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ABSTRACT 

Introduction: Normal heart rhythm depends on a precise and regular activity of the sinoatrial 

node (SAN) pacemaker cells. The exact electrophysiological mechanism of spontaneous 

cardiac pacemaking is not fully understood. Recent results suggest a tight cooperation 

between the intracellular Ca
2+

 handling (‘Ca
2+

 clock’) and surface membrane ion channels 

(‘membrane clock’) which is referred as the coupled clock mechanism. One of the suggested 

key players of this crosstalk is the Na
+
/Ca

2+
-exchanger (NCX), however direct evidence was 

unavailable so far, due to the lack of selective inhibitor.  

Purpose: Our aim was to investigate the robustness and flexibility of SAN automaticity via 

analysing the role of different Ca
2+

 dependent currents such as NCX and Ca
2+

 activated K
+
 

current (IK(Ca)) in the mechanism of cardiac pacemaking. We also studied the effect of SAN 

frequency on the development of ventricular action potential (AP) and Ca
2+

 transient (CaT) 

alternans.   

Methods: APs were measured from both SAN and ventricular papillary muscle preparations 

by conventional microelectrode technique. Ion currents combined with fluorescent Ca
2+

 

tracking were recorded by whole cell and perforated configuration of patch clamp technique 

on isolated rabbit SAN cells and dog ventricular cardiomyocytes.  

Results: The cycle length (CL) lengthening effect of NCX inhibition could be augmented 

when the funny current (If) was previously inhibited and vice-versa the effect of If reduction 

was facilitated when the Ca
2+

 handling was suppressed. Functioning reverse NCX resulted in 

larger Ca
2+ 

transient amplitude with enhanced SR Ca
2+

 content. Spontaneous AP frequency 

increased as a consequence of active reverse NCX. Ca
2+

 activated K
+
 current had no role in 

SAN pacemaking. Ventricular action potential alternans showed strong rate-dependence 

having clear frequency threshold. 

Conclusion: Our results provide the first pharmacological evidence regarding the role of both 

forward and reverse NCX current in pacemaker mechanism. Experimental and modelling data 

support a close cooperation between If and NCX establishing a "pacemaker reserve" 

mechanism.  The reverse NCX activity may provide additional Ca
2+ 

influx that could increase 

SR Ca
2+

 content providing a „Ca
2+

 reserve” mechanism. This „dual” function of NCX may 

provide a safety margin of pacemaking and largely increases the robustness (i.e. fail-safe) of 

spontaneous automaticity. Excessive SAN pacemaking induces ventricular AP and Ca
2+

 

transient alternans as a result of mutual crosstalk of surface membrane ion channels and 

intracellular Ca
2+

.  

  



2 

 

1. INTRODUCTION 

1.1 Sinoatrial node (SAN) as the primary pacemaker of the heart 

Normal heart rhythm depends on a precise and regular activity of the sinoatrial node that is 

located in the right atrium of the heart
[1]

. SAN serves as the primary center of the pacemaker 

system by initiating the heart beats. The electrical impulse generated in the SAN spreads 

towards to the atria and the atrioventricular node (AVN), which is also called the secondary 

pacemaker center of the heart
[2]

. Propagating through the bundle of His, right and left bundle 

branches, the impulse reaches the ventricular muscle
[2]

. At rest, the normal heart rate is 

generally considered as between 60 and 100 beats per minute (bpm), however it can vary 

greatly under pathophysiological conditions. Pacemaker cells that create the SAN possess the 

characteristic nature of automaticity, since they are able to ignite action potential (AP) in the 

absence of external stimuli. Spontaneous AP generation needs a unique cooperation of 

membrane ion channels and intracellular Ca
2+

 handling. One of the most important questions 

in the cardiac electrophysiology field is ‘what is the main initiator mechanism that ignites the 

AP of the SAN cells to enable the spontaneous pacemaking of the heart’. Several theories was 

born to explain the mechanisms underlying the spontaneous rhythm generation, however the 

earliest ones were not able to fully support the phenomenon. With the development of 

electrophysiological protocols and the need to explore selective ion current blocking agents, 

the research on SAN accelerated providing new and modified hypotheses (see details in 

Chapter 1.2).  

