Jonas Jurevičius 
  
V Arvydas 
  
Dr Rodolphe Fischmeister 
  
  
  
  
Role of cyclic nucleotide phosphodiesterase isoforms in cAMP compartmentation following  2 -adrenergic stimulation of I Ca,L in frog ventricular myocytes

Keywords: 

PDE subtypes and cAMP compartmentation in frog heart 2 

INTRODUCTION

Sympathomimetic amines, such as isoprenaline (ISO), exert a positive inotropic effect on the heart that is mediated by activation of adenylyl cyclase and phosphorylation by cAMPdependent protein kinase (PKA) of a number of target proteins, including the L-type Ca 2+ channels [START_REF] Rapundalo | Cardiac protein phosphorylation: functional and pathophysiological correlates[END_REF][START_REF] Kamp | Regulation of cardiac L-type calcium channels by protein kinase A and protein kinase C[END_REF]. In the mammalian heart, ISO activates 1and 2-adrenergic receptors and both receptors contribute to cAMP synthesis and PKAmediated stimulation of the macroscopic L-type Ca 2+ current (ICa,L) [START_REF] Hartzell | Sympathetic regulation of cardiac calcium current is due exclusively to cAMP-dependent phosphorylation[END_REF]Skeberdis et al. 1997b;[START_REF] Zhou | Localized cAMP-dependent signaling mediates ß2-adrenergic modulation of cardiac excitation-contraction coupling[END_REF]) and amplitude of contraction [START_REF] Molenaar | Both ß2-and ß1-adrenergic receptors mediate hastened relaxation and phosphorylation of phospholamban and troponin I in ventricular myocardium of fallot infants, consistent with selective coupling of ß2-adrenergic receptors to Gs-protein[END_REF] for a review, see [START_REF] Steinberg | The molecular basis for distinct -adrenergic receptor subtype actions in cardiomyocytes[END_REF]. However, although both receptors share a common signalling pathway, the positive inotropic effect of 2-adrenergic agonists differs from that of 1-agonists in that it is accompanied neither by a measurable production of intracellular cAMP [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], nor by an accelerated relaxation of contractility [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] or by cAMP-dependent phosphorylation of phospholamban [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]; but see [START_REF] Molenaar | Both ß2-and ß1-adrenergic receptors mediate hastened relaxation and phosphorylation of phospholamban and troponin I in ventricular myocardium of fallot infants, consistent with selective coupling of ß2-adrenergic receptors to Gs-protein[END_REF]. This observation was unexpected, though, considering that 2-receptors were shown to be more tightly coupled to adenylyl cyclase than 1-receptors, both in native cardiac tissues [START_REF] Waelbroeck | The human heart beta-adrenergic receptors. II. Coupling of beta2-adrenergic receptors with the adenylate cyclase system[END_REF][START_REF] Bristow | ß1-adrenergic and ß2-adrenergic receptor-mediated adenylate cyclase stimulation in nonfailing and failing human ventricular myocardium[END_REF]) and in reconstitution systems [START_REF] Green | ß1-and ß2-adrenergic receptors display subtypeselective coupling to Gs[END_REF][START_REF] Levy | Efficacy of ß1-adrenergic receptors is lower than that of ß2-adrenergic receptors[END_REF]. A possible explanation for the difference between cardiac 1and 2adrenergic responses came from studies performed in rat ventricular myocytes which indicated that the cAMP signal might be more localised upon 2than 1-receptor activation [START_REF] Zhou | Localized cAMP-dependent signaling mediates ß2-adrenergic modulation of cardiac excitation-contraction coupling[END_REF]; see [START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF] for a review). Such a hypothesis was further supported by additional experiments in transgenic mice overexpressing the 2-adrenergic receptor in the heart [START_REF] Milano | Enhanced myocardial function in transgenic mice overexpressing the ß2-adrenergic receptor[END_REF]. In these animals, cardiac force of contraction [START_REF] Milano | Enhanced myocardial function in transgenic mice overexpressing the ß2-adrenergic receptor[END_REF] and ICa,L [START_REF] An | ß2-adrenergic receptor overexpression in the developing mouse heart: evidence for targeted modulation of ion channels[END_REF]; but see [START_REF] Zhou | Spontaneous ß2adrenergic signaling fails to modulate L-type Ca 2+ current in mouse ventricular myocytes[END_REF][START_REF] Heubach | L-type calcium current and contractility in ventricular myocytes from mice overexpressing the cardiac ß2-adrenoceptor[END_REF] were found to be strongly enhanced due to an enhanced PKA activity resulting from a large constitutive activity of the delayed rectifier K + current also normally activated by PKA [START_REF] Roden | Cardiac ion channels[END_REF], was unchanged in these transgenic animals [START_REF] An | ß2-adrenergic receptor overexpression in the developing mouse heart: evidence for targeted modulation of ion channels[END_REF] indicating that cAMP may not rise uniformly inside the cell when its synthesis is triggered by 2-receptors. A non-uniform distribution of intracellular cAMP was initially proposed by Larry Brunton and his colleagues over 20 years ago in a series of elegant biochemical studies performed on rat heart [START_REF] Brunton | Hormonally specific phosphorylation of cardiac troponin I and activation of glycogen phosphorylase[END_REF] or isolated ventricular myocytes [START_REF] Buxton | Compartments of cyclic AMP and protein kinase in mammalian cardiomyocytes[END_REF]. When comparing the effects of ISO and prostaglandin E1 (PGE1) on the degree of cAMP accumulation and activation of PKA in particulate and soluble fractions, they found that ISO increased cAMP and PKA in both fractions, but PGE1 increased cAMP and PKA in the soluble fraction only [START_REF] Brunton | Hormonally specific phosphorylation of cardiac troponin I and activation of glycogen phosphorylase[END_REF][START_REF] Buxton | Compartments of cyclic AMP and protein kinase in mammalian cardiomyocytes[END_REF]. However, what makes cAMP to remain localised in one case and to diffuse more readily in the other case remains an open question [START_REF] Bers | When is cAMP not cAMP? Effects of compartmentalization[END_REF][START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF].

