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”Oh tell me Lord how could it be,  

That though our cells make ATP,  

It’s not all used for energy, 

But sometimes is secreted free.  

It puzzles you, it puzzles me, 

While Geoffrey Burnstock smiles with glee 

At the many roles of ATP.” 

 

Samuel C. Silverstein, 1989  
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Summary 

The hypothesis that adenosine triphosphate (ATP) is used as a messenger for cell-to-cell 

communication, formulated in the 1990’, is now widely accepted [1]. Recent studies pointed out that 

the alteration of the mechanisms of ATP release, with the consequent alteration of calcium (Ca2+) 

signaling, could lead to numerous diseases [2]. The understanding of the relation between Ca2+ 

signaling and ATP release is fundamental for the development of new therapeutic strategies. In this 

thesis, we focused on the study of purinergic signaling in the developing cochleae and tumor 

microenvironment (TME). 

During pre-hearing stages of development in mice, periodic transient elevations of cytosolic free Ca2+ 

concentration occur spontaneously in the greater epithelial ridge (GER) and propagate as intercellular 

Ca2+ waves invading variable portions of the GER [3]. Prior works indicate that intercellular Ca2+ waves 

in the GER rely on the interplay between inositol-1,4,5-trisphosphate (IP3), generated intracellularly, 

and ATP, released extracellularly. A vast body of data supports the hypothesis that, in the developing 

cochlea, ATP is released through connexin hemichannels [4], however a direct proof is still lacking. 

To test this hypothesis, we generated ATP cell-based biosensors (ATP- BCs) stably expressing P2Y2 

purinergic receptors (P2Y2R) and sensitive to ATP in the nM range. We also designed and built a closed 

microfluidic chamber (10 µl max. volume) to put in close contact the cochlea with the ATP-BCs plated 

on the transparent roof of the chamber and facing the fluid interior of the chamber. These ATP-BCs 

sited at less than 100 µm from the surface of a cochlear organotypic culture plated on the chamber 

bottom. After loading both biosensor cells and cochlea with Ca2+-selective dyes, this architecture and 

the multi-photon microscope allowed us to monitor Ca2+ responses in ATP-BCs during propagation of 

stimulated Ca2+ waves in the GER of the cochlea underneath. Ca2+ signals disappeared on both cochlea 

and ATP-BCs upon replacing ARL67156 (100 µM, an inhibitor of ectonucleotidases) with apyrase (40 

U/ml, an enzyme that catalyzes the sequential hydrolysis of ATP) in the extracellular medium, 

confirming that ATP mediated Ca2+ wave propagation in the GER. To determine the source of the 

released ATP, we tested cochlear organotypic cultures from two different mutant mice with global 

deletion of pannexin 1 (Panx1−/−), and of connexin 30 (Cx30−/−). Using the microfluidic chamber, we 

determined that Ca2+ signals in the ATP-BCs were the same irrespective of whether they faced Panx1−/− 

or age-matched Panx1+/+ cochlear cultures. In contrast, Ca2+ signals were strongly depressed in 

presence of Cx30−/− cultures. Together, these results validate our working hypothesis and confirm that 

connexin hemichannels are the major players of ATP release process that mediates Ca2+ wave 

propagation in the GER. 

We also explored the possibility of using ATP-BCs to detect extracellular ATP in the tumor 

microenvironment with promising results. Replacing the fluid trapped between the ATP-BCs and the 

tumor with a solution containing apyrase, the responses of ATP-BCs were abolished showing that our 

tool is one of the few probes suitable for the in vivo detection of extracellular ATP [5]. 

Finally, we investigated the role of the P2X7 purinergic receptor (P2X7R) in tumor angiogenesis 

through micro-computed tomography (micro-CT). For this purpose, we inoculated parental B16-F10 

or B16-F10 P2X7R-silenced (shRNA P2X7R) cells in wild type (WT) and P2X7 knock out (KO) mice and 

we compared the micro-CT measurements after the perfusion with Microfil compound. The data 
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suggests that tumors derived from inoculation of B16 WT cells in WT mice are more angiogenic 

compared with the others, thus supporting the hypothesis that this receptor is involved in the release 

of the vascular endothelial growth factors (VEGF) [6]. 
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1. Introduction 

1.1 ATP as signaling molecule 
The proposal that purine nucleotides are extracellular signaling molecules, as well as an intracellular 

energy sources, was first reported by Drury and Szent-Gyorgyi [7]. Although the term ‘purinergic’ 

signaling was introduced in 1972 [8], this concept was not well accepted until the 1990’s when 

receptor subtypes for purines and pyrimidines were cloned and characterized. Two families of 

purinergic receptors have been defined to date, namely P1 and P2 receptors (Figure 1.1) [1]. P1 

receptors belong to the superfamily of seven transmembrane receptors which are subdivided into A1, 

A2A, A2B and A3 receptor subtypes [1]. These receptors bind extracellular adenosine with different 

affinities [9]. The P2 receptor family is subdivided in two subfamilies, namely P2X and P2Y [10, 11, 12]. 

P2X receptors are ligand-gated ion channels of which seven subtypes have been characterized (P2X1–

7) [13, 14]; P2Y receptors are seven transmembrane receptors of which eight subtypes have been 

identified (P2Y1, 2, 4, 6, 11–14) [11, 15, 16]. Ligands for these receptors and their affinities are 

reported in Figure 1.1. Purinoreceptors are widely distributed throughout living cells and tissues [12]. 

ATP fulfills all requirements for a true extracellular messenger: it is present in minute amounts (nmol/l) 

in the extracellular space under physiological conditions and, on the contrary, it is stored intracellularly 

to very high amounts (from 5 to 10 mmol/l).  

 

Figure 1.1: Physiological ligands and affinities of purinergic receptors: adapted from Ref. [9]. 

 

This trans-plasma membrane concentration gradient may cause large responses when ATP is released. 

Furthermore, ATP is water soluble which permits rapid diffusion through the aqueous tissue 

interstitium. Finally ATP is quickly degraded by extracellular ecto-nucleotide enzymes that terminate 
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its signaling action to avoid overstimulation. Thus, ATP molecules in the extracellular compartment 

are finely controlled by enzymes catalyzing their conversion (Figure 1.2) [17, 18, 19]. These so-called 

ecto-enzymes are located on cell surfaces or may be found in soluble form in the interstitial medium 

or in body fluids. The currently known ectoenzymes, which are involved mainly in the breakdown of 

extracellular ATP, include four families that partially share tissue distribution and substrate specificity: 

(1) the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) family (that includes CD39), (2) 

the ectonucleotide pyrophosphatase/phosphodiesterase (E-NPP) family, (3) the alkaline 

phosphatases, and (4) the ecto-5’-nucleotidase (e.g. CD73). 

 

Figure 1.2: Extracellular ATP metabolism: adapted from Ref. [20]. ATP = adenosine triphosphate, ADP 

= adenosine diphosphate, AMP = adenosine monophosphate, ADO = adenosine, INO = inosine; CD39, 

CD73, CD26 and ADA are ecto-nucleotide enzymes. 

 

At present, ATP purinergic signaling is recognized as a widespread mechanism for cell-to-cell 

communication in living organisms. In particular, this molecule is fundamental for peripheral and 

central nervous systems [21] but it is also a powerful extracellular messenger to non-neuronal cells, 

including secretory, exocrine and endocrine, endothelial, immune, musculo-skeletal and inflammatory 

cells [12] and is involved in a series of cellular pathways such as proliferation, differentiation, migration 

and death in development and regeneration [22]. Particularly in the immune system, ATP and its 

breakdown product adenosine perform an important modulator role of the immune responses on 

both immune and non-immune cells. [23, 24]. 

More recently, the focus has been on the pathophysiology and therapeutic potential of both P1 [25, 

26, 27, 28, 29] and P2 [2, 30, 31, 32] receptors. Reviews focused on different aspects of purinergic 

pathophysiology are also available, including inflammatory and immune disorders [33, 34, 35]; cancer 

[36, 37]; P2X7 receptors as therapeutic targets [38] and pain [39]. 

 



10 
 

1.2 ATP release conduits and mechanisms 
The mechanism of ATP release is incompletely characterized, despite the many pathways (connexins, 

pannexins, ABC transporters and secretory granules) identified in different cell types [40]. Here we 

summarized some of these mechanisms reported in Figure 1.3. 

 

Figure 1.3: Potential pathways for nucleotide release: from Ref. [40]. Several candidate ATP 

conducting channels, including connexins (Cx) and pannexin 1 (Panx1) efflux cytosolic ATP out of the 

cells. Vesicular nucleotide transporter (VNUT) transports ATP into granules and vesicles competent for 

Ca2+ regulated exocytosis. ATP enters the secretory pathway via endoplasmic reticulum/Golgi resident 

solute carrier-like transporters (SLC35). 

Connexin hemichannels 
Connexins (Cx) are a large family of homologous vertebrate proteins that post-translationally 

oligomerize into hexameric structures [41, 42]. Once trafficked to the plasma membrane, a connexin 

hexamer (also known as connexon) can function as an independent channel, also called hemichannel, 

and mediates the movement of molecules such as ions, nucleotides or small metabolites between the 

cytosolic compartment and the extracellular milieu [43]. Alternatively, one connexon can dock head-

to-head with another compatible connexon located on an adjacent cell, forming a direct cell-cell 

communication conduit named intercellular gap junction channel (IGJC) [44, 45]. More than 20 human 

connexin isoforms have been identified, with predicted molecular masses ranging from 23 to 62 kDa 

[46, 47]. 

Most connexin hemichannels exhibit permeability to ATP and small dyes (e.g., propidium and ethidium 

iodide and Lucifer Yellow). Opening of connexins can be induced by membrane depolarization, 

typically in the 40–60 mV range [48]. Ionized calcium (Ca2+) destabilizes the open state of the 

hemichannels keeping the opening probability very low at normal extracellular concentration (around 

1.8 mM). Conversely, reduction of extracellular Ca2+ to levels below 0.5 mM promotes the opening of 

most connexin hemichannel isoforms (i.e. Cx26, Cx32, Cx43, Cx46, Cx50) [49, 50, 51, 52, 53]. 

The involvement of connexin hemichannels in the release of ATP was first suggested by Nedergaard 

and co-workers [54], who observed that lowering the extracellular Ca2+ concentration promoted the 
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uptake of the fluorescent probe propidium iodide in cells overexpressing human Cx32 or Cx43, as well 

as ATP release from the same cells. The cytosolic free Ca2+ ([Ca2+]c) also plays a role in hemichannel 

gating. Indeed, De Vuyst et al. [55, 56] reported a bell-shaped dependence for ATP release and 

propidium iodide uptake with a peak at [Ca2+]c ∼ 500nM in cells overexpressing Cx32 and Cx43. It is 

currently thought that intracellular Ca2+ triggers connexin hemichannel opening via multiple (and only 

partially characterized) signaling steps [57]. Moreover, ATP release mediated by open hemichannels 

has been linked to a variety of pathophysiological responses in connexin-deficient mice, such as 

ischemia and epilepsy [58, 59], deafness [43, 60], skin disorder [61] and impaired activation of the 

immune system [62, 63]. Summarizing, physiological, pharmacological and genetic evidences support 

the hypothesis that connexin hemichannels contribute to ATP release in a variety of cell types. 

Pannexin channels 
Pannexins are a class of proteins forming plasma membrane channels (named pannexons) that, akin 

connexin hemichannels, are permeable to small dyes and ATP [64]. Despite the lack of homology 

between connexin and pannexin primary amino acid sequences, they strikingly share a similar 

structure and membrane topology. However, unlike connexons, pannexons in mammalian cells do not 

assemble into gap junctions [65]. 

Pannexin1 (Panx1), which requires 6 subunits to form a functional channel [66], is the most thoroughly 

characterized member of the pannexin family [67, 68, 69] (which includes also Panx2 and Panx3). 

Panx1 distribution is widespread and, in most cell types and tissues, is broadly shared with that of 

connexins [67]. Moreover, permeability profiles, channel conductance and pharmacological 

characteristics of connexins and pannexins partially overlap [70], with the notable differences that 

Panx1 channels are insensitive to changes of the extracellular Ca2+ concentration [71]. 

A number of studies support the notion that Panx1 is involved in the regulated release of ATP from 

viable mammalian cells proved through pharmacological inhibitors [40, 72] or through mutant mouse 

models [40, 73]. Clearly, the opening of such as a large, non-selective channel as Panx1 may collapse 

the ion gradients across the cell plasma membrane, resulting in cell death. Indeed, ATP release via 

pannexins is associated to hypotonic cell swelling and apoptosis [73, 74, 75, 76]. More recently, it has 

been proposed from Qiu and Dahl [77] that ATP release acts as negative feedback on Panx1, binding 

to and preventing deleterious long-lasting opening of the channel. An alternative possibility is that 

Panx1 interacts with a different ATP/dye channel or transporter such as P2X7 receptors, as suggested 

in Refs. [71, 78]. 

To date, because of controversial publications and cell-specific responses, the correlation between 

Panx1 and ATP release remains unclear in most tissues. 

One of the object of this thesis is to shed light on the role of Panx1 in the particular environment of 

the developing cochlea and the hearing acquisition. Due to conflicts in published results the 

physiological function of Panx1 expressed in the mammalian inner ear [79, 80, 81] remains unclear. 

Panx1, which is predominantly expressed in the supporting cells of the organ of Corti (responsible for 

sound transduction), has been claimed to dominate ATP release in the cochlea [82]. Specifically Chen 

and co- workers [82] reported that ATP release was reduced (by ∼8-fold) in Foxg1- Cre-Panx1 mice 

compared to WT siblings. Oddly, these mice also exhibited hearing loss, as determined by auditory 

brainstem response (ABR) measurements. In contrast, three other mouse strains that are proven 



12 
 

global knockouts of Panx1 (including the Panx1−/− mice [43, 83] used in this study) did not exhibit any 

measurable auditory phenotype [43, 83, 84]. Moreover, intercellular Ca2+ signaling (ICS) in organotypic 

cultures from Panx1−/− mice was indistinguishable from those of wild type controls [83]. However, a 

formal proof that clearly establishes a direct spatial and temporal correlation between Ca2+ events on 

cochlear non-sensory cells and the Panx1 involvement in the ATP release is missing. 

P2X7 receptors/channels 
In 1997, Rassendren et al. [85] cloned the human gene for P2X7 purinergic receptor. P2X7 is an ATP-

gated plasma membrane ion channel that has been consistently implicated in cytotoxicity. It is known 

that the functional P2X7 receptor is generated by the homotrimeric assembly of P2X7 subunits. Upon 

transient stimulation with ATP, P2X7 behaves like a cation-selective channel permeable to sodium 

(Na+), potassium (K+) and Ca2+. However, sustained stimulation drives (as yet poorly understood) a 

transition that leads to formation of a nonselective pore permeable to aqueous solutes of molecular 

mass up to 900 Da [86]. 

Data in astrocyte by Suadicani and co-workers [87] and in bone cells by Brandao-Bruch and co-workers 

[88] support a role for P2X7 in the release of ATP. Other studies extended the notion to the immune 

system [89] and the tumor microenvironment [90], however the mechanism of ATP release from the 

P2X7R is incompletely characterized [91]. 

Vesicular release 
It has been long known that ATP, neurotransmitters and other extracellular signaling molecules are 

packed in specialized granules in neuroendocrine tissues and released from cells via regulated 

exocytosis [92, 93]. In addition, ATP release has been associated with regulated exocytosis in 

pancreatic acinar cells, goblet epithelial cells, mast cells, pancreatic β islets, and other 

exocrine/endocrine tissues [91]. 

The complex process of exocytosis is schematized in Figure 1.4. It involves primarily a solute carrier 

(SLC) 17A9, a member of the SLC17 family of ion transporters [94] that was recently characterized as 

a vesicular nucleotide transporter (named VNUT) whose function is to uptake the ATP into the vesicles 

[95, 96]. ATP release is regulated by Ca2+ that triggers the fusion of the vesicle with the plasma 

membrane [97, 98].  

 

Figure 1.4: Schematic representation 

of vesicular nucleotide transporter 

(VNUT): from [40]. VNUT transports 

ATP to the lumen of secretory 

granules, using the electrochemical 

gradient provided by proton pump V-

ATPase. ATP containing granules are 

secreted via Ca2+-regulated 

exocytosis. 
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1.3 Ca2+ signaling stimulated by ATP release 
ATP-mediate signaling and Ca2+ signaling are profoundly interdependent and these two signaling 

pathways are essential for most cellular responses and secretions. Ca2+ concentration is kept in sub-

micromolar range in the cytosol, whereas it is thousand times higher in the extracellular space [99]. 

