).  

 

 
Figure 5.5 Co-localisation of P2X7R and SYP immunofluorescence in efferent terminals 
of the hearing rat cochlea. A) High magnification image (63X) of DAPI staining (blue) 

labelling the hair cell nuclei in a whole mount preparation of the basal turn from a P14 rat. 

Maximum projection of a 15 µm stack. B) Synaptic region below the hair cells in A. P2X7R 

(green; shown in B’) and SYP (magenta; shown in B’’) immunofluorescence were detected in 

clusters below each OHC in all three rows. C) High magnification hair cell nuclei in a whole 
mount preparation of the middle turn from a P21 rat. D) Synaptic region below the hair cells 

presented in C. P2X7R (shown in D’) and SYP (shown in D’’) immunofluorescence co-localised 

in the synaptic regions below the IHCs and OHCs. Images representative of at least three 

animals are shown. Scale bars: 10 µm.    
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Orthogonal projections of whole mount preparations from P14 cochleae allowed 

inspection of these clusters in more detail. The majority of P2X7R- and SYP-

immunopositive clusters were located below the OHC nuclei (Figure 5.6, white 

arrowheads). However, some clusters were also detected above the OHC nuclei 

(Figure 5.6, yellow arrowheads). These findings are in agreement with previous work 

that reported a minority of the MOC efferent terminals contacting the lateral 

membrane of the OHCs above their nuclei (Liberman et al., 1990).  

 

 
Figure 5.6 P2X7R- and SYP-immunopositive clusters above and below OHC nuclei. 
A-B) Orthogonal (XZ) projections of the third and second row of OHCs from the whole mount 

preparation presented in Figure 5.5A. Hair cell stereocilia and cuticular plates were labelled 
with phalloidin (cyan), and cell nuclei were labelled with DAPI (blue). Most P2X7R- and SYP-

immunopositive (green and magenta, respectively) clusters were detected besides and/or 

below the nuclei of OHCs (white arrowhead). A small proportion of clusters were also detected 

above the nuclei of OHCs (yellow arrowhead). C-E) Orthogonal (YZ) projections of the whole 

mount preparation from Figure 5.5A. Phalloidin labelled the stereocilia and cuticular plate of 

the IHC (white arrow) and OHCs, and pillar cells (yellow arrow). The majority of P2X7R and 

SYP immunofluorescence was localised in efferent terminals below and/or adjacent to the 

OHC nuclei (white arrowhead), but some clusters were also detected above the nuclei (yellow 
arrowhead). Images representative of at least three animals are shown. Scale bars: 10 µm.   
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5.2.3 High-resolution imaging of the efferent terminals in rat whole mount 
preparations 

Airyscan imaging allowed high-resolution examination of the efferent terminals, and 

subsequent quantitative assessment of P2X7R and SYP co-localisation. Imaging of 

the three rows of OHCs revealed P2X7R-immunopositive clusters below the OHCs, 

which co-localised with anti-SYP (Figure 5.7A-C). High-resolution imaging confirmed 

that P2X7Rs are associated with the pre-synaptic terminals of MOC efferent fibres 

that form axo-somatic synapses with OHCs. Airyscan imaging of the synaptic region 

below the IHCs revealed P2X7R- and SYP-immunopositive clusters (Figure 5.7D-F), 

confirming that P2X7Rs are expressed in the pre-synaptic terminals of LOC efferent 

fibres that form axo-dendritic synapses with type I SGNs. 

 

 
Figure 5.7 Airyscan imaging confirmed P2X7R and SYP immunofluorescence co-
localisation in efferent terminals. A) High magnification (63X) and high-resolution (Airyscan) 

imaging of the synaptic area below the OHCs from the middle turn of a P14 rat whole mount 

preparation. P2X7R (green) immunofluorescence was detected in clusters. B) Same region 

as in A with anti-SYP (magenta) labelling the pre-synaptic terminals of the MOC efferent fibres. 
C) Image A and B merged to show co-localisation of P2X7R and SYP immunofluorescence. 

D) High magnification (63X) and high-resolution (Airyscan) imaging of the synaptic area below 

the IHCs. P2X7R immunofluorescence was detected in smaller and scattered clusters. 

E) Same region as in D with anti-SYP labelling LOC efferent fibres. F) Image D and E merged 

together to show co-localisation of P2X7R and SYP immunofluorescence. Images 

representative of two P14 rats are shown. Scale bars: 10 µm.  
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High-resolution images of P2X7R- and SYP-immunopositive clusters allowed 

construction of fluorescence intensity profiles. These plots consisted of a line scan 

through individual clusters, representing the fluorescence intensity of P2X7R and SYP 

measured along the length of the vector. Fluorescence intensity profiles of the MOC 

clusters revealed an overlap of P2X7R and SYP signals across the length of the 

vector (Figure 5.8). However, some of the SYP curve lay outside the P2X7R 

fluorescence intensity curve. Similar results were observed with fluorescence intensity 

curves of the LOC clusters, which revealed the overlap of P2X7R and SYP signals 

across the length of the vector (Figure 5.9).  

