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The sinoatrial node (SAN) is the natural pacemaker of the heart, producing the electrical impulse that initiates every heart beat. Its activity is tightly controlled by the autonomic nervous system, and by circulating and locally released factors. Neurohumoral regulation of heart rate plays a crucial role in the integration of vital functions and influences behavior and ability to respond to changing environmental conditions. At the cellular level, modulation of SAN activity occurs through intracellular signaling pathways involving cyclic nucleotides: cyclic AMP (cAMP) and cyclic GMP (cGMP). In this Review, dedicated to Professor Dario DiFrancesco and his accomplishements in the field of cardiac pacemaking, we summarize all findings on the role of cyclic nucleotides signaling in regulating the key actors of cardiac automatism, and we provide an up-to-date review on cAMP-and cGMP-phosphodiesterases (PDEs), compellingly involved in this modulation.
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Introduction

In the normal, non-diseased state, heart rate (HR) is determined by spontaneous electrical activity in the sinoatrial node (SAN), the origin of cardiac pacemaker activity. Pacemaker SAN cells spontaneously generate slow diastolic depolarization that changes the membrane voltage towards the threshold for initiating a following action potential (AP) [START_REF] Difrancesco | A Brief History of Pacemaking[END_REF]. Located adjacent to the crista terminalis at the junction of the right atrium and the superior vena cava, the SAN fires APs that propagate through the conducting system of the heart and trigger myocardial contraction.

At the SAN cell level, pacemaker activity involves interplay between several ionic inward currents including the pacemaker current (I f ), the transient and long lasting Ca 2+ currents (I Ca,T , I Ca,L ), the sustained Na + current (I st ) and outward potassium currents (I Kr , I Ks , I KACh ) as well as the Na + /Ca 2+ exchanger NCX (I NCX ) and Na + /K + ATPase (I NaK ) (Mangoni andNargeot, 2008, Toyoda et al., 2017). Besides this "Voltage clock", the intracellular Ca 2+ cycling is important for the proper setting of the pacemaker function. Indeed, the sarcoplasmic reticulum (SR) is capable of oscillating Ca 2+ via its Ca 2+ pumps (sarco-/endoplasmic reticulum Ca/ATPase, SERCA under control of phospholamban, PLB) and Ca 2+ release channels, ryanodine receptors (RyRs). Spontaneous Ca 2+ release via the RyRs precedes the Ca 2+ transient evoked by the upstroke phase of the AP. This subsarcolemmal local Ca 2+ induced-Ca 2+ release (LCICR) stimulates the NCX activity which converts the Ca 2+ release into an inward current contributing to the diastolic depolarization. Because Ca 2+ oscillations generated by the SR are rhythmic, the SR is described as an intracellular "Ca 2+ clock" [START_REF] Lakatta | What keeps us ticking: a funny current, a calcium clock, or both?[END_REF].

In the coupled-clock model of automaticity, L-type Ca 2+ channels (I Ca,L ) provide Ca 2+ influx during the AP upstroke phase necessary to restore SR Ca 2+ load in order to prime new cycle of diastolic LCICRs. Particularly, Ca V 1.3-mediated I Ca,L triggers and synchronizes RyRdependent local Ca 2+ releases during diastolic depolarisation [START_REF] Torrente | L-type Cav1.3 channels regulate ryanodine receptor-dependent Ca2+ release during sino-atrial node pacemaker activity[END_REF][START_REF] Baudot | Concomitant genetic ablation of L-type Cav1.3 (alpha1D) and T-type Cav3.1 (alpha1G) Ca(2+) channels disrupts heart automaticity[END_REF], Torrente et al., 2020). A comprehensive description of the vast literature relative to the mechanisms that drive SAN automaticity is beyond the scope of this work (we refer the reader to [START_REF] Mangoni | Genesis and regulation of the heart automaticity[END_REF][START_REF] Lakatta | What keeps us ticking: a funny current, a calcium clock, or both?[END_REF], Lyashkov et al., 2018[START_REF] Difrancesco | A Brief History of Pacemaking[END_REF]).

The two clocks work together and their « ticking » is highly modulated by membrane voltage, subsarcolemmal Ca 2+ , as well as cyclic nucleotide (cAMP and cGMP) signaling pathways. Through these critical interactions, the 2 clocks form a robust and stable mechanism that drives normal cardiac pacemaker cell automaticity (Figure 1).

The SAN is a group of highly specialized cells, necessary for life as their rhythmical firing drives the pumping of blood to the rest of the body. It stands to reason that the cardiac tissue has many redundant systems to ensure the continuous generation of action potentials. Its activity is tightly controlled to maintain normal HR and allow for adaptation to changing environmental conditions. Modulation of SAN activity occurs by the autonomic nervous system (ANS), with neurotransmitters (catecholamines, acetylcholine…) as well as neuropeptides (neuropeptide Y, somatostatin…) released by neurons in the heart. Other peptides or hormones are produced by cells within the heart (autocrine or paracrine secretion), or produced in the brain, kidneys, liver or vasculature (endocrine circulating factors) as well as by circulating and locally released factors (reviewed in [START_REF] Macdonald | Neurohumoral Control of Sinoatrial Node Activity and Heart Rate: Insight From Experimental Models and Findings From Humans[END_REF]).

In this Review, dedicated to Professor Dario DiFrancesco and his accomplishements in the field of cardiac pacemaking, we will summarize all findings on the role of cyclic nucleotides signaling in regulating the key actors of cardiac automatism (such as HCN channels, Popdc proteins, and all key players of the coupled-clock system). We will provide an up-to-date review on cAMP-and cGMP-phosphodiesterases (PDEs), compellingly involved in this modulation.

cAMP signaling in SAN cell

Cyclic adenosine-3',5'-monophosphate (cAMP) and cyclic guanosine-3',5'-monophosphate (cGMP) represent the master regulators of cardiovascular function [START_REF] Gordan | Autonomic and endocrine control of cardiovascular function[END_REF]. While cAMP is the intracellular relay for sympathetic and parasympathetic neuromediators as well as for several hormones, cGMP is the second messenger of nitric oxyde and natriuretic peptides. Acutely, cyclic nucleotides control cardiac pump function and vascular tone. Chronically, the increase of cAMP participates in the development of hypertrophy that may ultimately lead to heart failure. Conversely, chronic cGMP elevation is antihypertrophic and cardioprotective [START_REF] El-Armouche | Beta-adrenergic stimulation and myocardial function in the failing heart[END_REF].

The sinoatrial node is strongly influenced by the ANS allowing the heart to adapt to various physiologic stressors [START_REF] Macdonald | Neurohumoral Control of Sinoatrial Node Activity and Heart Rate: Insight From Experimental Models and Findings From Humans[END_REF]. Parasympathetic input slows down the rate of During sympathetic stimulation, catecholamines (adrenaline, noradrenaline) bind to the βadrenergic receptors (β-AR) causing a conformational change in its cytoplasmic domains, resulting in activation of G αs (stimulatory) proteins and a consequent activation of adenylyl cyclase which transforms ATP into cAMP. An increase in cAMP levels directly activates the cAMP-dependent protein kinase (PKA), the Hyperpolarization-activated Cyclic Nucleotidegated channels (HCN, I f current) (DiFrancesco andTortora, 1991, Porro et al., 2020) and the recently discovered popeye domain containing proteins (Popdc) [START_REF] Brand | POPDC proteins and cardiac function[END_REF]. PKA phosphorylates and enhances the activity of key proteins of the coupled clock system [START_REF] Liu | A full range of mouse sinoatrial node AP firing rates requires protein kinase A-dependent calcium signaling[END_REF]. Together these events lead to positive chronotropic effects on automaticity (Figure 1). Of note, the role of the exchange protein directly activated by cAMP (Epac), critically involved in the pathophysiological function of the ventricles and atria [START_REF] Lezoualc'h | Cyclic AMP Sensor EPAC Proteins and Their Role in Cardiovascular Function and Disease[END_REF][START_REF] Bouvet | The Epac1 Protein: Pharmacological Modulators, Cardiac Signalosome and Pathophysiology[END_REF], has never been explored in the SAN .

