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This, is the honey badger. Watch it run in slow motion. Table 1. Cardiovascular ECM components involved in mechanotransduction.

It's pretty badass.
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Project 1: The regenerative response of cardiac interstitial cells Table 1. The ECG characteristics for each recording configuration.

Table 2. Characteristics of the T waves in the different configurations.

Table 3. Effects of osmotic shock on the ECG characteristics. Table S1. Osmotic shock P and T wave detection.

Table S2. Hypothermia P and T wave detection.

Graphical abstract 2. Zebrafish ECG characterisation. 14 Résumé de la thèse L'infarctus du myocarde induit la mort cellulaire d'une portion du coeur qui est rapidement remplacée par une cicatrice fibreuse rigide et incapable de générer une activité électrique ou de se contracter. Chez l'adulte, cela entraine des adaptations pathologiques irréversibles ayant pour but de compenser cette perte, et à terme, une insuffisance cardiaque Cependant, il a été montré qu'au stade embryonnaire ou néonatal, certaines espèces mammifères telles que la souris étaient en capacité de régénérer une portion de leur coeur suite à une lésion. Le poisson zèbre est quant à lui capable de régénérer son coeur à tout âge et présente donc un intérêt majeur pour la médecine régénératrice.

Comprendre les mécanismes impliqués dans ce processus serait une première étape dans le développement de thérapies visant à réparer le coeur suite à un infarctus chez l'homme.

Le but de ma thèse a été d'étudier différents aspects de la physiologie et de la régénération cardiaques du poisson zèbre. Pour cela, j'ai tout d'abord étudié la réponse régénérative des cellules endothéliales cardiaques. La technique de séquençage ARN à l'échelle de la cellule unique a permis de mettre en évidence la surexpression du facteur de transcription tal1. En utilisant une lignée de poisson-zèbres exprimant une forme non fonctionnelle et ayant un effet dominant-négatif spécifiquement dans les cellules endothéliales, nous avons montré que Tal1 était essentiel pour la régénération cardiaque chez le poisson zèbre et qu'il contribue notamment à la revascularisation du site de lésion.

Par la suite, je me suis intéressée à l'activité électrique du coeur de poisson-zèbre. J'ai pour cela contribué à un projet de caractérisation de l'électrocardiogramme (ECG) du poisson-zèbre. Par comparaison de plusieurs techniques couramment utilisées pour enregistrer l'ECG sur poisson-zèbre, il a été possible de montrer que l'ouverture des muscles pectoraux couvrant la cavité cardiaque permettait une meilleure détection de l'ensemble des ondes caractéristiques de l'ECG. En utilisant cette technique, nous avons par ailleurs pu décrire la réponse des poissons-zèbres à l'hypothermie et à un choc osmotique. Ainsi, nous avons observé que les paramètres mesurables grâce à l'ECG n'étaient pas impactés par un choc osmotique, mais que l'hypothermie affectait de manière significative certains paramètres tels que la fréquence cardiaque, ou la durée de l'intervalle QT, un paramètre important pour les tests de cardiotoxicité.

L'activité électrique des cardiomyocytes est finement régulée par de nombreux acteurs tels que les canaux ioniques. Au cours de ma thèse j'ai eu l'occasion d'étudier l'implication de deux de ces canaux dans la physiologie et la régénération cardiaques chez le poisson-zèbre : Trek-1 et Piezo1.

A l'aide d'une lignée transgénique de poisson-zèbre exprimant une forme dominant-négative du canal Trek-1 (DNTrek1) dans les cardiomyocytes, nous avons montré que Trek-1 était essentiel à la maturation des cardiomyocytes au stade juvénile, mais également à la redifférentiation des cardiomyocytes au cours de la régénération cardiaque. Ces deux processus font intervenir des mécanismes communs comme la maturation de l'appareil contractile des cardiomyocytes : le sarcomère. Grâce au séquençage ARN, nous avons pu mettre en évidence que les poissons DNTrek1 exprimaient moins de gènes liés aux protéines sarcomériques. Ainsi, nous avons pu montrer que le canal ionique Trek-1 régulait ces processus mais les voies de signalisation contrôlées par Trek-1 restent à déterminer.

Enfin, j'ai étudié le rôle du canal Piezo1 dans le développement d'arythmies et ai pu montrer que la sur-activation de ce canal par son agoniste Yoda1 entrainait des arythmies sur coeur de poissonzèbre isolé détectables grâce à l'ECG. Cette étude a révélé l'intérêt de décrire l'effet de variants sur l'activité de ce canal, afin de déterminer si des mutations pouvaient être associées à des formes d'arythmie chez l'homme.

Abstract

Myocardial infarction (MI) results in the loss of cardiac tissue which is rapidly replaced by a fibrotic scar, more rigid and incapable of generating any electrical activity or contraction. To compensate for this loss, pathological adaptations take place which in turn can lead to heart failure. In mammalian adults, the consequences of MI are irreversible. However, it has been shown that during embryonic or neonatal life, some mammalian species such as the mouse can regenerate a portion of their heart after injury. Unlike mammals, zebrafish are able to regenerate their hearts at all stages of life, representing a major interest for regenerative medicine. Understanding the mechanisms involved in this process would be the first step in the development of new therapies aimed at repairing the heart after MI in human.

The objective of my thesis was to study different aspects of zebrafish cardiac physiology and regeneration. To this end, I first studied the regenerative response of cardiac endothelial cells. Using single cell RNA sequencing, we found that the expression of the transcription factor tal1 increases during regeneration. Using a zebrafish transgenic line expressing a dominant negative Tal1 isoform specifically in endothelial cells, we showed that Tal1 was essential for cardiac regeneration and that it contributed to the revascularisation of the wound.

I then explored the electrical activity of the zebrafish heart and contributed to a project aiming to characterise the adult zebrafish electrocardiogram (ECG). Comparing different commonly used techniques to record zebrafish ECG, we showed that opening the pectoral muscles that cover the heart allowed for a better detection of all the characteristic ECG waves. Using this technique, we then described the zebrafish response to hypothermia and osmotic shock. In doing so, we observed that the ECG parameters were not impacted by osmotic shock while in contrast, hypothermia strongly affected several of these parameters such as heart rate or the duration of the QT interval, a parameter carefully looked at in cardiotoxicity assays.

The electrical activity of cardiomyocytes is finely regulated by numerous cellular actors such as ion channels. During my thesis I studied the involvment of two of these channels in zebrafish cardiac physiology and regeneration: Trek-1 and Piezo1.

Using a transgenic zebrafish line expressing a dominant-negative isoform of Trek-1 (DNTrek1) in cardiomyocytes, we showed that Trek-1 was essential for both cardiomyocyte maturation in juvenile fish and cardiomyocyte redifferentiation during cardiac regeneration. These two processes share common mechanisms such as the maturation of the cardiomyocyte contractile apparatus: the sarcomere. Using RNA sequencing, we found that DNTrek1 fish misexpressed many sarcomeric genes at the juvenile stage. Although we determined that Trek-1 channels regulate these processes, the pathways controled by Trek-1 remain to be determined.

Finally, I studied the role of the Piezo1 channel in arrhythmia and found, using ECG, that an overactivation of this channel by its agonist Yoda1 leads to rhythm defects in the zebrafish isolated heart. This reveals the importance of studying the effects of Piezo1 variants on the channels activity as they could be related to arrhythmias in human.

Introduction

INTRODUCTION

The heart is a fascinating machinery I had the opportunity to study for four years. To introduce the different chapters of this dissertation, I will present an overview of the heart anatomy, cell types and activity. We will then focus on cardiac regeneration, describing different models and the underlying mechanisms known to date. Next, I will mention the role of mechanical forces and the different mechanosensors in the heart and the impact of such forces in cardiac physiopathology.

Ultimately, I will raise the questions I sought to answer during these four years regarding new approaches to study zebrafish heart physiology and regeneration, as well as results concerning the role of mechanosensation during this process.

Heart structure, function, & physiology

Heart physiology: the basics

The heart is a muscle that pumps blood throughout the entire body. Anatomically speaking in humans, it is composed of four chambers, two atria and two ventricles and is surrounded by the pericardium, a double-membraned sac protecting the heart and ensuring its position in the chest. The atria form the upper part of the heart and receive the blood, which then flows into the ventricles, forming the lower part of the heart, or apex. The heart is also divided into right and left sideseach composed of one atrium and one ventricle -also known as right and left heart, separated by the atrioventricular septum. The right heart collects the desaturated blood from the venous system to conduct it to the lungs to be resupplied in oxygen, while the left heart receives the oxygenated blood and pumps it to the rest of the body. Due to their different functions, the size of each chamber and the thickness of their walls slightly differ. This is particularly the case of the left ventricle that has a thicker wall than the righ ventricle to provide a great force to pump the blood to the entire organism, as opposed to the lungs for the right ventricle (Figure 1).

Blood is brought to the right atrium via the two superior venae cavae and leaves the right ventricle through the pulmonary artery. Regarding the left heart, blood reaches the atrium via the pulmonary veins and is conducted to the systemic circulation through the aorta. To prevent refluxes, two valves separate the atria from the ventricles (atrioventricular (AV) valves) and two others separate the ventricles from the exiting vessels and thus form the only entry/exit points of the blood. The formers are attached to papillary muscles taking their origin from the ventricular walls via chordae tendinae, fibrous/cartilaginous structures within the ventricular cavities. These act as anchors especially during ventricular contraction. The latter are semilunar valves, which are sealed by the pressure of blood flowing backwards during ventricle relaxation. In the right heart, the tricuspid valve lies between the atrium and the ventricle, and the pulmonary valve separates the ventricle from the pulmonary artery. In the left heart, the mitral valve separates the atrium from the ventricle, and the aortic valve separates the ventricle from the aorta. All these valves are made of three leaflets, also called cusps, except the mitral valves which only has two, giving it its second name: the bicuspid valve.

Blood also has to be provided to the cardiac tissues to ensure its function and that is the role of the coronary circulation. Briefly, it is composed of arteries and veins forming a network all around the heart. The coronary arteries arise from the aorta, just after the aortic valve to supply both left and right heart with oxygenated blood. As opposed to the right coronary artery, the left branch quickly divides into left anterior descending (LAD) and left circumflex arteries. In contrast, the cardiac veins collect the oxygen-poor blood, then converge to the coronary sinus which leads the blood into the right atrium.

Coronary circulation -specifically arteries -plays a crucial role and a disruption of blood supply is associated with pathologies which will be further discussed later in this dissertation. Finally, lymphatic vessels are also present, receiving pathogens, debris and compounds released by immune cells into the lymph within the cardiac walls, to be cleared.

Humans and other mammals such as rodents (mice and rats) share the same features regarding cardiac anatomy. The fish heart, although similar to mammals in many aspects, differs anatomically by its number of chambers. Because they do not need to maintain a high blood pressure in their vasculature, bony fish such as zebrafish hearts only generate a low pressure when supplying the blood to the gills. For this reason, they only have one circulation, made possible by a single set of atriumventricle. Venous blood enters the atrium and flows in the ventricle through the AV valve to the gills, via the bulbus arteriosus (BA) and the ventral aorta, to be reoxygenated. Once oxygenated, the blood is distributed to the organs directly from the gills. An anatomical comparison is proposed in Figure 1. 

Cardiac cell types

Cardiac walls are made of three layers called endocardium, myocardium and epicardium. The epicardium, also known as visceral pericardium, is in contact with the pericardial fluid contained in the pericardial cavity. Finally, the parietal and fibrous pericardium cover the heart and the pericardial cavity, providing protection to the heart. Each cardiac wall layer has different properties due to their cellular composition. Before describing their structure, I will highlight the main cardiac cell types and their specificities. spontaneously generate them without external stimulation. [START_REF] Mandla | Transcriptional and Epigenetic Landscape of Cardiac Pacemaker Cells: Insights Into Cellular Specialization in the Sinoatrial Node[END_REF] The different types of APs will be described later in this dissertation.

Endothelial cells represent the most abundant cardiac cell type. [START_REF] Talman | Cardiomyocyte-Endothelial Cell Interactions in Cardiac Remodeling and Regeneration[END_REF] In both heart and vasculature, the endothelium, made of a single layer of endothelial cells, is the innermost layer. Due to their direct contact with blood (or lymph), endothelial cells act both like barriers and filters, adjusting their permeability in response to inflammation and thus allowing the infiltration of immune cells into the tissue, but also letting substances go in and out of the tissue. In the heart, the endothelium forming the innermost layer of the cardiac wall is called endocardium. Other endothelial cells are found in the capillaries and in all the coronary and lymphatic vasculature.

Surrounding the endothelial layer in the coronary capillaries are the pericytes. Their role in cardiac physiology remains understudied and no specific marker has been identified so far. To date, they are known to regulate vascular permeability and angiogenesis by communicating with endothelial cells via cell junctions. [START_REF] Lee | Pericytes in the Heart[END_REF] Cardiac fibroblasts are essential to produce the heart extracellular matrix (ECM). They are present near the cardiomyocytes in the cardiac wall to maintain ECM quantity and composition. In normal conditions, they are considered quiescent cells and can be activated in pathological conditions such as cardiac injury, disrupting ECM composition, and promoting its remodeling and fibrosis. They can also differentiate under these conditions, becoming myofibroblasts capable amongst other things, of contractile activity. 4

Smooth muscle cells represent a small fraction of the cardiac cell types. They constitute the median layer of cardiac vessels and are also present in the valves. They differ from the cardiomyocytes by their shape and a less dense contractile apparatus. They respond slowly to AP stimulation (compared to cardiomyocytes) and as such, smoothly regulate vascular tone and blood pressure. 5

Immune cells are also present in the heart even in physiological conditions mostly to act as sentinels, the most abundant type being resident macrophages. They are found all around the heart in valves, coronary vasculature, pericardium, within the myocardium and even in the conduction system. [START_REF] Swirski | Cardioimmunology: the immune system in cardiac homeostasis and disease[END_REF] In adult mammals, they are mostly monocyte-derived although this notion tends to change as technology allows more in depth analysing of their heterogeneity. Other myeloid cells are present such as mast cells, neutrophils and dendritic cells. Circulating lymphoid cells like B and T cells are also present in coronary arteries and in the pericardial fluid. [START_REF] Swirski | Cardioimmunology: the immune system in cardiac homeostasis and disease[END_REF] While their presence in the heart under physiological conditions is known for more than fourty years, immune cells role has been more extensively studied under pathological conditions.

Epicardial cells constitute the outermost layer of the cardiac wall: the epicardium, a highly specialised epithelium. Once activated, these cells can undergo epithelial-mesenchymal transition (EMT), a crutial step during development but also under pathological conditions, giving birth to epicardium-derived cells (EPDCs), leaving the epicardium and entering the myocardium. Various cell types are derived from epicardial cells, such as fibroblasts, smooth muscle cells, as well as a small fraction of the coronary endothelial cells. [START_REF] Gise | Endocardial and epicardial epithelial to mesenchymal transitions in heart development and disease[END_REF] Finally, Neural crest cells are multipotent cells essential during cardiogenesis. Cardiac neural crest cells give rise to primitive structures which will form the intraventricular septum, and the aortic and pulmonary valves. In the adult heart, a small residual cardiac neural crest cell population persists but its role is associated with many controversies. [START_REF] George | The heart of the neural crest: cardiac neural crest cells in development and regeneration[END_REF] All these cell types are found in both mammals and zebrafish. However, differences exist among species. In zebrafish, cardiomyocytes are mononucleated while they are mainly binucleated in adult mammals. [START_REF] Jaźwińska | Regeneration versus scarring in vertebrate appendages and heart[END_REF] Another interesting feature in zebrafish is the presence of nucleated erythrocytes in the blood whereas their mammalian counterparts do not have a nucleus. In mammals, erythrocytes are terminally differenciated cells and contain a bulk of RNA less important than nucleated cells. For this reason, they are often left out of transcriptomic analysis in mammals such as single cell RNA sequencing (scRNAseq) while they can be found as part of the cardiac cell types in zebrafish transcriptomic studies.

The proportions of each of these cell types greatly differ from one study to another as this measure is highly dependant of the method used and the number of cell types considered. Globally, in adult murine ventricles, it is proposed that about 30% of the cells are cardiomyocytes, while the rest are non-myocyte cells. Within the non-myocytes, 64% are endothelial cells (mainly vascular endothelial cell), 9% are immune cells with a vast majority of myeloid cells, 15% are fibroblasts, and the 12% remaining correspond to other mural cells such as smooth muscle cells or pericytes. [START_REF] Pinto | Revisiting Cardiac Cellular Composition[END_REF] Due to the lack of specific markers for some cell types, the estimation of their proportion within the healthy heart remains unclear. Furthermore, there is no consensus about cell type proportions in other organisms such as zebrafish or even in human.

The repartition of these cell types also varies among the three layers forming the cardiac wall (Figure 2). The endocardium is made of a monolayer of endothelial cells lying on a basement membrane. A subendocardial space is found between endocardium and myocardium, mostly made of connective tissue, and containing cells from the conductive network (pacemaker cells). The myocardium is the thickest layer of the cardiac wall and is responsible for cardiac contraction. It contains the widest variety of cells from working cardiomyocytes to interstitial fibroblasts as well as endothelial, smooth muscle cells and pericytes forming capillaries and vessels. Immune cells are also found in this layer both in the tissue and in vascular lumen. Finally, the epicardium is composed of epicardial cells laying on a basement membrane.

The circle of life: from cardiac electrical activity to contraction in a heartbeat

A. Electrical & molecular mechanisms

The contraction required by the heart to pump the blood out of each chamber is made possible by the autonomous electrical activity of this organ. Heart on its own is indeed able to generate not only electrical impulses to stimulate contraction but also to have it synchronised to a fine-tuned rhythm. It involves the pacemaker cells capable of generating this rhythm via APs and working cardiomyocytes.

APs are the result of intricate ion movments and membrane potential fluctuations. An increased membrane potential (relative to its resting state) is described as a depolarisation while a decreased membrane potential represents an hyperpolarisation (also compared to its resting state). Finally, going back to the resting state after a depolarisation is called repolarisation. Several structures are responsible for these phenomena, in particular ion channels. They form pores in the membrane allowing ions to travel between the cytoplasm and the extracellular compartment. This is where physiology meets electricity, opening the brand-new world of electrophysiology. For all the electrophysiology beginners such as myself, I will try to explain the rudiments of this discipline in simple terms.

Ions differ by their size and electrical charges. Taken together, these parameters influence ion transport through ion channels. As all particles, ions are subjected to a chemical potential gradient which basically makes ions diffuse from the compartment with the highest concentration to the one with the lowest concentration. Because they are electrically charged, ions also respond to other laws of physics. Thus, ion movment will also depend on electrical potential gradient, going from the highest potential to the smallest. As the flux associated with this mechanism is the result of electrical charges movments, it is called current (I). In this case, the potential gradient (ΔE) is also called voltage (measured in V). This is where Ohm's law comes in: since current and voltage are connected through the equation U=RI, where U corresponds to the voltage (aka ΔE in V), I is the current (in A), and R the resistance (in Ω). An important information to consider is that G, the conductance, corresponds to 1/R (measured in S). Thus, we can also say I=GΔE. In order to describe ion movments, both components, chemical and electrical, have to be taken into account, forming the electrochemical gradient, or driving force. Overall, ions passively diffuse following this gradient and generate a current, described by Nernst-Planck equation at the end of the XIX th century.

In biological conditions, the plasma membrane separates our two compartments of interests: the extra-and intracellular compartments. This new element has to be considered and it is Goldman who first described its implication. In his work, he determined that the variation of extracellular K + concentration was associated with the variation of the membrane potential value (Vm) for which I K + was null. This is how the concept of reversal potential or equilibrium was born, i.e., the Vm for which the current is globally null. This value is specific to each ion and depends on its concentration in both the intracellular (fixed as it is relatively constant inside the cells) and extracellular compartments. By combining his discoveries with Nernst's, Goldman described a law, stating that if membrane potential is greater than the ion reversal potential, the current will be positive, also called outward current, while a membrane potential lower than the ion reversal potential will be associated with negative current, also called inward current. In physiological conditions and due to the intracellular ion concentrations, K + and Cl -reversal potentials are negative (Vm<0), while Ca 2+ , Na + or H + are in contrast positive (Vm>0). Now let's go back to ion channels. They can be visualised as highways allowing ions to go in and out of the cells. In this analogy, the size of the road makes it easier for some ions to go through while others cannot, this defines the selectivity of the channel. And much like highways, the access to the road is conditioned by a gate called activation gate. The channel is open when the activation gate is open, and closed when the gate is closed. This gate gets opened by specific stimuli defining ion channel gating. Hence, ligand-gated is defined by the activation of the channel after fixation or detachment of a ligand, voltage-gated by the activation within a certain range of Vm, and mechanically gated ion channels are opened by mechanical forces applied to the membrane (Figure 3.A). For some ion channels, a second gate called inactivation gate also exists, and can be seen as the exit gate of the highway, creating a third state: the inactivated state. In between these states, we find the processes of activation, inactivation and recovery described in But the biological reality is far more complex than this, as some channels do not possess inactivation gates and some do not even have an activation gate (non-gated ion channels, meaning they are always opened, also called leak channels). Moreover, the speed of opening and closing of these gates also highly influences ion channel activity. Taken together, this highlights ion channels diversity and complexity, and it shows how different currents carried by these ion channels have different properties.

Overall, these parameters can be studied at the cellular level to understand how specific ion channels work or to measure the global electrical activity of a cell through its membrane potential using the patch clamp technique. These notions are also very useful to comprehend global concepts such as cardiac electrical activity.

B. Going back to the heart

In mammals, the conduction system of the heart is a network of pacemaker cells within the cardiac walls capable of generating and conducting APs and organized in four main structures. The Compared to working cardiomyocytes, pacemaker cells differ by their lack of resting membrane potential (Figure 4). This is the result of a specific current: funny current If. In SAN cells, this current activates upon hyperpolarisation (when Vm reaches -60mV) and is selective to both Na + /K + with a higher permeability for Na + . It initiates the pheomenon of diastolic depolarisation (DD), i.e., a depolarisation occurring below AP threshold during the resting phase. DD in turns leads Vm to the activation threshold of Ca 2+ channels responsible for SAN cells APs. Eventually, K + channels will get activated by depolarisation and will induce the rapid repolarisation phase, up until the decrease of K + conductance (g K + ) and Vm reaching -60mV, leading to the activation of If and a new DD. In contrast, working cardiomyocytes lack If and require electrical stimulation in order to reach AP initiation threshold, and while SAN cells Vm does not get much lower than -60mV, working cardiomyocytes resting membrane potential (RMP) is around -90mV (Figure 4). In ventricular cardiomyocytes, AP is composed of 4 phases. Phase 0 is the rapid depolarisation associated with high Ca 2+ and Na + conductances (g Ca 2+ , g Na + respectively). Then comes the early rapid repolarisation (phase 1) associated with the inactivation of Na + channels followed by a plateau (phase 2). During that phase, both Ca 2+ and K + channels are activated. Their opposite effects lead to a balanced Vm, hence, a plateau. ventricular AP starting with a resting phase (phase 4). A rapid depolarization (phase 0) occurs followed by an early rapid repolarisation (phase 1) due to the activation of K + channels and the inactivation of the Na + channels. This is followed by a plateau (phase 2) and a rapid repolarisation (phase 3) to get back to the resting membrane potential. The conductances for K + , Na + and Ca 2+ during the different AP phases are represented below.

Eventually, Ca 2+ channels get inactivated and the remaining K + conductance leads to phase 3: rapide repolarisation. Finally, Vm is at rest (phase 4) until the next stimulation (Figure 4). [START_REF] Feher | 5.5 -The Cardiac Action Potential[END_REF] Single APs represent only a fraction of the cardiac electrical activity. To follow the entire electrical journey around the heart electrocardiogram (ECG) can be used. This method invented (almost) as we know it today by Willem Einthoven showed its first results in 1901 and owed Einthoven the Nobel price of physiology and medicine in 1924. He improved a previously described method and developed the three-lead ECG (three electrodes and a ground electrode on the right leg), placing one electrode on each arm (right arm, RA, left arm LA), and a third one on the left leg (called F for feet and later LL for left leg). [START_REF] Alghatrif | A brief review: history to understand fundamentals of electrocardiography[END_REF] He made essential discoveries in the field, including the fact that the position of the heart (which can vary in pathological conditions) influences the form of the ECG and that its orientation or axis could be determined using three leads (I, II, III) to generate what will be known as the Einthoven's triangle, a schematic representation of the body with the heart in its center allowing the determination of the cardiac axis. [START_REF] Einthoven | On the direction and manifest size of the variations of potential in the human heart and on the influence of the position of the heart on the form of the electrocardiogram[END_REF] Although this groundbreaking work dates back to 1950, it remains, to this day, the fanciest ECG ever recorded (as shown in Figure 5).

In his method, Einthoven described the first three leads, also known as bipolar leads, and called I, II and III, requiring a positive and a negative electrode (Figure 6). Each recording appears as a voltage difference between the positive and the negative electrode. Leads I, II and III represent the recording of RA-LA, RA-LL and LA-LL respectively. Later, three more leads were obtained from the same electrode disposition, called augmented limb leads (Figure 6). These are unipolar, i.e., only one positive electrode is required while the two others are negative, forming a negative pole. aVF is obtained when the positive electrode is placed on LL, aVL for LA and aVR for RA. The 6-lead ECG recordings obtained provided a wider exploration of cardiac electrical activity and a more detailed determination of the cardiac electrical axis, allowing clinicians to diagnose not only arrythmias, but also myocardial infarction as the death of a portion of myocardial tissue affects electrical conduction. [START_REF] Alghatrif | A brief review: history to understand fundamentals of electrocardiography[END_REF] But this still had blind spots as it only gave 2D informations. Using the negative pole approach, Franck

Wilson provided scientific evidence that another set of electrodes positioned around the chest could be used to provide a second plane of measurement: the 6 precordial leads (V1 -V6) were born. 14 Nowadays, the 12-lead ECG remains a key element in the diagnosis of cardiac pathologies (Figure 6). [START_REF] Alghatrif | A brief review: history to understand fundamentals of electrocardiography[END_REF] But in order to use ECG as a diagnosis tool, it is necessary to understand what it represents in terms of electrical activity. In the opening of the AV valves and the beginning of a new cardiac cycle (Figure 7). Overall, the RR interval separating two consecutive complexes is the reflexion of the heart rate.