On the contrary, cytosolic ATP concentration is generally between 1–10 mM, whereas the extracellular 

concentration does not exceed 1–10 nM [100]. To keep a low level cytosolic Ca2+ concentration, cells 

restrict Ca2+ signals in space (in cells Ca2+ is stored in intracellular compartment such as endoplasmic 

reticulum (ER)) and time (an extended influx of Ca2+ in the cytoplasm is toxic [101] and can lead to 

apoptosis [102]). ATP as an energy source is required to keep low the cytosolic Ca2+ concentration 

[103]. On the other hand, ATP molecules are often released by Ca2+-regulated exocytosis (as 

mentioned in the previous section) to promote intercellular communication [97, 98]. ATP effects are 

mediated by the extended family of purinoceptors linked to Ca2+ signaling (summarized in Figure 1.5). 

Generation of Ca2+ signals seems to be the general consequence of purinoceptors activation. All P2X 

receptors (inotropic receptors) are permeable to Ca2+ and their activation leads to an increase in 

intracellular Ca2+ from extracellular sources [104, 105]. P2Y receptors (metabotropic receptors), 

instead, may lead to increases in intracellular Ca2+ from intracellular sources, depending on their 

subtype. Indeed some of these receptors (P2Y1, P2Y2, P2Y4, P2Y11) are coupled, via G proteins, to 

phospholipase C that produces IP3 and diacylglycerol promoting Ca2+ release from the endoplasmic 

reticulum via IP3-gated receptors (Figure 1.6). The ATP-induced Ca2+ signaling mediated through the 

metabotropic route seems to be almost universal in non-excitable cells such as immune cells [106], 

epidermal keratinocytes [22] and inner ear cells [3, 107]. 

 

Figure 1.5: Signal transduction of pathways associated with P2 receptor: adapted from Ref. [108]. 
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Figure 1.6: Purinergic signaling: from Ref. [109]. P2X receptors are trimeric ion channels in which each 

subunit consists of two membrane-spanning domains. Binding of ATP to P2X channels causes a 

conformational change that opens the pore and allows Ca2+ and/or Na+ to enter and K+ to leave the 

cell. P2Y receptors consist of seven transmembrane domains and are G protein–coupled receptors. 

Binding of ATP (or ADP, UTP, or UDP) to P2Y receptors activates different G protein signaling pathways, 

depending on the specific G protein associated with the receptor. 

  

In this thesis, we exploited the tight coupling between P2Y purinergic receptors and Ca2+ signaling. We 

generate cell-based biosensors sensitive to small (nM) variations of ATP concentration in the 

extracellular milieu thanks to the overexpression of P2Y2 receptor (P2Y2R) on plasma membrane of 

HEK293T cells. The Ca2+ released within these cells from the ER following ATP binding to P2Y2Rs, was 

visualized with a fluorescent calcium indicator, preventively loaded into the cells. Thus, our ATP 

biosensor cells encoded fluctuations in the extracellular ATP concentration into corresponding 

modulation of Ca2+-dependent fluorescence emission that could be easily detected in a suitable 

confocal microscope. Exemplary application of the technology is provided for the inner ear in mouse 

cochlear organotypic culture and for tumor microenvironment in live mice. Usually extracellular ATP 

is measured in the cell supernatant by using the standard bioluminescence luciferine/luciferase 

assays. However, this technique provides only an indirect estimate of the level that ATP can reach at 

sites of release close to the plasma membrane and, more importantly, does not allow real-time or in 

vivo measurement of the extracellular ATP concentration. Thus, our powerful probes allow monitoring 

of ATP kinetics in the extracellular space. 
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2. Aims of this work 

In this thesis we investigated purinergic signaling in two different environments: developing cochlea 

cultures and melanoma. Part of this thesis was also dedicated to the generation and characterization 

of a powerful new tool for the detection of extracellular ATP based on live-cell biosensors. We 

combined multi-photon imaging with (i) ATP biosensor cells and novel microfluidic chamber, for 

measurements in cochlea cultures, and with (ii) ATP biosensor cells and a dorsal skinfold chamber for 

the tumor microenvironment, with the specific aim to: 

1. investigate the role of connexin hemichannels and pannexin channels in ATP release in 

cochlear oraganotypic cultures of two different transgenic mice (pannexin 1 knock out and 

connexin 30 knock out); 

2. characterize the enhancement of ATP-dependent Ca2+ signaling in cochlear non-sensory 

cells of Cx30 A88V/A88V mutant mice; 

3. validate the possibility of using ATP biosensor cells for in vivo measurements of extracellular 

ATP in tumor microenvironment; 

Moreover, through micro-computed tomography we investigated the role of the P2X7 purinergic 

receptor in tumor angiogenesis. 
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3. Generation and characterization of ATP 
biosensor cells 

3.1 Introduction to live cell-based biosensors 
A biosensor is a device that measures biological or chemical reactions by generating signals 

proportional to the concentration of an analyte in the reaction. In cell-based biosensors, whole cells 

serve as the molecular recognition element and are employed in applications such as disease 

monitoring, drug discovery, detection of pollutants and in biomedical research. A typical biosensor 

consists of the following components: 

• Analyte: A substance of interest that needs detection. For instance, in this thesis, the analyte 

is adenosine triphosphate (ATP). 

• Bioreceptor: A molecule that specifically binds the analyte. In this specific case the 

bioreceptor is the G-protein-coupled P2Y2 purinergic receptor (P2Y2R) express in the cells 

after lentiviral infection (see Section 3.2.2). 

• Transducer: The transducer is an element that converts the biological binding in a detectable 

signal. As a transducer, we used intracellular calcium indicators (e.g. Fluo-8) loaded in the cells 

in order to detect ATP-P2Y2R binding. As shown in the Figure 1.6 (see Section 1.3), 

extracellular ATP binds P2Y2 receptors and it activates a canonical transduction cascade that 

ends with Ca2+ release from the endoplasmic reticulum (ER) and raises the cytplasmatic 

concentration of Ca2+ ions [110] which bind the fluorescent calcium indicator. The subsequent 

conformational change of the transducer leads to the enhancement of the emitted 

fluorescence detectable through a fluorescence microscope. 

Biosensors utilizing live cells have attracted a great deal of attention in the last 20 years because of 

high specificity and sensitivity to their targets [111, 112]. Since ATP is fundamental for cell-cell 

communication (as widely discuss in the Introduction), the deep understanding of its molecular 

pathways as second messenger, its involvement in diseases [35, 36] and its relation with Ca2+ signaling 

[100], could lead to the development of new therapeutic strategies. For elucidate the mechanism of 

ATP release, in this chapter, we introduced and characterized a novel ATP biosensor based on live cells 

(ATP-BCs) capable to detect low concentrations of ATP (nM) in the extracellular environment. 
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3.2 Materials and Methods 

3.2.1 Spinning Disk Confocal Microscopy 

The spinning disk confocal microscope, used in this work to characterized Ca2+ signals stimulated in 

ATP-BCs, was previously designed and built in the laboratory. The system is schematized in Figure 3.1 

and described in detail in Ref. [113].  

 

Figure 3.1: Schematic description of the spinning disk confocal microscope used in these studies: 

adapted from [113]. L1: Nikon Fluor (60X, 1 N.A.) water immersion objective lens; L2, L3: achromatic 

doublets; L4: microscope projection lens. 

 

The microscope was coupled with a pneumatic PicoPump (PV820, World Precision Instruments Inc.) 

for the rapid delivery of the ATP by pressure through a microcapillary in a limited area under a 60X 

water immersion objective (Nikon Fluor, N.A. 1.00) and with a peristaltic pump (Harvard          

Apparatus, Cat.N. P-70) when global change of the extracellular solution was requested. The two 

configurations are shown in Figure 3.2. 

Green fluorophores, such as Fluo-8 (AAT Bioquest, Cat.N. 21091), were loaded into the cells and 

excited by a 488 nm diode laser (COMPACT-150G-488-SM. World Star Tech). Excitation light was 

conveyed towards the objective by a triband dichroic mirror (FF395/527/610-Di01, Semrock) and 

focused on the sample. The emission signal, collected with the same objective, was filtered by triband 
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filter (FF425/527/685-25, Semrock) followed by a green band pass filter (ET535/30M, Chroma) located 

in front of a cooled s-CMOS camera (PCO.edge, PCO GmBH). 

 

Figure 3.2: Different configurations used to deliver solutions under the spinning disk microscope: (A) 

Peristaltic pump, with tubing and sample-holder, used for overall solutions changes. (B) Pneumatic 

PicoPump (puffer system) for the rapid delivery of small fluid quantities in the limited area under the 

objective. 

3.2.2 Generation of ATP biosensor cells (ATP-BCs) 

To generate ATP-BCs stably expressing the P2Y2 receptors, two different cell lines were tested: Human 

embryonic kidney cells (HEK293T, purchased from American Type Culture Collection, ATCC, Cat.N. 

CRL-3216) and Chinese hamster ovary cells (CHO, purchased from ATCC, Cat.N. CCL-61). Both cell 

lines were tested to decide which was more adapted to detect low concentrations of ATP in the 

extracellular medium. 

Lentivirus is a common tool used to generate cell lines stably expressing a gene of interest. The 

technique used to obtain the plasmid vectors, shown in the Figure 3.3 A, was the Gibson Assembly 

[114], whereby the P2Y2R cDNA (kindly provided from Marta Fumagalli of the laboratory of Molecular 

and Cellular Pharmacology of Purinergic Transmission, University of Milan) was ligated in the pUltra-

hot empty vector (a kind gift from Malcolm Moore obtained from Addgene, plasmid #24130). pUltra-

hot is a bicistronic vector for the simultaneous expression of two distinct proteins from the same RNA 

transcript driven by the Ubiquitin (Ubc) promoter. The first (constant) protein is mCherry, a red 

fluorescence protein that helps to distinguish infected from not infected cells, and the second 

(variable) protein was the P2Y2R, selected among the P2 family of G-Protein coupled receptors for its 

high sensitivity for extracellular ATP [9]. 

Viral vectors were purified from bacteria using a plasmid purification maxi kit (Qiagen, Cat.N. 12965). 

Thereafter, a standard protocol of lentiviral production and infection was used [115], as schematized 

in Figure 3.3 B. HEK293T cells were used as packaging cells for the production of lentivirus. Packaging 

refers to the preparation of competent virus from DNA vectors. The vector pUltra-hot-P2Y2R 

containing the cDNA of interest (transfer vector), the envelop vector (pMD2.G, a gift from Didier 

Trono, Addgene plasmid #12259) and the packaging vectors (psPAX2, a gift from Didier Trono, 

Addgene plasmid #12260) were transiently transfected into HEK293T cells. After (at least) 48 hours, 

the virus-containing supernatant was harvested and concentrated. If the transfer vector expresses a 



19 
 

fluorescent coding protein, as in this case, a high percentage of fluorescent packaging cells indicates 

a correspondingly high percentage of virus producing cells. 

 

Figure 3.3: Diagram of pUltra-hot-P2Y2R plasmid vector and overview of recombinant lentivirus 

particles and infection of target cells: (A) circular double-stranded DNA molecule. Plasmid vectors 

were obtained by fusing the pUltra-hot empty vector with P2Y2R cDNA using the Gibson assembly 

method [114]. (B) adapted from “TransIT-Lenti for High Titer Lentivirus Production”, Mirus Bio. 

(//www.mirusbio.com/applications/high-titer- virus-production/lentivirus-production). (1) Schematic 

description of packaging cell transfection; (2) Virus is assembled and released into the supernatant; 

(3) Target cells are transduced with recombinant lentivirus particles. (4) Transcription and translation 

result in the production of the protein encoded by the gene of interest. 

 

To generate ATP-BCs, HEK293T cells or CHO cells were infected with the lentivirus described above 24 

hours after plating at 30% confluence. Sequa-brene (Sigma-Aldrich, Cat.N. S2667) was added to the 

lentivirus vial to enhance viral transduction efficiency. Sequa-brene concentration ranged from 4 

µg/ml (for the infection of HEK293T) to 16 µg/ml (for the infection of CHO). Lentiviral vectors reached 

full integration 48 hours after exposing the cells to the infection, as reported by red fluorescence of 

the mCherry proteins co-expressed with the P2Y2Rs. 

Once generated through lentiviral infection, the biosensor cell lines, either HEK293T-mCherry-P2Y2R 

or CHO-mCherry-P2Y2R, are maintained in DMEM/F12 containing 10% heat inactivated FBS, 1% 

penicillin/streptomycin (Sigma-Aldrich, Cat.N. 15070063), 1% L-glutamine (Sigma-Aldrich, Cat.N. 

25030024) and 1% sodium pyruvate (Sigma-Aldrich, Cat.N. 11360070). Cell cultures were maintained 

at 37°C under controlled atmosphere of CO2 (5%). For the imaging, cells were plated on 12 mm round 

glass coverslips pre-treated with Laminin (2.5 µg/cm2 Sigma-Aldrich, Cat.N. 11243217001) to promote 

cell adhesion and were incubated for 30 min at 37°C with membrane-permeable AM ester derivatives 

of Fluo-8 (5 µM) supplemented with pluronic F-127 (0.1% w/v, Sigma-Aldrich, Cat.N. P2443) and 

sulfinpyrazone (250 µM, Sigma-Aldrich, Cat.N. S9509) to prevent dye sequestration and secretion. Two 
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extracellular solutions, differing only in the concentration of free calcium ions, were used for imaging 

namely: 

• High Calcium Solution (HCS) containing in mM: 138 NaCl, 5 KCl, 2 CaCl2, 0.4 NaH2PO4, 10 

Hepes, 6 D-glucose, pH7.3; 

• Low Calcium Solution (LCS) containing in mM: 138 NaCl, 5 KCl, 0.02 CaCl2, 0.4 NaH2PO4, 10 

Hepes, 6 D-glucose, pH7.3. 

Where specified HCS or LCS were supplemented with Ionomycin (Sigma- Aldrich. Cat.N. 13909), 

ARL67156 (Sigma-Aldrich, Cat.N. A265), Probenecid (Sigma-Aldrich, Cat.N. P8761), DIDS (Sigma-

Aldrich, Cat.N. D3514), Fast Green FCF (Sigma-Aldrich, Cat.N. F7252). Fluo-8 loaded ATP-BCs were 

transferred on the stage of the spinning disk microscope, images were acquired at 4 frames per 

second. Alternatively, ATP-BCs were imaged under a multi-photon microscope (see Section 4.2.1 for 

detailed description). In this case the Fluo-8 dye was excited at 920 nm by focusing pulsed light from 

a Ti:Sa laser. Fluorescence emission was filtered through a band-pass filter (ET460/50m-2p, Chroma 

Technology) placed in front of a non-descanned GaAsP detector. Images were acquired at 5 frames 

per second. 

3.2.3 Data analysis and statistics 
Image processing and data analysis were carried out by the open source ImageJ software and using 

Matlab environment (release 2011, The MathWorks Inc). Ca2+ signals were quantified as pixel-by-pixel 

relative changes of fluorescence emission intensity, i.e., ∆F(t)/F0 (where t is time, ∆F(t) = F(t) − F0, F(t) 

is fluorescence at time t and F0 is the fluorescence at the onset of the recording). 

For data analysis, normality of distribution was assayed using the Kolmogorov–Smirnov test. Statistical 

comparisons of means were made by two-tailed analysis of variance (ANOVA) and post-hoc 

comparison by Tuckey’s test (Tukey, 1949) using Matlab. The Mann-Whitney U-test was used for data 

that were not normally distributed and/or had dissimilar variance. Mean values are quoted ± standard 

error of the mean (s.e.m.), where p = p-values < 0.05 indicate statistical significance. 

3.3 Results 

3.3.1 Dose-Response Curve of ATP-BCs 
In order to validate the suitability of the ATP biosensor cells (ATP-BCs) engineered to express P2Y2 

receptors, cells were loaded with fluorescent calcium indicator (e.g. Fluo-8) selective for calcium ions 

(Ca2+). Indeed, Ca2+ and ATP are strongly related, as already discussed in the Introduction. We used 

the spinning disk confocal microscope (see Material and Methods, Section 3.2.1) to quantify 

fluorescence intensity changes of ATP-BCs loaded with Fluo-8 and excited at 488 nm. Cells were 

stimulated by using a PicoPump (“puffer”) system to deliver ATP through a glass micro-capillary (Figure 

3.4 A,B,D,E) at concentrations ranging from 0.01 nM to 1 µM for the HEK293T-P2Y2R cells and from 

0.01 nM to 500 µM for the CHO-P2Y2R cells. 