Sympathetic effects are counterbalanced by the parasympathetic branch of the ANS [START_REF] Gordan | Autonomic and endocrine control of cardiovascular function[END_REF]. Parasympathetic neurons release acetylcholine (ACh), which binds to muscarinic receptors (M 2 R) coupled to G αi (inhibitory) proteins. The subsequent inhibition of cAMP production in SAN cells leads to inhibition of coupled-clock components. Furthermore, on a faster timescale, G βγ complex binds to and activates the G-protein gated inwardlyrectifying potassium (GIRK) channels responsible for outward K + current (I KACh ) and membrane hyperpolarization [START_REF] Difrancesco | Muscarinic modulation of cardiac rate at low acetylcholine concentrations[END_REF][START_REF] Accili | Two distinct pathways of muscarinic current responses in rabbit sino-atrial node myocytes[END_REF]. Altogether these events lead to decreased HR (Figure 1).

Cyclic AMP effectors in SAN cells

Hyperpolarization-activated Cyclic Nucleotide-gated channels

DiFrancesco and coworkers proposed that I f passing through the HCN channels, is the major ionic mechanism underlying spontaneous diastolic depolarization [START_REF] Difrancesco | A Brief History of Pacemaking[END_REF]. Unlike other channels, I f activates upon membrane hyperpolarization, hence its name 'funny' current. I f is a mixed cationic current carried by Na + and K + . Permeability to Na + is predominant, but K + activates I f conductance. There are four isoforms of HCN (HCN1-4) [START_REF] Wahl-Schott | HCN channels: structure, cellular regulation and physiological function[END_REF], with HCN1, 2 and 4 expressed in the human heart [START_REF] Li | Molecular Mapping of Sinoatrial Node HCN Channel Expression in the Human Heart[END_REF]. These isoforms display different activation threshold, kinetics and sensitivity to cAMP. In the SAN, HCN4 is the predominant isoform and its genetic silencing (suppression of I f conductance) or protein ablation leads to sinus node dysfunction with atrial and ventricular arrhythmias and atrioventricular blocks [START_REF] Bucchi | Funny Current and Cardiac Rhythm: Insights from HCN Knockout and Transgenic Mouse Models[END_REF][START_REF] Mesirca | Cardiac arrhythmia induced by genetic silencing of 'funny' (f) channels is rescued by GIRK4 inactivation[END_REF].

HCN channels are directly activated by cAMP binding to C-termini, causing a depolarizing shift in their activation kinetics and increasing their open probability. β-AR stimulation then activates I f , while muscarinic agonists inhibit I f (DiFrancesco andTortora, 1991, Barbuti and[START_REF] Barbuti | Control of cardiac rate by "funny" channels in health and disease[END_REF]. Several studies provided direct and indirect evidences in favor of an important contribution of HCN channels in sympathetic regulation of HR. β-AR agonists (such as isoprenaline), as well as cAMP analogs (Rp-cAMP) increase the slope of the diastolic depolarization of rabbit SAN cells [START_REF] Difrancesco | Pacemaker mechanisms in cardiac tissue[END_REF][START_REF] Accili | Differential control of the hyperpolarization-activated current (i(f)) by cAMP gating and phosphatase inhibition in rabbit sino-atrial node myocytes[END_REF][START_REF] Bucchi | I(f)-dependent modulation of pacemaker rate mediated by cAMP in the presence of ryanodine in rabbit sinoatrial node cells[END_REF], meaning that the threshold for firing will be reached earlier and the firing rate will increase. In addition, mice with constitutive cardiac-specific HCN4 gene deletion (KO) [START_REF] Stieber | The hyperpolarization-activated channel HCN4 is required for the generation of pacemaker action potentials in the embryonic heart[END_REF] or in which binding of cAMP to HCN4 channels was abolished [START_REF] Harzheim | Cardiac pacemaker function of HCN4 channels in mice is confined to embryonic development and requires cyclic AMP[END_REF] displayed a lower HR, with no response to isoprenaline or cAMP. On the other hand, studies performed in inducible HCN4 KO mouse models [START_REF] Herrmann | HCN4 provides a 'depolarization reserve' and is not required for heart rate acceleration in mice[END_REF][START_REF] Hoesl | Tamoxifen-inducible gene deletion in the cardiac conduction system[END_REF][START_REF] Baruscotti | Deep bradycardia and heart block caused by inducible cardiac-specific knockout of the pacemaker channel gene Hcn4[END_REF] showed normal response to isoprenaline stimulation, suggesting that other mechanisms are also involved in the cAMP regulation of pacemaker function. In agreement, mice with human HCN4 mutation causing complete loss of cAMP sensitivity of I f displayed decreased HR at rest and during exercise, but the relative extent of HR regulation was preserved. These data demonstrate that cAMP-mediated regulation of I f determines basal and maximal HR but does not play an indispensable role in HR adaptation during physical activity [START_REF] Alig | Control of heart rate by cAMP sensitivity of HCN channels[END_REF]. More recently, Fenske and colleagues generated a knockin mouse line expressing cAMP-insensitive HCN4 channels and showed that these mice displayed a sinus dysrhythmia and chronotrope incompetence, but fully preserved HR regulation. In addition, the absence of cAMP-dependent regulation of HCN4 led to inappropriately enhanced HR responses to vagal nerve activity in vivo. The Authors suggested a novel role for cAMPdependent regulation of HCN4 as important mechanism to counteract parasympathetic override, inappropriate HR decreases and the occurrence of bradycardia. cAMP-dependent regulation of HCN4 is then essential for protecting the heart during destabilising and harmful activation of the ANS, but is not crucial for changing HR [START_REF] Fenske | cAMPdependent regulation of HCN4 controls the tonic entrainment process in sinoatrial node pacemaker cells[END_REF].

PKA phosphorylation of HCN channels is debated. While it was first thought that HCN channels are directly modulated by cAMP in the SAN by a mechanism that is independent of PKA activation [START_REF] Difrancesco | Direct activation of cardiac pacemaker channels by intracellular cyclic AMP[END_REF], these channels were also shown to be regulated by PKA in mouse SAN cells whereby PKA phosphorylates C-terminals, possibly contributing to the increased firing rate in response to sympathetic stimulation [START_REF] Liao | Phosphorylation and modulation of hyperpolarization-activated HCN4 channels by protein kinase A in the mouse sinoatrial node[END_REF]. It is still not entirely clear whether cAMP and PKA work synergistically or independently on I f during β-AR stimulation.

