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In the light of the knowledge accumulated over the years, it becomes clear that intracellular cAMP is not uniformly distributed within cardiomyocytes and that cAMP compartmentation is required for adequate processing and targeting of the information generated at the membrane. Localized cAMP signals may be generated by interplay between discrete production sites and restricted diffusion within the cytoplasm. In addition to specialized membrane structures that may limit cAMP spreading, degradation of the second messenger by cyclic nucleotide phosphodiesterases (PDEs) appears critical for the formation of dynamic microdomains that confer specificity of the response to various hormones. This review will cover the role of the different cAMP-PDE isoforms in this process.

Introduction

The cAMP pathway is one of the most common and versatile signal pathways in eukaryotic cells and is involved in regulation of cellular functions in almost all tissues in mammals [START_REF] Tasken | Localized effects of cAMP mediated by distinct routes of protein kinase A[END_REF]. In the heart, the cAMP pathway regulates cardiac contractility, relaxation, automaticity, metabolism and gene expression. It is a major pathway involved in the sympathetic regulation of heart function [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: The role of cyclic nucleotide phosphodiesterases[END_REF]. In this setting, noradrenaline released from intracardiac nerve terminals activates cardiac β-adrenergic receptors (β-ARs), which trigger in sequence Gs protein activation of adenylyl cyclase (AC), cAMP synthesis and protein kinase A (PKA) activation. PKA then phosphorylates several key proteins involved in excitation-contraction (EC) coupling, such as L-type Ca 2+ channels (LTCC), phospholamban (PLB), ryanodine receptors (RyR), troponin I (TnI) and myosin binding protein-C (MyBP-C) [START_REF] Bers | Cardiac excitation-contraction coupling[END_REF]. Cyclic AMP has also PKA-independent targets in the heart, such as the small G protein exchange factor Epac (Exchange Protein directly Activated by cAMP) [START_REF] De Rooij | Epac is a Rap1 guanine-nucleotide-exchange factor directly activated by cyclic AMP[END_REF] involved in hypertrophic growth [START_REF] Morel | The cAMP-binding protein Epac induces cardiomyocyte hypertrophy[END_REF][START_REF] Métrich | Exchange protein activated by cAMP (Epac) mediates ß-adrenergic receptor-induced cardiomyocyte hypertrophy[END_REF] and HCN cyclic nucleotide-gated ion channels underlying the pacemaker current, If [START_REF] Barbuti | Control of cardiac rate by "funny" channels in health and disease[END_REF].

There is a large body of data supporting the hypothesis that cAMP signaling in cardiac cells occurs within discrete subcellular compartments (reviewed in [START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF]). Early evidence for the compartmentation of cAMP signaling was provided by the observation that activation of β-ARs by catecholamines and of prostanoid EP receptors (EP-R) by prostaglandin E1 (PGE1) similarly increased cAMP but elicited different effects in isolated perfused hearts [START_REF] Corbin | Characterization and regulation of heart adenosine 3':5'monophosphate-dependent protein kinase isozymes[END_REF][START_REF] Keely | Prostaglandin E1 activation of heart cAMP-dependent protein kinase: apparent dissociation of protein kinase activation from increases in phosphorylase activity and contractile force[END_REF]. A first clue to this paradoxical observation was the identification of two PKA isozymes (PKAI and PKAII) in myocardium, differing by the nature of their regulatory subunits (called RI and RII) and by their distribution: whereas PKAI was mostly soluble, PKAII was associated to the particulate fraction [START_REF] Corbin | Characterization and regulation of heart adenosine 3':5'monophosphate-dependent protein kinase isozymes[END_REF][START_REF] Corbin | Compartmentalization of adenosine 3':5'-monophosphate and adenosine 3':5'-monophosphate-dependent protein kinase in heart tissue[END_REF]. Whereas β-AR stimulation activated cAMP-dependent protein kinase (PKA) in both soluble and particulate fractions and caused activation of glycogenolytic enzymes and phosphorylation of the myofilament protein troponin I (TnI), EP-R stimulation only increased PKA in the soluble fraction and failed to stimulate glycogen metabolism, contractile activity and TnI phosphorylation [START_REF] Buxton | Compartments of cyclic AMP and protein kinase in mammalian cardiomyocytes[END_REF][START_REF] Hayes | Selective activation of particulate cAMPdependent protein kinase by isoproterenol and prostaglandin E1[END_REF][START_REF] Brunton | Hormonally specific phosphorylation of cardiac troponin I and activation of glycogen phosphorylase[END_REF][START_REF] Hayes | Hormonally specific expression of cardiac protein kinase activity[END_REF]. Similar results were reproduced in isolated myocytes, thus indicating that the differences observed had a subcellular basis and were not due to the different cell types present in the whole heart [START_REF] Buxton | Compartments of cyclic AMP and protein kinase in mammalian cardiomyocytes[END_REF]. Subsequently, β1-ARs and β2-ARs were found to elicit qualitatively different responses in isolated cardiac myocytes. In contrast to β1-AR stimulation, which leads to the phosphorylation of LTCC, RyR2, PLB, TnI and MyBP-C, in rat ventricular myocytes β2-AR signalling appears restricted to the plasma membrane and LTCC regulation, thus inducing a modest inotropic effect without hastening relaxation [START_REF] Xiao | ß1-Adrenoceptor stimulation and ß2-adrenoceptor stimulation differ in their effects on contraction, cytosolic Ca 2+ , and Ca 2+ current in single rat ventricular cells[END_REF][START_REF] Xiao | ß2-adrenergic receptor-stimulated increase in cAMP in rat heart cells is not coupled to changes in Ca 2+ dynamics, contractility, or phospholamban phosphorylation[END_REF][START_REF] Calaghan | Compartmentalisation of cAMP-dependent signalling by caveolae in the adult cardiac myocyte[END_REF]. A similarly localised β2-AR signaling occurs in dog ventricular myocytes, although in this case β2-AR stimulation still accelerates relaxation [START_REF] Xiao | ß2-adrenergic receptor-stimulated increase in cAMP in rat heart cells is not coupled to changes in Ca 2+ dynamics, contractility, or phospholamban phosphorylation[END_REF][START_REF] Altschuld | Response of failing canine and human heart cells to beta(2)-adrenergic stimulation[END_REF][START_REF] Kuschel | ß2-adrenergic cAMP signaling is uncoupled from phosphorylation of cytoplasmic proteins in canine heart[END_REF]. However, others found that in rat ventricular myocytes, β2-AR stimulation enhanced PKA-dependent PLB phosphorylation and accelerated relaxation, although it failed to phosphorylate TnI and phosphorylase a [START_REF] Bartel | New insights into ß2-adrenoceptor signaling in the adult rat heart[END_REF]. Besides β-ARs and EP-R, a given cardiac myocyte expresses several other receptors coupled to stimulatory G proteins (GsPCR), for instance glucagon receptors (Glu-R) and glucagon-like peptide-1 receptors (GLP1-R). Activation of these receptors also leads to cAMP elevation, however the contractile and metabolic effects of Glu-R are typically not sustained (tachyphylaxis) [START_REF] Farah | Glucagon and the heart[END_REF][START_REF] Mj | Rolipram reduces the inotropic tachyphylaxis of glucagon in rat ventricular myocardium[END_REF] whereas GLP1-R stimulation exerts a modest negative inotropic effect despite an increase in total cAMP which is comparable to that elicited by a β-AR stimulation [START_REF] Vila Petroff | Glucagon-like peptide-1 increases cAMP but fails to augment contraction in adult rat cardiac myocytes[END_REF]. Recently, electrophysiological and imaging approaches that resolve cAMP signals at the subcellular level in intact cardiomyocytes confirmed that β1-AR, β2-AR, EP-R, Glu-R and GLP1-R generate distinct cAMP signals that differentially regulate PKA targets such as LTCC, PLB, and TnI [START_REF] Rochais | A specific pattern of phosphodiesterases controls the cAMP signals generated by different Gs-coupled receptors in adult rat ventricular myocytes[END_REF][START_REF] Warrier | cAMP microdomains and L-type Ca 2+ channel regulation in guinea-pig ventricular myocytes[END_REF][START_REF] Benedetto | Protein kinase A type I and type II define distinct intracellular signaling compartments[END_REF][START_REF] Agarwal | Effects of cholesterol depletion on compartmentalized cAMP responses in adult cardiac myocytes[END_REF]. Using ratiometric fluorescence resonance energy transfer (FRET) sensors for cAMP fused with the dimerization/docking domain of the RIα and the RIIβ regulatory subunits of PKA, Di Benedetto et al. [START_REF] Benedetto | Protein kinase A type I and type II define distinct intracellular signaling compartments[END_REF] showed that cAMP generated by isoprenaline (Iso) increases cAMP preferentially in the RII compartment, whereas GLP-1, glucagon and PGE1 stimulation resulted in larger increases in cAMP in the RI compartment. This was associated with the phosphorylation of PLB, TnI and β2-AR by Iso but not by PGE1. Altogether, these observations indicate that the cell is able to distinguish between different stimuli acting via the same second messenger, and raise the question of the mechanisms involved.

