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[Ca2+] i: intracellular Ca2+ 
AP: action potential 
APD: action potential duration 
ATP: adenosine-triphosphate 
CaM: calmodulin 
CaMKII : Ca2+ -dependent calmodulin-kinase II 
cAMP: cyclic adenosine-monophosphate 
CaT: Ca2+ transient 
CDF: Ca2+ dependent facilitation 
CDI:  Ca2+ dependent inactivation 
CICR : Ca2+ induced Ca2+ release 
ECC: excitation contraction coupling 
ICaL: L-type Ca2+   current 
ICl(Ca) or I to2: Ca2+  dependent Cl- current 
IK(Ca): Ca2+ dependent K+ current 
IK1: inward rectifier K+ current 
IKr : rapid component of the delayed rectifier K+ current 
IKs: slow component of the delayed rectifier K+ current 
INa: Na+ current 
ISK: small-conductance Ca2+ activated K+ current 
I to: transient outward K+ current 
NCX: Na+- Ca2+ exchanger 
NKE : Na+- K+ ATPase 
RyR: ryanodine receptor 
SERCA: sarcoplasmic reticulum Ca2+ ATPase 
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SUMMARY 

 

Normal heart function and optimal repolarization of the cardiac action potential (AP) 

is to high extent subject to synchronized activity of sarcolemmal K+ channels, expressed in 

both ventricular and atrial myocardium, largely contributing to regulation of the resting 

potential, the pacemaker activity, and the shape and duration of the AP (APD). Clinical 

observations and experimental studies in both isolated cardiomyocytes and multicellular 

preparations provided firm evidence for the sensitivity of several major K+ currents and the 

corresponding ion channels to shifts in intracellular Ca2+ concentration ([Ca2+] i). Direct 

regulation via interaction between [Ca2+] i and the channel protein or indirect modulation 

via Ca2+ signaling pathways of these currents may have implications to mechanical and 

electrical performance of the heart, and its physiological adaptation to altered load. 

Nonetheless, it may also lead to severe cardiac dysfunction, if [Ca2+] i handling is 

significantly disturbed, as is the case in a variety of pathological conditions.  

The primary aims of our studies, summarized in this thesis were 1) to attempt to 

clarify the apparently unsolved question of the physiological role of the cardiac small 

conductance Ca2+-activated K+ (SK) channels and, since data in literature, regarding the 

direction and nature of this modulation are also highly controversial: 2) to investigate in 

detail the possible Ca2+-dependence of the inward rectifier K+ current (IK1).  

Our results demonstrate that in rat, dog and human ventricular cells - though present - 

SK2 channels seem to be inactive and do not contribute to AP repolarization, at least under 

normal physiological conditions. We also provide evidence that in canine myocardium the 

APD shortening effect of [Ca2+] i rise is at least partially mediated by [Ca2+] i-dependent 

augmentation of IK1.  
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1. INTRODUCTION 

 

1.1. Principles of generation of the cardiac AP 

 The electric integrity of the heart is an essential requirement for its synchronized 

activity and its adaptation to various external conditions. A crucial point of the beat-to-beat 

regulation of the heart is the fine-tuning of the APD, achieved primarily by a strict control 

of the repolarizing K+ currents. In the past decades and also recently, a number of studies 

provided evidence that physiological regulation of the repolarization process, as well as the 

corresponding ionic currents, is a complex mechanism and may be substantially modulated 

by Ca2+ signaling pathways. Considering that the Ca2+ cycle of the heart is also subject to 

large variations under different conditions (i.e. frequency changes, adrenergic modulation, 

a number of severe cardiac diseases) a dynamic interrelationship should exist between 

intracellular Ca2+ handling and AP, which may substantially influence the normal cardiac 

adaptation or in certain conditions may lead to arrhytmia propensity. Therefore, a detailed 

analysis of this relationship may significantly improve our currently limited understanding 

on the mechanisms of physiological and pathological alterations of cardiac repolarization, 

as well as substantially facilitates the development of new pharmacological strategies.           

1.1.1. Underlying ionic currents of the AP 

The cardiac AP reflects coordinated activity of multiple ion channels that open, close 

and/or inactivate with different kinetics (see Fig.1.). Upon activation cardiomyocytes are 

depolarized by a rapid inflow of Na+ ions generating a large and fast inward Na+ current 

(INa). INa not only defines the rapid upstroke of the AP (phase 0) but has also primary role 

in defining the velocity of impulse propagation through the heart. The initial depolarization 

of the AP is followed by a transient repolarization (phase 1) mainly governed by the 

transient outward current (Ito). In this section of the AP, the Ca2+-activated Cl- current 

(ICl(Ca) or Ito2) is also suggested to contribute to the transient repolarization. The rapid 

upstroke of the AP activates the L-type Ca2+ current (ICaL) and also several crucial K+ 

currents involved in the repolarization: i.e. the rapid and slow components (IKr and IKs) of 

the delayed rectifier K+ current and the inward rectifier K+ current (IK1). During a period of 

time ICaL opposes the outward repolarizing currents, establishing a nearly isoelectric 

plateau phase (phase 2) of the AP. The duration of the plateau phase has important role in 

controlling the amount of the Ca2+ influx. The Ca2+ influx has crucial role in initializing the 
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intracellular Ca2+ cycle leading to contraction of the cell. When Ca2+ channels begin to 

close the outward currents gradually overcame ICaL, enabling fast repolarization of the AP 

(phase 3), governed by cooperative function of IKs, IKr, and IK1. The terminal repolarization 

(phase 4) of the AP, as well as the resting membrane potential is primarily controlled by 

the IK1.  

Fig.1. The ventricular AP and corresponding ion currents. The upper panel shows a 
representative ventricular AP and phases of the AP kinetics. The underlying ionic currents 
are shown in the left side of the lower panel in time-match with the AP. The inward 
currents are depicted as downward deflections. Note that the amplitudes of the currents 
are not proportional with each other. The channel proteins carrying the current are 
marked at right side of the lower panel (modified from Ravens et al. [1])  

Several electrogenic ionic pumps and exchangers may also substantially contribute to 

shaping of the AP. The electrogenic Na+/K+ ATPase (NKE) has a pivotal role in setting the 

uneven distribution of Na+ and K+ ions between the intra- and extracellular spaces, thus 

enabling the excitability of the cardiomyocytes. The Na+/Ca2+ exchanger (NCX), which is 

also electrogenic, may also contribute to the AP. Since the equilibrium potential of the 

NCX lies in the range of AP, both inward and outward currents can be generated. However 

the exact role of the NCX during an AP is not yet fully elucidated.  
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1.1.2. Significance of the cardiac repolarization reserve   

The concept and terminology of the repolarization reserve was introduced by Roden 

in 1998, based merely on clinical observations [2]. The principle of the repolarization 

reserve is a redundancy of the repolarization process, i.e. loss of one repolarizing current 

may not lead to excessive AP lengthening, since other unimpaired K+ channels may 

provide sufficient repolarizing capacity ([3-6]). Therefore, it has critical importance in 

stabilizing the APD, refractoriness and conduction of the electric impulses. Furthermore, it 

restricts excessive AP lengthening caused by impaired channel function, e.g. in LQT’s, 

extreme bradycardia, hypokalaemia, hypotiroidism, diabetes mellitus, drug exposure, etc 

[7]. The repolarization reserve has also important role in decreasing the transmural 

dispersion of the repolarization, thus preventing cardiac arrhythmias [8]. The key players 

of the reserve are IKr, IKs, IK1, and presumably Ito ([3-6]. These repolarizing currents play a 

critical role in normal myocardial function, furthermore, the majority of life-threatening 

arrhythmias are known to derive from repolarization abnormalities. Therefore, better 

understanding of the pathomechanisms leading to AP abnormalities, and the development 

of novel strategies to  treat arrhythmias require much more detailed knowledge of the 

repolarization mechanisms, including all its determinants (e.g.: [Ca2+] i).   

1.2. Intracellular Ca2+ homeostasis of the heart  

The purpose of the excitation-contraction (ECC) coupling of the heart is to provide 

effective and in the same time adaptive cardiac output by activation of the myofilaments. 

The ECC is governed by a highly complex mechanism initiated by depolarization of the 

sarcolemma and finalized by the contraction-relaxation cycle. Ca2+ has a central role in 

ECC, since Ca2+ ions entering the cell from the extracellular space (Ca2+-influx) trigger a 

substantially larger Ca2+ release from the sarcoplasmic reticulum (SR). The transient 

[Ca2+] i increase (Ca2+ transient, CaT) is terminated by both Ca2+ reuptake to the SR (via 

the activity of the SR Ca2+ pump, SERCA2a), and Ca2+ extrusion (efflux) from the cell 

(primarily via the forward mode activity of the NCX) (see Fig. 2). 

 1.2.1. Ca2+ -influx 

Two classes of Ca2+ channels (T and L types) exist in cardiac myocytes. T-type 

channels are practically not present in ventricular myocytes, while L-type channels are 

abundantly expressed, primarily at the sarcolemmal SR junctions. During depolarization L-

type voltage dependent Ca2+ channels exhibit large conductance. The relatively small Ca2+ 
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ion flux which enters the cell is able to release a substantially larger Ca2+ ion flux from the 

SR, via triggering the ryanodine receptors (RyR). This mechanism is called ‘Ca2+-induced 

Ca2+ release’ (CICR). A minor flux of Ca2+ ions pass in the cell via the reverse mode 

activity of NCX, counterbalanced by Na+ extrusion. The amount of Ca2+ influx is primarily 

controlled via the magnitude and time course of the SR Ca2+ release by a simple negative 

feed-back mechanism, termed as Ca2+ dependent inactivation [9-11].  

 

 

Fig.2. Intracellular Ca2+ homeostasis of the cardiac cell. The upper panel shows the main 
routes of the Ca2+ movements of the cell, and the potential direct and indirect regulative 
roles of the Ca2+ on K+ channels. The IK in this case confines the main K+ channels of the 
heart (Ito, IKr, IKs, IK1, ISK). The lower panel compares the time courses of the cardiac AP, 
CaT, and contraction (modified from Bers [12]) 

1.2.2. Ca2+ -release  

The large amount of Ca2+ stored in the SR is mostly bounded to a Ca2+ binding 

protein called calsequestrin. When the trigger Ca2+ reaches the RyRs, their conductance 

significantly increases, enabling the release of the stored Ca2+. This can be monitored by 

optical (fluorometric) techniques. Since cardiac myocytes consist of several intracellular 

compartments, the rise in [Ca2+] i is highly inhomogeneous. From this point three important 
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compartments can be distinguished: (i) the dyadic space (fuzzy space), located between the 

terminal cistern of the SR and inner side of the sarcolemma (ii) the submembrane area, a 

narrow region under the sarcolemma, (iii) and the bulk cytosol which is the largest 

compartment of the intracellular space, located around the contractile proteins. Therefore, 

the [Ca2+] i at the myofilaments is determined by the amount of Ca2+ released from the SR, 

and the amount of Ca2+ diffused from the fuzzy space. It is important to note that during 

the CaT the [Ca2+] i in the dyadic space reaches considerably larger magnitude and declines 

much faster compared to that in the bulk cytosol. Consequently the ion channels and 

transporters are located in the plasma membrane, they are subject to markedly larger (and 

faster) beat-to-beat Ca2+ fluctuations, than can be measured in the cytosol by the 

conventional fluorometric technique [12].   