Although the heart rate is autonomously generated, it is influenced by the nervous system which modulates its rhythm. Indeed, the presence of both muscarinic acetylcholine receptors and β1 adrenergic receptors at the membrane of SAN cells makes them particularly susceptible to parasympathetic and sympathetic regulation. Sympathetic regulation has a positive chronotropic effect, increasing ion channels activity and heart rate. In contrast, parasympathetic regulation has a negative chronotropic effect. [START_REF] Mangoni | Genesis and regulation of the heart automaticity[END_REF] Besides this autonomic regulation, other factors can regulate heart rate.

Due to the key components involved in the generation of cardiac rhythm by SAN cells (ion channels, receptors…), factors such as temperature can also influence heart rate in most organisms, cold having a negative chronotropic effect. [START_REF] Mangoni | Genesis and regulation of the heart automaticity[END_REF] Pharmacological agents can also influence heart rate or more generally the electrical activity of the heart. For that reason, assessing cardiotoxicity is a crutial step during drug development. In this context, ECG is used to assess the effects of drugs and their concentration on one of the most vital functions that is cardiac electrical activity.

One particular feature that is carefully looked at is the QT interval. Indeed, a QT prolongation is associated with an increased risk of developing Torsades de Pointes (TdP), a life-threatening form of ventricular tachycardia (Figure 8). [START_REF] Alahmadi | An explainable algorithm for detecting drug-induced QT-prolongation at risk of torsades de pointes (TdP) regardless of heart rate and T-wave morphology[END_REF] At the cellular level, the inhibition of ventricular repolarisation, essentially via the inhibition of I K + (especially rapid current, IKr carried by hERG channels), is associated with pro-arrhythmic effects. If depolarisation occurs in working cardiomyocytes while repolarisation is abnormally long, an arrhythmic phenomenon called early-after-depolarisation happens. In the meantime, such I K + inhibition causes increased AP duration in pacemaker cells in the to Torsades de Pointes. Adapted from Alahmadi et al., 2021. 16 Purkinje fibers, leading to an increased heterogeneity of ventricle repolarisation. Taken together, global pro-arrhythmogenic conditions can trigger TdP characterised by a train of QRS complexes with variable amplitude and polarity on the ECG.

QT prolongation can be caused by pharmacological treatments and in the early 2000s, 225 pharmaceutical compounds (not prescribed to treat cardiovascular diseases) had been reported for being associated with TdP events. [START_REF] Darpo | Spectrum of drugs prolonging QT interval and the incidence of torsades de pointes[END_REF] This led to the creation of a new discipline: safety pharmacology, which aims to determine pro-arrythmic effects and cardiotoxicity of drugs in preclinical trials. In this context, in vitro assays can be performed to evaluate the consequence of drug application on IKr, but also in vivo to measure the impact of such treatment on QT interval. [START_REF] Yap | Drug induced QT prolongation and torsades de pointes[END_REF] To avoid any effect of the heart rate, which can be different at baseline between animal models and human but can also vary due to autonomic regulation, a correction can be applied rendering QT independent of the RR interval (corrected QT, QTc). Several formulae have been described, starting with Bazett's formula [START_REF] Bazett | An Analysis of the Time-Relations of Electrocardiograms[END_REF] in the early 1920s, but also Fridericia or Holzgrefe [START_REF] Holzgrefe | Preclinical QT safety assessment: cross-species comparisons and human translation from an industry consortium[END_REF] .

Animals used for such preclinical studies include for example dog [START_REF] Koshman | Drug-induced QT prolongation: Concordance of preclinical anesthetized canine model in relation to published clinical observations for ten CiPA drugs[END_REF] or guinea pig [START_REF] Testai | QT prolongation in guinea pigs for preliminary screening of torsadogenicity of drugs and drug-candidates[END_REF] . Due to major descrepencies in the ventricular cardiomyocyte repolarisation mechanism (absence of plateau in ventricular AP), rodents are to be avoided in these studies. [START_REF] Varró | Ionic currents and action potentials in rabbit, rat, and guinea pig ventricular myocytes[END_REF][START_REF] Nerbonne | Studying cardiac arrhythmias in the mouse--a reasonable model for probing mechanisms[END_REF] To be considered a good cardiotoxicity model, it is thus necessary to share a lot of similarities with human such as cardiac electrophysiological

properties. New models start to emerge and for the past 15 years, zebrafish has been at the center of several ECG studies, highlighting its close proximity to human. The use of zebrafish as a model for cardiac electrophysiology and particularly for ECG studies will be further discussed in my thesis.

In the previous section, we mainly focused on the heart in physiological conditions. However, in pathological settings, one can wonder if cardiac regeneration could occur to fix the damaged heart.

In the next part, we will see that not all organisms are equal when it comes to heart regeneration.

Heart regeneration & hypertrophy 1. Myocardial infarction and its consequences

Myocardial infarction (MI), or heart attack, affects 80 000 people every year in France [START_REF]Infarctus du myocarde : quelles sont les causes ? Available at[END_REF] and more than 800 000 in the United States [START_REF] Cdc | [END_REF] . Worldwide, combined with strokes, it represented more than 15 million deaths in 2019. [START_REF]Cardiovascular diseases (CVDs[END_REF] It consists of the interruption of the blood flow in one of the coronary arteries. In most cases, it is the result of atherosclerosis and more specifically the rupture of an atherosclerotic plaque blocking a coronary artery. The first consequence of the rupture is the ischemia, a lack of blood supply leading to hypoxia, i.e., decreased in oxygen concentration, affecting the portion of cardiac tissue normally irrigated by the artery. This portion is then defined as the infarcted area, associated with necrosis which in turn leads to fibrosis and the formation of a collagen scar. The rapid care of the patient is crucial to ensure not only their survival but the limitation of severe long-term consequences. The ischemia on its own has insidious effects, as it not only causes cell death, but also reperfusion injuries. Due to the nature of the injury, the treatment for myocardial infarction consists of the reperfusion of the infarcted area to restore blood flow and limit cell death. However, the strong pressure variation experienced by the cardiac tissue is detrimental and leads to oxidative stress, more cell death, and the expansion of the infarcted area. This phenomenon of ischemia and reperfusion injury is now very well known, and therapeutic strategies to limit these damages are in place.

Aside from ischemia and reperfusion injuries, early remodelling takes place. This is associated with an excessive ECM deposition such as collagen, forming a scar in place of the healthy tissue, a compensatory mechanism set up to repair the damaged heart. Overall, it leads to wall thinning and ventricle dilatation, accompanied by wall stress disruptions and impaired cardiac functions. [START_REF] Sutton | Left ventricular remodeling after myocardial infarction: pathophysiology and therapy[END_REF] Signalling pathways triggered by either neuroendocrine hormones (produced in response to the injury)

or disrupted mechanical forces cause cardiomyocyte hypertrophy (Figure 9). [START_REF] Tham | Pathophysiology of cardiac hypertrophy and heart failure: signaling pathways and novel therapeutic targets[END_REF][START_REF] Nakamura | Mechanisms of physiological and pathological cardiac hypertrophy[END_REF] This pathological hypertrophy acts as a compensatory mechanism which tends to first counterbalance the loss of tissue.

But in contrast to physiological hypertrophy, maladaptative gene expression occurs, associated with contractile and mitochondrial dysfunctions, fibrosis, and cell death. Eventually, it triggers the expression of several genes such as atrial natriuretic peptid (ANP), brain natriuretic peptid (BNP) and the β isoform of myosin heavy chain (β-MHC). ANP and BNP are two hormones involved in pathways ment to unload the heart and counteract pathological hypertrophy by acting on other organs such as kidneys or blood vessels. [START_REF] Lugnier | The Endocrine Function of the Heart: Physiology and Involvements of Natriuretic Peptides and Cyclic Nucleotide Phosphodiesterases in Heart Failure[END_REF] Within the heart, receptors for these peptides are present on the surface of cardiomyocytes and fibroblasts. A mechanical and pressure overload in the atrium leads to the expression of ANP and consistutes a marker of hypertrophy. [START_REF] Gidh-Jain | Alterations in cardiac gene expression during ventricular remodeling following experimental myocardial infarction[END_REF][START_REF] Magnusson | Natriuretic peptides as indicators of cardiac remodeling in hypertensive patients[END_REF] BNP is expressed by ventricular cardiomyocytes in response to excessive stretch. [START_REF] Magnusson | Natriuretic peptides as indicators of cardiac remodeling in hypertensive patients[END_REF] βMHC, a fetal isoform of MHC, gets reexpressed in the context of hypertrophy. Although it is known as a marker of hypertrophy, a study from JE. Lopez et al, showed it was expressed by a subpopulation of cardiomyocytes which did not undergo hypertrophy. [START_REF] López | β-myosin heavy chain is induced by pressure overload in a minor subpopulation of smaller mouse cardiac myocytes[END_REF] In order to induce hypertrophy, the most frequently used technique is transversal aortic constriction (TAC). The constriction causes a prolonged increase of workload in the heart and triggers pressure overload-induced hypertrophy similar to the one induced by hypertension, called concentric hypertrophy. It is associated with a thickened cardiac wall and characterised by the parallel addition of sarcomeres. MI, however, favors the development of eccentric hypertrophy characterised by the elongation of the cardiomyocytes due to in series addition of sarcomeres (Figure 10). [START_REF] Gjesdal | Cardiac remodeling at the population level--risk factors, screening, and outcomes[END_REF][START_REF] Bacmeister | Inflammation and fibrosis in murine models of heart failure[END_REF] A study published in 1998 highlighted some differencies between the expression profile post MI and pressure overload-induced hypertrophy in rats. The authors showed an increased expression of c-fos mRNA 
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after MI compared to sham-operated (sham) rats. But unlike TAC-induced hypertrophy, this increased expression was found persistant 21 days after MI. Surprisingly, they showed a differential regulation of ANP and BNP with a strong increase of ANP rapidly after MI but not for BNP which was only slightly more expressed 21 days after MI. These results also contrast with the pressure-induced hypertrophy models and hypertensive patients. [START_REF] Magnusson | Natriuretic peptides as indicators of cardiac remodeling in hypertensive patients[END_REF] Furthermore, they saw a significant increase of βMHC only early after MI (3 days) which did not persist after the installation of hypertrophy at 21 days post MI. In this study, the authors raised some concerns on the importance of the model used to describe post MI hypertrophy and its markers. [START_REF] Gidh-Jain | Alterations in cardiac gene expression during ventricular remodeling following experimental myocardial infarction[END_REF] Although these differences are known, both types of hypertrophy are often reffered to as pathological hypertrophy due to the fact that they both lead to heart failure.

This pathological remodelling and the underlying mechanisms just listed, although well described in the literature, cannot be overcome and eventually lead to heart failure, associated with a high risk of death for the patient (Figure 11). [START_REF] Riddell | RUNX1: an emerging therapeutic target for cardiovascular disease[END_REF] Certain organisms, however, avoid such adverse effects after an injury as they can regenerate their heart. Cardiac regeneration has been studied for decades now. The first evidence dates back to 1974, when John and Jean Oberpriller discovered adult newts were capable of regenerating their heart in response to ventricle resection. [START_REF] Oberpriller | Response of the adult newt ventricle to injury[END_REF] It took almost 30 years after that to show similar results in adult zebrafish in response to the same injury [START_REF] Poss | Heart regeneration in zebrafish[END_REF] and it was not until 2011 that neonatal mice were shown to possess regenerative capacities as well after an injury. [START_REF] Porrello | Transient regenerative potential of the neonatal mouse heart[END_REF] Since then, many studies focused on cardiac regeneration in both mammals and non-mammalian species because of the therapeutic potential of the mechanisms involved in this process.

In this part, I will provide an overview of the main models used to study heart regeneration for both zebrafish and mammals, as well as the mechanisms and main theories associated with cardiac regeneration. They showed zebrafish heart almost fully regenerated in 30 days after performing resection of the ventricle apex or amputation (dpa). [START_REF] Poss | Heart regeneration in zebrafish[END_REF] This was confirmed in 2010, by Chris Jopling et al., who showed zebrafish heart regeneration occured by dedifferentiation, proliferation and redifferentiation of preexisting cardiomyocyte (Figure 12). [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] Since then, other approaches have been used to study heart regeneration in zebrafish beside apical resection. In 2011, Fabian Chablais and collaborators published a new technique to generate MI-like injury in zebrafish: cryoinjury. [START_REF] Chablais | The zebrafish heart regenerates after cryoinjury-induced myocardial infarction[END_REF] They used a cryoprobe to cause an injury that resulted in the infarction of a portion of the ventricle. They further showed a major difference between the amputation and cryoinjury model that is a large apoptotic response only observed early after cryoinjury (Figure 13). However, this model has the disadvantage of requiring a longer recovery than apical resection taking 60 days post injury (dpi) to see complete regeneration. Although both techniques represent good injury models to study cardiac regeneration, they require open chest surgery and therefore, their invasiveness can be seen as a limition. To avoid surgery, genetic ablation can be performed. By inducing the expression of Dyphteria toxin A chain (DTA), a cytotoxic agent, in cardiomyocytes upon tamoxifen (4-HT) treatment, Wang et al., performed cardiomyocyte genetic ablation to assess cardiomyocyte ability to proliferate without surgical injury (Figure 14). [START_REF] Wang | The regenerative capacity of zebrafish reverses cardiac failure caused by genetic cardiomyocyte depletion[END_REF] Cardiomyocyte proliferation and regeneration can be observed at 30 days post treatment using this method. However, the non-localised nature of the genetic ablation as well as the cell-type specificity make this technique less representative of MI and is thus less commonly used.

Genetic ablation can also be achieved using the Nitroreductase (NTR)/Metronidazole (Mtz) system, first described in the zebrafish larvae. Similarly to DTA, it allows the ablation of a large portion of a specific cell type due to the expression of the NTR under a chosen promoter. [START_REF] Curado | Conditional targeted cell ablation in zebrafish: a new tool for regeneration studies[END_REF] Once treated with By 30dpi, both myofiber density and cardiomyocyte number increase. D. After genetic ablation, cardiomyocyte proliferation occurs (Mef2 + /PCNA + ) (proliferating cell nuclear antigen) during the first weeks following 4-HT treatment. Scale bars: 50µm. Adapted from Wang et al., 2011. 43 Mtz, NTR converts Mtz into a cytotoxic product, leading to cell death for NTR expressing cells. In 2020, using this method, Begeman et al., investigated the presence and role of tissue regeneration enhancer elements (TREEs) present in the cardiac leptin b enhancer (cLEN). [START_REF] Begeman | Decoding an organ regeneration switch by dissecting cardiac regeneration enhancers[END_REF] They showed that genetic ablation of cardiomyocytes in larvae, juvenile and adult zebrafish triggered the activation of cLEN. Furthermore, they observed similar results after amputation (without genetic ablation) and even restricted the activation of cLEN TREEs in the wound area after amputation. [START_REF] Begeman | Decoding an organ regeneration switch by dissecting cardiac regeneration enhancers[END_REF] This study confirmed the validity of genetic ablation to trigger regeneration at all stages of life but also highlighted the impact of regionalised transcriptional activity after an injury, an important feature that cannot be studied using genetic ablation. Interstingly, cLEN activation was later shown to be dependant of mechanical forces as an inhibition of hemodynamic forces (using troponin t 2 (tnnt2) morpholino (MO) injection, or pharmacological inhibition using 2,3-Butanedione monoxime, (BDM)) in larvae lead to an impaired activation of cLEN after genetic ablation. [START_REF] Geng | Hemodynamic Forces Regulate Cardiac Regeneration-Responsive Enhancer Activity during Ventricle Regeneration[END_REF] This study raised several interesting questions, regarding the conservation of these regulatory mechanisms in adults, and the potential impact of mechanical forces on their activation in response to an injury.

Another feature of MI that has to be considered is the ischemia, associated with hypoxia. To mimic this, hypoxia can be induced by phenylhydrazine treatment. [START_REF] Jopling | Hypoxia induces myocardial regeneration in zebrafish[END_REF] Under hypoxic conditions, it has been shown that cardiomyocyte proliferation was increased whereas under hyperoxia, it strongly decreased and led to impaired regeneration (Figure 15), stressing the importance of oxygen concentration in the regenerative process. This approach, although more representative of MI in some respects than the other models previously mentioned, causes a global hypoxia which can affect numerous physiological processes, unlike the localised hypoxia resulting from MI.

Other models, less frequently used, provide useful insights such as explant culture, i.e., ex vivo culture of cardiac slices after injury to study the dynamic mechanisms underlying cardiomyocyte division. [START_REF] Honkoop | Live imaging of adult zebrafish cardiomyocyte proliferation ex vivo[END_REF] Finally, it is also possible to trigger cardiac regeneration in zebrafish larvae using laserinduced injury. [START_REF] Kaveh | Selective Cdk9 inhibition resolves neutrophilic inflammation and enhances cardiac regeneration in larval zebrafish[END_REF] Each of these models have advantages and limitations, as described in Ross Stewart et al., [START_REF] Stewart | Hooked on heart regeneration: the zebrafish guide to recovery[END_REF] and should be carefully chosen depending on the regenerative mechanisms that need to be studied.

b. Mammalian models: a matter of timing

Several mammalian species have been identified as able to regenerate their heart after an injury in the early stages of life. In 2011, Porrello and collaborators presented the first evidence of mammalian heart regeneration. [START_REF] Porrello | Transient regenerative potential of the neonatal mouse heart[END_REF] They performed heart amputation on postnatal day 1 (P1) and P7 mice. Although they observed complete cardiac regeneration and the recovery of cardiac functions at 21dpa on the mice amputated at P1, this was not the case of those amputated at P7. [START_REF] Porrello | Transient regenerative potential of the neonatal mouse heart[END_REF] They thus showed mammals have regenerative abilities during a brief window after birth. In their study, they also described that regeneration is associated with the proliferation of pre-existing cardiomyocytes and showed their proliferation occurs after sarcomere disassembly similarly to what was previously observed in zebrafish (Figure 16). [START_REF] Porrello | Transient regenerative potential of the neonatal mouse heart[END_REF] Since then, numerous studies have tried to restore the regenerative capacity of cardiomyocytes after MI past that regenerative window as well as improve our understanding of the mechanisms involved. Great findings were also made using large mammals. A group recently showed that neonatal pigs are not only capable of heart regeneration after apical resection performed at P1, but also maintain these features when MI is induced by LAD ligation 27 days later, on the same previously amputated animals. These results suggest a preconditioning could extend the regenerative window after birth. [START_REF] Zhao | Apical Resection Prolongs the Cell Cycle Activity and Promotes Myocardial Regeneration After Left Ventricular Injury in Neonatal Pig[END_REF] Recently, fetal sheep has been proposed as a new model to study cardiac regeneration in large mammals. This study identified several transcriptional variations between adult and fetal sheep after MI such as genes involved in ECM synthesis and integrity, but also inflammation. [START_REF] Hodges | A Large Mammalian Model of Myocardial Regeneration After Myocardial Infarction in Fetal Sheep[END_REF] Their proof of regeneration however remains to be consolidated to confirm this is a valid model. But despite the advantages of using large mammalian models, i.e., their proximity with humans in terms of physiological parameters, a vast majority of the major discoveries regarding mammalian heart regeneration were made in rodents.

Amongst the techniques used to induce MI and study heart regeneration, LAD ligation is one of the most commonly used. Due to the location of the ligation (distal in the coronary vasculature), this method is more subtle than the previously used left coronary artery ligation and is a good model of human MI injuries. Using this method on P4 mice, Yan et al., showed in 2021 that although cardiomyocyte proliferation appeared increased 21 days post MI, cardiac hypertrophy was observed 60 days after injury. This emphasizes how narrow the regenerative window is and the necessity to do more than just cardiomyocyte proliferation to achieve complete regeneration. [START_REF] Yan | Cell Cycle Withdrawal Limit the Regenerative Potential of Neonatal Cardiomyocytes[END_REF] This approach can also be used to study ischemia reperfusion, by releasing the ligation a few minutes after causing it. [START_REF] Hashmi | Acute myocardial infarction and myocardial ischemia-reperfusion injury: a comparison[END_REF] This technique, more subtle than the permanent ligation is closer to the most prevalent form of MI currently encountered in patients. Indeed, medical progress and rapid patient care shorten the duration of ischemia, thus reducing the extent of the injury. This duration directly correlates with the severity of the infarction: a shorter duration causes subendocardial infarction, affecting only the innermost layers of the myocardium and is often associated with an absence of ST segment elevation in ECG recordings (non STEMI), whereas a longer duration causes total or transmural infarction, associated with an elevation of the ST segment (STEMI). [START_REF] Kushner | Cardiovascular Therapeutics: A Companion to Braunwald's Heart Disease (Fourth Edition)[END_REF] These methods are especially usefull to develop MI in animal models presenting easily discernible coronary vasculature, but the smaller the organism is, the more difficult it gets. That is why other techniques similar to the ones used in zebrafish such as ventricle resection can be used, particularly in small animals like rodent foetuses or neonates (Figure 17). [START_REF] Porrello | Transient regenerative potential of the neonatal mouse heart[END_REF] Although less commonly used, the absence of distinct coronary vasculature can also be overcome by using cryoinjury at the apex of the ventricle leading to similar amount of necrosis and fibrotic scar. [START_REF] Strungs | Cryoinjury models of the adult and neonatal mouse heart for studies of scarring and regeneration[END_REF] The regenerative response obtained using this method, however, seems to be controversial as a number of studies showed a lack of regeneration when performing cryoinjury as opposed to resection. [START_REF] Lam | Neonatal Heart Regeneration: Comprehensive Literature Review[END_REF] Finally, genetic ablation can be performed without any form of surgery using the NTR/Mtz system or cell type specific DTA expression but they are not frequently used in mammals. [START_REF] Akazawa | Diphtheria toxin-induced autophagic cardiomyocyte death plays a pathogenic role in mouse model of heart failure[END_REF] All these methods, combined with genetic or chemical screening, provide different insights to better understand cardiac regeneration (Figure 17). For example, a recent study has combined the use of several of these tools to study the role of low-density lipoprotein receptor-related protein 6 (LRP6) involved in the Wnt canonical pathway in heart regeneration. They showed LRP6 was involved in cell cycle inhibition and that its inhibition led to cardiomyocyte proliferation after MI on adult mice. They also observed that 10% of the cardiomyocytes presented a developmental profile (diploid and mainly mononucleated). The animals displayed improved cardiac functions, less fibrosis, and no cardiomyocyte hypertrophy. A promising feature of this study for therapeutic applications is the fact that they saw similar results in conditional knock out (cKO) mice and virally induced knock down (KD). Moreover, they start inhibiting LRP6 after MI, confirming the therapeutic relevance of targeting LRP6 to induce cardiomyocyte proliferation post MI. [START_REF] Wu | LRP6 downregulation promotes cardiomyocyte proliferation and heart regeneration[END_REF] It is now established that mammalian neonates are able to regenate their heart and lose this ability Myocardial infarction can be performed using coronary ligation but tends to be technically challenging in mammalian models with small coronary vasculature. To palliate this difficulty, apical resection, cryoinjury, or genetic ablation can be performed. Adapted from Lai et al., 2019. 91 cardiomyocytes in absence of injury. After MI, the authors observed a better recovery suggesting a major role of HOXB13/MEIS1 complex in the proliferation arrest in mammals. Finally, they showed that Calcineurin (a protein known to be involved in both physiological and pathological hypertrophy [START_REF] Tham | Pathophysiology of cardiac hypertrophy and heart failure: signaling pathways and novel therapeutic targets[END_REF] modulates HOXB13 activity by regulating its phosphorylation. [START_REF] Nguyen | A calcineurin-Hoxb13 axis regulates growth mode of mammalian cardiomyocytes[END_REF] 

B. Mechanisms underlying heart regeneration

Using these models, some mechanisms associated with heart regeneration have been identified.

Initially, the main focus was on the cardiomyocyte population as it seemed to drive the regenerative process. However, it is now apparent that this requires much more than just the cardiomyocyte response and that interstitial cells also play a crucial role in providing the optimal environment for cardiomyocytes to act. Although some discrepancies exist between zebrafish and the neonatal mouse, a common framework appears to be conserved, highlighting the translational potential of zebrafish as a model of cardiac regeneration. In this part, I will describe these known mechanisms as well as theories that were or still are believed to be involved in cardiac regeneration.

a. Cardiac stem cells: from fantasy to scandal

In the early 2000s, Piero Anversa's group started to focus on the potential of bone marrow stem cells for cardiac regeneration. His studies specifically focused on c-Kit + hematopoietic cells which could be directed to the infarcted myocardium using cytokines and could then differentiate into cardiomyocytes to promote heart regeneration. He and others later proposed that the heart contains resident cardiac stem cells also expressing c-Kit. These cells could be harvested, cultured, and reinjected after MI and the authors would find newly formed cardiomyocytes. Eventually, most of these studies were refuted by other groups who tried to either replicate their experiments or use more advanced technologies to describe the existence and role of c-Kit + cardiac stem cells (Figure 18). 61 Once they become tetraploid or plurinucleated, cardiomyocytes lose their ability to perform mitosis, closing the hyperplastic pathway.

Adapted from Becker & Hesse, 2020. [START_REF] Becker | Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration[END_REF] (acytokinetic division forming a cell containing two diploid nuclei), or endoreplication (leading to the replication of the DNA with no division of the nucleus and creating a tetraploid mononucleated cardiomyocyte). [START_REF] Becker | Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration[END_REF] The cells obtained through the last two options are then uncapable of entering mitosis and can only perform endoreplication (Figure 19). Several hypotheses have been formulated

to explain this phenomenon like the need of an intact centrosome to perform cell division which is not met in binucleated cells, as well as chromosome telomer shortening (causing a failure to move past cell cycle checkpoints). [START_REF] Becker | Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration[END_REF] It is interesting to note that while adult mouse hearts have a majority of binucleated cardiomyocytes, in the human adult heart, tetraploid cardiomyocytes are predominent and binuclear cells only represent 25%. [START_REF] Becker | Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration[END_REF] This might play a role in the regenerative ability of the cells in these different organisms as the number of nuclei strongly impact the ability to perform cell division, making human a good candidate for regenerative therapies.