A first element to answer this question is the uneven localization of the components of the cAMP signaling pathway within discrete compartments of the cell. In ventricular cells, invagination of the plasma membrane forms a transverse tubular network whose major function is the synchronization of Ca 2+ release during excitation-contraction coupling (ECC) [START_REF] Brette | T-tubule function in mammalian cardiac myocytes[END_REF]. Together with proteins involved in Ca 2+ movements across the plasma membrane, such as LTCC [START_REF] Gao | Identification and subcellular localization of the subunits of L-type calcium channels and adenylyl cyclase in cardiac myocytes[END_REF][START_REF] Hulme | ß-adrenergic regulation requires direct anchoring of PKA to cardiac Cav1.2 channels via a leucine zipper interaction with A kinase-anchoring protein 15[END_REF], the Na + /Ca 2+ exchanger [START_REF] Yang | Na + -Ca 2+ exchange activity is localized in the T-tubules of rat ventricular myocytes[END_REF] and the plasma membrane Ca 2+ ATPase [START_REF] Despa | Na/Ca exchange and Na/K-ATPase function are equally concentrated in transverse tubules of rat ventricular myocytes[END_REF][START_REF] Chase | Ca efflux via the sarcolemmal Ca ATPase occurs only in the ttubules of rat ventricular myocytes[END_REF], several components of the cAMP pathway were found to be enriched in the Ttubules: Gs proteins [START_REF] Laflamme | Gs and adenylyl cyclase in transverse tubules of heart: implications for cAMP-dependent signaling[END_REF], AC5/6 [START_REF] Gao | Identification and subcellular localization of the subunits of L-type calcium channels and adenylyl cyclase in cardiac myocytes[END_REF][START_REF] Laflamme | Gs and adenylyl cyclase in transverse tubules of heart: implications for cAMP-dependent signaling[END_REF], phosphodiesterase (PDE) type 3 and 4 [START_REF] Lugnier | Characterization of indolidan-sensitive and rolipram-sensitive cyclic nucleotide phosphodiesterases in canine and human cardiac microsomal fractions[END_REF][START_REF] Mongillo | Fluorescence resonance energy transfer-based analysis of cAMP dynamics in live neonatal rat cardiac myocytes reveals distinct functions of compartmentalized phosphodiesterases[END_REF], PKA regulatory subunits and anchoring proteins (AKAPs) [START_REF] Yang | A-kinase anchoring protein 100 (AKAP100) is localized in multiple subcellular compartments in the adult rat heart[END_REF]. So far, GsPCR localization in cardiac myocytes has proved difficult due to low expression levels of these proteins and insufficient antibody specificity. Using an elegant combination of scanning ion conductance microscopy with cAMP imaging by FRET, Nikolaev et al. recently provided evidence that β2-ARs are localized in T-tubules in healthy ventricular myocytes, in contrast to β1-ARs which are more evenly distributed throughout the plasma membrane [START_REF] Nikolaev | ß2-Adrenergic receptor redistribution in heart failure changes cAMP compartmentation[END_REF]. Other microdomains of high interest for cAMP signal transduction are caveolae, where a number of components of the cAMP pathway were shown to be localized [START_REF] Ostrom | Receptor number and caveolar co-localization determine receptor coupling efficiency to adenylyl cyclase[END_REF]. The role of caveolae in signalling compartmentation being the focus of an accompanying review, it will not be developed here.

Within the above described microdomains, cAMP signalling components are organized into multiprotein complexes, an arrangement that increases both efficiency and specificity of the transduction cascade. AKAPs play an essential role in these arrangements.

AKAPs form a large family of proteins comprising >50 members whose primary function is to anchor PKA in the vicinity of its substrates, thus ensuring the preferential phosphorylation of a limited number of targets [START_REF] Scott | A-kinase anchoring proteins: getting to the heart of the matter[END_REF]. Importantly, AKAPs not only bind PKA but act as scaffold proteins for other signalling components including phosphatases 1 and 2 [START_REF] Marx | PKA phosphorylation dissociates FKBP12.6 from the calcium release channel (Ryanodine receptor): Defective regulation in failing hearts[END_REF][START_REF] Marx | Requirement of a macromolecular signaling complex for β adrenergic receptor modulation of the KCNQ1-KCNE1 potassium channel[END_REF],

Epac [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF], adenylyl cyclase (AC) type 5/6 [START_REF] Bauman | Dynamic regulation of cAMP synthesis through anchored PKA-adenylyl cyclase V/VI complexes[END_REF] and PDE4D [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF][START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF][START_REF] Terrenoire | The cardiac IKs potassium channel macromolecular complex includes the phosphodiesterase PDE4D3[END_REF]. More details about AKAPs in cardiac signalling can be found in an accompanying review in this issue of JMCC.

How is the specificity of the response to the various hormones maintained when they share a small diffusible molecule such as cAMP? Localized cyclic nucleotide signals may be generated by the interplay between discrete production sites and restricted diffusion within the cytoplasm. Restricted diffusion of cAMP may be achieved by several means. A first possibility is that physical barriers are created by specialized membrane structures within the cytoplasm. This was initially proposed to explain the differences in cAMP concentration elicited by PGE1 at the plasma membrane and in the bulk cytosol of HEK293 cells, although an experimental proof that this actually occurs is still lacking [START_REF] Rich | Cyclic nucleotide-gated channels colocalize with adenylyl cyclase in regions of restricted cAMP diffusion[END_REF]. However, another important mechanism that limits cAMP diffusion is cAMP buffering by PKA regulatory subunits [START_REF] Nikolaev | ß2-Adrenergic receptor redistribution in heart failure changes cAMP compartmentation[END_REF][START_REF] Saucerman | Systems analysis of PKA-mediated phosphorylation gradients in live cardiac myocytes[END_REF] and degradation of the second messenger by PDEs, which appears critical for the formation of dynamic microdomains that confer specificity of the response [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: The role of cyclic nucleotide phosphodiesterases[END_REF][START_REF] Scott | A-kinase anchoring proteins: getting to the heart of the matter[END_REF].