1.2.3. Reuptake and Ca2+-efflux 

Sequestration of the released Ca2+ and stabilization of the diastolic [Ca2+] between 

contractions is crucial in the regulation of the beat-to-beat Ca2+ balance under varying 

conditions. The majority of the systolic Ca2+ increase is reuptaken into the SR by its Ca2+ 

pump (SERCA2a). A much smaller amount of [Ca2+] i is extruded from the cell, primarily 

via the forward activity of the NCX. In steady state during each cycle the released and 

reuptaken Ca2+, as well as the entered and extruded Ca2+ must be equal. The NCX, as a 

passive transporter, is governed by the intra-, and extracellular levels of the Na+ and Ca2+ 

ions, and also depends on the actual value of the membrane potential. Based on the 

direction of the ion transport reverse and forward modes of operation can be distinguished. 

During reverse mode activity Ca2+ influx and an outward current (carried by Na+ ions) can 

be observed, while during forward mode NCX activity Ca2+ is extruded and an inward Na+ 

current is generated. Since the operation of the NCX is electrogenic, under certain 

conditions it may generate significant ionic current in either direction. An ATP-dependent 

Ca2+ transporter, the Ca2+ pump of the plasma membrane (PMCA) may also extrude Ca2+, 

however its contribution to maintaining Ca2+ balance is much less important, and its role is 

suggested to be primarily restricted to fine tuning of the diastolic Ca2+ level [12-14].   

1.2.4. Regulation of the Ca2+ homeostasis 

Cardiac Ca2+ handling is tightly regulated by both intrinsic and extrinsic mechanisms. 

Intrinsic regulation is the autoregulation of [Ca2+] i, achieved by a simple negative and/or 

positive feed-back of [Ca2+] i on Ca2+ influx and efflux, respectively. This mechanism 
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always sets stable [Ca2+] i level by fine tuning the Ca2+ content of the SR via balancing the 

Ca2+  influx and efflux at the same time. For example, under experimental conditions, 

when the [Ca2+] i is close to the diastolic value (e.g.: after caffeine exposure), CaT is small, 

producing minimal inhibiting effect on the influx, and marginal enhancement on the efflux. 

Consequently, Ca2+ influx is far better favored than efflux and the cardiomyocyte is getting 

loaded with Ca2+. Following some beats the increasing SR Ca2+ content permits larger 

CaT, which in turn restricts influx and promotes efflux until transsarcolemmal Ca2+ fluxes 

are balanced. This process is an intrinsic property of Ca2+ homeostasis of the cardiac cell, 

and does not require any external (i.e. adrenergic) control [9, 11, 15].   

The extrinsic regulating mechanism is achieved by the neurohormonal system, which 

adjusts the activity of heart to meet the requirements of the body in various physiological 

or pathological situations (e.g. physical activity, stress, pregnancy, or several diseases etc.). 

This system acts primarily via the cAMP and protein kinase-A (PKA) signaling pathways 

following the binding of noradrenalin to β1 receptors, and may cause multiple effects. The 

regulation is performed via phosphorylation of the L-type Ca2+ channels, RyR, SERCA2, 

and troponin, leading to increased Ca2+ influx and release, faster reuptake, and more 

effective contraction. Other signaling mechanisms via activation of the protein kinase-C 

(PKC) pathway also have important regulative role on various ionic currents [12]. 

1.3. Interactions between AP repolarization and Ca2+ handling 

Cardiac contraction is achieved by large elevation in [Ca2+] i, therefore sarcolemmal 

K+ channels sense the beat-to-beat fluctuations in Ca2+ levels. The magnitude of the CaT 

shows large variability even in physiological conditions (during exercise, or emotional 

stress due to the adrenergic activation), furthermore in a variety of heart diseases (e.g.: 

heart failure, ischaemia/reperfusion injury, long-QT syndrome), where Ca2+ levels are also 

considerably influenced (increased or decreased) [16]. Therefore, it seems feasible that 

subsarcolemmal Ca2+ levels are able to modulate cardiac K+ currents, thus could provide a 

further major mechanism to improve AP adaptation under various conditions.  

Theoretically, [Ca2+] i-dependent modulation of a K+ ion channel can be established 

either directly or indirectly, via the Ca2+-dependent calmodulin (CaM), or the calmodulin-

dependent protein kinase II (CaMKII). Nonetheless, the entire mechanism is probably 

more complicated, since shifts in Ca2+ levels are often the consequence of the activation of 

adrenergic pathways raising PKA and/or PKC. Since PKA and PKC may exert various 

effects (activation or inhibition) on K+ currents, one may speculate that the actual effect on 
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a given K+ channel might be the result of multiple, simultaneously activated controlling 

pathways. In theory, the regulation of the repolarization process by Ca2+ signaling may 

have important role considering the following points: 

i. Under normal conditions and heart rates, a K+ channel may be dynamically 

modulated by alterations in subsarcolemmal Ca2+, thus contributing to fine tuning 

repolarization and APD. 

ii . In large mammals, APD and [Ca2+] i show parallel changes upon frequency 

adaptation, therefore the increase or decrease in [Ca2+] i  may substantially promote the 

prompt frequency adaptation of APD 

iii . [Ca2+] i mismanagement, frequently observed in cardiac diseases may significantly 

influence K+ channel function. 

1.4. Aims of the study 

The primary goal of the present study was to elucidate a few aspects of the possible 

modulatory effect of changes in [Ca2+] i on repolarization and to elucidate its functional 

consequences. 

• First, we investigated the possible physiological role of the small conductance 

Ca2+ activated K+ channels (SK-channels) in the repolarization process in 

rat, canine and human myocardium, 

• Second, we attempted to elucidate the effect of [Ca2+] i rise on IK1. The 

possible consequences of this relationship on the cardiac repolarization 

reserve were also investigated.  
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2. MATERIALS AND METHODS 
 

2.1 . Ethical considerations 

2.1.1. Animal care 

All studies were conducted in full accordance with the standards of the European 

Community guidelines on the care and use of laboratory animals. All experimental 

protocols were approved by the Ethical Committee for Protection of Animals in Research 

of the University of Szeged, Hungary (permit No. 54/1999 Oej). 

2.1.2. Human patients 

Undiseased hearts obtained from organ donors were explanted to obtain pulmonary 

and aortic valves for transplant surgery. Before cardiac explantation, the donor did not 

receive medication, except furosemide, dobutamine and plasma expanders. Investigations 

conform the principles outlined in the Declaration of Helsinki and all experimental 

protocols were approved by Regional and Institutional Human Medical and Biological 

Research Ethics Committee, University of Szeged, permit No. 717. (No. 63/97). 

2.2. Isolation of rat, canine and rabbit ventricular myocytes 

Adult male Sprague-Dawley rats, weighing 150-200 g, were retrogadely perfused for 

5 min at 37 °C with Krebs-Henseleit solution (containing in mM: NaCl 118.5, KCl 4, 

CaCl2 2, MgSO4 1, NaH2PO4 1.2, NaHCO3 25, and glucose 10; the pH of this solution was 

set to 7.35±0.05 when saturated with mixture of 95% O2 and 5% CO2). Then, the 

superfusion was switched for 8 min to Ca2+-free Krebs-Henseleit solution. Finally, the 

perfusate was completed with 0.5g/l collagenase (Type I, Sigma), 0.5g/l hyaluronidase, 

200 µM CaCl2, and the heart was perfused for further 7 minutes. At the end of the 

enzymatic dissociation process the left ventricular myocardium was minced and gently 

agitated. Freshly isolated cells were placed into storage-solution (containing in mM: KOH 

89, glutamate 70, taurine 15, KCl 30, KH2PO4 10, HEPES 10, MgCl2 0.5, glucose 10, 

EGTA 0.5, pH=7.3) and kept at room temperature until used. 

Single canine ventricular cells were obtained from hearts of adult mongrel dogs of 

either sex weighing 10–20 kg, using the “segment perfusion” technique. The animals were 

anaesthetized with an i.v. injection containing 30 mg/kg thiopental. After opening the chest 
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the heart was removed and a segment of the left ventricular wall was perfused via the 

anterior descending coronary artery using a gravity flow Langendorff apparatus. The 

perfusate was modified MEM solution (Minimum Essential Medium Eagle, Joklik 

modification, Sigma, M-0518), supplemented with 1.2 mM CaCl2, 10 mM HEPES, 2.5 g/l 

taurine, 0.18 g/l pyruvic acid, and 0.75 g/l ribose (pH=7.2). After removing the blood the 

perfusate was switched to nominally Ca2+-free MEM for 10 minutes. Dispersion of cells 

was achieved by application of 0.5 g/l collagenase (Sigma type I) in the presence of 75 µM 

CaCl2 for 40 minutes. During this isolation procedure solutions were gassed with oxygen 

and the temperature was maintained at 37°C. Finally, the left ventricular wall was minced 

and gently agitated. Cardiomyocytes, freshly released from the tissue, were stored at room 

temperature before use. At least 60% of the cells were rod-shaped and showed clear 

striation when the external Ca2+ was restored. 

New Zealand white rabbits, weighting 2.3-2.9 kg were also used for cardiomyocyte 

isolation. A modified Tyrode solution containing (in mM): NaCl 130, HEPES 23, taurin 

20, creatine 5, MgCl2 5, Na-pyruvate 5, KCl 4.5, NaHPO4 1, glucose 21 was applied. The 

pH was adjusted with NaOH to 7.3. In the first section of the isolation additional 2 mM 

CaCl2 was applied to wash out the blood then the perfusion was continued using Ca2+ free 

solution for 5 min. Finally collagenase, protease and 100 µM CaCl2 was applied.  

