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                    Abstract
Reducing intracellular Na+-accumulation during ischemia exerts cardioprotective effects in reperfusion in a variety of models. Since slowly-inactivating Na+-channels may contribute to Na+-influx in ischemia, we investigated whether the ischemia-protective properties of R 56865, an inhibitor of slowly inactivating Na+-channels, are mediated by inhibition of the ischemic Na+-overload. Monitoring intracellular Na+ (Na+
                        i) by 23Na-NMR-spectroscopy revealed a continuous rise of Na+
                        i during ischemia in the isolated perfused guinea pig heart. Within 30 and 60 min of ischemia, respectively, Na+
                        i had risen 2.6±0.2- and 4.4±0.2-fold compared to baseline (n=6). R 56865 (1 μM) did not influence the time course of the Na+
                        i-accumulation at any point of the ischemic period. R 56865, however, showed marked cardioprotective properties: in the reperfusion period the agent markedly improved the restoration of left ventricular developed pressure (29.1±6.8 mm Hg vs. 2.4±2.0 mm Hg), ATP (2.8±0.3 mM vs. 1.7±0.6 mM) and phosphocreatine (10.9±2.2 mM vs. 6.8±1.1 mM), furthermore contracture development was reduced. The present study strongly suggests slowly-inactivating Na+-channels being at best a minor port of Na+-entry in the ischemic guinea pig heart. It clearly demonstrates that the potent cardioprotective properties of R 56865 are unrelated to intracellular sodium homeostasis.
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                                    Introduction
Ischemia and subsequent reperfusion of the heart induces functional impairment and structural alterations of the myocardium. Central factors in this process are disturbances of myocardial energy metabolism and ion homeostasis (Kléber 1990; Tani 1990; Silverman and Stern 1994; Pierce and Czubryt 1995). Ischemia leads to a rapid cessation of oxidative phosphorylation and contractile function, Na+/K+-ATPase-activity is reduced and persistent entry of Na+ leads to an intracellular Na+-accumulation. It is thought that slowly inactivating Na+-channels—Na+-channels modified by ischemic conditions—are an important port of Na+-entry in ischemia (Burnashev et al. 1989; Undrovinas et al. 1992; Wu and Corr 1994; Le Grand et al. 1995; Hammarstroem and Gage 2002). The Na+-accumulation is of particular pathophysiological importance, since Na+ is exchanged against Ca2+ by the Na+/Ca2+-antiporter acting in the reverse mode (Tani and Neely 1990) resulting in a deleterious Ca2+-overload. In reperfusion, when the cellular energy status improves, Ca2+-overload leads to hypercontracture of the contractile apparatus and possibly cellular rupture.
A recent concept for cardioprotection, derived from the pathophysiological events discussed above, is the inhibition of the ischemic Na+-accumulation. Slowly inactivating Na+-channels have been proposed to be a target for pharmacological intervention (Hammarstein and Gage 2002). A well-described inhibitor of these slowly inactivating Na+-channels is R 56865 (N-[1-[4-(4-fluorophenoxy)butyl]-4-piperidinyl]-N-methyl-2-benzothiazolamine). Electrophysiological studies demonstrate that the agent is effective in concentrations which are far below those necessary for the blockade of Na+-channels under control conditions (Verdonck et al. 1991; Le Grand 1995, 1998; Ravens and Himmel 1999; Hammarstroem and Gage 2000). Furthermore various studies consistently demonstrated R 56865 exhibiting potent cardioprotective properties. It is unknown, however, whether the ischemia-protective effects of R56865 are indeed due to the inhibition of slowly activating Na+-channels since the agent's influence on the ischemic Na+-accumulation of the heart has not been investigated so far. To answer this question we determined the effects of R 56865 on the intracellular Na+ of isolated perfused hearts using an established 23Na-NMR-spectroscopic method and compared the results with the cardioprotective properties obtained in the same experimental model.