 

 
Figure 5.8 P2X7R and SYP immunofluorescence intensity curves revealed co-
localisation in MOC efferent terminals. A line was drawn across individual clusters present 

below the OHCs to plot P2X7R and SYP immunofluorescence intensity measurements across 

the length of the vector. A) In an individual efferent pre-synaptic terminal contacting an OHC 

(shown in A’), P2X7R immunofluorescence profile (green trace) overlapped (grey area) with 

SYP immunofluorescence profile (magenta trace) across the length of the vector. Most of the 

P2X7R profile overlapped with the SYP profile. However, only part of the SYP profile 
overlapped with the P2X7R profile. B) Immunofluorescence intensity curves of another efferent 

terminal present below an OHC (shown in B’). Representative results from one juvenile rat 

(P14) are shown.   
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Figure 5.9 P2X7R and SYP immunofluorescence intensity curves revealed co-
localisation in LOC efferent terminals. A line was drawn across some clusters present 

below the IHCs to plot P2X7R and SYP fluorescence intensity measurements across the 

length of the vector. A) In efferent pre-synaptic terminals contacting an IHC (shown in A’), 

P2X7R immunofluorescence profile (green trace) overlapped (grey area) with SYP 

immunofluorescence profile (magenta trace) across the length of the vector. B) Fluorescence 

intensity curves of another efferent terminal present below an IHC (shown in B’). 

Representative results from one juvenile rat (P14) are shown.  

 

5.2.4 Pearson’s correlation coefficient confirms P2X7R and SYP co-
localisation in rat efferent terminals 

Quantitative co-localisation analysis was carried out to determine whether two 

proteins, in this case P2X7R and SYP, correlate with one another. These analyses 

were only performed at P14 and P21 because earlier in development the efferent 

terminals were not structurally mature. Clusters below the IHCs were scattered and 

smaller compared to those observed below the OHCs (compare Figure 5.7C with F). 

For this reason, further co-localisation analysis was only performed in OHC-

associated clusters.  

PCC quantifies the degree to which the variability in P2X7R and SYP pixel intensities 

can be explained with a simple linear relationship between the two. In whole mount 

preparations from P14 rats, PCC revealed a positive correlation between P2X7R and 

SYP immunofluorescence intensities across the three rows of OHCs (Figure 5.10A). 

When comparing across the three rows of OHCs from the basal, middle and apical 

turns differences in PCC were not significantly different (p > 0.05, one-way ANOVA), 



155 

suggesting there was no tonotopic relationship. Therefore, for each cochlear turn the 

mean PCC value for the three rows of OHCs was used in the next analysis.   

As a control, PCC was quantified for the same images but after rotation of P2X7R 

images by 90 degrees to the right, a condition in which only random co-localisation 

would be observed. In all three cochlear turns, in the 90 degrees control group PCC 

values (mean across the three rows of OHCs) were close to 0, indicating no 

correlation between P2X7R and SYP immunofluorescence profiles (Figure 5.10B). 

The mean PCC value for the three rows of OHCs in the basal turn (0.81 ± 0.01) was 

significantly different from the mean PCC value for the same OHCs but with the 

P2X7R images rotated 90 degrees (-0.01 ± 0.01; p < 0.0001, two sample t-test). The 

mean PCC value in the middle turn (0.78 ± 0.01) was significantly different from the 

mean PCC value with P2X7R images rotated 90 degrees (0.00 ± 0.01; p < 0.0001, 

two sample t-test). The mean PCC value in the apical turn (0.78 ± 0.00) was 

significantly different from the PCC value with P2X7R images rotated 90 degrees 

(-0.02 ± 0.00; p < 0.0001, two sample t-test). PCC confirmed that P2X7R- and SYP-

immunopositive clusters were co-localising more often than they would by chance.  

 

 
Figure 5.10 Pearson’s correlation coefficient confirmed P2X7R and SYP co-localisation 
in efferent terminals under the OHCs at P14. A) In whole mount preparations from P14 rats, 

PCC showed a positive correlation of P2X7R and SYP immunofluorescence in all three rows 

of OHCs in basal (grey), middle (red) and apical (blue) turns. When comparing PCC across 

the three rows of OHCs from the basal, middle and apical turns differences in PCC were not 

significantly different (p > 0.05; one-way ANOVA). B) For the basal, middle and apical turns 
mean PCC values across the three rows of OHCs were significantly different from the 90 

degree control group for each turn (****p < 0.0001; two sample t-test). Data are mean ± SEM 

of n = 4 P14 rats for BT, 3 P14 rats for MT; 2 P14 rats for AT.  
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In whole mount preparations from P20-P21 rats, PCC revealed a positive correlation 

between P2X7R and SYP fluorescence intensities (Figure 5.11A). When comparing 

PCC across the three rows of OHCs from the basal, middle and apical turns 

differences in PCC were not significantly different (p > 0.05, one-way ANOVA). 