In the frog heart, we found that a single population of receptors is involved in the -adrenergic regulation of ICa,L (Skeberdis et al. 1997a). The pharmacological pattern of the response of ICa,L to different -adrenergic agonists and antagonists allowed us to conclude that these receptors are of the 2-subtype (Skeberdis et al. 1997a). ISO activation of ICa,L in frog ventricular myocytes is thus entirely mediated by 2-adrenergic receptors (Skeberdis et al. 1997a) and cAMP-dependent phosphorylation [START_REF] Hartzell | Sympathetic regulation of cardiac calcium current is due exclusively to cAMP-dependent phosphorylation[END_REF]. The elongated shape of frog ventricular myocytes allows a direct investigation of the intracellular cAMP compartmentation in these cells. Indeed, using a double barrelled microperfusion technique, it is possible to expose only half of a cell to a drug and record independently the 'local' and 'distant' effects of the drug on ICa,L [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF][START_REF] Dittrich | Local response of L-type Ca 2+ current to nitric oxide in frog ventricular myocytes[END_REF].  As shown in our earlier study, the local effect of ISO or forskolin on ICa,L in frog ventricular myocytes was due to adenylyl cyclase activation in the part of the cell exposed to these drugs, while the distant effect was due to passive diffusion of cAMP from the exposed part to the remote part of the cell [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. Under control conditions, little amount (3%) of cAMP was found to diffuse to the remote part of the cell when ISO was applied on one half of the cell only, indicating that the cAMP signal is indeed highly localised upon 2-adrenergic receptor activation. Almost three decades ago, a somewhat similar finding was obtained by Venter and colleagues on a multicellular cardiac preparation. In an elegant series of studies, a local application of ISO immobilized on glass beads was shown to achieve a strong increase in contraction of cat papillary muscle without any change in whole-tissue cAMP concentration [START_REF] Venter | Lack of detectable change in cyclic AMP during the cardiac inotropic response to isoproterenol immobilized on glass beads[END_REF][START_REF] Hu | Adenosine cyclic 3', 5'-monophosphate concentrations during the positive inotropic response of cat cardiac muscle to polymeric immobilized isoproterenol[END_REF]. We hypothesized that cyclic nucleotide phosphodiesterases (PDE) might play a role in limiting the amount of cAMP that diffuses from membrane to cytosol, since in the presence of 3-isobutyl-1-metylxanthine (IBMX), a broad-spectrum PDE inhibitor, cAMP appeared to diffuse more readily [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. In the present study, our aim was to examine this latter hypothesis further, in particular by investigating the role of two major PDE subtypes which have been shown earlier to regulate ICa,L in frog ventricular myocytes [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF]): PDE3, the cGMP-inhibited PDE, and PDE4, the cGMP-independent cAMP-selective PDE.

A preliminary account of this work was presented elsewhere (Jurevičius et al. 1997).

METHODS

The investigation conforms with the European Community guiding principles in the care and use of animals (86/609/CEE, CE Off J n°L358, 18 December 1986), the local (CREEA Ile-de-France Sud) ethics committee guidelines and the French decree n°87/748 of October 19, 1987(J Off République Française, 20 October 1987, pp. 12245-12248). Authorisations to perform animal experiments according to this decree were obtained from the French Ministère de l'Agriculture et de la Forêt (n°04226, April 12, 1991).

Cell isolation

Ventricular cells were enzymatically dispersed from frog (Rana esculenta) heart, by a combination of collagenase and trypsin as described [START_REF] Fischmeister | Cyclic guanosine 3',5'-monophosphate regulates the calcium current in single cells from frog ventricle[END_REF]. Frogs were killed by decapitation, the spinal cord was destroyed with a steel rod and the heart was then excised. The isolated cells were stored in storage Ringer solution, and kept at 4°C until use (2-48 hours following dissociation). This study is based on myocytes isolated from a total of 21 frogs.

Electrophysiology 250-400 µm long rod-shaped Ca 2+ -tolerant and single mononucleated frog ventricular myocytes were sealed at both ends to two patch-clamp pipettes (1.0-1.5 M) as described previously [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. Cell membrane capacitance was 76.0  1.1 pF (n=19).

Whole-cell recording condition was established for both electrodes using two independent patch-clamp amplifiers (RK400, Bio-Logic, Claix, France). One electrode (EL1) was under voltage-clamp condition and was used to depolarise the cell every 8 s to 0 mV for 200 ms from a holding potential of -80 mV. The other electrode (EL2) was under current-clamp conditions (at zero current) to allow the measurement of membrane potential at the most remote part of  the cell. Voltage-clamp protocols applied to EL1 were generated by a challenger/09-VM programmable function generator (Kinetic Software, Atlanta, GA). K + currents were blocked by replacing all K + ions with intracellular and extracellular Cs + [START_REF] Fischmeister | Cyclic guanosine 3',5'-monophosphate regulates the calcium current in single cells from frog ventricle[END_REF] and the fast Na + current was blocked by tetrodotoxin. All experiments were done at room temperature (19-26°C), and the temperature did not vary by more than 1°C in a given experiment.

Microperfusion of single cardiac myocytes

After breaking of the patch membrane at the tips of both electrodes and establishment of wholecell recording conditions, EL1 and EL2 were moved separately so that the cell was positioned transversally at the mouth of two adjacent capillaries (square section: 400 µm x 400 µm) made out of Plexiglas and separated by an intermediate wall 5 µm thick [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. The cell was thus exposed to two different solutions, which are indicated as S1 and S2 in subsequent figures. In all experiments, S1 was a regular Cs + -Ringer Ca 2+ -containing solution complemented with 1 µM propranolol to completely avoid any activation of -adrenergic receptors in the part of the cell not exposed to ISO. S2 varied during the course of the experiments from a zero-Ca 2+ to a Ca 2+ -containing Cs + -Ringer solution, and all drugs tested here were added to S2. Mixing of the solutions at the cell membrane was minimised by i) pressing the cell against the wall, ii) positioning the tips of EL1 and EL2 inside the mouth of the capillaries, and iii) pressure ejection of the solutions out of the capillaries at a linear velocity of 2 cm.s -1 [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF].

Data analysis

Currents were sampled at a frequency of 10 kHz using a 16-bit analogue-to-digital converter (PCL816, Advantech France, Levallois Perret, France) connected to a PC compatible micro  computer. Currents were not compensated for capacitive and leak currents. On-line analysis of the recordings was made possible by programming a PC-compatible microcomputer in Assembling language (Borland, USA) to determine, for each membrane depolarisation, peak and steady-state current values [START_REF] Fischmeister | Cyclic guanosine 3',5'-monophosphate regulates the calcium current in single cells from frog ventricle[END_REF].

