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Introduction

Cyclic AMP elevation in human atrial myocytes (HAMs) leads to a positive chronotropic, inotropic, and lusitropic effect that is primarily mediated by PKA-dependent phosphorylation of key proteins, such as L-type Ca 2+ channels (LTCC), phospholamban, ryanodine receptor (RyR2) and troponin I (1). The most powerful/important mechanism that activates the cAMP pathway in HAMs is the stimulation of β-adrenergic receptors (β-ARs) by norepinephrine released from the sympathetic nervous system in response to stress or exercise. β-ARs signal primarily through Gαs-proteins resulting in the stimulation of adenylyl cyclases and cAMP synthesis. β-AR signaling is rapidly terminated through several processes, among which cAMP degradation by cAMP phosphodiesterases (PDEs) plays a prominent role. PDEs comprise a large group of isoenzymes that are divided into 11 PDE families based on their substrate and inhibitor specificity and sequence homology (2). Of these, PDE3 and PDE4 contribute the majority of the cAMP-hydrolytic activity in rodent cardiomyocytes (3).

While the role of PDE3 in controlling contractile and electrical activity in human heart has been extensively studied (4,5), the role of PDE4 has not been investigated in detail.

The PDE4 family consists of four genes (A-D), but only PDE4A, PDE4B, and PDE4D are expressed in heart (6,7). Here, we demonstrate that all three isoforms are also expressed in isolated HAMs. We demonstrate that PDE4 contributes to cAMP hydrolysis in human atrium and thereby controls Ca 2+ influx through LTCCs and thus contractility, both at basal and during β-AR stimulation. PDE4 inhibition in HAMs increases the frequency of Ca 2+ sparks and waves, which is a source of spontaneous membrane depolarization and arrhythmias.

Accordingly, PDE4 inhibition increased the incidence of arrhythmias during β-AR stimulation in human atrial tissue. Patients with permanent AF were found to have a decreased PDE4 activity as compared with patients in sinus rhythm. Thus, this study demonstrates that PDE4 controls cAMP/PKA-dependent signaling in human atrium and protects against arrhythmias.

Methods

The study conformed to the principles outlined in the Declaration of Helsinki and was approved by the Ethics Committees of our institutions. All protocols for obtaining human cardiac tissue were approved by the Ethics Committees and informed consent was obtained before cardiac surgery. Patient characteristics, drugs and methods used for isolation, culture and infection of human atrial myocytes, L-type Ca 2+ and transient inward current measurements, live cell imaging of intracellular cAMP, confocal Ca 2+ imaging, preparation of protein extracts, PDE immunoprecipitation, immunocytochemistry, PDE activity assay, mechanoelectrical measurements and data analysis and statistics are detailed in the supplemental methods section in the Online Appendix.

Results

Expression and localization of PDE4 in human right atrium. The four major cardiac cAMP-PDEs expressed in rodent heart (3,6), PDE1 to 4, were also found to be expressed in human atrium (Fig. 1A). Of particular interest is the presence of PDE4, which accounts for 15% of total cAMP-hydrolytic activity. Immunoprecipitation assays using PDE4 subtype selective antibodies revealed that the three cardiac PDE4 subtypes previously identified in rats (6), PDE4A, B and D, are also expressed in human atrium, with PDE4D contributing the largest amount (Fig. 1B). PDE4C message is not found in EST databases of mouse, rat and human heart and the amount of PDE activity imunoprecipitated in preliminary experiments with anti-PDE4C antibodies was negligible compared to that of PDE4A, PDE4B, and PDE4D (data not shown). For these reasons, PDE4C was not further investigated. Western blot analysis revealed one major immunoreactive band for PDE4D in human atrium whose migration is consistent with that of PDE4D3, PDE4D8, or PDE4D9 (inset in Fig. 1B). Specific expression of PDE4 in HAMs was also demonstrated by immunostaining. PDE4 enzymes were detected at the Z-line of atrial myocytes, co-localized with the sarcomereassociated protein α-actinin (Fig. 1C).

PDE4 controls basal intracellular cAMP concentration in HAMs. Intracellular cAMP ([cAMP]i) was measured in HAMs by live cell imaging using the FRET-based cAMP sensor

Epac2-camps (8). Application of the β-AR agonist isoprenaline (Iso, 100nM) during a 15second pulse produced a rapid and transient change in the cyan (CFP) and yellow (YFP) fluorescent protein fluorescence (Fig. 2A), leading to a transient increase of the CFP/YFP ratio (Fig. 2B) reflecting an increase in [cAMP]i. Application of the PDE4 inhibitor Ro 20-1724 (Ro, 10µM) produced a small but significant increase in basal [cAMP]i (Fig. 2C&E) which was 50% smaller than that induced by cilostamide (Cil, 1µM), a PDE3 inhibitor (Fig. 2D&E). When the two PDEs were blocked simultaneously (Ro+Cil), [cAMP]i increased further (Fig. 2C&D) to reach 50% of the Iso response (Fig. 2E). These results indicate that PDE3 and PDE4 jointly control basal cAMP levels in HAMs.

PDE4 modulates cAMP and I Ca,L responses to β-AR stimulation in HAMs.