Therefore, for each cochlear turn the mean PCC value across the three rows of OHCs 

was used in the next analysis. In the 90 degrees control group PCC values were close 

to 0, indicating no correlation between P2X7R and SYP immunofluorescence profiles 

(Figure 5.11B). The mean PCC value for the three rows of OHCs in the basal turn 

(0.79 ± 0.02) was significantly different from the mean PCC value with the P2X7R 

images rotated 90 degrees (0.00 ± 0.00; p < 0.0001, two sample t-test). The mean 

PCC value in the middle turn (0.75 ± 0.01) was significantly different from the mean 

PCC value with P2X7R images rotated 90 degrees (0.01 ± 0.00; p < 0.0001, two 

sample t-test). The mean PCC value in the apical turn (0.83 ± 0.05) was significantly 

different from the mean PCC value with P2X7R images rotated 90 degrees 

(0.01 ± 0.00; p < 0.0001, two sample t-test). PCC confirmed that P2X7R- and SYP- 

clusters were co-localising more often than just by chance in P20-P21 rats.  

 

 
Figure 5.11 Pearsons correlation coefficient confirmed P2X7R and SYP co-localisation 
in efferent terminals under the OHCs at P20-P21. A) In whole mount preparations from P20-

P21 rats PCC showed a positive correlation of P2X7R and SYP immunofluorescence in all 

three rows of OHCs in basal (grey), middle (red) and apical (blue) turns. When comparing 

PCC across the three rows of OHCs from the basal, middle and apical turns differences in 

PCC were not significantly different (p > 0.05; one-way ANOVA). B) For the basal, middle and 

apical turns mean PCC values across the three rows of OHCs were significantly different from 

the 90 degree control group for each turn (****p < 0.0001; two sample t-test). Data are mean 
± SEM of n = 4 P20-P21 rats for BT, 8 P20-P21 rats for MT, 2 P20-P21 rats for AT.  



157 

PCC was also measured in the bleed-through controls. The SYP control experiment 

used a whole mount sample that was only incubated with the anti-SYP primary 

antibody and the correspondent secondary antibody but the samples were imaged 

using both AlexaFluor 488 and AlexaFluor 555 channels. The reverse was done for 

the P2X7R control experiment. PCC values in the SYP bleed-through control were 

< 0.07 at P14 and < 0.04 at P21. On the other hand, PCC values in the P2X7R bleed-

through control were < 0.02 at P14 and < 0.01 at P21. Overall, the data suggested 

that P2X7R and SYP co-localised in pre-synaptic efferent terminals in juvenile and 

young adult rat cochlear whole mount preparations and no bleed-through was 

observed.  

 

5.2.5 Mander’s correlation coefficient confirms P2X7R and SYP co-
localisation in rat efferent terminals 

Another method to quantify co-localisation is with MCC. Here, M1 values represent 

the fraction of the SYP channel in compartments containing the P2X7R channel, 

whilst M2 values represent the fraction of P2X7R channel in compartments containing 

the SYP channel. In whole mounts preparations from P14 rats, M1 values revealed a 

strong correlation between P2X7R and SYP, with the majority of the SYP channel in 

compartments containing the P2X7R channel (Figure 5.12A). When comparing M1 

values across the three rows of OHCs from the basal, middle and apical turns 

differences in M1 values were not significantly different (p > 0.05, one-way ANOVA). 

The mean M1 value for the three rows of OHCs was used in the next analysis.  

As a control, M1 values were quantified for the same images but after rotation of 

P2X7R images by 90 degrees to the right, a condition in which only random co-

localisation was observed (Figure 5.12B). The mean M1 value for the three rows of 

OHCs in the basal turn (0.87 ± 0.01) was significantly different from the mean M1 

value for the same OHCs but with P2X7R images rotated 90 degrees (0.72 ± 0.01; 

p < 0.01, two sample t-test). The mean M1 value in the middle turn (0.83 ± 0.04) was 

significantly different from the mean M1 value with P2X7R images rotated 90 degrees 

(0.68 ± 0.03; p < 0.01, two sample t-test). The mean M1 value in the apical turn 

(0.76 ± 0.01) was significantly different from the mean M1 value with P2X7R images 

rotated 90 degrees (0.60 ± 0.01; p < 0.01, two sample t-test). M1 values confirmed 
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that a large fraction of the SYP channel was found in compartments containing the 

P2X7R channel, more often that it would by random chance.  