ICa,L amplitude was measured as the difference between peak inward current and the current at the end of the 200 ms pulse [START_REF] Fischmeister | Cyclic guanosine 3',5'-monophosphate regulates the calcium current in single cells from frog ventricle[END_REF]. When S1 and S2 are both identical to the control external Cs + -Ringer solution, ICa,L amplitude reflects the basal activity of L-type Ca 2+ channels present in the whole myocyte. When S2 is switched to a zero-Ca 2+ solution, the L-type Ca 2+ channels exposed to S2 become silent, and ICa,L amplitude reflects only the activity of the channels exposed to S1 (S1-ICa,L). The reduction in ICa,L amplitude upon switching S2 to zero-Ca 2+ , or the increment in ICa,L upon reintroduction of Ca 2+ in S2, reflects the activity of the Error bars are given as standard errors to the mean (S.E.M.). The number of cells is denoted by n. For statistical evaluation the paired and unpaired Student's t-test were used, and a difference was considered statistically significant when p was <0.05. 

Solutions and drugs

For the preparation of frog ventricular myocytes, the ionic composition of Ca 2+ -free Ringer solution was (mM): 88.4 NaCl; 2.5 KCl; 23.8 NaHCO3; 0.6 NaH2PO4; 1.8 MgCl2; 5 mM creatine; 10 mM D-glucose; 1 mg.ml -1 fatty acid-free bovine serum albumin; 50 i.u.ml -1 penicillin; 50 µg.ml -1 streptomycin; pH 7.4 maintained with 95% O2, 5% CO2. Storage Ringer solution was Ca 2+ -free Ringer solution to which was added 0.9 mM CaCl2 and 10 µl ml -1 nonessential and essential amino acid and vitamin solution (MEM 100x). Dissociation medium was composed of Ca 2+ -free Ringer solution to which was added 0.2 mg.ml -1 trypsin type XIII (Sigma, St.Louis, USA), 0.14 mg.ml -1 collagenase (Yakult, Tokyo, Japan), and 10 µl.ml -1 M199 medium (Sigma). Tetrodotoxin was from Latoxan (Rosans, France). Milrinone was a gift of Sterling-Winthrop (U.S.A.) and Ro 20-1724 was gently provided by Hoffman-La-Roche (Switzerland). All other drugs were from Sigma. All compounds were dissolved in distilled water. Each day, fresh 1-10 mM stock solutions were prepared and stored at 4°C. Immediately before applied to the cell, the drug was dissolved at the desired final concentration in external solutions, i.e. only fresh solutions were tested.

RESULTS

Milrinone increases the distant response of I Ca,L to isoprenaline

ICa,L was measured in isolated frog ventricular myocytes using the whole-cell patch-clamp technique [START_REF] Hamill | Improved patch-clamp techniques for high-resolution current recording from cells and cell-free membrane patches[END_REF]. Single myocytes were attached to two patch pipettes and positioned transversally at the mouth of two adjacent capillaries, allowing two different solutions (S1 and S2) to superfuse the two halves of the cell [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF].

When S1 and S2 were both identical to the control external Cs + -Ringer solution, basal ICa,L amplitude was on average 122.1 ± 12.5 pA (mean ± S.E.M., n=46) at 0 mV membrane potential, and mean ICa,L density, which represents the ratio of ICa,L amplitude to membrane capacitance, was 1.64±0.19 pA/pF (n=46). In the experiment shown in Fig. 1, basal ICa,L amplitude was 66 pA. After Ca 2+ withdrawal from S2, the current was reduced to 31 pA. This amplitude represents the 'distant' ICa,L, i.e. the Ca 2+ current carried by the channels located in the cell membrane facing S1 where Ca 2+ is still present. The 'local' ICa,L corresponds to the amount of current that disappeared after withdrawing Ca 2+ from S2 (in this case 35 pA). Since L-type Ca 2+ channels are uniformly distributed along the cell length (Jurevičius & Fischmeister, 1997), distant and local ICa,L amplitudes give an indication of how much cell membrane is exposed to each solution. In all experiments, the cells were positioned in such a way that distant and local ICa,L did not differ by more than 15%, so that it could be assumed that a similar amount of cell membrane was exposed to each solution.

(Figure 1 near here)

As shown in our previous study [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF], addition of isoprenaline (ISO) to a zero-Ca 2+ S2 solution allows to estimate the distant response of ICa,L to the adrenergic agonist. Figure 1 shows that 0.1 µM ISO added to S2 induced a small (61%) increase in distant ICa,L. However, at this concentration, ISO induced a much larger (5-fold) increase in local ICa,L, as seen by the increment in current observed upon a transitory reintroduction of Ca 2+  in S2 (Fig. 1). As shown earlier, the difference between the local and distant responses of ICa,L to ISO is an evidence for a strong cAMP compartmentation following -adrenoceptor activation [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. To examine whether PDE3 plays a role in this process, the PDE3 inhibitor milrinone was added to S2 in the continuing presence of ISO. Milrinone was used at 3 µM, a concentration shown earlier to produce a maximal stimulation of cAMPelevated ICaL [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF] while retaining a high selectivity towards PDE3 [START_REF] Stoclet | Cyclic nucleotide phosphodiesterases as therapeutic targets in cardiovasculasr diseases[END_REF]. Figure 1 shows that addition of milrinone increased by 62% distant ICa,L while it had a smaller (28%) effect on local ICa,L. Thus, the ratio of local vs. distant response of ICa,L to ISO was reduced by milrinone approximately from 8.3 to 4.2, indicating that PDE3 inhibition attenuated the gradient of local vs. distant intracellular cAMP concentration. After the effect of milrinone reached steady state, the drug was replaced by IBMX to examine the effect of a complete block of PDE activity in this cell. IBMX was used at 100 µM, a concentration shown earlier to produce a maximal stimulation of cAMP-elevated ICaL [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF]. Addition of IBMX to S2 increased distant ICa,L 1.8-fold compared to its level in milrinone, so that the distant response of ICa,L in ISO + IBMX was about 3-times larger than in ISO alone. However, IBMX increased the local response only by 30% compared to its level in milrinone, and 67% compared to its level in ISO alone. Hence, the ratio of local vs. distant response of ICa,L to ISO was reduced from 8.3 to 2.4 by IBMX, indicating that complete PDE inhibition reduced the gradient of local vs. distant intracellular cAMP concentration to a larger extent than inhibition of PDE3 alone. At the end of the experiments, all drugs were washed out of S2 and local and distant ICa,L returned to their basal amplitudes.