To determine whether the control of basal [cAMP]i by PDE4 translates into biological functions, we examined whether PDE4 modulates the LTCC current, ICa,L. As shown in Supplemental Fig. 1A, Ro 20-1724 increased basal ICa,L in a concentration-dependent manner and the effect was fully reversible. Next, we examined whether PDE4 controls the response of ICa,L and [cAMP]i to Iso in HAMs. Figure 3 shows the average response of isolated HAMs to a brief β-AR stimulation with Iso (15sec, 100nM). [cAMP]i (Fig. 3A) and ICa,L (Fig. 3C) increased to reach a maximum at around 60 and 80 sec, respectively, and then returned progressively to basal levels with a similar time course (Fig. 3B&D). Because the decay of the fluorescence ratio reflects hydrolysis of cAMP (9), the contribution of PDE4 to this process was examined by repeating the Iso application in the presence of Ro. PDE4 inhibition dramatically slowed down the decay phase of [cAMP]i (Fig. 3A) by increasing the time for half recovery (T1/2 OFF) by about 2-fold (Fig. 3B). The prolongation of the [cAMP]i response to Iso resulted in a similar 2-fold prolongation of the ICa,L response (Fig. 3C&D) because of a prolonged PKA phosphorylation of LTCCs. Therefore, PDE4 plays a crucial role in controlling cAMP levels and ICa,L upon β-AR stimulation in HAMs. PDE3 contributes more than PDE4 to the recovery of the β-AR response, since cilostamide prolonged the decay phase of [cAMP]i and ICa,L 2.5and 3-fold, respectively (Fig. 3).

PDE4 inhibition increases spontaneous Ca 2+ release from the sarcoplasmic reticulum.

Local non-propagating Ca 2+ release (Ca 2+ sparks) and propagating Ca 2+ release (Ca 2+ waves) were recorded in isolated HAMs. Continuous exposure of a HAM to 10µM Ro for 15min increased the frequency of Ca 2+ sparks in a reversible manner (Fig. 4A). In HAMs with the membrane potential clamped at -80mV, Ca 2+ spark frequency was increased 3-fold by PDE4 inhibition (Fig. 4B), whereas neither Ca 2+ spark amplitude nor the time constant for decay were modified (data not shown). Ro also increased the frequency of spontaneous Ca 2+ waves and inward Na + /Ca 2+ -exchange current, INCX (Fig. 4C). On average, PDE4 inhibition increased the spontaneous Ca 2+ wave frequency 3-fold at -80 mV (Fig. 4D), but the effect was not significant when the holding potential was increased to -50 mV, possibly because the wave frequency was already near maximum in the absence of Ro. These results indicate that PDE4 activity is necessary to prevent spontaneous Ca 2+ release from the sarcoplasmic reticulum, which is a source of spontaneous membrane depolarization and arrhythmias.

PDE4 inhibition increases frequency of arrhythmias during β-AR stimulation.

Mechanoelectrical measurements were performed on human trabeculae isolated from the right atrium of 9 patients. PDE4 inhibition with 10µM Ro had no effect on the force of contraction under basal conditions (Supplemental Fig. 2A). However, Ro increased the positive inotropic effect of cilostamide (Supplemental Fig. 2A&B) or of a sub-maximal β-AR stimulation of 10nM Iso (Supplemental Fig. 2C&D). Interestingly, arrhythmias occurred in the combined presence of PDE-inhibitors and Iso in several of these experiments. Additional mechanoelectrical measurements were thus performed to systematically test whether PDE4 inhibition may promote arrhythmias. Furthermore, we addressed which -AR subtype may be responsible for potential proarrhythmic effects of PDE-inhibition. Selective 1-AR stimulation with increasing concentrations of norepinephrine (NE) in the presence of a 2-AR antagonist (ICI 118.551, 50nM) increased the force of contraction (Fig. 5A) and spontaneous, non-triggered contractions were observed in <20% of fibers for NE concentrations >3µM (Fig. 5C). However, when PDE4 was blocked by rolipram (100nM), these spontaneous contractions were observed at lower NE concentrations and were ~2-fold more frequent (40%) at higher concentrations (Fig. 5B&C). PDE3 inhibition with milrinone (1µM) had a comparable effect (Fig. 5C). In contrast, no spontaneous contractions were observed upon 2-AR stimulation with epinephrine (EPI) in the presence of the 1-AR antagonist CGP207.12A (300nM), even during PDE3 inhibition (Fig. 5D). However, inhibition of PDE4 had a dramatic effect, causing spontaneous contractions to occur in up to 40% of the trabeculae at the highest EPI concentrations (Fig. 5D).