2.3. Recording of APs in multicellular cardiac preparations 

Adult male Sprague-Dawley rats (weighing 150-200g), adult mongrel dogs 

(weighing 10-20 kg), and New Zealand rabbits (weighting 2.3-2.9 kg) of either sex were 

anticoagulated with sodium-heparin and anaesthesized with 30 mg/kg thiopental. The 

hearts were rapidly removed through right lateral thoracotomy and immediately rinsed in 

ice-cold Krebs-Henseleit solution or in ice-cold Tyrode solution (containing in mM: NaCl 

144, NaH2PO4 0.33, KCl 4, MgCl2 1, glucose 5.5, HEPES 5, CaCl2 2; the pH of this 

solution was set to 7.4 with NaOH) for 30 sec depending on the type of experiment. APs 

were recorded from papillary muscle preparations excised from the right ventricular wall 

of canine, rat, rabbit and human hearts, as well as from left atrial trabeculae of canine and 

rat hearts, at 37 °C. After excision, the preparations were immediately mounted in the 

tissue chamber, having a volume of 40 ml, and perfused with Krebs-Henseleit or Tyrode 

solution. All preparations were continuously stimulated with an electrostimulator (Hugo 

Sachs Elektronik, model 215/II) using constant rectangular voltage pulses (1 Hz, 1 ms) 

delivered through a pair of bipolar platinum electrodes. APs were recorded using the 
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conventional microelectrode technique. Sharp microelectrodes, having a tip resistance of 

10-20 MΩ when filled with 3 M KCl, were connected to an amplifier (Biologic Amplifier, 

model VF 102). The voltage outputs from the amplifier were displayed on a dual beam 

memory oscilloscope (Tektronix, model 2230), and sampled at 40 kHz using an analog-to-

digital converter (Real Time Devices Inc, model ADA 3300). APD measured at 25, 50 and 

90% level of repolarization (APD25,50,90) was obtained using Evokewave v1.49 software 

(Unisip Ltd). The temperature of the superfusate was kept constant at 37 °C. After 

stabilization of the AP parameters control APs were recorded from the surface region of 

the tissue samples, then the drug was applied in the superfusate (apamin: 45, AVE0118: 

45, BaCl2: 20, dofetilide 60, SEA0400 45 minutes) and the measurements were repeated in 

the presence of the drug. 

To ensure the physiological conditions of our preparations, control APD90 values of 

200-220 ms for dogs, 170-200 ms for rabbits, and 50-80 ms for rats at 1 Hz were accepted 

as exclusion criteria (i.e. preparations with a control APD90 out of these ranges were 

discarded). Furthermore, AP amplitude had to be higher than 100 mV in all species. 

Attempts were made to maintain the same impalement during the whole experiment. When 

impalement was dislodged, adjustment of the electrode was attempted. If the duration of 

the AP of the re-established impalement deviated more than 5 % from the previous 

measurement, the experiment was discarded. 

2.4. Determination of ionic currents in single mammalian ventricular 

cells 

A drop of the cell suspension was placed into a lucid chamber mounted on the stage 

of an inverted microscope (Olympus, model IX71), and at least 10 minutes was allowed for 

cardiomyocytes to adhere before starting the superfusion. Micropipettes were fabricated 

from borosilicate glass capillaries (Clark Electromedical Instruments) using a 

microprocessor-controlled horizontal puller (P-97, Sutter Instruments). These electrodes 

had a resistance of 1.5-2.5 MΩ when filled with the given pipette solution. Membrane 

currents were recorded with an Axopatch 1-D amplifier (Axon Instruments) using the 

whole-cell or the perforated patch configuration of the patch clamp technique. Gigaseals 

were established with gentle suction and the cell membrane beneath the tip was disrupted 

with further suction or by application of short electrical pulses. The series resistance was 

compensated for 80 %. Membrane currents were digitized using an analog-to-digital 
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converter (Digidata 1440A), under software control (pClamp 10.0). Membrane currents 

were recorded from each cell before and after application of the given drug.  

2.4.1. Apamin sensitive current measured by the whole cell patch clamp technique 

The apamin sensitive current was examined in Na+ and Ca2+ free Tyrode solution, 

containing (in mM): N-methyl-glucamine 140, KCl 4, MgCl2 1, glucose 5, and HEPES 10 

(pH=7.4 with HCl). The internal solution applied during this procedure contained (in mM): 

K+-gluconate 144, MgCl2 1.15, BAPTA 5, HEPES 10 (pH=7.2). Free Ca2+ in the pipette 

solution was set to 900 nM using an appropriate mixture of CaCl2 and BAPTA, calculated 

with WinMaxC software [17]. 

2.4.2. Apamin-sensitive current measured by perforated patch clamp technique 

In order to prevent major changes in the intracellular milieu of the cells, the apamin 

sensitive current was also investigated using the perforated patch clamp technique. The 

pipette solution contained (in mM): K-glutamate 120, KCl 25, MgCl2 1, HEPES 10, EGTA 

5, pH 7.4 with KOH. The pipette solution was supplemented with 200 µg/ml amphotericin 

B in order to develop a reasonably good electrical access to the cell interior. When 

amphotericin B penetrated the cell membrane, the access resistance was 15-20 MΩ. The 

external solution contained (in mM): NaCl 138, KCl 4, MgCl2 1, CaCl2 1.8, NaHPO4 0.33, 

glucose 10, HEPES 10, pH 7.4 with NaOH. These cells were also loaded with a Ca2+-

sensitive fluorescent dye, Fluo 4AM (5 µM), and CaTs were simultaneously recorded.  

2.4.3. Ca2+ dependency of IK1 measured by whole cell patch clamp method 

 These experiments were carried out in normal Tyrode solution, while the pipette 

solution contained (in mM): K-aspartate 100, KCl 40, K2ATP 5, MgCl2 3.2, HEPES 10. 

Depending on the experimental procedure the concentration of EGTA and CaCl2 were 

adjusted to set the final [Ca2+] i to 160 nM or 900 nM or when unbuffered internal solution 

was applied, both were omitted. The pH of the solution was adjusted to 7.2 with KOH. 

 2.4.4. Determination of the NCX current using the whole cell patch clamp technique 

To evaluate the NCX current, K-free bath solution was applied containing (in mM): 

NaCl 135, CsCl 10, CaCl2 1, MgCl2 1, BaCl2 0.2, NaHPO4 0.33, TEACl 10, HEPES 10, 

glucose 10, pH was adjusted to 7.4 with NaOH. This solution was supplemented by 20 µM 

oubain to inhibit NKE, 1 µM nisoldipine to block ICaL, and 50 µM lidocaine to suppress 

INa. The pipette solution contained (in mM): CsOH 140, aspartic acid 75, TEACl 20, 
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MgATP 5, HEPES 10, NaCl 20, EGTA 20, CaCl2 10, the pH was adjusted to 7.2. The 

[Ca2+] in the pipette was 160 nM  as calculated by the WinMaxC software [17]).          

2.5. Recording of CaTs in field-stimulated canine and rat ventricular 

tissues 

Canine and rat right ventricular tissue samples were loaded with 25 µM Fluo 4-AM 

(Molecular Probes Inc.) for 50 minutes at room temperature. The samples were mounted in 

a low volume Quick Change imaging chamber (RC47FSLP, Warner Instruments) and 

paced initially at 1 Hz. Fluorescence measurements were performed using an Olympus IX 

71 type inverted microscope. Optical signals were recorded by a photon counting PMT 

module (Hamamatsu, H7828) sampled at 1 kHz. The dye was excited at 480 nm, the 

emission was detected at 535 nm. Measurements were governed by using Isosys software 

(Experimetria Ltd, Hungary). Frequency-dependent changes in the CaTs were monitored 

after establishing steady-state conditions at each studied frequency (0.3, 1, and 3 Hz). 

2.6. Molecular biological techniques 

2.6.1. Protein isolation and Western blot analysis 

Whole cell tissue lysates were purified from ventricular myocardial tissues of adult 

hearts (Sprague-Dawley rats, n=6, and mongrel dogs, n=6) and also from canine and rat 

isolated ventricular myocytes. Briefly, the tissue samples were cut into small pieces in 

Lysis buffer (containing: 50 mM Tris-HCl, 1% nonidet P-40, 0.5% deoxycholate, 150 mM 

NaCl, 10 g/l PMSF, 5 µM leupeptin, 5 µM aprotinin, and 5 µg/l Na-vanadate, and Protease 

inhibitor cocktail (Sigma), homogenized with polytron and centrifuged (10000g, 15 min) at 

4oC. Supernatants were collected and protein concentration was measured by Lowry's 

method using BSA for standard. SDS-polyacrylamide gel electrophoresis was performed in 

10% acrylamide/bis-acrylamide gels. Fractionated proteins were transferred to 

polyvinylidene difluoride (ImmobilonTM-P membrane, Millipore) in transfer buffer 

(containing: 25 mM Tris-HCl, 150 mM glycine, 20% methanol, pH=8.3). To avoid 

nonspecific binding, blots were blocked using TBST with 10% non-fat milk (BioRad) and 

target antigens were labeled overnight with primary antibodies, rabbit polyclonal anti-SK2 

(Anti-KCa2.2, Alomone) or murine monoclonal α-sarcomeric actin (DAKO) at 4oC. 

Binding of the primary antibody was detected with horse radish peroxidase conjugated 

anti-rabbit or anti-mouse secondary antibodies (DAKO), respectively, and visualized by 
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enhanced chemoluminescence assay (ECL Plus kit, Amersham Pharmacia Biotech). 

Optical densities of protein bands on X-ray films were analyzed by using Image J and 

Microsoft Excel programs. 

2.6.2. Immunohistochemistry and confocal microscopy  

Isolated canine and rat ventricular myocytes were fixed by acetone. Before staining 

the samples were rehydrated in Ca2+-free phosphate buffered saline (PBS) and blocked for 

120 min at room temperature with PBST (PBS with 0.01% Tween) containing 1% bovine 

serum albumin. Indirect immunofluorescence staining was performed using rabbit 

polyclonal anti-SK2 (Anti-KCa2.2, Alomone) primary antibody in 1:50 dilution and a 

fluorescent secondary antibody, Alexa Fluor 448 conjugated goat anti-rabbit IgG 

(Molecular Probes Inc) in 1:1000 dilution. The 60 min period of incubation with the 

primary antibody at room temperature was followed by further 60 min incubation with the 

secondary antibody. Between and after the incubation periods samples were washed 

thoroughly with PBST. The control samples were only incubated with secondary antibody. 

For microscopic examination cells were mounted in Aqua Poly/Mount (Polysciences Inc). 

Fluorescent images of the immunostained samples were captured by an Olympus FV1000 

confocal laser scanning microscope used with standard parameter settings. 

2.7. Drugs 

All chemicals were purchased from Sigma except otherwise indicated. Apamin was 

dissolved in 50 mM acetic acid yielding a stock solution of 100 µM concentration, which 

was stored at -20 °C. Both AVE0118 (gift from Aventis Pharma) and dofetilide (gift from 

Gedeon Richter Ltd) were dissolved in dimethyl sulfoxide, resulting drug concentrations of 

5 mM and 1 mM, respectively. BaCl2 was dissolved in water, in stock solutions of 100 

mM. SEA0400 (2-(4-((2,5-difluorophenyl)methoxy)phenoxy)-5-ethoxy-aniline) has been 

synthetized in the Department of Pharmaceutical Chemistry, University of Szeged, Szeged, 

Hungary, and dissolved in dimethyl sulfoxide. The stock solution was 10 mM. The stock 

solutions were stored at 4 °C. All solutions used were made freshly prior to the experiment.  