Ro 20-1724 increases the distant response of I Ca,L to isoprenaline

Similar experiments were performed to examine the contribution of PDE4 in the intracellular cAMP compartmentation following ISO application. To do this, the PDE4 inhibitor Ro 20-1724 concentration shown earlier to produce a maximal stimulation of cAMP-elevated ICaL [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[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]) while retaining a high selectivity towards PDE4 [START_REF] Stoclet | Cyclic nucleotide phosphodiesterases as therapeutic targets in cardiovasculasr diseases[END_REF]. In the experiment shown in Fig. 2, addition of Ro 20-1724 (3 µM) to S2 in the presence of 0.1 µM ISO increased 3.2-fold the distant response of ICa,L, from 56% to 177% stimulation over basal. However, during the same protocol, the local response increased only by 49%. Hence, the ratio of local vs. distant response of ICa,L to ISO was reduced by Ro 20-1724 approximately from 7 to 3.3, indicating that PDE4 inhibition attenuated the gradient of local vs. distant intracellular cAMP concentration. After the effect of Ro 201724 reached steady state, the drug was replaced by a saturating concentration of IBMX (100 µM) to compare the effect of PDE4 inhibition with a complete block of PDE activity. Addition of IBMX to S2 increased distant ICa,L by 47% compared to its level in Ro 20-1724, so that the distant response of ICa,L in ISO + IBMX was 5.5-times larger than in ISO alone. However, during the same protocol, IBMX had no effect (6%) on the local response. Hence, the ratio of local vs. distant response of ICa,L to ISO was reduced from 7 to 2 by IBMX, indicating that complete PDE inhibition reduced the gradient of local vs. distant intracellular cAMP concentration to a larger extent than inhibition of PDE4 alone. At the end of the experiments, all drugs were washed out of S2 and local and distant ICa,L returned to their basal amplitudes.

(Figure 2 near here)

Relative contribution of PDE3 and PDE4 to the distant response of I Ca,L to isoprenaline

From the above experiments, it appears that both PDE3 and PDE4 contribute to limit the distant response of ICa,L to ISO. However, inhibition of a single PDE subtype was not sufficient to reach the degree of response obtained with IBMX, i.e. when all PDE activity was blocked.

Therefore, we next examined whether a simultaneous inhibition of PDE3 and PDE4 produced comparable effects to IBMX. In the experiment shown in Fig. 3, addition of 3 µM milrinone  and 3 µM Ro 20-1724 to S2 in the presence of 0.1 µM ISO increased 5-fold the distant response of ICa,L, from 111% to 517% stimulation over basal. However, during the same protocol, the local response increased only by 65%. Hence, the ratio of local vs. distant response of ICa,L to ISO was reduced by milrinone + Ro 20-1724 approximately from 7 to 2.5. After steady state, the drugs were replaced by 100 µM IBMX to compare the effect of PDE3 and PDE4 inhibition with a complete block of PDE activity. As shown, IBMX produced identical effect to milrinone + Ro 20-1724, since neither distant nor local ICa,L was significantly modified by the drug. This was not due to some irreversible effect of the PDE inhibitors used since, at the end of the experiments, all drugs were washed out of S2 and local and distant ICa,L returned to their basal amplitudes.

(Figure 3 [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF], application of ISO in the presence of milrinone (Fig. 5A) or Ro 20-1724 (Fig. 5B) induced a substantial distant response of ICa,L at each concentration of ISO tested. The results of similar experiments are summarized in Fig. 6. The dose-response curves for the effects of ISO in the presence of milrinone (3 µM, Fig. 6A) or Ro 20-1724 (3 µM, Fig. 6B) show that the distant and local responses mainly differ by a 6 to 10-fold reduction in the sensitivity to the agonist. A simple theoretical analysis of the dose-response curves allowed to estimate the degree of cAMP compartmentation achieved by ISO when either PDE3 or PDE4 was blocked. The analysis makes the hypothesis that ICa,L is an index of the concentration of cAMP near Ca 2+ channels. Indeed, when exogenous cAMP is perfused inside a frog ventricular myocyte, a relationship is obtained between ICa,L and cAMP concentration which is well fitted by the Michaelis equation  [START_REF] Fischmeister | Cyclic guanosine 3',5'-monophosphate regulates the calcium current in single cells from frog ventricle[END_REF]. We thus assumed that local (El) and distant (Ed) responses of ICa,L to ISO, like those plotted in Fig. 6, reflect the changes in local ([cAMP]l) and distant ([cAMP]d) cAMP concentrations, respectively. When normalized to the maximal increase in ICa,L, a simple relationship between El and Ed can be found:

Ed=El/(+(1-)El) (Eq. 1)
In this equation, the coefficient =[cAMP]l / [cAMP]d represents the gradient of local vs. distant cAMP concentration (for further details, see [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. Equation 1was applied to the experimental data of Fig. 6 for the effects of ISO on ICa,L in the presence of milrinone and Ro 20-1724. Each set of two curves in Fig. 6A andB, which gives El () and Ed () as a function of ISO concentration, was used to obtain a relationship of El as a function of Ed (not shown) which was then fitted to Eq. 1. Calculated mean  values derived from these fits were, respectively, 6.1 for ISO in the presence of milrinone and 10.2 for ISO in the presence of Ro 20-1724. Data from additional experiments performed in the presence of 100 µM IBMX were also fitted to Eq. 1 and led to an  value of 4.4. These  values are to be compared with the value of 40 obtained when ISO was used alone [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. Thus, while under control conditions cAMP concentration is 40-fold higher in the part of the cell exposed to ISO than in the rest of the cell, inhibition of either PDE3 or PDE4 reduced this gradient of concentration by a factor of 4 to 6 and a complete inhibition of all PDE activity by a factor of 9.

(Figure 6 near here)

Role of cAMP-dependent phosphorylation in the compartmentation of cAMP

Several subtypes of cyclic nucleotide phosphodiesterases have been shown to be regulated by cAMP-dependent phosphorylation. In particular, PDE3 and PDE4 are stimulated in vitro by PKA (see e.g. [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] Murthy | PKA-dependent activation of PDE3A and PDE4 and inhibition of adenylyl cyclase V/VI in smooth muscle[END_REF]. Thus, we tested the hypothesis that activation of PKA following ISO application leads to a stimulation of PDE activity in frog  ventricular myocytes. To examine this hypothesis, we investigated the local and distant responses of ICa,L to ISO in the presence of either okadaic acid, a non-selective phosphatase inhibitor [START_REF] Takai | Smooth muscle myosin phosphatase inhibition and force enhancement by black sponge toxin[END_REF], or H-89, a potent inhibitor of PKA [START_REF] Chijiwa | Inhibition of forskolin-induced neurite outgrowth and protein phosphorylation by a newly synthesized selective inhibitor of cyclic AMP-dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D pheochromocytoma cells[END_REF]).