Although mononucleated diploid cardiomyocytes remain present in the human adult heart, they represent a small fraction of the population in contrast to the zebrafish heart and the mammalian developing heart. In the adult heart, they are associated with a physiological turnover representing less than 1% of the total cardiomyocyte population per year. [START_REF] Becker | Role of Mononuclear Cardiomyocytes in Cardiac Turnover and Regeneration[END_REF] In physiological conditions in mammals, a switch between hyperplastic and hypertrophic growth occurs during the latest stages of cardiac development (in the first postnatal week). This critical step ensures proper cardiac growth, but it is also hypothesised to be responsible for the loss of regenerative abilities in adult as cardiomyocytes lose their ability to proliferate. Hence, it is apparent that maintaining a pool of mononucleated diploid cardiomyocytes able to proliferate is an advantage to repair a broken heart.

Apart from the relatively low physiological turnover, certain conditions are able to trigger cardiomyocyte cell cycle re-entry and proliferation, such as hypoxia. Due to the nature of MI, the cells surrounding the site of injury are subjected to hypoxic conditions. This is also the case in adult zebrafish after ventricle resection. [START_REF] Jopling | Hypoxia induces myocardial regeneration in zebrafish[END_REF] This was later confirmed in mammals by Puente et al., who showed that the low-oxygenated environment present in zebrafish and mammalian foetuses/neonates was associated with less oxidative stress, less DNA damage response and less activity of the mitochondrial respiration which is the preferred and most efficient metabolic pathway in aerobic conditions (presence of oxygen). In comparison, late postnatal mammals present well-oxygenated heart tissue, more mitochondrial activity, reactive oxygen species (ROS) production and DNA damage response. [START_REF] Puente | The oxygen-rich postnatal environment induces cardiomyocyte cell-cycle arrest through DNA damage response[END_REF] Overall, they confirmed oxygen concentration conditions cardiomyocyte cell cycle arrest and showed shared properties between adult zebrafish and neonatal mouse hearts, highlighting a new regulatory mechanism of cardiomyocyte cell cycle reentry (Figure 20). [START_REF] Brezitski | A Roadmap to Heart Regeneration Through Conserved Mechanisms in Zebrafish and Mammals[END_REF] Paradoxically, in adult mammals, MI induces hypoxia around the wound but is not associated with cell cycle reentry, suggesting it might not be the first step of the cardiomyocyte regenerative response.

In the earliest studies of zebrafish heart regeneration, it was apparent that several factors were involved in regeneration and cell cycle without being linked to a specific cell type. Among these factors, Mps1, a mitotic checkpoint kinase, was shown to be crutial for heart regeneration, being the first piece of evidence that cell cycle regulation was required to induce regeneration after cardiac injury. [START_REF] Poss | Heart regeneration in zebrafish[END_REF] Later on, polo like kinase 1 (plk1), encoding another regulator of cell cycle previously identified as being upregulated and particularly expressed within the border zone [START_REF] Sleep | Transcriptomics approach to investigate zebrafish heart regeneration[END_REF] , was shown to be essential for zebrafish heart regeneration and was more specifically expressed in cardiomyocytes. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] In the same publication, Chris it was shown that p38 MAPK inhibition in adult mice stimulates cardiomyocyte proliferation. [START_REF] Engel | p38 MAP kinase inhibition enables proliferation of adult mammalian cardiomyocytes[END_REF] In zebrafish, overactivation of p38 MAPK during cardiogenesis disrupts cardiac development, suggesting a similar role in cardiac growth. [START_REF] Jopling | p38α MAPK regulates myocardial regeneration in zebrafish[END_REF] More interestingly, in this study, the authors also found that p38

MAPK is expressed in zebrafish cardiomyocytes but switches off when cardiomyocytes proliferate (in vitro). [START_REF] Jopling | p38α MAPK regulates myocardial regeneration in zebrafish[END_REF] In constrat, overactivation of p38 MAPK led to an absence of regeneration. Overall, they saw similarities in p38 MAPK activity in zebrafish compared to its mammalian ortholog causing cell cycle arrest. However, unlike mammals after an injury, zebrafish cardiomyocytes appear to be able to turn off p38 MAPK activity in order to proliferate, going back to an embryonic-like profile. This hypothesis of developmental processes reactivation is in line with other evidence showing re-expression of embryonic genetic programs to express genes involved in proliferation and cell-cycle checkpoints. [START_REF] Jopling | Dedifferentiation, transdifferentiation and reprogramming: three routes to regeneration[END_REF][START_REF] Pronobis | Signals for cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] Supporting this, cell cycle reentry has been extensively characterised using proliferating cell nuclear antigen (PCNA) and phosphorylated histone 3 (pH3) expression as well as the incorporation of EdU and BrdU, two thymidine analogues, during DNA synthesis as markers for cardiomyocyte proliferation. [START_REF] Poss | Heart regeneration in zebrafish[END_REF][START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF][START_REF] Honkoop | Live imaging of adult zebrafish cardiomyocyte proliferation ex vivo[END_REF] Zebrafish cardiomyocytes are mostly diploid and mononucleated and this seems to promote cardiomyocyte proliferation after an injury. Indeed, ect2 expression appears to be upregulated during regeneration, a protein known for its role in cytokinesis after DNA duplication. [START_REF] González-Rosa | Myocardial Polyploidization Creates a Barrier to Heart Regeneration in Zebrafish[END_REF] Using a dominant negative (DN) approach to block Ect2 activity, the authors observed cardiomyocyte polyploidisation which blocks their proliferation and inhibits heart regeneration. [START_REF] González-Rosa | Myocardial Polyploidization Creates a Barrier to Heart Regeneration in Zebrafish[END_REF] Interestingly, maintaining a pool of diploid mononucleated cardiomyocytes using a mosaic line resulted in heart regeneration, suggesting that they are indeed the only form of cardiomyocytes able to proliferate and that a sufficient fraction of diploid mononucleated cardiomyocytes could be enough to fully regenerate the heart.

ii. Cardiomyocyte dedifferentiation

One of the requirements to achieve cardiomyocyte proliferation is to first allow the cell to modify its shape. To do so, cardiomyocyte have to dedifferentiate, disassembling (at least partially) and repressing the expression of proteins involved in their primary functions, i.e., their contractile apparatus. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF][START_REF] Jopling | Dedifferentiation, transdifferentiation and reprogramming: three routes to regeneration[END_REF][START_REF] D'uva | ERBB2 triggers mammalian heart regeneration by promoting cardiomyocyte dedifferentiation and proliferation[END_REF] In vitro, proliferation can be observed by maintaining isolated cardiomyocytes in culture for a few days. Using this approach, it has been described that dedifferentiation was not only associated with partial sarcomere disassembly, but also with electrophysiological alterations. Indeed, the RMP of dedifferentiated cardiomyocytes appears to be much higher than in their differentiated counterparts mostly caused by reduced K + current (respectively -20/-10mV after 4/7 days of culture vs -70mV for freshly isolated rat cardiomyocytes). [START_REF] Zhang | Dedifferentiation and proliferation of mammalian cardiomyocytes[END_REF] This strong depolarisation presumably affects the electrical activity of the cell and its ability to generate APs but promotes cardiomyocyte proliferation. [START_REF] Lan | Depolarization of Cellular Resting Membrane Potential Promotes Neonatal Cardiomyocyte Proliferation In Vitro[END_REF] In contrast, hyperpolarisation appears to promote cardiomyocyte differentiation in vitro. [START_REF] Van Vliet | Hyperpolarization induces differentiation in human cardiomyocyte progenitor cells[END_REF] We can therefore speculate that the electrophysiological activity of cardiomyocytes during the dedifferentiation-proliferation-redifferentiation has to be finely regulated to proceed to each of these steps in vivo. This theory discussed later in this dissertation remains to be investigated.

iii. Metabolic switch

The heart is one of the most energy-consuming organ, requiring a large production of adenosine triphosphate (ATP) to function. Mitochondria is at the center of the ATP production, but the pathways involved in ATP production differs depending on conditions such as environmental oxygen concentration. During adulthood in mammals, and in physiological conditions, large quantities of ATP are required and the most efficient pathway to produce it resides in fatty acid metabolism combined with mitochondrial activity in aerobic conditions. Interstingly, in mammals, a metabolic shift from glucose to fatty acid metabolism occurs in the first postnatal week, and coincides with the increased mitochondrial activity, and the loss of regenerative potential (Figure 21). [START_REF] Puente | The oxygen-rich postnatal environment induces cardiomyocyte cell-cycle arrest through DNA damage response[END_REF][START_REF] Bae | The Role of Metabolism in Heart Failure and Regeneration[END_REF] Overall, understanding this switch and identifying mechanisms to reverse it after an injury in adult mammals could provide therapeutic tools to promote heart regeneration.

In addition to displaying signs of dedifferentiation characterised by less dense contractile apparatus [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] , zebrafish cardiomyocytes located in the border zone after injury express transcription factors known for their role in embryonic heart development in mammals. [START_REF] Honkoop | Live imaging of adult zebrafish cardiomyocyte proliferation ex vivo[END_REF] In this model, glucose metabolism aslo plays a critical role in the regenerative process as the inhibition of glycolysis by glucose analogue inhibits cardiomyocyte proliferation. [START_REF] Honkoop | Live imaging of adult zebrafish cardiomyocyte proliferation ex vivo[END_REF] Among the genes involved in both embryogenesis and adult cardiomyocyte proliferation, we can find klf1, encoding Klf1 transcription

factor. An inhibition of its activity impairs cardiac regeneration after injury and, in contrast, its overexpression leads to cardiomyocyte proliferation even in absence of injury. As a transcription factor, Klf1 stimulates the expression of genes involved in DNA replication and cell cycle while repressing the expression of proteins associated with mature cardiomyocytes. [START_REF] Ogawa | Krüppel-like factor 1 is a core cardiomyogenic trigger in zebrafish[END_REF] It is also involved in the metabolic switch by repressing genes involved in oxidative phosphorylation. [START_REF] Ogawa | Krüppel-like factor 1 is a core cardiomyogenic trigger in zebrafish[END_REF] Another factor involved in both metabolism and cell cycle reentry is Neuregulin 1 (Nrg1), a signaling glycoprotein which binds to ErbB2 and ErbB4 receptors and shown to have mitogenic effects after injury [START_REF] Gemberling | Nrg1 is an injury-induced cardiomyocyte mitogen for the endogenous heart regeneration program in zebrafish[END_REF] was interestingly found to be involved in the metabolic regulation happening in zebrafish cardiomyocytes.

Indeed, Nrg1/ErbB2 signaling mediates the expression of glycolysis genes in cardiomyocytes. [START_REF] Honkoop | Live imaging of adult zebrafish cardiomyocyte proliferation ex vivo[END_REF] This same signaling compound, produced by the endocardium promotes dedifferentiation and proliferation in mammalian cardiomyocytes and is progressively reduced during the first week of postnatal life [START_REF] D'uva | Towards the emerging crosstalk: ERBB family and steroid hormones[END_REF][START_REF] Rochais | Acute cardiac effects of neuregulin-1/ErbB signalling[END_REF] , highlithing once again the similarities between mammalian cardiomyocyte development and zebrafish regenerative cardiomyocytes. NRG1 signaling was also found to be involved in cardiomyocyte proliferation in vitro, as well as myocardial regeneration in vivo and improved cardiac functions after MI in adult mice treated with NRG1. [START_REF] Bersell | Neuregulin1/ErbB4 signaling induces cardiomyocyte proliferation and repair of heart injury[END_REF] 

iv. Cell communication

Cell-cell communication through signalling proteins, such as Nrg1, plays a crutial role in cardiomyocyte regenerative response. Paired related homeobox 1 b (Prrx1b) is a transcription factor expressed in EPDCs shown to be essential for zebrafish heart regeneration. [START_REF] Bakker | Prrx1b restricts fibrosis and promotes Nrg1-dependent cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] Its expression increases in EPDCs around the border zone and the epicardium bording the injury during regeneration. In fibroblasts, it is responsible for the positive regulation of stress response and cell cycle related genes while repressing the expression of ECM compounds and transforming growth factor β (TGFβ)

signalling thus having anti-fibrotic effects. [START_REF] Bakker | Prrx1b restricts fibrosis and promotes Nrg1-dependent cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] Interestingly, using prrx1b KO zebrafish line, de Bakker et al., observed the inhibition of heart regeneration associated to the decrease of both nrg1 expression and cardiomyocyte proliferation. [START_REF] Bakker | Prrx1b restricts fibrosis and promotes Nrg1-dependent cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] Whether this is through a direct effect i.e., a direct regulation of nrg1 expression in Prrx1b + fibroblasts or indirect effects remains to be investigated. Other signalling compounds have been identified as necessary for cardiomyocyte proliferation after an injury such as platelet-derived and insulin growth factors (Pdgf-b, Igf) [START_REF] Lien | Gene expression analysis of zebrafish heart regeneration[END_REF][START_REF] Huang | Igf Signaling is Required for Cardiomyocyte Proliferation during Zebrafish Heart Development and Regeneration[END_REF] , BMP [START_REF] Wu | Spatially Resolved Genome-wide Transcriptional Profiling Identifies BMP Signaling as Essential Regulator of Zebrafish Cardiomyocyte Regeneration[END_REF] and even Notch signalling which is specifically required for cardiomyocyte proliferation. [START_REF] Zhao | Notch signaling regulates cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] As many signalling compounds identified in the regenerative process appear to be involved in cardiac development as well and the hyperplasia occuring at that stage, other candidates emerge.

Among them, we find fibroblast growth factor 10 (FGF10). It has been shown that its overexpression (in absence of injury) triggers cell cycle reentry and thus cardiomyocyte proliferation in both the right and left ventricles. [START_REF] Rochais | FGF10 promotes regional foetal cardiomyocyte proliferation and adult cardiomyocyte cell-cycle reentry[END_REF] v. Future prospects

Lately, other approaches tend to focus on the transcriptomic aspects and more particularly chromatin accessibility. Using ATACseq (assay for transposase accessible chromatin coupled to high throughput sequencing), it has been shown that chromatin accessibility varied in cardiomyocytes during heart regeneration in zebrafish. [START_REF] Beisaw | AP-1 Contributes to Chromatin Accessibility to Promote Sarcomere Disassembly and Cardiomyocyte Protrusion During Zebrafish Heart Regeneration[END_REF] Amongst the enriched motifs uncovered, activator protein 1 (AP-1) motifs, binding sites recognised by AP1 transcription factors were the most accessible, suggesting these transcription factor could be involved in heart regeneration. They particularly regulate sarcomere disassembly in the border zone and cardiomyocyte protrusion. [START_REF] Beisaw | AP-1 Contributes to Chromatin Accessibility to Promote Sarcomere Disassembly and Cardiomyocyte Protrusion During Zebrafish Heart Regeneration[END_REF] In contrast, using ChIPseq (chromatin immunoprecipitation combined with DNA sequencing), it is possible to determine whether a transcription factor is bound to the chromatin in certain conditions. With this technique, Kang et al., showed Histone H3 was bound to lepb enhancer region during zebrafish heart regeneration. Using a reporter line for this enhancer, they further showed this enhancer element was particularly active in the endocardium. [START_REF] Kang | Modulation of tissue repair by regeneration enhancer elements[END_REF] As there is a growing interest for non-coding DNA regions, these techniques are particularly promising in the study of heart regeneration.

c. It takes an entire troupe of actors to achieve regeneration

After two decades of research on heart regeneration, it is apparent that cardiomyocytes are not the only cells involved in the regenerative process but that most cardiac interstitial cells play an important role. A general timeline also emerges, starting with a rapid immune reaction coupled with early angiogenesis to irrigate the injured zone and allow the infiltration of other cells to clear the wound and prepare the grounds for cardiomyocyte proliferation.

i. The immune response MI induces an inflammatory reaction called sterile as opposed to pathogenic inflammation. An initial pro-inflammatory response is triggered by the presence of debris and compounds released by dead cells. After the resolution of the inflammation, i.e., when the wound is cleared, a reparative phase starts. Acute inflammation is essential for the following reparative response in neonatal mouse. [START_REF] Han | Acute inflammation stimulates a regenerative response in the neonatal mouse heart[END_REF] Moreover, its duration is critical to limit the extend of the damages caused by MI and reducing it is associated with less pathological remodelling in particular in the context of ischemia-reperfusion injury. [START_REF] Arslan | Myocardial ischemia/reperfusion injury is mediated by leukocytic toll-like receptor-2 and reduced by systemic administration of a novel anti-toll-like receptor-2 antibody[END_REF][START_REF] Oyama | Reduced myocardial ischemia-reperfusion injury in toll-like receptor 4-deficient mice[END_REF] Endogenous compounds called damage-associated molecular patterns (DAMPs) trigger inflammatory pathways after MI. These compounds such as ROS can activate pattern recognition receptors present at the surface of resident immune cells such as macrophages and circulating cells, in order to trigger and propagate the immune response. These pathways are particularly important in matrix degradation as they are associated with the secretion of matrix metaloproteinases (MMPs) by necrotic cells and some immune cells (neutrophils and macrophages). Overall, it contributes to the stiffening and the remodelling of the ECM in adult mammals going from a fibrin-based to collagenbased matrix. [START_REF] Lai | Immune responses in cardiac repair and regeneration: a comparative point of view[END_REF] According to the literature, the origin of the macrophages involved after MI differs between neonates and more mature mammals. In neonates, embryonic-derived resident macrophages proliferate to promote regeneration by causing low inflammation and the secretion of interleukins (ILs) such as IL10, IL6 and IL23 as well as pro-angiogenic factors. [START_REF] Lavine | Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart[END_REF][START_REF] Aurora | Macrophages are required for neonatal heart regeneration[END_REF] Interestingly, IL6 seems to be associated with the inhibition of neutrophil recruitment in neonates but seems to have the opposite effect in adults. [START_REF] Angelone | Innate immunity of the human newborn is polarized toward a high ratio of IL-6/TNF-alpha production in vitro and in vivo[END_REF] Conversly, in adults, macrophages are mostly monocyte-derived and have a pro-inflammatory profile which tends to promote fibrosis. [START_REF] Lavine | Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart[END_REF][START_REF] Aurora | Macrophages are required for neonatal heart regeneration[END_REF] This difference of profile alone seems to have a great impact on regeneration since a recent publication showed that the transfusion of macrophages isolated from neonatal mice post apical resection into adult mice post MI was associated with a significant increase of cardiomyocyte proliferation. [START_REF] Li | Transplantation of murine neonatal cardiac macrophage improves adult cardiac repair[END_REF] Using laser-injured larvae, Kaveh et al., showed that macrophages are required for heart regeneration in larval zebrafish. [START_REF] Kaveh | Selective Cdk9 inhibition resolves neutrophilic inflammation and enhances cardiac regeneration in larval zebrafish[END_REF] Early after injury, macrophages display a proinflammatory profile, secreting proinflammatory cytokines. But in contrast to mammals, their secretion level reaches a peak a few hours after injury (as opposed to a few days). This proinflammatory phase is essential and its inhibition using anti-inflammatory glucocorticoid treatment leads to impaired regeneration and the presence of a fibrotic scar 30dpa. [START_REF] Huang | Treatment of Glucocorticoids Inhibited Early Immune Responses and Impaired Cardiac Repair in Adult Zebrafish[END_REF] But cytokine secretion is not the only macrophage activity at play during regeneration. Indeed, the production of MMPs to degrade the transient fibrotic deposition is essential and it has been shown that pharmacological inhibition of MMPs using GM6001 led to fewer macrophages in the injured zone associated with an absence of regeneration. [START_REF] Xu | Matrix metalloproteinases (MMPs) mediate leukocyte recruitment during the inflammatory phase of zebrafish heart regeneration[END_REF] In 2017, Lai et al., used RNA sequencing (RNAseq) to describe differentially expressed genes after cryoinjury in regenerating vs. non regenerating fish by comparing zebrafish to another teleost fish: medaka. They showed discrepancies in the immune response with a strong and prolonged neutrophil response in medaka whereas zebrafish showed an acute inflammatory response after injury that rapidely decreased. Overall, they suggest that the neutrophil/macrophage balance could play a critical role in the regulation of the immune response triggered by cardiac injury. Confirming this hypothesis, they also showed that the impaired recruitment of macrophages in the zebrafish blocked regeneration while stimulating macrophage recruitment in medaka was associated with fewer neutrophils present in the wound, as well as more revascularisation, cardiomyocyte proliferation and overall cardiac regeneration (left panel, Figure 22). [START_REF] Lai | Reciprocal analyses in zebrafish and medaka reveal that harnessing the immune response promotes cardiac regeneration[END_REF] This work highlights the importance of macrophages in cardiac regeneration as well as the potential application of zebrafish-related mechanisms to promote regeneration in non regenerative animals. Neutrophils are recruited by the DAMPs and cytokines secreted by resident macrophages. They rapidly invade the wound after MI (within the first days post injury). 100 Similarly to medaka, a strong activity of these cells, mostly pro-inflammatory and cytotoxic, is associated with pathological remodelling and a high mortality post MI both in human and mouse. In mouse, it has been shown that an absence of resolution of the inflammation blocks regeneration. [START_REF] Lavine | Distinct macrophage lineages contribute to disparate patterns of cardiac recovery and remodeling in the neonatal and adult heart[END_REF][START_REF] Aurora | Macrophages are required for neonatal heart regeneration[END_REF]101 They orchestrate the recruitment of different immune cells and doing so, play a crutial role in remodelling regulation. 102

Monocytes are part of the leukocyte family and they adopt different profiles depending on the level of expression of Ly6C. Ly6C hi monocytes (expressing high levels of Ly6C) are recruited by neutrophils very early during the pro-inflammatory phase and have phagocytic and proteolytic activity whereas Ly6C low monocytes (expressing low levels of Ly6C) are involved in the resolution of the inflammation and secrete, amongst other things, vascular endothelial growth factor (VEGF) to promote angiogenesis in the injured area. 102,103 Lymphocytes are actors of the adaptative immunity and as such, it has been recently shown that they could respond to autoantigens produced after an injury. 104 CD8 + T cells have a cytolytic activity, whereas CD4 + T (Treg) cells are involved in cytokine secretion, the regulation of the immune response. 105 After MI, Tregs are known to dampen the consequences of the injury during pathological remodelling in mice. 106 One of the hypothesis aiming to explain the differences between neonates and adults regarding cardiac regeneration is based on the observation that in neonates, CD4 + T cells tend to generate Tregs in response to MI, thus promoting the resolution of the inflammatory phase, an ability they appear to loose around the second postnatal week. 107 As for most biological processes, the immune response after MI is the result of a fine regulation and interaction with other major phenomena such as neovascularisation of the wound. Although differences exist between the neonatal and adult immune responses (represented in the right panel of Figure 22), an immune response including inflammation is required for regeneration. Indeed, repressing the inflammatory phase after MI is not a solution per se to promote regeneration as inhibiting the immune response post MI in adults often leads to cardiac rupture, in both mouse and human. 108,109 Similarly, inflammation is essential to achieve regeneration in neonatal models and turning it down impairs both cardiac function and regeneration. 110 The contribution of immune cells is not limited to inflammation, they are essential for wound clearance and matrix remodelling, two essential processes involved in preserving cardiac integrity after MI. In mammalian models, achiving a faster resolution of the inflammation seems to be a safer and more reliable solution to promote heart regeneration.

ii. Endothelial cells

The endothelial cell response is essential to promote regeneration and in particular for the fast revascularisation of the injured zone. Although this naturally occurs in regenerating models such as neonatal mouse and zebrafish via endogenous processes, several groups have attempted to promote it through exogenous stimulation.

In zebrafish, endothelial cell proliferation starts as early as 15 hours after injury and vessels begin to form at 1dpi. 111 At this time, vegfaa expression increases, a growth factor required for both revascularisation coming from superficial coronaries and intraventricular coronary sprouting. 111,112 Disrupting Vegfaa activity results in the inhibition of cardiomyocyte proliferation, showing the importance of providing an optimal environment for cardiomyocyte proliferation and regeneration.

Other factors such as Pdgfr-mediated signalling have also been proven to be required for the endothelial regenerative response. 113 To trigger it exogenously, some studies showed the potential of mesenchymal stem cells (MSCs).

Inducing the recruitment of MSCs after MI in rats was associated with less fibrosis, more capillaries present in the wound and a decreased expression of pro-inflammatory cytokines. But this only limits the pathological remodelling and does not promote regeneration. 114 inflammation, but it also triggered the expression of pro-angiogenic factors. However, the limitation of MSCs injection remains the uncontrolled differentiation. In this study, they showed 20% of the injected MSCs differenciated into myofibroblasts, and more than 10% into macrophages, thus not contributing to the regeneration. 115 More generally, it is extremely difficult to ensure the localised effects of these cells that might migrate to other tissues and form tumors due to their ability to proliferate and differentiate.