2.8 Statistics 

Data are expressed as mean values ± SEM. Student t-test for paired data was used to 

compare results. Results were considered significant when the p value was less than 0.05. 
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3. RESULTS 
 

3.1. Functional analysis of the cardiac SK channels 

3.1.1. Expression of SK2 channel protein in canine and rat ventricular myocardium 

As indicated by the representative Western blot samples, shown in Fig. 3.A/a, SK2 

channel protein was abundantly expressed in both canine and rat ventricular tissues. 

Results of the semiquantitative assay revealed approximately similar levels of SK2 protein 

expression in both species. To exclude the contribution of SK2 proteins derived from 

vessels, Western-blot analysis was also performed in isolated rat and canine ventricular 

cells. SK2 protein was clearly detectable at 60 kDa in both species, with similar protein 

levels (Fig. 3.A/b).  

 

 

 

 

 

 

 

 

 

 

  

Fig.3. Expression of SK2 channel protein in canine and rat ventricular myocardium. A: 
Representative immunoblots of SK2 protein obtained in canine (1, 2) and rat (3, 4) left ventricular 
myocardium obtained from multicellular tissues (A/a) and from isolated myocytes (A/b). Proteins 
were purified from 6 canine and 6 rat hearts and separated using 10% SDS-PAGE. Protein 
expression was detected at a molecular weight of 60 kDa.  B-E: Confocal (left columns) and 
transmission microscopic (right columns) images captured from surface focus plane of isolated 
canine (B, C) and rat (D, E) ventricular myocytes. Panels C and E show immunostained cells, 
while in B and D the respective negative controls, stained only with Alexafluor 488-labeled 
secondary antibody, are depicted. 
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For further confirmation, the distribution of SK2 channel protein was detected 

directly in isolated myocytes. Confocal microscopic images of immunostained 

cardiomyocytes also revealed comparable surface distribution of SK2 channel protein in 

both canine (Fig. 3.C) and rat (Fig. 3.E) ventricular cells. Respective negative controls are 

depicted in panels B and D. 

3.1.2. Measurements of intracellular CaTs 

Since both the investigation of SK-channels and IK1 requires the presence of CaTs in 

the cardiac preparations, prior to the electrophysiological experiments, thus we also 

demonstrated the presence of normal CaTs in multicellular papillary muscles (Fig. 4.). The 

shape of the recorded CaTs was close to those obtained from single isolated 

cardiomyocytes. The effects of [Ca2+]o modulation on CaTs (systolic and diastolic levels) 

were also evaluated. Elevation of [Ca2+]o to 4 mM resulted in 35 ± 11 % increase in the 

amplitude of the CaT (Fig. 4.A and B). In contrast, the elevation in diastolic value was 

below the experimental variance (Fig. 4.A-B). These results clearly demonstrate that the 

multicellular AP measurement technique is suitable for investigation of Ca2+ induced 

alterations in the AP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.4. A Effect of [Ca2+] o on CaTs in canine ventricular muscles. CaTs were recorded in the 
presence of 2 mM and 4 mM [Ca2+] o indicated by the open and filled symbols, respectively.  
Amplitude of [Ca2+] i transients and diastolic [Ca2+] i levels determined using the fluorescent [Ca2+] i 

indicator dye Fluo 4. B Columns and bars represent mean ± SEM values obtained in 6 
preparations. Asterisks denote significant (p<0.05) differences between results obtained in the 
presence of 2 and 4 mM  [Ca2+] o. 
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3.1.3. Effect of apamin on APs recorded from canine, rat, and human multicellular 

cardiac preparations 

The effect of 100 nM apamin on the kinetics of AP was tested using the conventional 

microelectrode technique in right ventricular papillary muscles and left atrial trabeculae 

excised from canine, rat, and undiseased human hearts. All preparations were paced at a 

constant frequency of 1 Hz in Krebs-Henseleit solution. Representative pairs of APs, 

recorded from the same preparations before and after 45 min exposure to 100 nM apamin, 

are depicted in panels A-E of Fig. 5, while the summarized results are presented in Fig. 

5.F. As shown in Fig. 5, none of the preparations responded to apamin exposure with 

alterations in APD. These results suggest that the SK channels - in spite of their abundant 

expression - fail to mediate significant amount of ion current under physiological 

conditions (at least, when studied in multicellular atrial and ventricular preparations of the 

various species). 

 

 

 

 

 

 

 

 

 

Fig.5. Effect of 100 nM apamin on AP configuration in multicellular cardiac preparations 
recorded at a stimulation frequency of 1 Hz. A-E: Representative pairs of APs, recorded from the 
same preparations before and after 45 min exposure to 100 nM apamin. The preparations exposed 
to apamin were canine right ventricular papillary muscles (DV), rat right ventricular papillary 
muscles (RV), human right ventricular papillary muscle (HV), canine left atrial trabeculae (DA), 
and rat left atrial trabeculae (RA). The average results obtained for APD90 are shown in panel F. 
Columns and bars represent mean data ± SEM, numbers in parentheses denote the number of 
preparations tested. 
 

Since activation of the SK channels is tightly dependent on elevation of the cytosolic 

free Ca2+, the effect of 100 nM apamin on the AP configuration was also evaluated in 

canine and rat right ventricular papillary muscles paced with varying frequencies. 

0 50 100 1500 100 200 300

Rat ventricleDog ventricle

Time (ms) Time (ms)

V
m

(m
V

)

Time (ms)
0 100 200 300 400

-100
-80
-60
-40
-20

0
20
40

Human ventricle

100 nM Apamin
Control

V
m

(m
V

)

-100
-80
-60
-40
-20

0
20
40

V
m

(m
V

)

-100
-80
-60
-40
-20

0
20
40

0 20 40 60 80

Rat atrium

Time (ms)

-100

-80

-60

-40

-20

0

20

40

0 50 100 150 200
-100

-80

-60

-40

-20

0

20

40 Dog atrium

Time (ms)

V
m

(m
V

)

V
m

(m
V

)

A B C

ED F

0 100 200 300
APD90 (ms)

DV

RV

HV

DA

RA

(5)

(5)

(4)

(5)

(1)

0 50 100 1500 100 200 300

Rat ventricleDog ventricle

Time (ms) Time (ms)

V
m

(m
V

)

Time (ms)
0 100 200 300 400

-100
-80
-60
-40
-20

0
20
40

Human ventricle

100 nM Apamin
Control

V
m

(m
V

)

-100
-80
-60
-40
-20

0
20
40

V
m

(m
V

)

-100
-80
-60
-40
-20

0
20
40

0 20 40 60 80

Rat atrium

Time (ms)

-100

-80

-60

-40

-20

0

20

40

-100

-80

-60

-40

-20

0

20

40

0 50 100 150 200
-100

-80

-60

-40

-20

0

20

40

-100

-80

-60

-40

-20

0

20

40 Dog atrium

Time (ms)

V
m

(m
V

)

V
m

(m
V

)

A B C

ED F

0 100 200 300
APD90 (ms)

DV

RV

HV

DA

RA

(5)

(5)

(4)

(5)

(1)



24 

Representative AP pairs recorded from the same preparation before and after exposure to 

apamin and presented in Fig. 6.A-C., indicate that the APD was not modulated by apamin 

at any pacing frequency.  

Average canine APD90 values were 215±5.0 versus 219±4.0 ms at 0.3 Hz, 207±3.0 

versus 209.5±3.5 ms at 1 Hz, and 188.0±3.0 versus 188.5±3.5 ms at 3 Hz, respectively, 

before and after apamin (n=5). The respective values in rat preparations were 83.8±7.1 

versus 83.2±8.1 ms at 0.3 Hz, 73.0±3.5 versus 72.6±2.5 ms at 1 Hz, and 71.2±2.9 versus 

72.6±3.4 ms at 3 Hz (n=5).  

Representative CaTs, recorded from right ventricular tissues of dogs and rats, paced 

at 0.3, 1, and 3 Hz are presented in the right columns of Fig.6.D-F. According to these 

graphs the highest [Ca2+] i values were observed at 3 Hz in canine myocytes, while the 

lowest at 0.3 Hz in the case of rat ventricular tissues, following the predictions of the 

positive and negative staircase phenomena, respectively, known to be characteristic of 

canine and rat ventricular myocardium. In spite of the elevated [Ca2+] i values seen at these 

frequencies no effect of apamin on AP duration was observed. 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. A-C: Effect of 100 nM apamin on AP configuration in canine and rat ventricular muscles 
recorded at pacing frequencies of 0.3, 1 and 3 Hz. Representative pairs of APs taken from the same 
preparations before after the application of 100 nM apamin are presented.  D-F: Representative 
traces of intracellular CaTs recorded from canine and rat ventricular tissues at the identical 
frequencies (0.3, 1 and 3 Hz). 

100 nM Apamin
Control

Dog ventricle

0 100 200 300

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0 100 200 300

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0 100 200 300

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0.3 Hz

Rat ventricle

1 Hz

3 Hz

A

B

C

D

E

F

Dog ventricle

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

Rat ventricle

2 s

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

100 nM Apamin
Control
100 nM Apamin
Control

Dog ventricle

0 100 200 300

-80

-40

40

0

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0 100 200 300

-80

-40

40

0

V
m

(m
V

)

Time (ms)
0 100 200 300

-80

-40

40

0

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0 100 200 300

-80

-40

40

0

V
m

(m
V

)

Time (ms)
0 100 200 300

-80

-40

40

0

-80

-40

40

0

V
m

(m
V

)

Time (ms)

0.3 Hz

Rat ventricle

1 Hz

3 Hz

A

B

C

D

E

F

Dog ventricle

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

F
/F

0

0.7

0.5

0.3

0.1

Rat ventricle

2 s2 s

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)

0 50 100 150
Time (ms)



25 

In order to exclude the possibility that a strong repolarization reserve may fully 

compensate for any apamin-induced APD lengthening, prior to the application of apamin 

we also blocked the major repolarizing currents. These interventions are known to augment 

changes in APD induced by the blockade of other outward currents. In canine papillary 

muscles IKr was blocked by 300 nM dofetilide, in rat preparations 5 µM AVE0118 was 

used to inhibit the Ito plus IKur. While a substantial attenuation of the repolarization reserve 

was obtained in the presence of these drugs (as confirmed by a significant lengthening of 

APD90 in both species, shown in Fig.7.A-B, apamin exposure failed to alter APD even 

under these circumstances (i.e. when the repolarization reserve was greatly compromised). 