Cyclic AMP-dependent protein kinase

PKA is undoubtedly a key signaling molecule that regulates for regulating cardiac function [START_REF] Liu | Physiological And Pathological Roles Of Protein Kinase A In The Heart[END_REF]. It was recently reported that in inducible transgenic mice overexpressing PKA inhibitor selectively in cardiomyocytes, isoproterenol did not significantly increase HR at doses that exerted a maximally stimulatory effect in control mice [START_REF] Zhang | Cardiomyocyte PKA Ablation Enhances Basal Contractility While Eliminates Cardiac beta-Adrenergic Response Without Adverse Effects on the Heart[END_REF]. These in vivo findings indicate that PKA activation plays an essential role in β-AR regulation of HR. In pacemaker cells, the Ca 2+ -activated adenylyl cyclases generate high basal rate of cAMP production and high basal PKA activity [START_REF] Vinogradova | High basal protein kinase A-dependent phosphorylation drives rhythmic internal Ca2+ store oscillations and spontaneous beating of cardiac pacemaker cells[END_REF]. PKA phosphorylates several coupled-clock components, such as ryanodine receptors (RyR) and phospholamban (PLB). PKA-phosphorylation of RyR following β-AR stimulation in rabbit SAN cells increases the frequency and amplitude of local Ca 2+ releases during diastolic depolarisation, which increases I NCX , and accelerates the rate of AP. In addition, studies in the rabbit [START_REF] Vinogradova | beta-Adrenergic stimulation modulates ryanodine receptor Ca(2+) release during diastolic depolarization to accelerate pacemaker activity in rabbit sinoatrial nodal cells[END_REF], mouse [START_REF] Wu | Calmodulin kinase II is required for fight or flight sinoatrial node physiology[END_REF], guinea pig [START_REF] Rigg | Localisation and functional significance of ryanodine receptors during beta-adrenoceptor stimulation in the guinea-pig sino-atrial node[END_REF] and dog [START_REF] Joung | Mechanisms of sinoatrial node dysfunction in a canine model of pacing-induced atrial fibrillation[END_REF] showed that inhibition of RyR with ryanodine decreases the response to β-AR stimulation, indicating a critical role of SR Ca 2+ release [START_REF] Lyashkov | Positive Feedback Mechanisms among Local Ca Releases, NCX, and ICaL Ignite Pacemaker Action Potentials[END_REF]. β-AR-induced PKA phosphorylation of PLB releases its inhibition on Serca pump, increasing Ca 2+ reuptake into the SR, thereby participating in the generation of AP [START_REF] Vinogradova | High basal protein kinase A-dependent phosphorylation drives rhythmic internal Ca2+ store oscillations and spontaneous beating of cardiac pacemaker cells[END_REF]. Furthermore, it was reported that β-agonist-mediated synchronization of LCICRs via β-AR-stimulated Ca V 1.3 channels [START_REF] Mangoni | Functional role of L-type Cav1.3 Ca2+ channels in cardiac pacemaker activity[END_REF] strongly increases the probability of triggering Ca 2+ transients in SAN cells [START_REF] Torrente | L-type Cav1.3 channels regulate ryanodine receptor-dependent Ca2+ release during sino-atrial node pacemaker activity[END_REF].

PKA phosphorylation of the α subunit of the L-type Ca 2+ channel had has been suggested as responsible for I Ca,L increase upon β-AR stimulation [START_REF] Fuller | Molecular mechanism of calcium channel regulation in the fight-or-flight response[END_REF]. Recently, the veil has been lifted on the β-AR regulation of I Ca,L : β-AR-induced PKA-phosphorylation of the Gprotein Rad leads to its dissociation from the β 2 subunit of the channel, increasing LTCC activity, hence Ca 2+ entry into the cell [START_REF] Liu | Mechanism of adrenergic CaV1.2 stimulation revealed by proximity proteomics[END_REF]. It was recently reported that in Raddeficient SAN cells, I Ca,L is increased and not further enhanced by β-AR agonists. In vivo, mice with cardiac-specific Rad deletion exhibit an elevated intrinsic HR, and elevated sleep phase HR. Rad-GTPase then contributes to HR via L-type calcium channel regulation [START_REF] Levitan | Rad-GTPase contributes to heart rate via L-type calcium channel regulation[END_REF]. Whether Rad differentially regulates Ca V 1.2 and Ca V 1.3 in SAN remains unknown. However, whether this mechanism exists in SAN pacemaker cells is still unknown.

β-AR modulation of delayed-rectifier K + channels was reported in SAN myocytes [START_REF] Himeno | Ionic mechanisms underlying the positive chronotropy induced by beta1-adrenergic stimulation in guinea pig sinoatrial node cells: a simulation study[END_REF], with evidences for PKA phosphorylation of these channels [START_REF] Lei | Modulation of delayed rectifier potassium current, iK, by isoprenaline in rabbit isolated pacemaker cells[END_REF]. Phosphorylation sites on the Na + /Ca 2+ exchanger were revealed [START_REF] Kravtsov | Altered Ca(2+) handling by ryanodine receptor and Na(+)-Ca(2+) exchange in the heart from ovariectomized rats: role of protein kinase A[END_REF]), yet whether phosphorylation occurs or is functionally important for SAN activity remains unknown [START_REF] Kohajda | The Cardiac Pacemaker Story-Fundamental Role of the Na(+)/Ca(2+) Exchanger in Spontaneous Automaticity[END_REF]).

Lakatta's group reported direct real-time measurements of PKA activity dynamics in isolated rabbit SAN cells using FRET sensor (AKAR3) [START_REF] Yaniv | Real-time relationship between PKA biochemical signal network dynamics and increased action potential firing rate in heart pacemaker cells: Kinetics of PKA activation in heart pacemaker cells[END_REF]. By integrating these data with other experimental data (cAMP levels and PLB phosphorylation) into mechanistic computational model simulations, they showed that the kinetics of increases in PKA activity in response to β-AR stimulation overlap those of AP firing rate, suggesting that PKA-dependent phosphorylation regulates the coupled-clock system that drives the AP firing rate.

In addition to PKA activity, phosphatases inhibition of phosphatases also increases spontaneous firing rate in particular by increasing I f in rabbit SAN myocytes, but also by modulating I Ca,L and I K in guinea pig SAN cells [START_REF] Accili | Differential control of the hyperpolarization-activated current (i(f)) by cAMP gating and phosphatase inhibition in rabbit sino-atrial node myocytes[END_REF][START_REF] Ke | Regulation of L-type calcium channel and delayed rectifier potassium channel activity by p21-activated kinase-1 in guinea pig sinoatrial node pacemaker cells[END_REF]. The balance between kinases and phosphatases activity may be of importance in controlling cardiac pacemaker activity in response to neurohormonal stimulation.

Finally, the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII), indirectly activated by β-AR stimulation, also regulates pacemaker activity, by phosphorylating PLB, RyR and LTCC [START_REF] Yaniv | Ca(2)+/calmodulin-dependent protein kinase II (CaMKII) activity and sinoatrial nodal pacemaker cell energetics[END_REF][START_REF] Wu | CaMKII in sinoatrial node physiology and dysfunction[END_REF][START_REF] Li | CaMKII-dependent phosphorylation regulates basal cardiac pacemaker function via modulation of local Ca2+ releases[END_REF].

Popeye domain containing proteins

The Popeye domain containing (Popdc) gene family encodes a novel class of cAMP effector proteins [START_REF] Brand | POPDC proteins and cardiac function[END_REF]. Indeed, Popdc proteins bind cAMP with equally high affinity as PKA. The three Popdc genes display high level of expression in the heart and particularly in the SAN [START_REF] Schindler | The Popeye domain containing genes: essential elements in heart rate control[END_REF]. They interact with the two-pore potassium channel TWIK1related K + channel (TREK-1) and enhance its current [START_REF] Froese | Popeye domain containing proteins are essential for stress-mediated modulation of cardiac pacemaking in mice[END_REF]. This interaction is modulated by cAMP: increased levels of cAMP (micromolecular range) cause Popdc to release TREK-1, resulting in inhibition of the TREK-1 outward current Popdc releases TREK-1 upon cAMP binding, resulting in a reduced TREK-1 outward potassium current [START_REF] Boukens | Popeye proteins: muscle for the aging sinus node[END_REF]. In addition, TREK-1 has been thought to be phosphorylated by PKA leading to its inhibition [START_REF] Terrenoire | A TREK-1-like potassium channel in atrial cells inhibited by beta-adrenergic stimulation and activated by volatile anesthetics[END_REF], Schindler et al., 2012). In vivo, Popdc-null mutants display an age-dependent stress-induced sinus bradycardia. Under basal conditions no differences in HR and no sinus pauses were recorded [START_REF] Froese | Popeye domain containing proteins are essential for stress-mediated modulation of cardiac pacemaking in mice[END_REF].

cGMP signaling in SAN cells

Unlike cAMP/PKA signaling, cGMP/PKG pathway has been less extensively explored in SAN cells. Cylic GMP is synthetized by particulate or soluble guanylyl cylcase (GC), and activates PKG or regulates other downstream molecules such as phosphodiesterases (cGMPstimulated PDE2 and cGMP-inhibited PDE3). These latter will be detailed in section 5.