PDEs and cAMP compartmentation

At least 11 PDE families including 20 genes and about 50 isoforms are identified on the basis of primary amino acid (AA) sequence as well as kinetic and regulatory properties [START_REF] Beavo | Cyclic nucleotide phosphodiesterases in health and disease[END_REF]. All PDEs harbor a C-terminal catalytic domain of about 270 AA, of which 20-25% are identical in isozymes belonging to different subfamilies. On the other hand, the N-terminal regulatory domain of PDEs has a unique AA sequence in each PDE subfamily, and it contains dimerization domains, binding sites for specific regulators of isozyme activity as well as phosphorylation sites targeted by protein kinases, and membrane-associated domains anchoring PDE isozymes to discrete subcellular compartments [START_REF] Beavo | Cyclic nucleotide phosphodiesterases in health and disease[END_REF][START_REF] Conti | Biochemistry and physiology of cyclic nucleotide phosphodiesterases: Essential components in cyclic nucleotide signaling[END_REF]. Classically, 4 of these 11 PDE families are responsible for cAMP degradation in heart [START_REF] Osadchii | Myocardial phosphodiesterases and regulation of cardiac contractility in health and cardiac disease[END_REF]: PDE1, PDE2, PDE3 and PDE4. While PDE1 and PDE2 can hydrolyse both cAMP and cGMP, PDE3 preferentially hydrolyses cAMP and PDE4 is specific for cAMP. PDE1 is activated by Ca 2+ /calmodulin complex; PDE2 is stimulated by cGMP binding to amino terminal allosteric regulatory sites known as GAF domains; PDE3 has a similar Km for cAMP and cGMP but a higher Vmax for the former, making it a cGMP-inhibited cAMP-PDE; and PDE4 is activated by PKA [START_REF] Conti | Biochemistry and physiology of cyclic nucleotide phosphodiesterases: Essential components in cyclic nucleotide signaling[END_REF]. PDE1 is encoded by 3 genes (PDE1A-C), PDE2 by one gene (PDE2A), PDE3 by 2 genes (PDE3A and PDE3B) and PDE4 by 4 genes (PDE4A-D). Cardiac myocytes express 2 forms of PDE2A [START_REF] Sonnenburg | Molecular Cloning of a Cyclic GMP-Stimulated Cyclic Nucleotide Phosphodiesterase cDNA -Identification and Distribution of Isozyme Variants[END_REF], 3 forms of PDE3A [START_REF] Wechsler | Isoforms of cyclic nucleotide phosphodiesterase PDE3A in cardiac myocytes[END_REF] and more than 5 forms of PDE4 encoded by PDE4A, PDE4B and PDE4D [START_REF] Kostic | Altered expression of PDE1 and PDE4 cyclic nucleotide phosphodiesterase isoforms in 7-oxo-prostacyclin-preconditioned rat heart[END_REF][START_REF] Richter | Splice variants of the cyclic nucleotide phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue[END_REF][START_REF] Abi-Gerges | Decreased expression and activity of cAMP phosphodiesterases in cardiac hypertrophy and its impact on ßadrenergic cAMP signals[END_REF]. A fifth PDE, PDE8A, specifically hydrolyzes cAMP and was shown recently to control ECC in mouse cardiac myocytes [START_REF] Patrucco | Phosphodiesterase 8A (PDE8A) regulates excitation-contraction coupling in ventricular myocytes[END_REF].

Many studies investigated PDE activities in heart homogenates or isolated cardiomyocytes. While the four PDE isoenzymes (PDE1, PDE2, PDE3 and PDE4) are present in mammalian cardiac tissue, their level of expression is highly dependent on the species investigated. In rats and mice, PDE4 represents the major cAMP-PDE, contributing for up to 60% of total cAMP-hydrolytic activity, whereas PDE3 accounts for 20 to 30% [START_REF] Georget | Cyclic AMP compartmentation due to increased cAMPphosphodiesterase activity in transgenic mice with a cardiac-directed expression of the human adenylyl cyclase type 8 (AC8)[END_REF][START_REF] Xiang | Phosphodiesterase 4D is required for ß2 adrenoceptor subtype-specific signaling in cardiac myocytes[END_REF][START_REF] Leroy | Spatiotemporal dynamics of ß-adrenergic cAMP signals and L-type Ca 2+ channel regulation in adult rat ventricular myocytes: Role of phosphodiesterases[END_REF][START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF], and PDE2 and PDE1 representing the remaining activity. The prevalence of PDE4 is further exaggerated because PKA phosphorylates and activates the long forms of these enzymes [START_REF] Sette | Phosphorylation and activation of a cAMP-specific phosphodiesterase by the cAMP-dependent protein kinase -Involvement of serine 54 in the enzyme activation[END_REF][START_REF] Oki | Short term feedback regulation of cAMP in FRTL-5 thyroid cells. Role of PDE4D3 phosphodiesterase activation[END_REF]. In rat cardiac myocytes, this provides an important negative feedback loop by which PKA limits excessive cAMP accumulation during β-AR stimulation [START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF][START_REF] Leroy | Spatiotemporal dynamics of ß-adrenergic cAMP signals and L-type Ca 2+ channel regulation in adult rat ventricular myocytes: Role of phosphodiesterases[END_REF][START_REF] Rochais | Negative feedback exerted by PKA and cAMP phosphodiesterase on subsarcolemmal cAMP signals in intact cardiac myocytes. An in vivo study using adenovirus-mediated expression of CNG channels[END_REF]. In the heart of other rodents such as rabbits, guinea pigs or hamsters, PDE1 was found to be predominant followed by PDE2 and PDE3, with less activity represented by PDE4 [START_REF] Reeves | The identification of a new cyclic nucleotide phosphodiesterase activity in human and guinea-pig cardiac ventricle. Implications for the mechanism of action of selective phosphodiesterase inhibitors[END_REF][START_REF] Shahid | Comparison of cyclic nucleotide phosphodiesterase isoenzymes in rat and rabbit ventricular myocardium -Positive inotropic and phosphodiesterase inhibitory effects of Org-30029, milrinone and rolipram[END_REF][START_REF] Masunaga | Changes in cyclic nucleotide phosphodiesterase activity and calmodulin concentration in heart muscle of cardiomyopathic hamsters[END_REF].

In human heart, PDE4 activity represents only 10% of total PDE activity [START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF][START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF][START_REF] Reeves | The identification of a new cyclic nucleotide phosphodiesterase activity in human and guinea-pig cardiac ventricle. Implications for the mechanism of action of selective phosphodiesterase inhibitors[END_REF][START_REF] Shahid | Comparison of cyclic nucleotide phosphodiesterase isoenzymes in rat and rabbit ventricular myocardium -Positive inotropic and phosphodiesterase inhibitory effects of Org-30029, milrinone and rolipram[END_REF][START_REF] Masunaga | Changes in cyclic nucleotide phosphodiesterase activity and calmodulin concentration in heart muscle of cardiomyopathic hamsters[END_REF] while other PDE families represent the vast majority of the hydrolytic cAMP activity [START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF][START_REF] Hambleton | Isoforms of cyclic nucleotide phosphodiesterase PDE3 and their contribution to cAMP-hydrolytic activity in subcellular fractions of human myocardium[END_REF] distributed between PDE1, PDE2 and PDE3 [START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF][START_REF] Hambleton | Isoforms of cyclic nucleotide phosphodiesterase PDE3 and their contribution to cAMP-hydrolytic activity in subcellular fractions of human myocardium[END_REF][START_REF] Vandeput | Cyclic nucleotide phosphodiesterase PDE1C in human cardiac myocytes[END_REF]].