AF is linked to a decrease in PDE4 activity. Since PDE4 appears critical in controlling

[cAMP]i, ICa,L, sarcoplasmic reticulum Ca 2+ release and contraction in human atrium, and its inhibition leads to atrial arrhythmias, we tested whether a change in PDE4 activity might take place during AF. Total PDE and PDE4 activity was measured in right atrial tissues from 18 patients in sinus rhythm (SR) and 7 patients with permanent AF. Eleven patients with heart failure (HF) were also included in this study, since HF patients are at substantially increased risk of developing AF (10). Mean values for total PDE were smaller in patients with HF and AF than those in SR (Fig. 6A), but the difference (25% decrease) approached statistical significance (p=0.059) only when comparing SR and AF patients. More importantly, PDE4 activity decreased by almost 50% (p=0.029) in AF (17.1±3.9pmol/min/mg) as compared to SR patients (32.9±3.9pmol/min/mg). Although the age of the patients was not significantly different in the three groups (p=0.071 for AF vs. SR; p=0.136 for HF vs. SR), patients in the SR group were on average younger (66.8±3.0y) than in the HF (73.2±2.0y) or AF group (76.4±2.3y). This raised the possibility that the changes in PDE activities might be due to aging rather than to the cardiac disease. Indeed, when total PDE activity for SR patients was plotted against the patients age, a linear regression analysis showed a significant reduction with age (p=0.0054, Fig. 6B). Thus, to match the average age of the HF and AF groups, only the SR patients who were 59 years of age or older (mean 72.0±2.2y, n=14) were included in subsequent analysis. The contribution of PDE4 to total PDE activity was found to be reduced in HF and AF patients as compared to this SR group, but the difference (25% decrease) approached statistical significance (p=0.057) only when comparing age-matched SR and AF patients (Fig. 6C). These findings support the hypothesis that a decrease in PDE4 activity might be associated with the development of AF.

Discussion

Our study demonstrates that PDE4 is expressed in human atrium as well as in isolated HAMs, with PDE4D being the major isoform. Despite the fact that its activity is rather modest (15% of total PDE activity), PDE4 is central in controlling [cAMP]i, Ca 2+ influx through LTCCs, spontaneous Ca 2+ release from the sarcoplasmic reticulum, and contractility. PDE4 appears particularly important in regulating the β-AR response of human atrial muscle, since inhibition of PDE4 leads to an increase in the positive inotropic effect of a β-AR stimulation and to a dramatic prolongation of the rise in [cAMP]i and ICa,L amplitude. PDE4 inhibition also increased the propensity of atrial arrhythmias during either β1-AR or β2-AR stimulation. Since the relative contribution of PDE4 to the total cAMP hydrolytic activity decreased in patients with permanent AF, we propose that PDE4 serves a protective role against arrhythmias in human atrial muscle.

The PDE4 family is encoded by four genes (A-D) but only PDE4A, PDE4B and PDE4D are expressed in cardiac tissue (6,7). So far, most of our knowledge in heart concerns the PDE4D gene (11) and long variants of this gene expressed in heart include the isoforms PDE4D3, PDE4D5, PDE4D8 and PDE4D9 (12). PDE4D5, PDE4D8 and PDE4D9 were shown to differentially interact with β1-AR and β2-AR subtypes in neonatal cardiac myocytes, either directly or by binding to β-arrestin (13)(14)(15). PDE4D3 was found in macromolecular signaling complexes regulating two major players of excitation-contraction coupling in rodent heart: the slow delayed rectifier K + current (IKs) (16) and the ryanodine receptor RyR2 (17).

Interestingly, inhibition of PDE4D leads to an increased PKA activation of IKs ( 16) which can contribute to AF (18). Here we found that PDE4D was the dominant member of the PDE4 family expressed in human atrium. Pharmacological inhibition of PDE4 (which includes inhibition of PDE4D) increased Ca 2+ spark frequency in HAMs, and led to the initiation and propagation of Ca 2+ waves (Fig. 4). These Ca 2+ waves in turn generate a transient inward current INCX due to elimination of cytosolic Ca 2+ via the Na + /Ca 2+ exchanger (Fig. 4), which can give rise to delayed afterdepolarizations (19). Importantly, Ca 2+ spark frequency is also increased in HAMs from AF patients (20)(21)(22) coinciding with an increased phosphorylation of the RyR2 at Ser 2808 in right atrial samples from patients with AF (21)(22)(23) and an increased open probability of RyR2 due to PKA hyperphosphorylation has been reported in an AF animal model (23). Moreover, mice deficient in the PDE4D gene have an increased sensitivity to exercise-induced ventricular arrhythmias due to PKA hyperphosphorylation of RyR2 and abnormal Ca 2+ release due to calstabin dissociation from the channel (17). Thus, there is strong evidence to suggest that PDE4 inhibition may lead to abnormal Ca 2+ release in human atrial cardiomyocytes via RyR2 hyperphosphorylation. Accordingly, PDE4 inhibition in human atrial trabeculae increased the incidence of arrhythmias during β-AR stimulation (Fig. 5).

PDE4 inhibition increased both basal ICa,L (Supplemental Fig. 1) and spontaneous Ca 2+ sparks (Fig. 4) in HAMs. Yet, live cell imaging showed a limited increase in basal [cAMP]i upon PDE4 inhibition (Fig. 2). By comparison, the increase in [cAMP]i was twice as large when PDE3 was inhibited and four times larger when both PDE3 and PDE4 were simultaneously blocked. Thus, PDE4 inhibition alone may lead to cAMP rise in microdomains close to the LTCCs and the RyR2 which are either too small or not readily accessible to the cAMP probe.