Natriuretic peptides

Natriuretic peptides (NPs), including atrial, brain and C-type natriuretic peptides (ANP, BNP and CNP), bind two classes of membrane receptors: the guanylyl cyclase (GC)-linked A and B receptors (NPR-A and NPR-B) and the C receptor (NPR-C) [START_REF] Moghtadaei | Electrophysiological effects of natriuretic peptides in the heart are mediated by multiple receptor subtypes[END_REF]. The biological effects of NPs have been mainly attributed to changes in intracellular cGMP following their binding to NPR-A and NPR-B. NPR-C does not include a GC domain, but is rather coupled to G i protein thereby decreasing cAMP levels. All 3 receptors are expressed in the SAN tissue [START_REF] Moghtadaei | Electrophysiological effects of natriuretic peptides in the heart are mediated by multiple receptor subtypes[END_REF].

The contribution of NPs to the modulation of HR has been studied in human and in several animal models, but the reported effects and electrophysiological parameters have been conflicting, and the corresponding cellular and molecular mechanisms are not completely elucidated. These studies are reviewed in [START_REF] Moghtadaei | Electrophysiological effects of natriuretic peptides in the heart are mediated by multiple receptor subtypes[END_REF]. Briefly, in basal conditions BNP and CNP bind to NPR-A and NPR-B, respectively, activate the production of cGMP and induce increased I f and I CaL via cGMP-inhibition of PDE3, thereby increasing HR [START_REF] Springer | The natriuretic peptides BNP and CNP increase heart rate and electrical conduction by stimulating ionic currents in the sinoatrial node and atrial myocardium following activation of guanylyl cyclase-linked natriuretic peptide receptors[END_REF]. Although under basal conditions NPR-C signaling is not involved, in the presence of a β-AR agonist, it becomes crucial in SAN cells. Specifically, activation of NPR-C by ANP decreases AP firing in a dose-dependent manner in SAN myocytes stimulated with isoproterenol [START_REF] Azer | Natriuretic peptides regulate heart rate and sinoatrial node function by activating multiple natriuretic peptide receptors[END_REF]. Activation of NPR-C/G i causes a reduction in cAMP and an inhibition of I CaL in mouse SAN cells [START_REF] Rose | Effects of C-type natriuretic peptide on ionic currents in mouse sinoatrial node: a role for the NPR-C receptor[END_REF].

The effects of ANP in vivo as well as in SAN cells are controversial, with findings showing an increase, a decrease or no effect on HR [START_REF] Moghtadaei | Electrophysiological effects of natriuretic peptides in the heart are mediated by multiple receptor subtypes[END_REF]. In guinea pig SAN myocytes, ANP causes an increase in I Ks through an increase in cGMP via both cGMPinhibition of PDE3 and activation of PKG [START_REF] Shimizu | Potentiation of slow component of delayed rectifier K(+) current by cGMP via two distinct mechanisms: inhibition of phosphodiesterase 3 and activation of protein kinase G[END_REF].

Other actors of the coupled-clock system might also be involved in the regulation of HR by the NP/cGMP/PKG pathway. Since endogenous levels of NPs increase in pathological conditions, such as heart failure, it is crucial to understand their consequences on SAN function.

Nitric Oxide

Several lines of evidence demonstrate a role of nitric oxide (NO) in the control of HR, in vitro as well as in vivo. NO production occurs by the endothelial NO synthase (eNOS), neuronal NOS (nNOS), or inducible NOS (iNOS) in pathological conditions [START_REF] Fischmeister | Species-and tissue-dependent effects of NO and cyclic GMP on cardiac ion channels[END_REF]. NO binds to the soluble GC (sGC), which produces cGMP. Presynaptically, NO modulates responses of the ANS: it can inhibit the presynaptic release of norepinephrine from sympathetic neurons and facilitate the release of ACh from vagal neurons [START_REF] Paterson | Nitric oxide and the autonomic regulation of cardiac excitability[END_REF], hence modulating HR. On the other hand, data on the muscarinic stimulation of eNOS in SAN are controversial as reported by Vandecasteele et al versus Han et al [START_REF] Han | Muscarinic cholinergic regulation of cardiac myocyte ICa-L is absent in mice with targeted disruption of endothelial nitric oxide synthase[END_REF][START_REF] Vandecasteele | Muscarinic and beta-adrenergic regulation of heart rate, force of contraction and calcium current is preserved in mice lacking endothelial nitric oxide synthase[END_REF]. In addition, NO was shown to decrease I Ca,L [START_REF] Han | A cellular mechanism for nitric oxide-mediated cholinergic control of mammalian heart rate[END_REF] but to increase I f [START_REF] Musialek | Nitric oxide can increase heart rate by stimulating the hyperpolarization-activated inward current, I(f)[END_REF][START_REF] Sears | Inhibition of nitric oxide synthase slows heart rate recovery from cholinergic activation[END_REF]. In isolated guinea-pig SAN cells, NO donors were shown to elicit a 20-30% increase in the beating rate [START_REF] Musialek | Nitric oxide can increase heart rate by stimulating the hyperpolarization-activated inward current, I(f)[END_REF]. In rabbit denervated hearts, NO donor increased HR by 10% (Hogan et al., 1999), similar to what was observed in patients receiving intravenous infusion of NO donors, with blood pressure held constant (Hogan et al., 1999).

In SAN cells, NO-induced cGMP levels inhibit PDE3, increasing cAMP signaling and SR Ca 2+ release, both responsible for the positive chronotropic response [START_REF] Musialek | Role of cGMPinhibited phosphodiesterase and sarcoplasmic calcium in mediating the increase in basal heart rate with nitric oxide donors[END_REF]. During β-AR stimulation, activation of the NO/cGMP pathway has a transient stimulatory effect that is I f -dependent, and is limited in magnitude and duration by cGMP-stimulation of PDE2 [START_REF] Herring | NO-cGMP pathway increases the hyperpolarisation-activated current, I(f), and heart rate during adrenergic stimulation[END_REF].