An early evidence of the contribution of PDEs to intracellular cyclic nucleotide compartmentation was obtained by comparing the effects of the non selective β-AR agonist Iso, or the nonselective PDE inhibitor, 3-isobutyl-1-methylxanthine (IBMX), or the PDE3 inhibitor, milrinone, in guinea pig perfused hearts. Whereas each of these treatments increased intracellular cAMP and produced positive inotropic and lusitropic effects, differences in the phosphorylation pattern of PLB, TnI and MyBP-C by PKA were observed [START_REF] Rapundalo | Inotropic responses to isoproterenol and phosphodiesterase inhibitors in intact guinea pig hearts: comparison of cyclic AMP levels and phosphorylation of sarcoplasmic reticulum and myofibrillar proteins[END_REF]. These results were attributed to a functional cellular compartmentation of cAMP and PKA substrates due to a different expression of PDEs at the membrane and in the cytosol [START_REF] Weishaar | Subclasses of cyclic AMP-specific phosphodiesterase in left ventricular muscle and their involvement in regulating myocardial contractility[END_REF]. In canine ventricular myocytes, increase in particulate but not total cAMP correlated with increase in Ca 2+ transient amplitude and decay kinetics [START_REF] Hohl | Compartmentation of cAMP in adult canine ventricular myocytes -Relation to single-cell free Ca 2+ transients[END_REF]. In response to β-AR stimulation, about 45% of the total cAMP was found in the particulate fraction but this fraction declined to <20% when IBMX was added to Iso, although cAMP production was up to 3-4 fold greater. These results show that cAMP-PDEs reside predominantly in the cytoplasm, where they prevent excessive cAMP accumulation upon β-AR activation. Thus PDEs appear important to maintain the specificity of the β-AR response by limiting the amount of cAMP diffusing from membrane to cytoplasm. Similar results were obtained when studying the impact of PDE inhibition on LTCC current (ICa,L) regulation by local application of Iso in frog ventricular myocytes [START_REF] Jurevicius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by ß-adrenergic agonists[END_REF]. In the absence of IBMX, application of Iso to half of the cell increased ICa,L half maximally, corresponding to activation of the channels located in the same part of the cell as the β-AR agonist. When IBMX was added with Iso on one half of the cell, the effect of Iso was greatly potentiated because in this condition, LTCCs in the remote part of the cells could be recruited. Thus, these results suggest that PDE activity is important for the definition of local cAMP pools involved in the β-AR stimulation of LTCCs.

Subsequent studies using ratiometric FRET biosensors to directly monitor cAMP have shown that the second messenger increases preferentially in discrete microdomains corresponding to the dyad region under β-AR stimulation, and that cAMP diffusion is limited by PDE activity [START_REF] Zaccolo | Discrete microdomains with high concentration of cAMP in stimulated rat neonatal cardiac myocytes[END_REF][START_REF] Nikolaev | Monitoring of cAMP synthesis and degradation in living cells[END_REF]. Subsequent studies using recombinant cyclic nucleotide gated channels to measure cAMP generated at the plasma membrane identified specific functional coupling of individual PDE families to β -AR, β2-AR, PGE1-R and Glu-R as a major mechanism enabling cardiac cells to generate heterogeneous cAMP signals in response to different hormones [START_REF] Leroy | Spatiotemporal dynamics of ß-adrenergic cAMP signals and L-type Ca 2+ channel regulation in adult rat ventricular myocytes: Role of phosphodiesterases[END_REF].

The use of selective inhibitors for each PDE family has allowed evaluating the contribution of these enzymes in the compartmentation of cAMP signaling pathways in cardiac myocytes.

However, because of the lack of a commercially available selective PDE1 inhibitor, the role of this PDE family in cardiac function has been limited to few studies [START_REF] Vandeput | Cyclic nucleotide phosphodiesterase PDE1C in human cardiac myocytes[END_REF][START_REF] Miller | Role of Ca 2+ /calmodulin-stimulated cyclic nucleotide phosphodiesterase 1 in mediating cardiomyocyte hypertrophy[END_REF].

Role of PDE isoforms in cAMP compartmentation

PDE2 and cAMP compartmentation

In rat and frog cardiomyocytes, PDE2 is found preferentially in microsomal fractions [START_REF] Simmons | Role of phosphodiesterase in regulation of calcium current in isolated cardiac myocytes[END_REF][START_REF] Mongillo | Compartmentalized phosphodiesterase-2 activity blunts ß-adrenergic cardiac inotropy via an NO/cGMPdependent pathway[END_REF] in association with functional membrane structures: plasma membrane, sarcoplasmic reticulum (SR), Golgi, nuclear envelope [START_REF] Lugnier | Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new target for the development of specific therapeutic agents[END_REF]. Although PDE2 activity is relatively small compared to other cardiac PDEs, PDE2 tightly controls the activity of LTCCs in various species including humans [START_REF] Hartzell | Opposite effects of cyclic GMP and cyclic AMP on Ca 2+ current in single heart cells[END_REF][START_REF] Hartzell | Comparison of effects of acetylcholine on calcium and potassium currents in frog atrium and ventricle[END_REF][START_REF] Méry | Erythro-9-(2-hydroxy-3nonyl)adenine inhibits cyclic GMP-stimulated phosphodiesterase in isolated cardiac myocytes[END_REF][START_REF] Dittrich | Local response of L-type Ca 2+ current to nitric oxide in frog ventricular myocytes[END_REF][START_REF] Rivet-Bastide | cGMP-stimulated cyclic nucleotide phosphodiesterase regulates the basal calcium current in human atrial myocytes[END_REF][START_REF] Vandecasteele | Cyclic GMP regulation of the L-type Ca 2+ channel current in human atrial myocytes[END_REF]. The involvement of PDE2 in the cyclic nucleotide compartmentation has been also examined on frog cardiomyocytes [START_REF] Dittrich | Local response of L-type Ca 2+ current to nitric oxide in frog ventricular myocytes[END_REF] where it is the most abundant PDE isozyme [START_REF] Simmons | Role of phosphodiesterase in regulation of calcium current in isolated cardiac myocytes[END_REF]. The authors have shown that a stimulation of the soluble guanylyl cyclase leads to a dramatic local decrease in cAMP in the vicinity of LTCCs due to the activation of PDE2, and only a slight decrease in cAMP in the rest of the cell. This phenomenon is explained by the existence of a microdomain between the β-AR, the LTCC and PDE2 [START_REF] Dittrich | Local response of L-type Ca 2+ current to nitric oxide in frog ventricular myocytes[END_REF]. More recently, a study realized on neonatal rat cardiomyocytes using the FRET-based imaging technique has demonstrated that PDE2 restricts cAMP signals, and hence inotropism, generated after a β-AR stimulation by Iso. This effect might involve the β3-AR and the NO/cGMP pathway [START_REF] Mongillo | Compartmentalized phosphodiesterase-2 activity blunts ß-adrenergic cardiac inotropy via an NO/cGMPdependent pathway[END_REF]. PDE2 is not only involved in the modulation of subsarcolemmal cAMP concentration, but also controls the concentration of cGMP in that compartment [START_REF] Castro | Cyclic guanosine monophosphate compartmentation in rat cardiac myocytes[END_REF][START_REF] Castro | Feedback control through cGMP-dependent protein kinase contributes to differential regulation and compartmentation of cGMP in rat cardiac myocytes[END_REF]. A recent study showed that localized cAMP responses are profoundly modulated by cGMP, under β-AR stimulation [START_REF] Stangherlin | cGMP Signals modulate cAMP levels in a compartment-specific manner to regulate catecholamine-dependent signaling in cardiac myocytes[END_REF]. The authors have identified PDE2 and PDE3 as effectors of such modulation and have demonstrated that cGMP alters the local activation of PKA isoforms (PKA-RI and PKA-RII) localized to different subcellular compartments, modifying the phosphorylation of downstream targets and cell contraction. In their model, PDE2 activity is preferentially coupled to PKA-RII compartment and PDE3 to PKA-RI compartment in the presence of catecholamines, and cGMP-mediated activation of PDE2 and inhibition of PDE3 are responsible for the opposing effects of cGMP on local cAMP signals [START_REF] Stangherlin | cGMP Signals modulate cAMP levels in a compartment-specific manner to regulate catecholamine-dependent signaling in cardiac myocytes[END_REF].