While our study demonstrates that an acute inhibition of PDE4 increases the activity of LTCCs, the observed decrease in PDE4 activity in AF patients is not accompanied by a commensurate increase in ICa,L amplitude in HAMs from AF patients. On the contrary, reductions in ICa,L have been consistently observed in atrial myocytes from patients with permanent AF (24,25) or from patients in SR with a high risk of AF (26) (for a review, see [START_REF] Nattel | Arrhythmogenic ion-channel remodeling in the heart: heart failure, myocardial infarction, and atrial fibrillation[END_REF]). A possible explanation for this is that stimulation of ICa,L by PDE4 inhibition is due to PKA phosphorylation of functional LTCCs, while it is generally agreed (but see (25)) that the reduction of ICa,L in AF is due to downregulation of the mRNA encoding the Cav1.2 αsubunit, causing a reduction in the number of functional channels [START_REF] Nattel | Arrhythmogenic ion-channel remodeling in the heart: heart failure, myocardial infarction, and atrial fibrillation[END_REF].

Clinical implications. The incidence and prevalence of AF increases progressively with age,

and approximately 50% of patients with AF are 75 years of age or older [START_REF] Rich | Epidemiology of atrial fibrillation[END_REF]. Advanced age is also a potent risk factor for stroke in patients with AF, and the proportion of strokes attributable to AF increases exponentially with age [START_REF] Rich | Epidemiology of atrial fibrillation[END_REF]. Interestingly, an association between PDE4D and cardioembolic stroke was reported by the investigators of the Icelandic DeCODE study [START_REF] Gretarsdottir | The gene encoding phosphodiesterase 4D confers risk of ischemic stroke[END_REF]. Although the "causative" mutation has not been identified, single nucleotide polymorphisms (SNPs) in the PDE4D region are associated with ischemic stroke in many different populations [START_REF] Munshi | Stroke genetics--focus on PDE4D gene[END_REF]. While none of the SNPs identified affects the catalytic site of the enzyme, they are associated with a reduced mRNA level for different PDE4D isoforms [START_REF] Gretarsdottir | The gene encoding phosphodiesterase 4D confers risk of ischemic stroke[END_REF].

Yet, to our surprise, none of the genetic studies published have considered the atrium as a possible target for the observed reduction in PDE4D expression. Since a rise in cAMP in vascular and inflammatory cells or in platelets would lead to vasorelaxation or inhibit cell growth, proliferation, migration, neointima formation, inflammation and platelet aggregation, it is unlikely that a reduction in PDE4D expression in one of these cell types would increase the risk for cardioembolic stroke. Here, we demonstrate that PDE4D is the major PDE4 isoforms expressed in human atrial myocytes. Hence, our study suggests a possible link between PDE4D and cardiogenic stroke that involves abnormal intracellular Ca 2+ handling in atrial myocytes that predisposes to AF. 

Age (y)

All experiments were performed at room temperature. Only elongated cells with clear cross striations and without granulation were used for experiments. waves were measured in the perforated patch configuration with the holding potential clamped at -80 or -50 mV for 30 s. A train of 20 pulses at 0.5 Hz was applied prior to these rest intervals. Currents were recorded with an EPC-10 patch-clamp amplifier (HEKA, Lambrecht/Pfalz, Germany) as described previously (3). The pipette resistance was 1.5-3 MΩ when filled with internal solution containing (in mM): aspartic acid 109, CsCl 47, Mg2ATP 3, MgCl2 1, Na2phosphocreatine 5, Li2GTP 0.42, HEPES 10, and 250 µg/ml amphotericin B, adjusted to pH 7.2 with CsOH. The extracellular solution contained (in mM): NaCl 127, Tetraethylammonium 5, HEPES 10, NaHCO3 4, NaH2PO4 0.33, glucose 10, pyruvic acid 5, CaCl2 2, MgCl2 1.8, adjusted to pH 7.4 with NaOH. Experiments were carried out at room temperature and began when the access resistance was stable and had decreased to less than 5 times the pipette resistance.

L-type

Live cell imaging of intracellular cAMP. FRET measurements were performed on HAMs infected with an adenovirus encoding Epac2-camps (6) (MOI=1000 pfu/cell). Cells were maintained in a K + -Ringer solution containing (in mM): NaCl 121.6, KCl 5.4, MgCl2 1.8; CaCl2 1.8; NaHCO3 4, NaH2PO4 0.8, D-glucose 5, sodium pyruvate 5, HEPES 10, adjusted to pH 7.4 with NaOH. Images were captured every 5 s using the 40x oil immersion objective of a Nikon TE 300 inverted microscope connected to a software-controlled (Metafluor, Molecular Devices, Sunnyvale, California, USA) cooled charge coupled (CCD) camera (Sensicam PE; PCO, Kelheim, Germany). CFP was excited during 150-300 ms by a Xenon lamp (100 W, Nikon, Champigny-sur-Marne, France) using a 440/20BP filter and a 455LP dichroic mirror. Dual emission imaging of CFP and YFP was performed using an Optosplit II emission splitter (Cairn Research, Faversham, UK) equipped with a 495LP dichroic mirror and BP filters 470/30 and 535/30, respectively. All experiments were performed at room temperature 48 h after cell plating and infection.

Confocal Ca 2+ imaging. For Ca 2+ imaging experiments, HAMs were loaded with 2.5 µM fluo-4 for 15 min followed by wash and de-esterification for at least 30 min. Fluo-4 was excited at 488 nm with the laser intensity set to 20% of maximum and attenuation to 4 or 5%.