Cyclic nucleotide hydrolysis in SAN cells: role of phosphodiesterases

As seen in the previous sections, cAMP and cGMP pathways are centrally involved in the modulation of pacemaker function. The unique route of cyclic nucleotides degradation is via the activity of phosphodiesterases (PDEs), positioning them as molecules of choice to manipulate and correct HR. Their pathophysiological roles have been extensively dissected in the ventricles and atria of frogs, rodents, rabbits, pigs, dogs, and humans [START_REF] Mika | PDEs create local domains of cAMP signaling[END_REF][START_REF] Conti | Cyclic AMP compartments and signaling specificity: role of cyclic nucleotide phosphodiesterases[END_REF][START_REF] Dunkerly-Eyring | Myocardial Phosphodiesterases and Their Role in cGMP Regulation[END_REF][START_REF] Preedy | Cardiac Cyclic Nucleotide Phosphodiesterases: Roles and Therapeutic Potential in Heart Failure[END_REF][START_REF] Chen | An update of cyclic nucleotide phosphodiesterase as a target for cardiac diseases[END_REF]. However, much less is known on their contribution to cAMP and cGMP signaling cascades in the SAN cell. The Ca 2+ -activated adenylyl cyclase expressed in pacemaker cells generates high cAMP activity and is coupled to high basal PDE activity [START_REF] Vinogradova | High basal protein kinase A-dependent phosphorylation drives rhythmic internal Ca2+ store oscillations and spontaneous beating of cardiac pacemaker cells[END_REF][START_REF] Vinogradova | Constitutive phosphodiesterase activity restricts spontaneous beating rate of cardiac pacemaker cells by suppressing local Ca2+ releases[END_REF]. In the heart, 8 PDE families are expressed (Figure 2).: PDE1, PDE2, PDE3 and PDE10 hydrolyze both cAMP and cGMP, with PDE1 being activated by the Ca 2+ /calmodulin complex, PDE2 being activated by cGMP, PDE3 being inhibited by cGMP. PDE4 and PDE8 are selective for cAMP; and PDE5 and PDE9 are cGMP selective. Each isoenzyme is further classified into subtypes, of which multiple isoforms may exist [START_REF] Zaccolo | cAMP and cGMP signaling cross-talk: role of phosphodiesterases and implications for cardiac pathophysiology[END_REF]. Hereafter we provide a description of their respective roles in the SAN.

PDE1

The PDE1 family is encoded by 3 genes pde1a, pde1b and pde1c and multiple variants are generated. In the normal heart PDE1A expression is relatively low, but is upregulated in the diseased hearts from humans, rats, and mice. PDE1C expression is high in human but modest in rodents in physiological situation. PDE1B expression is low in the heart [START_REF] Chen | Roles of PDE1 in Pathological Cardiac Remodeling and Dysfunction[END_REF][START_REF] Hashimoto | Acute Enhancement of Cardiac Function by Phosphodiesterase Type 1 Inhibition[END_REF]. These isoforms are not redundant: Whilst PDE1C hydrolyses each cyclic nucleotide with comparably high affinity, PDE1A and PDE1B display a lower affinity for cAMP, hence favouring cGMP hydrolysis. Their enzymatic activity is increased by the Ca 2+ /calmodulin (CaM) complex as well as modulated by PKA or CaMKII (Conti andBeavo, 2007, Chen et al., 2018). The property for PDE1 isoforms to be directly regulated by Ca 2+ confers them an important role in the crosstalk between Ca 2+ and cyclic nucleotide signaling pathways. Data on expression of PDE1 isoforms in the SAN and their role in controlling HR are presented in the table. As reported by Lakatta's group, PDE1A, PDE1B and PDE1C are expressed in the rabbit SAN with PDE1A being much higher in SAN than in left ventricles [START_REF] Lukyanenko | Ca(2+)/calmodulin-activated phosphodiesterase 1A is highly expressed in rabbit cardiac sinoatrial nodal cells and regulates pacemaker function[END_REF], Vinogradova et al., 2018). The Authors also showed an increased Ca 2+ /CaM-activated PDE1A activity in non-lipid raft domains that is necessary to limit cAMP production by Ca 2+ -activated adenylyl cyclase in lipid raft domains of SAN cells. These findings suggest that local gradients of Ca 2+ /CaM or different affinities of adenylyl cyclase and PDE1A for Ca 2+ /CaM may impact on the balance between cAMP production and degradation, and determine the intensity of Ca 2+ -cAMP signaling that drives pacemaker function. In addition, PDE1 inhibition with 8MM-IBMX [START_REF] Conti | Biochemistry and physiology of cyclic nucleotide phosphodiesterases: essential components in cyclic nucleotide signaling[END_REF] increases the beating rate of rabbit SAN cells [START_REF] Vinogradova | Constitutive phosphodiesterase activity restricts spontaneous beating rate of cardiac pacemaker cells by suppressing local Ca2+ releases[END_REF]. In vivo data demonstrate that PDE1C (the major isoform in the human heart) ablation in mouse does not affect HR [START_REF] Knight | PDE1C deficiency antagonizes pathological cardiac remodeling and dysfunction[END_REF]. No information is available on HR in PDE1AKO mice [START_REF] Wang | Generation and phenotypic characterization of Pde1a mutant mice[END_REF]. Pharmacological inhibition of PDE1 with ITI-214 resulted in increased HR in dogs and rabbits but not in mice [START_REF] Hashimoto | Acute Enhancement of Cardiac Function by Phosphodiesterase Type 1 Inhibition[END_REF]. However, two other PDE1 inhibitors, LuAF41228 and LuAF58027 increased HR in rats [START_REF] Laursen | Novel selective PDE type 1 inhibitors cause vasodilatation and lower blood pressure in rats[END_REF].

PDE2

PDE2 enzymes are encoded by one gene, pde2a, and three isoforms are generated by alternative splicing: PDE2A1, PDE2A2 and PDE2A3 [START_REF] Francis | Phosphodiesterase inhibitors: factors that influence potency, selectivity, and action[END_REF]. PDE2 is a dual substrate esterase which has the unique property to be stimulated by cGMP but primarily hydrolyzes cAMP. PDE2 is then positionned in the center of a negative cGMP/cAMP crosstalk [START_REF] Weber | PDE2 at the crossway between cAMP and cGMP signalling in the heart[END_REF]. The table summarizes the data on PDE2 expression and its role in controlling HR. PDE2A is expressed in the mouse SAN tissue at levels comparable to the right atria and right ventricle [START_REF] Hua | Distinct patterns of constitutive phosphodiesterase activity in mouse sinoatrial node and atrial myocardium[END_REF], as well as in rabbit SAN cells (Vinogradova et al., 2018). Its inhibition by EHNA induces an increased spontaneous beating rate of rabbit SAN cells (Vinogradova et al., 2018) and AP firing in mouse SAN tissue [START_REF] Hua | Distinct patterns of constitutive phosphodiesterase activity in mouse sinoatrial node and atrial myocardium[END_REF]. Data on isolated rat right atria revealed that the selective PDE2 inhibitor Bay 607550 increases the beating rate in basal conditions but did not exacerbate the noradrenaline-induced tachycardia [START_REF] Galindo-Tovar | Phosphodiesterase PDE2 activity, increased by isoprenaline, does not reduce beta-adrenoceptor-mediated chronotropic and inotropic effects in rat heart[END_REF]. In vivo, pharmacological inhibition of PDE2 with Bay 607550 led to a significant positive chronotropic effect on top of maximal β-AR activation in healthy mice [START_REF] Vettel | Phosphodiesterase 2 Protects Against Catecholamine-Induced Arrhythmia and Preserves Contractile Function After Myocardial Infarction[END_REF]. In agreement, ECG telemetry in cardiac-specific PDE2-transgenic (TG) mice showed a marked reduction in resting and in maximal HR [START_REF] Vettel | Phosphodiesterase 2 Protects Against Catecholamine-Induced Arrhythmia and Preserves Contractile Function After Myocardial Infarction[END_REF]. Studies are ongoing in our laboratory to further define the molecular role of PDE2 in regulating SAN activity.

In addition, global KO of PDE2 is lethal in mice [START_REF] Isidori | Inhibition of type 5 phosphodiesterase counteracts beta2adrenergic signalling in beating cardiomyocytes[END_REF], and a direct relationship between PDE2A impairment and the onset of mouse congenital heart defects was reported [START_REF] Assenza | Critical role of phosphodiesterase 2A in mouse congenital heart defects[END_REF]. The authors showed that the contraction rate is faster in PDE2KO cardiomyocytes and beating was blunted more frequently compared to cardiomyocytes obtained from wild-type (WT) embryos, suggesting possible arrhythmias in PDE2KO fetal hearts [START_REF] Assenza | Critical role of phosphodiesterase 2A in mouse congenital heart defects[END_REF].