First, dose-response curves for the effects of ISO on ICa,L in the absence or presence of 3 µM okadaic acid were obtained (Fig. 7A). At this concentration, okadaic acid increased about 4fold basal ICa,L and strongly amplified the stimulation of the current by a threshold concentration of ISO, an effect compatible with the expected inhibitory action of okadaic acid on phosphatase activity. However, okadaic acid did not modify the maximal response of ICa,L to ISO. Then, we tested the effect of 3 µM okadaic acid on the distant response of ICa,L to ISO. Fig. 7B shows a typical experiment. ISO was used at 0.1 µM and the local response of ICa,L was 4-fold larger than the distant response (Fig. 7B). As expected from the dose-response curves shown in Fig. 7A, okadaic acid exerted little stimulation on the local response of ICa,L to ISO, because that response was near maximum with ISO alone. However, okadaic acid also induced negligible effect on the distant response of ICa,L to ISO. On average, okadaic acid (3 µM) induced no significant change in the distant response of ICa,L to 0.1 µM ISO (12.1 ± 4.2%, n=4).

(Figure 7 near here)

As inhibition of phosphatase activity was without effect, we tried to inhibit PKA activity using H89. Figure 8A shows the effect of three increasing concentrations of H89 on the response of whole-cell ICa,L to 1 µM ISO. As expected from the PKA dependence of ISO response [START_REF] Hartzell | Sympathetic regulation of cardiac calcium current is due exclusively to cAMP-dependent phosphorylation[END_REF], H89 strongly antagonized the stimulation of ICa,L by ISO. At 10 µM concentration, H89 completely blocked the ISO response and reduced ICa,L to about 50% below basal level (Fig. 8A). Since at this concentration H89 was shown to also block by 80-100% 7 other protein kinases in addition to PKA [START_REF] Davies | Specificity and mechanism of action of some commonly used protein kinase inhibitors[END_REF], we decided to use H89 at a 10-fold lower concentration in subsequent experiments. Fig. 8B shows a typical experiment in which H89 (1 µM) was tested for its effect on the distant response of ICa,L to ISO. ISO was used at 1 µM and  the local response of ICa,L was 3-fold larger than the distant response (Fig. 8B). As expected from the dose-response curves shown in Fig. 8A, 1 µM H89 reduced by about 50% the local response of ICa,L to ISO. However, H89 induced negligible effect on the distant response of ICa,L to ISO. On average, H89 (1 µM) induced no significant change in the distant response of ICa,L to 1 µM ISO (-8.9 ± 25.3% change, n=3). Altogether, these experiments demonstrate that cAMP-dependent phosphorylation plays a minor role in the cAMP compartmentation observed in frog ventricular cells during β-adrenergic stimulation.

(Figure 8 near here)

DISCUSSION

In the present study, we investigated the modulation of ICa,L by isoprenaline and PDE inhibitors in isolated frog ventricular myocytes using double patch-clamp and double-barrelled microperfusion techniques for the recording of ICa,L and application of agonists at the local side.

Since the amplitude of ICa,L can be used as a measure of cAMP levels [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF][START_REF] Hartzell | Sympathetic regulation of cardiac calcium current is due exclusively to cAMP-dependent phosphorylation[END_REF][START_REF] Goaillard | Simultaneous measurements of intracellular cAMP and L-type Ca 2+ current in single frog ventricular myocytes[END_REF], we used this approach to study the localization of the cAMP signal in relation to the activity of the L-type Ca 2+ channels. Our main results demonstrate that PDE3 and PDE4 activities determine the degree of cAMP compartmentation in frog ventricular cells during -adrenergic stimulation. As -adrenergic stimulation of ICa,L is entirely due to activation of 2-receptors in frog ventricular myocytes (Skeberdis et al. 1997a),

we conclude that PDE3 and PDE4 subtypes contribute equally to ensure a functional coupling of 2-adrenergic receptors with nearby Ca 2+ channels via local elevations of cAMP.

Using unilateral drug application, we have demonstrated earlier in frog ventricular myocytes that a local application of ISO preferentially stimulates L-type Ca 2+ channels near the locus of activated -receptors when PDEs were locally active. However, Ca 2+ channel activity was more uniformly and spatially enhanced when PDEs were locally inhibited by a maximal concentration of IBMX [START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF]. While our study was the first to demonstrate in an intact cell that PDE activity plays a critical role in limiting the amount of cAMP diffusing from membrane to cytosol, it did not provide any clue on what type(s) of PDE might be responsible for this effect. Thus, the present study was designed to specifically address that question by using selective inhibitors of different PDE isoforms.