To determine the dissociation constant (Kd), i.e. the ATP concentration that produces a 50% maximal 

response, the maximum intensity of the cells fluorescence in the field of view were extrapolated from 

the curves shown in Figure 3.4 A,B,D,E. The data were fitted with the Hill equations as reported in  
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Figure 3.4: (Caption on the following page) 
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Figure 3.4: Calibration curve of CHO-P2Y2R and HEK293T-P2Y2R biosensor cells: (A,B,D,E) The traces 

at the top show representative Ca2+ responses evoked in biosensor cells by ATP stimulation at 

concentration of 4 nM (A), 500 µM (B) 1 nM (D) or 1 µM (E). Traces were generated as pixel averages 

of fluorescence changes in regions of interest (ROIs) encompassing responding cells. Images show the 

pipette of the puffer system for the rapid delivery of ATP solution on the plated biosensor cells loaded 

with Fluo-8. Each image is the merge of a bright-field image and a fluorescence emission image. (C,F) 

Normalized fluorescence intensity changes (mean and s.e.m. of three independent experiments) due 

to Ca2+ responses stimulated by different ATP concentrations. The fitting curve was obtained by Hill 

dose-response equation reported in the figure. 

 

Figure 3.4 C,F. Data fitting permitted us to estimate the saturation concentration values (Csat) and the 

values of the Kd. HEK293T-P2Y2R cells showed higher affinity (Csat = 500 nM, Kd=6.2 nM) for ATP 

molecules compared to CHO-P2Y2R cells (Csat = 100 µM, Kd=24.5 nM) suggesting the better suitability 

of HEK293T-P2Y2R cells as biosensors. 

During the acquisition of Ca2+ evoked signals from ATP-BCs, dose-dependent oscillation responses 

were detected (Figure 3.5 A) in accord with the theoretical prediction of Ref. [116]. Specifically, Ca2+ 

responses exhibit an oscillatory character at 1 nM and 10 nM of ATP concentration (five recordings 

for each concentration). Self-sustained Ca2+ oscillations were elicited for ATP concentrations up to 1 

µM (the value of saturation concentration for the HEK293T biosensors). Cytosolic Ca2+ concentration 

returned to baseline after 20 seconds from the washout showing the reversibility of the process [117].  

Control experiments were also carried out to better characterize the ATP-BCs and to confirm that 

signals described above were indeed due to the binding of ATP molecules to specific P2Y2 receptors. 

In particular, parental HEK293T cells stimulated with 100 nM ATP did not respond (Figure 3.5 B) 

indicating low expression levels of endogenous P2 receptors [118]. We also determined that HEK293T-

P2Y2R cells did not respond to constant pressure of the vehicle alone (Figure 3.5 C, data from three 

independent experiments). Stimulation with the Ca2+ ionofore ionomycin (10 μM), confirmed that 

Fluo-8 was correctly loaded into the cells (Figure 3.5 D). 

We next looked for the effects of repeated ATP application on the same pool of P2Y2R-expressing cells 

to test for the occurrence of receptor desensitization [116]. This information is crucial to be aware of 

the sensitivity of the biosensors. The chosen ATP concentration was around the half of the maximal 

fluorescence intensity (10 nM). The area under the curves shown in Figure 3.6 A, which represents the 

time integral of the Ca2+ fluorescence intensity, decreased gradually and linearly with successive 

stimuli for up to 6 consecutive measurements. The corresponding fluorescent curves were displayed 

in Figure 3.6 B. 
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Figure 3.5: Ca2+ responses evoked in HEK293T-P2Y2R cells by different stimuli: (A) Fluorescence traces 

from HEK293T-P2Y2R cells were computed as pixel signal average within ROIs encompassing each 

individual cells. Shown are mean ∆F fluorescence traces (solid lines) ± s.e.m. (dashed lines) for n= 5 

cells in each condition. Vertical dashed line marks the onset of perfusion for the wash out process. 

(B,C,D) Representative curves of control experiment used to determine the effective selectivity of the 

ATP-BCs. Black arrows mark the onset of focal drug delivery with the pneumatic PicoPump (puff 

stimulation). 

 

 

 Figure 3.6: Run-down effect: (A) The histogram displays the mean area under the ΔF/F0 Ca2+ signals 

shown in (B) as a function of repeated ATP stimuli at a concentration of 10 nM. Shown are the mean 

and s.e.m for n = 6 cells. The dashed line indicates a descending linear trend. (B) Traces generated as 

pixel average from n = 6 cells under the effect of six consecutive stimuli at 10 nM ATP concentration. 
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3.3.2 Pharmacological modulation of ATP-BCs responses 
In the previous section, we described the modulation of Ca2+ in response to the specific binding of ATP 

molecules to P2Y2 receptors. Here, we focused on the selectivity of the ATP-BCs testing the effect of 

compounds that mediate channels, such as connexons or pannexons, and their interaction with the 

P2Y2 receptors. 

The signal transduction pathway describes the series of intermediate actions between the binding of 

ATP to the receptor and the final physiological effect. Since these pathways can be very complex, 

biosensor responses to compounds must be characterized and the possible interactions with drugs or 

solutions must be taken into account. 

For this purpose, cells are seeded onto 12 mm round glass coverslips treated with Laminin (2.5 µg/cm2) 

and loaded with Fluo-8 (5 µM) following the protocol explained in Section 3.2.2. Samples were then 

transferred on the stage of the spinning disk confocal microscope (see Section 3.2.1 for the microscope 

setup) and during the measurements, cells were perfused at a constant flow rate of 1 ml/min with 

HCS supplemented with one of the following compound: 1) ARL67156 (100 µM), an inhibitor of ecto-

ATPases [119] which is crucial for the detection of low concentrations of ATP; 2) Probenecid (1 mM), 

an inhibitor of pannexin1 (Panx1) channels [120, 121]; 3) Fast Green FCF (10 µM), a well-known 

inhibitor of the ionotropic P2X7 receptor that also selectively inhibits Panx1 channels [120]; 4) DIDS 

(50 µM), an inhibitor of pannexin1 channels that binds also P2X7 purinergic receptors in the same site 

of ATP [122]. As shown in Figure 3.7, we monitored the occurrence of spontaneous cytosolic Ca2+ 

transients in ATP-BCs perfusing either with inhibitors (ARL67156, Probenecid, Fast Green FCF, DIDS) 

or with ATP (100 nM). Statistical analysis was performed on the mean area underlying the fluorescence 

curves and reveled significant difference between the pooled data (p < 0.001, ANOVA) showing that 

none of the compounds interfere with the ATP-dependent Ca2+ responses of our ATP-BCs. 

Similarly, we tested ATP-BCs responses to HCS+ATP (100 nM) after 10 minutes incubation with the 

previously tested drugs (used at same concentrations as before). Data analysis indicates that neither 

Probenecid nor ARL67156 affected ATP-BCs responses to ATP (Figure 3.8 A). Conversely, Fast Green 

FCF and DIDS reduced the ATP-dependent responses of the ATP-BCs, possibly by interfering with the 

pathway that links ATP binding to Ca2+ release from the ER of the ATP-BCs [123] (Figure 3.8 A). 

Furthermore, as reported in Figure 3.8 B, the area under the curves of Ca2+-dependent Fluo-8 

fluorescence emission changes were significantly different for Fast Green FCF and for DIDS vs. 100 nM 

ATP alone (p < 0, 001, t-test), but not for Probenecid and ARL67156 (p = 0,2851, p = 0,4104, 

respectively; Student’s t test). Together, these results indicate that Fast Green or DIDS cannot be used 

as pharmacological inhibitor when the presence of ATP in the extracellular medium is assayed by ATP-

BCs. 
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Figure 3.7: Response of ATP-BCs to perfusion with connexins and pannexins inhibitors and an ecto-

ATPases inhibitor (ARL67156): (A) Representative Ca2+ traces computed as pixel fluorescence average 

within each ROIs encompassing a biosensor cell subject to a constant flow rate (1 ml/min) of an 

extracellular medium containing 100 nM ATP (left) and of 50 µM DIDS, 10 µM Fast Green FCF, 1 mM 

probenecid and 100 µM ARL (right). (B) Histogram shows mean area under the curves displayed in (A). 

Data shown are the mean and s.e.m. for n=2 independent experiment (**p < 0, 001, Student t test). 
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Figure 3.8: Response of ATP-BCs to 100 nM ATP after 10 minutes incubation with different inhibitors: 

(A) Representative Ca2+ traces computed as fluorescence emission averages within each ROIs 

encompassing a biosensor cell during perfusion of a 2 mM Ca2+ solution supplemented with 100 nM 

ATP, 100 µM ARL (left) and with 50 µM DIDS, 10 µM Fast Green FCF and 1 mM Probenecid (right) at 1 

ml/min flow rate. (B) Histogram shows mean area under the curves displayed in (A). Data shown are 

the mean and s.e.m. for n=2 independent experiment (**p < 0, 001, p = 0,4104 (for ATP vs. ATP+ARL), 

p = 0,2851 (for ATP vs. ATP+Probenecid), Student t test). 
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3.3.3 Design and construction of a microfluidic chamber to detect ATP release using 

ATP-BCs 
As mentioned, we generated ATP-BCs to investigate the correlation between Ca2+ signaling in a specific 

pathophysiological condition (such as tumor microenvironments or developing cochlea) and paracrine 

release of ATP. To this end, a microfluidic chamber was designed to put in close contact ATP-BCs with 

the sample of interest while performing Ca2+ imaging simultaneously in ATP-BCs and the tissue of 

interest. The Plexiglass parts of the chamber (part 1 and 3 reported in Figure 3.9) were intended to 

ease the rapid enclosure of the chamber without damaging the samples and were kindly fabricated by 

Imagensis Group. The Polydimethylsiloxane sample holder (PDMS) (part 2 in Figure 3.9), instead was 

kindly fabricated by IFN-CNR. As shown in Figure 3.9, the PDMS included the microfluidic channels 

(used for the incoming and outcoming fluids) and the sample placements. The lower enclosure was 

designed to host the sample of interest (e.g. cochlear organotypic cultures) plated onto 5 mm glass 

coverslip; the upper enclosure was designed to accommodate ATP-BCs plated on 12 mm glass 

coverslip (pre-coated with Laminin). 

 

Figure 3.9: Microfluidic chamber architecture: (A) Schematic representation of a frontal cross section 

of the microfluidic chamber. Note the different scale bars in the vertical and horizontal directions. 

Numbers represent the 3 parts into which the microfluidic chamber can be divided. (B) Left: top view 

of the chamber and the PDMS used to hold samples and microfluidic channels. Right: side view of the 

whole microfluidic chamber. (C) CAD drawing of the chamber. 
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By mean of this architecture, it was possible to set the ATP-BCs few microns apart from the sample of 

interest to prevent ATP degradation and diffusion and maximizing the probability of ATP sensing by 

the ATP-BCs. The distance between the two focal plane of the sample and of the ATP-BCs, ranged from 

few tens of µm to few thousands of µm. 

A recirculating fluid flow system allowed for the introduction of chemical agents into the chamber. As 

shown in Figure 3.10 B, the system circulates fluid between a media reservoir and the chamber using 

a peristaltic pump with 0.8 mm inner diameter (ID) silicone tube sets. In order to minimize fluid volume 

and to connect the tubes with the PDMS, smaller diameter stainless steel tubing (0.12 mm ID) were 

used. Connections to the chamber were made by direct insertion of these thin steel tubes into the 

PDMS. This structure also reduces the effective volume of the chamber to 10 µl, whereas the total 

fluid volume in the system was 200 µl. 

3.3.4 Analysis of ATP-BC responses in the microfluidic chamber 

Since mechanical stress could induce metabolic and/or morphological changes [124, 125], ATP-BCs 

loaded with Fluo-8 were enclosed alone in the closed microfluidic chamber and probed under different 

flow rates (from 0.05 ml/min to 1.6ml/min). As reported in Figure 3.10 A, we measured the variation 

in fluorescence intensity (∆F) vs the initial fluorescence with fluid at rest (F0@REST). Enhancement of 

fluorescence occurred abruptly when the flow rate exceeded 0.2 ml/min. Therefore, for the rest of 

these experiments we used a flow rate of 0.1 ml/min which did not induce any visible morphological 

change (nor increase the fluorescence) suggesting that at this rate the fluid shear stress did not affect 

the Ca2+-response of the ATP-BCs in the microfluidic chamber. 

Next, to determine the time constant necessary to completely replace fluids in the tubes (Tt) and in 

the chamber (Tc) at flow rate of 0.1ml/min, we monitored over time the effect of introducing a 

fluorescein solution (120 µM) in the chamber (Figure 3.10 B). Time constants were calculated from 

the intercepts between a linear interpolation of the most sharply rising curve segment and the two 

asymptotic lines (Figure 3.10 B). Their values were 66 s for inflow and 54 s to reach steady state, 

respectively. 

As a further control, ATP-BCs in the microfluidic chamber were perfused at the flow rate of 0.1 ml/min 

with HCS containing 100 nM ATP. As expected, their fluorescence increased within 2 minutes of 

perfusion (Figure 3.10 C). 

Comparing these results with those of the previous section, it is apparent that the underlying increase 

in cytosolic Ca2+ was solely due to the action of ATP on the P2Y2R expressed by the ATP-BCs. 
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Figure 3.10: Characterization of microfluidic chamber and flow rate effect on ATP-BCs in the closed 

microfluidic chamber: (A) Responses of ATP-BCs to shear stress due to the flow rates (from 0.05 to 1.6 

ml/min) in the closed microfluidic chamber. The graph represents the Ca2+ fluorescence changes 

(∆F/F0@REST) on cells (n=100) vs. flow rate (ml/min). Note the abrupt transition from no effect to 

maximal effect at flow rates in excess of 0.2 ml/min.  (B) Time constants of the microfluidic chamber 

at 0.1 ml/min (the flow rate selected for physiological experiments). The graph shows the emission of 

a fluorescein solution (120 µM) vs. time.  Tt is the time required to fill the tubes; Tc is the time required 

to replace the fluid in the chamber. The insert shows the chamber placed in the sample holder of the 

multiphoton microscope, highlighting the positions of the microfluidic chamber, tubes and peristaltic 

pump. (C) Responses of ATP-BCs to exogenous ATP (100 nM) perfused in the closed microfluidic 

chamber at a flow rate of 0.1 ml/min. Based on the data in A, these responses were not due to fluid 

shear stress effects but were genuinely induced by ATP. 
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3.4 Discussion 
Live cell-based sensors are promising tools for real time observations at single-cell level to test drugs 

and pollutants [126, 127]. Moreover, measurements of Ca2+ and cyclic adenosine monophosphate 

(cAMP) for biomedical research are being attempted with this method [128, 129]. 

The present thesis fits in this area. Combining the ability of the generated ATP-BCs together with 

microfluidic chamber, we were able to detect low (< 10 nM) concentrations of ATP in the extracellular 

environment. We also established experimental conditions that permit to perform these assays. By 

testing two different cell lines, our results suggest the better suitability of HEK293T-P2Y2R cells as ATP 

biosensors for the study of ATP pathways in different biological systems without altering the 

physiology of the tissue of interest. The P2Y2 receptors overexpressed by ATP-BCs have a high ATP 

affinity, consistent with previous reports [9]. Because of its metabotropic nature [1], the increase of 

intracellular Ca2+ concentration is due to release from intracellular storages [22]. This makes our ATP-

BCs compliant varying Ca2+ concentration in the extracellular solutions (e.g. HCS, LCS). 

We also tested the responses of ATP-BCs in presence of different inhibitors of pannexin 1 channels 

(Probenecid, DIDS and Fast Green FCF) and of an ecto-ATPase inhibitor (ARL67156). We demonstrated 

that ARL does not interfere with ATP-BCs responses whereas DIDS and Fast Green FCF interfere with 

the ATP-dependent Ca2+ signaling of the ATP-BCs mediated by P2Y2R, in great accordance with the 

literature [122, 130]. Screening of these compounds was crucial to exclude their direct effects on ATP-

BCs which will provide a solid basis to investigate the role of connexin hemichannels and pannexin 

channels in the ATP release in complex environments such as cochlear organotypic cultures and tumor 

microenvironments. 

Thanks to the high sensitivity of our ATP-BCs and to the architecture of the microfluidics chamber, in 

Chapter 4 we will prove the hypothesis proposed in previous studies suggesting the predominance of 

ATP release mediated by connexin hemichannels for the development of the auditory system [3, 4, 

60, 131, 132] and in Chapter 5 we will confirm the evidences of the presence of ATP in the tumor 

microenvironment (TME) [36, 133, 134]. 
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4. Relation between ATP release and 
calcium signaling in the mouse developing 

cochlea 

4.1 Introduction to Ca2+ signaling in the developing cochlea 
The cochlea is the inner ear structure where auditory processing is initiated. In the cochlear duct (CD), 

the basilar membrane supports a polarized sensory epithelium (the organ of Corti) which is 

responsible for sound transduction; it is composed by highly specialized sensory inner hair cells (IHCs) 

and outer hair cells (OHCs) characterized by a mechanosensory organelle composed of stereocilia 

(Figure 4.1) [135]. Different regions of the cochlear basilar membrane vibrate at different frequencies 

due to a complex interaction between fluid dynamics and variations in membrane thickness and width 

from the base (high frequencies) to the apex (low frequencies) of the cochlea [136, 137]. 