PDE3 and PDE4

PDE3 family is encoded by 2 genes pde3a and pde3b that give rise to multiple variants [START_REF] Yan | Regulation of phosphodiesterase 3 and inducible cAMP early repressor in the heart[END_REF]. PDE4 family is encoded by 3 genes in the heart (pde4a, pde4b and pde4d) that generate multiple isoforms through alternative splicing and by the use of different promoters [START_REF] Richter | Splice variants of the cyclic nucleotide phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue[END_REF]. All PDE3 and PDE4 isoforms have shown mRNA and/or protein expression in rabbit SAN cells (Vinogradova et al., 2018) and mouse SAN tissue [START_REF] Hua | Distinct patterns of constitutive phosphodiesterase activity in mouse sinoatrial node and atrial myocardium[END_REF], with PDE3A and PDE4B being predominant (Vinogradova et al., 2018). Data on the effects of individual PDE3 or PDE4 inhibition on SAN function are presented in the table.

Pharmacological inhibition of either PDE3 (with milrinone) or PDE4 (with rolipram) increases basal spontaneous beating rate in mouse [START_REF] Hua | Distinct patterns of constitutive phosphodiesterase activity in mouse sinoatrial node and atrial myocardium[END_REF][START_REF] Galindo-Tovar | Inhibitors of phosphodiesterases PDE2, PDE3, and PDE4 do not increase the sinoatrial tachycardia of noradrenaline and prostaglandin PGE(1) in mice[END_REF], rat [START_REF] Kaumann | Phosphodiesterases do not limit beta1-adrenoceptor-mediated sinoatrial tachycardia: evidence with PDE3 and PDE4 in rabbits and PDE1-5 in rats[END_REF] or rabbit SAN [START_REF] Vinogradova | Constitutive phosphodiesterase activity restricts spontaneous beating rate of cardiac pacemaker cells by suppressing local Ca2+ releases[END_REF], Vinogradova et al., 2018[START_REF] Lin | Various subtypes of phosphodiesterase inhibitors differentially regulate pulmonary vein and sinoatrial node electrical activities[END_REF]. In addition, PDE3 inhibition alone increases I Ca,L in mouse and rabbit SAN, while PDE4 inhibition only increases I Ca,L amplitude in mouse SAN, but not in rabbit [START_REF] Hua | Distinct patterns of constitutive phosphodiesterase activity in mouse sinoatrial node and atrial myocardium[END_REF], Vinogradova et al., 2018). The same conclusions were raised from individual inhibition of PDE3 or PDE4 on number and size of local SR Ca 2+ releases measured in rabbit (Vinogradova et al., 2018). In addition, concomitant inhibition of PDE3 + PDE4 (with cilostamide + rolipram) resulted in an increase in SAN cell beating rate that is comparable to the effect of non selective PDE inhibition with IBMX (Vinogradova et al., 2018). This synergistic effect of PDE3 and PDE4 is also observed on I Ca,L amplitude, number and size of local SR Ca 2+ releases and PKA-phosphorylation of PLB in rabbit SAN cells (Vinogradova et al., 2018). Whether these effects are mediated by modulation of Ca V 1.3 and/or RyR is still unknown. This might also affect other proteins of the coupled clock system such as RyR and will require further investigation. After blockade of RyR with ryanodine, dual PDE3 + PDE4 inhibition failed to increase spontaneous HR despite preserved augmentation of I Ca,L and I K [START_REF] Vinogradova | Constitutive phosphodiesterase activity restricts spontaneous beating rate of cardiac pacemaker cells by suppressing local Ca2+ releases[END_REF], indicating that modulation of the Ca 2+ clock is necessary for basal synergistic effects of PDE3 and PDE4 on HR (Vinogradova et al., 2018). Data on I f current are yet controversial with 1/ 1) findings showing that PDE4 controls cAMP levels around HCN channels in basal conditions while PDE3 is important for the β-AR/PKA regulation of I f [START_REF] St Clair | Phosphodiesterases 3 and 4 Differentially Regulate the Funny Current, If, in Mouse Sinoatrial Node Myocytes[END_REF]; and 2/ 2) findings demonstrating that the effect of dual PDE3 + PDE4 inhibition remains preserved in the absence of I f current, indicating that the I f current is not necessary for the chronotropic effect of PDE3 and PDE4 (Vinogradova et al., 2018). It was also reported that HCN channels are localized within caveolar-membrane lipid rafts of rabbit SAN cells [START_REF] Barbuti | Localization of pacemaker channels in lipid rafts regulates channel kinetics[END_REF], suggesting that cAMP-dependent regulation of I f takes place locally, possibly involving PDEs, in a subcellular space delimited by lipid rafts. However, little is known on the distribution of PDE isoforms in SAN cells. Immunofluorescence experiments revealed PDE3A and PDE4B localization beneath the sarcolemma of rabbit SANC. In addition, PDE3A is also shown to colocalize with SERCA, PLB and PDE4D in striated patterns (Vinogradova et al., 2018).

The concept of compartmentalization, amply verified in ventricular myocytes [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: the role of cyclic nucleotide phosphodiesterases[END_REF][START_REF] Mika | PDEs create local domains of cAMP signaling[END_REF][START_REF] Ghigo | cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons from FRET-based biosensors[END_REF], whereby cyclic nucleotide signaling is restricted to subcellular micro/nanodomains might also exist in SAN cells. Further studies using state-of-the-art imaging techniques as well as genetically engineered tools are necessary to precisely assess this question [START_REF] Ghigo | cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons from FRET-based biosensors[END_REF].

Very recently, the concomitant blockage of PDE3 + PDE4 was shown to attenuate the negative chronotropic effects of the bitter taste receptors (Tas2r) agonists (quinine and chloroquine) on dissected rat SAN [START_REF] Yuan | The bitter taste receptor agonist-induced negative chronotropic effects on the Langendorff-perfused isolated rat hearts[END_REF].

The impact on HR of manipulating PDE3 or PDE4 activities in vivo have been reported. Mice with PDE3A ablation displayed higher HR, while HR in PDE3B KO animals is similar to WT [START_REF] Sun | Role of phosphodiesterase type 3A and 3B in regulating platelet and cardiac function using subtype-selective knockout mice[END_REF]. When mice were challenged with isoproterenol HR was increased similarly increased in all the mice (WT vs PDE3A KO vs PDE3B KO). In PDE3A KO mice, cilostamide did not change HR. In contrast, in WT and PDE3B KO mice, cilostamide significantly increased HR. These data are consistant with a higher expression of PDE3A vs. PDE3B in SAN cells (Vinogradova et al., 2018). Accordingly, PDE3A overexpression in the heart (PDE3A TG) lowered HR in mice [START_REF] Oikawa | Cyclic nucleotide phosphodiesterase 3A1 protects the heart against ischemia-reperfusion injury[END_REF] at baseline. The isoprenalineinduced increased in HR was significantly lower in PDE3A TG mice compared to WT. Administration of milrinone at baseline or after isoprenaline isoproterenol, reduced (although did not abolish) the difference in HR between WT and PDE3A TG [START_REF] Oikawa | Cyclic nucleotide phosphodiesterase 3A1 protects the heart against ischemia-reperfusion injury[END_REF].

Pharmacological inhibition of PDE4 (with rolipram) induced an increase in HR in vivo, as well as on isolated rat hearts [START_REF] Huang | Rolipram, a PDE4 Inhibitor, Enhances the Inotropic Effect of Rat Heart by Activating SERCA2a[END_REF]. We recently generated 2 lines of transgenic mice overexpressing 15 times or 50 times PDE4B in the heart (PDE4B TG15 and PDE4B TG50). HR measured in PDE4B TG15 mice was comparable to that of WT in basal conditions, but was decreased after isoprenaline isoproterenol. In contrast, PDE4B TG50 mice displayed significant lower HR in basal conditions [START_REF] Karam | Cardiac Overexpression of PDE4B Blunts β-Adrenergic Response and Maladaptive Remodeling in Heart Failure[END_REF].