PDEs constitute a large multigenic family out of which four members have been found and characterized in the heart: PDE1, which is activated by Ca 2+ -calmodulin; PDE2, which is stimulated by cGMP; PDE3, which is inhibited by cGMP; and PDE4, which is insensitive to  cGMP. While PDE3 and PDE4 hydrolyze cAMP, PDE1 hydrolyzes equally cAMP and cGMP and PDE2 hydrolyzes both with a lower apparent Km for cGMP than for cAMP [START_REF] Beavo | Cyclic nucleotide phosphodiesterases: functional implications of multiple isoforms[END_REF][START_REF] Stoclet | Cyclic nucleotide phosphodiesterases as therapeutic targets in cardiovasculasr diseases[END_REF][START_REF] Conti | The molecular biology of cyclic nucleotide phosphodiesterases[END_REF]. All four isoforms have been found in the frog heart, with some differences in their distribution between membrane and cytosolic fractions. PDE1 is mainly expressed in the cytosolic fraction, and its activity overcomes any other PDE isoform upon activation of Ca 2+ -calmodulin [START_REF] Lugnier | Cyclic nucleotide phosphodiesterases from frog atrial fibers -Isolation and drug sensitivities[END_REF]. PDE2 is mainly expressed in the membrane fraction, and its activity dominates over any other PDE isoform when cGMP is elevated [START_REF] Simmons | Role of phosphodiesterase in regulation of calcium current in isolated cardiac myocytes[END_REF][START_REF] Lugnier | Cyclic nucleotide phosphodiesterases from frog atrial fibers -Isolation and drug sensitivities[END_REF]. PDE3 and PDE4 are expressed in both cytosolic [START_REF] Lugnier | Cyclic nucleotide phosphodiesterases from frog atrial fibers -Isolation and drug sensitivities[END_REF]) and membrane fractions of frog ventricles [START_REF] Méry | Glucagon stimulates the cardiac Ca 2+ current by activation of adenylyl cyclase and inhibition of phosphodiesterase[END_REF][START_REF] Brechler | Inhibition by glucagon of the cGMP-inhibited low-Km cAMP phosphodiesterase in heart is mediated by a pertussis toxin-sensitive G-protein[END_REF][START_REF] Lugnier | Cyclic nucleotide phosphodiesterases from frog atrial fibers -Isolation and drug sensitivities[END_REF]). However, while PDE4 is dominant over PDE3 in the cytosol, both PDE3 and PDE4 are equally active in the membrane fraction [START_REF] Lugnier | Cyclic nucleotide phosphodiesterases from frog atrial fibers -Isolation and drug sensitivities[END_REF]. This may explain why we found in this study that PDE3 and PDE4 inhibition produced identical effects on cAMP compartmentation in frog myocytes. The biochemical evidence for the presence of PDE2, 3 and 4 isoforms in frog heart and their respective contribution to total PDE activity have been confirmed by functional experiments, in which selective PDE inhibitors were tested for their effects on ICa,L under various conditions. For instance, PDE3 and PDE4 inhibitors have no effect on basal ICa,L but strongly increase the current after a previous stimulation by ISO or cAMP [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF][START_REF] Méry | Nitric oxide regulates cardiac Ca 2+ current -Involvement of cGMP-inhibited and cGMP-stimulated phosphodiesterases through guanylyl cyclase activation[END_REF]this study). Similarly, the PDE2 inhibitor EHNA has no effect on basal or ISOstimulated ICa,L but strongly increases the current after an elevation of intracellular cGMP [START_REF] Méry | Erythro-9-(2-hydroxy-3nonyl)adenine inhibits cyclic GMP-stimulated phosphodiesterases 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]. To test for the participation of PDE1 is more difficult, because this isoform lacks a convenient selective inhibitor. However, nimodipine was shown earlier to block PDE1 with a high degree of selectivity among other PDE isoforms [START_REF] Matsushima | Different sensitivities of Ca 2+ , calmodulin-dependent cyclic nucleotide phosphodiesterases from rabbit aorta and brain to dihydropyridine calcium channel blockers[END_REF][START_REF] Schachtele | Stereoselective inhibition of calmodulindependent cAMP phosphodiesterase from bovine heart by (+)-and (-)-nimodipine[END_REF][START_REF] Stoclet | Cyclic nucleotide phosphodiesterases as therapeutic targets in cardiovasculasr diseases[END_REF]. Since nimodipine is also a potent antagonist of L-type Ca 2+ channels, it cannot be used to evaluate the role of PDE1 while measuring ICa,L.  However, we were able to examine the contribution of PDE1 to the compartmentation of cAMP, by performing a series of experiments in which we applied nimodipine on top of ISO on one half of the cell only. We found that nimodipine (1 µM) had no significant effect on the distant response of ICa,L to 1 µM ISO (-11.0 ± 7.7% change, n=4, data not shown), thus excluding a substantial contribution of PDE1 to the maintenance of a cAMP gradient within the cell. The contribution of PDE2 in this process was evaluated earlier using EHNA (Erythro-9-(2-hydroxy-3-nonyl)adenine), a potent PDE2 inhibitor [START_REF] Méry | Erythro-9-(2-hydroxy-3nonyl)adenine inhibits cyclic GMP-stimulated phosphodiesterases 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]. In these studies, EHNA (30 µM) had no effect on basal or ISO-stimulated ICa,L, whether the drug was applied on the whole cell [START_REF] Méry | Erythro-9-(2-hydroxy-3nonyl)adenine inhibits cyclic GMP-stimulated phosphodiesterases in isolated cardiac myocytes[END_REF] or locally on top of a local application of ISO [START_REF] Dittrich | Local response of L-type Ca 2+ current to nitric oxide in frog ventricular myocytes[END_REF]. Thus, PDE2 does not seem to play a major contribution to the gradient of local vs. distant cAMP concentration, as long as the cGMP cascade is not activated.

Unlike with PDE1 or PDE2, inhibition of PDE3 or PDE4 by milrinone or Ro 20-1724, respectively, at concentrations at which these drugs produce a maximal stimulation of cAMPelevated ICaL [START_REF] Fischmeister | Regulation of calcium current by low-K m cyclic AMP phosphodiesterases in cardiac cells[END_REF] while retaining a high selectivity towards these PDE isoforms [START_REF] Stoclet | Cyclic nucleotide phosphodiesterases as therapeutic targets in cardiovasculasr diseases[END_REF], reduced the gradient of local vs. distant cAMP concentration by 4 to 6-fold upon local ISO stimulation. However, inhibition of PDE3 or PDE4 alone produced only half the effect of IBMX, suggesting that each PDE isoform accounted for about half the hydrolytic activity necessary to maintain the large cAMP gradient. Indeed, when both PDEs were inhibited using a combination of milrinone and Ro 20-1724, the gradient of local vs. distant cAMP concentration was reduced to the same extent as with IBMX. Thus, PDE3 and PDE4, but neither PDE1 nor PDE2, contribute equally to the degradation of cAMP in frog ventricular, hence limiting the amount of cAMP diffusing from membrane to cytosol.

Surprisingly, okadaic acid, an inhibitor of protein phosphatase [START_REF] Takai | Smooth muscle myosin phosphatase inhibition and force enhancement by black sponge toxin[END_REF], or H89, an inhibitor of PKA [START_REF] Chijiwa | Inhibition of forskolin-induced neurite outgrowth and protein phosphorylation by a newly synthesized selective inhibitor of cyclic AMP-dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89), of PC12D pheochromocytoma cells[END_REF][START_REF] Davies | Specificity and mechanism of action of some commonly used protein kinase inhibitors[END_REF], had no apparent effect on the cAMP compartmentation when applied locally together with ISO, although the latter clearly inhibited  local PKA-mediated ISO stimulation of ICa,L. This suggests that neither PDE3 nor PDE4 activity is regulated by PKA in frog ventricular myocytes, unlike what was found in vitro in other mammalian preparations (see e.g. [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] Murthy | PKA-dependent activation of PDE3A and PDE4 and inhibition of adenylyl cyclase V/VI in smooth muscle[END_REF]). Although we do not have an explanation for this observation, one possibility is that frog heart lacks the upstream conserved region present in the long PDE4 isoforms which is required for PKA regulation [START_REF] Mackenzie | Long PDE4 cAMP specific phosphodiesterases are activated by protein kinase A-mediated phosphorylation of a single serine residue in Upstream Conserved Region 1 (UCR1)[END_REF].