The IHCs and the OHCs are mechanically supported by inner and outer phalangeal cells that are 

flanked by various types of epithelial cells [107]. In the following, supporting and epithelial cells will 

be collectively named as cochlear non-sensory cells. An unusual extracellular fluid, the endolymph, 

bathes the apical pole of epithelium and it is characterized by low concentration of sodium (Na+) and 

calcium (Ca2+) ions, but rich in potassium (K+) ions, which are the main charge carriers for sensory 

transduction. 

During the period of time that precedes the acquisition of hearing, which in most rodents occurs 

around the second week after birth, the sensory epithelium is formed by the juxtaposition of the 

greater epithelial ridge (GER, which gives rise to the IHCs and medial non–sensory cells) and the 

adjacent lesser epithelial ridge (LER, which is thought to give rise to the OHCs and lateral non–sensory 

cells) [138, 139], as shown in Figure 4.1 C, D. Hearing acquisition relies not only on the functional 

maturation of hair cells but also on differentiation and proper organization of non–sensory cell 

networks that couple transfer ions, signaling and nutrient molecules through gap junction channels 

[140]. In the mammalian cochlea gap junction channels are formed primarily by connexin 26 (Cx26) 

and connexin 30 (Cx30) protein subunits [141, 142]. In this scenario ionized calcium (Ca2+) plays 

numerous and fundamental roles in the inner ear for the correct development of the cochlea and for 

the acquisition of hearing [3]. 

It is generally thought that extracellular ATP modulates the function of both sensory and non-sensory 

cells in the inner ear [143, 144, 145, 146]. In the developing cochlea, ATP triggers cytosolic calcium 

concentration oscillations and propagation of intercellular Ca2+ waves that carry crucial biochemical 

information to the cochlear sensory epithelium [131, 147, 148]. Ca2+ wave propagation requires ATP 

binding to P2Y receptors that activate a canonical intracellular signal transduction cascade leading to 

diacylglycerol and inositol-1,4,5-trisphosphate (IP3) generation. Intracellular diffusion of IP3 and its 

subsequent binding to IP3 receptors, triggers Ca2+ release from the endoplasmic reticulum raising the 

cytosolic Ca2+ to peak levels of ∼500 nM [3, 148]. This increase of Ca2+ concentration in the cytoplasm 

leads to an increased probability of opening for connexin hemichannels [57, 149, 150]. A wealth of 

experimental data and modeling efforts support the notion that open hemichannels release ATP from 
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the cytosol ([ATP]i in the range of mM) to the extracellular milieu ([ATP]e in the range of nM) [3, 43, 

151]. 

 

Figure 4.1: Anatomy of the cochlea and cochlear duct: from [107]. (A) Schematic drawing of the 

cochlea: BC, bony capsule shown fenestrated near the base to expose scala vestibuli (SV) and scala 

tympany (ST), both filled with perilymph; CD, cochlear duct (or scala media), filled with endolymph. 

(B) CD from   a P5 mouse after removal of the bony capsule; scale bar, 1 mm. (C) Differential 

interference contrast (DIC) micrograph of the sensory epithelium in the basal turn of an organotypic 

cochlear culture, viewed from the scala media. LER, lesser epithelial ridge; GER, greater epithelial 

ridge; HCR, hair cell region; scale bar, 50 µm. (D) Schematic diagram of the epithelium viewed in 

transverse section (i.e. along the black line in (C)) The organ of Corti rests on the basilar membrane 

(BM) surmounted by the tectorial membrane (TM). The organ of Corti contains inner and outer hair 

cells (IHC, OHC), separated by pillar cells (PC). Each outer hair   cell is supported by supporting cell of 

Deiters (DC). In the mature mouse cochlea afferent synapses typically have a single ellipsoid ribbon 

per active zone in both inner and outer hair cells. Inner hair cells form afferent synapses only with 

afferent dendrites (AD) of type I spiral ganglion neurons. The vas spiralis (V) is a blood vessel running 

in the tympanic layer of the basilar membrane just beneath the tunnel of Corti. 

  

According to this scheme, ATP-dependent ATP release enables the regenerative cell-to-cell 

propagation of Ca2+ signals across the network of cochlear non-sensory cells by exploiting a cascade 

of biochemical reactions governed by critical phenomena that control also the frequency of 

intracellular Ca2+ oscillation [3]. 

In the GER of the developing cochlea, spontaneous Ca2+ transients arise periodically and propagate as 

Ca2+ waves [131]. It has been shown that flufenamic acid, a nonspecific blocker of connexin channels 
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[152], and the AbEC1.1 antibody, a specific blocker of Cx26 and Cx30 hemichannels [153], block 

spontaneous Ca2+ signaling activity in the GER [4, 132, 153]. The periodic Ca2+ signals can be blocked 

also by apyrase, an enzyme that catalyzes the hydrolysis of ATP to yield AMP and inorganic phosphate 

[147]. Moreover, Ca2+ waves failed to propagate in the developing sensory epithelium of Cx30−/− mice 

(which are global knockout for Gjb6) and Cx26−/− mice (which target Gjb2 expression in the sensory 

epithelium of inner ear) [43, 60, 154], both of which failed to acquire hearing [155]. On the contrary, 

Ca2+ waves propagated normally in mice that are global knockouts for molecular components of 

alternative ATP release conduits [81, 156, 157], such as P2X7−/− mice and Panx1−/− mice, both of which 

had hearing thresholds indistinguishable from those of their wild type siblings [4]. Altogether these 

data support the hypothesis that in the developing cochlea ATP is released through connexin 

hemichannels, however a direct proof is lacking. 

In the first part of this Chapter, to test the hypothesis that ATP release is mediated by connexin 

hemichannels, we focus on the correlation between Ca2+ signaling and ATP release in the developing 

cochlea of wild type and pannexin 1 knock out (Panx1−/−) mice using the ATP-BCs (widely described in 

the previous Chapter) coupled with the microfluidic chamber. In the second part, we concentrate on 

Ca2+ signaling in the network of non-sensory cells in the developing cochlea of two different mutant 

mice Cx30−/− and Cx30 A88V/A88V underling the importance of connexin hemichannels and their relation 

with Ca2+ signaling in GER, ATP release and the acquisition of auditory function. 

4.2 Materials and methods 

4.2.1 Multiphoton microscopy 
In order to distinguish Ca2+ signals from two focal planes few micron apart [158], a multi-photon (MP) 

partly custom-made microscope was used. The optical architecture shown in Figure 4.2 and Figure 4.3 

was based on a customized Bergamo II Multiphoton microscope (Thorlabs Imaging System, Sterling, 

VI, USA). 

Light input to the multiphoton microscope was provided by a femtosecond pulsed Titanium Sapphire 

(Ti:Sa) Laser (Chameleon Ultra II, Coherent, Santa Clara, CA, USA) coupled to a compact Optical 

Parametric Oscillator (OPO) (Chameleon MPX, Coherent) to extend the range of excitation 

wavelengths available. The dual output of the MPX OPO, driven by the a Ti:Sa laser (pump), provided 

two distinct pulsed laser beams: one, whose wavelength ranged from 680 nm to 1080 nm 

(corresponding to the Ti:Sa output), and the other one ranging from 1000 nm to 1340 nm (OPO 

output). 

The pump beam was controlled by a LM0202 Electro Optical Modulator (EOM) (Qioptic, Waltham, 

MA, USA), a high frequency intensity modulator made of two crystals of potassium di-deuterium 

phosphate (DKDP). Since this modulator is based on a birefringent crystal, the modulation efficiency 

depends on the input polarization. The intrinsic divergence of the Ti:Sa beam was corrected by a 

motorized 1x telescope made of two 50 mm achromatic focal lenses whose distance could be adjusted 

remotely by the user. After collimation, the beam was combined with the OPO beam (as shown in 

Figure 4.2). 
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Figure 4.2: Simplified optical scheme of the multi-photon custom made microscope: Ag: Silver Mirror, 

Dc: Dichroic Mirror; BR: Beam Reducer; EOM: Electro-Optic Modulator; BE Beam Expander; T: 

Telescope; DL: Delay line; PBS: Polarizing beam splitter; E03: Near infrared dielectric mirror; VPP: 

Vortex Phase Plate; BS: Beam Sampler; SH: Shack Hartmann. 

 

The OPO beam diameter was reduced in size by means of a 0.5X Beam Reducer (Leica Microsystems, 

Wetzlar, Germany) to fit the dimensions of the LiTaO3 crystal of the LM 13 LT-P EOM (Qioptic, 

Waltham, MA, USA) and optimize the modulation efficiency. The conditioned OPO beam was then 

passed through a 1x motorized telescope like the one described above in order to correct beam 

divergence as a function of the OPO wavelength, and also to modify the Z position of the focal spot 

created by the objective. The OPO beam was then directed to an optical delay line, made of a pair of 

silver mirrors mounted in a retro-reflector configuration on a motorized high precision linear stage 

(Cat. N. 8MTL140C-300, STANDA, Vilnius, Lithuania). This device enables computer controlled 

micrometric variation of the optical path length and was used to temporally synchronize the pulsed 

OPO output to the Ti:Sa one. The possibility to synchronize the two beams is essential to perform sum 

frequency generation and stimulated emission depletion (STED) (as shown in Figure 4.2). 

The pump and the OPO beams were merged by means of a 1000 nm short pass dichroic mirror 

(DMSP1000, Thorlabs). The polarizing beam splitter (PBS) placed in the shared path, split each output 

in two beams, whose relative powers were modulated by the rotation of two motorized half-wave 

plates (one for each beam). The two components of each beam were then fed to each one of the two 

scanning heads of the Thorlabs microscope, named resonant-galvo (RG) and the galvo-galvo (GG) 

scanning head, respectively (Figure 4.3). 

A beam sampler (BSF10-B, Thorlabs GmbH Europe, Dachau/Munich, Germany) was inserted in each 

(RG and GG) beam path to select 5% of the light in order to check beam quality. Each 5% component 

was further split in two equal components by means of a half-wave plate followed by a PBS. One 

component was dimmed by a neutral density filter and directed to a Shack-Hartmann sensor to 
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visualize the shape of beam wavefront. The other component was polarized and fed to an auto-

correlator (Grenouille 8- 50-USB, Swamp Optics LLC, USA) to check the temporal and spatial profile of 

the pulsed beams, as well as their mutual spatial alignment. 

As shown in Figure 4.3, the beam in the GG scanning head was direct to the sample by two 

galvanometer mirrors (one for each axis). The GG solution was used to perform high-resolution 

morphological imaging and, more generally, when it was not necessary to follow dynamical processes 

at the millisecond time scale. The GG scanning head also provides full flexibility for arbitrary scan 

geometries. 

 

 

Figure 4.3: Schematic representation of the Scanning heads of the Thorlabs microscope: SL: Scan Lens; 

TL: Tube Lens; FM: Full Mirror; BS: 50/50 Beam splitter; PDM: Primary Dichroic Mirror; λ/4: Quarter 

wave plate; Piezo: Piezo Objective Scanner; Obj: Objective; DM1: 565 nm long pass filter (T565lpxr); 

DM2: 495 nm longpass filter (T495lpxru); DM3: a 652 long pass filter (FF652- Di01-25x36); F1: 460/50 

nm band pass filter (ET460/50m-2p); F2: 525/40 nm band pass filter (FF02-525/40-25); F3: 612/69 

band pass filter (FF01-612/69-25); F4: combination of 647 nm long pass filter (BLP01-647R-25) and 

770 nm short pass filter (FF01-770/SP-25); NF: Notch Filter; PMT: photomultiplier tube; PDT: 

photodiode tube. 

 

In the RG scanning head, the scan along the x-axis was provided by a special resonant mirror that 

oscillates at the fixed frequency of 12 kHz. This allowed us to scan full field frames (512x512 pixels) at 

a maximum frame rate of 45 frame per second (fps). However, with the RG scan head, the user can 

image only rectangular region of interest (ROI) because it does not allow scanning different 
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geometries. RG scanning head was used for milliseconds real-time functional imaging, such as Ca2+ 

imaging, using genetically encoded indicators (e.g. GCaMP). Importantly, we also used the GG scan 

head to photo-stimulate/photoactivate/uncage the molecules in a selected ROI in the field of view 

while we imaging the preparation with the RG scan head. 

In both scanning heads, laser beams passed through a scan lens and a tube lens and were then directed 

to the objective. In the GG path, the light was reflected towards the sample by a full mirror.  In the RG 

path, we used a 50/50 beam splitter (50/50 BS NIR, Chroma) with a 50% reflection efficiency. This 

optical element combined the beams from the two pathways and was placed on a motorized holder 

that allowed the user to exclude it from the light path when the GG scanning head was used. Before 

entering the objective, light from either scan head passed through a rotating quarter-wave plate in 

order to obtain circularly polarized light. Finally, a 25 X water immersion objective (XLPlanN25XWMP2, 

Olympus Corporation, Tokyo, Japan) mounted on a piezoelectric Z-scanner (PFM450E, Thorlabs) 

focused the light from each beam onto the sample. The piezoelectric actuator enabled fine focus 

adjustment (down to 3 nm) and fast Z-stack volume acquisition (400 nm range). The signal emitted by 

the sample was collected in an upright configuration by the same objective and was filtered by the 

use of a 735 long pass primary dichroic mirror (PDM, model FF735-Di02- 30x42, Semrock) to separate 

the emission in the visible (VIS) range from excitation in the infrared (IR) range. The VIS signal was 

further split using a combination of dichroic mirrors and bandpass filters and then collected by four 

different GaAsP photomultiplier tubes (PMTs). 

4.2.2 Transgenic mice and genotyping 
All mouse manipulations were performed in accordance with protocol approved by the Italian Ministry 

of Health (Prot. n.1005/2016-PR). Animals were bred and genotyped in the CNR Monterotondo node 

of the European Mouse Mutant Archive (EMMA), an ESFRI/INFRAFRONTIER Distributed Research 

Infrastructure. 

The background strains of the transgenic mice used in this study are as follows: Panx1 knock out (KO) 

(Panx1−/−) [43], Cx30 KO (Cx30−/−) [155] and wild type littermates (Panx1+/+, Cx30+/+), C57BL/6; 

Cx30A88V/A88V, CD-1 [159]. 

Mice used for this study were post-natal day 5 (P5) or post-natal day 3 (P3) pups, both male and 

female. 

Mice were genotyped according to published protocols by standard PCR [43]. Primers for Panx1 were 

as follows: 

• Panx1 f: 5’ − GGAAAGTCAACAGAGGTACCC – 3’ 

• Panx1 r: 5’ − CTTGGCCACGGAGTATGTGTT – 3’ 

• LacZ: 5’ − GTCCCTCTCACCACTTTTCTTACC – 3’ 

The Panx1+/+ allele was targeted by the above f and r primers and identified by a 330 bp band, whereas 

Panx1−/− was targeted by primers Panx1 f and LacZ, and was identified by a 630 bp band. Panx1+/− was 

identified by the simultaneous presence of a 330 bp and a 630 bp band.  

 



37 
 

Primers for Cx30 were as follows: 

• Cx30 f: 5’ − GGTACCTTCTACTAATTAGCTTGG – 3’; 

• Cx30 r: 5’ − AGGTGGTACCCATTGTAGAGGAAG – 3’.  

Primers for Cx30A88V/A88V were as follows: 

• Cx30 A88V f: 5’ − GGTCGAAGGAACCTTTCACAGG – 3’; 

• Cx30 A88V r: 5’ − GCTACCATCACGTGCTCTTTGG – 3’; 

4.2.3 Cochlear organotypic cultures 

Cochleae from post-natal day 5 (P5) or day 3 (P3) mice were quickly dissected in ice-cold Hepes 

buffered (pH 7.2) HBSS (Gibco, Cat.N. 14025050) and placed onto glass coverslips coated with Cell-Tak 

(Corning, Cat.N. 354240). The size of the coverslip was different depending on the experiment (5 mm 

glass coverslips for ATP release measurement, 12 mm glass coverslips for other experiments). The 

cochleae were incubated overnight at 37°C in DMEM/F12 (Gibco, Cat.N. 11320074) supplemented 

with 5% FBS (Gibco, Cat.N. 10270106) and 100 g/ml ampicillin (Sigma-Aldrich, Cat.N. A9518). 