Local changes in intracellular Ca 2+ were detected as increases in fluorescence emission (500-650 nm) in the frame scanning mode with a resonance scanning Leica SP5 AOBS confocal microscope at a frame rate of 100 Hz. Local (Ca 2+ sparks) and global changes in Ca 2+ fluorescence (Ca 2+ waves) were detected using a custom made detection program based on a pixel-by-pixel analysis of changes in the fluorescence emission. Synchronization of confocal images and current recordings was achieved using a Leica DAQ box and HEKA patch-master software. Patch-master was used to design electrophysiological protocols and to generate triggers for confocal image acquisition and event marking in the confocal time lapse protocols, and subsequent image analysis.

Preparation of protein extracts from human atrium. Immediately after removal from the patient, right atrial appendages were flash-frozen in liquid nitrogen. Frozen tissues were homogenized in ice-cold buffer containing (in mM): NaCl 150, HEPES 20 (pH 7.4), EDTA 2, EGTA 0.2, and supplemented with 10% Glycerol, 1% Triton X-100, 1 µM microcystin-LR, and Complete Protease Inhibitor Tablets (Roche Diagnostics). Tissue lysates were centrifuged at 20,000 g and 4°C for 20 min, and supernatants were used directly for PDE activity assays as described below.

Immunoprecipitation (IP).

For IP of PDE4 subtypes, PAN-selective antibodies against PDE4A (AC55), PDE4B (K118) and PDE4D (M3S1) (8) were coupled to 25 µL of Protein G-Sepharose beads, which were subsequently incubated with protein extracts from human atrium (1 mg protein) for 2 h at 4°C. The beads were pelleted, washed three times with cell lysis buffer, and the resulting IP pellets were subjected to PDE activity assays as described below.

PDE Assay. Cyclic AMP-PDE activity was measured according to the method of Thompson and Appleman (9) as described in detail previously (10). In brief, samples were assayed in a reaction mixture of 200 µL containing 40 mM Tris-HCl (pH 8.0), 1 mM MgCl2, 1.4 mM βmercaptoethanol, 1 µM cAMP, 0.75 mg/mL BSA, and 0.1 µCi of [ 3 H]cAMP for 30 min at 33°C. The reaction was terminated by heat inactivation in a boiling water bath for 1 min. The PDE reaction product 5'-AMP was then hydrolyzed by incubation of the assay mixture with 50 µg of Crotalus atrox snake venom for 20 min at 33°C, and the resulting adenosine was separated by anion exchange chromatography using 1 mL of AG1-X8 resin (BioRad, Hercules) and quantified by scintillation counting. Family-specific PDE activities were defined as the portion of total PDE activity inhibited by 20 µM vinpocetine (PDE1), 0.1 µM Bay60-7550 (PDE2), 10 µM cilostamide (PDE3), or 10 µM rolipram (PDE4), respectively.

Immunocytochemistry. Cells in suspension were fixed with paraformaldehyde (PFA; 2%) for 15 min. After centrifugation at 750 rpm for 5 min, PFA was removed, the myocytes were washed, and PFA was neutralized with NH4Cl (0.5 M). Cells were then washed 3 times with phosphate-buffered saline (PBS) and permeabilized for 5 min with Triton X-100 (0.5%) diluted in PBS. Cells were rinsed three times with PBS and then blocked with 1% BSA in PBS. Myocytes were then labeled with the primary antibodies (mouse monoclonal anti-α actinin (sarcomeric) (1:200) and rabbit polyclonal pan-PDE4 (K116; 1:200) (11), diluted in PBS containing 10% goat serum and 0.25% Triton X-100. After an overnight incubation at 4°C, the myocytes were washed three times using 1% BSA in PBS and then incubated with AlexaFluor ® 488 conjugated anti-rabbit IgG to reveal the PDE4 and AlexaFluor ® 633 antimouse IgG to reveal the α-actinin staining. After three successive 5-min washes using 1% BSA in PBS, the cells were resuspended in Mowiol medium (15 µl) The effect of PDE3 and PDE4 inhibition on the incidence of arrhythmias in human right atrial trabeculae was determined according to the protocol by Kaumann et al. (13,14). 1-ARs were selectively stimulated with cumulative concentrations of norepinephrine in the presence of the 2-AR blocker ICI 118.551 (50 nm) and 2-ARs were stimulated by cumulative concentrations of epinephrine in the presence of the 1-AR blocker CGP 207.12A (300 nM). Before this protocol, phenoxybenzamine (5 µM) was applied for 90 min to block -ARs and neuronal and extraneuronal uptake of catecholamines (15). 1-AR and 2-AR stimulations were performed in the absence or presence of the PDE4 inhibitor rolipram (100 nM) or the PDE3 inhibitor milrinone (1 µM), respectively.

Drugs. Isoprenaline (Iso), 3-isobutyl-1-methylxantine (IBMX), Vinpocetine, Bay60-7550 and rolipram were from Sigma-Aldrich (Saint Louis, MO, USA). Cilostamide, Ro 20-1724 and milrinone were from Tocris Bioscience (Ellisville, MI, USA).