M2 values reflected an even stronger correlation, with a larger fraction of the P2X7R 

channel in compartments containing the SYP channel (Figure 5.12C). When 

comparing M2 values across the three rows of OHCs from the basal, middle and 

apical turns differences in M2 values were not significantly different (p > 0.05, one-

way ANOVA). Therefore, the mean M2 value for the three rows of OHCs was used in 

the next analysis. The mean M2 value for the three rows of OHCs in the basal turn 

(0.88 ± 0.01) was significantly different from the mean M2 value for the same OHCs 

but with P2X7R images rotated 90 degrees (0.52 ± 0.01; p < 0.01, two sample t-test; 

Figure 5.12D). The mean M2 value in the middle turn (0.84 ± 0.01) was significantly 

different from the mean M2 value with P2X7R images rotated 90 degrees 

(0.43 ± 0.00; p < 0.01, two sample t-test). The mean M2 value in the apical turn 

(0.87 ± 0.01) was significantly different from the mean M2 value with P2X7R images 

rotated 90 degrees (0.60 ± 0.01; p < 0.01, two sample t-test). M2 values confirmed 

that a large fraction of the P2X7R channel was found in compartments containing the 

SYP channel, more often that it would by chance.  
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Figure 5.12 Mander’s co-localisation coefficient confirmed P2X7R immunofluorescence 
co-occurred with SYP immunofluorescence in MOC efferent terminals at P14. A) M1 

values indicated that the majority of the SYP channel co-occurred with the P2X7R channel in 

all three rows of OHCs in basal (grey), middle (red) and apical (blue) turns. When comparing 

M1 across the three rows of OHCs from the basal, middle and apical turns differences in M1 

were not significantly different (p > 0.05; one-way ANOVA). B) For the basal, middle and apical 
turns mean M1 values across the three rows of OHCs were significantly different from the 90 

degree control group for each turn. C) M2 values indicated that the majority of the P2X7R 

channel co-occurred with the SYP channel in all three rows of OHCs in basal, middle and 

apical turns. When comparing M2 across the three rows of OHCs from the basal, middle and 

apical turns differences in M2 were not significantly different (p > 0.05, one-way ANOVA). 

D) For the basal, middle and apical turns mean M2 values across the three rows of OHCs 

were significantly different from the 90 degree control group for each turn (****p < 0.0001, 
***p < 0.001, *p < 0.05; two sample t-test). Data are mean ± SEM of n = 4 P14 rats for BT, 3 

P14 rats for MT, 2 P14 rats for AT.  
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In whole mount preparations from P20-P21 rats, M1 values revealed a strong 

correlation between P2X7R and SYP, with the majority of the SYP channel in 

compartments containing the P2X7R channel (Figure 5.13A). When comparing M1 

across the three rows of OHCs from the basal, middle and apical turns differences in 

PCC were not significantly different (p > 0.05, one-way ANOVA), except for the M1 

value in OHC row 3 from the basal turn that was significantly different from the M1 

value in OHC row 3 from the apical turn (p < 0.05, one-way ANOVA). The mean M1 

value for the three rows of OHCs was used in the next analysis. The mean M1 value 

for the three rows of OHCs in the basal turn (0.85 ± 0.02) was significantly different 

from the mean M1 value for the same OHCs but with P2X7R images rotated 90 

degrees (0.62 ± 0.01; p < 0.01, two sample t-test; Figure 5.13B). The mean M1 value 

in the middle turn (0.80 ± 0.03) was significantly different from the mean M1 value 

with P2X7R images rotated 90 degrees (0.59 ± 0.04; p < 0.01, two sample t-test). The 

mean M1 value in the apical turn (0.64 ± 0.08) was significantly different from the 

mean M1 value with P2X7R images rotated 90 degrees (0.44 ± 0.04; p < 0.01, two 

sample t-test). M1 values confirmed that a big fraction of the SYP channel was found 

in compartments containing the P2X7R channel, more often that it would by chance.  

M2 values reflected an even stronger correlation (Figure 5.13C). When comparing M2 

values across the three rows of OHCs from the basal, middle and apical turns 

differences in M2 values were not significantly different (p > 0.05, one-way ANOVA). 

Therefore, the mean M2 value for the three rows of OHCs was used in the next 

analysis. The mean M2 value for the three rows of OHCs in the basal turn 

(0.86 ± 0.01) was significantly different from the mean M2 value for the same OHCs 

but with P2X7R images rotated 90 degrees (0.36 ± 0.00; p < 0.0001, two sample t-

test; Figure 5.13D). The mean M2 value in the middle turn (0.84 ± 0.00) was 

significantly different from the mean M2 value with P2X7R images rotated 90 degrees 

(0.43 ± 0.00; p < 0.0001, two sample t-test). The mean M2 value in the apical turn 