For Ca2+ signaling measurements, after overnight incubation, cochlear cultures were maintained for 

45 min at 37°C in DMEM/F12, supplemented with Fluo-Forte (16 µM, ENZO, Cat.N. ENZ-52014) or 

Fluo-8 AM (20 µM). The incubation medium contained also pluronic F-127 (0.1%, w/v), and 

sulfinpyrazone (250 µM) to prevent dye sequestration and secretion. Samples were then transferred 

on the stage of the multi-photon microscope and perfused with extracellular solution (EXM) for 15 

min at 1 ml/min to allow for de-esterification. The perfusion medium (EXM) contained (in mM): NaCl 

135, KCl 5.8, CaCl2 1.3, NaH2PO4 0.7, MgCl2 0.9, Hepes-NaOH 10, d-glucose 6, pyruvate 2, amino 

acids, and vitamins (pH 7.48, 307 mOsm). Fluo-Forte was excited at 940 nm, whereas Fluo-8 was 

excited at 920nm. In either case, dye excitation was achieved by focusing the pump beam onto the 

sample through the 25X water-immersion objective. Fluorescence emission was selected in the range 

435–485 nm by a single band-pass filter (ET460/50m-2p, Chroma Technology) placed in front of a non-

descanned GaAsP detector. Mechanical ultra-fast shutters were used to limit light exposure to bear 

the minimum required for image acquisition. Images were acquired at 5 fps. 

For experiments in the microfluidic chamber, 5 mm glass coverslips were used to plate the cochlear 

organotypic cultures. For recording, EXM was substituted by ECM, a medium obtained by replacing 2 

mM Ca2+ in EXM with an endolymph-like concentration (20 µM) supplemented with the 

ectonucleotidase inhibitor ARL67156 100 µM or with apyrase (40U/ml, Sigma-Aldrich, Cat.No. A2230), 

an enzyme that catalyzes the hydrolysis of ATP. All experiments were performed at room temperature 

(22-25 °C). Illumination intensity, frame average, frame rate and the number of pixels in each frame 

were adjusted to minimize photobleaching and phototoxicity, while achieving sufficient signal to noise 

ratio and temporal resolution. Sequences of frames (512 × 512 pixels per frame) were acquired at a 

final rate of 1 fps (after frame averaging). Using the ThorImage LS 3.2 software (Thorlabs) in Z-Stack 

acquisition modality, it was possible to focus alternatively on the cochlea or the ATP-BCs. The distance 

between the two focal planes depended on the thickness of the cochlea and the assembly of the 

microfluidic chamber (ranging from 14 to 120 µm). 
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4.2.4 Quantitative measurement of ATP release with a standard bio-luminescence ATP 

assay 
After the overnight incubation, cochlear cultures plated on 5 mm glass coverslips were transferred 

into a black 96-well plate with 200 µl serum- free DMEM/F12 in each well. Plates were then incubated 

for 30 minutes at 37°C and 5% CO2. Immediately before starting the ATP release-stimulation protocol, 

cochleae were washed twice with a High Calcium Solution (HCS) containing a normal (1.8 mM) Ca2+ 

concentration (for detailed on HCS see Section 3.2.2). ATP release was stimulated by incubating the 

samples in HCS supplemented with ARL67156 (100 µM final concentration) for 20 minutes at 37 °C. 

After the incubation time, supernatant was collected and place in ice. The same organotypic cultures 

were then washed with Zero Calcium Solution (ZCS) containing a nominally zero calcium concentration 

and (in mM): 137 NaCl, 5.36 KCl, 0.44 KH2PO4, 0.18 Na2HPO4, 0.1 EGTA, 25 Hepes and 5.55 Glucose 

(pH 7.3). The same protocol of ATP release stimulation was repeated also in ZCS supplemented with 

ARL67156 (100 µM final concentration), the supernatant was collected and place in ice. 

The amount of ATP release in these conditions was measured by using a bio-luminescent ATP assay 

kit (Molecular Probes-A22066) and the bio-luminescence was read by a luminometer (Perkin Elmer 

Victor Light 1420). For each experiment, ATP standard curves were generated using serially-diluted 

concentrations of ATP and used to convert measurements of luminescence signals into ATP 

concentrations (as described in the kit protocol). 

4.3 Results 

4.3.1 Responses of ATP-BCs evoked by photodamaging cochlear organotypic cultures 

of wild type mice 

To test the hypothesis that Ca2+ wave propagation in the non-sensory cells of the GER correlate with 

ATP release through connexin hemichannels, we measured the ATP-dependent Ca2+ response of the 

ATP-BCs in correspondence of stimulated Ca2+ signals. We performed a set of experiments 

photodamaging a single non-sensory GER cell of a wild type (WT) cochlear organotypic cultures facing 

with ATP-BCs in the microfluidic chamber. The focal photodamage (at 920 nm, power 150 mW for 100 

ms) generated a massive and time-controlled ATP release in a specific area (as shown in Figure 4.4 A). 

The released ATP was detected by the overlying ATP-BCs which responded with clearly detectable Ca2+ 

signals. Ca2+ imaging from the two types of cells was performed using a piezoelectric actuator couple 

with the water immersion objective that permitted us to step up and down repeatedly from one focal 

plane to the other at one frame per second, as described in Section 4.2.3 and shown in Figure 4.4 A. 

As reported in Figure 4.4 B, replacing ARL67156 with 40 U/ml apyrase in the extracellular medium 

(LCS) reduced the propagation of intercellular Ca2+ waves in the GER [160, 161] after a photodamage. 

The time integral of the Ca2+ signals in WT cochleae in both conditions (LCS+ARL67156 and 

LCS+apyrase) yielded an area of 4.44 A.U. and 0.50 A.U., respectively. As shown in the left panel of 

Figure 4.4 C, D, we consistently recorded robust Ca2+ signals from the ATP-BCs following photodamage 

the cochlear organotypic cultures in LCS + ARL67156, but failed to detect biosensors responses in LCS 

+ apyrase (4.4 C, D, right panel). Summing the fluorescence traces of all cells in the field of view and 

computing the value of the area under the curves (Figure 4.4 D) yielded 3.36 x 106 A.U. in presence of 

ARL67156 vs. 7 x·104 in presence of apyrase (similar results were measured for n = 3 independent 
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experiments). These results confirmed that ATP-BCs could detect the ATP released within the 

microfluidic chamber from the GER in the underlying cochlear oganotypic culture. 

 

Figure 4.4: Specificity of ATP-BCs to ATP release from a wild type (WT) cochlea: (A) Top: Schematic 

representation of the microfluidic chamber during image acquisition with the multi-photon 

microscope of Ca2+ signals from the cochlea and from the biosensors cells both loaded with Fluo-8. 

The cochlear organotypic culture and the biosensor cells were mounted facing one another. Bottom: 

False-color images of each focal plane during the two steps of acquisition before and after the ATP-

releasing stimulation (photodamaging). The yellow asterisk marks the photodamage point. Scale bar: 

50 µm. (B) Representative time course of Fluo-8 traces generated as pixel averages from regions of 

interest (ROI) in the presence of ARL67156 (100 µM, left) or of apyrase (40 U/ml, right). The area under 

the curves of evoked Ca2+ waves in the GER is colored in grey. (C) Representative fluorescence signal 

changes (∆F) of n= 15 cells (HEK293T-P2Y2R) in the field of view, used to detect local ATP release 

during photodamage of the cochleae in the presence of ARL67156 (100 µM, left) or apyrase (40 U/ml, 

right). (D) Fluorescence traces computed as the sum of single-cell fluorescence signals (F) detected in 

the biosensor cell population within the field of view. 
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4.3.2 Responses of ATP-BCs to spontaneous Ca2+ signaling in cochlear organotypic 

cultures of wild type and pannexin 1 knock out (Panx1−/−) mice 
To monitor the Ca2+ signals and to correlate them with the ATP release mediated by connexin 

hemichannels, we used the microfluidic chamber (for further details see Section 3.3.3) coupled with 

ATP-BCs (see Section 3.3) to compare ATP release in WT (Panx1+/+) and Panx1−/− cochlear organotypic 

cultures (Figure 4.5 A). Both ATP-BCs and cochlear cultures were loaded with the Ca2+ selective dye 

Fluo-8 and multiphoton confocal Ca2+ imaging was performed by focusing alternatively (at 1 Hz rate) 

on the two preparations. In 7 independent experiments, we found that the distribution of intercellular 

Ca2+ fluorescence changes, integrated over time, was not significantly different between Panx1−/− 

cochlear cultures (mean = 3.60 A.U., median = 1.45, IQR = 2.77; n = 96 events) and Panx1+/+ cultures 

(mean = 3.30 A.U., median = 1.89, IQR = 3.61; n = 104 events, p = 0.201, Mann-Whitney, U-test) (Figure 

4.5 B, E). Similarly, in Figure 4.5 D it is reported the fluorescence trace computed as the sum of single 

fluorescence signal changes (some of them shown in Figure 4.5 C) detected in the whole biosensor 

cell population in the field of view. Moreover, the distribution of ATP-triggered Ca2+ responses 

detected in ATP-BCs overlying Panx1−/− cochlear organotypic cultures (mean = 2.38 x 104 A.U., median 

= 7.33 x 103, IQR = 2.19 x 104, n = 1695 cells) was not distinguishable (p = 0.105, Mann-Whitney, U-

test) from the distribution of responses elicited by ATP released from Panx1+/+ cochlear cultures (mean 

= 2.07 x 104 A.U., median = 3.88 x 103, IQR = 1.74 x 104, n = 1695 cells) (Figure 4.5 F).   

To further validate the results reported above, we used the classical luciferin-luciferase ATP 

bioluminescence assay [162] to compare ATP release in cochlear organotypic cultures isolated from 

Panx1+/+ and Panx1−/− P5 mouse pups (Figure 4.6). In cochleae isolated from both Panx1+/+ and Panx1−/− 

mice, ATP release in the extracellular milieu was modulated by variations in the extracellular Ca2+ 

concentrations: in ZCS, the amount of ATP released from Panx1−/− cochleae was equal 8.14 nM ± 1.19 

nM vs. 3.96 nM ± 0.70 nM in HCS (p = 0.015, t-test), and equal to 8.32 nM ± 1.68 nM vs. 3.09 nM ± 

0.21 nM in HCS (p = 0.011, t-test) in Panx1 wild type mice. Thus, the amount of ATP released was not 

significantly different between the two genotypes, either in ZCS (p = 0.26, t-test) or in HCS (p = 0.93, 

t-test, n=6 cultures of either genotype). As Panx1 gating mechanisms are insensitive to change of 

extracellular divalent cation concentrations [70], our results strengthen further the hypothesis 

according to which connexin hemichannels are the sole conduits responsible for ATP release in the 

developing mouse cochlea. 

These finding are in accordance with our previous results reported in Ref [83] where multiphoton 

microscopy was used to monitor spontaneous Ca2+ activity in cochlear organotypic cultures from P5 

mice loaded with the Ca2+ indicator Fluo-Forte AM. Specifically, these results indicate that 

spontaneous ICS activity in the GER of the postnatal cochlea is not affected by Panx1 ablation and the 

absence of detectable defects in auditory function of Panx1−/− mice. 
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Figure 4.5: (Caption on the following page) 
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Figure 4.5: Pannexin1 (Panx1) channels are not involved in the generation of spontaneous ATP-

mediated Ca2+ waves in the mouse developing cochlea: (A) Representative frames obtained while 

performing simultaneous two focal planes imaging to detect spontaneous Ca2+ signals in non-sensory 

cells of the GER of postnatal cochleae from Panx1+/+ (wild type; left) and Panx1−/− (right) mice and 

activation of ATP-BCs, triggered by local release of ATP molecules. False-color images represent Fluo-

8 fluorescence changes (∆F/F0) obtained as maximal projection rendering of all frames recorded in 

cochlear organotypic cultures from P5 Panx1+/+ and Panx1−/− transgenic mice. Scale bars: 50 µM. (B) 

Representative time course of Fluo-8 traces generated as pixel averages from regions of interest (ROI) 

relative to experiments in (A). The area under the curve of spontaneous cytosolic Ca2+ waves in the 

GER is colored in grey. (C) Representative fluorescence signals (F) of n = 15 cells (ATP-BCs) in the field 

of view shown in (A) and used to detect local ATP release during ATP-dependent Ca2+ oscillations in 

the cochleae. (D) Fluorescence trace computed as the sum of single fluorescence signal changes (F) 

detected in the whole biosensor cell population in the field of view in (A). (E) Box plots showing the 

distribution of intercellular Ca2+ fluorescence changes in developing cochleae of Panx1+/+ and Panx1−/− 

mice, integrated over time. Data were obtained from n = 7 animals of each genotype and computed 

on n = 104 and n = 96 Ca2+ events for Panx1+/+ and Panx1−/−, respectively. (F) Distributions of ATP-

triggered Ca2+ responses, integrated over time, measured in ATP-BCs during spontaneous Ca2+ 

oscillations in Panx1+/+ (n= 1695 cells) and Panx1−/− (n = 1695 cells) developing cochleae. 

 

 

Figure 4.6: Quantification of spontaneous ATP release in cochlear organotypic cultures: ATP release 

from cochlear cultures obtained from Panx1 wild type mice (Panx1+/+) and Panx1 knock out mice 

(Panx1−/−) was quantified using a standard ATP bioluminescence assay kit. The same cochleae were 

incubated first with a High Calcium Solution (HCS = 2 mM Ca2+) and then with a Zero Calcium Solution 

(ZCS). Data are mean and s.e.m. for independently repeated experiments on n=6 cultures (*p < 0.05, 

NS, p=0.94 between ZCS for the two genotypes; NS, p=0.26 between HCS for the two genotypes; 

Student t test.) 



43 
 

4.3.3 Strongly reduced ATP-dependent Ca2+ signaling in cochlear organotypic cultures 

of connexin 30 knock out (Cx30−/−) mice 
In the previous Section we have shown that Panx1 channels are not involved in ATP release in the 

developing cochlea and these data corroborate the hypothesis of other works that claimed that Panx1 

is not involved in hearing acquisition [83, 154]. In contrast, connexins are known to be crucial for 

hearing and, mutation or deletion of Cx26 or Cx30, causes hearing loss in mice and humans [132, 163]. 

As a matter of fact, both Cx30−/− mice [155] and mice with targeted ablation of Cx26 in the inner ear 

[164, 165] are profoundly deaf. Moreover, deletion of Cx30 is associated with substantial 

downregulation of Cx26 expression in Cx30−/− mice [154, 166]. 

Of note, it has been proposed that ATP release from connexin hemichannels expressed in the cochlear 

non-sensory epithelium is important for the correct maturation of inner and outer hair cells (IHC and 

OHC respectively) which are responsible for the mechanoelectrical trasduction of sound signals [167, 

168]. In particular, the release of ATP from non-sensory cells could affect the IHC firing activity directly, 

via the reduced activation of P2 receptors present in these cells, or indirectly via the elevation of K+ 

around the IHCs following the activation of ATP autoreceptors in neighboring non-sensory cells [167]. 

The absence of connexins in non-sensory cells, which reduces the frequency and spatial extent of the 

Ca2+ waves and OHC synchronization, has been proposed to lead to a reduced number of ribbon 

synapses and type II afferent fibres [168]. 

To corroborate these conclusions, we analyzed ATP-BCs Ca2+ responses in the microfluidic chamber 

stimulated by spontaneous Ca2+ waves from Cx30−/− cochlea cultures. In Figure 4.7 A, B were reported 

representative Ca2+ response of the ATP-BCs coupled with Cx30+/+ (in blue) or Cx30-/- (in red) cochlear 

cultures. The integration over time of the fluorescence traces measured on ATP-BCs coupled with 

Cx30+/+ or Cx30−/− cochlear organotypic cultures (from at least 3 different mice) were significantly 

different (p < 0.001, Mann-Whitney U-test). From the distribution of Figure 4.7 C, we calculated the 

mean area under the fluorescence curves extrapolated from the ATP-dependent Ca2+ responses of the 

ATP-BCs that was equal to 2.30 x 104 for the cells coupled with Cx30+/+ cochlear cultures vs. 2.90 x 103 

for the cells coupled with Cx30−/−, lending further support to the notion that ATP release is mediated 

by connexin hemicannels. 
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Figure 4.7: Connexin30 (Cx30) hemichannels are involved in the generation of spontaneous ATP-

mediated Ca2+ waves in the mouse developing cochlea: (A) Representative fluorescence signals (F) of 

n = 15 cells (ATP-BCs) used to detect local ATP release during ATP-dependent Ca2+ oscillations in the 

Cx30+/+ (blue) and Cx30-/- (red) cochleae. (B) Fluorescence trace computed as the sum of single 

fluorescence signal changes (F) detected in the whole biosensor cell population of a single experiment. 

