DO THE HIGH HEART FREQUENCIES OBSERVED IN TROPICAL FISH NECESSARILY IMPLY THE PARTICIPATION OF THE SARCOPLASMIC RETICULUM ON CALCIUM MANAGEMENT?
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Abstract
This study analyzed the effect of ryanodine (SR function blocker) on the ventricular isometric force (Fc - mN/mm2) and the in vivo heart frequency (fH - bpm) of two tropical teleosts, the jeju, Hoplerythrinus unitaeniatus, and the acara, Geophagus brasilienses. While the fH of acara (79,6 ± 6,6) was higher than that of jeju (50,3 ± 2,7), the opposite was observed for the Fc at 12 bpm (acara = 28,66 ± 1,86 versus jeju = 36,09 ± 1,67). After a diastolic pause of 5 min, strips from jeju showed a strong potentiation of Fc (~90%) that was completely abolished by ryanodine. Moreover, a ~20% decrease in Fc was observed after treatment with ryanodine either in steady-state contractions (12 bpm) or at physiological frequencies. Strips from acara were irresponsive to ryanodine, irrespective of the experimental condition. Thus, in tropical teleosts the higher metabolic demand and, as a consequence, the heart rate, does not seem to be the main factor determining the functionality of the SR, since jeju is much more sedentary than acara. These results reinforce the hypothesis of the functionality of the SR as a common trait in tropical Ostariophysian (as jeju), the opposite being valid to the tropical Acanthopterygian (as acara).

Introduction
The significance of SR in the contraction–relaxation cycle of cardiac muscle varies greatly among different vertebrate classes, among different species within the same phylogenetic group and during the ontogenetic development of an individual (Aho & Vornanen, 1998). In the mammalian heart, Ca2+ entering during the action potential enhances the release of further Ca2+ from the sarcoplasmic reticulum (SR) to support the contractile process (Fabiato, 1983). In contrast, in frogs and teleost fish, Ca2+ required for contractility is derived under most circumstances primarily via transport across the sarcolemma (Tibbits et al. 1991).

Although present, the role of SR in the beat to beat regulation of contraction of the teleost heart requires further definition, as ryanodine, which impedes SR function, has a negative impact only at rates below the physiological range of frequencies in most species (Driedzic & Gesser 1994). Species-specific differences are also evident in the inhibition of contraction by ryanodine. In crucian carp heart ryanodine has no effect on ventricular contraction (Vornanen, 1996). In rainbow trout ventricle, ryanodine slightly reduces the force of contraction, especially at high experimental temperatures and at low contraction frequencies (Keen et al. 1994; Shiels & Farrell, 1997), and in the atrium of tuna heart, ryanodine exerts a clear negative inotropic effect (Keen et al. 1992) even at physiological frequencies.

These findings suggest that the more active fish have a higher Ca2+ -handling capacity in the cardiac SR than the less active species. However, studies on the effect of ryanodine on the ventricular muscle of tropical fish failed to demonstrate a direct relationship among the level of activity and the functionality of the SR, since ventricle strips from some active species (Rivaroli, 2002; Olle, 2003; Anelli Jr. et al., 2004) or fish adapted to acute transitions to high temperatures (Rantin et al., 1998; Costa et al., 2000), did not show a postrest potentiation of twitch force that could be abolished by ryanodine. Indeed, in highly sedentary tropical animals (Rivaroli, 2002; Costa et al., 2004), ryanodine had a strong inhibitory effect on postrest force as well as at physiological frequencies.

The results point to a phylogenetical trait determining the functionality of the SR in tropical fish, rather than its presence being exclusively determined by a high metabolic demand as a result of increased temperatures or activity. Therefore, in the present study we were interested in comparing the effect of ryanodine on the cardiac inotropism of two tropical teleosts phylogenetically distant and that present different levels of activity: the sedentary jeju, Hoplerythrinus unitaeniatus (Superorder Ostariophysi), and the more active acara, Geophagus brasiliensis (Superorder Acanthopterygii).

Material and Methods

Adult specimens of jeju, H. unitaeniatus, were collected in the Paraná River Basin near Bataguaçu, Mato Grosso do Sul State, while acara, G. brasiliensis, were collected from local ponds within the campus area of the Federal University of São Carlos in Southeast Brazil. In the laboratory fish were maintained in 1000 L holding tanks supplied with aerated water at 25 ± 1°C (acclimation temperature) for a minimum of four weeks prior to experimentation.