Using a cocktail of modified mRNAs, Kaur et al., induced neovascularisation in adult mice after MI using noncellular therapy. They saw less fibrosis in the animals injected with the cocktail. In vitro, they showed their cocktail triggered cell differentiation and the expression of Gata4, encoding a transcription factor promoting the expression of proangiogenic genes such as Vegf. In vivo, the injected animals had more vessels and a strong expression of proangiogenic factors such as VEGFA. They also showed similar effects when the ischemia was performed on a limb (femoral artery ligation). Although it appears to be a promissing approach, questions remain regarding the specificity and potential ectopic angiogenesis which could occur after injecting their cocktail. 116 Lymphatic vasculature also plays an important role in wound clearing especially for immune cells and in doing so, reduces inflammation. 117 As part of heart failure remodelling, angiotensin II (AngII) is expressed and associated with dysfunctions such as lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1), or VEGFC deregulated expression, known lympathic markers. AngII injected animals present less lympathic vessel and of small diameters. A study showed the overactivation of vascular endothelial growth factor receptor 3 (VEGFR3) reduced the detrimental effects of AngII. This is also associated with less fibrosis, a decreased hypertension and a reduction of the renal dysfunctions known to be associated with AngII, acting globally on heart failure consequences. 118 In zebrafish, the disruption of Vegfc activity and its receptor Flt4, involved in lymphangiogenesis and maintenance of the lymphatic vasculature blocks heart regeneration. [START_REF] Lai | Immune responses in cardiac repair and regeneration: a comparative point of view[END_REF]119 Although lymphatic vasculature increases after MI in mammals, lymphatic flow is reduced and does not function efficiently enough to reduce the damage of MI. 120 However, it represents a therapeutic target as an increased lymphatic flow would improve immune cell trafficking and wound clearing. 120 As for the endocardium, it has mainly been linked with the secretion of pro-angiogenic factors such as Notch and Raldh2 to support the neovascularisation. [121][122][123] The role of Notch signalling during regeneration has been particularly studied in zebrafish. After an injury, Notch1a, Notch1b and Notch2 receptors are strongly upregulated in endocardial and epicardial cells. [START_REF] Zhao | Notch signaling regulates cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] Recently, it was shown that not only Notch signalling is essential for the endocardial response and the revascularisation but it also restricts the inflammation and promotes cardiomyocyte proliferation. 121,122 Indeed, it is particularly expressed around 3dpi and contributes to end the early inflammatory phase. 121 Later, it stimulates cardiomyocyte proliferation by causing Wnt pathway inhibition (via antagonist secretion by endocardial cells). 122 This highlights the multiple roles of endothelial cells and their therapeutic potential in cardiac regeneration (Figure 23. ).

iii. Fibroblasts, epicardium & ECM

In response to an injury, zebrafish fibroblasts and EPDCs get activated, notably characterised by a high expression of periostin b (postnb). 113 Its mammalian ortholog (Periostin) is also expressed after injury in neonatal mice and its inhibition blocks regeneration leaving a fibrotic scar in the infarcted area. 124 Much like the immune response, it is thus apparent that fibroblast activation is essential for heart regeneration. However, the duration of this activation is closely related to the outcome as a (Wls) expression in cardiomyocytes after an injury limits fibroblast proliferation as well as their overactivation and collagen production, representing another aspect of the finely regulated process that is heart regeneration. 130 In epicardial cells, embryonic genetic program reexpression has been identified by several groups, characterised, amongst other things, by the expression of tbx18 and raldh2 followed by cell proliferation between 3/7dpa. 131,132 This process is associated with epicardial EMT, allowing the formation of new fibroblasts, as well as perivascular cells surrounding the newly formed vessels. 131

iv. A recipe for success

Overall, it is the integration of a multicellular intricated signallisation that is responsible for complete regeneration. One final example illustrating this phenomenon is the expression of ccn2a

(communication network factor 2 a) in endocardial cells around the injured area starting at 2dpi in zebrafish. This signalling compound is required for heart regeneration as it contributes to cardiomyocyte proliferation and migration along the newly formed coronary vasculature. It is also a key regulator of MEC secretion such as fibronectin and collagen particularly secreted early after injury which match with ccn2a expression timecourse. 133 Lastly, other factors start to emerge as regulators of the regenerative response in zebrafish such as oestrogen which appears to stimulate regeneration 134 , or chronic stress which negatively impacts heart regeneration via igf1r expression inhibition. 135 However, the relevance of such factors in mammalian models remains to be determined.

Recently, comparative studies have shown that the mechanisms involved in cardiac regeneration in zebrafish are also found in mammals but are differentially regulated. It has been shown that in vitro cardiomyocytes proliferation and in vivo regeneration can occur even for adult mammals by activating or inhibiting some of the key factors previously identified in zebrafish, demonstrating the relevance of zebrafish heart regeneration research and its potential impact in preclinical tests. 128,136 3. Mechanical forces: a new feature to investigate Already suggested by the impact of ECM stiffness, another major difference which could play a critical role during heart regeneration is mechanical force variation. Because of its activity, the heart endures large pressure variation and due to contraction and expansion, the walls of the four chambers, and in particular the left ventricle are subjected to constant mechanical stress. In the human adult heart, the left ventricular pressure (LVP) goes from almost 0mmHg during diastole, to nearly 120mmHg in systole. 137 In adult mice, LVP reaches 70-110mmHg. 138 In zebrafish however, the highest recorded ventricular pressure during systole is 2-3mmHg. 139 Moreover, ventricular pressure evolves during heart development in utero and after birth, and studies have already described an increase of systolic LVP from 10mmHg at E19 (embryonic day 19) to 60mmHg at P14 (postnatal day 14) mice. 140 Thus, it appears that organisms capable of heart regeneration display lower ventricular pressure while higher pressure is associated with non regenerating organisms. Mechanical forces, such as the ones generated by blood flow and pressure are sensed by a large variety of components known as mechanosensors. In the next part, I will describe the main cardiovascular mechanosensors and the impact of mechanical forces in physiology and pathology.

Involvment of mechanical forces in cardiac physiology & pathology

Living organisms are constantly subjected to mechanical forces, which are essential to drive numerous biological processes. Mechanotransduction represents the ability for a cell or a tissue to perceive mechanical forces and convert these stimuli into electrical or chemical signals. This can lead to a wide range of responses such as changes in cellular morphology, migration, proliferation or the regulation of gene expression. 141,142 Furthermore, mechanical forces also influence the development and physiology of the cardiovascular system, the most prominent being the hemodynamic forces resulting from blood flow.

The heart is the first functional organ formed, in order to pump the blood and provide nutrients to the developing organs and tissues. In humans, at week 3 of development, the heart is an unsegmented tube and by week 4 it starts contracting. 143 At this point of cardiogenesis, the heart tube stretches and bends to begin cardiac looping. Simultaneously, cardiac differentiation continues, and the different chambers of the heart start to form along with the common OFT (outflow tract, future BA) and atrioventricular canal. While maturing, the heart loses its symmetry and finally, septation allows the formation of a four-chambered heart. 144 Cardiac morphogenesis is a highly dynamic process during which mechanical forces and hemodynamic forces are essential. Once developed, to ensure its role, the heart must maintain an appropriate cardiac output. On average a human heart will beat over 100 000 time a day and as such, it is subjected to strong physical forces. But the heart is not the only structure of the cardiovascular system impacted by mechanical forces. In the vessels and more particularly in arteries, blood flow also generates strong mechanical forces (Figure 24). To describe these physical forces, Poiseuille studied the relationship between blood flow, diameter and length of the vessel and pressure gradient. 150 Although the assumptions Poiseuille made in 1841 to define his law have been discussed in the light of new discoveries (laminar and steady flow in a uniform circular vessel), it still applies to most of the vasculature in physiological conditions. However, in specific environments like vasculature bifurcations or curvatures, the laminar flow is disrupted, increasing the stress on the vessels walls. 151 Blood flow generates frictions against the vascular walls, also known as shear stress. It mostly affects the luminal layer of the vessel constituted of endothelial cells also called the intima. Shear stress is parallel to the blood flow whereas the blood pressure applies a mechanical stress perpendicularly.

Circumferential wall stress or cyclic strain is a physical force opposed to the pressure and generated by the three layers of the vascular wall (intima, media, adventitia) 152 causing the constriction or dilatation of the vessel in response to the blood flow. All these forces have been widely studied in particular in pathological conditions such as atherosclerosis, especially shear stress and circumferential wall stress which can be quantified using MRI method. 153,154

Actors of the mechanotransduction

Mechanical cues coming from the blood flow or the filling of the cavities in the heart affect the innermost layer of the vessels or cardiac wall: the vascular endothelium and the endocardium. In the heart, besides activating signalling pathways in endocardial cells, mechanical forces also cause ECM deformation surrounding cardiomyocytes or fibroblasts in order to ensure heart contraction. The cells perceive the ECM movment in their close environment as a signal and adapt their activity. In this section, I will describe the main components and pathways known to be involved in mechanotransduction, going from the extracellular environment, through the cell membrane to finally reach the intracellular compartment and its components.

A. Extracellular matrix components

ECM is a key regulator of mechanosensation. It is indeed involved in tissue stiffness but can also adapt to mechanical forces through deformation. In both vessels and cardiac wall, the ECM is made of the same components, their proportions however can differ from one tissue to another to ensure tissue's functions.

Elastin (ELN) is an essential component of large arteries. 155 It is a polymer made of tropoelastin, a 70kDa monomer mainly produced by vascular smooth muscle cells (VSMCs) in the media during the development. 156 Elastin fibers are assembled in concentric layers and organised as a fenestrated network of lamellar units along with collagen fibers, proteoglycans and VSMCs. 157 The properties of elastic fibers contribute to the Windkessel effect, first moded in 1895, converting the pulsatile blood flow coming from the left ventricle into a constant flow in the rest of the vasculature. 158 This mechanism relies on the deformation potential of the large arteries. By altering the elastic properties of the vessel, aging also affects the Windkessel effect and compromises the distal circulation in organs such as brain, kidney, but also the coronary circulation. 155 ELN is also expressed in heart valves, along with collagen and proteoglycans. It is found in the ventricularis layer, facing the inflow and it contributes to the contraction of the valve leaflets to ensure its opening.

Unlike the vasculature where elastin is the main component of the ECM, collagen is the predominant component of cardiac ECM and it is mostly secreted by fibroblasts. Different types of collagen are found in the ECM and their structure varies to serve their functions. Collagen I and III form a fibrillar network surrounding cardiomyocytes. 159 They represent about 80% and 10%

(depending on the species) of all collagen in the adult heart respectively. 160 In the heart, collagen I/III form a continuous network in the cardiac wall, the valves and the chordae tendineae (connecting the valves to the ventricular walls). 161 Within the myocardium, we can distinguish two types of network:

endomysal collagen surrounds each individual cell to create connections, maintains cardiomyocytes integrity and preserves the ventricle shape. In contrast, perimysal collagen forms bundles of cardiomyocytes, synchronising their activity. Together, they provide a framework for the cells and protect them from damage. During systole, the collagen fibers maintain cardiomyocyte alignment and take over part of the workload, and during diastole, the fibers uncoil to protect the cardiomyocytes from overstretch. 162 An alteration of this network can be associated with pathological remodelling such as post MI fibrosis, where an excessive collagen deposition occurs to replace the loss of cardiomyocytes. 163 In other conditions such as hypertension, which causes a chronic elevated wall stress, reactive fibrosis takes place, increasing the stiffness of the cardiac wall. 164 Other factors, like aging, lead to increased stiffness by promoting crosslinking, creating bridges between collagen fibrils. 165 Beside collagen I and III, other types of collagen are present and play essential roles in the heart.

Collagen IV is a non-fibrillar protein present in the basement membrane (along with fibronectin, laminin and perlecan) underlying each layer of cardiomyocytes. 160 In contrast, collagen VI forms fibrous structures surrounding individual cells or capillaries. 166 Endothelial cells, smooth muscle cells (VSMCs in the vasculature) and fibroblasts are all capable of collagen synthesis, and they are responsible for collagen deposition in their respective surroundings.

In pathological condition such as atherosclerosis, an accumulation of ECM proteins including collagen I and III is observed. This effect could be related to the presence of cytokines and growth factors in the atheroma such as TGFβ, modulating collagen expression in VSMCs. 167

Fibronectin is mainly produced by fibroblasts in the heart but can also be secreted by VSMCs in the vessels. 168 It is an adhesive glycoprotein present in the basement membrane. It is known to be essential for both heart development and vascular morphogenesis, and its expression is regulated by mechanical forces. 169,170 Fibronectin is particularly involved in remodelling conditions such as cardiac overload, where an accumulation of fibronectin is observed even before the excessive collagen deposition. 171 In both hypertrophic heart and hypertensive vessels, fibronectin expression also increases. 172,173 Laminins are secreted by cardiomyocytes, endothelial cells and VSMCs. 168 They are heterotrimeric proteins formed by α, β and γ chains and the different trimers expression is tissue specific. 174 Much like fibronectin, they are glycoproteins constituting the basement membrane, and their expression is altered in human heart failure. 175 Both fibronectin and laminin contribute to mechanotransduction by binding to other ECM proteins and cell membrane receptors.

Finally, as previously mentionned, Agrin is a key component of the cardiac ECM in mammalian neonates where it contributes to cardiac regeneration. 128 It has mainly been studied in the context of neuromuscular junction, where it contributes to its development and to synapses stabilisation. 176,177 Agrin is a proteoglycan which binds to laminins through its N-terminal domain, linking it to the basement membrane and, amongst other things, to intergrins and other receptors such as LRP4 and Dystroglycan (DAG1) on its C-terminal region. 176,178 In the heart, Agrin is produced by noncardiomyocyte cells but binds to them through DAG1 receptors which in turn, lead to YAP translocation in the nucleus. 128 Overall, this promotes cardiomyocyte proliferation and delays their maturation. In liver carcinogenesis, this same Agrin-induced signalling pathway involving YAP was shown to be a form of mechanotransduction, with Agrin communicating informations about ECM stiffness to the surrounding cells. 179 Aside from its role in neonatal regeneration, it has recently been shown that a single treatment of recombinant human Agrin (local delivery) post MI in adult pigs was associated with improved cardiac functions and cardiomyocyte proliferation, suggesting it could be used as a pharmacological tool to improve post MI recovery for patients. 180 ECM components are in the frontline for extracellular mechanical cues and as such, are at the starting point of some mechantransduction pathways. Due to the differential expression over time, they influence both cardiovascular development and physiology/pathology. Table 1 summarises the the main conditions in which mechanosensitive ECM components are specifically involved in the cardiovascular system.

B. Cell membrane components

Cell membrane components allow the integration of extracellular signals either coming from ECM or from other forms of communication (cell junctions, ligands, ions). Although some of them are simply involved in the transmission of mechanical stimuli, others can sense mechanical forces.

a. Integrins

Integrins are transmembrane receptors made of α and β chains, and contributing to focal adhesion. More than 20 heterodimers have been described so far, each responding to different ligands and expressed in different cell types at different timepoints during development or adulthood. 170 When subjected to mechanical stress, such as circumferential wall stress, ECM proteins adopt a new conformation and doing so, are able to bind to integrin dimers which will induce cellular adaptations. 181 The integrin C-terminal region in the cytosolic compartment is able to interact with several proteins and cytoskeleton elements. In 1997, by pulling integrins, Maniotis and collaborator were able to induce cytoskeletal reorientation, showing their mechanosensitivity. 182 Since then, other groups have shown that shear stress response in endothelial cells was integrin-dependant. 183,184 Integrins are involved in a broad range of cellular responses from cell migration to survival. 185,186 In fibroblasts, they can induce the expression of pro-fibrotic genes in response to an abnormal mechanical stimulation. 187 Integrins are also present at the surface of cardiomyocyte membrane and trigger the expression of hypertrophy related genes adapting to extended cardiac overload. 188 ITIMs and allowing their phosphorylation by FYN. 193 Once phosphorylated, PECAM1 is involved in endothelial nitric oxide synthase (eNOS) activation but the physiological role of PECAM1 in this mechanism in vivo is still controversial as studies have shown PECAM1 knock out in mice could both cause a decrease or a constitutive increase of eNOS activity. 194,195 VE-Cadherin, also called Cadherin 5, has the common structure of cadherin family members:

it has five cadherin-like repeats in the extracellular domain, one transmembrane region and a cytoplasmic tail which can bind to cytoskeletal proteins. 196 VE-Cadherins form homophilic calciumdependent adhesions and are essential to limit vascular permeability. 197 VE-Cadherin role in endothelial mechanotransduction was shown to be both direct, by adjusting the cytoskeleton organisation in response to mechanical stress 198 , and adaptative, connecting PECAM1, VEGFR2 and their effectors and is required to form this mechano-signalling complex. 199 Using a knockdown approach in zebrafish, VE-Cadherin was shown to be essential for cardiac development and looping 200 similar to the mouse where a VE-Cadherin deficiency is lethal at E9.5 due to endothelial apoptosis. 201

VEGFR2 is a tyrosine kinase receptor regulating endothelial cells permeability via VEGF fixation. 202 Like VE-Cadherin, VEGFR2 deletion is lethal in mice at E8.5/9.5, pointing out its essential role in vascular development. 203 Its involvment in endothelial mechanosensitive pathway was studied by Shay-Salit et al., 204 : using cultured endothelial cells, the authors showed shear stress-dependent VE-Cadherin activation led to VEGFR2 activation, as well as its nuclear translocation and the phosphorylation of several of its known effectors such as Akt1. 204 Shear stress triggers Y801 and Y1175 phosphorylation in a ligand-independent process 205 , allowing partners association like PI3K or Shc and leading to the activation of various pathways like the activation of eNOS. 199,206 The mechanosensory complex formed by PECAM1, VE-Cadherin and VEGFR2 in endothelial cells triggers an adaptative response to the flow protecting vessels from rupture and inducing the expression of protective genetic programs to preserve the cells. 207

c. Ion channels

Mechanosensitive ion channels (MSICs) represent another major family of cell membrane components and they are at the origin of the mechano-electrical feedback, generating electrophysiological adaptations in response to a mechanical stimulus. While some of them are mechanically-gated, i.e., opened by mechanical stimuli, some channels previously identified as voltage-gated or ligand-gated are now also considered to be mechanically-modulated as well, that is to say co-activated by a non-mechanical stimuli and a mechanical stimutation. MSICs have been identified in the cardiovascular system, by combining electrophysiology measurement such as patch clamp and membrane stretch. MSICs were first regarded in cardiomyocytes based on their function combining electrical activity with contraction/relaxation. In 1991, Le Guennec et al., showed that the elongation of isolated guinea pig cardiomyocytes using carbon fibers induced an increase of intracellular Ca 2+ concentration (and a depolarisation), and it was further showed this was caused by the activation of Ca 2+ channels at the membrane, thus allowing the entrance of extracellular Ca 2+ in the cell. 208,209 This was also observed in rat cardiomyocytes where a mechanically-activated current was measured when cells were stretched. 210 Later, MSICs were also found in non-cardiomyocyte cells such as cardiac fibroblasts, but interestingly, a study found that the global mechanically-induced currents were higher when compression was applied to the cells and not in response to cell stretch. 211 In this part I will introduce the main families of MSICs that are present in the cardiovascular system with a focus on those expressed in the cardiomyocytes.

i. TRP channels

Transient receptor potential (TRP) channels form a large family of non-selective cationic channels permeable to Ca 2+ (except for TRPM4 and TRPM5) and, as such, are involved in a wide variety of physiological and pathological processes. Although they can be divided in six different subclasses, they share a common structure: they function as homo-or hetero-tetramers and each subunit is composed of 6 transmembrane domains (TM) (Figure 25). They are mostly considered voltage-insensitive ion channels, and can respond to a number of stimuli, from temperature to chemical-ligand fixation. 212 Although initial evidence indicated several members of the TRP family were mechanosensitive 213 , Boris Martinac's group recently showed they do not appear to be directly activated by membrane stretch but more likely through co-activation by chemical ligand such as diacylglycerol (DAG), especially TRPC6. 214 This work corroborates the theory of a chemicalmechanical synergetic activation, for the mechanically modulated TRP channels (Figure 25). 213,[215][216][217] Within the cardiovascular system, many TRP channels are expressed in cardiomyocytes but also in other major cell types such as fibroblasts 218 and 10 of them appear to be mechanically modulated (Figure 25). 213 A recent review by Hof et al., provides an exhaustive overview of all the TRP channels present in the heart and their implication in pathological contexts (Figure 25). 212 It is apparent that several members of the TRP family are involved in pathological remodelling and the development of hypertrophy such as TRPC1, TRPC3, TRPC6 or TRPM4. 212,219 Some also appear to be involved in modulating cardiomyocyte electrical activity and are associated with arrhythmias like TRPCs, TRPM4 and TRPM7. 212,219,220 Moreover, it has been reported that most members of the mechanically regulated TRP channels are upregulated in cardiac pathologies such as atrial fibrillation, heart failure, or hypertrophy. 212 TRP channels are also expressed in cardiac fibroblasts where they modulate their differentiation into myofibroblasts during cardiac remodelling, matrix synthesis, and proliferation. 218 Finally, several mechanically modulated TRP channels are also present in valve interstitial cells and overexpressed in calcified valves. Furthermore, they appear to be involved in collagen secretion in response to stretch, emphasizing their role in mechanotransduction. 221 Ca 2+ is an essential component of cardiac activity, in particular in cardiomyocytes where it governs both electrical and contractile activity (excitation-contraction coupling) in part through the well-known mechanism of calcium-induced calcium release. 222 As such, any dysregulation of Ca 2+ homeostasis can have major consequences and TRP channels could contribute to its balance (or in pathological conditions unbalancing). 212

ii. PIEZO channels With a similar approach, they also studied the second member of the PIEZO family and showed that, much like PIEZO1, PIEZO2 is activated by poking and by negative pressure but in contrast to PIEZO1, its inactivation is extremely fast. 223 With this study, they provided evidence of a mechanically-activated current carried by PIEZO channels, a family of ion channels unlike other known channels, both in terms of sequence/structure and of activation mechanisms. The authors not only described these currents in N2A cells but also in HEK293T, as illustrated in Figure 26 for PIEZO1.

PIEZO channels are formed of three large subunits comprising 38 TM domains (Figure 27). 24

TM domains including the N-terminal region form propeller-like structures called blades. It has recently been shown that this N-terminal region might be responsible for fatty acid interactions essential for the channel activity but also for membrane curvature. 224 A beam connects the blade with the C-terminal domain and is most likely responsible for the transmission of mechanical cues sensed by the blade to the channel pore. 225 The extracellular portion of the C-terminal region of each subunit contributes to the formation of a cap, covering a fenestrated pore. In their closed state, PIEZO channels cause the membrane to bend and in this condition, the cap covers the fenestrations, preventing ions to enter the pore. Currently, part of the PIEZO channel structure remains to be elucidated and the mechanism causing channel opening has only been modeled, but according to the prefered model, a mechanical stimulation such as membrane stretch causes blade flattening, reduces membrane curvature and leads to the elevation of the cap in the extracellular compartment, revealing the fenestrations and allowing ions to enter. In the meantime, the transduction of the mechanical signal from the blades to the pore via the beams causes the opening of the pore and ions then enter the cells (Figure 27). 226 It was first believed that PIEZO channels were solely mechanically gated but in 2018, Moroni et al., showed PIEZO channels could be voltage-modulated with an outward rectifying behavior at positive voltages and even switch to a voltage-gated mode following a mechanical stimulation (after a 2s deactivation) by causing the complete opening of the inactivation gate. 227 Interestingly, they showed this last mechanism was highly conserved as it was also observed in fly and zebrafish PIEZO channels. 227 This work is of great significance in pathological conditions where mutations could affect the voltage modulation of PIEZO channels by lowering the activation threshold responsible for the mechanical-to-voltage gating switch. This is particularly the case for several mutations associated with xerocytosis affecting red blood cells, with a normal resting membrane potential close to 0mV. 227 PIEZO channels have been associated with mechanotransduction in several cell types and tissues subjected to mechanical cues, from dorsal root ganglion neurons 228,229 to light touch response 230 and the urinary system 231 . In the cardiovascular system, the predominent member of the PIEZO familly is PIEZO1. It is associated with erythrocyte physiology 232 as well as pathological conditions when mutated 227,233,234 as previously mentionned. Its role in cardiovascular development and particularly in hemodynamically active structures such as OFT and aortic valve has also been characterised in zebrafish. 235 It is also required for vascular development (where it promotes endothelial cells alignment and sprouting) 236,237 , vascular tone via stimulation of NO production 237 and hypertension-induced pathological remodelling through its expression in VSMCs. 238 It is also expressed in fibroblasts and its overactivation using the specific agonist Yoda1 causes the expression of remodelling-related genes, suggesting it might play a role in this process by stimulating fibroblasts differentiation into et al., 2022. 243 Although PIEZO1 role in cardiac physiology remains mainly unkown at this point, its contribution in pathological conditions begins to be elucidated in particular in hypertrophy. Evidence also suggest its overactivation (via pharmacological activators or transgene) is associated with rhythmic alterations making it an interesting target to investigate in patient affected by arrhythmias.

iii. Two-pore-domain potassium (K2P) channels K2P channels are a large family of K + channels composed of 15 members. Each channel is formed of two subunits and can either be homo-or hetero-dimers and their unique structure is due to the presence of two pore-forming loops on each subunit (Figure 29). They are essentially described as responsible for background K + currents, critical to maintain the resting membrane potential in many cell types. 244 For example, they are involved in processes as different as the control of thermal and mechanical nociception as well as the relaxation of both visceral organs and vessels due to their expression in SMCs (and the induction of NO production). 244 In the heart, many members of the K2P family are expressed, but while it is now established for some of them, it remains controversial for others, as summarised in Figure 29. [245][246][247] Similarly to TRP channels, K2P channels respond to a large variety of stimuli, including mechanical forces, which, to date, activate specific members of the K2P family: TWIK-related K + channel (TREK) TREK-1, TREK-2 and TRAAK (TWIK-related arachidonic acid activated K + channel), encoded by KCNK2, KNCK10 and KCNK4 respectively (Figure 29). 244 These three channels are part of the TREK subfamily and are sensitive to fatty acids 247 , mechanical forces 247 , pH 248 as well as temperature variations 249 . On top of these, TREK-1 channels can be chemically modulated by secondary messengers or pharmacological compounds 250 as illustrated in Figure 29. 251 Although their presence is known, the contribution of TREK-2 and TRAAK in cardiac functions and physiopathology remains poorly known in contrast to TREK-1 which has been more intensively studied. Similarly to PIEZO channels, mechanosensitive TREK channels sense membrane stretch independently of the cytoskeleton but it is apparent that cytoskeleton components have a tonic inhibitory effect on TREK channels as their basal activity in response to mechanical stimuli increases in excised patches. 244 Within the heart, TREK-1 expression in cardiomyocytes has been highly documented. In mammals, TREK-1 mRNA expression is low during development and increases with time which coincides with the lack of overt cardiac phenotype in cardiomyocyte-specific TREK-1 KO mice. 252 Looking closer at the cardiac electrical activity however, these animals present arrhythmias now attributed to its contribution in SAN cells excitability regulation. 252 This relies on the importance of background K + current to maintain resting membrane potential (or in this case, diastolic membrane potential) within a physiological range, thus avoiding excessive firing. Disrupting this function is Red: expressed in the heart. Pink: controversial expression in the heart. Grey: not expressed in the heart C. TREK-1 main activators/inhibitors. Adapted from [START_REF] Honoré | The neuronal background K2P channels: focus on TREK1[END_REF]& Schmidt et al., 2017. 250,251 detrimental not only in SAN cells but also in other types of cardiomyocytes and a TREK-1 point mutation affecting the pore-forming domain P2 was associated with a change in channel permeability, causing a Na + leak and resulting in cell depolarisation. 253 This particular mutation was responsible for ventricular arrhythmias (affecting the right ventricle) and interestingly, was associated with a hypersensitivity to membrane stretch. 253 In the ventricles, TREK-1 distribution follows a transmural gradient, being more expressed closer to the endocardium than the epicardium. 254 Although it is difficult to determine what type of stimuli causes its activation in the heart, this gradient correlates nicely with the mechanical force distribution. Indeed, mechanosensitive I K + in cardiomyocytes supposedly buffers the depolarisation to protect the cells and induces AP shortening in a mechanically-dependant manner. 244,254 Moreover, it has been reported that background I K + found in cardiomyocytes has a lot in common with ITREK-1

(similar response to various stimuli) 244 , suggesting TREK-1 might be responsible for this current and that mechanical forces might be (at least partially) responsible for its activation in that context.