PDE3 and cAMP compartmentation

That PDE3 plays a role in cAMP compartmentation is anticipated because of its intracellular distribution. Furthermore, because PDE3 is inhibited by cGMP, localized production of cGMP participates in shaping cAMP signals produced during β-AR stimulation, leading to restricted increases in cAMP concentration [START_REF] Stangherlin | cGMP Signals modulate cAMP levels in a compartment-specific manner to regulate catecholamine-dependent signaling in cardiac myocytes[END_REF]. PDE3 is present in membrane and cytosolic fractions of cardiomyocytes with a species-and tissue-specificity [START_REF] Lugnier | Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new target for the development of specific therapeutic agents[END_REF][START_REF] Muller | Cytosolic and membrane-bound cyclic nucleotide phosphodiesterases from guinea pig cardiac ventricles[END_REF]. For instance, in dog heart, where PDE3 inhibitors exert a potent positive inotropic effect, PDE3 activity revealed in membrane fraction is associated with the SR membrane [START_REF] Lugnier | Characterization of indolidan-sensitive and rolipram-sensitive cyclic nucleotide phosphodiesterases in canine and human cardiac microsomal fractions[END_REF][START_REF] Weishaar | Subclasses of cyclic AMP-specific phosphodiesterase in left ventricular muscle and their involvement in regulating myocardial contractility[END_REF][START_REF] Kauffman | LY195115: a potent, selective inhibitor of cyclic nucleotide phosphodiesterase located in the sarcoplasmic reticulum[END_REF]. Thus, PDE3 inhibition leads to a local increase of cAMP levels and PKA activation, responsible for the phosphorylation of PLB [START_REF] Kerfant | PI3KY is required for PDE4, not PDE3, activity in subcellular microdomains containing the sarcoplasmic reticular calcium ATPase in cardiomyocytes[END_REF]. In contrast, in guinea pig and rat, PDE3 is mainly found in the soluble fraction and PDE3 inhibitors have more modest effects [START_REF] Weishaar | Subclasses of cyclic AMP-specific phosphodiesterase in left ventricular muscle and their involvement in regulating myocardial contractility[END_REF]. Two genes encode two PDE3 subfamilies, namely PDE3A and PDE3B. PDE3A is expressed in rat, guinea-pig, dog and human myocardium [START_REF] Wechsler | Isoforms of cyclic nucleotide phosphodiesterase PDE3A in cardiac myocytes[END_REF][START_REF] Abi-Gerges | Decreased expression and activity of cAMP phosphodiesterases in cardiac hypertrophy and its impact on ßadrenergic cAMP signals[END_REF][START_REF] Weishaar | Subclasses of cyclic AMP phosphodiesterase in cardiac muscle[END_REF][START_REF] Bethke | Phosphodiesterase inhibition by enoximone in preparations from nonfailing and failing human hearts[END_REF] and both PDE3A and PDE3B were found to coexist in mouse ventricular myocytes [START_REF] Patrucco | PI3Kgamma modulates the cardiac response to chronic pressure overload by distinct kinase-dependent and -independent effects[END_REF] (but see [START_REF] Kerfant | PI3KY is required for PDE4, not PDE3, activity in subcellular microdomains containing the sarcoplasmic reticular calcium ATPase in cardiomyocytes[END_REF]). In human myocardium, three isoforms of PDE3A appear to be generated by alternative splicing of the PDE3A gene and post-transcriptional processing, giving rise to isoforms with different Nterminus length with singular association domains as well as phosphorylation sites by PKB and PKA [START_REF] Wechsler | Isoforms of cyclic nucleotide phosphodiesterase PDE3A in cardiac myocytes[END_REF][START_REF] Hambleton | Isoforms of cyclic nucleotide phosphodiesterase PDE3 and their contribution to cAMP-hydrolytic activity in subcellular fractions of human myocardium[END_REF], the latter representing an important feedback to control cAMP levels in cardiomyocytes [START_REF] Rochais | Negative feedback exerted by PKA and cAMP phosphodiesterase on subsarcolemmal cAMP signals in intact cardiac myocytes. An in vivo study using adenovirus-mediated expression of CNG channels[END_REF]. This allows preferential targeting of PDE3A in different compartments of the cell, and hence cAMP compartmentation. In mouse heart, PDE3B is found in a complex with PI3Kγ at the level of sarcolemmal membrane [START_REF] Patrucco | PI3Kgamma modulates the cardiac response to chronic pressure overload by distinct kinase-dependent and -independent effects[END_REF]. In this study, the authors have demonstrated that PI3Kγ activates PDE3B in a kinase-independent manner, by acting as an anchoring protein which recruits PDE3B into a membrane compartment where cAMP homeostasis shapes the chronic sympathetic drive [START_REF] Patrucco | PI3Kgamma modulates the cardiac response to chronic pressure overload by distinct kinase-dependent and -independent effects[END_REF]. More recently, these authors have discovered that PI3Kγ anchors PKA through a site in its N-terminal region, and that anchored PKA activates PDE3B to enhance cAMP degradation [START_REF] Perino | Integrating cardiac PIP3 and cAMP signaling through a PKA anchoring function of p110gamma[END_REF]. This mechanism may represent an important negative feedback regulation of β-AR stimulation of LTCCs by PDE3 activity [START_REF] Marcantoni | Phosphoinositide 3kinasegamma (PI3Kgamma) controls L-type calcium current (I(Ca,L)) through its positive modulation of type-3 phosphodiesterase (PDE3)[END_REF].

However, this finding was recently challenged by a study showing that PI3Kγ is only necessary for the PDE4 activity regulating the SERCA2a-PLB function and SR Ca 2+ content, but not for the control of the cAMP/PKA dependent phosphorylation of LTCC and RyR2 [START_REF] Kerfant | PI3KY is required for PDE4, not PDE3, activity in subcellular microdomains containing the sarcoplasmic reticular calcium ATPase in cardiomyocytes[END_REF].

PDE4 and cAMP compartmentation

Unlike PDE2 and PDE3, PDE4 is specific for cAMP and is not regulated by cGMP.