In canine papillary muscles APD90 was increased by 300 nM dofetilide from 211±3.0 to 

245±5.7 ms (p<0.05, n=5), and 247±6.0 ms was measured when 100 nM apamin was 

superfused in the presence of dofetilide. The respective values in the case of rat 

preparations were: 70.8±5.2 ms in control, 148.2±7.3 ms in the presence of 5 µM 

AVE0400 (p<0.05, n=5), and 148.4±7.0 ms following further exposure to 100 nM apamin. 

 

 

 

 

 

Fig.7. Effect of apamin in preparations with attenuated repolarization reserve due to pretreatment 
with dofetilide in canine (A) and AVE0118 in rat (B) ventricular myocardium at 1 Hz. Apamin (100 
nM) was applied in the presence of 300 nM dofetilide and 5 µM AVE0118, respectively 

3.1.4. Effect of 1 µM SEA0400 on ventricular AP and CaT 

NCX current was measured in dog, rabbit and rat myocytes by applying voltage 

ramps (100 mV/s with rate of 0.2 Hz) from a holding potential of -40 mV to +60 mV then 

hyperpolarized to -100 mV. The outward NCX current (reverse mode activity of NCX) 

was determined at +40 mV while the inward current (forward mode) at -80 mV. Following 

the control recordings SEA0400 (1 µM) was applied for 5 min. 10 mM NiCl2 was used to 

approximate the total NCX current. The inhibitory effect of SEA0400 was characterized by 

the ratio of the SEA0400-induced NCX current shift and the Ni2+-sensitive current.  
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In canine cardiomyocytes, following the application of 1 µM SEA0400 the outward 

current was found to be inhibited by 76.6±3.4% while the extent of forward mode block 

was 52.8±5.9% (n=8). Contrary to the significant NCX current inhibition, the APD90 

(measured in multicellular preparations) remained unchanged following the administration 

of 1 µM SEA0400 (221±7.4 ms versus 224.6±4.8 ms, after SEA0400, n=5).  

In rabbit cardiomyocytes 1 µM SEA0400 again markedly decreased the NCX current 

in both directions: the level of inhibition on the outward current was 64.1±2.3%, and on the 

inward current was 65.4±8.8% (n=7). In rabbit papillary muscles 1 µM SEA0400 caused a 

small, statistically insignificant abbreviation in the APD90 (181.5±3.77 ms versus 175±8.5 

ms, n=5). 

In rat cardiomyocytes 1 µM SEA0400 had slightly larger effect on the reverse mode 

NCX (70.5±10.2%) than on the forward mode (59.3±4.5%) (n=5). However, the APD90 did 

not change following SEA0400 administration (63±5 ms versus 68.5±0.5 ms; n=3). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Fig.8. Effect of 1 µM SEA0400 on the NCX current measured in isolated single cells and on the 
APs obtained from right ventricular papillary muscles from dog (A), rabbit (B) and rat (C). In all 
three species, in spite of the marked effects on the NCX current, APs remained unchanged 
following SEA0400 administration. 
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3.1.5. Effect of apamin on ion currents in single canine and rat ventricular cells 

To detect any effect of apamin on SK current in single cardiomyocytes, we applied 

both the whole-cell and the perforated patch clamp techniques and measured the apamin-

sensitive current in isolated canine and rat ventricular myocytes. Under whole cell 

conditions, the free Ca2+ concentration in the pipette solution was set to 900 nM in order to 

induce maximal activation of SK channels. This [Ca2+] i is close to the values normally 

occurring during systole [18]. Test depolarizations, arising from the holding potential of -

50 mV, were applied to membrane potentials ranging from -120 to +60 mV for 150 ms. 

 

 

 

 

 

 

 

 
Fig.9. The effect of 100 nM apamin on membrane currents recorded from voltage clamped canine 
(A) and rat (B) ventricular myocytes. Steady-state current-voltage relations were obtained by 
plotting the end-pulse membrane current as a function of the respective membrane potential (Vm). 
Measurements were performed before and after the application of 100 nM apamin. Symbols and 
bars represent mean data ± SEM, the number of myocytes were 7 in both groups. Error bars are 
missing when smaller than symbol size. 
 
 

Membrane currents recorded at the end of these pulses and normalized to cell 

capacitance were plotted against the respective test potential. Since our external and pipette 

solutions were sodium- and Ca2+-free, and were also poor in chloride, the recorded 

membrane current was carried exclusively by K+. These "steady-state" current-voltage 

relations, obtained before and after the exposure to 100 nM apamin, were fully identical in 

both canine and rat ventricular cells (Fig. 9.A-B, respectively, n=7 for each) indicating that 

apamin failed to activate any ion current in these myocytes throughout the entire voltage 

range tested. Under perforated patch clamp conditions the cytosol was prevented from 

dialysis. The cells were loaded with the fluorescent dye fluo 4AM to monitor the Ca2+ 

release simultaneously to membrane current measurements. 
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Fig.10. Effect of 100 nM apamin on transmembrane currents recorded from canine and rat (A and 
B respectively, upper panel) ventricular myocytes under perforated patch clamp conditions. 
Current was obtained using a voltage ramp arising from a holding potential of -50 mV to +40 mV, 
then hyperpolarizing to -100 mV at a rate of 175 mV/s (lower panels). The cells were loaded with 
5µM Fluo 4-AM allowing for simultaneous recording of CaTs (A and B, middle panels). The 
pipette solution contained 5 mM EGTA to indicate any accidental disruption of the patch. The 
effect of apamin was attempted to investigate as a difference current, however, no effect of apamin 
could be detected 
 

The membrane was initially depolarized from a holding potential of -50 mV to +40 

mV, then it was hyperpolarized to -100 mV (at a rate of 175 mV/s). Upon depolarization 

CaTs could be clearly observed indicating normal functional Ca2+ homeostasis in these 

cells. However, the steady-state membrane current failed again in either species to alter 

following the administration of 100 nM apamin (Fig. 10.A-B). 

3.2. The effect of increased [Ca2+] i on IK1 

3.2.1. The effect of [Ca2+]o on AP characteristics 

APs from canine were determined under normal (2 mM) [Ca2+]o or elevated (4 mM) 

[Ca2+]o conditions (Fig. 11.A). Under normal conditions the kinetics of APs was as 

expected (APD90: 202.38±3.48 ms; APD50: 154.25±3.47 ms; APD25: 118±3.57 ms). 

Elevated [Ca2+] i caused significant AP shortening (Fig. 11.A and B) without interfering the 

resting membrane potential (APD90: 185.2±8.18 ms; APD50: 121.8±1.93 ms; APD25: 

76.2±5.85 ms). Furthermore, in the presence of 4 mM [Ca2+]o the velocity of the terminal 

repolarization was also increased. 

1500

1000

500

0

-500

-1500

-1000

1,5

1,2

0,9

0,6

0

0,3

60

0

-120

-60

I (
pA

)
F

/F
0

V
 (

m
V

)

0 250 500 750 1000

Rat ventricle

Time (ms)

0 250 500 750 1000

Dog ventricle

Time (ms)

100 nM Apamin
Control

A B
1500

1000

500

0

-500

-1500

-1000

1,5

1,2

0,9

0,6

0

0,3

60

0

-120

-60

I (
pA

)
F

/F
0

V
 (

m
V

)

0 250 500 750 1000

Rat ventricle

Time (ms)

0 250 500 750 1000

Dog ventricle

Time (ms)

1500

1000

500

0

-500

-1500

-1000

1500

1000

500

0

-500

-1500

-1000

1,5

1,2

0,9

0,6

0

0,3

1,5

1,2

0,9

0,6

0

0,3

60

0

-120

-60

60

0

-120

-60

I (
pA

)
F

/F
0

V
 (

m
V

)

0 250 500 750 1000

Rat ventricle

Time (ms)

0 250 500 750 10000 250 500 750 1000250 500 750 1000

Rat ventricle

Time (ms)

0 250 500 750 1000

Dog ventricle

Time (ms)

0 250 500 750 10000 250 500 750 1000250 500 750 1000

Dog ventricle

Time (ms)

100 nM Apamin
Control
100 nM Apamin
Control

A B



29 

 

 

 

 

 

 

 

 

Fig.11. A Effect of [Ca2+] o on AP configuration of canine was recorded in the presence of 2 mM 
and 4 mM [Ca2+] o indicated by the open and filled symbols, respectively.  AP duration measured at 
90% repolarization (APD90).B Maximum rate of terminal repolarization (dV/dt). Columns and bars 
represent mean ± SEM values obtained in 6 preparations. Asterisks denote significant (p<0.05) 
differences between results obtained in the presence of 2 and 4 mM  [Ca2+] o 

3.2.2. The effect of 10 µM BaCl2 on the AP 

A selective IK1 blocker (10 µM BaCl2) [4] was used to evaluate the effects of [Ca2+]o 

modulation on the current. At normal [Ca2+]o and pacing at 1 Hz BaCl2 lengthened both 

APD90 (202.38±3.48 ms vs 222.88±2.8 ms; ∆10.84±0.84%; p<0.05) and APD50 

(154.25±3.47 ms vs 162.88±3.39 ms) however, APD25 was statistically unaffected 

(118±3.57 ms vs 121.75±3.39 ms). The resting membrane potential also remained 

unchanged. [Ca2+] i  rise following [Ca2+]o elevation to 4 mM increased significantly the 

effect of 10 µM BaCl2 on APD90 (185.2±8.18 ms vs 231.20±13.14 ms; 

∆=19.6±1.9%;p<0.05) and APD50 (121.8±1.93 ms vs 141.8±3.99 ms) compared to normal 

settings (Fig. 12.A and C), but did not affect resting membrane potential. 

The effect of [Ca2+]o elevation on IK1 inhibition was also analyzed in paired 

experiments: following the first application of 10 µM BaCl2 under normal conditions 

BaCl2 was completely washed out, [Ca2+]o was raised up to 4 mM and BaCl2 was reapplied. 

The effect of selective IK1 inhibition on APD90 lengthening was clearly augmented (Fig. 

12.B). 
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Fig.12. Effect of 10 µM BaCl2 and 0.3 µM dofetilide on APD recorded in canine ventricular 
muscles in the presence of 2 mM and 4 mM [Ca2+] o.  A Representative superimposed pairs of APs 
recorded before (open symbols) and after (filled symbols) superfusion with 10 µM BaCl2. B 
Representative records taken from a ventricular muscle: the preparation was first exposed to 10 
µM BaCl2 in the presence of 2 mM [Ca2+] o, then BaCl2 was washed out, [Ca2+] o was elevated to 4 
mM and the BaCl2 exposure was repeated. C Average APD90 values obtained in 6 preparations. 
Asterisks indicate significant (p<0.05) differences between results of 2 and 4 mM [Ca2+] o. D, E 
Representative superimposed pairs of APs recorded before (open symbols) and after (filled 
symbols) superfusion with 0.3 µM dofetilide. F Average APD90 values obtained in 5 preparations. 
Asterisk indicate significant (p<0.05) difference between results obtained in 2 and 4 mM [Ca2+] o. 
 

