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Introduction

Information on myocardial hypoxia tolerance is only available for a few marine species (e.g. see Driedzic and Gesser, 1994; Fritsche and Nilsson, 1989), and there is limited data on the cellular mechanisms that mediate the fish heart’s ability to tolerate oxygen deprivation. Further, although hypoxic preconditioning has been demonstrated in rainbow trout heart, Gamperl et al. (2001) suggested that the phenomenon of preconditioning may be limited to the compact myocardium which is normally perfused with highly oxygenated arterial blood supplied by the coronary artery. The Atlantic cod heart possesses only spongy myocardium which is perfused by venous blood of low oxygen content, and an in situ heart preparation has recently been developed for this species. Thus, we determined the hypoxia tolerance of in situ cod hearts, investigated the role of protein kinase C (PKC) and sarcolemmal ATP-sensitive K+ channels in mediating hypoxia tolerance, and examined whether the cod heart can be preconditioned. 

Materials and Methods 

Atlantic cod reared at the Ocean Sciences Centre (OSC), or cod that were reared at the OSC and subsequently spent approximately 18 months in sea cages at Hermitage Bay (Newfoundland), were used in these experiments. These fish were held in 4000 L tanks at the Ocean Sciences Centre at 12 ( 1ºC for a minimum of 2 weeks prior to experiments, and fed chopped herring or commercial pellets every 2nd day.

In situ heart preparations were performed as previously described by Farrell et al. (1986), with a number of small modifications. Adrenaline was not added to the perfusate in these experiments because: 1) preliminary experiments showed that it is not required for the long-term viability of the cod heart; and 2) adrenergic stimulation of the hearts could confound the preconditioning experiments. In all experiments, severe hypoxia (PO2 ~ 5 mm Hg) was induced by perfusing hearts with saline that was bubbled with N2 for at least 2 hours, and the effects of hypoxia, pharmacological blockers and preconditioning was examined by comparing maximum cardiac performance prior to (Qmax1) and after experimental manipulation (Qmax2). 

Results And Discussion

Hypoxia Tolerance of the Cod Heart

Maximum cardiac output (Qmax) prior to hypoxia ranged from 55 to 60 ml min-1 g-1 ventricle (~ 80 ml min-1 kg-1), and decreased by 14.1 % after 10 min. of severe hypoxia, by 20.4 % after 15 min. of severe hypoxia, and by 21.9 % after 20 min. of severe hypoxia. However, because 2 out of 8 fish exposed to 20 min. of hypoxia failed to recover, 15 min. of severe hypoxia was used in subsequent experiments. This degree of hypoxia tolerance is similar to that measured in hypoxia-sensitive trout (Gamperl et al., 2001).

Role of PKC and Sarcolemmal KATP Channels in Myocardial Hypoxia Tolerance

This experiment examined the role of both sarcolemmal KATP channels and PKC in the hypoxia tolerance of Atlantic cod hearts. In situ cod hearts were exposed to one of 6 treatments: (a) control treatment with oxygenated perfusion; (b) 15 min. of hypoxia with no pharmacological agents (c) the PKC inhibitor chelerythrine (5 µmol L-1) with no hypoxic period; (d) the KATP channel inhibitor BDM (100 µmol L-1) with no hypoxic period; (e) the PKC inhibitor chelerythrine, prior to and during a 15 minute hypoxic period; and (f) the KATP channel inhibitor BDM, prior to and during a 15 minute hypoxic period.
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Figure 1. A. Decreases in cardiac output (Q, ml min-1 kg-1) during 15 min. of severe hypoxia. Repeated measures ANOVA followed by one-way ANOVAs at each time interval showed that there were significant differences between the hypoxia (N=8) and hypoxia + BDM (N=9) treatments after 6 min., whereas differences between hypoxia and hypoxia + CHEL (N=9) were observed after 12 min. B. Percent reduction in maximum Q (between Qmax1 and Qmax2). Dissimilar letters indicate a significant difference (p<0.05) between treatments, as determined by a one-way ANOVA. 

Cardiac function decreased to a greater extent when the pharmacologically blocked hearts were exposed to 15 min of hypoxia. Cardiac output fell by 38% in hearts exposed to hypoxia alone, and by 68% and 64% in hearts exposed to hypoxia + BDM and hypoxia + CHEL, respectively (Fig. 1A). Surprisingly, however, there were no significant differences in post-hypoxic maximum cardiac function (Q or Vs) between the 3 hypoxic groups (Fig. 1B). These data indicate that although both sarcolemmal KATP channel and PKC blockade influence cardiac function during hypoxia, they do not affect the ability of the heart to recover from an acute hypoxic episode. Our finding that sarcolemmal KATP channels are important for fish myocardial function during hypoxia supports the study of Cameron et al. (2003). Further, these data are the first to report a similar role for PKC in fish.
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Figure 2. Effect of hypoxic pre-exposure (preconditioning) on the recovery of maximum in situ cardiac performance (Qmax2 relative to Qmax1) in Atlantic cod. Dissimilar letters indicate significant differences (p<0.05) between treatment groups (N=8).
Can the Cod Heat Be Preconditioned?

In situ cod hearts were exposed to one of 4 treatments: (a) control, oxygenated perfusion; (b) 5 min. of severe hypoxia; (c) 15 min. of severe hypoxia; and (d) 5 min. of severe hypoxia with 15 min. of reperfusion, followed by 15 min. of severe hypoxia (preconditioning). The group that underwent 15 min. of severe hypoxia experienced a 21% decrease in Qmax as compared with 8.4% and 14% for the control and 5 min. of hypoxia groups, respectively. Hypoxic pre-exposure reduced the decrease in Qmax following 15 min. of severe hypoxia to 11.7% (Figure 2), indicating that the cod heart, which is exposed entirely of spongy myocardium and is perfused by poorly oxygenated venous blood, can be preconditioned. 
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