Consistent with this hypothesis, the transmural gradient of TREK-1 expression appears to be disrupted after TAC, with increased mRNA levels found closer to the epicardium, where mechanical forces also increase. 255 This also suggests that mechanical cues could induce TREK-1 expression.

As for its role in such processes, in 2018, Abraham et al., showed that TREK-1 KO mice presented no heart failure following pressure overload-induced hypertrophy and had preserved cardiac functions. To narrow down TREK-1 role in this process, they engineered a TREK-1 conditional KO mouse line specific to fibroblasts and showed that TREK-1 was involved in fibrosis and that its inhibition, specifically in fibroblasts, was sufficient to preserve cardiac function and reduce fibrosis following TAC, showing cardioprotective effects. 256 But TREK-1 expression has not only been found in mammalian hearts. It is indeed present in invertebrates such as drosophila where it is essential for cardiac function 256 and probably in zebrafish, where a TREK-1-like current inhibited by Spadin has been identified in isolated cardiomyocytes. 257 The role of TREK-1 orthologs in the zebrafish heart, however, remains to be investigated. This conservation throughout evolution suggests it plays important roles in cardiac function, but the variety of activators and modulators including mechanical forces indicates it might rely on complex processes and a polymodal activation and not a single form of stimulation.

iv. KATP channels

Other MSICs (or at least, mechanically modulated ion channels) have been identified in the heart, such as KATP channels (K + channel inactivated by ATP) present in cardiomyocytes, endothelial cells and fibroblasts but inactivated in physiological conditions by ATP. 258,259 Hence, KATP channels are part of the first responders in metabolic stress such as ATP depletion and much like K2P channels, might be involved in buffering the depolarisation to limit the energy consumption associated with contractility. The inhibitory effect of ATP however, appears to be diminished by mechanical stimulation, suggesting a potential role for KATP in pathologies affecting both metabolism and mechanical forces such as ischemic diseases. 260,261 Mutations of the KATP channel subunits have been found in patients with various forms of arrhythmias 258 but the role of this channel in these pathologies remains poorly known.

Overall, MSICs represent interesting targets in the study of both physiological and pathological cardiac processes. Their activity constitutes an interface that allows the modulation of the electrical activity of the cells in response to mechanical stimuli, both functions being critical in the heart.

C. Cytoskeleton & intracellular pathways

While MSICs mainly regulate ion homeostasis in response to mechanical stimuli, the other membrane components i.e., integrin in focal adhesions and the PECAM/VE-Cadherin/VEGFR2 complex in adherens junctions cause the transduction of mechanical cues through pathway activation and cytoskeleton reorganisation.

The cytoskeleton plays an important role in mechanotransduction, being both a transducer and an effector, adapting to the mechanical cues coming from the environment. But it is also limited by its elasticity which is specific to each component/structure. Using endothelial cell models, a recent study highlighted the resistance to stretch of the different components of the cytoskeleton and showed actin and intermediate filaments were the most elastic components. In contrast, actin bundles appear to be highly sensitive to strech. 262 As for the intracellular pathways activated by mechanical forces, the most characterised is the largely conserved Hippo -YAP/TAZ pathway. 263 YAP1 and TAZ (WW-domain-containing transcription regulator 1) form the YAP/TAZ transcriptional coactivator that interacts with the members of the transcriptional enhancer factor domain (TEAD) family to regulate transcription. 264 They are the effectors of the Hippo pathway which represses their translocation to the nucleus, inhibiting their transcriptional activity. Once in the nucleus, the YAP/TAZ complex promotes the transcription of several known target genes such as ANKRD1 265,266 and are involved, amongst other things, in cell proliferation. 267 In macrophages, YAP/TAZ translocation to the nucleus occurs in response to the extracellular stiffness and potentiates their inflammatory activation and represses their adhesion. 268 In endothelial cells, YAP/TAZ activity is essential for vascular development as well as cardiac valve development, structures subjected to strong mechanical forces. 269 In the heart, YAP/TAZ activity is elevated in immature cardiomyocytes and coincides with their proliferative abilities. In contrast, in more mature cardiomyocytes, the activity of YAP inhibitors LATS1/2 strongly increases, repressing YAP/TAZ effects. 263 Inducing an acute YAP/TAZ activation artificially or depleting LATS1/2 post injury in adult mice promotes cardiomyocyte proliferation and recovery. 263 But these beneficial effects seem to be observed only in cardiomyocytes and after an acute activation since YAP/TAZ promotes fibrosis when activated in fibroblasts 263 , and that an extended activation in response to long-lasting pressure overload appears to be detrimental. 270 Other pathways and sensors which have been identified as mechanically regulated in the context of cardiovascular development are particularly expressed by endothelial/endocardial cells. This is the case of the NOTCH receptors and their ligands DLL1-4, forming cell-cell junctions, or TGFβ signalling, with different receptors according to the level of shear stress. 271,272 Another major actor of the developmental mechanotransduction is the transcription factor Krupple-like factor 2 (KLF2). 273 It is essential for cardiovascular development 274 and it has been shown to interact with Notch/Dll4 to ensure proper valve development in zebrafish. 190,275 Evidence also suggest KLF2 plays a role in atheroprotection in response to blood flow and shear stress. 207

Mechanical forces & cardiac physiopathology

Globally, the integration of mechanical signals is essential for physiological processes, especially in the heart and the vasculature where mechanical forces are inerent to their functions. They are not only part of the cardiovascular development and physiology, preventing the cell from overstretch, or guiding their movment and proliferation, but are even more critical for pathological conditions affecting either components of the transduction pathways or more directly the distribution of the mechanical forces in the heart.

For example, in physiological conditions, shear stress induces increased Ca 2+ signalling, notably through TRPV1/TRPV4, and eNOS phosphorylation. 276,277 Overall, this promotes NO synthesis within seconds in endothelial cells. NO then diffuses into VSMCs to induce their relaxation by modulation of the cytoplasmic cGMP and cAMP concentrations. On the scale of the vessel, it induces vasorelaxation in response to blood flow. 152,278 While a laminar flow-associated shear stress promotes angiogenesis and physiological vascular remodelling, its disruption triggers the alteration of NO production, inflammation and atherogenesis. 279 In contrast, if blood flow intensifies (whitin the physiological range and duration) but remains laminar, it promotes the activation of anti-inflammatory pathways and atheroprotection. 151 Similar signallisation occurs between endocardial cells and cardiomyocytes within the cardiac wall, but this time regulating cardiomyocyte hypertrophy in response to pressure overload. 280 Other previously discussed pathologies such as MI and pressure overload-induced hypertrophy, ultimately leading to heart failure, also greatly disrupt mechanical forces. It has been shown that lifting pressure overload, hence the mechanical forces, using left ventricular assist device (LVAD) on patients affected by heart failure resulted in reduced hypertrophy, less DNA damage, and cardiomyocyte proliferation. 281,282 In contrast, the accurate perception of mechanical cues appears to be essential for the electrical activity of the heart, and in this context, MSICs might play a crutial role. 283

Objectives

During my thesis, I studied the zebrafish heart physiology and regeneration with several objectives. First, I investigated the transcriptional changes occurring in the zebrafish regenerating heart using single cell RNA sequencing. In this collaborative project, I focused on the endothelial cell population to identify target genes that were up/down regulated during regeneration (Project 1). Then, I worked on improving our understanding of the zebrafish electrocardiogram as it reflects the global electrical activity of the heart (Project 2). Finally, to dive into the molecular actors of the electrical activity, the last two objectives were focused on ion channels: Trek-1 and Piezo1. I studied Trek-1 role in cardiomyocyte maturation and heart regeneration (Project 3), and the impact of Piezo1 channels on cardiac electrical activity and its potential implication in arrhythmia (Project 4).

Results

RESULTS

Tal1 , Tr ek -1 and Pi ezo1 walk into a bar… T h e r o l e o f t h e s e m o l e c u l a r a c t o r s i n z e b r a f i s h c a r d i a c p h y s i o l o g y & r e g e n e r a t i o n

This section gathers the work that was done for these four individual projects. For each project, I will briefly describe the context, followed by the material & methods section (for the unpublished work) and finally the results and discussion.

o Zebrafish have amazing regenerative abilities. In contrast to adult mammals, adult zebrafish can regenerate their heart even after an extensive injury (resection of up to 20% of the ventricle). [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] During this process, the implication of cardiomyocytes is crucial. Indeed, their dedifferentiation, proliferation and redifferentiation is required to replace the tissue loss and this process has been well characterised over the last decade. [START_REF] Poss | Heart regeneration in zebrafish[END_REF][START_REF] Oberpriller | Response of the adult newt ventricle to injury[END_REF] Cardiomyocyte proliferation is particularly important between 7-14dpa, however, it strongly depends on the quality of the cells environment. In order to obtain this optimal environment, cardiac interstitial cells (non-cardiomyocyte cells) play a critical role. Several studies have already provided evidence regarding the role of immune cells, fibroblasts, or endothelial cells in that process, identifying some of the necessary steps to achieve regeneration. For example, a rapid inflammatory phase shortly after an injury is essential to clear the wound [START_REF] Lai | Reciprocal analyses in zebrafish and medaka reveal that harnessing the immune response promotes cardiac regeneration[END_REF] , or the fast revascularisation of the injured zone to carry immune cells directly to the site of injury and guide the cardiomyocytes for their proliferation 111 , as well as the secretion of ECM components to provide a scaffold for other cells and maintain the integrity of the cardiac wall 125 . Many genes have been linked to these processes in the regenerating zebrafish heart, giving hope regarding their potential therapeutic applications to promote cardiac regeneration in humans after MI. It is also apparent that several developmental programs are being re-expressed during regeneration, highlighting the ability of the zebrafish to go back to a developmental-like profile in order to repair itself.

The recent emergence of large-scale transcriptomic analysis methods allows the identification of genes that are being up-or down-regulated in specific context, and among these methods we find scRNAseq. In order to identify genes of interest and their role in specific cell types, we performed scRNAseq on the zebrafish regenerating heart at different timepoints. My contribution to this project was focused on the endothelial regenerative response, and more particularly on the role of Tal1 (T-cell acute lymphoblastic leukemia 1), a class II basic loop-helix-loop (bHLH) transcription factor in this response. TAL1 is essential for endocardial development and to maintain the endocardium integrity as it is essential to the establishment of tight junctions between endothelial cells. 285 In the zebrafish, Tal1 is also a key regulator of the cardiovascular development as its truncation causes cardiac and vascular defects. 286 It is also expressed in both lymphatic and vascular endothelial cells, especially in sprouting vessels, and it has been found in the neovasculature surrounding tumors. 287 In capillary sprouts, TAL1 is particularly expressed in the tip cells and its inhibition blocks sprouting, and causes dysregulation of transcription programs. 288 But its expression is not restricted to endothelial cells as it is also expressed in myeloid precursors present in murine bone morrow, and in this context, it is essential to

Project 1: Discussion

This study was a collaborative project and my work was focused on the endothelial regenerative response. For that reason, this discussion will not mention the fibroblast or macrophage reponses but will be focused on the scRNAseq analysis and the endothelial cells instead. For more information regarding fibroblast activation and macrophage regenerative reponse, please refer to the manuscript.

Our study provides an analysis of the zebrafish regenerating heart using scRNAseq to describe the transcriptomic profile of the different cell types present in the ventricle. Regardless of the regenerative process, we identified nine distinct cell populations: endothelial cells, fibroblats/EPDCs, neural crest cells, neutrophils, myeloid cells, lymphoid cells, thrombocytes, erythrocytes and cardiomyocytes. One of the main limitations of our study is the poor numbers of cardiomyocytes present in our scRNAseq data although we found they represent more than 30% of the ventricle cells using cell counting from heart sections. This is most likely due to the size and fragility of cardiomyocytes which are subsequently lost during the scRNAseq pipeline. Ultimately, we were unable to analyse the cardiomyocyte regenerative response as it would not have been representative of the entire cell population. Single nucleus RNA sequencing (snRNAseq) could be used to overcome this limitation. This is especially relevant in zebrafish, as cardiomyocytes are mononucleated. We thus focused on interstitial cells and their transcriptional profile during regeneration. We compared cells isolated from uninjured hearts, with cells isolated from hearts at 3, 7 and 14dpa. We then sought to determine the proportions of the different cell types within the uninjured zebrafish heart. But cells, much like cardiomyocytes, can be lost during the sequencing process, hence, trying to determine tese proportions from sequencing data would be biased and lead to misinterpretations. To answer that question we performed cell counting from heart sections on several reporter lines. We identified endothelial cells to be the major cell type in the zebrafish ventricle (46.2%), followed by cardiomyocytes (32.8%). While these two major cell types are shared with mammals, a difference emerges from our results. Indeed, the EPDC population represents only 1-2% of the cells, against more than 10-25% in the adult mouse LV. [START_REF] Pinto | Revisiting Cardiac Cellular Composition[END_REF]292 In mammals, the fibroblast population expands early after birth 292 and this could explain the predominant role of fibroblasts following an injury in adult mammals, i.e., their differentiation into myofibroblasts involved in the reparative adaptation. In contrast, fibroblast differentiation does not appear to be part of the zebrafish regenerative process in favour of the cardiomyocyte reponse.

We report an upregulation of the transcription factor tal1 in endothelial cells during the regenerative process. tal1 is also expressed in erythrocytes where its role in the regulation of hematopoiesis is well established. 293 In endothelial cells, tal1 is known to be expressed during development, contributing to vessel sprouting and neovascularisation. 288 Here we show a new role of Tal1 as regulator of the endothelial regenerative response. Using our DNTal1 zebrafish line, we showed that the expression of Tal1 specifically in endothelial cells was required for both the revascularisation of the injured zone, cardiomyocyte proliferation and ultimately, zebrafish heart regeneration. Tal1 binds with partners such as Lmo2 to regulate the transcription of specific target genes and we found lmo2 to be downregulated after injury at 3 and 7dpa. This correlates with the upregulation of one of Tal1 target genes: cingulin like 1 (cgnl1). This gene encodes a protein involved in cell-cell junction involved in neovascularisation. 294 As one of the effects of DNTal1 is to impair the revascularisation of the wound, we hypothesise that Tal1 might regulate the integrity of the newly formed vessels during regeneration through the expression of genes involved in cell-cell junctions such as cgnl1. Previous studies report that the revascularisation of the wound after injury in the zebrafish heart relies on the the coronary vasculature. From our observation however, it is impossible to discriminate whether the expression of tal1 is restricted to the endothelial cells present in the coronary vasculature, lympathic vessels or the endocardium.

Conclusion

Overall, our study establishes a benchmark regarding the proportion of the different cell types present in the uninjured zebrafish heart. However, more than 8% of the cells remain undetermined. To tackle this problem, we could use more reporter lines, to determine the proportion of thrombocytes, or of other resident immune cells such as neutrophils or lymphoids cells. We provide a comprehensive analysis of the transcriptomic changes occuring in the zebrafish regenerating heart using scRNAseq to investigate the regenerative response of interstitial cell types. In particular, we identified Tal1 as a key regulator of the endothelial regenerative response. To further describe its role and determine if it regulates tight junctions and thus the integrity of newly formed vessels, we could use immunofluorescent stainings to detect tight junction components, including Cgnl1. Moreover, determine whether tal1 expression is specific to a subset of endothelial cells would provide information regarding the revascularisation mechanisms at play during zebrafish heart regeneration. This would require the generation of specific reporter lines combined with immunostaining to locate our transcription factor of interest.

Graphical abstract 1. tal1 expression in cardiac endothelial cell is required for cardiac regeneration and revascularisation.

Tal1 might regulate the transcription of pro-angiogenic genes and the expression of genes involved in cell-cell junctions necessary to maintain the integrity of the newly formed vessels.

Project 2: Discussion

This study reports a comprehensive analysis of the zebrafish ECG in different configurations.

Since the first zebrafish ECG recordings published in 2006 by Milan et al.,296 several publications described new methods, from larvae ECG to waterproof micro-sensors used to record ECG on unanaesthetised adult fish. 300,301 In each configuration, it is fairly easy to detect the QRS complex, but it becomes more complicated for waves with smaller amplitude such as the P and T waves. It is particularly the case for the T wave, which is sometimes masked by electric noise generated by the contraction of the heart, or the movement of the gills. This becomes problematic to determine if the QT interval is affected by a treatment which could be pro-arrhythmic. In order to use zebrafish as a model to assess cardiac toxicity of new drugs, it appeared necessary to fully characterise the effects of the method used to record ECG on the recordings, as it is intrinsically linked to their analysis. We focused our interest on the three configurations most commonly used to record adult zebrafish ECG.

The unexposed heart configuration mimicked non-invasive surface ECG, the exposed heart was similar to inserting electrodes into the dermis or recording from the surface of the heart, and the extracted heart configuration represented isolated heart ECG recordings, showing the autonomous activity of the zebrafish heart, independently to nervous regulation.

Our work confirmed that recording configuration is crucial to detect the T wave as it was detected in only 40% of the unexposed heart recordings against 80% in the exposed heart configuration and 72% of the extracted heart recordings. This is consistent with the decreased background noise in the last two configurations. Although the T wave was often detected in the extracted heart configuration, the P wave however, was difficult to discriminate (P wave detected in 28% of the recordings).

Moreover, in this configuration, the variability of each parameter was strongly increased. This could be due to either the difficulty to maintain the temperature of the heart while recording or to the dissection which might have affected the atrium and the pacemaker cells within it, constituting a limitation of our study. This first global assessment led us to the conclusion that the exposed heart configuration (again similar to inserted electrodes) is the most reliable configuration to record adult zebrafish ECG.

More than a decade after the first zebrafish ECG recordings, the polarity of the T wave remains controversial. Indeed, although several studies reported positive T wave, our work suggests it is not as simple. Using the exposed heart configuration as a reference, we detected positive T waves in only 25% of the recordings, and positive T waves in 55% (T wave was undetected in 20% of the recordings).

This is in agreement with previous reports showing a mixture of positive and negative T waves 302 and further suggests that much like canines, T wave could be negative in physiological conditions in zebrafish. The T wave represents the repolarisation of the ventricle, and its polarity reflects the propagation of this repolarisation. Our study suggests zebrafish ventricular repolarisation could propagate from the endocardium to the epicardium unlike adult human.

To complete our characterisation of the zebrafish ECG we investigated the QT-RR relationship.

This parameter is essential to determine if a correction can be applied to the QT duration making it independent of the heart rate. This is particularly important when assessing the pro-arrhythmic potential of drugs during cardiotoxicity tests, as the influence of the heart rate might mask or exacerbate it. Our study reveals that the commonly used Bazett formula failed to correct the QT in adult zebrafish leading to biased data. In contrast, the Holzgrefe formula appears to be more suited for the task leading to the independence of the QTc from the RR. Unlike Bazett, the Holzgrefe correction takes the species heart rate into account acknowledging interspecies variability.

In addition to describe zebrafish ECG in normal conditions, we sought to determine the effects of two commonly used clinical treatments known to affect cardiac electrophysiology, to assess the validity of our model in these conditions. To that end, we tested the effects of osmotic shocks (frequently used after traumatic brain injury 303 ) and hypothermia (used after strokes or heart attacks 304 ) on the zebrafish ECG using our three configurations. While osmotic shocks did not influence ECG parameters, hypothermia significantly affected zebrafish ECG, in particular the QT and the RR intervals. These clinical therapies are often used in combination with pharmacological treatments and our results suggest that zebrafish could be a good model to assess cardiac toxicity of drugs developed to treat strokes or heart attacks under hypothermia. In contrast, the lack of effect of osmotic shock on zebrafish ECG suggests it might not be an appropriate model in these settings. These observations are most likely inherent to zebrafish physiology. Because zebrafish are freshwater fish, they are constantly subjected to a high osmotic gradient between their environment and interstitial fluids. To prevent damages due to osmotic perturbations, Na + and Cl -transport is rapidly regulated. 305 Furthermore, a study from Kennard et al., showed zebrafish wound response was not affected by osmolarity despite hyposmolarity-induced cell swelling. 306 This ability to rapidly adapt to osmotic shock even after disrupting the skin barrier was also observed in our study, this time in the context of cardiac electrophysiology. As for temperature response, several studies showed zebrafish physiology was greatly influenced by temperature, in particular during development and sex differentiation. 307 A decrease of 4°C of the bathing water leads to slower development, lower survival rate and activity. 307 Here we showed this high sensitivity is also preserved in adult zebrafish influencing cardiac function.

Conclusion

Overall, our study showed the best configuration to record zebrafish ECG is the exposed heart configuration, allowing the detection of the T wave with the best signal/noise ratio. We further showed the T wave is mostly negative in the adult zebrafish heart, suggesting that the repolarisation propagates from the endocardium to the epicardium within the ventricle. We demonstrated that the Bazett correction was not appropriate to correct the QT but that the Holzgrefe formula was more adapted, avoiding misinterpretations of the QTc. Finally, we showed adult zebrafish is a good model to assess cardiac toxicity and could be used in preclinical trials, in particular to evaluate the effects of drugs combined to hypothermic therapy.

ECG is not only used as a tool during cardiac toxicity assay, but is also often used to diagnose or estimate the extent of the damages caused by MI, and to detect arrhythmias. In addition to our findings, this project gave us the opportunity to establish this technique in our lab for such applications.

In particular, this method could be used to describe the regenerative process occurring after cardiac injury.

Graphical abstract 2. Zebrafish ECG characterisation. Zebrafish ECG recorded in the unexposed heart configuration often lack to detect the T wave while extracted heart recordings often lack the P wave. In contrast, the exposed heart configuration allows the detection of all waves. Osmotick shock does not impact the zebrafish ECG while most ECG parameters are affected by hypothermia, slowing heart rate and causing a QT prolongation.

Project 3: Context

During cardiac development, immature cardiomyocytes proliferate to form the heart. These cardiomyocytes express low levels of contractile proteins including sarcomeric proteins such as sarcomeric actin or tropomyosin. 308,309 This hyperplastic growth is then followed by hypertrophic growth during the first postnatal days, allowing the heart to expand and increase its size. 308,309 Finally, maturation occurs and this is characterised by an increased expression of sarcomeric genes, promoting cardiomyocyte contractility. 308,309 This maturation phase is critical to ensure cardiac function but is also associated with cell cycle arrest. In adult mammals and in association with the hypertrophic growth (resulting in plurinucleate/tetrapoid cardiomyocytes), this stage is believed to be final and irreversible. In zebrafish however, dedifferentiation can occur in response to an injury, resulting in sarcomere disassembly, cardiomyocyte proliferation and re-differentiation. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] This last step resembles the maturation process occurring after birth and while several studies have identified genes involved during the proliferative phase, little is known about the mechanisms at play during the process of redifferentiation.

RMP appears to vary a lot between immature and mature cardiomyocytes, and this seems to impact the ability of the cells to proliferate. [START_REF] Jopling | Dedifferentiation, transdifferentiation and reprogramming: three routes to regeneration[END_REF][START_REF] Pronobis | Signals for cardiomyocyte proliferation during zebrafish heart regeneration[END_REF][START_REF] González-Rosa | Myocardial Polyploidization Creates a Barrier to Heart Regeneration in Zebrafish[END_REF] This is associated with high K + permeability, causing the end of the AP in cardiomyocytes and generating the resting phase (i.e., RMP) before the beginning of a new AP. These effects of K + are carried by different types of currents in human ventricular cardiomyocytes, some are active during the repolarisation, others are specific to the RMP and some contribute to both. A large variety of K + channels are expressed in ventricular cardiomyocytes and while some of them have been associated with specific currents, such as hERG encoding the channel responsible for IKr, the role of others is still under investigation. 310 Among them is TREK-1, and although it is expressed in cardiomyocytes, its implication in the electrical activity of these cells remains poorly characterised. TREK-1 can be activated by a broad range of stimuli, including membrane stretch or intracellular acidification and is responsible for a background K + current which could contribute to mechano-electrical feedback and maintaining cardiomyocyte RMP.