3.2.3. [Ca2+] i dependent effect of IK1 on repolarization reserve 

If I K1 was really increased by elevation of [Ca2+]o (and consequently [Ca2+] i), 

contribution of IK1 to the repolarization reserve should also be increased under these 

conditions. This implicates that the lengthening effect of suppression of another K+ current 

is expected to be smaller in high than in low [Ca2+]o. Indeed, as shown in Fig.12.D-F, 0.3 

µM dofetilide, known to fully block IKr, caused significantly smaller lengthening of APD90 

when the preparation was exposed to dofetilide in the presence of 4 mM instead of 2 mM 

[Ca2+]o. The finding that dofetilide induced APD lengthening was attenuated at high 

[Ca2+]o is crucially important, since it also indicates that the high [Ca2+]o-induced AP 

shortening cannot be related to faster activation of IKr due to the elevated plateau potential.  
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3.2.4. [Ca2+] i dependent modulation of steady-state IK1   

The possible effect of [Ca2+] i on IK1 was investigated by comparing the effect of low 

(~160 nM) and high (~900 nM) [Ca2+] i directly on IK1 current by applying an appropriate 

mixture of CaCl2 and Ca2+ chelator BAPTA. The Ca2+ levels in the pipette solution were 

verified by a Ca2+ sensitive electrode. The steady-state current was determined as the Ba2+ 

sensitive current at the end of 300 ms long rectangular voltage pulses ranging between -80 

and -30 mV arising from a holding potential of -80 mV (Fig. 13.A-B). The amplitude of 

IK1 was significantly augmented by high [Ca2+] i between -70 and -40 mV (p<0.05). 

 

 

 

 

 

 

 

 

 
Fig.13. A-B Dependence of IK1 on [Ca2+] i measured in canine single myocytes. Ca2+ 
concentrations were set in the pipette solution by WinMaxC software. Current-voltage relation was 
obtained by plotting the steady-state current against the membrane potential. Symbols and bars are 
means ± SEM, asterisks denote significant (p<0.05) differences between results of low (n=9) and 
high (n=10) [Ca2+] i. 
 

3.2.5. Determination of the instantaneous IK1 current during an AP 

In this set of experiments the instantaneous IK1 current was determined during an AP 

used as command potential. IK1 was again dissected from the total current by applying 10 

µM BaCl2. Applying high [Ca2+] i in the pipette solution significantly increased the peak 

current, while the activation kinetics of the current remained unchanged (Fig. 14.A-C). 

Furthermore, the I-V curve was slightly shifted toward positive direction when elevated 

[Ca2+] i was applied in the pipette solution (from -65±1.1 to -57±1.3; p<0.05) (Fig. 14.D). 
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Fig.14. [Ca2] i dependence of IK1 measured by AP as a command potential (A). The peak current 
was markedly increased when high [Ca2+] i was applied (B-C). The obtained current was plotted 
against the applied voltage command. Symbols and bars are means ± SEM, asterisks denote 
significant (p<0.05) differences between results of low (n=9) and high (n=10) [Ca2+] i. The Ca2+ 
induced IK1 enhancement was also plotted against the respective membrane potential. Current-
voltage relationship composed by plotting the instantaneous IK1 current against the corresponding 
AP voltages, denoted in panel D (p<0.05, n=7).  
 

3.2.6. Effect of dynamic increase of [Ca2+] i on steady state IK1 

Finally we tested the hypothesis that dynamic increase in [Ca2+] i, i.e. when CaTs 

were evoked during each cycle, may augment the IK1. The currents dissected by 10 µM 

BaCl2 were compared in the presence and absence of dynamic Ca2+ elevation. The voltage 

protocol (Fig. 15.A) started with a brief, 50 ms long prepulse from -80 mV to 0 mV in 

order to trigger CaT before current activation. 

In the presence of Ca2+ buffering neither CaT nor current activation could be 

observed. In contrast, when dynamic Ca2+ elevation was allowed, IK1 increased markedly 

(Fig. 15.B). When [Ca2+] i was low, the I-V curve of IK1 was moderate, however, when 

EGTA was omitted from the pipette, the magnitude of the current was, again, considerably 

augmented between -70 to -30 mV (p<0.05) (Fig. 15.C). 
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Fig.15. Dependence of IK1 on [Ca2+] i. CaTs recorded under high [Ca2+] i conditions (no EGTA in 
the patch pipette) and low [Ca2+] i conditions (nominally Ca2+-free extracellular fluid and 5 mM 
EGTA in the patch pipette) from isolated canine ventricular myocytes.  (A) The voltage protocol: 
To evoke CaT the protocol started with 50 ms long prepulse from a holding potential of -80 mV to 
0 mv. Steady state IK1 current-voltage relationship has been determined by a series of 500 ms test 
pulses clamped to -90, -70, -50 and -30 mV, respectively. In order to dissect IK1 the protocol was 
repeated in the presence of 10 µM BaCl2. (B) Representative sets of IK1 records and relative Fluo 4 
fluorescence with (left panel) and without (right panel) 5 mM EGTA in the pipette solution. (C) 
Superimposed current-voltage 
relationship with (open symbol) and without (filled symbol) evoked CaTs (* = p < 0.05; n=5). 
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4. DISCUSSION 

 

4.1. Novel findings 

In this thesis several aspects of the interactions between cardiac repolarization and 

intracellular Ca2+ handling are summarized. In the corresponding studies we attempted to 

collect novel information on the level of modulation of the cardiac AP by changes in 

[Ca2+] i, primarily focusing at the repolarization process. Two well known Ca2+-dependent 

K+ currents were investigated in details: 1) the small conductance Ca2+ activated K+ current 

(ISK), and 2). the inward rectifier K+ current (IK1). The results of the first study led us to the 

conclusion that the ISK has no apparent role in the physiological repolarization process. 

Nonetheless, the potential contribution of this current to accelerated repolarization in 

certain pathological conditions cannot be ruled out. In the other study we conclude that the 

magnitude of IK1 is significantly enhanced, when [Ca2+]o (and consequently [Ca2+] i) is 

largely elevated. 

 4.2. Ca2+ dependence of AP morphology 

A number of recently and formerly published data has provided strong evidence that 

under certain circumstances [Ca2+] i, directly or indirectly, exerts an important modulatory 

effect on AP morphology. Ca2+-induced alterations in the kinetics of the AP may be 

initiated by highly complex mechanisms and may be developed simultaneously via 

multiple effects of [Ca2+] i changes on a wide variety of individual ion channel types. 

4.2.1. Depolarizing currents 

The Na+ current (INa) activates and inactivates within a few milliseconds, however, 

the Na+ influx does not vanish completely during the plateau phase. In the limited range of 

membrane potentials where activation and inactivation curves of the INa overlap, a small 

persistent Na+ current could be observed (late sodium current, INaL). The slow inactivation 

or ‘window current’ may still provide a significant amount of Na+ ions, which can 

modulate Ca2+ handling via the reverse activity of NCX. This effect might be enhanced 

during heart failure, when AP plateau is prolonged and INaL is increased. The gating of INa 

may also be modulated by [Ca2+] i, however, the exact mechanism (i.e. via direct Ca2+ 

binding to the channel or via the CaM/CaMKII pathway) is not yet fully clarified. Tan et al 

[19] reported that CaM slows the inactivation of INa, while Kim et al [20] found that CaM 
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modulates the C-terminus of the channel, minimizing the sustained current component 

during depolarization, thus preventing arrhythmias. Wagner et al [21] found that in 

CaMKIIδ overexpressed rabbit heart slowered INa inactivation enhanced the current. 

Maltsev [22] reported that all proposed modulatory pathways (Ca/CaM/CaMKII) might be 

responsible for the modulation of the Na+-channel: CaMKII slows the decay of INaL, while 

[Ca2+] i shifts the steady-state inactivation level towards more positive potentials. 

The L-type Ca2+ current (ICa) is known to provide the main current for maintaining 

the plateau phase of the AP. Furthermore, it serves as the primary entry point for Ca2+ to 

induce ECC. [11, 23]. The gating of the current is directly controlled by Ca/CaM during 

the Ca2+-dependent inactivation (CDI) [24]. Via limiting Ca2+ entry through the channel, 

CDI is a major component of the autoregulation of intracellular Ca2+ handling, through 

which the cardiomyocyte controls its [Ca2+] i, as well as the duration of the plateau phase. 

In turn, the Ca/CaM complex indirectly increases ICaL via the activation of CaMKII. This 

effect can be functionally seen as a positive staircase phenomenon: i.e. ICaL amplitude 

increases and its inactivation slows down upon repetitive stimuli following a resting 

interval. This mechanism termed Ca2+-dependent facilitation (CDF) [24]. CDF and CDI 

functionally coexist in myocytes, however, while the CDI operates rapidly (during the 

same beat) the CDF develops beat-by-beat [12]. The modulatory effect of CaMKII on ICaL 

can also be involved in arrhythmogenesis: increased activity of CaMKII enhances the open 

probability of ICaL, consequently, it increases the probability of triggered activity by EAD 

formation [25, 26]. 

4.2.2. Repolarizing currents 

The suggested direct/indirect relationship between Ca2+ handling and repolarization 

raises interesting and important speculations: (i) beat-to-beat alterations in [Ca2+] i may 

dynamically modulate the repolarization kinetics and may also significantly modulate the 

interaction between individual repolarizing K+ currents (i.e. the repolarization reserve) (ii) 

physiological, frequency-dependent [Ca2+] i changes may also substantially contribute to 

the rate-dependent APD alterations (iii) severely perturbed or impaired [Ca2+] i  handling, 

rather common in cardiac diseases, may disturb normal repolarization (iv) Under high 

[Ca2+] i conditions the effect of certain class III. antiarrhythmic agents may be modified.  

A simple and effective direct [Ca2+] i-dependent modulation of the repolarization 

kinetics can be established via the [Ca2+] i dependent K+ channels (IKCa) [27]. Another, 
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similarly feasible alternative mechanism might be a modulatory effect of [Ca2+] i on several 

K+ currents (Ito, IKr, IKs, IK1). Although the major kinetic properties and functional role of 

these repolarizing K+ currents are well characterized ([3-6] the putative [Ca2+] i-sensitive 

regulation of the repolarization process is poorly elucidated.  

4.2.2.1. Direct link between repolarization and Ca2+ handling  

For several ion channels carrying important repolarizing currents, the primary signal 

for opening is an shift in [Ca2+] i/CaM activity. Furthermore, a few [Ca2+] i-induced 

downstream messengers may also contribute to channel gating. Ca2+ sensitivity and voltage 

dependency of these channels were found to be substantially channel type dependent and 

largely variable.  