(C) Distributions of ATP-triggered Ca2+ responses measured in ATP-BCs (n = 606 cells) during 

spontaneous Ca2+ oscillations in Cx30+/+ and Cx30−/− developing cochleae, integrated over time. 

 

In addition, we expanded the work of Rodriguez et al. [60], by using multiphoton microscopy to 

monitor spontaneous ICS activity in cochlear organotypic cultures obtained from P5 pups loaded with 

the Ca2+ indicator Fluo-Forte AM. As shown in Figure 4.8 A, B the frequency and the amplitude of 

spontaneous Ca2+ signaling in GER was strongly reduced in Cx30−/− cochlear organotypic cultures 

compared with Cx30+/+ mice. Specifically, we examined the frequency of occurrence of spontaneous 

Ca2+ transients (events) in the apical cochlear turn by counting all occurrences within the portion of 

the GER in the field of view from P5 Cx30−/− mice and age–matched wild type siblings (Figure 4.8 C). 

The frequency of occurrence in Cx30+/+ cochlear organotypic cultures was 18.30 ± 7.97 events/min and 

5.61 ± 2.14 events/min in Cx30−/− cultures. The value of the median and the IQR (inter-quartile range) 

were respectively 0,0260 and 0,0321 for the Cx30+/+ mice and 0,0241 and 0,0235 for the Cx30−/− mice 

(Figure 4.8 D). Statistical analysis of the event frequency distribution showed that the two pooled data 

were significantly different (p < 0,001, Mann-Whitney, U-test). 
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Figure 4.8: Spontaneous Ca2+ transients in the GER of wild type (Cx30+/+) and connexin 30 knock out 

(Cx30-/-) postnatal cochlear cultures: (A) Representative false-color image of Fluo-Forte fluorescence 

changes (∆F/F0) in an apical-middle turn culture from Cx30+/+ and Cx30−/− P5 mice. Each image was 

obtained as maximal projection rendering of all frames recorded over a 4 min time interval at five 

frames per second. The shown ROIs are superimposed on different Ca2+ hot spots. Scale bar, 50 µm. 

(B) Fluo-forte traces generated as pixel averages from the color-matched ROIs shown in (A). (C) 

Frequency histograms of spontaneous Ca2+ transients (events) in cultures from P5 WT (in blue) and P5 

Cx30 KO (in red) mice (pooled data). (D) Distribution of the frequency between consecutive events. 

The value of the median and the IQR are respectively 0,0260 and 0,0321 (Cx30+/+), 0,0241 and 0,0235 

(Cx30−/−) (***p < 0, 001, Mann-Whitney, U-test). 
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To consolidate these findings, we measured ATP release in cochlear organotypic cultures isolated from 

Cx30+/+ and Cx30−/− transgenic P5 mouse pups (Figure 4.9) through a standard luminescence assay (n=6 

mice for each genotype; for detailed protocol see Section 4.2.4). These results provide compelling 

evidence that connexin hemichannels play a pivotal role in ATP release, as (i) ATP release from Cx30+/+ 

mouse cochleae was modulated by changes of extracellular Ca2+ concentrations (10.95 nM ± 0.87 nM 

in ZCS vs. 4.85 nM ± 0.68 nM in HCS, p < 0.001, t-test) and (ii) deletion of Cx30 significantly hampered 

ATP release in ZCS (p = 0.001, t-test), with respect to Cx30+/+ cochleae. In particular, we found that the 

amount of ATP released from Cx30−/− cochlear cultures bathed in ZCS was equal to 6.40 nM ± 0.74 nM 

with respect to the amount detected in HCS (4.39 nM ± 0.69 nM, p = 0.066, t-test). 

Altogether, these results support our working hypotheses that (i) connexin hemichannels are the 

major contributors to ATP release during the development of the cochlea and (ii) both Ca2+ signaling 

in the GER and ATP release mediated by connexin hemichannels are fundamental for hearing 

acquisition [163]. 

 

Figure 4.9: Quantitative ATP released by cochlear organotypic cultures measured with a 

bioluminescence ATP assay kit: (A) ATP release from cochlea cultures obtained from WT (Cx30+/+) and 

Cx30 KO (Cx30−/−) mice. The same cochlea was incubated at first with a High Calcium Solution (HCS) 

and then with a Zero Calcium Solution (ZCS) to promote hemichannel opening. Data are mean ± s.e.m. 

from n=6 different animals (**p < 0.01, NS p = 0.066, Student t test). 

4.3.4 Enhanced ATP-dependent Ca2+ signaling in cochlear organotypic cultures of Cx30 

A88V/A88V knock in mice 
Mice expressing the A88V Cloustron syndrome mutant isoform of Cx30 [159], which leads to the 

formation hyperactive hemichannels [169], have been shown to exhibit better high-frequency hearing 

profiles with respect to their wild-type and heterozygous age-matched littermates at 6 to 9 months of 

age [159, 170]. We sought to corroborate and extend these surprising results. Thus, we initially 

recorded the auditory brainstem response (ABR). In humans and mice alike, sound-evoked ABR 

potentials appear as a series of consecutive relative maxima (peaks), termed Waves and labelled with 

Roman numerals, which arise from the synchronous short-latency synaptic activity of successive nuclei 

along the peripheral afferent auditory neural pathway [171, 172, 173]. Hearing threshold estimates 



47 
 

from clicks (namely the ability to detect broadband noise) were indistinguishable in both mutant and 

wild type mice aged 3 to 4 weeks. In contrast, thresholds for pure tone auditory stimulation at low 

frequencies (4 kHz and 8 kHz) were significantly higher in homozygous Cx30 A88V/A88V mutant mice 

compared to age-matched wild type littermate controls. Conversely, thresholds were significantly 

lower at 24 kHz and 32 kHz in homozygous Cx30 A88V/A88V mutant mice compared to age-matched wild 

type littermate controls (Figure 4.10). Of note, at 3 to 6 month of age Cx30  A88V/A88V mutant mice 

showed significantly better hearing profiles in response to both clicks and pure tone stimulation at 16 

kHz, 24 kHz and 32 kHz, compared to age-matched WT controls (CD-1, genetic background) which are 

known to suffer from age- related hearing loss (ARHL) (data and statistical analysis shown in Figure 

4.11). 

 

 

Figure 4.10: Auditory Brainstem Response (ABR) profiles of CD1 and Cx30 A88V/A88V mice: Hearing 

threshold estimated from Wave II for broadband (clicks) and tone bursts at 4, 8, 16, 32 kHz obtained 

from Cx30 A88V/A88V mice at 3-4 weeks, 3 months and 6 months of age, and from age-matched CD1 wild 

type littermates. 

 

Figure 4.11: Auditory brainstem response (ABR) thresholds for click stimuli and for tone bursts at 4, 8, 

16, 24, 32 kHz obtained from CD1 and Cx30 A88V/A88V mice: Shown are mean values in dB SPL, rounded 

to nearest integer, with s.e.m. (in round brackets) for n = at least 6 mice per each genotype for each 

age set, and paired t-test p-values of each group relative to CD1 controls (in square brackets). 

 



48 
 

Several lines of evidence support the notion that connexin-depended Ca2+ signaling activity in the pre-

hearing mouse cochlea conditions hearing performance in the adult stage [163]. Therefore, to 

investigate spontaneous calcium signaling in the non-sensory cells of the GER of Cx30A88V/A88V mice,we 

performed two-photon imaging in cochlear oganotypic cultures isolated from n = 5 P3 pups of each 

genotype and loaded with Fluo-8 (Figure 4.12). In the apical cochlear turn, the mean frequency of 

occurrence of spontaneous Ca2+ waves was 5.05 ± 4.00 events/min in WT CD-1 cultures (n = 322 

events) vs 7.4 ± 3.00 events/min in Cx30 A88V/A88V cultures (n= 629 events). In the basal turn, the 

corresponding figures were 9.1 ± 4.2 events/min (n = 422) in WT CD-1 vs. 4.2 ± 1.3 events/min in 

mutant mice (n = 357) (Figure 4.13). Likewise, inter-peak interval distributions of spontaneous Ca2+ 

transients in Cx30 A88V/A88V apical turns were significantly higher (median = 0,0253; interquartile range 

(IQR) = 0,0286, p < 0.001, Mann-Whitney, U-test) with respect to those of wild type cultures (median 

= 0.01283; IQR = 0.0213), whereas in the basal turn the median and IQR values were equal to: 0.0152 

and 0.0192 in mutant mice, and 0.0273 and 0.0264 in wild type mice (p < 0.001, Mann-Whitney, U-

test). 

 

Figure 4.12: Spontaneous Ca2+ transients in the GER of CD1 and Cx30 A88V/A88V postnatal cochlear 

cultures: (A) Representative false-color image of Fluo-8 fluorescence changes (∆F/F0) obtained as 

maximal projection rendering of all frames recorded in an apical and in a basal turn cochlear culture 

from a Cx30 A88V/A88V P3 mouse and its littermate (CD1) imaged for 4 min at five frames per second. 

ROIs are shown superimposed on different Ca2+ hot spots. Scale bar, 50 µm. (B) Fluo-8 traces 

generated as pixel averages over the color-matched ROIs shown in (A). 
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Furthermore, the mean peak amplitude of Ca2+ events in the apical and basal turn of Cx30 A88V/A88V 

cochlear organotypic cultures was 0.24 ± 0.08 ∆F/ F0 and 0.25 ± 0.12 ∆F/F0, respectively (Figure 4.14), 

where ∆F/F0 indicates Fluo-8 fluorescence emission change vs. baseline fluorescence. Mean peak 

amplitude values calculated for wild type littermates were 0.28 ± 0.18 ∆F/F0 in the apical turn and 0.16 

± 0.05 ∆F/F0 in the basal turn. Statistical analysis of the same pool of data revealed significant 

difference (p < 0.001) both in apical (median = 0.1889; IQR = 0.2004 for Cx30  A88V/A88V and median = 

0.1068; IQR = 0.1088 for wild type mice) and basal turns (median = 0.2284; IQR = 0.2362 for mutant 

mice and median = 0.1109; IQR = 0,1013 for wild type) of postnatal cochlear cultures. 

Summarizing, these results confirm that CD-1 WT mice exhibit early- onset, high frequency hearing 

loss whereas expression of the Cx30A88V in this genetic background resulted in extended hearing 

protection and overall better hearing profiles starting from 3 months. These auditory features 

correlate with enhanced spontaneous Ca2+ activity in the GER of pre-hearing Cx30 A88V/A88V mice 

compared to their WT siblings. 
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Figure 4.13: Frequency histograms of spontaneous Ca2+ transients (events) in cultures from CD1 mice 

(in blue) and Cx30 A88V/A88V mice (in red) and events’ frequency distributions: (A) Frequency histograms 

from CD1 mice of apical turn and basal turn (in blue) and from Cx30 A88V/A88V mice of apical turn and 

basal turn (in red). (B) Box plots of event’s frequency, computed as the inverse of the time interval 

between consecutive events occurring in the same hot spot. The value of the median and the IQR 

(inter-quartile range) for the apical turn are respectively 0,0183 and 0,0213 (CD1), 0,0253 and 0,0286 

(Cx30 A88V/A88V). The value of the median and the IQR (inter-quartile range) for the basal turn are 

respectively 0,0273 and 0,0264 (CD1), 0,0153 and 0,0192 (Cx30 A88V/A88V). (***p < 0.001, Mann-

Whitney, Utest). 
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Figure 4.14: Average peaks of the overall Ca2+ events and distribution of events’ amplitude in CD1 and 

Cx30 A88V/A88V developing cochleae: (A) Average peaks (solid line) and s.e.m. (dashed lines) computed 

in apical turn (left) and basal turn (right) of n=5 animals. Blue lines refer to CD1 WT mice; red lines 

refer to Cx30 A88V/A88V. (B) Distribution of the events’ amplitude. In the apical turn, the value of the 

median and the IQR (inter-quartile range) are respectively 0,1068 and 0,1088 (CD1), 0,1889 and 

0,2004 (Cx30 A88V/A88V). In the basal turn, the value of the median and the IQR (inter-quartile range) are 

respectively 0,1109 and 0,1013 (CD1), 0,2284 and 0,2362 (Cx30 A88V/A88V). (*** p < 0.001, Mann-

Whitney, U-test). 

4.4 Discussion 

ATP release in cochlear organotypic cultures is mediated by connexin hemichannels 

Similarly to connexins, pannexins have been found to be extensively expressed in the mammalian 

inner ear [80], particularly in the cochlear spiral limbus, supporting cells of the organ of Corti and 

fibrocytes in the cochlear lateral wall [80]. However, the impact of Panx1 on auditory function remains 

unclear because of conflicts in published results [43, 82, 83, 174]. The Panx1−/− strain we have analyzed 

in this work was the first with a reported global ablation of Panx1 [43, 175]. Our published results [83] 

confirmed successful ablation of Panx1 both in the cochlea and in the brain of Panx1−/− mice. Our 
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analyses of auditory brainstem response (ABR) and distortion production otoacoustic emission 

(DPOAE) recordings indicate normal hearing sensitivity, normal function of the outer hair cell-based 

“cochlear amplifier” [176, 177, 178] and absence of cochlear nerve defects. In the same work [83] we 

confirmed that lack of Panx1 affects neither the expression of inner ear connexins nor gap junction 

communication in the organ of Corti. Moreover, our two-photon imaging experiments, performed to 

monitor cytosolic Ca2+ transients in the greater epithelial ridge (GER), revealed that there were no 

differences in the frequency of occurrence, mean amplitude and inter-peak interval distributions of 

spontaneous Ca2+ transients in the apical turn of organotypic cochlear cultures from P5 mice. These 

data lead to the conclusion that intercellular Ca2+ signal (ICS) activity in the postnatal cochlea are 

mediated by connexin hemichannels, ruling out a hypothetical contribution of Panx1 channels. 

To validate and corroborate these data, in this work we spatially and temporally correlated the 

spontaneous ICS activity of cells in the GER and the ATP release mechanism, thanks to the ATP-BCs 

and the microfluidic chamber. Of note, the customized design of our microfluidic chamber allowed us 

to simultaneously monitor the spatial extent and propagation of intercellular Ca2+ waves and 

biosensor cells activation, confirming that ATP-induced ATP release is the primary mechanism 

underlying intercellular propagation of Ca2+ signals in the developing cochlea [3]. Therefore, this 

microfluidic chamber system represents a powerful tool to provide a real-time temporal and spatial 

correlation between spontaneous cytosolic Ca2+ oscillation, ATP release through Cx hemichannels and 

Ca2+ waves propagation. In particular, we experimentally proved the hypothesis that spontaneous Ca2+ 

transients in the GER have been attributed to the release of ATP [131, 179] through connexin 

hemicannels [60, 132]. Indeed, our experiments with cochlear organotypic cultures and ATP-BCs 

indicate that the ATP-release mechanism underlying the spontaneous ICS activity of cells in the GER 

was intact in Panx1 KO mice and impaired in Cx30 KO mice. Furthermore, the frequencies of 

spontaneous Ca2+ activity in the GER of the developing cochlea of Cx30−/− mice were strongly depleted 

and this mouse strain failed to acquired hearing [132]. Preservation of the ATP-induced ATP-release 

mechanisms and Ca2+ waves propagation are essential for hearing acquisition [4, 60, 132] and 

maturation of sensory hair cells [167]. In support of this claim by performing ATP release assays in 

cochlear organotypic cultures isolated from P5 mouse pups, we found that the amount of detectable 

ATP in the extracellular medium was comparable between Panx1−/− and Panx1+/+, and was modulated 

by extracellular Ca2+ variation, a widely recognized mechanism to regulate hemichannel gating (see 

Introduction 1.2). Conversely, ATP release in cochleae isolated from Cx30 deficient mice was 

significantly abolished. In conclusion, our extended characterization of Panx1−/− and Cx30−/− mice 

provides strong evidence that ATP release is mediated by connexin hemichannels which are 

indispensable for cochlear tissue development, hearing acquisition and auditory function. 

 Enhanced ATP-dependent Ca2+ signaling and long-term protection against age-related 

hearing loss in Cx30 A88V/A88V mice 

The importance of Cx26 and Cx30 to hearing and cochlear homeostasis is highlighted by the fact that 

mutations in the genes that encode Cx26 (GJB2) and Cx30 (GJB6) in humans are the most common 

cause of inherited non- syndromic pre-lingual deafness [180, 181, 182]. Recently, it has been pointed 

out that the Cx30-A88V mutation, responsible for the onset of a rare autosomal dominant disorder 

named Clouston syndrome (OMIM #129500), is characterized by hearing preservation in mouse model 

[159, 170]. Specifically, Cx30 A88V/A88V mice presented with elevated hearing thresholds within the lower 
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frequency ranges in the apical region of the cochlea (<10 kHz), but substantially improved hearing 

within the high frequency, basal region of the cochlea. 