Using cutting-edge methodology By combining the single-SAN cell RNA-Seq and RIP-seq (RNA immunoprecipitation sequencing) data, Xie et al recently reported that the Cold-Inducible RNA-Binding Protein (CIRP) prevents excessive HR response to stress by targeting PDEs. They found that CIRP stabilized the mRNA of Pde4b and Pde4d by direct mRNA binding, thereby regulating the protein expression of PDE4B and PDE4D at posttranscriptional level [START_REF] Xie | Cold-Inducible RNA-Binding Protein Prevents an Excessive Heart Rate Response to Stress by Targeting Phosphodiesterase[END_REF]. The respective role of PDE4B and PDE4D in the SAN is currently under investigation in our group.

PDE8 and PDE10

The PDE8 family consists of two distinct genes pde8a and pde8b. Both PDE8A and PDE8B hydrolyze selectively cAMP with a very high affinity. PDE10A is a dual cAMP-cGMP PDE [START_REF] Soderling | Isolation and characterization of a dualsubstrate phosphodiesterase gene family: PDE10A[END_REF] and was recently shown to be upregulated in human and mouse failing hearts. Data on the potential roles of PDE8 and PDE10 in modulating heart rate are scarse (Table ). While no data are available on the potential role of PDE8 in modulating heart rate in vivo or in vitro [START_REF] Patrucco | Phosphodiesterase 8A (PDE8A) regulates excitation-contraction coupling in ventricular myocytes[END_REF], no changes in HR were observed in global PDE10KO mice, nor after pharmacological inhibition of PDE10 by TP-10 (Chen et al., 2020).

PDE5 and PDE9

PDE5A selectively hydrolyzes cGMP and its activity is enhanced by PKG-or PKAdependent phosphorylation [START_REF] Corbin | Phosphorylation of phosphodiesterase-5 by cyclic nucleotide-dependent protein kinase alters its catalytic and allosteric cGMP-binding activities[END_REF]. PDE5 expression in the heart under normal physiological conditions is low, but its expression is increased in human right ventricular hypertrophy as well as in left ventricles from patients with dilated and ischemic cardiomyopathy [START_REF] Pokreisz | Ventricular phosphodiesterase-5 expression is increased in patients with advanced heart failure and contributes to adverse ventricular remodeling after myocardial infarction in mice[END_REF]. In vivo and in vitro data on the role of PDE5 in heart rate regulation are reported in the table. Selective pharmacological inhibition of PDE5 with sildenafil causes a modest increase in beating rate in rat right atria [START_REF] Kaumann | Phosphodiesterases do not limit beta1-adrenoceptor-mediated sinoatrial tachycardia: evidence with PDE3 and PDE4 in rabbits and PDE1-5 in rats[END_REF], and rabbit isolated SAN [START_REF] Lin | Various subtypes of phosphodiesterase inhibitors differentially regulate pulmonary vein and sinoatrial node electrical activities[END_REF]. Overexpression of PDE5 in mice did not modify basal or dobutamineinduced increase in HR in vivo [START_REF] Pokreisz | Ventricular phosphodiesterase-5 expression is increased in patients with advanced heart failure and contributes to adverse ventricular remodeling after myocardial infarction in mice[END_REF]. A mouse model with doxycyclinecontrollable myocyte-specific PDE5 gene expression was generated but no data on HR were reported [START_REF] Zhang | Myocardial remodeling is controlled by myocyte-targeted gene regulation of phosphodiesterase type 5[END_REF].

PDE9A has a higher affinity and selectivity for cGMP than PDE5A. The two cGMP-selective enzymes share only 28% homology [START_REF] Fisher | Isolation and characterization of PDE9A, a novel human cGMP-specific phosphodiesterase[END_REF]. PDE9A is expressed in mammalian heart including humans and is upregulated in hypertrophy and heart failure [START_REF] Lee | Phosphodiesterase 9A controls nitric-oxide-independent cGMP and hypertrophic heart disease[END_REF]. In a mouse model of diastolic dysfunction where PDE9A is upregulated, its chronic inhibition enhances cGMP-PKG activity and reduces left ventricular diastolic stiffness, but also suppresses the compensatory enhancement of contractile function resulting in systolic dysfunction and ventricular-arterial discoordination [START_REF] Methawasin | Phosphodiesterase 9a Inhibition in Mouse Models of Diastolic Dysfunction[END_REF]. No data are available on the role of PDE9A in modulating HR.

Table: Expression of PDE isoforms in the SAN and their role in controlling heart rate

HR, heart rate; SAN, sinotrial node; PDE, phosphodiesterase; KO: knockout; TG, transgenic

PDEs are the nodes of signaling crosstalks in SAN cells

As mentionned in the previous sections, PDEs are at the crossroad of multiple cellular signaling pathways such as the Ca 2+ -cAMP signaling or the cAMP-cGMP signaling (Figure 3).

The cAMP/PKA pathway is only one of the components involved in the regulation of cardiac function. Many of the excitation-contraction coupling actors are also regulated by CaMKII and this applies to SAN [START_REF] Vinogradova | Sinoatrial node pacemaker activity requires Ca(2+)/calmodulin-dependent protein kinase II activation[END_REF][START_REF] Wu | CaMKII in sinoatrial node physiology and dysfunction[END_REF][START_REF] Li | CaMKII-dependent phosphorylation regulates basal cardiac pacemaker function via modulation of local Ca2+ releases[END_REF]. CaMKII activity is enhanced upon β-AR stimulation directly by Ca 2+ or indirectly via Epac. Mika et al have defined the mechanisms integrating CaMKII activity with cAMP/PKA signaling in ventricular myocytes [START_REF] Mika | A CaMKII/PDE4D negative feedback regulates cAMP signaling[END_REF]. They showed that in ventricular myocytes CaMKII regulates cAMP levels, both under basal conditions and upon β-AR stimulation via phosphorylation and activation of PDE4D. Moreover, an increased PDE4D activation by PKA after CaMKII phosphorylation was also demonstrated [START_REF] Mika | A CaMKII/PDE4D negative feedback regulates cAMP signaling[END_REF][START_REF] Mika | PDE4D phosphorylation: A coincidence detector integrating multiple signaling pathways[END_REF]. In these conditions, cAMP levels are controlled by a double negative feedback whereby an increase in cAMP activates PDE4D through PKA or CaMKII, promoting cAMP degradation. Whether this feedback mechanism exists in SAN cells remains unknown. The Ca 2+ /cAMP crosstalk is of evident interest in the SAN since the Ca 2+ -activated adenylyl cyclases (AC1 and AC8 [START_REF] Robinson | Autonomic modulation of sinoatrial node: Role of pacemaker current and calcium sensitive adenylyl cyclase isoforms[END_REF]) expressed in pacemaker cells generate high cAMP activity and is coupled to high basal PDE activity and this balance determines the intensity of Ca 2+ /cAMP signaling that drives pacemaker function. We reported that 2-month-and 12-month-old mice overexpressing AC8 display higher HR than WT mice ubder basal conditions [START_REF] Mougenot | Cardiac adenylyl cyclase overexpression precipitates and aggravates age-related myocardial dysfunction[END_REF]. These data are consistent with findings obtained in double AC1 and AC8 KO mice showing that removing Ca 2+ -sensitive adenylyl cyclase isoforms in SAN cells alters currents relevant to automaticity [START_REF] Robinson | Autonomic modulation of sinoatrial node: Role of pacemaker current and calcium sensitive adenylyl cyclase isoforms[END_REF]. Another element at the junction between Ca 2+ and cAMP pathways is PDE1, that has the property to be directly regulated by Ca 2+ (activated by CaM complex or CaMKII phosphorylation). As mentioned in section 5, adenylyl cyclases and PDE1 sense changes in Ca 2+ or CaM and respond by cAMP production and degradation. Cyclic AMP in turn activates PKA and thereby increases intracellular Ca 2+ . On one hand, PKA phosphorylation of PDE1 decreases its activity, leading to a feed forward effect to increase cAMP. On the other hand, Ca 2+ /CaM-dependent phosphotases dephosphorylate PDE1A, limiting PKA-dependent phosphorylation of PDE1A. Both positive and negative feedbacks involving PDE1 balance the Ca 2+ /CaM-AC-cAMP-PKA-signaling [START_REF] Lukyanenko | Ca(2+)/calmodulin-activated phosphodiesterase 1A is highly expressed in rabbit cardiac sinoatrial nodal cells and regulates pacemaker function[END_REF].