 Ca2+-activated Cl- channels (ICl(Ca)) are present in Purkinje cells and ventricular 

cardiomyocytes of canine and rabbit hearts [28, 29]. The estimated reversal potential for 

these channels is about -60 mV, therefore, during the AP a small inward current is 

followed by an outward current. Since Ca2+ activated, this Cl- current follows the time 

course of the CaT and can be inhibited by blocking either the Ca2+ influx or the Ca2+ 

release from the SR [30]. The current is suggested to be primarily involved in phase 1 

repolarization, thus it is often referred as Ito2. Recent studies found that ICa(Cl), at least to 

some extent, contribute to afterdepolarizations [31] .  

 Ca2+-activated K+ channels (IK(Ca)) are abundantly expressed in noncardiac tissues, 

including brain, peripheral nerves, skeletal muscle, vascular endothelium, liver, kidney, 

and were also suggested to be abundantly expressed and being active in the heart [32]. 

These channels are mainly classified by their open-state conductance: i.e. large (BK), [33] 

intermediate (IK), [34] and small conductance (SK) [35] channels have been identified. All 

SK channels show high Ca2+-sensitivity but weak voltage-dependence and varying 

sensitivity to apamin, an inhibitor toxin isolated from bee venom [34, 36]. Based on their 

apamin-sensitivity there are three major SK channel subtypes: SK1 channels are little 

affected, SK2 channels are highly sensitive and SK3 channels are considered to be 

intermediate type [34, 36]. Expression of all three subtypes of SK channels were 

demonstrated in various cardiac preparations including rat, murine and human hearts [34, 

36], however, their functional role in the cardiac repolarization process has not been 

extensively studied and, therefore, is poorly understood. 
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4.2.2.2. Indirect interactions via main repolarizing currents (Ito, IKr , IKs) 

Depending on species and tissue type the Ca2+-independent transient outward K+ 

current (I to) has important role in phase 1 repolarization. Despite its transient nature, Ito 

influences the APD and the plateau potential, therefore, it also has an indirect impact on 

Ca2+ handling. Tessier et al [37] reported that CaMKII slows the inactivation of Ito in 

human atrial myocytes, therefore, it may contribute to development of atrial fibrillation. In 

HEK-293 cells the inactivation of Kv1.4 channels was slower following the activation of 

CaMKII [38]. A further study suggests that CaMKII acts directly on Kv4.3 by prolonging 

the open state inactivation and accelerating the rate of recovery from inactivation [39]. The 

studies show that CaMKII induced modulation of Ito may shorten the APD, furthermore, it 

might have an indirect effect on the Ca2+ handling via controlling the plateau potential 

[40]. PKC increases the inactivation time and slows the time course of recovery from 

inactivation [41].   

The rapid component of the delayed rectifier K+ current (I Kr ) is mediated by the 

KCHN2 (HERG: human ether-a-go-go-related gene) channel protein which can be 

modulated via activation of β- and/or α-adrenergic receptors or rising the intracellular 

cAMP level. PKA-induced phosphorylation reduces the amplitude of the HERG current 

and shifts the activation curve of IKr towards depolarization [42, 43]. Isoproterenol 

enhances IKr in guinea-pig and rabbit sinoatrial cells [44, 45]. Furthermore, in canine 

ventricular myocytes the magnitude of IKr was also found to be enhanced by PKA [46], 

showing that modulation of IKr by PKA is species and tissue dependent. The KCNH2 

channels are also modulated by PKC via shifting the activation curve to positive direction 

and reducing the current [47]. In contrast, during β-adrenoreceptor stimulation Terrar et al. 

[48] found PKC-induced increase in the amplitude of IKr. Direct [Ca2+] i/CaM/CaMKII 

mediated IKr modulation has not been reported, so far. 

The slow component of the delayed rectifier K+ current (I Ks), generated by the 

KvLQT1+MinK+MIRP channel complex, is enhanced by β-adrenoreceptor activation, α-

adrenerg stimulation, PKC phosphorylation, or rise in [Ca2+] i. β-adrenoreceptor activation 

increases PKA activity, which enhances the amplitude of IKs and causes rate dependent 

shortening of APD [49]. PKA phosphorylation of the channels markedly enhances the 

amplitude of IKs by increasing the rate of activation of the channel, and by reducing its rate 

of deactivation [50]. Lowering [K+]o and [Ca2+]o also increases IKs [51]. In contrast, 

endothelin-1 reduces IKs, presumably via the inhibition of the adenylate-cyclase [52].  
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The inward rectifier K + current (I K1) is a composite current generated by a 

complex population of Kir 2.1, 2.2, 2.3 and possibly TASK-1 and TWIK-1 channels, and is 

primarily responsible for the terminal phase of the repolarization process. It also has a 

pivotal role in stabilizing the resting membrane potential [53]. Data in the literature are 

highly controversial on the nature of its [Ca2+] i dependence, therefore, one of our primary 

goals was to investigate the modulatory effect of [Ca2+] i on IK1. The review of previous 

studies and the results and conclusions of our experiments are discussed in chapter 4.4.   

4.3. Are there functioning SK channels in mammalian myocardium? 

Based on their high Ca2+-sensitivity and relatively weak voltage-dependence, one 

could expect that SK channels provide an important functional direct link between Ca2+ 

handling and the electrical events of the surface membrane. Thus, these channels might 

modify AP configuration by responding to beat-to-beat alterations of [Ca2+] i.  

4.3.1. Previous results 

In a previous study Xu et al. found that SK channel blockade by apamin (50 pM) 

significantly lengthened the APD in murine atrial and ventricular myocytes and also in 

human atrial cells [36]. Implications of these observations may be very important, since the 

reported apamin-sensitive, marked lengthening of the APD suggests a crucial involvement 

of the SK channels in the physiological repolarization process. In addition, based on the 

observation that the APD is lengthened by its inhibition, modulation of ISK may represent a 

novel antiarrhythmic mechanism, which could initiate novel pharmacological strategies. 

Furthermore, SK channels can be expected to substantially contribute to the repolarization 

reserve, especially during Ca2+ overload. Based on data from genetically altered mouse 

models, SK channels may have functional importance in development of atrial fibrillation 

[54] and in the kinetics of the AV node APs [55].  

4.3.2. Has any role SK current in cardiac repolarization?  

Based on classical molecular biologic techniques, we also verified the expression and 

mostly plasmamembrane location of the SK2 channels, however, in contrast to findings by 

Xu et al [36], we failed to identify any apamin induced alteration either in ventricular or in 

atrial AP, as well as in the corresponding ion currents, in either species, studied. The major 

discrepancy between their and our results may either derive from interspecies differences, 

or from partially different experimental conditions. Perhaps the most important difference 



39 

can be found in the AP measurements. The AP measurements by Xu et al [36] were carried 

out in single isolated cardiomyocytes, while ours were performed in multicellular cardiac 

tissue using the conventional microelectrode technique. Recording APs from single 

isolated cells is a widely used/accepted technique, however, it may not be fully suitable for 

detection of small changes in APD, since the enzymatic dissociation process may result in 

compromised repolarization reserve. During isolation, a varying portion of K+ channels are 

impaired, resulting in suppressed K+ currents, quite similar to nonspecific K+ channel 

inhibition. This may lead to AP instability, unexpected time dependent changes and 

attenuation of the effect of an ion channel blocker.  

An alternative explanation for the found discrepancy may be that the physiologically 

achieved [Ca2+] i level increase is not sufficient to activate large enough SK current, which 

could overcome the strong repolarizing capacity of the ventricular muscle. To clarify this 

possibility we attenuated the repolarizing reserve by inhibiting major repolarizing currents 

(IKr in the dog, IKur plus Ito in the rat) prior to apamin administration. As expected, these 

interventions markedly lengthened the APD in both species, however, subsequently 

applied apamin still failed to induce any further APD prolongation, suggesting negligible 

role for apamin-sensitive SK-current in cardiac ventricular repolarization [56].  

Based on computer modelling studies of the rabbit ventricular AP [57], NCX should 

primarily operate in forward mode (i. e. carrying an inward current) during a plateau-type 

AP. Inhibition of this current may lead to APD prolongation. In AP measurements, further 

to the repolarization reserve, the NCX current - the direction of which is opposite to the 

SK-current and at the same time it is also [Ca2+] i governed - may also substantially 

complicate the evaluation of the effect of SK-current inhibition. 

Nonetheless, it still remained unclear, whether the suppression of the NCX current 

would influence the APD in the presence of intact repolarization reserve. Despite a marked 

impact of SEA0400 – a selective NCX antagonist – on the NCX current, the kinetics of the 

AP remained practically unaltered in both canine and rabbit multicellular preparations. 

This fact may indicate a relatively small inward NCX current in a normal plateau type AP. 

In line with these observations, no significant effect on canine CaT following the 

application SEA0400 was observed [58]. Neither NCX inhibition was able to suppress the 

incidence of dofetilide-induced torsade de pointes in rabbit [59].    

Interestingly, in rat cardiomyocytes, in spite of the SEA0400 induced positive 

inotropic effect (demonstrated by simultaneous CaT and cell shortening measurements [60, 
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61]), the AP, again, did not change, thus suggesting a much larger  impact of NCX activity 

on Ca2+ handling than on AP kinetics.  

A set of measurements were also performed in order to study the possible modulatory 

role of [Ca2+] i  alterations on the apamin effect. Our fluorometric measurements revealed 

that in canine cardiomyocytes the highest [Ca2+] i levels could be reached at 3 Hz, while in 

rat ventricular myocytes at 0.3 Hz stimulation rate. No frequency-dependent differences in 

AP kinetics following apamin administration could be observed, suggesting that even the 

highest physiological [Ca2+] i levels might still be too low to activate the SK channels.  

In a set of further experiments we attempted to directly identify the apamin sensitive 

current in voltage clamped single canine and rat cardiomyocytes. However, application of 

100 nM apamin failed to cause any shift of the control I-V curve in either species, again 

suggesting the lack of functional apamin-sensitive K+ channels in ventricular myocardium. 

The lack of effect of apamin in our patch clamp experiments was unexpected, since Xu et 

al. [36] reported rather large apamin-sensitive current (4 pA/pF) in the membrane potential 

range corresponding to the AP plateau.  

The perforated patch clamp technique allows the preservation of the intracellular 

milieu of the cell, while CaTs and cell contraction are evoked. Therefore, this setting 

allows to investigate, whether the SK current only responds to dynamic [Ca2+] i changes. 

However, 100 nM apamin failed again to cause any shift in the I-V curve. 