(0.84 ± 0.05) was significantly different from the mean M2 value with P2X7R images 

rotated 90 degrees (0.62 ± 0.01; p < 0.001, two sample t-test). Once more, M2 values 

confirmed that a large fraction of the P2X7R channel was found in compartments 

containing the SYP channel, more often that it would by chance.  
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Figure 5.13 Mander’s co-localisation coefficient confirmed P2X7R immunofluorescence 
co-occurred with SYP immunofluorescence in MOC efferent terminals at P20-P21. A) M1 

values indicated that the majority of the SYP channel co-occurred with the P2X7R channel in 

all three rows of OHCs in basal (grey), middle (red) and apical (blue) turns. When comparing 

M1 across the three rows of OHCs from the basal, middle and apical turns differences in M1 

were not significant (p > 0.05; one-way ANOVA). B) For the basal, middle and apical turns 

mean M1 values across the three rows of OHCs were significantly different from the 90 degree 
control group for each turn. C) M2 values indicated that the majority of the P2X7R channel co-

occurred with the SYP channel in all three rows of OHCs in basal, middle and apical turns. 

When comparing M2 across the three rows of OHCs from the basal, middle and apical turns 

differences in M2 were not significantly different (p > 0.05, one-way ANOVA). D) For the basal, 

middle and apical turns mean M2 values across the three rows of OHCs were significantly 

different from the 90 degree control group for each turn (****p < 0.0001, ***p < 0.001, 

**p < 0.01, *p < 0.05; two sample t-test). Data are mean ± SEM of n = 4 P20-P21 rats for BT, 

8 P20-P21 rats for MT, 2 P20-P21 rats for AT.   
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5.3 Discussion 

This chapter described co-localisation of P2X7R and SYP immunofluorescence in 

pre-synaptic terminals present in the MOC and LOC efferent fibres that contact OHCs 

and IHCs, respectively. These findings were observed with normal confocal imaging 

and were verified with high-resolution Airyscan imaging. To quantify this co-

localisation two correlation coefficients were used, which revealed a strong correlation 

between P2X7R and SYP immunofluorescent signals in young adult rats, suggesting 

that P2X7Rs might be involved in cochlear synaptic transmission. 

 

5.3.1 Immunofluorescence suggested P2X7R and SYP in efferent terminals 

P2X7R immunofluorescence in cochlear synaptic terminals has been observed before 

(Nikolic et al., 2003), though the authors could not be precise in their conclusions 

whether this was afferent or efferent. The work presented here in P14 rat cochlear 

sections also described P2X7R immunofluorescence in clusters below IHCs and 

OHCs synaptic region. These findings were exclusive to rat cochleae though, and 

were not observed in either of the transgenic mouse lines (Chapter 3), which might 

reflect a species difference. P2X7R immunofluorescence failed to co-localise with the 

afferent markers tested (CtBP2 and GluR2), suggesting that P2X7Rs are not 

expressed in afferent terminals. Instead, P2X7R immunofluorescence co-localised 

with SYP, which demonstrated the presence of P2X7Rs in pre-synaptic vesicles in 

efferent fibres. The data presented here described for the first time that P2X7Rs are 

only found in efferent terminals, but not in afferents as suggested before (Nikolic et 

al., 2003).  

To further explore P2X7R- and SYP-immunopositive clusters, whole mount 

preparations were used to image several hair cells concurrently. In P0 and P7 whole 

mount preparations faint P2X7R immunofluorescence was detected in IHCs and 

OHCs. SYP was predominantly detected in IHCs, in agreement with efferent fibres 

being immature at birth and reaching IHCs first and then OHCs a few days later 

(Bulankina & Moser, 2012; Simmons et al., 1996). In P14 and P21 whole mounts, 

P2X7R and SYP immunofluorescence were co-detected in the efferent fibres 

innervating IHCs and OHCs. Most clusters were present below and/or besides the 

OHC nuclei, but a few were also found above the nuclei, consistent with a minority of 
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efferent terminals contacting the lateral membrane of OHCs (Liberman et al., 1990). 

Airyscan imaging was used to visualise these small structures with higher resolution. 

Images revealed P2X7R and SYP co-localisation in efferent terminals innervating 

both IHCs and OHCs, and immunofluorescence intensity curves of these clusters 

corroborated the co-localisation observed in the images.  

 

5.3.2 Co-localisation analysis confirmed P2X7R and SYP co-localisation in 
hearing rats 

To determine the relationship between P2X7R and SYP signal intensities PCC was 

used. Analysis were performed on OHCs because clusters were bigger and less 

scattered compared to IHCs, and in whole mount preparations from hearing rats, as 

efferent terminals are adult-like by hearing onset. PCC values revealed a positive 

correlation (PCC values > 0.78 in P14, and > 0.75 in P20-P21 whole mounts) in OHC 

clusters labelled with P2X7R and SYP. PCC values were not significantly different 

across the three rows of OHCs in each cochlear turn, suggesting there was no 

tonotopic relationship. But they were significantly different from the controls (rotation 

of P2X7R images by 90 degrees), suggesting that P2X7R and SYP were co-localising 

more often than they would by just chance.  