Our demonstration that PDEs may contribute to the compartmentation of cAMP signalling pathway is supported by several earlier studies (see e.g. [START_REF] Hohl | Compartmentation of cAMP in adult canine ventricular myocytes -Relation to single-cell free Ca 2+ transients[END_REF][START_REF] Kuschel | Gi proteinmediated functional compartmentalization of cardiac ß2-adrenergic signaling[END_REF][START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF] for a review). For instance, in mammalian heart, PDE3 and PDE4

were found to be associated to different subcellular structures: PDE4 is associated to sarcolemma [START_REF] Okruhlicova | Cytochemical distribution of cyclic AMP-dependent 3', 5'-nucleotide phosphodiesterase in the rat myocardium[END_REF][START_REF] Rapundalo | Cardiac protein phosphorylation: functional and pathophysiological correlates[END_REF] and nuclear envelope [START_REF] Lugnier | Characterization of cyclic nucleotide phosphodiesterase isoforms associated to isolated cardiac nuclei[END_REF] whereas PDE3 is mainly associated to sarcoplasmic reticulum [START_REF] Lugnier | Characterization of indolidansensitive and rolipram-sensitive cyclic nucleotide phosphodiesterases in canine and human cardiac microsomal fractions[END_REF]). Thus, PDE3 and PDE4 might locally regulate cAMP level in the vicinity of functional proteins regulated by PKA [START_REF] Eckly-Michel | Involvement of cyclic nucleotide-dependent protein kinases in cyclic AMP-mediated vasorelaxation[END_REF]. Moreover, in guinea pig ventricle, rolipram, a selective PDE4 inhibitor, although increasing cAMP level, was unable to affect the phosphorylation state of phospholamban and the inhibitory subunit of troponin, supporting the role of PDE4 in cAMP compartmentation [START_REF] Boknik | Characterization of biochemical effects of CGS 21680C, an A2-adenosine receptor agonist, in the mammalian ventricle[END_REF]). More recently, [START_REF] Rich | Cyclic nucleotide-gated channels colocalize with adenylyl cyclase in regions of restricted cAMP diffusion[END_REF]2001 a & b), in an elegant series of studies using cyclic nucleotide-gated channels as cAMP sensors expressed in two different non-cardiac cell lines (excitable GH4C1 rat pituitary cells or non excitable HEK-293 human embryonic kidney cells), demonstrated i) the presence of cAMP microdomains near the sarcolemmal membrane with restricted diffusional access of cAMP to the bulk cytosol [START_REF] Rich | Cyclic nucleotide-gated channels colocalize with adenylyl cyclase in regions of restricted cAMP diffusion[END_REF]2001a) and ii) the contribution of PDEs, and more specifically PDE4, in this cAMP compartmentation (Rich et al. 2001b). Many proteins may be involved in this spatial cAMP signal localization. For instance, A-kinase anchoring proteins (AKAP), which have been shown to localize PKA near its target proteins during ß-adrenergic  regulation of cardiac contractility [START_REF] Fink | AKAP-mediated targeting of protein kinase A regulates contractility in cardiac myocytes[END_REF][START_REF] Zaccolo | Discrete microdomains with high concentration of cAMP in stimulated rat neonatal cardiac myocytes[END_REF], may also serve to anchor PDE4 isoforms at specific organelles [START_REF] Dodge | mAKAP assembles a protein kinase A/PDE4 phosphodiesterase cAMP signaling module[END_REF][START_REF] Verde | Myomegalin is a novel protein of the Golgi/centrosome that interacts with a cyclic nucleotide phosphodiesterase[END_REF]. Finally, recent studies have emphasized the role of caveolae in the spatial organization of various signalling complexes, which might facilitate the interaction between molecules and contribute to the localization of the cAMP signal in a restrictive place [START_REF] Vo | Differential targeting of ß-adrenergic receptor subtypes and adenylyl cyclase to cardiomyocyte caveolae: a mechanism to functionally regulate the cAMP signaling pathway[END_REF]; for reviews, see: [START_REF] Shaul | Role of plasmalemmal caveolae in signal transduction[END_REF][START_REF] Steinberg | Compartmentation of G protein-coupled signaling pathways in cardiac myocytes[END_REF].

In conclusion, our study demonstrates that PDEs play a dynamic role in shaping the spatial profile of intracellular cAMP concentration in frog cardiac myocytes. Although cAMP is a relatively small molecule which should readily diffuse throughout the cell, we demonstrate that its concentration may be different in different cellular compartments due to the activity of PDE3 and PDE4. PDE activity close to the membrane may limit the amount of cAMP that distributes inside the cell upon activation of 2-adrenergic receptors, hence affecting mainly PKA substrates that reside in an immediate vicinity of these receptors, such as L-type Ca 2+ channels.

Some support to this hypothesis, as well as a possible molecular rationale to our findings, was recently provided by [START_REF] Perry | Targeting of cyclic AMP degradation to β2adrenergic receptors by β-arrestins[END_REF]. They showed that PDE4 binds to -arrestins, and is recruited at the membrane of HEK 293 cells during the process of 2-adrenergic receptor desensitisation. This mechanism was recently confirmed in neonatal rat ventricular myocytes [START_REF] Baillie | β-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates β-adrenoceptor switching from Gs to Gi[END_REF]. It is tempting to speculate that such a spatial distribution of PDE activity may vary depending on which membrane receptor is activated. This would provide an elegant mechanism by which a cell could adjust its functional response to different external stimuli acting on the same cAMP signalling cascade. 