A cAMP/cGMP crosstalk also occurs in SAN cells. The production of cAMP or cGMP activates respectively PKA or PKG both known to phosphorylate PDEs, thereby modulating cyclic nucleotide levels. Specifically, PKA stimulates PDE3 and PDE4, which degrades cAMP, while PKG activates PDE5, thus hydrolyzing cGMP. These regulations are interconnected since cGMP activates PDE2 (cAMP degradation), but inhibits PDE3 (cAMP increase). In addition, PKA phosphorylation of PDE5 increases its cGMP-hydrolytic activity. The final outcome of these modulations will depend depends on the affinity and efficiency of PDEs (K m , V max ) as well as cyclic nucleotide concentration in the cell (Conti andBeavo, 2007, Zaccolo and[START_REF] Zaccolo | cAMP and cGMP signaling cross-talk: role of phosphodiesterases and implications for cardiac pathophysiology[END_REF]. Such an interplay between cAMP and cGMP pathways has been demonstrated in SAN. PDE5 inhibition with sildenafil decreased the β-AR induced increase in mouse SAN beating rate, and this response was reversed by PDE2 inhibition with EHNA [START_REF] Isidori | Inhibition of type 5 phosphodiesterase counteracts beta2adrenergic signalling in beating cardiomyocytes[END_REF]. β-AR stimulation increases cAMP/PKA signaling, hence beating rate. PDE5 inhibition increases cGMP levels, activating PDE2 and decreasing cAMP, hence reducing HR [START_REF] Isidori | Inhibition of type 5 phosphodiesterase counteracts beta2adrenergic signalling in beating cardiomyocytes[END_REF].

Additional studies are necessary to draw the complete picture of signaling crosstalks in SAN cells.

Concluding remarks

Although a vast amount of work has been done to understand the generation of heart beats (Lakatta andDiFrancesco, 2009, DiFrancesco, 2019), the intracellular mechanisms for hormonal regulation of SAN activity are still elusive. Many neurohormonal factors influence SAN activity, but share common intracellular pathways. Lessons from the ventricles indicate that cyclic nucleotide signaling in cardiac cells occurs within discrete subcellular compartments, and that PDEs participate in that compartmentalization by controlling when and where cyclic nucleotide hydrolysis occurs [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: the role of cyclic nucleotide phosphodiesterases[END_REF]. In light of this, it is apparent that alterations in PDE expression and activity are linked to alterations in cAMP and cGMP causing pathological disorders [START_REF] Preedy | Cardiac Cyclic Nucleotide Phosphodiesterases: Roles and Therapeutic Potential in Heart Failure[END_REF]. As highlighted in this review and despite appealing suggestions of cyclic nucleotide compartmentation in SAN, this concept has not been precisely addressed in SAN cells. To fill this gap, pioneering tools developed for investigating the organization and the function of the major CN microdomains, including the plasma membrane, the sarcoplasmic reticulum, the nucleus… will be necessary [START_REF] Ghigo | cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons from FRET-based biosensors[END_REF]. Similarly, experiments using live-cell imaging with localized PKA probes are required for a precise definition of PKA compartmentation [START_REF] Ghigo | cAMP/PKA signaling compartmentalization in cardiomyocytes: Lessons from FRET-based biosensors[END_REF]. In addition, specific control of PKA and PKG activities by anchoring proteins in SAN cells has not been reported yet. A-kinase anchoring proteins (AKAPs) spatially and temporally restrict and control PKA activity, allowing for targeted substrate phosphorylation [START_REF] Ercu | Roles of A-Kinase Anchoring Proteins and Phosphodiesterases in the Cardiovascular System[END_REF]. Tethering of PKG to specific intracellular locations is much less evident and will require further investigation. Finally, the identity of the PDEs that control the two more recent cyclic nucleotide targets in SAN cells, Popdc and Epac, have not been revealed. To conclude, several grey 
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 1 Figure 1: Neurohormonal regulation of the coupled-clock system in sinoatrial node cell I f , 'funny' current; I ks , slowly activating potassium current; I kr , rapidly activating potassium current; I NCX , Sodium/Calcium exchanger current; I Ca,L , L-type calcium current; I Ca,T , T-type calcium current; Ist, sustained Na + current; I KACh , acetylcholine-sensitive potassium current; Popdc, popeye domain containing protein; RyR, ryanodine receptor; PLB, phospholamban; AC, adenylyl cyclase; PKA, cAMP-dependant protein kinase; PKG, cGMP-dependant protein kinase; NPR-A, -B, -C, natriuretic peptide receptor type A, B, C; GC, guanylyl cyclase; sGC, soluble guanylyl cyclase; NO, nitric oxide; PDE, phosphodiesterase P PKA-phosphorylation
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 2 Figure 2: Phosphodiesterases expressed in the heart PDE, phosphodiesterase; CaM, calmodulin; PKA, cAMP-dependent protein kinase; CaMKII, Calcium/calmodulin-dependent kinase II; GAF, cGMP activated PDEs, Adenylyl cyclase, and Fh1A domain; UCR, upstream conserved region; PKB, Protein kinase B; PKG, cGMP-dependent protein kinase; PAS, Period, aryl-hydrocarbon receptor nuclear translocator (ARNT), and Single-minded domain; TM domain, transmembrane domain; ERK2, extracellular signal-regulated kinase 2 Adapted from Conti and Beavo[START_REF] Conti | Biochemistry and physiology of cyclic nucleotide phosphodiesterases: essential components in cyclic nucleotide signaling[END_REF] 
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 3 Figure 3: Signaling crosstalks in the sinoatrial node cell AC, adenylyl cyclase; PKA, cAMP-dependent protein kinase; PKG, cGMPdependent protein kinase; NPR-A, -B, -C, natriuretic peptide receptor type A, B, C; GC, guanylyl cyclase; sGC, soluble guanylyl cyclase; NO, nitric oxide; PDE, phosphodiesterase; CaM, calmodulin; CaMKII, calcium/calmodulin-dependent kinase II
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 13 Figure 1: Neurohormonal regulation of the coupled-clock system in sinoatrial node cell I f , 'funny' current; I ks , slowly activating potassium current; I kr , rapidly activating potassium current; I NCX , Sodium/Calcium exchanger current; I Ca,L , L-type calcium current; I Ca,T , T-type calcium current; I st , sustained Na+ current; I KACh , acetylcholine-sensitive potassium current; Popdc, popeye domain containing protein; RyR, ryanodine receptor; PLB, phospholamban; AC, adenylyl cyclase; PKA, cAMP-dependant protein kinase; PKG, cGMP-dependant protein kinase; NPR-A, -B, -C, natriuretic peptide receptor type A, B, C; GC, guanylyl cyclase; sGC, soluble guanylyl cyclase; NO, nitric oxide; PDE, phosphodiesterase P PKA-phosphorylation
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