In the zebrafish, two Trek-1 orthologs exist encoded by kcnk2a and kcnk2b with high homology with the human KCNK2 (75.7% and 72.8% respectively). 257 Both Trek-1a and Trek-1b respond to acidification, membrane stretch, and are inhibited by a specific TREK-1 inhibitor, spadin. 257 Using this same inhibitor on cardiomyocytes isolated from zebrafish hearts, our group showed a reduced mechanically-activated current which corresponded to Trek-1 channels. 257 To investigate the role of Trek-1 channels in zebrafish heart regeneration, our lab generated a DNTrek1 zebrafish line, expressing a DN isoform of the channel specifically and temporally in cardiomyocytes. To generate this isoform, we deleted exon 4 from the kcnk2a sequence which is part of the pore-forming domain P1, as previously described. 311 Preliminary results obtained by Nathalie Nasr also show DNTrek1 successfully inhibits both Trek-1a and Trek-1b activity when co-transfected in HEK cells (Figure P3.1). 312 Using our DNTrek1 zebrafish line, we aim to study the impact of Trek-1 inhibition not only on heart regeneration, but also try to decipher its role in RMP regulation and the impact it can have on cardiomyocyte maturation/differentiation. was also performed regularly in order to detect the development of defects. At the end of the assay, fish were either euthanised (excess of tricaine) and fixed (4% paraformaldehyde (PFA) at 4°C overnight) for future histological analysis or anesthetised (tricaine 160mg/L) to collect their hearts for RNAseq.

RNAseq

Larvae, juvenile and adult zebrafish from both control (vehicle) and DNTrek1 (+4-HT) were anesthetised (tricaine 160mg/mL) and their hearts were collected and placed in PBS on ice until RNA DESeq2 were used to determine the pathways enriched. The enrichment was determined using the adjusted p-values (FDR < 0,05) and the 20 most enriched pathways were then sorted by their expression (fold enriched).

Heart amputation

Heart amputations were performed in accordance with local approval (201602111647810 #4052). Zebrafish were anesthetised in tricaine (160mg/L) and placed ventral side up in a slit sponge.

After removing the scales covering the heart, the dermis, muscles, and pericardial sac were removed, revealing the heart. The ventricle was then gently pulled, and the apex was amputated. After surgery, fish were placed in an oxygenated bath to facilitate their recovery and surveillance for an hour before returning to system water.

ECG measurement

ECG experiments were performed in accordance with local approval (2021021117336492 #32684). ECG measurement was performed as described in Arel & Rolland et al., 2022. 294 Briefly, zebrafish were anesthetised in tricaine (160mg/L) and placed ventral side up in a slit sponge. After removing the scales covering the heart, the dermis, muscles, and pericardial sac were removed, revealing the heart. The electrodes were then positioned along the ventral midline, one closed to but not touching the heart and the second one above the anal fin. The reference electrode was either placed in or out the bath depending on what created the clearer signal. Once a 30 second ECG recording was obtained, fish were placed back in system water and the recordings were processed using LabChart Pro v8 software (AD Instruments) and its ECG analysis module.

Histology & Imaging

Fish were euthanised by high tricaine concentration (240mg/L). Their hearts were collected and fixed in 4% PFA at 4°C overnight, washed three times in PBS, dehydrated in sucrose solution of increasing concentration (10% and 20% in PBS) and frozen for cryosectioning (in a solution of 20% sucrose, 50% OCT in PBS). 12µm sections were used to perform AFOG staining, immunofluorescent labelling (IF) or EdU labelling (see following paragraph). AFOG staining was performed as previously described in Poss et al., 2002. 39 The wound area was calculated using ImageJ software. IF were performed using the antibodies listed below and DAPI (D1306, Life Technologies). Sections were permeabilised using a solution of 0.1% Triton in PBS for 10-15 minutes, washed with PBS, and incubated in protein block solution for 1h at room temperature (ab64226, abcam). Antibody solutions were prepared using Antibody Diluent (ab64211, abcam) and the slides were incubated in these solutions either overnight at 4°C (for primary antibody) or 4 hours at room temperature (for secondary antibody). Bright field images (AFOG) were obtained using a Zeiss Discovery V20 fluorescence stereomicroscope fitted with a Tucsen FL20 Microscope Camera. IF were imaged using a Zeiss Axio

Imager equipped with an Apotome 3 module.

List of antibodies used:

-MEF2 primary antibody: sc-313, rabbit polyclonal IgG, Santa Cruz Biothecnology -Anti-rabbit secondary antibody coupled to Alexa Fluor 594: ab150088, Abcam

EdU labelling

EdU labelling was performed according to the manufacturer's instructions (Click-iT EdU Kit C10337, Molecular Probes). Following amputation, zebrafish were anesthetised and injected (intraperitoneal) daily with 50µL of a 240µg/mL EdU solution. Proliferating cardiomyocytes were counted on whole ventricle sections using IMARIS software. The proportion of proliferating cardiomyocytes was determined by the proportion of Mef2 + /EdU + cells (proliferating cardiomyocytes) in the Mef2 + population (cardiomyocytes). Three sections per fish were counted and averaged and three fish were used per group.

Statistical analysis

Except for the RNAseq analysis, data were processed with GraphPad Prism 9. Cardiomyocyte maturation has been under the spotlight for many years as it represents a critical step in the differentiation of iPSCs into cardiomyocytes. 308 Several parameters have been associated with cardiomyocyte maturation. One of these parameters involves sarcomere assembly, organisation and expansion, associated with the differential expression of sarcomeric genes, such as a switch between the myosin heavy chain isoforms going from MYH6 to MYH7 expression in human, or the increased expression of tropomyosin 1 (TPM1) in mice. 308,314 In order to assess whether this was impacted by the expression of DNTrek1 we performed RNAseq on hearts extracted from larvae (3dpf)

and juvenile (28dpf) fish with or without expression of DNTrek1 (Table P3.1).

tpma also known as α tropomyosin is the zebrafish ortholog of TPM1. In mice, TPM1 expression is required for sarcomeric maturation and the lack of tropomyosin 1 results in defective T-tubule maturation and cytoskeletal actin organisation. 308 From our observations, tpma expression significantly increased during maturation in the zebrafish heart (Table P3.2) but failed to increase in DNTrek1 expressing juvenile. This was independent of the expression in larvae which was similar in both conditions. Other genes which emerged from our analysis included tnni2a.3, encoding an isoform of troponin I, the inhibitory subunit of the troponin complex, contributing to the calcium-sensitivity and regulating contraction. 308 Similarly to tpma, tnni2a.3 expression significantly increased during the maturation process but failed to do so in the DNTrek1 expressing fish (Table P3.

3).

From a more global point of view, we then compared juvenile hearts with or without functional 

The role of Trek-1 in zebrafish heart regeneration.

Zebrafish heart regeneration occurs by dedifferentiation, proliferation and redifferentiation of pre-existing cardiomyocytes. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] During dedifferentiation, sarcomere disassembly occurs, and cardiomyocytes revert back to an immature profile which allows them to proliferate. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] After proliferation, cardiomyocytes redifferentiate, rebuilding their contractile apparatus in the process. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] We used our DNTrek1 zebrafish line to determine the role of Trek-1 channels during regeneration. To confirm this hypothesis, we performed RNAseq on adult fish in presence or absence of DNTrek1 expression and compared their transcriptional profile before and after amputation.

Using GO enrichment analysis, we observed that within the first 7 days following cardiac injury, the transcription of genes involved in either the immue response or ECM production including collagen strongly increased and became predominent compared to the uninjured heart (Figure P3.8). This was also the case in fish expressing DNTrek1, with a strong expression of genes involved not only in immunity and ECM synthesis but also in regenerative pathways (Figure P3.9). We also identified several sarcomeric genes that appear to be differentially expressed between cardiomyocyte maturation and the early stages of regeneration, (Table P3.4), suggesting cardiomyocytes revert to a fetal profile consistent with the dedifferentiation process independently of Trek-1 activity. This further confirmed that Trek-1 is not required for the first steps of regeneration but operates after the proliferative phase during redifferentiation. Cardiomyocyte proliferation can be observed during the first two weeks following injury [START_REF] Zhao | Notch signaling regulates cardiomyocyte proliferation during zebrafish heart regeneration[END_REF] , thus in order to assess the role of Trek-1 channels after the proliferative phase, further analysis at later time points will be necessary. 

Project 3: Discussion

Here we report a preliminary analysis of the implication of Trek-1 channels in cardiomyocyte maturation in the zebrafish heart. We first showed Trek-1 channels were not necessary for early cardiac development. This is in agreement with previously published reports showing no expression of kcnk2a and kcnk2b (respectively encoding Trek-1a and Trek-1b) in the zebrafish heart at 4dpf. 257 Following this developmental stage which is associated with cardiomyocyte proliferation comes the maturation phase, during which cardiomyocytes acquire a fully organised and mature contractile apparatus. 308,314 Here we found that the inhibition of Trek-1 activity specifically in cardiomyocytes during this phase resulted in impaired maturation, global pathological phenotype and ultimately reduced survival.

We then used RNAseq to further analyse the cardiac consequences of Trek-1 inhibition. We first observed that in physiological conditions, tpma (α tropomyosin) expression significantly increased during maturation and that in absence of functional Trek-1 channels, tpma expression failed to do so.

Interestingly, its ortholog TPM1 has recently been shown to be essential for cardiomyocyte maturation in mice. 314 We thus propose that much like mammals, zebrafish cardiomyocyte maturation requires the expression of specific sarcomeric proteins such as α tropomyosin to stabilise sarcomeres and its organisation and improve contractility. Other genes involved in sarcomere assembly, organisation and contractility have been associated with cardiomyocyte maturation. In human cardiomyocytes, maturation is associated with a switch between myosin heavy chain isoform MYH6 and MYH7. In mice however, the opposite configuration is observed, i.e., from MYH7 to MYH6 expression MYH7 being the foetal isoform and MYH6 the mature isoform. 308 Such differential expression in zebrafish is still controversial as several orthologs exist for each isoform. We therefore did not investigate this transcriptional switch. However, we identified a significant increase of tnni2a.3 expression, an ortholog of the human troponin I2 specific to fast skeletal muscle. Similarly to tpma, tnni2a.3 failed to increase in DNTrek1 expressing juvenile hearts. We therefore suggest that unlike mammals, troponin I2 could be the mature isoform of troponin I in the zebrafish heart. This is at this stage purely speculative and remains to be investigated using either reporter lines or immunofluorescent staining.

We then compared juvenile zebrafish hearts with or without DNTrek1 and found that out of the 2000 most variable genes, 35,8% were enriched in control zebrafish, forming Cluster A, and associated with sarcomere formation and contractility. This was confirmed by our GO enrichment analysis which showed that pathways involved in ATP production, respiration and sarcomere formation were the most enriched pathways in physiological conditions in the juvenile zebrafish heart. In contrast, in juveniles expressing DNTrek1, immune response and ECM secretion were among the most enriched pathways.

This suggests that the absence of cardiomyocyte maturation could be associated with the emergence of a cardiomyopathy provoking an immune response and an excessive ECM deposition. So far, our evidence relies on our RNAseq analysis and should be consolidated using a thorough analysis of our DNTrek1 phenotype to identify markers of such condition.

During the zebrafish heart regeneration, the cardiomyocyte dedifferentiation and proliferative phase are followed by a redifferentiation step which highly resembles the maturation occurring early in life. [START_REF] Jopling | Zebrafish heart regeneration occurs by cardiomyocyte dedifferentiation and proliferation[END_REF] To assess the role of Trek-1 channels during regeneration, we utilised our DNTrek1 line. We observed that DNTrek1 expressing fish failed to regenerate, resulting in fibrotic scarring. However, although regeneration failed, cardiomyocyte proliferation was not affected, suggesting that the first steps of the regenerative process did not require functional Trek-1 channels. Confirming these observations, we found no major differences between the transcription profiles of control zebrafish hearts or DNTrek1 expressing hearts at 7dpa (compared to their respective uninjured control). Indeed, pathways involved in the immune response and in ECM synthesis, processes known to be involved in early regeneration, were enriched in both conditions. This suggests that Trek-1 does not play a role during dedifferentiation and proliferation. However, our data indicates that in regenerating DNTrek1 expressing zebrafish, cardiomyocytes fails to redifferentiate after proliferation, it would therefore be interesting to determine if these cardiomyocytes retain their immature profile and display an embryonic sarcomeric gene expression.

One of the limitations of our study so far is the lack of mechanistic insights since we did not investigate how Trek-1 channels could be responsible for cardiomyocyte maturation/redifferentiation and what triggers their activation before that. Hence, several points remain to be explored. First of all, further analyses of the regenerative process are required to determine whether sarcomeres fail to assemble in DNTrek1 expressing fish after injury. To answer this question, we plan to perform qPCR analysis of sarcomeric genes at later stages of regeneration in order to determine whether redifferentiation has failed in DNTrek1 expression fish. Moreover, we could also use immunofluorescent staining on heart sections to observe the presence, absence, and organisation of sarcomeric proteins at 30dpa. This could also be used to determine whether this is also impacted in DNTrek1 juvenile fish to further explore the phenotype we observed in our study.

As an ion channel, Trek-1 regulates the cell electrical activity and because it is a K + channel, it is particularly important in RMP. Hence, measuring the RMP of cardiomyocytes isolated from either control, or DNTrek1 hearts would provide a better understanding of Trek-1 channels role in the electrical activity of these cells. It was previously shown that immature cardiomyocytes derived from iPSCs had a depolarised RMP compared to more mature cells. 315 In skeletal muscle cells, hyperpolarisation triggers their maturation. 316 Thus, measuring RMP in isolated cardiomyocytes using patch clamp could help us to assess this hypothesis and determine if there is a link between differentiation and electrical activity. To investigate the role of RMP in cardiomyocyte maturation and differentiation, we could also reproduce these experiments using another ion channel involved in cardiomyocyte RMP. Inward rectifier K + channels, Kir, are expressed in ventricular cardiomyocytes and the Kir2 subfamily in particular carries IK1, responsible for the end of the ventricular AP, and the RMP. 317 Enhancing IK1 in iPSC-derived cardiomyocytes appears to promote their maturation. 318 In mammals, Kir2.1 channel encoded by KCNJ2 is predominant in the heart, but Kir2.2 and Kir2.3 are also expressed. 317 In the zebrafish, the most highly expressed Kir2 channel in the ventricle is Kir2.4, representing more than 92% of all Kir2 transcripts. 319 Targeting Kir2 channels and in particular Kir2.4 using a DN approach similar to the one we used with Trek-1 would be an additional step to test our hypothesis.

Finally, it would also be interesting to determine what activates Trek-1 during maturation/differentiation. Because its activation is multimodal, it is difficult to speculate that it is caused by only one type of stimuli. At the moment and due to its mechanosensitivity, it is believed that Trek-1 might be involved in the mechano-electrical feedback, allowing the transduction of mechanical signals to limit AP duration. Preliminary results obtained by Nathalie Nasr show DNTrek1 successfully blocks the mechanical-gating of Trek-1 channels in vitro (Figure P3.1). To determine whether Trek-1 is involved in mechano-electrical feedback, we could apply cyclic stretch to cardiomyocytes isolated from either control or DNTrek1 hearts and assess their functions in response to mechanical stress. We could combine cell stretching with optical mapping to evaluate the depolarisation or repolarisation of the cells, or calcium imaging to assess the ability of mechanically-induced ITrek-1 to stop the Ca 2+ entry responsible for AP plateau (hence, AP duration). But other stimuli could also be at play during the maturation and the re-differentiation post injury such as intracellular acidification, lipid composition or intracellular secondary messengers which would need to be investigated as well.

Conclusion

Overall, our study shows that Trek-1 channels are required for cardiac maturation in juvenile zebrafish in particular for sarcomere maturation. Trek-1 channels are also essential for regeneration in adult, probably during the redifferentiation phase. Due to the similarities between these two processes, we speculate that Trek-1 channels promote sarcomere reassembly occurring during redifferentiation.

However, the mechanisms by which Trek-1 channels are activated and control maturation remain to be investigated. Although the underlying mechanisms remain unknown, the presence of mechanosensitive ion channels in cardiomyocytes and the potential role of mechanical forces on cardiac rhythm is believed to be one of the causes of cardiac arrhythmias. The PIEZO family is formed of mechanosensitive ion channels, and among them, PIEZO1 is expressed in both cardiomyocytes and SAN cells. 241,320 Previously, Jiang et al., showed that PIEZO1 was involved in Ca 2+ homeostasis and signalling in cardiomyocytes in mice and that the absence of PIEZO1 in cardiomyocytes caused impaired cardiac functions. 241 More interestingly, the authors also showed that the overexpression of PIEZO1 induced severe heart failure and arrhythmia, confirming the role of mechanosensitive ion channels such as PIEZO1 in arrhythmic conditions. 241 Because mice are generally not good models for human cardiac arrhythmias it is important to establish whether these findings are conserved in other relevant model systems.

Based on this evidence, our group, in collaboration with Angelo Giovanni Torrente, started to investigate the impact of Piezo1 overactivation in zebrafish larvae. Using a PIEZO1 specific agonist Yoda1, we found that Piezo1 overactivation caused arrhythmias in 4dpf larvae, affecting both the loaded at 300 pM on an Illumina NovaSeq6000 using the following read length: 28 bp Read1, 8 bp I7 Index, 91 bp Read2 (experiment 1), and 28 bp Read1, 10 bp I7 Index, 10 bp I5 Index, 87 bp Read2 (experiment 2).

Image analyses and base calling were performed using the NovaSeq Control Software and the Real-Time Analysis component (Illumina). Demultiplexing was performed using the 10X Genomics software Cellranger mkfastq (v3.1.0 for experiment 1 and v6.0.1 for experiment 2), a wrapper of Illumina's bcl2fastq (v2.20). The quality of the raw data was assessed using FastQC (v0.11.8) from the Babraham Institute and the Illumina software SAV (Sequencing Analysis Viewer). FastqScreen (v0.14.0) was used to estimate the potential level of contamination.

Alignment, gene expression quantification and statistical analysis were performed using Cell Ranger count on Danio rerio's transcriptome GRCz11 (sequences and annotation were downloaded from Ensembl! on July 24th, 2019). In order to discard ambient RNA falsely identified as cells, Cell

Ranger count was run a second time with the option --force-cells to force the number of cells to detect.

Number of hearts 5

Number of nuclei analysed 648

Median genes per nuclei 722

ECG measurement

As previously mentioned, ECG measurement were performed in accordance with local approval (2021021117336492 #32684) and as described in Arel & Rolland et al., 2022 using the extracted heart configuration. 294 Briefly, adult zebrafish were anesthetised in tricaine (160mg/L) and place ventral side up in a slit sponge. After removing the scales covering the heart, the dermis, muscles, and pericardial sac were removed, revealing the heart. The heart was then extracted, placed in Tyrode (see Arel & Rolland et al., 2022 294 for Tyrode composition) and the electrodes were then positioned Mechanical stimulation was applied to membrane patches using high speed pressure clamp (HSPC-1, ALA-scientific) through the pipette. The recordings were obtained at a holding potential of -80mV

with pressure steps from 0 to -80mmHg (-10mmHg increments). The protocol and fitting equation (when applicable) used are specified in each figure.

Project 4: Results

Both Piezo1 isoforms are expressed in zebrafish cardiomyocytes

Zebrafish possess two Piezo1 isoforms: Piezo1a and Piezo1b. Piezo1a (also known as Piezo1) is known to be involved in erythrocyte volume homeostasis 232 , while Piezo1b (or Piezo2a.2) is required for the aortic valve and OFT development. 235 To determine whether one or both of these isoforms were expressed in zebrafish cardiomyocytes where they could be involved in cardiac rhythm, we performed snRNAseq on the adult zebrafish hearts (Figure P4.2.A-B). Ion channels in general are not highly expressed and are often difficult to detect which is why we decided to adopt a snRNAseq approach.

After characterising the different cell populations and their corresponding clusters (Figure P4.2.A-B),

we found that both zebrafish piezo1 orthologues are expressed in zebrafish cardiomyocytes (Figure

P4.2.C).

Piezo1 overactivation using Yoda1 induces arrythmia in the zebrafish isolated heart

Our preliminary results demonstrate that Piezo1 overactivation using a specific agonist, Yoda1, E). 321,323 Using PolyPhen-2 to compare variants pathogenicity, we determined that although hPIEZO1- B-E: data presented as mean±SEM. Statistical analysis performed using two-way ANOVA.

R2456H was predicted as probably damaging, hPIEZO1-T1907M was only predicted benign or possibly damaging, supporting the results we obtained and indicating that this variant was probably not the cause of the cardiac arrhythmias observed in the patients.

Although the hPIEZO1-T1907M variant does not appear to be pathogenic, we have validated our methodology and will continue to screen PIEZO1 variants identified by the Chevalier team.

Project 4: Discussion

Using snRNAseq our study demonstrates, for the first time, that both piezo1 orthologs (piezo1a and piezo1b) are expressed in zebrafish cardiomyocytes. In the cardiovascular system, PIEZO1

research has mainly been focused on their role in endothelial cells, however, recently it was demonstrated that PIEZO1 is also expressed in isolated neonatal rat ventricular cardiomyocytes. 240 Subsequently, PIEZO1 has been identifed as a cardiomyocyte mechanosensor in vivo confirming the central role of this ion channel in cardiac mechanotransduction. 241 Lastly, Jiang et al., found that overexpressing Piezo1 in mouse cardiomyocytes caused arrhythmia which also corroborates the hypothesis that a mechano-electrical feedback could regulate cardiac rhythm. Because mice are an unreliable model for studying human cardiac arrhythmias it is important to validate these findings in other model systems before they can be extrapolated to human cardiac conditions. Here, we show that Piezo1 overactivation causes cardiac arrhythmia in both zebrafish larvae and isolated zebrafish hearts.

Moreover, this also demonstrates that the impact Piezo1 overactivation has on the heart rate and the overall electrical activity is independent of the autonomic system.

To investigate this more thoroughly, we plan on testing the effects of Piezo1 activation in vivo by injecting Yoda1 in adult zebrafish. Indeed, as mentioned in Project 2, the variability of the different ECG parameters is increased in the isolated heart configuration, making it a good approach to detect strong effects but not subtle changes, in particular for the PR duration. Moreover, we plan on quantifying the effects of Yoda1 on each Piezo1 isoform in vitro using patch clamp electrophysiology.

Because the sites which Yoda1 binds to within PIEZO1 are only putative 324 , we cannot determine whether these are conserved in zebrafish and therefore, an in vitro validation is currently the most appropriate approach.

Finally, we show that the hPIEZO1-T1907M variant found in patients suffering from cardiac arrhythmia does not affect PIEZO1 activity in vitro. Moreover, this variant was not predicted to be highly pathogenic in contrast to the previously described hPIEZO1-R2456H variant. [321][322][323] In particular the hPIEZO1-R2456H gain-of-function variant was identified in patients suffering from hereditary xerocytosis. As a non-specific cationic channel, PIEZO1 overactivation can cause an increased cationic permeability which is observed in the xerocytosis patients' red blood cells resulting in dehydration and shrinkage. In cardiomyocytes, ion homeostasis plays a critical role in the regulation of electrical activity and hence, in cardiac rhythm. Which is why we speculate that PIEZO1 overactivation might also be associated with cardiac arrhythmias. Indeed, prior to the discovery of the PIEZO channels it was found that GsMTx4, a peptide isolated from spider venom, could alleviate cardiac arrhythmias in sheep models. Subsequently it has been demonstrated that GsMTx4 is an effective PIEZO1 channel blocker which further substantiates the link between PIEZO1 and cardiac arrhythmias. Although the hPIEZO1-T1907M variant did not affect PIEZO1 channel activity, we plan on using this approach to screen other PIEZO1 variants identified in patients suffering from arrhythmia.

Conclusion

Overall, this project provides the first evidence that the zebrafish PIEZO1 orthologs are expressed in cardiomyocytes. We also show that, both in vivo (in larvae) and ex vivo (adult heart), overactivation of Piezo1 causes cardiac arrhythmia in zebrafish, which not only corroborates previous research in mice but also provides a model which is much more aligned with human cardiac electrophysiology. Finally, we have also developed an approach to screen hPIEZO1 variants found in patients affected by cardiac arrhythmia and plan to assess whether gain-of-function mutations are associated with this condition.

Graphical abstract 4. Piezo1 overactivation in zebrafish causes arrhythmia. Overaction of Piezo1 using PIEZO1 agonist Yoda1 in zebrafish larvae causes arrhythmia. Similarly, overactivation of Piezo1 in the zebrafish isolated heart also causes arrhythmia detectable using ECG.

During my PhD, I had the opportunity to study various aspects of cardiac physiology and regeneration, mostly using zebrafish as an animal model. This part aims to summarise the findings resulting from the different projects I have been working on.

First, we provided a thorough analysis of the zebrafish regenerating heart using scRNAseq, characterising the different cell types present in the heart before amputation and some of the transcriptional changes these cell types undergo to during regeneration. My particular interest was on the endothelial cell population and specifically the expression of the transcription factor tal1 during regeneration. Indeed, we observed an increased expression of tal1 reaching a peak at 7dpa. Using a dominant negative approach, we determined that the expression of tal1 in endothelial cells was required for heart regeneration as Tal1 regulates the revascularisation of the wound shortly after injury.

We propose that this could be due to the regulation of gene expression involved in cell-cell junctions maintaining the integrity of the growing vasculature by Tal1. Furthermore, we suggest that this might be related to a differential expression of specific cofactors of Tal1 which may affect Tal1 target genes.

At the time, this proposed mechanism remains to be investigated.

Next, in order to characterise the electrical activity of the zebrafish heart, we set up a method to record zebrafish ECG and provided a comprehensive description of the impact of the recording technique on the ECG recordings. To do so, we tested three commonly used approaches which we named "unexposed heart", "exposed heart" and "extracted heart". We found that the exposed heart configuration allowed a greater reproducability when measuring zebrafish ECG and that it could be used to measure all ECG parameters, including heart rate, QT duration, or the PR duration. To further show that zebrafish could be used to determine the cardiotoxicity of new drugs in preclinical trials, we measured the effect of two clinical therapies: osmotic shock and hypothermia. We demonstrated that while osmotic shock did not have an effect on zebrafish ECG, hypothermia severely altered ECG parameters. This suggests zebrafish could be a useful model to determine the cardiotoxicity of drugs used in combination with therapeutic hypothermia. Furthermore, the zebrafish ECG recording protocol we have developed could also be used to describe the electrical activity of different transgenic and KO lines, to assess the effect of pharmacological activators or inhibitors or even to characterise the electrical changes occurring during heart regeneration.