In adult ventricular myocytes from rat and mice, PDE4 has no effect on basal cAMP levels but becomes crucial to hydrolyze cAMP generated during β-AR stimulation [START_REF] Rochais | A specific pattern of phosphodiesterases controls the cAMP signals generated by different Gs-coupled receptors in adult rat ventricular myocytes[END_REF][START_REF] Mongillo | Fluorescence resonance energy transfer-based analysis of cAMP dynamics in live neonatal rat cardiac myocytes reveals distinct functions of compartmentalized phosphodiesterases[END_REF][START_REF] Xiang | Phosphodiesterase 4D is required for ß2 adrenoceptor subtype-specific signaling in cardiac myocytes[END_REF][START_REF] Leroy | Spatiotemporal dynamics of ß-adrenergic cAMP signals and L-type Ca 2+ channel regulation in adult rat ventricular myocytes: Role of phosphodiesterases[END_REF][START_REF] Rochais | Negative feedback exerted by PKA and cAMP phosphodiesterase on subsarcolemmal cAMP signals in intact cardiac myocytes. An in vivo study using adenovirus-mediated expression of CNG channels[END_REF][START_REF] Nikolaev | Cyclic AMP imaging in adult cardiac myocytes reveals far-reaching ß1-adrenergic but locally confined ß2-adrenergic receptor-mediated signaling[END_REF] and for the control of PKA phosphorylation of key proteins involved in ECC such as LTTC [START_REF] Leroy | Spatiotemporal dynamics of ß-adrenergic cAMP signals and L-type Ca 2+ channel regulation in adult rat ventricular myocytes: Role of phosphodiesterases[END_REF][START_REF] Verde | Characterization of the cyclic nucleotide phosphodiesterase subtypes involved in the regulation of the L-type Ca 2+ current in rat ventricular myocytes[END_REF], RyR2 [START_REF] Lehnart | Phosphodiesterase 4D deficiency in the ryanodine receptor complex promotes heart failure and arrhythmias[END_REF] and PLB [START_REF] Kerfant | PI3KY is required for PDE4, not PDE3, activity in subcellular microdomains containing the sarcoplasmic reticular calcium ATPase in cardiomyocytes[END_REF]. As a consequence, PDE4 inhibition strongly potentiates the inotropic effects of β-AR stimulation in these species [START_REF] Katano | Effects of a cardiotonic quinolinone derivative Y-20487 on the isoproterenol-induced positive inotropic action and cyclic AMP accumulation in rat ventricular myocardium: comparison with rolipram, Ro 20-1724, milrinone, and isobutylmethylxanthine[END_REF][START_REF] Vargas | Phosphodiesterase PDE3 blunts the positive inotropic and cyclic AMP enhancing effects of CGP12177 but not of noradrenaline in rat ventricle[END_REF][START_REF] Galindo-Tovar | Phosphodiesterase-4 blunts inotropism and arrhythmias but not sinoatrial tachycardia of (-)-adrenaline mediated through mouse cardiac ß1-adrenoceptors[END_REF][START_REF] Katano | Differential effects of Ro 20-1724 and isobutylmethylxanthine on the basal force of contraction and beta-adrenoceptor-mediated response in the rat ventricular myocardium[END_REF].