  Ca 2+ channels exposed to S2 (S2-ICa,L). These manoeuvres allow to measure separately the local and distant responses of ICa,L to drugs added to S2. Cumulative dose-response curves were obtained by testing 4 or 5 successively increasing concentrations of ISO on local and distant ICa,L in the presence or absence of a PDE inhibitor. For each condition, the distant and local responses of ICa,L to ISO are calculated as a percentage increase in distant (S1-ICa,L) and local (S2-ICa,L) ICa,L amplitudes with respect to their basal values in the absence of agonist. Thus: (%distant ICa,L response)=100[(S1-ICa,L with agonist) -(basal S1-ICa,L)]/(basal S1-ICa,L) and (%local ICa,L response)=100[(S2-ICa,L with agonist) -(basal S2-ICa,L)]/(basal S2-ICa,L).

  For electrophysiology, the control external Cs + -Ringer solution contained (in mM): 107 NaCl; 10 HEPES; 20 CsCl; 4 NaHCO3; 0.8 NaH2PO4; 1.8 MgCl2; 1.8 CaCl2; 5 D-glucose; 5 sodium pyruvate; 3x10 -4 tetrodotoxin; pH 7.4 adjusted with NaOH. Zero-Ca 2+ external solutions were obtained by simply omitting Ca 2+ ions from the control Cs + -Ringer solution. Patch electrodes were filled with control internal solution which contained (mM): 119.8 CsCl; 5 EGTA (acid form); 4 MgCl2; 5 creatine phosphate disodium salt; 3.1 Na2ATP; 0.42 Na2GTP; 0.062 CaCl2 (pCa 8.5); 10 HEPES; pH 7.1 adjusted with CsOH.

  Figure 5 shows two typical experiments in which the local and distant responses of ICa,L to increasing concentrations of ISO were measured in the presence of either milrinone (3 µM, Fig. 5A) or Ro 20-1724 (3 µM, Fig. 5B). In both experiments, local and distant ICa,L were measured during a cumulative dose-response curve to ISO (0.01, 0.1, 1 and 10 µM). Unlike what was obtained in the presence of ISO alone[START_REF] Jurevičius | cAMP compartmentation is responsible for a local activation of cardiac Ca 2+ channels by beta-adrenergic agonists[END_REF], application of ISO in

Figure 1 .Figure 2 .

 12 Figure 1. Effect of PDE3 inhibition on the distant and local response of I Ca,L to ISO A frog ventricular myocyte was sealed at both ends with two electrodes and positioned approximately half-way in front of channels S1 and S2 of a double-barrelled perfusion system (see Methods). The schematic drawing illustrates the experimental setup and the solutions applied to S1 and S2 are listed below and above the dotted line, respectively. The bottom graph indicates the time course of the changes of absolute ICa,L amplitude () upon application of different solutions to S2. At first, S2 contained a Cs + -Ringer Ca 2+ -containing solution. Ca 2+ ions were then omitted from S2 and ICa,L decreased by 50%. ISO (0.1 µM) was then added to S2

Figure 3 .

 3 Figure 3. Effect of a dual PDE3 and PDE4 inhibition on the distant and local response of I Ca,L to ISO Same protocol as detailed in Fig. 1. A combination of milrinone (Mil, 3 µM) and Ro 20-1724 (Ro, 3 µM) or IBMX (100 µM) were added to S2 in the presence of ISO (0.1 µM) for the periods indicated, and 0 Ca 2+ /1.8 mM Ca 2+ protocols were successively applied to test for the effects of these drugs on the distant and local response of ICa,L to ISO, as indicated by the top and bottom arrows, respectively. The individual current traces shown above the graph were obtained in each experimental condition at the times indicated by the corresponding letters in the bottom graph.

Figure 4 .

 4 Figure 4. Summary of the effects of PDE inhibitors on the distant and local response of I Ca,L to ISO The results of similar experiments as in Fig. 1 to 3 are summarized. The effects of ISO (0.1 µM) alone, ISO + milrinone (Mil, 3 µM), ISO + Ro 20-1724 (Ro, 3 µM), ISO + Mil + Ro, or ISO + IBMX (100 µM) were tested by applying the drugs to only one half of the cell. The local effect of the drugs (open bars) corresponds to the response of ICa,L in the part of the cell exposed to the drugs. The distant effect of the drugs (filled bars) corresponds to the response of ICa,L in

Figure 5 .

 5 Figure 5. Dose-response for the local and distant response of I Ca,L to ISO in the presence PDE inhibitors Same protocol as detailed in Fig. 1. Four increasing concentrations of ISO (0.01, 0.1, 1 and 10 µM) were successively added to S2 in the presence of either milrinone (3 µM, A) or Ro 20-1724 (3 µM, B) for the periods indicated, and 0 Ca 2+ /1.8 mM Ca 2+ protocols were successively applied to test for the distant and local response of ICa,L, as indicated by the top and bottom arrows, respectively.

Figure 6 .Figure 7 .

 67 Figure 6. Dose-response curve for the local and distant response of I Ca,L to ISO in the presence PDE inhibitors The results of similar experiments as in Fig. 5 are summarized. Five different concentrations of ISO (0.001, 0.01, 0.1, 1 and 10 µM) were tested by applying the drug to only one half of the cell. The same half-cell was additionally exposed to either milrinone (3 µM, A) or Ro 20-1724 (3 µM, B). The local effect of ISO () corresponds to the response of ICa,L in the part of the cell exposed to the drug. The distant effect of ISO () corresponds to the response of ICa,L in the remote part of the cell not exposed to the drug. ICa,L amplitude is expressed as percentage increase over its control value, i.e. in the absence of drug. Each symbol indicates the mean and the lines the S.E.M. of the number of cells indicated near the symbols. Statistical significant differences between local and distant responses are indicated as: * p<0.05; ** p<0.01, *** p< 0.001.

Figure 8 .

 8 Figure 8. Role of PKA in the local and distant response of I Ca,L to ISO A, Inhibitory effect of H89 on ICa,L stimulated by 1 µM ISO. ICa,L amplitude is expressed in current density (pA/pF). The open bars show the control ICa,L density and the stimulation obtained after application of 1 µM ISO. The black bars indicate the ICa,L density in the presence of three increasing concentrations of H89 (0.1, 1 and 10 µM). Each bar indicates the mean and the lines the S.E.M. of the number of cells indicated near the bars. Statistical significant differences between ISO alone and ISO+H89 are indicated as: ** p<0.01; *** p< 0.001. B, Same protocol as detailed in Fig. 1. H89 (1 µM) was added to S2 in the presence of ISO (1 µM) for the periods indicated, and 0 Ca 2+ /1.8 mM Ca 2+ protocols were successively applied to test for the effects of these drugs on the distant and local response of ICa,L to ISO, as indicated by the top and bottom arrows, respectively.
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