Data analysis and statistics. The changes in ICa,L amplitude, FRET ratio and contractile force were expressed as percentage change vs. control. The results are expressed as mean ± s.e.m. For statistical evaluation the paired and unpaired Student's t-tests were used, and a difference was considered statistically significant when p was <0.05. Frequencies of spontaneous, nontriggered contractions in experiments on atrial trabeculae were analyzed using Fisher's exact test. No adjustments for multiple comparisons were made. For linear regression analysis in Fig. 6B, an F-test was used to test if the slope was significantly different from 0.

Supplemental Results

PDE4 controls basal I Ca,L in HAMs. To determine whether the control of basal [cAMP]i by PDE4 translates into biological functions, we examined whether PDE4 modulates the LTCC current, ICa,L. As shown in Supplemental Fig. 1A, Ro 20-1724 increased basal ICa,L in a concentration-dependent manner and the effect was fully reversible. The cumulative concentration response curve indicated that as low as 100 nM Ro 20-1724 is sufficient to obtain a maximal efficacy of 50% stimulation of ICa,L (Supplemental Fig. 1B). PDE3 inhibition by cilostamide (1 µM) produced a 2-fold greater response than PDE4 inhibition (Supplemental Fig. 1B), and when both PDE3 and 4 were inhibited by both Ro+Cil, ICa,L increased further to reach a level similar to that obtained by the broad-spectrum PDE inhibitor IBMX (100 µM). This indicates that PDE3 and PDE4 are the main enzymes controlling the basal activity of L-type Ca 2+ channels in HAMs.

PDE4 inhibition increases force of contraction during β-AR stimulation in human atrial trabeculae. Although PDE4 has been shown to be expressed in human ventricular myocardium (16,17), its functional role is still a matter of debate. PDE4 inhibition with rolipram has been shown to produce a small increase in developed tension in human atrial trabeculae (18) and to potentiate serotonin 5-HT4-receptor stimulated contractility in failing human left ventricular trabeculae under concomitant inhibition of PDE3 (19). However, other studies did not detect any effect of PDE4 inhibition on the positive inotropic effects mediated through either 5-HT4 receptors (20) or β-ARs in human atrium (13,21).

To gain further insight into the functional role of PDE4, mechanoelectrical measurements were performed on human trabeculae isolated from the right atrium of 9 patients. PDE4 inhibition with 10 µM Ro 20-1724 had no effect on the force of contraction under basal conditions (Supplemental Fig. 2A), whereas PDE3 inhibition with 1 µM cilostamide increased systolic force by 50% (Supplemental Fig. 2B). However, when Ro 20-1724 was added on top of cilostamide, or vice versa, the force of contraction doubled (Supplemental Figs. 2A and2B) and reached 80% of the response obtained by maximal β-AR stimulation (1 µM Iso). This indicates that both PDE3 and PDE4 control the force of contraction, but suggests that PDE4 requires a higher cAMP concentration than PDE3 to impact contractility. This hypothesis was further confirmed by the finding that both Ro 20-1724 (Supplemental Fig. 2C) and cilostamide (Supplemental Fig. 2D) increased the inotropic effect of a submaximal β-AR stimulation of 10 nM Iso. When both PDE inhibitors were present concomitantly with 10 nM Iso, the inotropic response reached levels comparable to stimulation with 1 µM Iso (Supplemental Fig. 2C and2D). These results demonstrate that the function of PDE4 in controlling ICa,L and intracellular Ca 2+ observed in isolated cells is reflected by the role of PDE4 in controlling contractility in whole tissue.

Supplemental Discussion

Although PDE4 inhibition increased basal ICa,L in HAMs (Supplemental Fig. 1), no clear effect was observed on basal contractility in human atrial trabeculae (Supplemental Fig. 2). Yet, PDE4 inhibition increased the force of contraction when cAMP was elevated by either a PDE3 inhibitor or by sub-maximal β-AR stimulation with Iso. Because contractility of a trabeculum is a more integrated response than ICa,L amplitude in a single myocyte, many other parameters will participate in the inotropic response to PDE inhibitors. One of these is the action potential duration, which is affected by cAMP/PKA not only via the regulation of ICa,L but also by other ion channels, such as IKs (22,23), the rapid component of the delayed rectifier potassium current IKr (24), the hyperpolarization-activated pacemaker current If (25), and the cystic fibrosis transmembrane conductance regulator (CFTR) Cl -current (26). Other downstream factors include intracellular Ca 2+ transient and sarcoplasmic reticulum function, and the phosphorylation status of key proteins, such as phospholamban, RyR2 and contractile proteins. 

Supplemental References

Figure 1 PDE

 1 Figure 1 PDE families expressed in human atrium (A) Detergent-extracts prepared from human atrium were subjected to PDE activity assays in the absence or presence of PDE family-selective inhibitors using 1µM cAMP as substrate. Family-specific PDE activities were defined as the portion of total PDE activity inhibited by 20µM vinpocetine (PDE1), 0.1µM Bay60-7550 (PDE2), 10µM cilostamide (PDE3), or 10µM rolipram (PDE4). (B) PDE4 subtypes expressed in human atrium. Detergent-extracts prepared from human atrium were subjected to immunoprecipitations using PDE4 subtype selective antibodies. The amount of PDE activity recovered in the IP pellets corrected for the amount of protein used as IP input is reported. Inset: SDS-PAGE migration of PDE4 subtypes expressed in human atrium. Detergent-extracts prepared from human atrium were subjected to coimmunoprecipitation assays using PDE4D-selective antibodies or normal IgG as a control. Shown is the PDE4D expression in cell extracts that had been depleted with either control IgG or PDE4D antibodies (left panel) and the PDE4D species recovered in the IP pellets (right panel) by Western blotting with PDE4D-selective antibodies. (C) Distribution of PDE4 in isolated HAMs. Isolated human atrial myocytes were stained with anti-PAN-PDE4antibody and with anti-α-actinin antibody. Superimposed images (merge) and magnification of the area within the white rectangle revealed an overlapping distribution of PDE4 with αactinin.