However, although less studied, the role of PDE4 appears more modest in larger mammals and in humans. In human atrium, β-AR inotropic responses are predominantly regulated by PDE3 [START_REF] Kaumann | The effects of both noradrenaline and CGP12177, mediated through human ß1-adrenoceptors, are reduced by PDE3 in human atrium but PDE4 in CHO cells[END_REF][START_REF] Christ | Cilostamide potentiates more the positive inotropic effects of (-)-adrenaline through ß2-adrenoceptors than the effects of (-)noradrenaline through ß1-adrenoceptors in human atrial myocardium[END_REF]. In vivo, a positive inotropic effect of PDE4 inhibitors was reported in dog, which was abolished by β-blockers, suggesting a presynaptic action on norepinephrine release [START_REF] Weishaar | Subclasses of cyclic AMP-specific phosphodiesterase in left ventricular muscle and their involvement in regulating myocardial contractility[END_REF]. [START_REF] Richter | Splice variants of the cyclic nucleotide phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue[END_REF]The PDE4 family is encoded by four different genes (A, B, C and D) but only PDE4A, PDE4B and PDE4D are expressed in cardiac tissue [START_REF] Kostic | Altered expression of PDE1 and PDE4 cyclic nucleotide phosphodiesterase isoforms in 7-oxo-prostacyclin-preconditioned rat heart[END_REF]. These three genes give rise to multiple isoforms generated through alternative splicing and by the use of different promoters [START_REF] Bolger | Cyclic Nucleotide Phosphodiesterases in Health and Disease[END_REF]. A constantly growing body of literature concerns the PDE4D subfamily, with PDE4D3, PDE4D5, PDE4D8 and PDE4D9 being detected as active proteins in rat heart [START_REF] Richter | Splice variants of the cyclic nucleotide phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue[END_REF]. Less is known concerning a possible role for PDE4A and PDE4B isoforms to regulate cAMP levels and cardiac function, yet their activity has been detected in rodents and to a lesser extent in human myocardium [START_REF] Richter | Conserved expression and functions of PDE4 in rodent and human heart[END_REF]. However, PDE4B was shown to regulate cAMP levels near the plasma membrane in HEK293 cells [START_REF] Terrin | PGE1 stimulation of HEK293 cells generates multiple contiguous domains with different [cAMP]: role of compartmentalized phosphodiesterases[END_REF] and to control β-AR signal termination in neonatal cardiomyocytes [START_REF] Mongillo | Fluorescence resonance energy transfer-based analysis of cAMP dynamics in live neonatal rat cardiac myocytes reveals distinct functions of compartmentalized phosphodiesterases[END_REF]. In a recent study, we have shown that both PDE4B and PDE4D can associate with the principal subunit of LTCC, but only PDE4B regulates ICa,L during β-AR stimulation in mouse ventricular myocytes. In ventricular myocytes from mice lacking PDE4B (PDE4B -/-) challenged with Iso, enhanced ICa,L leads to augmented Ca 2+ transients and shortening, but also to an increase in spontaneous Ca 2+ release events. Upregulation of ICa,L and abnormal Ca 2+ handling may explain the increased susceptibility of PDE4B -/-mice to ventricular arrhythmias under β-AR stimulation. These results emphasise the importance of strategically located phosphodiesterase isoforms for adequate control of cardiac ECC and arrhythmias [START_REF] Leroy | Phosphodiesterase 4B in the cardiac L-type Ca 2+ channel complex regulates Ca 2+ current and protects against ventricular arrhythmias[END_REF]. Subcellular localization of PDE4 isoforms is mediated by their unique N-terminal region which represents the postcode for their cellular distribution [START_REF] Baillie | Arrestin times for compartmentalised cAMP signalling and phosphodiesterase-4 enzymes[END_REF]. For instance, PDE4A1 contains a lipid-binding domain, TAPAS, with a specificity for phosphatidic acid that serves to target this enzyme to specific cellular membranes [START_REF] Baillie | TAPAS-1, a novel microdomain within the unique N-terminal region of the PDE4A1 cAMP-specific phosphodiesterase that allows rapid, Ca 2+ -triggered membrane association with selectivity for interaction with phosphatidic acid[END_REF]. In the heart, PDE4D3 is localised in the sarcomeric region of the myocytes via an anchoring to myomegalin [START_REF] Verde | Myomegalin is a novel protein of the Golgi/centrosome that interacts with a cyclic nucleotide phosphodiesterase[END_REF] and in the perinuclear region by an association with the muscle AKAP (mAKAP/AKAP6) [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF][START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF]. This isoform is also found at the level of the dyads, associated with RyR2 [START_REF] Lehnart | Phosphodiesterase 4D deficiency in the ryanodine receptor complex promotes heart failure and arrhythmias[END_REF], and in the sarcolemmal region associated with the KCNQ1/KCNE1 potassium channel responsible for IKs [START_REF] Terrenoire | The cardiac IKs potassium channel macromolecular complex includes the phosphodiesterase PDE4D3[END_REF]. It has been suggested that the cAMP compartment localized near the nucleus could control the import of the catalytic subunit of PKA into the nucleus and hence gene regulation [START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF][START_REF] Lugnier | Characterization of cyclic nucleotide phosphodiesterase isoforms associated to isolated cardiac nuclei[END_REF]. The mAKAP not only binds PDE4D3 and PKA, but also Epac1 and the Erk5 kinase [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF]. The 3 enzymes, PKA, PDE4D3 and Epac1 respond to cAMP in different concentration ranges: PKA responds to nanomolar concentrations while PDE4D3 and Epac1 are activated at micromolar cAMP concentrations and their inactivation would precede PKA holoenzyme reformation [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF]. Furthermore, PDE4D3 phosphorylation by PKA on serine 54 leads to an increased activity [START_REF] Richter | Splice variants of the cyclic nucleotide phosphodiesterase PDE4D are differentially expressed and regulated in rat tissue[END_REF][START_REF] Houslay | PDE4 cAMP phosphodiesterases: modular enzymes that orchestrate signalling cross-talk, desensitization and compartmentalization[END_REF] and phosphorylation on serine 13 increases its affinity for mAKAP [START_REF] Michel | PKAphosphorylation of PDE4D3 facilitates recruitment of the mAKAP signalling complex[END_REF]. In contrast, phosphorylation by Erk2 and 5 on serine 579 suppresses the activity of this enzyme [START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF][START_REF] Hoffmann | The MAP kinase ERK2 inhibits the cyclic AMP-specific phosphodiesterase HSPDE4D3 by phosphorylating it at Ser579[END_REF]. When Epac1 is activated by cAMP, it recruits Rap1 which allows the suppression of Erk5 activation and relieves the inhibition of PDE4D3. This complex allows a spatial control of PKA activity by its anchoring to mAKAP, and a temporal regulation of cAMP signals by the presence of PDE in the immediate vicinity [START_REF] Tasken | Localized effects of cAMP mediated by distinct routes of protein kinase A[END_REF][START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF]. Interestingly, the expression and activity of PDE4D3 in the RyR2 complex is decreased in human heart failure [START_REF] Lehnart | Phosphodiesterase 4D deficiency in the ryanodine receptor complex promotes heart failure and arrhythmias[END_REF]. These results highlight the importance of cAMP microdomains and suggest that a deregulation of a specific compartment may lead to pathological situations. More recently, it has been demonstrated that PDE4D3, PKA and phosphatase 1 (PP1) are recruited at the KCNQ1/KCNE1 potassium channel via Yotiao/AKAP9 and contribute to the cAMP-dependent regulation of the potassium current IKs [START_REF] Terrenoire | The cardiac IKs potassium channel macromolecular complex includes the phosphodiesterase PDE4D3[END_REF]. PDE4D5 and the scaffold β-arrestin protein are part of a complex organised around β2-AR [START_REF] Perry | Targeting of cyclic AMP degradation to β2-adrenergic receptors by β-arrestins[END_REF]. β-arrestins initiate desensitization of the receptors by their translocation from the cytosol to the plasma membrane. β-arrestins are able to form stable complexes with all PDE4 subfamilies, but PDE4D5 has a unique N-terminal region which confers a preferential interaction with βarrestins. β2-AR activation leads to cAMP production and AKAP79 (AKAP5)-anchored PKA activation [START_REF] Lynch | RNA silencing identifies PDE4D5 as the functionally relevant cAMP phosphodiesterase interacting with beta -arrestin to control the PKA/AKAP79mediated switching of the ß2-adrenergic receptor to activation of ERK in HEK293 cells[END_REF]. PKA in turn phosphorylates the β2-AR, which triggers a shift in its coupling from Gs to Gi, hence activating Erk kinase through a Src-regulated pathway [START_REF] Baillie | β-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates βadrenoceptor switching from Gs to Gi[END_REF]. The recruitment of β-arrestin-PDE4D5 complex stops the β2-AR phosphorylation by PKA and prevents the shift to Gi-signaling cascade; conversely, disruption of this complex enhances PKA phosphorylation of the β2-AR, leading to a dramatic change in its function [START_REF] Baillie | β-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates βadrenoceptor switching from Gs to Gi[END_REF][START_REF] Houslay | The role of ERK2 docking and phosphorylation of PDE4 cAMP phosphodiesterase isoforms in mediating cross-talk between the cAMP and ERK signalling pathways[END_REF]. PDE4D5, PDE4D8 and PDE4D9 have been shown to interact directly or indirectly via β-arrestin with β-AR receptors in neonatal rat cardiomyocytes [START_REF] Baillie | β-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates βadrenoceptor switching from Gs to Gi[END_REF][START_REF] Richter | Signaling from ß1and ß2-adrenergic receptors is defined by differential interactions with PDE4[END_REF][START_REF] De Arcangelis | Differential association of phosphodiesterase 4D isoforms with ß2-adrenoceptor in cardiac myocytes[END_REF]. Whereas PDE4D5 is recruited to β2-AR upon agonist stimulation, PDE4D8 is constitutively associated with the β1-AR and dissociation occurs upon receptor activation [START_REF] Richter | Signaling from ß1and ß2-adrenergic receptors is defined by differential interactions with PDE4[END_REF]. More recently, β2-AR was shown to interact also with PDE4D8 and with PDE4D9 [START_REF] De Arcangelis | Differential association of phosphodiesterase 4D isoforms with ß2-adrenoceptor in cardiac myocytes[END_REF]. β2-AR stimulation induces the dissociation of PDE4D9 from the receptor and the recruitment of PDE4D8. These complex modes of interaction of β-AR subtypes with PDEs may shape divergent cAMP signals leading to specific physiological responses [START_REF] De Arcangelis | Differential association of phosphodiesterase 4D isoforms with ß2-adrenoceptor in cardiac myocytes[END_REF].