In this study we used auditory brainstem response (ABR), which is a measure of the electrical activity 

in the brainstem evoked by the presentation of given acoustic stimuli, in an attempt to determine 

whether A88V mutation confers long-term protection against hearing loss also in aged mutant mice. 

Our data are in accordance with the previously reported hearing preservation in young mice [159, 

170] and extended those results by showing that this auditory phenotype at 40-60 dB SPL is even more 

pronounced in 6 months of age Cx30 A88V mutant mice with respect to their age-matched wild type 

controls. This might seem paradoxical, since in vitro studies have shown that the Cx30-A88V mutation 

can be highly toxic when overexpressed in certain cell lines [169, 183] because of the leaky 

hemichannels that increase the concentration of ATP into the extracellular medium [169]. 

To elucidate the mechanisms by which Cx30 A88V/A88V mutant mice showed unexpected hearing 

phenotype, we investigated intercellular Ca2+ activity in the developing cochlea of homozygous 

mutant mice. Our results show that there is a significant difference between the frequencies (inter-

peak intervals) of Ca2+ signal events between the mutant and wild type mice, both in the apical and in 

the basal turn. Specifically, the Cx30 A88V mutation expressed in the developing cochlea caused Ca2+ 

events (i) to occur at higher frequency (number of events/s) in the apical turn than in the basal turn 

and (ii) the mean events amplitude is greater in the basal turn with respect to the apical turn. Of note, 

this trend was inverted for CD-1 wild type mice (i.e. genetic background), which conversely showed 

an overall lower occurrence of spontaneous Ca2+ events. The increase in the overall Ca2+ signaling in 

the cochlea could be explained by the hyperactivity of the Cx30-A88V hemichannels that released a 

higher concentration of ATP in the extracellular milieu. Our results indicate that the auditory 

phenotype of adult animals is related to the pattern of spontaneous cytosolic Ca2+ oscillation and ATP-

dependent Ca2+ waves propagation within the GER in the developing cochlea. 

It has been proposed [184, 185] that frequency of cytosolic Ca2+ oscillations regulate gene expression. 

Indeed, Kelly and co-workers [170] reported a reduction in the expression of the Cx30 in mutant mice 

(Cx30 A88V/A88V) respect to WT (for both mRNA and protein). Moreover, their study showed an extensive 

loss of the OHCs on the basal turn of WT mice. Conversely Cx30 A88V/A88V mice were protected against 

hair cell loss and showed intact neurofilaments. Indeed, it has been postulated that oxidative stress 

lead to chronic inflammation and triggering of apoptotic cell death pathways, premature hearing loss 

and cochlear degeneration [186, 187]. Therefore, our on-going studies (not shown in this thesis work) 

strongly suggest that Cx30- A88V mutation in the epithelial gap junction network of the basal turns of 

cochlea may contribute to an augmented efficiency of the antioxidant defense system in Cx30 A88V/A88V 

mice, contributing somehow (among other molecular mechanisms that still need to be elucidated) to 

the prolonged high-frequency hearing protection compared to controls. 

At present, however, it remains unknown whether the Cx30-A88V mutant confers long-term 

protection to high frequency hearing during aging and the preservation of hearing mechanism is 

unclear. 
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5. Study of ATP-dependent signaling in 
the tumor microenvironment 

5.1 Introduction to the ATP in the tumor microenvironment and angiogenesis 
As mentioned in the Introduction, ATP has the ability to finely tune physiologic and pathophysiologic 

responses such as neurosecretion, coagulation, smooth-muscle contraction, cell growth and 

apoptosis, or inflammation. In the tumor microenvironment (TME) purinergic signaling plays a crucial 

role for both immunosuppression and immunoactivation mainly focused on the concentration of 

adenine nucleosides (adenosine) and nucleotides (ADP and ATP) [37]. 

In recent years, the measurement of extracellular ATP concentration in intact tissues has become a 

major challenge. Different techniques measured this quantity and provided the same answer: ATP 

level in the interstitium of resting/healthy tissues is very low (order of nanomolar) whereas in 

stimulated or diseased tissues it can reach hundreds of µmol/l [5, 188, 189]. Ex vivo experiments 

clearly reported a higher adenosine concentration at least twice higher in tumors than in healthy 

tissues [190], but direct in vivo measurements of the adenosine concentration in tumors are not as 

yet available. These accumulations will turn out to be beneficial or detrimental for the host depending 

on (i) concentrations of ATP and adenosine, (ii) panel of P2 and P1 receptors expressed by the tumor 

cells and by the infiltrating inflammatory cells, (iii) level of expression of nucleotide-hydrolyzing 

enzymes (CD39 and CD73) that influence the rate of degradation from ATP to adenosine [191, 192]. 

Indeed, adenosine acts at P1 receptors, expressed on immune and cancer cells, causing 

immunosuppression and stimulation of cancer cell survival and proliferation [191]. The role of ATP in 

the complex dynamics of the host-tumor interaction is still unclear and ATP can act as an 

immunostimulant or an immunosuppressive agent causing cancer cell proliferation or even cancer cell 

death. 

P2X7 receptor also has a dual role, because its activation may cause cytotoxicity as well as 

proliferation. This receptor is expressed predominately in cells of the immune system [106]. In 

particular ATP activates the P2X7 receptor of dendritic cells that potentiates immuno-responses [191]. 

On the other hand, it was observed that most malignant tumors overexpress P2X7 [193]. While 

cytotoxicity is most commonly triggered by millimolar ATP doses, P2X7 activation by endogenously 

released ATP produces a growth promoting effect [194, 195]. Accordingly, tumors engineered to 

overexpress P2X7 show an accelerated in vivo growth rate, higher VEGF release, thicker vascular 

networks, and an increased tendency to metastasize [6, 196]. 

To visualize the network of blood vessels and estimate tumor angiogenesis, micro-computed 

tomography (micro-CT, see Section 5.2.4) has become widely used because of the non-invasive 3D 

visualization and quantification of the morphology [197, 198] and its high spatial resolution. Micro-CT 

takes advantage of an x-ray source to penetrate soft-tissue without disrupting it. To evaluate blood 

vessels by x-ray imaging an application of radio-dense contrast agents is required. Microfil compounds 

are among the most used for ex vivo micro-CT measurements, consisting in a lead-containing silicon 

rubber that polymerizes within the vascular compartment, enabling the visualization of cardiovascular 

structures. 
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Nowadays purinergic receptors are considered a good target for anti- cancer therapy [90], but further 

studies on ATP metabolism in the TME must be carried out. Few techniques are able to measure ATP 

directly in vivo without altering the system [5] and less studies are focused on the mechanism of ATP 

release from cancer cells during tumor growth or therapy. Our ATP-BCs can be used as non-invasive 

probes to measure in vivo ATP in different conditions and to clarify the release mechanisms involved 

in tumor proliferation or regression mediated by extracellular ATP. 

5.2 Materials and Methods 

5.2.1 The mouse melanoma B16-F10 cell line 
The B16-F10 mouse melanoma cell line was purchased from American Type Culture Collection (ATCC, 

Cat.N. CRL-6475). Cells were cultured in RPMI 1640-GlutaMAX (Thermo Fisher Scientific, Cat.N. 61870-

010) supplemented with 10% heat-inactivated FBS and 1% penicillin/streptomycin. 

B16-F10 P2X7R-silenced (shRNA P2X7R) cells were a gift of Professor Francesco Di Virgilio (Department 

of Morphology, Surgery and Experimental Medicine, Section of Pathology, Oncology and Experimental 

Biology, University of Ferrara) [199]. Gene silencing is considered a gene knock down mechanism since 

the methods used to silence genes generally reduce the expression of a gene [200]. B16 shRNA P2X7R 

were cultured in RPMI 1640-GlutaMAX supplemented with 10% heat-inactivated FBS and 1% 

penicillin/streptomycin and maintained at 37°C under controlled atmosphere of CO2 (5%]. 

5.2.2 Transgenic mice and genotyping 
All mouse manipulations were performed in accordance with a protocol approved by the Italian 

Ministry of Health (Prot. n.410/2016-PR). Animals are bred and genotyped in the CNR Monterotondo 

node of the European Mouse Mutant Archive (EMMA), an ESFRI/INFRAFRONTIER Distributed Research 

Infrastructure. 

The background strains of the transgenic mice (P2X7−/−) [201] and respective wild type (P 2X7+/+) used 

in this study is C57BL/6. 

Mice used for this study were female aged of 3-4 months. 

Mice were genotyped according to published protocols by standard PCR [43]. Primers for P2X7 KO 

were as follows: 

• P2X7 f: 5’ − TGCCCATCTTCTGAACACC – 3’; 

• P2X7 r: 5’ − CTTCCTCTTACTGTTTCCTCCC – 3'. 
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5.2.3 Melanoma cell inoculation and tumor growth in the mouse dorsal skinfold 

chamber 
The dorsal window chamber preparation, shown in Figure 5.1, consists of two complementary 

titanium alloy frames implanted onto WT and P2X7 KO mice. Detailed surgical procedures are 

described in Ref. [202]. The clear glass window permits direct observation of the tumor implant, 

surrounding vessels, and the host’s subcutaneous tissues. 

 

Figure 5.1: The mouse dorsal skinfold 

window chamber apparatus: adapted from 

[203]. The metal frame of the window is 

clamped surgically around the dorsal 

skinfold. Photograph shows the window 

chamber, retaining nuts and glass window. 

Scale bar, 1 cm. 

 

To achieve stable and uniform expression of the GCaMP6s cytosolic Ca2+ biosensor, cultures of B16-

F10 cells were infected with a lentiviral vector (pHAGE-RSV-GCaMP6s, a gift from Darrell Kotton, 

Addgene plasmid #80146). Lentivirus was produced using HEK293T packing cells according to a 

standard protocol described in Ref. [115]. B16-F10 cells, stably expressing GCaMP6s, were suspended 

in ice-cold HBSS at density of 16.7 x 106 cells/ml. The glass coverslip of the dorsal skinfold chamber 

was temporarily removed and 30 µl of cells suspension (containing ∼ 5 x·105 cells) were deposited on 

the exposed dermal tissue to form a superficial tumor. 

Experiments were performed 3-5 days after inoculation of the B16-F10- GCaMP6s cells. To detect the 

ATP released within the dorsal skinfold chamber, the empty glass coverslip of the chamber was 

replaced with another one in which ATP-BCs had been plated the day before at 70% density (Figure 

5.2). The solution trapped between the tumor and this ATP-BCs-bearing coverslip was the LCS (20µM 

Ca2+, described in Section 3.2.2) supplemented with ARL67156 (100 µM) or with apyrase (25U/ml). 

5.2.4 Intravital imaging and ATP detection during photoactivation of a photosensitizer 

loaded in the tumor 
Intravital imaging was performed using the multiphoton microscope described in Section 4.2.1. 

Fluorescence emission from either tumor or ATP- BCs (loaded with Fluo-8) was excited with the pump 

beam at 920 nm and collected through 525/40 nm bandpass filter. As described above (see Section 

4.2.3), images from two different focal planes, one for the tumor and the other for the ATP-BCs, were 

collected sequentially and continuously by using the microscope objective mounted on a piezoelectric 

actuator, achieving a final acquisition rate of 0.5 fps. 

To further test the ability of ATP-BCs to detect ATP release in the TME following an external stimulus, 

we performed photoactivation of a photosensitizer agent (PS) absorbed by tumor cells. PS molecules 

are promoted to a long-lived triplet state by absorption of light with specific wavelength. In this excited 

state, the “activated” PS molecule interacts with molecular oxygen present inside the cell and triggers 

a cascade of photochemical reactions leading to the production of extremely toxic reactive oxygen 
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species (ROS) [204]. Cytotoxic effects caused by PS excitation propagate from directly irradiated cells 

to surrounding non-exposed cells, a phenomenon called “bystander effect” [205, 206]. Exposure of 

cells to radiation induces ATP release towards the extracellular milieu [207]; moreover, ATP and 

purinergic signaling have been proposed as mediators of bystander signaling propagation both in vitro 

[208] and in vivo [209]. 

 

Figure 5.2: Two-dimensional melanoma derived from B16-F10 cells infected with GCaMP6s growth in 

the dorsal skinfold chamber: (A) Representative images of melanoma in the dorsal skinfold chamber. 

Left: bright field image; Right: fluorescence image of B16-F10 cells infected with the GCaMP6s 

cytosolic Ca2+ probe. Scale bars: 1 mm. (B) Sketch of the dorsal skinfold chamber coupled with ATP-

BCs to detect ATP in the TME. 

 

The tumor was first loaded with the PS incubating for 1hour with in extracellular medium containing 

PS (100 µM) and pluronic F-127 (0.1 % w/v). Then, the tumor was washed twice and the extracellular 

ATP measurement was repeated as described before simultaneously to focal PS activation. 

We induced a massive ATP release in the TME in a spatiotemporally- controlled manner by 

photoactivating the PS Aluminum Phthalocyanine Chloride in a single cell of the tumor grown in the 

mouse dorsal skinfold chamber. For PS excitation, we used a 671 nm diode-pumped solid-state laser 

(Shanghai Dream Lasers Technology Co., Shanghai, China). The 671 nm laser light emitted from the 

multimode optics was collimated using an achromatic doublet and the beam was injected into the 

two-photon microscope optical path just above the objective via reaction at 45° of a dichroic mirror 

(600–750 nm notch dichroic custom-made by Semrock). The collimated laser beam was focused by 

the 60X objective into a 10 µm diameter spot (∼80 µm2 area), which allowed spatially conned 
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irradiation of a single cell in the culture, i.e. “focal” irradiation, at an irradiance of ∼ 5 x 106 mW/cm2 

[210]. Photoactivation was performed with laser in continuous mode, while the objective was stepping 

up and down to record the signals from the two focal plane. Firstly, we controlled that this laser did 

not alter the ATP-BCs responses by performing the same experiment protocol in absence of PS. 

5.2.5 Micro-Computed Tomography (micro-CT) 
Micro-Computed Tomography (micro-CT) is a non-destructive imaging tool for the production of high-

resolution three-dimensional (3D) images. Micro- CT equipment is composed of several components: 

x-ray tube, radiation filter and collimator (which focuses the beam), specimen stand, and phosphor-

detector/charge-coupled device camera (Figure 5.3). Reconstruction of a 3D image is performed by 

rotating the sample to generate a series of 2D projections that will be transformed to a 3D 

representation by using a digital process called back-projection [198, 211]. This non-destructive 

imaging modality produces 3D images with volumetric pixel (voxel) approaching 1 µm. 

The principle of micro-CT is based on the attenuation of an x-rays beam passing through the sample 

being imaged. As the beam passes through tissue, the intensity is diminished according to the 

absorption law 𝐼𝑥 =  𝐼0 ∗ 𝑒−𝜇𝑥, where 𝐼0 is the intensity of the incident beam, x is the distance from 

the source, 𝐼𝑥 is the intensity of the beam at distance x from the source, and µ is the linear attenuation 

coefficient [212]. Therefore, the attenuation depends both on the sample material and on the source 

energy and can be used to quantify the density of the tissues being imaged when the reduced intensity 

beams are collected by a detector array. 

Samples for the visualization of vascular angiogenesis through micro-CT were obtained perfunding 

tumor-bearing mice with Microfil (a lead-containing silicon rubber, Flow Tech, Cat.N. MV-112) injected 

intra-cardially. Tumors were induced by inoculating 1 x 106 B16-F10 or shRNA P2X7R cells (see Section 

5.2.1 for detailed description of the cells) subcutaneously into both the flank of female wild type (WT) 

mice and knock out mice for P2X7R gene (P2X7-KO). After 8 days from cells injection and before 

Microfil perfusion, mice were perfused with 20 mL of PBS supplemented with heparin 5U/ml, Sigma-

Aldrich, Cat.N. H3149-50KU) for complete blood removal. Perfusion was performed at physiological 

pressures, using a peristaltic pump (Harvard Apparatus, Cat.N. P-70). 