MCC determined the fraction of one channel that co-occurred with the other. M1 

values revealed that most of the SYP signal was found in compartments containing 

the P2X7R (M1 values > 0.76 in P14, and > 0.64 in P20-P21 whole mounts). M2 

values revealed an even stronger correlation, with most of the P2X7R signal in 

compartments containing SYP (M2 values > 0.84 in P14, and > 0.84 in P20-P21 

whole mounts). All values were significantly different from their control (rotation of 

P2X7R images by 90 degrees), suggesting that P2X7R and SYP were co-localising 

more often than they would by chance. No tonotopic differences were observed 

between the three rows of OHCs across the basal, middle and apical turns.  

Overall, both coefficients demonstrated a strong correlation between P2X7R and SYP 

immunofluorescent signals, identifying that P2X7Rs are found in the pre-synaptic 

efferent terminals that contact IHCs and OHCs.   
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5.3.3 Role of P2X7R in efferent terminals of hearing rats 

The data presented here suggests that P2X7Rs play a role in cochlear synaptic 

transmission, but this potentially important result has not been confirmed using 

physiological techniques thus far. P2X7Rs would most likely modulate the 

olivocochlear efferent neural feedback, with consequent reduction in hearing 

sensitivity. ATP released by the supporting cells and/or hair cells under normal 

circumstances or the increased release of ATP after noise exposure (Muñoz et al., 

2001) could activate these P2X7Rs. Also, P2X7Rs could be acting as autoreceptors, 

mediating positive feedback from terminals as ATP can be co-released with other 

neurotransmitters (Sperlagh & Vizi, 1991). Calcium ions entering activated P2X7Rs 

could evoke ACh release, which in turn would inhibit cochlear functions. P2X7Rs 

would be playing a protective role, attenuating cochlear amplification by modifying 

cochlear micromechanics of OHCs. Similar mechanisms have been observed in 

excitatory synapses, where P2X7R activation caused the release of glutamate and 

excitation of postsynaptic terminals (Deuchars et al., 2001; Sperlágh et al., 2002; 

Sperlagh & Vizi, 1991).  
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Chapter 6 General discussion 

 

6.1 Summary 

The aim of this study was to better understand purinergic neuro-glial interactions in 

the auditory nerve. The receptor localisation data presented here with both transgenic 

lines and rat cochleae validated the hypothesis that P2X7Rs are expressed by SGCs 

and SCs, rather than by SGNs. Moreover, experiments demonstrated functional 

P2X7Rs in rat glial cells in vitro. Sustained increases of [Ca2+]i in glial cells were 

observed in response to BzATP. Calcium imaging experiments also provided the first 

evidence of functional P2YR signalling in cochlear glia. BzATP-mediated YO-PRO-1 

uptake was inhibited with the P2X7R-specific antagonist A-740003, demonstrating 

that these cells expressed P2X7Rs capable of forming a pore permeable to large 

molecules. Although glial cells were resistant to shorter (1 h) exposures to BzATP or 

ATP, prolonged (6 h) incubation in the agonists activated apoptotic cell death, and 

this was most likely mediated via P2Rs. Finally, immunofluorescence studies 

demonstrated the co-localisation of P2X7Rs with SYP in MOC and LOC efferent 

terminals innervating OHCs and IHCs, respectively. This suggests, at least in the rat 

cochlea, that these receptors may play a role in the local regulation of the release of 

inhibitory neurotransmitters. 

 

6.1.1 Wider role of P2X7Rs in peripheral cochlear glial cells in the auditory 
nerve  

There is extensive evidence of involvement of purinergic receptors in the regulation 

of sound transduction and neurotransmission in the cochlea (Housley et al., 2002; 

Housley & Gale, 2010; Housley, 2000; Köles et al., 2019; Thorne et al., 2002). Overall, 

P2XRs have been more widely studied in the cochlea, and the location and 

mechanisms of action of P2YRs are less known. One might question what is the 

significance of having such a diversity of purinergic receptors expressed within the 

same cells and in neighbouring cells? One explanation could be the different 

sensitivity of these receptors to different agonists, and thereby allowing them to 

activate under different scenarios. Also, some of these receptors are only expressed 
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during discrete windows of time, suggesting that they play key developmental roles in 

specific cell types. For example, P2X7R expression was found in Kölliker’s organ 

during the first postnatal days, suggesting the involvement of this receptor in 

mediating ATP-induced ATP release, and contributing to the spontaneous activity 

present in Kölliker’s organ (Huang et al., 2010; Tritsch & Bergles, 2010; Tritsch, 

Zhang, Ellis-Davies, & Bergles, 2010). The comparably late maturation of P2X7R 

expression in the rat spiral ganglion, just prior to hearing onset, argues against roles 

for this receptor subtype in the development of SGCs or SGNs. On the other hand, 

P2X3Rs are only expressed in SGNs from E16 until P14, suggesting that these 

receptors contribute to neurotransmission and neurotrophic signalling ,associated 

with neurite development and synaptogenesis (Greenwood et al., 2007; L. C. Huang 

et al., 2005). 