Fish were stunned by a blow to the head, the spine was cut and the heart was carefully removed. Ventricle strips (( ( 1 mm) were excised from the heart and placed into a bathing medium containing (in mM) 100 NaCl, 10 KCl, 1.2 MgSO4, 1.5 NaH2PO4, 27 NaHCO3, 2.5 CaCl2 and 10 glucose and bubbled throughout the experiment with a gas mixture of 98% O2 and 2% CO2 (pH 7.5 at 25 oC). Preparations were connected to an isometric force transducer and to a Grass stimulator delivering electrical square pulses with a voltage 50% above the threshold. Twitch tension was allowed to stabilize for about 30 min at 0.2 Hz before each protocol. The temperature of the saline was regulated to 25 ( 0.5 °C with the aid of a recirculating water bath.

In order to detail the capacity for the storage of Ca2+ in the SR under a wide range of frequencies, the postrest force (after a diastolic pause of 5 min), the force developed in steady-state (12 bpm), and the force-frequency relationship were determined with and without pre-treatment with 10 (M of ryanodine. Moreover, in vivo heart rate (fH = QRS complexes/min) was measured by standard electrocardiography (lead DI) in order to estimate the potential contribution of the SR at more physiological frequencies.

Results

After stabilization at 12 bpm at 25 oC the twitch force developed by ventricle strips of jeju and acara at steady-state (12 bpm) were 36.09 ( 1.67 mN/mm2 (mean ( SE; n = 12) and 28.66 ( 1.86 mN/mm2 (mean ( SE; n = 12), respectively. However, 30 min after the treatment with 10 (M of ryanodine, the twitch force of ventricle strips from jeju decreased ~20%, reaching force values similar to those observed for acara (figure 2). Moreover, the steady-state force developed by ventricle strips from acara after treatment with ryanodine remained unchanged in relation to the control.
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Figure 1 – Twitch force (Fc -mN/mm2; mean + S.E.) developed by ventricle strips from jeju (n = 12) and acara (n = 12) before (control) and after (ryanodine) 30 min of exposure to 10 (M of ryanodine during steady-state stimulation (12 bpm). The asterisk above the vertical bar denotes a significant (p < 0.05) difference in relation to the other force values.

The relative contribution of the Ca2+ stored in the SR to force generation after a diastolic pause of 5 min is presented in figure 2, where it is compared to the results obtained to other species. The pause resulted in an increase of ~90% in the force developed by ventricle strips from jeju in relation to the steady-state contraction, which was completely abolished by ryanodine (~40% of reduction in relation to the control). In contrast, in ventricle strips from acara there was no changes in twitch force of either control preparations or after treatment with ryanodine.
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Figure 2 - Effect of 10 (M of ryanodine on the force developed by ventricle strips from jeju (n = 12) and acara (n = 12) after a 5 min pause (Fc - % control; mean values). The values obtained for jeju and acara are compared to those described to other species (Rantin et al., 1998: goby fish; Costa et al., 2000: tilapia; Bers, 2001: frog, rabbit, adult and neonate rat; Rivaroli, 2002: cascudo and curimbata; Olle, 2003: traira; Anelli Jr. et al., 2004: pacu; Costa et al., 2004: lungfish) at 25 oC (fish) or at room temperature (frog and mammals).

In the force-frequency experiments, the ventricle strips from both animals showed a negative relationship, in spite of the deeper curve presented by jeju (figure 3). However, since the initial absolute values of force were higher for jeju than for acara (figure 1), the force measured at in vivo frequency range to each species was higher for jeju (~20mN/mm2 at 50,3 bpm) than for acara (~17 mN/mm2 at 79,6 bpm). Additionally, the treatment of ryanodine did not shift up- or downwards the force-frequency curves of either species, but for jeju this curve was shifted to the left in response to ryanodine (from 96 to 72 bpm). At 79,6 bpm (fH in vivo), the twitch force developed by the ventricle strips from jeju was decreased in ~4 mN after treatment with ryanodine, but the absolute values of force measured for control and ryanodine strips from acara did not differ from each other in all the range of frequencies tested.
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Figure 3 - Effect of increases in frequency on the force (Fc - % of initial values ± S.E., n = 10) developed by control preparations (black symbols) and after treatment with 10 (M of ryanodine (open symbols) by ventricle strips from jeju (triangles) and acara (squares). The values above the curves of each species denote the approximate absolute force (mN/mm2) registered at the frequencies measured in vivo for jeju (fH = 50,3 ( 2,7 bpm) and acara (fH = 79,6 ( 6,6 bpm). In spite of the similar curves obtained for jeju to both treatments, the absolute force was reduced by ~4 mN after treatment with ryanodine at the physiological frequency range.