Samples collection was performed after 3 hours from the end of the perfusion to complete Microfil 

polymerization. Tumors were treated with paraformaldehyde (4%) and ethanol (from 50% to 100%) 

to fix and to dehydrate the samples. Once dehydration was completed, the tumors were scanned using 

a non–gantry-based SkyScan 1172 micro-CT system (Bruker). Tumors were positioned on a computer-

controlled rotation platform and were scanned 200° around the vertical axis, in rotation steps of 0.7° 

at 39 kV. The generated isotropic pixel sizes were 8 µm. After volume rendering of reconstructed high-

resolution micro-CT data sets, blood vessels were visualized and systematically analyzed using Analyze 

12.0 software. 
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Figure 5.3: Schematic diagram of a micro-CT system: from [213] 

5.3 Results 

5.3.1 Response of ATP-BCs exposed to melanoma investigated by intravital 

multiphoton microscopy 

It is well know that ATP is abundant in the TME [90, 190]. Pellegatti et al. [5] suggested a new probe 

(pmeLUC, plasma membrane luciferase) stably transfected in HEK293T cells to measure ATP 

concentration in the TME in in vivo experiments. 

Here, we reported preliminary experiments to prove the ability of ATP- BCs to detect ATP release in 

TME under spontaneous condition and after photostimulation of the tumor cells pre-loaded with a PS 

(Aluminum Phthalocyanine Chloride). To this aim we used B16-F10 cells to induce melanoma in a 

dorsal skinfold chamber (see Section 5.2.3). Traditionally, the dorsal skinfold chamber technique in 

mouse models was used to visualize dynamic processes, e.g. cell migration, vascular growth, immune 

system infiltration and tumor response to therapy [214]. More recently, it has been exploited to study 

Ca2+ signaling in the tumor mass [215, 216]. Our future prospective is to use the dorsal skinfold 

chamber to study Ca2+ signalling in 2D melanoma and its correlation with ATP using the ATP-BCs in 

spontaneous condition and during the process of phototherapy. Our sensors are relatively easy to 

generate (lentiviral infection) and handle and they are easy to monitor through confocal microscopes. 

Moreover ATP-BCs are adapted to record real-time signals and to study metabolic mechanisms at 

cellular resolution, whereas the pmeLUC-HEK293T gives a macroscopic measure of ATP concentration 

through total body in vivo measurements. 

As shown in Figure 5.4, ATP-dependent Ca2+ responses were measured in ATP-BCs loaded with Fluo-8 

when they were mounted in the dorsal skinfold chamber as described in Section 5.2.3 (see also Figure 

5.2). Interestingly, we were able to detect ATP spontaneously release from the tumor cells in the TME 
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(Figure 5.4 A). Similarly, more robust signals were recorded from ATP-BCs after photostimulation of 

the tumor cells and they are completely abolished when ARL was substituted by apyrase (25U/ml) 

(Figure 5.4 B, C). Further studies must be carried out to corroborate these data and to prove the 

relation between Ca2+ signals and ATP release mediated by connexins in the TME. However these 

preliminary measurements are very promising and prove the versatility of ATP-BCs. 

 

Figure 5.4: Spontaneous and photostimulated ATP release in the tumor microenvironment: Left: 

representative false-color image of biosensor cells mounted in the dorsal skin chamber facing B16-

F10 melanoma cells. Right, ATP-dependent Ca2+ signaling traces generated as pixel averages over the 

color-matched ROIs (shown in the corresponding image at the left) in unstimulated conditions (A) or 

during photostimulation with a photosensitizer (PS) loaded in the tumor cells (B, C). The fluid filling 

the gap between tumor and ATP-BCs was a Low Calcium Solution (LCS) supplemented with ARL67156 

(100 µM, A, B) or with apyrase (25U/ml, C). Yellow asterisks represent the photostimulated point in 

the tumor underneath the coverglass bearing the ATP-BCs. Scale bar: 20 µm. 



61 
 

5.3.2 A micro-CT-based study of melanoma-driven angiogenesis in wild type and 

P2X7R KO mice 
Microfil perfusion combined with ex vivo micro-CT imaging allowed highly detailed 3D visualization of 

blood vessels as well as systematic and quantitative analysis of vascular parameters such as vessel 

size, vessel distribution, and vessel branching (Figures 5.5). This technique allowed to assess these 

parameters within intact tumors, holding great potential for the better understanding of tumor 

angiogenesis. 

In order to understand the role of P2X7 in tumor growth and angiogenesis, we injected parental B16-

F10 (B16 WT) or B16 shRNA-P2X7R cells in WT and P2X7 KO mice. After 8 days from the inoculation 

the mouse was perfused with Microfil and the tumors were collected. We can notice from Figure 5.5 

that the vasculatures of the tumors derived from B16 WT cells showed a more chaotic pattern of 

vessels and blunt ends compared to tumors derived from B16-shRNA cells. 

From the micro-CT dataset we first evaluated the total volume of different samples and the relative 

volume of the blood vessels. Surprisingly, the total volume of tumors generated with B16 WT were 

lower compared to tumors generated with B16-shRNA (Figure 5.6 A,C). In particular the mean values 

of tumor volumes were 68.91 ± 14.70 mm3 and 77.16 ± 15.92 mm3 for the B16 WT cells inoculated in 

WT or KO mice respectively (the pooled data were not statistically different, p = 0.71, t-test), while the 

volumes were 122.31 ± 14.56 mm3 in WT mice and 112.10 ± 7.27 mm3 in KO mice for tumors derived 

from B16-shRNA cells (p = 0.51, t-test). All data were generated from at least n = 5 tumors. 

Furthermore, comparing the pooled data of tumor volumes from the tumors induced with the two 

different cell lines (B16 WT or B16-shRNA) on mice with the same genetic background, we noticed 

that they were significantly different (p = 0.009 for WT mice and p = 0.044 for KO mice, t-test). These 

data suggests that at this stage the P2X7 receptors, expressed by the tumor cells and by the immune 

system of the host, were not crucial for tumor growth. 

We next evaluated the vascular volume, that correspond to the volume filled with the Microfil (Figure 

5.6 B), and we compared it with the total volume of the same sample (Figure 5.6 C). The mean value 

of the vessel volume percentages of vessel volumes were equal to 11.59 ± 2.24 mm3 (that correspond 

to 16.82% ± 0.06% of total volume) for B16-WT tumors grown in WT mice and equal to 10.41 ± 1.81 

mm3 (that correspond to 13.50% ± 0.051% of total volume) for B16-WT tumors grown in KO mice. Our 

data were in great accordance with the literature and showed statistical difference (p = 0.025, t-test) 

between B16-WT tumor grown in WT or KO because of a decrease in vascular endothelial growth 

factor (VEGF) reported in KO mice [6, 217]. Conversely, the percentages of mean vessel volumes for 

B16-shRNA tumors were 3.98% ± 0.60% and 4.19% ± 0.31% for WT and KO mice, respectively (p = 0.32, 

t-test), whereas the actual vessels volume were 4.88 ± 0.15 mm3 and 4.70 ± 0.04 mm3. As previously 

reported, the comparisons of the percentage of vessel volumes between tumors induced with B16-

WT or B16-shRNA in mice with the same genetic background were statistically different (p = 5.5 x 10−5 

for WT mice and p = 5.5 x 10−6 for KO mice, t-test). 
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Figure 5.5: MicroCT imaging of tumor angiogenesis derived from B16 WT (A,B) or shRNA-P2X7R (C,D) 

cells injected in WT (P2X7+/+, A,C) or KO (P2X7−/−, B,D) mice: Mice were humanely euthanized and 

perfused with Microfil (a microCT contrast agent) 8 days after the injection of 106 cells in the right hip. 

The three-dimensional micromorphology of tumor blood vessels was visualized at a resolution of 

approximately 8 µm. Scale bar: 2 mm. Videos of the volume renderings can be downloaded from 

https://www.dropbox.com/sh/i23yczdv502a0w1/AADH2tCGiid66eutC073HMSZa?dl=0 

https://www.dropbox.com/sh/i23yczdv502a0w1/AADH2tCGiid66eutC073HMSZa?dl=0
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Figure 5.6: Tumor volumes (A), vessel volume (B) and percentage of vessels volume (C) of the tumors 

8 days after injection of B16 WT or shRNA P2X7 cells in WT or P2X7 KO mice: Histograms show data 

from at least n = 5 sample for each conditions. Data were generated with Analyze 12.0. 
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Consistently with the increased vascular volume and higher degree of angiogenesis [199] in tumor-

bearing mice induced with B16 WT cells, a clear tendency towards increased vessel size was observed 

(Figure 5.7). Comparing vessel diameters obtained by ex vivo micro-CT confirmed the significant 

difference between the two distributions (p < 0.001, Fisher F-test, Figure 5.7). The most probable 

diameter observed in tumors grown in WT mice and derived from B16 WT cells were 40 µm < d ≤ 50 

µm (23.24 ± 3.36 counts) compared to tumors derived from B16 shRNA cells 30 µm < d ≤ 40 µm (20.94 

± 1.36 counts). Similarly for KO tumor-bearing mice inoculated with B16 WT or B16-shRNA cells (Figure 

5.7 B) the most frequent diameters ranged between 40 µm and 50 µm (25.16 ± 4.53 counts) and 

between 20 µm and 30 µm (23.39 ± 1.56 counts) respectively (Figure 5.7 B). 

Altogether this data demonstrated that in the chosen stage of the tumor progression (around 8 days) 

through the high resolution and accuracy of ex vivo micro-CT measurement, it was possible to measure 

tumor angiogenesis before the occurrence of conformational and volumetric differences and validate 

the hypothesis that the receptor P2X7 expressed by the tumor cells released VEGF. 

 

Figure 5.7: Distribution of 

vessel diameter 8 days after 

injection of B16 WT or shRNA 

P2X7 cells: (A) Quantification of 

blood vessel sorted by 

diameter in tumor derived by 

the injection in WT mice of B16 

WT (in cyan) and shRNA-P2X7 

(in blue) cells. (B) 

Quantification of blood vessel 

sorted by diameter in tumor 

derived by the injection in P2X7 

KO mice of B16 WT (in red) and 

shRNA-P2X7 (in bordeaux) 

cells. Data were obtained with 

Analyze 12.0 and are expressed 

as mean counts ± s.e.m. from n 

= 4 different tumors for each 

conditions. Dashed lines are 

the fit of the distributions 

obtained with the GaussMod 

model of Analyze 12.0 (p = 1.22 

x 10−4 and p = 1.52 x 10−4, Fisher 

F-test). 
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5.4 Discussion 
The TME is the site where tumor cells are in close contact with host cells and is a dynamic environment. 

The understanding of the biochemical composition and molecular mechanisms of the TME that 

regulates tumor cells metabolism, proliferation and motility or host immune responses are crucial to 

develop new anti-cancer therapies that are more effective on the tumor cells and preserve the host 

cells integrity. 

The biochemical composition of the TME is the result of the activity of both the tumor and host cells. 

Cancer cells release metabolites that acidify the TME and enzymes that degrade the extracellular 

matrix [218, 219]. Likewise, host cells release cytokines, growth factors, cytotoxic molecules [220]. 

Nucleotides, mainly ATP, are also released into the TME by both tumor and host cells. The effects of 

nucleotides in the TME are countless, they can affect migration and activation of immune cells as well 

as growth and aggressiveness of tumor cells, and a deep understanding of purinergic signaling in the 

TME may offer novel therapeutic prospects. 

The most obvious suitable target would be extracellular ATP itself. The concentration of this 

nucleotide is markedly increased in tumor sites and therefore decreasing its levels might be beneficial; 

alternatively, it might be possible to further increase the TME ATP concentration to exploit ATP-

dependent cytotoxicity [221]. The in vivo administration of ATP has been explored as an anticancer 

therapy in tumor-bearing mice with conflicting results [222, 223]. Recent studies have proposed as 

therapeutic strategies targeting: (i) purinergic receptors overexpressed by most tumor cells [90], (ii) 

ectonucleotidases that increase ATP degradation and adenosine accumulation with the consequent 

inhibition of immune responses [224, 225] or (iii) ATP release mechanisms [226, 227] that however 

are poorly investigated. 

Mechanisms of ATP release are not completely characterized and it has been hypothesized that in the 

TME they could be whether passive, such as stressed or dying cells or hypoxia [228], or active through 

conductive channels, vesicles, or plasma membrane proteins forming non-selective pores (e.g. 

connexins, pannexins, P2X7R) [40]. 

The challenge of measuring extracellular ATP concentration in intact tissues has been addressed in 

different ways. Promising in vitro methods have been developed, but only few in vivo techniques have 

been proposed. Dubyak and co-workers [229] developed a chimeric protein that consists of the IgG-

binding domain fused in-frame with the complete sequence for firefly luciferase that specifically bind 

the cell surface; recently Tantama and co-workers [230] provided a ratiometric FRET-based 

fluorescence indicator able to detect extracellular ATP. However no in vivo data are available for these 

two probes. Other more sophisticated techniques based on atomic force microscopy [231], patch-

clamp [232] or tandem enzyme reactions [233] have also been proposed, but these techniques are 

complex to use. Micro- electrode recording has also been applied to extracellular ATP measurement 

in tissue slices and in vivo [234]. This technique suffers of an intrinsic limit: the insertion of the 

electrode tip into the tissue causes by itself tissue damage with consequent ATP release. As already 

mentioned only Di Virgilio and co-workers [5] proved the abilities of their developed luciferase probes 

to measure in vivo extracellular ATP. 

In this frame, dorsal skinfold chamber coupled with our ATP-BCs could be a powerful tool to reveal 

the mechanisms of ATP release in the TME both in spontaneous condition or during therapies. Indeed, 
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thanks to our preliminary results, we can assess that ATP-BCs are sensitive enough to detect 

extracellular ATP accumulated in the TME of 2D melanoma and are able to investigate molecular 

pathways at cellular level. Moreover, we proved the possibility to use ATP-BCs also during therapy 

such as photodynamic therapy. The results shown in this thesis are really promising and further 

experiments must be carried out, in particular in presence of inhibitors of plasma membrane channels 

(e.g connexins blocker) to gain more insight into the molecular mechanism. 

Nowadays, the most validated candidates for anti-cancer therapies are the purinergic receptors [90]. 

In order to fully recognise the potential of purinergic signaling in cancer therapy, an in-depth 

characterization of P2 receptors is needed. We focused on the relation between P2X7R and the 

angiogenetic process. It is known that ATP has a strong angiogenic effect on the intratumour vessel 

network. Specifically, stimulation of P2Y1R, known to be expressed by endothelial cells [235], activates 

P2X7R that triggers VEGF release [6, 236, 237]. 

For this study we used micro-CT measurement and we selected Microfil, an x-ray contrast agent that 

offers several advantages including: its wide use, ease of administration and tissue preparation, high 

contrast of vasculature structure and long-term sample stability [238]. Using this technique it was 

possible to identify clear differences in tumor vessel structure and density that were characteristic 

and consistent within the tumor lines evaluated. In great accordance with the literature [6], our results 

showed that tumors derived from B16 WT cells are more angiogenetic compared to tumors derived 

from B16-shRNA, proving that vessel architecture among the different tumor models were reflective 

of their relative abilities to engage host cells in the angiogenic process [239]. The relative vessels 

volumes and differences in diameter offer the potentiality to correlate tumor angiogenesis patterns 

with tumor progression and severity.  This promising model can be used to validate the response of 

the tumors to a given anti-angiogenic agent and to test the P2X7 receptors as potential target for 

cancer therapy. 
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Conclusions 

In this thesis work, we have investigated the correlation between Ca2+ signaling and ATP release in 

developing cochlear organotypic cultures and tumor microenvironment to better understand their 

molecular pathway and to develop new therapeutic strategies. To this end, we designed and 

characterized a new powerful tool for the detection of sub-micromolar concentrations of extracellular 

ATP based on live-cells biosensors, called ATP-BCs. We demonstrated the high sensitivity, selectivity 

and versatility of the ATP-BCs. Most importantly, the ATP-BCs are one of the few available probe for 

in vivo detection of ATP. Combining this tool with a new designed microfluidic chamber, we were able 

to measure ATP in two different environments (cochlear organotypic cultures and tumor 

microenvironment). 

In the developing cochleae, we highlighted the pivotal roles played by connexin 26 and connexin 30 

hemichannels as mediators of ATP-dependent intercellular Ca2+ signals activity in the developing 

cochlea. Furthermore, our extended characterization of Panx1−/− mice finally provides strong evidence 

that, unlike Cx26 and Cx30, Panx1 is dispensable for cochlear tissue development, hearing acquisition 

and auditory function. These data afford an additional fundamental piece of information in an attempt 

to address the still critically debated question about the plausible roles played by Panx1 in the 

physiology and pathology of the inner ear. 

Thanks to the non-invasiveness of ATP-BCs, it was possible to investigate ATP release during 

photodynamic therapy in in vivo tumor. Although further studies are required, these results are 

promising to study purinergic signaling in tumors and to investigate new therapeutic strategies. 

Our results and the above considerations have widened the knowledge on the mechanisms of ATP 

release in developing cochlea and encourage further studies to characterize purinergic signaling in the 

tumor microenvironment as potential therapeutic target.   
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