cAMP-PDEs and Heart Failure

A number of studies demonstrated a reduction in cAMP PDE expression and/or activity in various models of cardiac hypertrophy and/or HF: cardiomyopathic hamsters [START_REF] Masunaga | Changes in cyclic nucleotide phosphodiesterase activity and calmodulin concentration in heart muscle of cardiomyopathic hamsters[END_REF], failing dog hearts [START_REF] Smith | Development of decompensated dilated cardiomyopathy is associated with decreased gene expression and activity of the milrinone-sensitive cAMP phosphodiesterase PDE3A[END_REF][START_REF] Sato | Mechanisms of desensitization to a PDE inhibitor (Milrinone) in conscious dogs with heart failure[END_REF], mouse [START_REF] Ding | A positive feedback loop of phosphodiesterase 3 (PDE3) and inducible cAMP early repressor (ICER) leads to cardiomyocyte apoptosis[END_REF] and rat heart [START_REF] Abi-Gerges | Decreased expression and activity of cAMP phosphodiesterases in cardiac hypertrophy and its impact on ßadrenergic cAMP signals[END_REF] subjected to transverse aortic constriction, including human HF [START_REF] Ding | Functional role of phosphodiesterase 3 in cardiomyocyte apoptosis: implication in heart failure[END_REF]. On the contrary, PDEs that hydrolyze cGMP, such as PDE1A, PDE2 and PDE5, seem upregulated in hypertrophy [START_REF] Miller | Role of Ca 2+ /calmodulin-stimulated cyclic nucleotide phosphodiesterase 1 in mediating cardiomyocyte hypertrophy[END_REF][START_REF] Nagendran | Phosphodiesterase type 5 is highly expressed in the hypertrophied human right ventricle, and acute inhibition of phosphodiesterase type 5 improves contractility[END_REF][START_REF] Mokni | Concerted regulation of cGMP and cAMP phosphodiesterases in early cardiac hypertrophy induced by angiotensin II[END_REF]. Because PDEs are crucial orchestrator of cAMP signaling in cardiomyocytes [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: The role of cyclic nucleotide phosphodiesterases[END_REF], decreased cAMP PDE activities may lead to decompartmentation and loss of specificity of cAMP. PDE3 inhibition, initially described as a therapeutically relevant strategy to treat HF, has been associated with increased mortality in failing patients (see e.g. [START_REF] Yan | Regulation of phosphodiesterase 3 and inducible cAMP early repressor in the heart[END_REF]). Such deleterious effects could be explained by the induction of the proapoptotic factor ICER (Inducible Cyclic AMP Early Repressor) occurring in a CREB dependent manner when PDE3 is inhibited [START_REF] Ding | A positive feedback loop of phosphodiesterase 3 (PDE3) and inducible cAMP early repressor (ICER) leads to cardiomyocyte apoptosis[END_REF][START_REF] Yan | Regulation of phosphodiesterase 3 and inducible cAMP early repressor in the heart[END_REF]. The loss of a specific isoform, PDE3B at the plasma membrane, produces also dramatic cardiac damages in a chronic pressure overload animal model [START_REF] Patrucco | PI3Kgamma modulates the cardiac response to chronic pressure overload by distinct kinase-dependent and -independent effects[END_REF]. The decrease in PDE4 isoforms could promote electrophysiological remodelling by increasing the LTCC activity during hypertrophy, as reported in human failing ventricular myocytes [START_REF] Schroder | Increased availability and open probability of single L-type calcium channels from failing compared with nonfailing human ventricle[END_REF] or prolongation of the action potential duration by increasing KCNQI/KCNE1 potassium channel phosphorylation by PKA [START_REF] Terrenoire | The cardiac IKs potassium channel macromolecular complex includes the phosphodiesterase PDE4D3[END_REF][START_REF] Chen | L-type Ca 2+ channel density and regulation are altered in failing human ventricular myocytes and recover after support with mechanical assist devices[END_REF]. Furthermore, in mice deficient for the PDE4D gene, RyR2 hyperphosphorylation by PKA and abnormal Ca 2+ release result in increased sensitivity to exercise-induced arrhythmias and the development of a late onset dilated cardiomyopathy [START_REF] Lehnart | Phosphodiesterase 4D deficiency in the ryanodine receptor complex promotes heart failure and arrhythmias[END_REF]. In addition, as shown above, PDE4D3 participates in a complex involving ERK5 and Epac1, two proteins involved in cardiomyocyte growth [START_REF] Morel | The cAMP-binding protein Epac induces cardiomyocyte hypertrophy[END_REF][START_REF] Dodge-Kafka | The protein kinase A anchoring protein mAKAP co-ordinates two integrated cAMP effector pathways[END_REF].

Future directions

In the light of the knowledge accumulated over the years, it becomes clear that cAMP is not uniformly distributed within cardiomyocytes and that PDEs play a crucial role in its confinement. A tenet in this field of research is that cAMP compartmentation is required for adequate processing and targeting of the information generated at the membrane. The compartmentation hypothesis relies on two central postulates [START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF]. The first is that not all PKA molecules phosphorylate all possible substrates in the cell. This condition is verified by the existence of AKAPs which specifically target PKA to its effectors [132]. The second postulate is that cAMP generated by a given AC does not activate all cellular PKAs. This condition may be verified by specific locations of cAMP-PDEs near ACs and cAMP effectors. Unveiling the details of this subcellular organization will require molecular, cellular and animal models to explore, in particular i) the cAMP signalosomes generated by AC5 and AC6, the two major adenylyl cyclases expressed in adult ventricular myocytes [START_REF] Willoughby | Organization and Ca 2+ regulation of adenylyl cyclases in cAMP microdomains[END_REF] whose specific function is yet unknown, ii) the role of PDE isoforms in shaping the cAMP compartments that specifically control the function of major effectors in cardiac ECC, iii) the role of cellular architecture. The compartmentation hypothesis needs also to be explored in other cardiac cell types, such as vascular cells where cAMP controls vasodilatation, cell growth and proliferation [START_REF] Stork | Crosstalk between cAMP and MAP kinase signaling in the regulation of cell proliferation[END_REF].

Another direction concerns cardiac pathophysiology and the difference between acute and chronic effects of cAMP. Although the cAMP pathway is beneficial on heart function under acute conditions, and is essential for the chronotropic, inotropic and lusitropic effects during the 'fight-or-flight' response, chronic activation of the cAMP pathway generally (but not always) induces hypertrophic growth and ventricular dysfunction [START_REF] Osadchii | Cardiac hypertrophy induced by sustained ß-adrenoreceptor activation: pathophysiological aspects[END_REF], which ultimately leads to the development of chamber dilatation and HF [START_REF] Movsesian | Altered cAMP-mediated signalling and its role in the pathogenesis of dilated cardiomyopathy[END_REF]. Despite the description of a number of alterations in the cAMP pathway during hypertrophy and HF, the exact mechanisms accounting for the cardiotoxicity of this pathway are not fully understood. As discussed above, several cAMP PDEs are down regulated in an animal model of cardiac hypertrophy [START_REF] Abi-Gerges | Decreased expression and activity of cAMP phosphodiesterases in cardiac hypertrophy and its impact on ßadrenergic cAMP signals[END_REF]. Does this lead to a disorganization of the cAMP compartmentation? To a loss of hormonal specificity? To cardiotoxic effects of cAMP? Does this contribute to the development of HF? Finally, can a new therapeutic strategy emerge from the concept of cAMP compartmentation? A number of studies have demonstrated that PDEs are integral components of macromolecular complexes formed around specific target proteins, such as LTCCs [START_REF] Fischmeister | Compartmentation of cyclic nucleotide signaling in the heart: The role of cyclic nucleotide phosphodiesterases[END_REF][START_REF] Rochais | A specific pattern of phosphodiesterases controls the cAMP signals generated by different Gs-coupled receptors in adult rat ventricular myocytes[END_REF][START_REF] Jurevicius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by ß-adrenergic agonists[END_REF] or RyR2 [START_REF] Lehnart | Phosphodiesterase 4D deficiency in the ryanodine receptor complex promotes heart failure and arrhythmias[END_REF]. Activation of these PDEs may therefore reduce chronic PKA phosphorylation of these proteins, reduce intracellular Ca 2+ concentration, and prevent arrhythmias and sudden cardiac death. On the contrary, inhibition of PDE3A-136 associated with PLB in the SR membrane might allow preserving intracellular calcium fluxes and contractility in patients treated by β-blockers, without any concomitant arrhythmogenic effects [START_REF] Wechsler | Isoforms of cyclic nucleotide phosphodiesterase PDE3A in cardiac myocytes[END_REF][START_REF] Movsesian | Alterations in cAMP-mediated signaling and their role in the pathophysiology of dilated cardiomyopathy[END_REF]. To test these hypotheses, animal models with cardiac overexpression or silencing of specific PDE isoforms need to be generated and their cardiac function explored, under normal and stressed conditions. Such experiments will allow to test whether restoring a proper cAMP signaling might stop or reverse the development of HF.
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