Figure 2

 2 Figure 2 Regulation of basal cAMP levels by PDE4 and PDE3 in HAMs (A) Real-time measurement of cAMP levels in response to β-AR stimulation. HAMs were infected with the Epac2-camps adenovirus. The graph shows the time course of CFP and YFP fluorescence emissions in response to a brief application of isoprenaline (Iso, 100nM, 15sec).

Figure 3 PDE

 3 Figure 3 PDE regulation of the β-AR response (A) and (C) Average time course of the changes of CFP/YFP ratio (A) and ICa,L amplitude (C) during a brief β-AR stimulation with isoprenaline (Iso, 100nM, 15sec) alone or when Ro 20-1724 (Ro, 10µM) or cilostamide (Cil, 1µM) were added to the Iso solution and in the washout solution to selectively inhibit PDE4 and PDE3, respectively. (B) and (D) Mean values of the time for 50% recovery (T1/2 OFF) of the FRET ratio (B) and ICa,L amplitude (D). The symbols and bar graphs indicate the mean±s.e.m. of the number of cells (c) and patients (p).

Figure 4 PDE4

 4 Figure 4 PDE4 inhibition increases spontaneous sarcoplasmic reticulum Ca 2+ release (A) Confocal image of a human atrial myocyte with three regions of interest (ROI) where Ca 2+ sparks and Ca 2+ waves were detected 2, 7 and 12 minutes after exposure to 10 M Ro

Figure 5 PDE4

 5 Figure 5 PDE4 inhibition increases frequency of arrhythmias after  1 -and  2 -AR

Figure 6

 6 Figure 6Measurements of total PDE and PDE4 activity in human atrial tissues (A) Individual and mean values for total PDE activity measured in right atrial tissues obtained from patients with SR, HF (i.e. patients with ejection fraction <60%) or permanent AF. (B) Plot of the total PDE activity as a function of the patient's age. A linear regression analysis is shown. (C) PDE4 activity relative to total in age-matched patients in the three groups SR, HF and AF. For statistical evaluation, unpaired Student's t-test was used in A and C, and an F-test was used in B to tests if the slope was significantly different from 0.
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 1 Figure 1

Figure 1 :

 1 Regulation of basal I Ca,L by PDE4(A) Time course of the effects of Ro 20-1724 on basal ICa,L in an isolated HAM. Each symbol corresponds to a measure of ICa,L at 0 mV obtained every 8 s. The cell was first superfused with control solution and then exposed to increasing concentrations of Ro 20-1724 (3, 30 and 300 nM) during the periods indicated by the solid lines. The individual current traces shown on the upper part were obtained at the times indicated by the corresponding letters in the bottom graph. Dotted line, zero current level. (B) Concentration-response curve for the effects of Ro 20-1724 on peak ICa,L (n=4-14 cells, 1-6 patients), and comparison with the effects of the PDE3 inhibitor cilostamide (Cil, 1 µM, n=15 cells, 8 patients), Cil+Ro (n=9 cells, 5 patients) and IBMX (n=7 cells, 2 patients). ICa,L amplitude is expressed as percentage increase over its control value. The symbols and bar graphs indicate the mean ± s.e.m. *, p<0.05 vs. control; ***, p<0.001 vs. control.

  

  

  Ca 2+ current measurements. The whole cell configuration of the patch-clamp technique was used to record ICa,L. Patch electrodes resistance was between 1-2 MΩ when filled with internal solution containing (in mM): CsCl 118, EGTA 5, MgCl2 4, HEPES 10, adjusted to pH 7.4 with NaOH. For ICa,L measurement, the cells were depolarized every 8 s from -50 to 0 mV during 400 ms. The use of -50 mV as holding potential allowed the inactivation of voltage dependent sodium currents. Potassium currents were blocked by replacing all K + ions with external and internal Cs + . The cells were voltageclamped using patch-clamp amplifiers (model RK-400; Bio-Logic, Claix, France or an Axopatch 200B patch-clamp amplifier, Axon Instruments, Inc., Union City, CA, USA). Currents were analogue filtered at 3 KHz and digitally sampled at 10 KHz using a 12-bit analogue-to-digital converter (DT2827; Data translation, Marlboro, Massachusetts, USA) connected to a compatible PC (386/33 Systempro; Compaq Computer Corp., Houston, Texas, USA) or a Digidata 1440A interface (Axon Instruments, Inc., Union City, CA, USA) connected to a computer (Dell Precision T3400, Dell Inc., Round Rock, Texas, USA) equipped with pClamp 10 software (Axon Instruments, Inc.