Next, I studied the role Trek-1 plays in cardiomyocyte maturation during cardiac development and regeneration. Using a dominant negative approach to specifically inhibit Trek-1 activity in cardiomyocytes (DNTrek1), I found that Trek-1 is required for cardiac maturation during development. Indeed, inhibition of Trek-1 in cardiomyocytes resulted in heart failure and a decreased survival rate. Moreover, RNAseq analysis indicates that DNTrek1 expressing cardiomyocytes fail to mature resulting in a defective sarcomeric gene expression. Because cardiomyocyte maturation also occurs when cardiomyocytes redifferentiate during cardiac regeneration, we sought to investigate whether Trek-1 could also be involved in this process. Indeed, we found that Trek-1 is required for zebrafish heart regeneration and more specifically during the latest stages of regeneration when cardiomyocyte redifferentiate. RNAseq analysis of regenerating hearts indicates there are no apparent differences between the transcription profile of zebrafish with or without functional Trek-1 at early stages of regeneration (7dpa). Further studies are required to fully understand the role played by Trek-1 during cardiomyocyte maturation and redifferentiation. In particular, we would like to investigate how the sarcomeric apparatus is affected at later stages of regeneration in order to see whether DNTrek1 cardiomyocytes present a more foetal-like sarcomere in comparison to cardiomyocytes with functional Trek-1. Trek-1 channels are responsible for background K + currents and therefore are known to regulate cardiomyocyte RMP which could affect cardiomyocyte maturation. To determine if this is the case, we also aim to measure the RMP of cardiomyocytes isolated from either WT or DNTrek1 fish. Finally, another aspect that could be explored is the activation of Trek-1 and particularly what type of stimuli might activate it during both maturation and redifferentiation. However, the multimodal activation of Trek-1 channels makes it difficult to discriminate whether this is caused by one, or several types of stimuli.

Finally, we investigated the impact of Piezo1 on cardiac rhythm in zebrafish. Our data indicates that both orthologs of PIEZO1, piezo1a and piezo1b, are expressed in zebrafish cardiomyocytes. Next, we found that the overactivation of Piezo1 using its agonist Yoda1 caused cardiac arrhythmias in zebrafish larvae and isolated zebrafish hearts. This demonstrates that the Piezo1 regulation of cardiac rhythm does not rely on the autonomic system, thus supporting the hypothesis of mechano-electrical feedback. Finally, we used patch clamp electrophysiology to determine whether a hPIEZO1 variant found in patients suffering from cardiac arrhythmia was a gain-of-function. Although this mutation did not affect PIEZO1 activity we are suitably poised to analyse more variants identified in patients who suffer from cardiac arrhythmia and also continue investigating the role PIEZO1 plays in mechanoelectrical feedback.
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 27 Figure 27. PIEZO1 structure and potential opening mechanism.
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 28 Figure 28. PIEZO1 is responsible for pressure overload-induced hypertrophy in cardiomyocytes.
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 29 Figure 29. K2P family.
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 30 Figure 30. YAP activation in the heart.
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 1 Figure 1. scRNA-seq analysis of regenerating zebrafish hearts.
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 2 Figure 2. Mesenchymal lineages and cardiac fibroblast activation in the regenerating zebrafish heart.

Figure 3 .

 3 Figure 3. Tal1 is a regulator of the endothelial regenerative response.
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 4 Figure 4. MMP14 is expressed by macrophages during cardiac regeneration.

Figure 5 .

 5 Figure 5. MMP14 expressing macrophages are required for cardiac regeneration.
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 621 Figure 6. scRNA-seq analysis of control and MMP14 inhibitor treated regenerating hearts.
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 24 Figure 2. QT-RR relationship in different configurations of ECG measurements.
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 3 Figure 3. QT-RR relationship in different configuration of ECG measurements.
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 4 Figure 4. QT-RR relationship fitting.
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 S1 Figure S1. ECG recording setup.
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 31 Figure P3.1. Effects of DNTrek1 on zTrek1 activity.
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 2 Figure P3.2. DNTrek1 zebrafish line generation.

Figure P3. 3 .

 3 Figure P3.3. DNTrek1 expression does not influence cardiac development but affects its maturation in juvenile zebrafish.

Figure P3. 4 .

 4 Figure P3.4. Functional Trek-1 channels are required for the expression of sarcomeric genes.

Figure P3. 5 .

 5 Figure P3.5. Pathways enriched in the juvenile zebrafish heart.
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 6178 Figure P3.6. Pathways enriched in juvenile zebrafish heart lacking functional Trek-1.Figure P3.7. DNTrek1 expression does not affect cardiac function at baseline and the ability of cardiomyocytes to proliferate but blocks regeneration.Figure P3.8. Pathways enriched in the adult zebrafish heart at 7dpa.

Figure

  Figure P3.9. Pathways enriched in the DNTrek1-expressing adult zebrafish heart at 7dpa. Table P3.4. Differential expression of sarcomeric genes throughout cardiomyocyte maturation and regeneration. Graphical abstract 3. Trek-1 regulates zebrafish cardiomyocyte maturation and redifferentiation.

Figure 1 .

 1 Figure 1. Comparative anatomy of the heart. For human and mouse hearts: LA, left atrium. RA, right atrium. LV, left ventricle. RV, right ventricle. For the zebrafish heart: SV, sinus venosus. A, atrium. V, ventricle. BA, bulbus arteriosus

First

  and foremost, the cardiomyocytes are the most important cell type to ensure cardiac function. They are divided into two main categories: the pacemaker cells, involved in the generation of cardiac rhythm and found in specific locations in the heart, and the contractile or working cardiomyocytes forming a functional syncytium in the cardiac walls. Their contraction is made possible by the presence of sarcomeres within the cells, a feature shared with skeletal muscle cells. Each cardiomyocyte is connected to its neighbours via intercalated discs which are structures composed of several types of cell junctions: gap junctions allow communication between neighbouring cells and are especially important to rapidly transmit electrical and chemical signals, while fascia adherens junctions and desmosomes provide adhesion and maintain the integrity of the cardiac wall during contraction by anchoring cytoskeleton elements to the membrane. The main difference between pacemaker and contractile cardiomyocytes resides in their electrical activity. Indeed, both have the ability to produce electrical signals called action potentials (APs) but only pacemaker cells can

Figure 2 .

 2 Figure 2. Cardiac wall composition. Schematic representation of a cardiac wall section, its structures and the main cell types composing them. A layer of connective tissue can be found between the endocardium and the myocardium, and between the myocardium and the epicardium.

Figure 3

 3 

  sinoatrial node (SAN) is located in the right atrium and, like a conductor, set the pace by generating APs. APs then reach the atrioventricular node (AVN) located in the interatrial septum at the intersection of the four chambers. APs start travelling through the ventricle walls through the His bundle which splits in two to conduct the signal to each side of the heart. Finally, the electrical activity propagates all around the ventricles through Purkinje fibers. Each of these structures on their own can generate an electrical impulse but cardiac rhythm is actually established by the SAN which has the fastest rhythm. The other structures serve as transit points and rhythmic backups in case of a SAN dysfunction.

Figure 3 .

 3 Figure 3. Ion channel gating examples and theory of opening. A. Ion channel gating examples showing ligand-gated, voltage-gated, and mechanically gated ion channels. B. Ball and chain theory explaining ion channel different states, especially applicable to voltagegated ion channels. In its closed configuration, the pore is closed. The channel is open after activation when the pore is accessible for ions to go through. From the open state, the channel can either be deactivated to return to its closed state or inactivated, if the inactivation gate (here, ball & chain) closes the pore from the intracellular compartment. Then, the channel goes through a phase of recovery during which it gets closed.

Figure 4 .

 4 Figure 4. Action potentials from SAN and ventricular cardiomyocyte. Left panel shows a representative SAN cell AP starting with diastolic depolarisation, followed by a depolarisation (phase 0) and a repolarisation (phase 3). Right panel shows a representative

Figure 5 .

 5 Figure 5. Einthoven ECG recordings. Annotated ECG recordings obtained with a galvanometer. Adapted from Einthoven et al., 1950. 13 0.1s

Figure 7

 7 you will find a classic ECG representation showing the P, Q, R, S and T waves, characterising the electrical component of the cardiac cycle during a heartbeat. The second component of the cardiac cycle is of mechanical nature and since both electrical and mechanical activity are intricately linked in physiological conditions, I will present them together. The cardiac cycle starts by the relaxation of all chambers, called diastole. During this step, blood passively flows in the atria and through the ventricles. It is then time for the atria to contract and expel the remaining blood into the ventricles. This phenomenon called atrial systole is triggered by the contraction of atrial cardiomyocytes in response to the electrical impulse sent by the SAN. It is associated with the propagation of APs in atrial cardiomyocytes and the global depolarisation of the atria, represented by the P wave in the ECG. In the meantime, ventricles get filled. Shortly after, ventricle systole (contraction) starts, and atrial diastole (relaxation) occurs simultaneously. Electrically speaking, the large depolarisation occurring in the ventricles hides atrial repolarisation and in the ECG it takes the form of the QRS complex. At first, the contraction is called isovolumic, as all valves are closed, and blood volumes remain constant in the ventricles. Semilunar valves then open allowing the ejection of the blood from the ventricles to the lungs and the systemic circulation. Finally, ventricles relax due to their repolarisation, depicted by the T wave on the ECG recording. During this early ventricular diastole, all valves are once again closed leading to an isovolumic relaxation, followed by

Figure 6 .

 6 Figure 6. Electrode positions for ECG recording. Left panel shows the positioning of the 9 electrodes currently used to measure ECG in human. RA, right arm. LA, left arm. LL, left leg. Right panel represents the three bipolar leads (I-III) and three unipolar leads (aVF, aVL and aVR) obtained from the first three electrodes (RA, LA and LL) and the representative recordings obtained from these leads.

Figure 7 .

 7 Figure 7. Electrocardiogram & cardiac cycle. A. Human electrocardiogram representation of two consecutive ECG complexes and displaying P, Q, R, S and T waves classically measured. PR interval classically represents the duration between the beginning of the P wave and the beginning of the QRS complex. The QRS interval represents the duration between the beginning of the Q wave and the end of the S wave. The QT interval starts with the beginning of the Q wave and ends with the end of the T wave. The RR interval, reflecting the heart rate, separates two consecutive R peaks. The ST segment between the end of the QRS complex and the beginning of the T wave is normally flat and does not go above or below the isoelectric line (amplitude 0mV). B. The electrical activity can be associated with the contractile activity of the heart during the cardiac cycle. Cardiac cycle starts with the relaxation (diastole) of both atria and ventricles (1) then followed by atrial systole(2). After their filling, ventricles begin to contract, entering ventricular systole, starting with isovolumic contraction (3), and followed by semilunar valves opening(4). Ventricular diastole begins, with isovolumic relaxation, as all valves are closed(5). Finally, atria and ventricles begin to fill up again, leading to another cardiac cycle. The corresponding phases of the ECG are colored.

Figure 8 .

 8 Figure 8. QT prolongation leading to Torsades de Pointes. Illustration of normal (black) ECG and QT prolongation (red) leading

Figure 9 .

 9 Figure 9. Pathological hypertrophy signalling pathways. Neuroendocrine hormones and mechanical forces stimulate cell growth, hypertrophy and fibrosis using mostly calcium as secondary messenger. These hypertrophic pathways trigger the production of metabolic intermediates, associated with reactive oxygen species (ROS) production, cell death and fibrosis. In contrast, ANP and BNP tend to reduce pathological hypertrophy by causing the inhibition of the main actors of the hypertrophic pathway. However, natriuretic peptide receptor (NPR) is desensitised overtime in pathological hypertrophy and heart failure. Adapted fromNakamura & Sadoshima, 2018. 30 

Figure 10 .

 10 Figure 10. Cardiac hypertrophy. A. Representation of the different types of hypertrophies associated with the addition of sarcomeres. Adapted from Gjesdal et al., 2011. 35 B. Comparison of the characteristics associated with MI and hypertrophy models. Adapted from Bacmeister et al., 2019. 36 HF: heart failure, LAD: Left anterior descending artery, NH: neurohumoral, LV: left ventricle, RV: right ventricle.

Figure 11 . 37 2.

 1137 Figure 11. Pathological remodelling after myocardial infarction. Following MI, the loss of cardiomyocytes is accompanied by the development of fibrosis, cardiomyocyte hypertrophy and alteration of the electrical and contractile activity of the ventricle. Taken together, this leads to pathological remodelling of the left ventricle and the development of heart failure. Adapted fromRiddell et al., 2020. 37 

Figure 12 . 41 Cmlc2

 1241 Figure 12. Zebrafish heart regeneration results of the proliferation of differentiated cardiomyocytes. Zebrafish heart sections at 7 (a-c), 14 (d-f) and 30dpa (g-i) from a transgenic line expressing green fluorescent protein (GFP) in cardiomyocytes. The plane of amputation is represented by dashed lines. At 14 and 30dpa, numerous cardiomyocytes labelled by GFP appear below the plane of amputation, showing proliferation of the pre-existing cardiomyocytes. In contrast, the fibrin clot labelled with trichromic staining (c,f,i)is reduced overtime to only leave a small scar at 30dpa. Scale bars in a,d,g: 100µm. Scale bars in b,e,h: 75µm Adapted fromJopling et al., 2010. 41 

Figure 13 .

 13 Figure 13. Cryoinjury-induced apoptotic response. A-B'. Heart section stainings obtained from 1dpa zebrafish. C-D'. Heart section stainings obtained from 1dpi zebrafish. A,C. AFOG staining showing blood clot (bc) in the place of amputation (A) and the damaged area circled in dashed line (C) after cryoinjury. B-B', D-D'. TUNEL assay (green) in both conditions highlights the strong apoptotic response in the damaged area after cryoinjury (D-D') while only a small number of cells are labelled after amputation (B-B'). TPM:tropomyosin marks cardiomyocytes (blue). MEF-2: nuclear marker of healthy cardiomyocytes (red). Scale bars: 300µm. Adapted fromChablais et al., 2011. 42 

Figure 14 .

 14 Figure 14. Genetic ablation of adult zebrafish cardiomyocyte to study regeneration. A. Transgenic zebrafish express the cytotoxic agent Diphteria toxin A chain (DTA) in cardiomyocytes upon tamoxifen (4-HT) treatment, causing cell death. 7 days after 4-HT treatment (dpi), treated hearts display less MHC + myofibers (B) and less Mef2 + (myocyte enhancer factor-2) cardiomyocyte nuclei (C).

Figure 15 .

 15 Figure 15. Hypoxia stimulates cardiomyocyte proliferation after injury in zebrafish. A-F. Staining of heart sections obtained at 14dpa under normoxic conditions (A-B), hypoxia (C-D) or hyperoxia (E-F) and showing α-sarcomeric actin (green), BrdU (red) and DAPI (blue). G. The number of BrdU + (5-bromo-2'-deoxyuridine) proliferating cardiomyocytes in all conditions. Adapted from Joplinget al., 2012. 47 

Figure 16 .

 16 Figure 16. Cardiomyocyte proliferation associated with regeneration in the neonatal mouse heart. A-B. Immunostaining for pH3 (green), troponin T (red), and nuclei (blue) in sham-operated (A) and resected (B) hearts at day 7. Arrowheads: cardiomyocytes with disassembled sarcomeres; arrows: pH3 + (phosphohistone H3) cardiomyocytes. Scale bars: 200μm. C. Quantification of proliferating cardiomyocytes. D. Sarcomere disassembly quantification. Adapted fromPorrello et al., 2011. 40 

  early in the first postnatal week. To better understand what triggers this transition, new approaches arise. A recent study has focused on transcriptional shifts during the first postnatal week. The authors observed an increased expression of Hoxb13 and Meis1 transcription factors in P7 mice compared to P1. Hobx13 KO mice exhibit small and proliferating cardiomyocytes. This result is confirmed in inducible KO mice, also presenting a large proportion of mononucleated proliferating cardiomyocytes expressing pH3 as well as Aurora kinase B, two important factors of mitosis. Double KO for both Hoxb13 and Meis1 mice feature large hearts associated with a high number of small proliferating

Figure 17 .

 17 Figure 17. Approaches to study cardiac regeneration in mammals. Myocardial infarction can be performed using coronary ligation

Figure 18 .

 18 Figure 18. The ups and downs of cardiac stem cells. Timeline showing the numbers of publication supporting or contradicting the presence of cardiac stem cells in the heart between 2001 and 2019. Each symbol represents one publication. BMC: bone marrow derived cell; CSC: cardiac stem cell: CS/CDC: cardiosphere/cardiosphere derived cell. Adapted from He et al., 2020. 61

Figure 19 .

 19 Figure 19. Hypertrophy and hyperplasia in adult mammalian cardiomyocytes. During the first postnatal week, cardiomyocytes switch from hyperplastic to physiological hypertrophic growth. Following this, a minority of mononucleated diploid cardiomyocytes remain present in the adult heart and can either undergo cell division associated with the annual turnover (hyperplasia) or perform acytokinetic mitosis leading to the formation of a binucleated cardiomyocyte, or endoreplication making tetraploid cardiomyocyte.

Figure 20 .

 20 Figure 20. Cardiomyocyte hyperplasia during heart regeneration. a. While zebrafish and neonatal mammalians possess regenerative abilities, adult mammalians are not capable to regenerate their heart after an injury. b. Cell-cycle reentry of mature cardiomyocytes is a conserved mechanism in zebrafish and neonatal mice. Sarcomere disassembly is required before proliferation.Identified promoting or inhibiting factors are shown in green or red respectively. Adapted fromBrezitski et al., 2021. 64 

Figure 21 .

 21 Figure 21. Cardiomyocyte metabolism & cardiac regeneration. A. Neonatal mice mostly use glucose to generate energy while the main source of energy for adult mice comes from fatty acids and their oxidation. B. Major metabolic pathways involved in cardiomyocytes. Blue: glucose metabolism (glycolysis); Red: branched-chain amino acid (BCAA) metabolism; purple: fatty acid metabolism. Several glycolysis enzymes glucose transporters have been associated with heart regeneration (marked with a yellow star).In contrast, fatty acid metabolism is mostly associated with regeneration inhibition (red lightning bolt) such as carnitine palmitoyltransferase I (CPT1). Interestingly, CPT1 inhibition is associated with pro-regenerative effects. Adapted fromBae et al., 2021. 75 

Figure 22 .

 22 Figure 22. Comparison of the immune response in regenerating vs scaring models. Left panel.In the regenerating zebrafish heart, the immune response is characterised by a rapid macrophage recruitment and neutrophil clearance. This is followed by angiogenesis and cardiomyocyte proliferation. In contrast, in the scaring medaka heart, neutrophils fail to leave the wound and only a few macrophages are recruited. This results in an absence of cardiomyocyte proliferation and the formation of a scar. Right panel. Following cardiac injury, an inflammatory phase occurs. In neonates, embryonic-derived macrophages invade the wound. A global immune response including the presence of monocyte-derived macrophages and Tregs promoting the resolution of the inflammatory phase while in adult mice, the immune response is restricted to the wound area and involves a minority of embryonic-derived macrophages. The fast inflammatory response in neonates supports revascularisation and cardiomyocyte (CM) proliferation while they are repressed in adult mice. Following inflammation comes the reparative phase, associated with functional recovery in neonatal mice and with fibrotic scar and dysfunctions in adult mice. Adapted fromLai et al., 2019. 99 

  By combining MSCs injection with the injection of the transcription factor FOXC1 (FOXC1+MSCs), Zhao et al., showed increased MSCs survival and improved recovery after MI. It also lowered the pro-inflammatory response and increased viable myocardium area. FOXC1+MSCs injection not only reduced fibrosis and

Figure 23 .

 23 Figure 23. Endothelial cell regenerative response in the zebrafish heart. After an injury, rapid revascularisation occurs within a few hours, and new vessels are formed coming from pre-existing vasculature. In the meantime, endothelial cells secrete proangiogenic factors involved in the NOTCH or VEGFA pathways, as well as factors essential for cardiomyocyte proliferation (from the NOTCH, VEGFA and Retinoic acid (RA) pathways). The revascularisation of the injured zone continues for a few days and other cell types start expressing pro-angiogenic factors involved in the PDGF (pericytes) and FGF (epicardium and cardiomyocytes) pathways. Associated with the immune response, and fibroblasts activation, revascularisation promotes wound clearing and cardiomyocyte proliferation to achieve regeneration. Grey: effects of factors affecting endothelial cells. Orange: effects of factors produced by endothelial cells.

Figure 24 .

 24 Figure 24. Mechanical forces applied to a vessel. Blood flow within the vessel lumen is considered laminar in normal condition. It generates shear stress, a mechanical force parallel to the vessels wall. In contrast, blood pressure pushes the vessel's wall. In response, circumferential stress allows the constriction of the vessel.

Table 1 .

 1 Cardiovascular ECM components involved in mechanotransduction. OFT : outflow tract, VSMCs : vascular smooth muscle cells, SMCs: smooth muscle cells, ECM: extracellular matrix, FBs: fibroblasts, ECs: endothelial cells, MI: myocardial infarction, CMs: cardiomyocytes. b. PECAM/VE-Cadherin/VEGFR Platelet endothelial cell adhesion molecule 1 (PECAM1) is a membrane receptor present on the endothelial cells surface. It is more specifically located in cell-cell junctions in the vascular endothelium and endocardium, along with vascular endothelial growth factor receptors 2 (VEGFR2) and vascular endothelial cadherin (VE-Cadherin). These membrane receptors are involved in various pathways and their ability to sense mechanical forces has been identified and extensively studied by Fujiwara's and Schwarts' groups. PECAM1 can sense fluid shear stress in the endocardium but also osmotic shock and cyclic stretch 189 and in response, can trigger VEGFR2 activation via VE-Cadherin. 190 PECAM1, also known as CD31, is part of the Immunoglobuline (Ig) family and have two immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that can be phosphorylated. 189 Fujiwara's group first showed in 2002 that PECAM1 is phosphorylated less than a minute after application of fluid shear stress on cultured bovine aortic endothelial cells. 191 Then, they identified FYN as the kinase responsible for PECAM1 phosphorylation when submitted to fluid shear stress. 192 They hypothesised fluid shear stress could cause a conformational change of PECAM1 cytosolic domains, uncovering

Figure 25 .

 25 Figure 25. TRP channels. A. Structure of a TRP subunit and tetramer. The N-and C-terminal regions are specific to each subfamily. B. TRP subfamilies. *: mechanically-modulated. Green: expressed in the heart. Grey: not expressed in the heart. C. Potential mechanism of mechanically-modulated TRP channels: here TRPC6 relying on the synergy of mechanical and chemical signals. A,B adapted from Takashi et al., 2012. 215 C adapted from[START_REF] Ahern | Transient receptor potential channels and energy homeostasis[END_REF] & Tang et al., 2018. 216,217 

In 2010 ,

 2010 Coste et al., discovered a new family of MSICs activated by poking and suction in the Neuro2A (N2A) cell line: the PIEZO channels.223 Using a siRNA screening combined with patch clamp, they observed that an inhibition of a non selective cationic current when a PIEZO1 siRNA was used to treat the cells.223 

Figure 26 .

 26 Figure 26. Mechanically-activated currents in cells overexpressing mouse PIEZO1. A-F. Whole cell recordings of N2A (A-C) or HEK293T (D-F) expressing PIEZO1 in response to poking. G-L. Cell-attached recordings of N2A (G-I) or HEK293T (J-L) expressing PIEZO1 in response to negative pressure applied through the pipette. A,D,G,J. Representative traces recorded in each condition and their respective protocols. B,E. Representative current-voltage relationship of mechanically-activated currents in both cell types. H,K. Current-pressure relationship (using Imax normalised currents) obtained in both cell types transfected with PIEZO1. C,F,I,L. Maximal mechanically-activated current recorded in cells transfected with PIEZO1 (red) or mock-transfected (blue) for each condition. Bars represent the mean ± SEM, and the number of cells tested is shown above the bars. ***, P < 0.001. **, P < 0.01, unpaired t-test withWelch's correction. Adapted fromCoste et al., 2010. 223 

Figure 27 .

 27 Figure 27. PIEZO1 structure and potential opening mechanism. A. Structure of one PIEZO1 subunit showing the 38TM domains, and the different characterised regions. B. Structure of PIEZO1 (mouse) trimer showing the cap, blade and beam disposition from different views. The side view particularly highlights the curvature caused by the blades. C. Proposed opening mechanism of PIEZO1channel. Membrane stretch causes the expansion of the blades and the opening of the pore. This is accompanied by the elevation of the cap, revealing the fenestrations. A,B adapted fromZhao et al., 2018. 225 C adapted from DeVecchis et al., 2021. 226 

Figure 28 .

 28 Figure 28. PIEZO1 is responsible for pressure overload-induced hypertrophy in cardiomyocytes. PIEZO1 induces Ca 2+ entry in response to increased membrane tension and/or through cytoskeletal modulation. Ca 2+ in turn activates TRPM4 and as a result, Na + enters the cell. The NCX exchanger extrudes Na + , letting Ca 2+ in the cell. The global increase in Ca 2+ concentration causes the activation of the calmodulin (CaM) in its N-terminal site, promoting the activation of the CAMKII and the hypertrophic pathway involving MEF2A and HDAC4. Adapted fromYu et al., 2022. 243 

Figure 29 .

 29 Figure 29. K2P family. A. Structure of K2P monomer (left) and homodimer, here representing TREK-1. B. K2P subfamilies and their main characteristic (on the right). The different nomenclatures for both genes and proteins are listed. *: mechanosensitive K2P channels.

  Indeed, elevated YAP/TAZ activity has been reported in patients affected by ischemic heart diseases and dilated cardiomyopathy, an observation that coincides with a mouse model of dilated cardiomyopathy, and in both cases, YAP/TAZ promotes hypertrophy.266 YAP/TAZ translocation in the nucleus appears to be regulated by several major mechanosensitive components that are the focal adhesions and the cell-cell junctions, as represented in Figure30.263 

Figure 30 .