Materials and methods

                Isolated perfused hearts

                Hearts (300–400 g) from guinea pigs were perfused according to the method of Langendorff; left ventricular pressure was determined via a small rubber balloon connected to a pressure transducer (Braun, Germany). Coronary perfusion pressure was measured with a pressure transducer connected to the perfusion cannula, coronary flow was obtained by an ultrasound transit time flow probe (Transonics; USA). Hemodynamic parameters were recorded on a chart recorder. Hearts were electrically paced at a rate of 300 min−1 in all experiments. As pacing leads tubes filled with KCl-saturated agar gel were used. Hearts were perfused with a modified Krebs-Henseleit solution gassed with 95% O2–5% CO2 consisting of (mM): NaCl 116, KCl 4.7, MgSO4 1.1, KH2PO4 1.17, NaHCO3 25, CaCl2 2.5, glucose 8.3 and pyruvate 2.0 (pH 7.4, 37°C). For the NMR-spectroscopic determination of the intracellular Na+ the above solution was supplemented with 4 mM Tm(DOTP), Na+ and Ca2+ were corrected for the shift reagent as described (Navon et al. 1994). The concentration of ionised Ca2+ was 1 mM in this series as verified by ion selective electrodes.

              
                Protocol

                After an initial stabilisation period of 30 min, in which hearts were perfused with a constant pressure of 55 mm Hg, coronary flow was fixed to the correspondent flow rate. Thereafter all hearts were perfused with substrate-free medium (both glucose and pyruvate were omitted) for 15 min to reduce the amount of glycolytic energy production during ischemia. Thereafter cardiac ischemia was induced by reduction of the coronary flow to 100 μl/min. In the analysis of intracellular Na+, hearts were subjected to 60 min ischemia. When studying contractile function, energy status and intracellular pH, 36 min of ischemia were followed by 30 min of reperfusion with substrate containing buffer. R 56865 (1 μM) and vehicle, respectively, were applied during substrate-free perfusion, ischemia and reperfusion.

              
                NMR spectroscopy

                For all NMR experiments hearts were placed inside a 20 mm NMR tube immersed in perfusion buffer and were then transferred into a temperated probe within a 9.4-Tesla magnet. A AMX 400 WB pulsed Fourier transform NMR spectrometer (Bruker; Germany) equipped with a 9.4-Tesla superconducting magnet (Oxford/Spectrospin) and a custom designed broadband probe (Fraunhofer Institut, Germany) tuned at 105.84 and 161.97 MHz for 31P and 23Na, respectively, were used. Homogeneity of the magnetic field was optimised by shimming on the 1H water resonance free induction decay (FID) resulting in a line width at half height of 20–25 Hz. Spectra were analysed by NMR1-software (New Methods Research, Syracuse, NY). For the determination of intracellular Na+ Tm(DOTP)5− (Thulium 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylene phosphonate)) was added to the perfusate in a final concentration of 4 mM. The agent shifted the extracellular Na-peak by approximately 160 Hz. For complete resolution of extra- and intracellular Na-signals enabling the sensitive determination of Na+
                           i at physiological conditions the extracellular peak was furthermore suppressed by use of a triple quantum filtering technique, as described originally by Navon et al. (1994), and employed by us in previous studies (Decking et al. 1998; Hartmann et al. 1999). The π/2 pulse length (approximately 72 μs) was determined in each individual experiment. Each 23Na triple quantum FID consisted of 1,024 data points in the time domain (2,700 Hz spectral width) and was obtained within 90 s as a time average over 360 scans. The creation time τ/2 was 2 ms and the evolution time 5 μs. During data processing, a line-broadening of 10 Hz was applied to the time-domain signal. PCr, ATP and intracellular pH were determined as previously described using 31P-NMR-spectroscopy (Hartmann et al. 1999).

              
                Materials

                R 56865 was from Janssen Pharmaceuticals. Tm(DOTP) was purchased from Magnetic Resonance Solutions (USA). All other chemicals were of analytical grade.

              
                Statistics

                Data are given as mean and standard deviation. Differences between the experimental groups were evaluated using one way analysis of significance. If significant differences were observed the least significant square test was applied as post hoc test (SPSS for Windows; V. 10). P<0.05 was considered to be statistically significant.