	Na2phosphocreatine 5, Na2ATP 3.1, Na2GTP 0.42, CaCl2 0.062 (pCa 8.5), HEPES 10, adjusted to pH 7.3 with CsOH. Extracellular Cs + -Ringer solution contained (in mM): CaCl2
	1.8, MgCl2 1.8, NaCl 107.1, CsCl 20, NaHCO3 4, NaH2PO4 0.8, D-glucose 5, sodium
	pyruvate 5,

, Union City, CA, USA). The maximal amplitude of whole-cell ICa,L was measured as previously described (1,7). Currents were not compensated for capacitance and leak currents.

Transient inward current measurements. Transient inward INCX associated with Ca 2+

  . Images were acquired using a Carl Zeiss (Oberkochen, Germany) LSM 510 confocal laser scanning microscope. Optical sections series were obtained with a Plan Apochromat 63x objective (NA 1.4, oil immersion). The fluorescence was observed with a BP 505-550 nm and a LP 649 nm emission filter under 488-nm and 633 nm laser illuminations, respectively.

	Mechanoelectrical measurements. Experiments were performed on human trabeculae
	isolated from the right atrium of 41 patients. Immediately after removal from the patient,
	atrial appendages were transferred into ice-cold St. Thomas Hospital Solution I, consisting of
	(in mM): NaCl 91.6, KCl 14.8, MgSO4 1.2, MgCl2 15, KH2PO4 1.2, CaCl2 1.2, Procain
	hydrochloride 1.0, NaHCO3 25 mM, pH 7.4. Isometric force of contraction was determined
	on isolated, electrically driven right atrial muscle preparations as described previously (12).
	Bathing solution contained (in mM) NaCl 136.9; KCl 5.4; MgCl2 1.05; CaCl2 1.8; NaHCO3
	22.6; NaH2PO4 0.42; glucose 5.0; ascorbic acid 0.28; Na2EDTA 0.05 (pH 7.4), and was
	maintained at 37°C and aerated with 95% O2 and 5% CO2. Muscles of uniform size (length,
	5-6 mm; thickness <1 mm) were stretched to the length at which force of contraction was
	maximal (~5-6 mN). Force development was calculated as the difference between maximal
	systolic and diastolic force. All experiments were performed at 37°C.
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APPENDIX Supplemental Methods

Human samples. Atrial myocardial tissue samples were obtained from a total of 112 patients (aged 1 to 86) undergoing cardiac surgery either at the Hôpital Marie-Lannelongue, Le Plessis-Robinson, France, at the Institut Hospitalier Jacques Cartier, Massy, France, at the Department of Cardiac Surgery, Hospital de la Santa Creu i Sant Pau, Universitat Autònoma de Barcelona, Barcelona, Spain, or at the Klinik für Innere Medizin III, Universitätsklinikum des Saarlandes, Homburg/Saar, Germany. Specimens of right atrial appendage were obtained from patients subjected to atrial cannulation for extracorporal circulation. Young patients included in the study were operated for congenital heart defects such as tetralogy of Fallot and atrio-ventricular canal or ventricular septal defects. Permission to use atrial tissue samples that would normally be discarded during cardiac surgery was obtained from each patient or from the parents in the case of young patients. The study was approved by the respective local ethics committees. Details regarding the clinical characteristics of the patients and their treatments are shown in Supplemental Table 1. The number of patients used in specific experimental series is indicated where appropriate. Samples obtained from patients treated with Ca 2+ antagonists were not used for L-type Ca 2+ channel current (ICa,L) recordings.

Isolation, culture and infection of human atrial myocytes. A total of 145 human atrial myocytes (HAMs) isolated from 38 patients were used for electrophysiological experiments. Immediately after removal from the patient, atrial appendages were transferred into ice-cold Tyrode solution for its transport to the laboratory where cell isolation was performed. Atrial myocytes were isolated by enzymatic digestion of human samples as previously described (1-3). Briefly, small pieces of tissue were incubated at 35°C in a Ca 2+ free solution containing 0.5 mg/ml collagenase (Worthington type 2, 323 U/mg), 0.5 mg/ml proteinase (Sigma type XXIV, 11 U/mg solid) and 2% bovine serum albumin (BSA). After 30 min, the tissue was removed from the enzyme solution, and cells were disaggregated with a Pasteur pipette in Ca 2+ -free solution containing 2 µM blebbistatin (4) and 5% BSA. The remaining tissue was digested for 3×15 min in a fresh Ca 2+ free solution containing 0.4 mg/ml collagenase and 2% BSA. Freshly isolated cells were suspended in minimal essential medium (MEM: M 4780; Sigma, St. Louis, Missouri, USA) containing 1.2 mmol/L Ca 2+ , 2.5% fetal bovine serum (FBS, Invitrogen, Cergy-Pontoise, France), 1% penicillin-streptomycin, 2% HEPES (pH 7.6) and 2 µM blebbistatin and plated on 35 mm, laminin-coated culture dishes (10 μg/mL laminin, 2 h). After 1 h the medium was replaced by 500 μL of FBS-free MEM. ICa,L measurements were performed on freshly isolated HAMs, and FRET measurements were performed on myocytes 48 h after infection with the adenovirus encoding Epac2-camps (5,6). 
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Supplemental Table 1: Clinical characteristics of patients

Patient data