One needs to keep into consideration that purinergic receptors are sensitive to 

pathophysiological changes (e.g. noise exposure or ischemia) sensing increased 

levels of ATP (Muñoz et al., 2001). The hearing system is a tightly controlled and 

balanced system, in which if deleterious insults persist, extracellular purines could 

reach values high enough to activate P2X7Rs present in cochlear glial cells. One 

possible role of P2X7Rs in cochlear glial cells could be as activity sensors. Loud 

noises increase SGNs activity, which in consequence increases ATP release 

(Housley et al., 2013). P2X7Rs could be detecting this increase in ATP and activate, 

which would lead to a cation influx/efflux (Ca2+ and Na+ influx, and K+ efflux), and 

potentially the entry/exit of macromolecules in cochlear glial cells. One possible 

hypothesis to explore further arises from the reported P2X7R-mediated release of 

neuroprotective BDNF from vestibular SCs (Verderio et al., 2006), a mechanism that 

may occur in the cochlea to ensure SGN survival during periods of stress. 

Overall, elevation of ATP levels and activation of the purinergic signalling in the 

response to noise stimuli desensitises and thereby protects the system (Housley et 

al., 2009). Therefore, under well-controlled situations where ATP levels are not high 

for prolonged periods of time, P2X7Rs could be playing a protective role and signal 

back to SGNs to provide support. However, the purinergic system can also be 

involved in deleterious mechanisms threatening cochlea integrity, especially via 

escalation of the immune responses (Köles et al., 2019). Indeed, if P2X7R are over-

activated for longer periods of time (e.g. 6 h with 2 mM ATP) they could induce 

apoptotic cell death in cochlear glial cells, suggesting that in a severe pathologic 

scenario P2X7Rs could have a cytotoxic effect. Despite several authors showing 
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P2X7R-mediated cell death in cell culture systems, the underlying mechanisms 

remain elusive. However, quite a few publications have suggested that an increase in 

P2X7R activity plays a role in various diseases in the CNS and PNS, underlining the 

importance of drugs targeted to P2X7Rs (Burnstock & Knight, 2018).  

In other systems, ATP activation of P2X7Rs leads to formation of “microvesicles” in 

microglia, astrocytes, and oligodendrocytes, which mediate cell-to-cell 

communication (Turola, Furlan, Bianco, Matteoli, & Verderio, 2012). These 

microvesicles have a different composition, depending on the type and the state of 

the cell of origin, and they induce local changes in the recipient cell (Turola et al., 

2012). In the auditory nerve, ATP release could activate P2X7Rs in SCs, which could 

form microvesicles, which would then be transmitted to the axon to induce a local 

phenotypic change. Microvesicles formation in SCs could have a protective role under 

excessive or repetitive ATP stimulation. SCs could present a mechanism of defence 

to these insults by microvesicles shedding to remove functional P2X7Rs from the cell 

surface to facilitate cell survival.  

 

6.1.2 P2X7Rs as modulators of cochlear sensitivity 

The efferent feedback loop to the OHCs is one of the ways the cochlea can adjust its 

sensitivity to loud sounds (Guinan, 2006; Housley et al., 2013; Liberman et al., 1990). 

Purinergic signalling is thought to be involved in cochlear adaptation to elevated 

sound levels, thus contributing to the oto-protective mechanisms against noise-

induced damage. This hypothesis was promoted by Housley and colleagues using a 

P2X2R KO mouse model (Housley et al., 2013). Sound-evoked ATP release activates 

P2X2Rs expressed in hair cells and supporting cells, resulting in an inhibition of OHC 

motility, and thus supressing the cochlear amplifier. This reduction was lost in P2X2R 

KO mice, which resulted in an increased vulnerability to noise-induced hearing loss 

caused by the lack of adaptation to prolonged acoustic over-stimulation. The 

P2RX2p.V60L mutation in humans is associated with dominant inherited progressive 

hearing loss. These findings highlight the importance of purinergic signalling for the 

normal functioning of the cochlea, both in animal models and in humans.  

The detection of P2X7Rs in pre-synaptic efferent terminals observed in rat cochleae 

point to similar ideas regarding the involvement of this purinergic receptor in the oto-
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protective mechanisms in the cochlea. The presence of P2X7Rs in efferent terminals 

from the early postnatal days suggests that these receptors help establish the mature 

efferent innervation pattern, and they play a role in the efferent system after hearing 

onset. These findings support hypothetical P2X7R-controlled ACh release into the 

synaptic cleft to enhance the local effect of MOC efferent fibres during periods of 

prolonged exposure to loud sounds, and reduce the gain of the cochlear amplifier. 