              

Results
Measurement of intracellular sodium
For the determination of Na+
                           i in isolated perfused guinea pig hearts 23Na-NMR spectroscopy was used. Intra- and extracellular Na+-signals were resolved by use of the shift reagent TmDOTP (4 mM); the shift of the extracellular signal amounted to approximately 160 Hz in the present study. Since extra- and intracellular signal-components were separated only partially by the shift reagent, the extracellular Na+-signal was furthermore suppressed by more than 99% using a triple quantum filtering technique. Application of both shift reagent and triple quantum filtering technique resulted in a complete separation of the two signal components and allowed a sensitive and specific determination of Na+
                           i with a temporal resolution of 3 min (Fig. 1).
Fig. 1A–C.
 Representative spectra demonstrating the efficacy of TmDOTP and triple quantum filtering in terms of separation of extra- and intracellular Na+. A
                                       23Na-signal of an isolated perfused guinea pig heart submerged in perfusion buffer as obtained by 23Na-NMR-spectrocopy. The signal consists of an extracellular (bath and extracellular space) and intracellular component. B Addition of TmDOTP to the perfusion buffer results in a partial separation of extra- and intracellular Na-peaks. C Combined application of shift reagent and triple quantum filter separates the two 23Na-peaks completely
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                        R 56865 and ischemic sodium accumulation
Determination of Na+
                           i during ischemia, shown in Fig. 2, demonstrated a continuous and reproducible increase in Na+
                           i. In absence of R 56865, Na+
                           i rose 2.60±0.20 and 4.37±0.52-fold when compared to baseline after 30 and 60 min of ischemia, respectively. Inhibition of slowly inactivating Na+-channels with R 56865 (1 μM) did not reduce the Na+
                           i-accumulation at any time of the ischemic period.
Fig. 2.
 Effect of R 56865 (1 μM) on the intracellular Na+
                                       i accumulation during 60 min of ischemia. Before ischemia, during substrate free perfusion (15 min), application of the shift reagent was initiated. n=6 (each experimental group); mean ± SD
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                        R 56865 and contractile function
In a second experimental series, the effects of R 56865 on cardiac contractile function were evaluated. As before, ischemia was preceded by 15 min substrate free perfusion to induce partial glycogen depletion (see methods). In spite of the lack of effect of R 56865 (1 μM) on the ischemic Na+-accumulation, the agent markedly improved post-ischemic contractile function. The influence of the agent on LVDP, LVEDP and coronary perfusion pressure during normoxia, substrate free perfusion, low flow ischemia and reperfusion is shown in Fig. 3.
Fig. 3.
 Effects of R 56865 (1 μM) on left ventricular developed pressure (LVDP), left ventricular enddiastolic pressure (LVEDP) and coronary perfusion pressure (CPP). Isolated perfused hearts were subjected to substrate free perfusion (15 min), low flow ischemia (36 min) and reperfusion (30 min). R 56865 was applied during substrate free perfusion and the ischemic period. Control hearts (n=5) and hearts treated with R 56865 (n=5) were compared. *p<0.05; **p<0.01