 30 Figure 30. YAP activation in the heart. Cell-cell junctions and focal adhesions (indirectly) induce LATS1/2 inhibition, thus lifting the phosphorylation of cytoplasmic YAP and promoting its translocation in the nucleus. Associated with TEAD, YAP either triggers recovery and regenerative pathways or fibrosis and pathological hypertrophy depending on the duration of activation. Hence, mechanical cues such as shear stress or ECM stiffness stimulate transcription pathways within the cells.

Project 1 :o 2 :o 3 :o 4 :

 1234 The regenerative response of cardiac interstitial cells (accepted manuscript) Project The Effect of Hypothermia and Osmotic Shock on the Electrocardiogram of Adult Zebrafish (published) Project Trek-1 is essential for cardiomyocyte maturation during development and cardiomyocyte redifferentiation during regeneration Project Piezo1 overactivation & arrhythmia Project 1: Context

Figure P3. 1 .

 1 Figure P3.1. Effect of DNTrek1 on zTrek1 activity. Patch clamp recordings obtained in inside out configuration and under a stretch protocol (negative pressure steps from 0 to -80mmHg applied through the pipette) A-D. Effect of DNTrek1 on zTrek-1a activity. A. Representative traces recorded after cotransfection of zTrek-1a and pIRES2:DSRed. B. Representative traces obtained in cells co-expressing zTrek-1a and DNTrek1. C. Traces obtained from cells expressing only DNTrek1. D. Current-pressure curve showing a significant decrease of the current when cells co-express zTrek-1a and DNTrek1. E-H. Effect of DNTrek1 on zTrek-1b activity. E. Representative traces recorded after cotransfection of zTrek-1b and pIRES2:DSRed. F. Representative traces obtained in cells co-expressing zTrek-1b and DNTrek1. G. Traces obtained from cells expressing only DNTrek1. H. Current-pressure curve showing a significant decrease of the current when cells co-express zTrek-1b and DNTrek1. Data are presented as mean±SEM and were obtained from groups of 6 to 15 cells. **: p-value < 0.01, ***: p-value < 0.001. Data from Nathalie Nasr, 2018 (Thesis).312

Figure P3. 2 .

 2 Figure P3.2. DNTrek1 zebrafish line generation. The vector was created using a combination of the tol2 kit and the MultiSite Gateway recombining system. It was then injected in zebrafish embryos at one-cell stage. Fish were screened using the cardiomyocyte specific expression of RFP and once a founder was identified, it was crossed with a Tg(cryaa:DsRed,-5.1myl7:Cre-ERT2) pd10 . The following generation was screened for RFP expression in the heart and DsRed expression in the lens.

  2.0. (GraphPad, San Diego, CA, USA). Log-rank test was used to assess cardiac defects during development and the survival of juvenile DNTrek1 fish compared to CTRL. For ECG parameters, scar area and cardiomyocyte proliferation, parametric or unparametric t-tests were used according to the normality of the data. Indeed, the survival rate of juveniles (28dpf) was significantly diminished following DNTrek1 expression (Figure P3.3.B). This correlated with the emergence of a pathological phenotype in the fish expressing DNTrek1 as shown in Figure P3.3.D, which consisted of cardiac oedema, pigmentation defects and ecchymoses (Figure P3.3.C). As DNTrek1 expression is restricted to cardiomyocytes, these first observations suggest Trek-1 channels could contribute to cardiomyocyte maturation.

Trek- 1

 1 channels. Using a k-Means analysis, we observed that juvenile fish expressing DNTrek1 also expressed less genes associated with sarcomere organisation and contractility compared to juveniles expressing only functional Trek-1 isoforms (Figure P3.4. ). Using GO enrichment analysis, we observed that juvenile fish hearts from the control group were enriched for genes involved in biological processes such as metabolic pathways, ATP synthesis and respiration (Figure P3.5.A), and the synthesis of cell components involved in these pathways, sarcomeres and myofibril formation (Figure P3.5.B). In contrast, DNTrek1 expressing juvenile hearts were enriched in genes involved in the immune response, and ECM synthesis (Figure P3.6). Importantly, compared to DNTrek1, control juveniles are particularly enriched for genes involved in the cardiomyocyte sarcomere indicating that this structure has failed to develop normally in DNTrek1 juveniles.

Table P3. 2 .

 2 tpma expression increases during cardiomyocyte maturation. RNAseq analysis showing α tropomyosin (tpma) expression significantly increases during cardiac maturation i.e., between larval and juvenile stages. In absence of functional Trek-1 channels (when DNtrek1 is expressed), tpma fails to increase during maturation. pvalues and log2 fold changes (log2FC) were obtained using the Wald test. **, pvalue < 0,01; ****, p-value < 0,0001. Table P3.3. tnni2a.3 expression increases during cardiomyocyte maturation. RNAseq analysis showing troponin I type 2a (tandem duplicate 2) (tnni2a.3) expression significantly increases during cardiac maturation i.e., between larval and juvenile stages. In absence of functional Trek-1 channels (when DNtrek1 is expressed), tnni2a.3 fails to increase during maturation. pvalues and log2 fold changes (log2FC) were obtained using the Wald test. *, pvalue < 0,05.

Figure P3. 4 .

 4 Figure P3.4. Functional Trek-1 are required for the expression of sarcomeric genes. Heatmap representing the enriched pathways in juvenile zebrafish hearts (28dpa) with or without functional Trek-1. Pathways relative to the expression of sarcomeric and contractile proteins are enriched in the control group as opposed to juvenile fish expressing DNTrek1. The list of most differentially enriched pathways is presented in the table. Results obtained using iDEP.96. Adjusted p-values were obtained using t-test followed by FDR correction.

Figure P3. 5 .

 5 Figure P3.5. Pathways enriched in the juvenile zebrafish heart. GO enrichment analysis performed using ShinyGO. A. Pathways related to biological processes enriched in the juvenile zebrafish heart. B. Pathways related to cell component synthesis enriched in the juvenile zebrafish heart. The 20 most significantly enriched pathways (sorted by FDR) are presented as barplot for each GO term category. Pathways were considered signficantly enriched if FDR < 0,05.

Figure P3. 6 .

 6 Figure P3.6. Pathways enriched in juvenile zebrafish heart lacking functional Trek-1. GO enrichment analysis performed using ShinyGO. A. Pathways related to biological processes enriched in the juvenile zebrafish heart expressing DNTrek1 in cardiomyocytes. B. Pathways related to cell component synthesis enriched in the DNTrek1-expressing juvenile zebrafish heart. The 20 most significantly enriched pathways (sorted by FDR) are presented as barplot for each GO term category. Pathways were considered signficantly enriched if FDR < 0,05.

  DNTrek1 expression did not affect cardiac function at baseline as shown in Figure P3.7.A but appeared to be necessary for the regenerative process. Indeed, fish expressing DNTrek1 featured a large collagen scar in the area of amputation at 30dpa while in contrast, control fish fully regenerated (Figure P3.7.B-C). Interestingly, the lack of regeneration observed in the DNTrek1 expressing fish was not associated with reduced cardiomyocyte proliferation (Figure P3.7.D). Thus, it appears that DNTrek1 does not affect the first steps of the regenerative process i.e., the dedifferentiation and proliferation, but instead disrupts the redifferentiation phase.

Figure P3. 7 .

 7 Figure P3.7. DNTrek1 expression does not affect cardiac function at baseline and the ability of cardiomyocytes to proliferate but blocks regeneration. A. ECG parameters from control and DNTrek1 fish. Heart rate, RR, QRS and PR durations are not impacted by the expression of the DNTrek1. QT duration was not statistically analysed due to the low number of samples in the control group. B. AFOG staining on heart sections at 30dpa for control and DNTrek1 fish. scale bars: 200µm. Lower panels are magnifications of the dotted squares. Dotted line in DNTrek1 magnification indicates the scar border. C. Quantification of the scar area in control and DNTrek1 hearts at 30dpa (from AFOG staining). D. Proportion of EdU + cardiomyocytes (CM) at 14dpa in control and DNTrek1 hearts. All data are presented as mean±SEM. Statistical analysis for A: parametric or non-parametric t-test according to the normality of the samples. Statistical analysis for C,D: parametric t-test, *: p-value < 0.05.

Figure P3. 8 .

 8 Figure P3.8. Pathways enriched in the adult zebrafish heart at 7dpa. GO enrichment analysis performed using ShinyGO. A. Pathways related to biological processes enriched in the adult zebrafish heart at 7dpa. B. Pathways related to cell component synthesis enriched in the adult zebrafish heart at 7dpa. The 20 most significantly enriched pathways (sorted by FDR) are presented as barplot for each GO term category. Pathways were considered signficantly enriched if FDR < 0,05.

Table P3. 4 .

 4 Differential expression of sarcomeric genes throughout cardiomyocyte maturation and regeneration. Selection of sarcomeric genes that are differentially regulated during cardiomyocyte maturation (larvae vs juvenile) and regeneration (uninjured vs 7dpa). tpm4b (tropomyosin 4b) is downregulated during maturation but upregulated during the earlier stage of regeneration. In contrast, myl7 (myosin light chain 7) and tnnt2a (troponin T 2a, cardiac) tend toward an upregulation during maturation but to a downregulation during regeneration.

Graphical abstract 3 .

 3 Trek-1 regulates zebrafish cardiomyocyte maturation and redifferentiation. During development, Trek-1 is essential for cardiomyocyte maturation and the expression of sarcomeric genes. During adulthood, Trek-1 channels are required for cardiac regeneration and more specifically for the redifferentiation process. Trek-1 might regulate both of these processes through resting membrane potential (RMP) but the pathways involved remain unknown, as well as the type of stimuli activating Trek-1 in these contexts.

  ventricle (Figure P4.1.B-C) and the atrium (Figure P4.1.C). This project aims to complete these first results by confirming the expression of Piezo1 in zebrafish cardiomyocytes and study the role of Piezo1 overactivation on the adult zebrafish heart. Finally, we aim to use patch clamp to characterise PIEZO1 mutations identified in patients suffering from arrhythmia (in collaboration with Pr. Philippe Chevalier) to assess whether they could cause an overactivation of PIEZO1 which might be the cause of their arrhythmia.

Figure P4. 1 .

 1 Figure P4.1. Piezo1 overactivation causes arrhythmia in the zebrafish larvae. A. Experimental design. 4dpf larvae were treated with either DMSO (vehicle) or Yoda1 in bathing water and were imaged 30 minutes later. B. Optical mapping recordings of 4dpf larvae treated with DMSO or Yoda1 and incubated in voltage sensor dye. Optical APs and AP duration (AP cycle length) specific to the ventricle for both DMSO and Yoda1 treated larvae. C. Analysis of the cardiac contraction performed by ZeClinics (Barcelona, Spain). Videos were recorded on cmlc2:GFP larvae (expressing GFP in cardiomyocytes) at 4dpf treated with either DMSO or Yoda1. Ventricular contraction rate (BPM ventricle), estimated QT (QT) and atrial arrhythmia (beats defect % atrium) were measured for DMSO and Yoda1 treated larvae. To see a representative video of the cardiac contraction for each condition, follow the QR codes. Data from Adèle Faucherre & Angelo Giovanni Torrente (unpublished).

  along the ventricular axis. The reference electrode was either placed in or out the bath depending on what created the clearer signal. Once a 30 seconds ECG recording was obtained, Yoda1 was added to the bathing solution twice, first to a final concentration of 50µM and then to a final concentration of 100µM and for each concentration, ECG was recorded again for 30 seconds. The recordings were processed using LabChart Pro v8 software (AD Instruments) and its ECG analysis module.Cell culture and transfectionHEK293T cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) containing 4.5g/L D-Glucose, Pyruvate, 10% fetal bovine serum, 1% Penicillin/Streptomycin. For patch clamp experiments, cells were plated onto 35mm dishes and transfected using JetPEI Ozyme 24h after passage following manufacturer's instructions with 1.5µg of plasmid for each dish. Cells were used 48-72h after transfection. Aside from pIRES2-GFP-hPIEZO1, plasmids were synthesised by GeneScript are as followed: kept in a bath solution containing (in mM): 140 KCl, 10 HEPES, 1 MgCl2 and 10 Glucose (pH 7.3 with KOH). Electrophysiological recordings were obtained in the cell attached configuration using an Axopatch 200B amplifier (Axon Instruments), connected to a 1550B series Digidata (Molecular Devices). Electrodes had a resistance of 1-1.5MΩ when filled with a solution containing (in mM): 130 NaCl, 5 KCl, 10 HEPES, 1 CaCl2, 1 MgCl2 and 10 TEA-Cl (pH 7.3 with NaOH). Recordings were acquired on Axon pCLAMP 10.6 (Molecular Devices) and analysed on Clampfit 10.6 (Molecular Devices).

  in zebrafish larvae induces cardiac arrhythmia affecting both atrium and ventricle (FigureP4.1). To determine whether this is conserved during adulthood, we performed ECG measurements on isolated zebrafish hearts and treated with Yoda1 at different concentrations (FigureP4.3). While a 50µM concentration (final concentration) did not affect ECG parameters, 100µM of Yoda1 significantly slowed the heart rate and caused a QT elongation (FigureP4.3). Interestingly, this method allowed us to test the effect of Piezo1 overactivation directly on the heart and independently of autonomic regulation, which demonstrates that Piezo1 overactivation causes an intrinsic deregulation of cardiac rhythm.

Figure P4. 2 .

 2 Figure P4.2. Zebrafish Piezo1 isoforms are expressed in cardiomyocytes. A. UMAP clusters of the different populations of cells identified in the zebrafish heart using snRNAseq. B. Violin plots showing the expression of genes used to characterise the different cell types. C. piezo1a and piezo1b expression in all cell types.

Figure P4. 4 .

 4 Figure P4.4. Unlike R2456H, T1907M mutation does not affect hPIEZO1 activity. Activity of hPIEZO1 WT (hPIEZO1), and two mutated hPIEZO1 recorded in cell attached configuration at a holding potential of -80mV. Negative pressure was applied through the pipette, following a -10mmHg increment from 0 to -80mmHg. A. Representative traces (and pressure protocol) recorded using patch clamp in cell attached configuration. B. Current-pressure curve. C. Imax normalised current-pressure relationship fitted with a Boltzmann equation. D. Time constant of inactivation at -60mmHg. E. Proportion of current inactivated (relative to Imax) at -60mmHg 170ms after the beginning of the pressure stimulation. n=15 cells for hPIEZO1 and hPIEZO1-T1907M groups and n=14 cells for hPIEZO1-R2456H.

  

  

  

  

  

  

  

  

Table P3 .1. RNAseq analysis report. Table P3.2. tpma expression increases during cardiomyocyte maturation. Table P3.3. tnni2a.3 expression increases during cardiomyocyte maturation.
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  prolonged activation causes fibroblasts to differentiate into myofibroblasts, associated with pathological remodelling. Within the first 7 days after injury, fibroblasts are responsible for the deposition of a transient ECM deposition specific to regeneration, composed of fibronectin which fills the wound, as well as collagen (particularly after cryoinjury) in zebrafish.125 It is also the case in mammals, where the secretion of fibronectin and certain collagens by fibroblasts promote cardiomyocyte proliferation.126 Moreover, it is apparent that ECM stiffness impacts regeneration.Indeed, ECM stiffness increases with development and foetal matrix is less rigid than late neonatal ECM. Using ECM implantation, Wang et al., showed foetal ECM improved cardiac functions when implanted on P5 mice while adult ECM inhibited cardiac regeneration. 127 This is also correlated with the presence of Agrin, an ECM component part of the less rigid foetal matrix. Agrin appears to be essential for heart regeneration in neonatal mice and its injection in adult mice after MI promotes cardiomyocyte proliferation.128 By interacting with dystroglycan complexes present at the surface of cardiomyocyte membrane, Agrin triggers extracellular signal-regulated kinases (ERKs) phosphorylation and YAP (yes associated protein) translocation in the nucleus.

128 

YAP is a known regulator of heart growth, promoting cardiomyocyte hyperplasia and the expression of cell-cycle genes.

129 

Overall, these studies suggest that ECM stiffness plays a fundamental part in regeneration by regulating cardiomyocyte proliferation, and indeed, the elasticity of the heart rapidly decreases after birth, becoming 20 times more rigid during adulthood than the foetal heart.

127 

This form of communication through ECM components allow fibroblasts to promote cardiomyocyte proliferation, but cardiomyocytes also communicate with fibroblasts to stimulate heart regeneration. Indeed, wntless

  145,146 They ensure proper cardiac development and this has been shown clearly in zebrafish where cardiomyocyte morphology differs from the inner and outer curvature of the looping heart.147 Any changes can lead to the development of congenital heart defects and this has been shown in several models: in zebrafish, OFT development is impaired when the blood flow is blocked 148 and in the chick embryo it leads to heart and valve defects.149 

  extraction. For larvae, 200 hearts were used per group, for juvenile 45 hearts were used for each group, and for adults, 6 to 7 hearts were used per group. For juvenile and adult hearts, the ventricle was gently isolated. The hearts extracted from larvae and juvenile fish were gently centrifuged before proceeding to RNA extraction. RNA was isolated using Trizol/chloroform, precipitated using isopropanol, washed with 75% ethanol and resuspended in RNAse free water. RNA samples were processed by Genewiz who did the RNAseq, build the cDNA library, and performed a bioinformatics analysis of the data

	using DESeq2. The Wald test was used to generate p-values and log2 fold changes (log2FC). Genes
	with a p-value < 0.05 and absolute log2 fold change > 1 were considered differentially expressed. k-
	Means analysis was performed using iDEP.96 (http://bioinformatics.sdstate.edu/idep96/) using the top
	2000 most variable genes distributed into 4 clusters. T-test followed by a corrective test to assess false
	discovery rate (FDR) was used to generate the adjusted p-values relative to each cluster. Gene ontology
	(GO)	enrichment	analysis	was	performed	using	ShinyGO	0.76.1
	(http://bioinformatics.sdstate.edu/go/). Briefly, genes considered as differentially expressed after

Table P3 .1. RNAseq analysis report. Summary of the number of reads and mapped reds obtained for each sample.

 P3 Quality was considered good for a quality score over 28 and low under 20.

  Project 4: ContextMechanical forces play a critical role in a large variety of biological processes. Various cellular sensors exist and are present in most organs including the heart, where they have been shown to be involved in mechano-electrical feedback, a mechanism causing the regulation of the cardiac electrical activity in response to mechanical forces.283 Among the mechanosensors present in the heart, ion channels appear to play a central role in this process as they can both sense mechanical forces and trigger electrical adaptations. Several reports demonstrate the expression of different mechanosensitive ion channels within the heart, in particular in SAN cells which are responsible for generating the cardiac rhythm. 320 Moreover, SAN cells not only express mechanosensitive ion channels that might regulate their electrical activity, but some of the main actors of AP generation are themselves mechanically modulated and might cause AP shortening in response to mechanical forces. 320 This may also be the case in cardiomyocytes where they could potentially regulate AP duration as well.283 

Project 1: Manuscript

Project 2: Publication

Acknowledgments 11

Project 1

The regenerative response of cardiac interstitial cells Laura Rolland 1 † , Alenca Harrington 1 † , Adèle Faucherre 1 , Jourdano Mancilla Abaroa 1 , Girisaran Gangatharan 1 , Laurent Gamba 1 , Dany Severac 1,2 , Marine Pratlong 1,2 , Thomas Moore-Morris 1, *,✉ ,

Jopling 1, *,✉ 1 Institute of Functional Genomics, University of Montpellier, CNRS, INSERM, LabEx ICST, Montpellier, France 2 Montpellier GenomiX, France Génomique, Montpellier, France † These authors contributed equally: Laura Rolland, Alenca Harrington. * These authors jointly supervised this work: Thomas Moore-Morris, Chris Jopling.

Email: thomas.moore-morris@inserm.fr; chris.jopling@igf.cnrs.fr

Accepted by Journal of Molecular Cell Biology on the 29 th of July 2022

Previous version on BioRxiv. https://doi.org /10.1101/2021.10.25.465720 284 The publication included in this section is the latest version of the manuscript.

Abbreviation list

AFOG

Collectivelly, this shows mechanical forces are intricately connected with cardiovascular physiology, and that, much like all physiological processes, it is a fine-tuned balance sensitive to the slightest disturbance in order to maintain and adjust cardiac (and vascular) function. Identifying the sensors of these forces and their role in specific processes could allow the development of therapeutic treatments to a wide range of pathologies from arrhythmias to heart failure. cell cycle progression and proliferation. 289 TAL1 partners with other transcription factors to direct the expression of specific genetic programs, and among the most famous ones is LMO2 (LIM-only-2 protein). 290 Together, they promote the expression of genes such as Angiopoietin-2, a major regulator of angiogenesis. 291 Combining its well established role during cardiovascular development and the potential developmental-like genetic programs being reexpressed during regeneration, Tal1 makes an interesting target to focus on.
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Here is the list of the different sections of this publication and the main authors who contributed to them: Preclinical assay is a requirement for drug development and as such, assessing cardiac toxicity in vivo using animal models is essential. ECG is a commonly used technique to investigate cardiac toxicity as it allows to measure the electrical activity of the heart. Classic ECG is composed of three main waves and complexes: the P wave reflects the depolarisation of the atria, the QRS complex represents the depolarisation of the ventricles (masking the repolarisation of the atria) and the T wave reflects the repolarisation of the ventricles. Among the parameters that are carefully looked at during cardiac toxicity assay, the QT duration is one of the most important. Indeed, a persistant prolongation of the QT duration has arrhythmogenic effects that can lead to sudden death. [START_REF] Yap | Drug induced QT prolongation and torsades de pointes[END_REF] In several animal models, this duration is linked to heart rate, and this can affect the evaluation. To avoid any mysinterpretations, a mathematical correction can be applied to the QT measurement, rendering the QT value independent of the heart rate and called QTc. Several formula exist to correct the QT, the most famous one being Bazett's formula. [START_REF] Bazett | An Analysis of the Time-Relations of Electrocardiograms[END_REF] Although it is a good correction for some models, it also tends to be unnecessary or to overcorrect the QT for others and for that reason it is important to determine which formula is the most suited one for specific models. 295 Zebrafish has been used to explore cardiac physiology for decades now, and several groups have developed ECG measurement on both adult and larval stages. [296][297][298][299] But it is apparent that the method used to measure ECG strongly influence the results and their interpretation. 297 For example, some studies report a positive T wave in zebrafish 297 while others find it to be negative 296 . This project aimed to provide a thorough characterisation of the adult zebrafish ECG, comparing different methods described in the literrature to identify the most reliable one. We also sought to determine if a QT correction could be used and which one was the most suited for the adult zebrafish ECG. Finally, to further show zebrafish could be a relevant animal model to perform preclinical tests, we measured ECG in combination with commonly used clinical therapies: hypothermia and osmotic shock.
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DNTrek1 line generation

The DNTrek1 construct was created using the site-specific Gateway cloning system (Life Technologies) by deleting the exon 4 from zTrek-1a as described by Veale et al. 311 Briefly, this system relies on the recombination of 3 vectors respectively carrying the 5' sequence, the middle sequence and the 3' sequence on a Tol2 transposon backbone. The DNTrek1 construct was composed of the myl7 promotor (specific to cardiomyocytes), followed by a loxP-RFP-STOP-loxP cassette and finally the DNTrek1 construction. The construct was injected into 1-cell AB WT embryos and once identified, a founder was crossed with Tg(cryaa:DsRed,-5.1myl7:Cre-ERT2) pd10 fish (AB WT background) previously published 313 , expressing the Cre in cardiomyocyte and DsRed in the lens. The larvae obtained from this crossing were screened for red heart and red eyes and the line was grown. This process is summarised in Figure P3.2. Fish were treated once with 4-HT at 1dpf (3µL at 10mM in 50mL of E3 medium) to induce the expression of the DNTrek1 construct during the development, and to induce its expression in adults prior to regeneration assay, two treatments were performed 7 and 3 days prior experimentation (100µL at 10mM in 500mL of system water).

Lethality assessment

Fish from control (vehicle) and DNTrek1 (+4-HT at 1dpf) groups were maintained in normal density (20 fish) until the end of the assay and were counted weekly. A general phenotype assessment Project 3: Results

The role of Trek-1 in cardiac development and maturation
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Single nuclei RNA sequencing

Five hearts were dissected, placed in cold PBS with heparin. Atria and outflow tracts removed, ventricles opened and washed. All ventricles were pooled into a single Eppendorf tube, excess media was removed and the samples flash frozen in liquid nitrogen and stored at -80C. Nuclei were isolated as described in the 10x Genomics protocol (CG000375.Rev C). Sorting was performed on a BD FACS Melody.

Cellular suspensions were loaded on a Chromium controller (10x Genomics, Pleasanton, CA, USA) to generate single-nuclei Gel Beads-in-Emulsion (GEMs). Single-nuclei RNA-Seq libraries were prepared using Chromium Single cell 3'RNA Gel Bead and Library Kit v3. 

Human cardiac arrhythmias may be associated with activating PIEZO1 variants

Overactivation of PIEZO1 channels appears to be associated with cardiac arrhythmias, both in zebrafish and in mice. 241 Interestingly, overactivating mutations have already been found in patients affected by xerocytosis. 321 It is thus of therapeutic interest to determine whether patients suffering from cardiac arrhythmia carry overactivating PIEZO1 variants. Our collaborator Pr Philippe Chevalier has access to a large cohort of patients suffering from cardiac arrhythmia and identified a familial case who harboured a PIEZO1 single nucleotide variant associated with the substitution of threonine 1907 by a methionine (hPIEZO1-T1907M). To investigate whether this variant caused PIEZO1 overactivation, we used a previously characterised overactivating mutation as a positive control: hPIEZO1-R2456H. 321,322 Using patch clamp to characterise the channels response to pressure, we observed no effect of the hPIEZO1-T1907M variant on the channel activity (Figure P4.4). In contrast,