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Introduction

The force and time course of cardiac contraction of the fish heart are closely correlated with duration of action potential (Vornanen, 1989) (Figure 1). Therefore, factors that determine action potential duration are important in determining the force and frequency response of the heart, i.e. its pump function. 

Inward rectifier potassium current (IK1) current is traditionally thought to maintain negative resting membrane potential close to the equilibrium potential of potassium ions and to contribute to the final phase of action potential repolarisation. More recent studies suggest that it might be active during the plateau phase and participate in the regulation of action potential duration (Ishihara et al. 2002). The repolarising outward current of the inward rectifier channels is limited by voltage-dependent block of intracellular Mg2+ and polyamines (spermine, spermidine, putrescine), and therefore small changes in the intracellular concentration of these regulators determinate effectiveness of the IK1 as a repolarising current and regulator of action potential duration. This study examines the mechanism of temperature-dependent regulation of the IK1. 
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Figure 1. Action potentials and simultaneously recorded contractions of the ventricular muscle of the crucian carp heart at +4( and +18(C.

Methods

Experiments were conducted on enzymatically isolated ventricular myocytes of the crucian carp (Carassius carassius) and rainbow trout (Oncorhynchus mykiss) heart using the whole-cell patch-clamp technique. Cold-acclimated (+4() carp and trout were used in the experiments.

Results and Discussion

By alternating the recording between current clamp and voltage clamp modes in the same myocyte we could demonstrate that in ventricular myocytes of cold acclimated (+4(C) crucian carp, acute heat stress increases outward flow of potassium ions via IK1 and causes the temperature-dependent shortening of action potential duration (Figure 2) (Paajanen & Vornanen 2003). 
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Figure 2. Effects of acute temperature changes on IK1 and action potential duration in fish cardiac myocytes. A) IK1 and action potentials recorded from the same myocyte of the crucian carp heart at +5( and 14(C. B) Heat stress increases the number of open channels at depolarising voltages (right) and the charge (rel Q) transferred in outward direction through the inwardly rectifying channels (left). The increasing deviation from the theoretical current-voltage relation (solid line) indicates an increase in the number of open channels.

The mechanism that specifically increases the outward current and shorten the action potential at high temperatures has three characteristics: i) Voltage-dependence of the channel block is shifted to more positive values (more open channels), ii) The channel block is incomplete at all voltages, and ii) The voltage dependent block is less steep at depolarising voltages indicating quantitative/qualitative changes in blocking molecule(s). 

Heat stress exerts similar effect on the IK1 of both rainbow trout and crucian carp cardiac myocytes suggesting that this mechanism is widely used in fish and possibly other ectotherms in temperature-dependent regulation of action potential duration. The two species differ, however, in regard to cardiac polyamine levels and magnitude of the outward IK1. In comparison to carp myocytes, trout myocytes have less polyamines and therefore more open channels at depolarising voltages. The more powerful IK1 of the trout heart may partly explain the shorter action potential of trout ventricular myocytes (APD90 = 1.0 and 2.4 in trout and carp, respectively). To conclude, the inward rectifier potassium current is an effective repolarising current in fish cardiac myocytes and able to regulate action potential duration in temperature-dependent manner.  Thus, it is likely to play a significant role in excitability and contractility of the fish heart under acute heat stress.
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