Full size image


                        Left ventricular developed pressure amounted to 54.5±19 mm Hg during normoxic perfusion with substrate containing buffer; 15 min of substrate free perfusion moderately reduced the LVDP to 37.0±5.3 mm Hg. LVDP was not affected by R 56865 during substrate free perfusion (35.1±4.8 mm Hg). With the onset of low flow ischemia LVDP rapidly ceased, the time course was identical in absence and presence of R 56865. In reperfusion there was almost no recovery of cardiac contractility in hearts not treated with R 56865; at the end of the reperfusion period LVDP amounted to 2.4±2.1 mm Hg. Post-ischemic contractility was, however, markedly improved in the R 56865 group (29.1±6.8 mm Hg).
LVEDP served as a measure of contracture development in the present, isovolumetrically contracting heart model. LVEDP amounted to 4.8±3.3 mm Hg in the normoxic heart (Fig. 3B) and was neither influenced by substrate free perfusion nor by R 56865. In ischemia, however, contracture developed: after 18 min of ischemia LVEDP amounted to 13.5±5.7 mm Hg in the control group. Treatment of the hearts with R 56865 (1 μM) markedly reduced the ischemic contracture to 5.7±4.2 mm Hg. Reperfusion of hearts, which were not treated with R 56865, led to a further increase of LVEDP up to 45.9±9.7 mm Hg (30 min reperfusion). In contrast, LVEDP continuously decreased in R 56865 treated hearts within the reperfusion period to almost pre-ischemic values (9.3±5.1 mmHg).
The time course of the coronary perfusion pressure in these hearts, perfused at constant flow during the entire experimental protocol, is shown in Fig. 3C. It illustrates that R 56865 did not influence coronary resistance in the different phases of the experimental protocol.
R 56865 and energy metabolism
Determination of phosphocreatine and ATP-levels using 31P-NMR revealed that substrate-free perfusion resulted in a minor decrease in phosphocreatine from baseline values, while ATP remained constant (Fig. 4). R 56865 had no effect on both parameters of cardiac energy status during this phase of the experiment. Ischemia induced a rapid drop in phosphocreatine and a sustained decrease in ATP. While the time course of phosphocreatine depletion was not affected by R 56865, ATP degradation was significantly slowed: after 18 min of ischemia ATP amounted to 4.0±0.5 mM in presence of R 56865, but only 2.2±0.7 mM in the control group. In reperfusion the recovery of energy metabolism was markedly improved by R 56865. At the end of the 30-min reperfusion period, phosphocreatine (10.9±2.2 mM versus 6.8±1.1 mM) and ATP (2.8±0.3 mM versus 1.7±0.6 mM) were significantly higher in R 56865-treated hearts.
Fig. 4.
 Effect of R 56865 on ATP and phosphocreatine (PCr) during substrate free perfusion, low flow ischemia and reperfusion of isolated perfused hearts. n=6 (each experimental group) **p<0.01
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                        R 56865 and intracellular pH
The influence of substrate free perfusion and ischemia on pHi is shown in Fig. 5. Under normoxic conditions pHi amounted to 7.14±0.05. The variable was not influenced by substrate free perfusion but gradually declined to 6.18±0.20 at the end of 36 min of ischemia. R 56865 did not affect intracellular pH at any time in the experiments. In reperfusion the Pi-peak used to determine pHi broadened, indicating a heterogeneous pHi-distribution within the myocardium. Therefore a uniform pHi value cannot be assigned to the reperfused myocardium.
Fig. 5.
 Time course of intracellular pH (pHi) during substrate free perfusion and low flow ischemia in absence and presence of R 56865 (1 μM). n=6 (each experimental group); mean ± SD


Full size image


                        