Discussion

In temperate teleosts it has been demonstrated that ryanodine channels remain in an “open state” over a longer period of time as a result of the lower testing temperatures (Hove-Madsen et al., 2001). This fact minimizes the role of the SR as a calcium source to the activation of myofibrils (Tiitu & Vornanen, 2001). However, the myocytes of cold-adapted fish developed adaptative mechanisms that leaded to a relative temperature-insensitivity of sarcolemmal Ca2+-transporting systems (particularly L-channels and NCX), maximizing the proportional contribution of transarcolemmal Ca2+ fluxes to the relaxation/contraction cycle (Tibbits et al., 1992; Xue et al., 1999; Kim et al., 2000; Shiels et al., 2000; Elias et al., 2001). This allows Ca2+ ions to be delivered to myosin in a tax and magnitude compatible with the low heart rates observed in cold-adapted fish (Farrell & Jones, 1992; Driedzic & Gesser, 1994; Lillywhite et al., 1999), assuring their survival in temperatures considered cardioplegic to endotherms, even without the direct participation of the SR on Ca2+ management.

In contrast, in very active teleosts, as well as in tropical fish, which present considerably higher heart rates, a more direct participation of the SR in the E-C coupling in order reduce the difusional distances is predictable. A greater anatomic development of the SR, as well as a potential role of this organelle in the E-C coupling, has been described to rainbow trout, Oncorhynchus mykiss, especially at high temperatures and sub-physiological frequencies (Santer, 1974; Hove-Madsen & Gesser, 1989; Hove-Madsen, 1992; Møller-Nielsen & Gesser, 1992; Shiels & Farrell, 1997; Aho & Vornanen, 1998; Hove-Madsen et al., 1998; Lillywhite et al., 1999). Indeed, some recent studies (Harwood et al., 2000; Hove-Madsen et al., 2001) have also demonstrated a direct participation of the SR of trout in force development at more physiological conditions. An even higher contribution of the SR Ca2+ stores at physiological frequencies was described to the “athletic” scombrids (tunas and mackerels) (Shiels et al., 2002). Corroborating these findings, Rivaroli (2002) and Anelli Jr. et al. (2004) demonstrated the direct contribution of the SR to the ventricular inotropism at physiological frequencies and temperatures in two very active neotropical teleosts, the curimbata, Prochilodus lineatus, and the pacu, Piaractus mesopotamicus, respectively.

On the other hand, other studies failed to demonstrate such a direct relationship among level of activity and/or temperature versus functionality of the SR. Ventricle strips from Nile tilapia, Oreochromis niloticus (Costa et al., 2000), a species well-adapted to temperatures high temperatures such as 35 oC, or from fish that face acute transitions from 25 to more than 40 oC in few hours, such as the tide pool goby Bathygobius soporator (Rantin et al., 1998), did not show a postrest potentiation of twitch force that could be inhibited by ryanodine, dismissing the SR participation, even at high temperatures and low frequencies. Interestingly, both species are, as well as acara, Acanthopterygians, in which the E-C coupling has been shown to depend exclusively upon the extracellular Ca2+ sources at physiological (figure 3), and sub-physiological (figures 1 and 2) frequencies. Moreover, is relevant to emphasize that the cichlids acara and Nile tilapia have common monophyletic origin (Kullander, 1998), presenting similar modes of life, levels of activity, and habitats.

Additionally, in some highly sedentary tropical fish, as traira, Hoplias malabaricus (Olle, 2003), and cascudo, Hypostomus regani (Rivaroli, 2002), ryanodine exerted an inhibitory effect on inotropism at physiological temperatures. Traira and jeju are erythrinid fish, considered one of the most archaic among the characiforms (Géry, 1977), but jeju is more active than traira, what could partially account to the greater participation of the SR of jeju. (figure 2).

Due to the fact that a functional SR was found in in both sedentary (traira and cascudo) and active (curimbata and pacu) Ostariophysian fishes, it may be concluded that a functional SR is an ancestral trait of this group of tropical teleosts and not related to activity level. In contrast, in the tropical Acanthopterygians, such as acara, Nile tilapia, and tide pool goby, the opposite seems to have happened. Nevertheless, a larger variety of tropical species from the two superorders remain to be studied to prove the previous statement.
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