4.3.3. What may be the message of our results?  

In contrast to previous reports, our data seem to contradict the significance of the 

previous observations made in mice and in human, and the reason of this discrepancy is not 

clear. We must conclude that SK channels play only negligible - if any - role in cardiac 

repolarization under physiological conditions. However, the possibility that these channels 

may activate under a few special circumstances (such as Ca2+ overload, heart failure, or 

conditions of ischemia/reperfusion) cannot be ruled out. Our data may also have important 

implications regarding pharmacological speculations and future drug development. Further 

experiments are required to investigate the putative role of the SK channels in diseased 

myocardium, before its pharmacological modulation could be utilized. 
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4.4. Ca2+ dependence of IK1 

IK1 is activated in the final phase of the repolarization process and sets and stabilizes 

the resting membrane potential. The current shows strong inward rectification, thus enables 

significantly larger inward than outward current. In outward direction, the current reduces 

close to zero at potentials positive than -30 mV, then quickly reopens when membrane 

potential approximates more negative values. This feature is due to Mg2+ and polyamines 

(spermine and spermidine) induced channel block upon depolarization [53]. IK1 beyond 

being an important component of the repolarization reserve, also opposes any kind of 

arrhythmogenic depolarization occurring in rest, like the Ca2+ overload induced transient 

inward current [4, 53]. Hence, any impairment of this current may be arrhythmogenic, 

since positive resting membrane potential shifts facilitate extrasystoles [4]. Furthermore, 

decreased IK1 lengthens APD and may increase the dispersion of repolarization, providing 

substrate for reentries [60]. Although partial blockade of IK1 by 10 µM BaCl2 substantially 

inhibits the current (about 70% [4]) it only causes marginal APD lengthening. Therefore, 

under physiological conditions IK1 can be more considered as a component of the reserve 

than possessing major repolarizing role. Nevertheless, when repolarization reserve was 

attenuated, the effect of IK1 inhibition was found to be largely enhanced, indicating that in 

this circumstances IK1 can be a key player of the repolarization reserve [4]. 

4.4.1. Is IK1 [Ca2+] i-sensitive? 

Results from studies on Ca2+-dependency of IK1 are much controversial. Several early 

studies concluded that Ca2+ ions inhibit IK1 [62-65], while others found a positive 

relationship between [Ca2+] i and IK1 [66-69]. Recently, Zaza et al. [70] have reported that 

the increase in [Ca2+] i decreased the magnitude of IK1, though the functional significance of 

this effect remained unclarified. In rat myocytes Fauconnier et al. [71] also demonstrated 

that in heart failure, when diastolic [Ca2+] i is elevated, IK1 is reduced. Wagner et al, [72] 

concluded that AP shortening by CaMKII overexpression in rabbit myocytes, is partially 

the consequence of CaMKII induced IK1 increasing. It is known that [Ca2+] i is considerably 

raised and the AP is shortened during hypoxia [73]. According to the “classical” theory, 

this shortening is due to the activation of KATP channels. However, several studies reported 

a substantial contribution of IK1 to this APD adaptation [68, 74-76], while Lopatin et al 

[68] found direct relationship between elevated [Ca2+] i and IK1 activation during hypoxia in 

isolated mouse cardiomyocytes.  
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4.4.2. IK1 mediated [Ca2+] i effects on AP morphology 

We investigated the putative Ca2+-dependence of IK1 under multicellular, as well, as 

single cell conditions. In the AP measurements we attempted to raise [Ca2+] i as selectively 

as possible. To avoid activation of PKA and PKC, we did not use adrenergic agonists, thus 

the multiple effects of protein kinases may have averted. Instead, we increased [Ca2+]o to 4 

mM, thus enhancing the “driving force” for Ca2+ ions through the ICaL. As expected, 

enhanced [Ca2+] i markedly shortened APD90. Furthermore, the maximal velocity of the 

terminal repolarization was also found to be faster. This effect may be a consequence of 

decreased inward and increased outward currents. Enhanced inactivation of ICaL during 

high [Ca2+] i conditions is a widely accepted mechanism underlying the AP shortening, 

however in the potential range of the terminal repolarization ICaL is already inactivated.  

Increased repolarizing currents (IKr, IKs, IK1) were also suggested to contribute to 

enhanced terminal repolarization, especially when APD shortening is paralleled by 

elevated plateau potential. Therefore, we tested the putative role of the delayed rectifiers 

(IKr and IKs) in high [Ca2+] i induced APD shortening. Interestingly, selective inhibition of 

IKr by dofetilide did not result in increased APD lengthening when [Ca2+]o was elevated. In 

contrast, the effect of dofetilide was significantly reduced. Following selective inhibition 

of IKs by HMR-1556 no effect could be observed. This results exclude a possible IKr 

enhancement by elevated [Ca2+] i, however, the reduced effect of dofetilide may be a result 

of the shortened APD90 caused by high [Ca2+] i. APD abbreviation is able to reduce the 

effect of IKr inhibition [77], however, it may only partially explain our findings, since 

under the same conditions the effect of IK1 inhibition was largely enhanced. An alternative 

explanation can be based on the concept of the repolarization reserve: i.e. the reduced 

effect of IKr inhibition could also be the consequence of increased outward currents (e.g.: 

IK1), which is able to partially compensate for IKr inhibition.        

In contrast to the negative results of IKr and IKs inhibition, the effect of IK1 inhibition 

was considerably increased by enhanced [Ca2+]o in canine papillary muscles.  

4.4.3. The effect of [Ca2+] i on IK1 current 

Since IK1 is permanently active during the late repolarization phase and the entire 

diastolic period, if IK1 was Ca2+-dependent, both systolic and diastolic [Ca2+] i would affect 

the magnitude of the current. In these experiments Ca2+ dependency of IK1 was compared 

between the high and low [Ca2+] i groups and three sets of measurements were performed. 

In the first set steady-state currents were measured at the end of each voltage steps, in the 
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second set the instantaneous currents were determined. Finally, in the third set the effect of 

dynamically increased [Ca2+] i on the steady-state current was investigated. In all 3 sets of 

experiments IK1 was defined as the Ba2+ sensitive current. 

Independent of the protocol used, following [Ca2+] i rise the Ba2+-sensitive current was 

substantially increased between -70 to -40 mV. The related data seem to support previous 

results reporting enhanced IK1 following [Ca2+]o rise in Purkinje fibers, and during hypoxia-

induced APD shortening, where Ca2+ dependent IK1 augmentation may contribute to APD 

adaptation. On the other hand, our results seem to oppose findings of studies describing IK1 

amplitude reduction following [Ca2+] i rise in isolated cardiac cells from various species and 

during various conditions. In early studies finding IK1 amplitude reduction the discrepancy 

may derive from the conditions applied, which were far from the physiological range. Zaza 

et al [70] reported Ca2+ induced rectification of IK1; i.e. lowering [Ca2+] i increased the 

current. Nonetheless, all these findings could only be seen in a membrane potential range 

corresponding to the plateau phase of the AP, while the terminal repolarization remained 

unaltered. Finally in failing rat hearts Fauconnier et al. [71] reported reduced IK1 current, 

contributing to the elevated diastolic Ca2+. However, in heart failure upregulated NCX and 

downregulated SERCA activities were found to result in a substantial decrease in systolic 

[Ca2+] i. Therefore, it seems feasible that the overall [Ca2+] i sensed by the corresponding ion 

channels of IK1 was indeed, decreased.  

4.4.4. Has IK1 multiple regulation? 

Several studies reported that beyond being regulated by [Ca2+] i, IK1 is also sensitive 

to alterations in the phosphorylation/dephosphorylation state of the channel proteins caused 

by a variety of protein kinases. Several studies reported that PKA, PKC and CaMKII may 

have distinct modulatory effects on IK1. During adrenerg stimulation PKA and PKC may 

reduce the amplitude of IK1, while CaMKII may augment the current. Indeed, it seems 

feasible that distinct modulatory pathways (PKA, PKC, CaMKII, [Ca2+] i) concomitantly 

target the corresponding channels and jointly fine-tune the amplitude of IK1 to improve the 

adaptation of the current to varying external conditions. Our results support the idea first 

suggested by Wagner et al [72], that under high [Ca2+] i conditions IK1 is enhanced by 

CaMKII. Sympathetic stimulation activates the PKA and PKC pathways both exerting 

crucial role in controlling the shape of the AP via modulating a few ionic currents like ICaL, 

IKs, and ICl. Nonetheless, their inhibiting effect on IK1 can be seriously arrhythmogenic via 

reducing the repolarization reserve and compromising the resting membrane potential. 
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Therefore, simultaneous CaMKII activation and [Ca2+] i increase may counteract and limit 

the PKA/PKC induced IK1 reduction, and thus prevent arrhythmia generation. 

Consequently, substantially different experimental conditions may cause the loss of the 

balance between these two counteracting pathways resulting in reduced IK1 amplitude. This 

explanation may help in understanding the contradicting results on Ca2+-sensitivity of IK1.   

4.4.5. What may be the message of our results? 

Overall, our data suggest that increased [Ca2+] i may activate an autoregulative IK1 

augmentation. Under conditions investigated, the enhancement in IK1 seems to be confined 

to the systolic period of the cardiac cycle. During diastole the resting membrane potential 

is practically not affected. Increased [Ca2+] i is a principal component of the cardiac 

adaptation process, however, it may also lead to increased probability of arrhythmogenesis. 

Therefore, when [Ca2+] i is elevated, a compensatory feed-back increase in IK1 should have 

antiarrhytmic role via enhancing the repolarization reserve. Considering disparate results in 

the literature, we could not rule out any direct enhancing effect of [Ca2+] i on IK1. Another 

possible mechanism for the [Ca2+] i-induced IK1 increase is via distinct activation of the 

CaMKII, as was also demonstrated previously [72]. Our results also suggest that elevated 

[Ca2+] i may markedly influence the efficacy of class III antiarrhythmic drugs, 

counteracting their AP prolonging action. 
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5. CONCLUSIONS AND FURTHER PERSPECTIVES 

 
Our results support the presence of a Ca2+ activated K+ current in the membrane 

potential range of the terminal repolarization. However, we had to conclude that this 

current may not be the SK-current, rather the IK1, which thus could improve the 

instantaneous adaptation of AP to an external challenge. Since IK1 cannot be related to one 

particular channel type, rather to a complex mixture of Ba2+ sensitive channels (primarily 

Kir2.x), active during terminal repolarization, we cannot exactly identify the primary Ca2+ 

sensitive ion channel(s). 

We could not demonstrate an apamin sensitive K+ current in cardiac ventricular 

muscle, and it is rather difficult to explain the obvious discrepancy between our results and 

data in the literature. However, considering the growing body of evidence on functional 

Ca2+ activated K+ currents in the heart, and the relatively wide range of ion channels, 

which are inhibited by Ba2+, we cannot rule out the possibility that the “classical” Ca2+ 

activated K+ current and the Ca2+ sensitive IK1, at least partially, overlap regarding the 

responsible ion channel(s). This hypothesis, however, requires further experimental work.    
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