Discussion
Effects of R 56865 on the ischemic Na+- and H+-accumulation
There are ample studies showing the potent cardioprotective properties of R56865 in various species and models of cardiac ischemia and reperfusion. Blockade of slowly inactivating Na+-channels and thus a reduction of the ischemic Na+-overload was suggested to be the mechanism of its ischemia-protective action (Verdonck et al. 1991; Le Grand et al. 1995, 1998).
In contrast to this hypothesis, the results of the present study demonstrate that the blockade of slowly inactivating Na+-channels with R 56865 had no impact on the time course of intracellular Na+-accumulation in the isolated perfused guinea pig heart. It is unlikely that the detection method was too insensitive or unspecific to detect changes, since the combination of triple quantum filter and shift reagent enabled a complete separation of extra- and intracellular Na-signals and a sensitive monitoring of intracellular Na+ (Fig. 1). Due to the high signal-to-noise ratio even after application of the triple quantum filter, changes by >20% can be readily detected (Decking et al. 1998). Furthermore, previous studies from our laboratory clearly delineated the effects of both blockade of voltage-dependent Na+-channels by KC 12291 as well as inhibition of the Na+/H+-antiporter by cariporide under otherwise identical experimental conditions (Decking et al. 1998; Hartmann and Decking 1999). The data therefore suggest that slowly inactivating Na+ channels play hardly any role in ischemia-induced Na+-overload and that other ports of Na+-entry are of greater importance. While the lack of effect of R 56865 could also be due to a concentration insufficient to block slowly inactivating Na+-channels in the present study, several previous studies clearly demonstrated that R 56865, applied at a final concentration of 1 μM effectively blocks slowly inactivating Na+-channels (Ver Donck 1993; Le Grand 1995, 1998). Furthermore, the cardioprotective action of R 56865, which was the main argument for the pathophysiological importance of slowly inactivating Na+-channels in previous studies, was also evident in the present one (Ver Donck et al. 1993; Le Grand 1995). The most probable explanation for R 56865´s lack of effect on the ischemic Na+-overload is that slowly inactivating Na+-channels do not play a major role in Na+-entry in ischemia. Any cardioprotective agent would tend to improve the recovery of intracellular Na+ in reperfusion. Monitoring Na+
                           i in reperfusion might thus not provide additional mechanistic insight. Therefore, in the present study no 23Na NMR data were obtained following ischemia.
Since R 56865 does not affect Na+-overload, its cardioprotective effect will be due to a different mechanism. Ichikawa et al. (1994) demonstrated that R 56865 reduced the spontaneous Ca2+-release from the sarcoplasmic reticulum. It is thus well conceivable that R 56865 exerts cardioprotection via a direct modulation of cytosolic Ca2+-levels. Alternatively, it cannot be excluded that early on in ischemia Na+-entry via slowly inactivating Na+-channels results in a modest activation of the reverse mode of the Na+-Ca2+-exchanger without affecting the bulk of the intracellular sodium. The possibility of such a fuzzy space for intracellular sodium was highlighted recently (Su et al. 2001).
Besides its effects on Na+
                           i, ischemia leads to myocardial acidosis. This proton accumulation is thought to result from the lack of transport by the blood stream as well as the production by anaerobic glycolysis, ATP-degradation and numerous other mechanisms (for review see Dennis et al. 1991). Since the pHi has been shown to affect both function and integrity of reperfused myocardium, the effects of R 56865 on this variable were determined. However, R 56865 had no effect on pHi during normoxia and ischemia (Fig. 5). Thus the cardioprotective properties cannot be explained by a pHi modulating mechanism.
Effects of R 56865 on phosphocreatine and ATP
Ischemia is characterised by a stop of blood flow, lack of oxygen supply and accumulation of certain metabolites. Cessation of oxidative phosphorylation leads to a decrease in cardiac energy status. As a consequence, numerous energy dependent processes including contractile function and Na+/K+-ATPase activity, which is responsible for the maintenance of ion homeostasis, cease (Allen and Orchard 1987; Cross et al. 1995; Stein 1990). In reperfusion, restoration of heart function and ion homeostasis is critically dependent on ATP. Restoration of ATP-levels in Ca2+-overloaded hearts, however, will cause further contracture development and cellular death (Siegmund et al. 1993).
In the present study ischemia induced a rapid drop in phosphocreatine and a sustained decrease in ATP. R 56865 had no impact on the time course of phosphocreatine depletion but delayed the decrease in ATP. Since the production of ATP during ischemia is limited by the availability of oxygen and substrates, which was not different in both control and R 56865 treated hearts, the observed differences in ATP-depletion most likely reflect differences in ATP-consumption. A possible explanation for the ATP sparing effect of R 56865 might be a reduction of ischemic Ca2+ overload by the agent and a subsequent decrease of the ATP consumption by Ca2+-dependent ATPases (e.g. myofilaments). In accordance to this hypothesis the agent delayed the contracture development in ischemia and reperfusion, which is thought to be, at least in part, Ca2+-dependent. Furthermore the finding that R 56865 improves intracellular Ca2+-handling might support this point of view (Ichikawa et al. 1994). Further studies are, however, necessary to elucidate whether the cardioprotective properties of R 56865 can be explained by effects on the myocardial Ca2+-overload.
R 56865 and contractile function
Ischemia leads to a rapid drop in contractility within few minutes. Later on the development of contracture can be observed. The mechanism of the ischemic contracture development is not fully understood, both an increase in intracellular Ca2+ as well as ATP-depletion and rigor development have been suggested (Steenbergen et al. 1987; Allen et al. 1989).
In the present study an ischemic contracture was observed after 20 min in absence of R 56865. In presence of the agent the contracture development was markedly reduced. ATP levels at this time amounted to more than 1 mM and are thus far above the critical concentration for rigor formation (0.1–0.3 mM, Kléber 1990). Thus a Ca2+ dependent contracture development is likely in the present study, and the reduction of ischemic contracture induced by R 56865 may be due to a decrease of Ca2+-overload.


Conclusions
R 56865, an inhibitor of slowly inactivating Na+-channels, does not affect the Na+-overload in the ischemic myocardium. Thus slowly inactivating Na+-channels are not an important pathway of Na+-entry in ischemia and the cardioprotective properties of the agent cannot be explained by its effects on intracellular Na+. Since R 56865 inhibited the Ca2+-dependent contracture-development in ischemia, a direct influence on intracellular Ca2+-handling might be involved. The elucidation of the R 56865's mechanism of action clearly requires further studies, including a determination of intracellular Ca2+ in ischemia and reperfusion.
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