Further research is required to investigate the plausibility of this hypothesis, as it could 

be that P2X7Rs function could complement that of P2X2Rs. 

 

6.1.3 Neuronal vs glial P2X7R debate 

The expression of P2X7Rs in neurons and/or glial cells is a matter of extensive 

debate. Some authors argue against P2X7Rs being expressed only in glial cells and 

not in neurons (reviewed by Illes, Khan, & Rubini, 2017), while others have argued 

the opposite (reviewed by Miras-Portugal, Sebastián-Serrano, De Diego García, & 

Díaz-Hernández, 2017). For example, with the Tg(P2rx7-EGFP)FY174Gsat mice 

various studies have reported EGFP expression in neurons in the hippocampus and 

in microglial cells (Jimenez-Mateos et al., 2015; Jimenez-Pacheco et al., 2016; 

Sebastián-Serrano et al., 2016). However, work with the BL/6N-Tg(RP24-

114E20P2X7451P-StrepHis-EGFP) mice only reported P2X7-EGFP expression in PNS 

and CNS glial cells, but not in neurons (Kaczmarek-Hajek et al., 2018). In agreement 

with that study, the work presented here described that P2X7Rs within the auditory 

nerve are localised in peripheral glial cells only, and not in afferent neurons.  

The localisation of P2X7Rs within SC structures close to nodes of Ranvier in the 

auditory nerve deserves further investigation. This may reveal a neuro-glial signalling 

mechanism whereby local release of ATP from SGN neurites can inform discrete 

collections of glial cells to respond to neuronal stress. This distribution of P2X7Rs 

occurs in other PNS regions (Grafe et al., 1999; Kaczmarek-Hajek et al., 2018; Luo 

et al., 2013), and so may be mechanism that could be exploited therapeutically in 

various neuropathies. 
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6.1.4 P2X7Rs as a potential therapeutic target 

Purinergic receptors offer the opportunity to develop new targeted 

pharmacotherapies, but first there is a need to better understand the mechanisms of 

these receptors. For example, what are the contributions of cation influx (Ca2+ and 

Na+) through P2X7Rs, and the entry/exit of macromolecules through P2X7R pore 

formation? Do these two events complement each other to have a single downstream 

effect, or do they act as independent mechanisms, and thus have different 

downstream effects? When are P2X7Rs likely to be activated in vivo if they are 

negatively modulated by physiological concentrations of cations?  

Some publications argue that transient activation of P2X7R leads to protective 

mechanisms, and it is only when this activation is prolonged that P2X7R activation 

leads to cytotoxic effects (Adinolfi et al., 2005). Therefore, we could be looking at two 

potential ways to modulate P2X7Rs, one where transient P2X7R could be 

potentiated, and the other where prolonged activation could be inhibited. The problem 

arising here is how to target one mode of action and not the other. One alternative 

would be to target the downstream responses of P2X7R activation, instead of the 

receptor itself.  

The majority of therapies targeted to P2X7Rs involve the inhibition of this receptor, 

and some of these compounds might be of interest to prevent P2X7R-mediated cell 

death in cochlear glial cells. For example, therapies targeted to delete P2X7R-

expressing cells would not be of interest in the cochlea because glial cells are 

essential to the SGNs, but therapies targeted to modulate the action of P2X7Rs would 

be of interest. P2X7R antagonists have two main mechanisms of action, they bind 

competitively to the ATP binding pocket or they reduce the affinity of the receptor for 

ATP. Most of these therapies have been developed for inflammatory conditions, 

where inhibition of P2X7Rs leads to a reduction in the response (Burnstock & Knight, 

2018; Di Virgilio, Dal Ben, Sarti, Giuliani, & Falzoni, 2017). However, P2X7R targeted 

therapies are also being developed for other pathologies like Alzheimer’s disease, 

epilepsy, bipolar disorder, and cancer (Burnstock, 2017).  

Antibodies have also been proposed to modulate P2X7R activation as they can be 

highly specific, have low toxicity, and simple pharmacodynamics (Koch-Nolte et al., 

2019). Recently, Danquah and colleagues developed new nanobodies targeted to 

mouse and human P2X7Rs and were tested in models of inflammatory diseases 
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(Danquah et al., 2016). Nanobodies are based on the smallest antigen binding 

domains, they are 1/10 the size of conventional antibodies, and thus exhibit some 

advantages over conventional antibodies. P2X7R-specific 13A7 nanobody blocks 

P2X7R activation, and P2X7R-specific 14D5 nanobody enhances P2X7R activation 

(Danquah et al., 2016). The half-life of these nanobodies can be incremented by 

fusing them to albumin, and thus it offers the possibility to modulate the temporal 

action of these molecules. One potential experiment would be to administrate 13A7 

before exposure to high ATP concentrations in the inner ear to see if it could inhibit 

P2X7R-mediated cell death in cochlear glial cells.   
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