Normal function of the SAN is required to maintain the physiological cardiac output and 

ventricular function. Altered firing rate can upset the physiological cardiovascular balance 

and can lead to enhanced susceptibility of supraventricular or ventricular arrhythmias. Faster 

heart rate (tachycardia) could cause severe cardiovascular complications and frequency 

dependent rhythm disorders such as the development of cardiac alternans. Cardiac alternans 

are beat-to-beat oscillations of the action potential duration (APD) and the Ca
2+

 transient 

(CaT) amplitude
[3]

. 

Cardiac AP reflects the integrated behaviour of the ion currents and Ca
2+

 cycle. 

The APs of SAN cells and AVN cells are different from the APs of the cells in the working 

myocardium
[4,5]

. Phase 0 depolarization is mediated by the openings of the T-type- then the L-

type Ca
2+

 channels
[5]

. The activation of L-type Ca
2+

 channels is slower than the activation of 

Na
+
 channels in the ventricles, therefore the depolarization slope is less steep in pacemaker 

cells. Due to the lack of Ito activation, phase 1 repolarization is not present in SAN cells
[5]

. 
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Upon repolarization (phase 3) only the rapid component of the delayed rectifier potassium 

current (IKr) is activated and hyperpolarizes the membrane to reach the maximal diastolic 

potential (MDP)
[5]

. The SAN AP shows a characteristic phase 4 depolarization, where the 

membrane potential onset is more depolarized (MDP is around -50 – -60 mV) and undergoes 

a slow diastolic depolarization (DD). DD ends at the take off potential (TOP), which is around 

-40 mV
[5]

.  

1.2 „What keeps us ticking?” – Brief history of SAN pacemaking 

This question above was the title of a review study published in 2009 indicating that the basic 

mechanism of SAN pacemaking is still a matter of debate after more than 40 years of 

intensive research
[6]

. There is no doubt in the literature that the spontaneous activity of the 

pacemaker cells is controlled by the DD. However, our knowledge on the exact mechanism 

underlying this phenomenon is still incomplete, despite the intensive research work of 

different acknowledged laboratories.  

The earliest theory of the pacemaking is originated from the 1950s, when Weidmann et al. 

attributed an important role to the decay of a K
+
 current during the DD

[7]
. Two types of K

+
-

currents were distinguished: the time-independent, fast repolarizing current IK1, and the time-

dependent, slow current IK2 which is sensitive to adrenaline
[7,8]

. The proposed mechanism of 

pacemaking was the slow decay of the K
+
-currents together with slow inward depolarizing 

currents (Figure 1)
[8]

. When K
+
-currents are decayed, the inward background currents exceed 

the repolarizing currents and the membrane is slowly depolarized
[8]

.  

In 1979 Dario DiFrancesco discovered the so-called “funny current” (If) in Purkinje fibers
[9]

. 

“Funny current” got the name from its unconventional behaviour: the current carries 

depolarizing current (mix of Na
+
 and K

+
 ions) but it is activated upon hyperpolarization

[9-11]
. 

Additionally, it was found to be sensitive to adrenaline
[9]

. It was observed that If is able to 

cause spontaneous depolarizations in Purkinje fibers (Figure 1)
[9]

. An obvious question was 

emerged: are there two completely distinct mechanisms for the same function between two 

regions (SAN vs. Purkinje fibers) of the heart? A milestone of the SAN pacemaking research 

was when the IK2 was “reinterpreted” and it was demonstrated that IK2 is actually the same 

current as If (Figure 1)
[10]

. From 1982 to the beginning of the 2000’s the “funny-concept” was 

the leading mechanism to explain SAN automaticity: hyperpolarization during repolarization 

activates If which depolarizes the membrane during the DD
[10,11]

. Additionally, If shows dual 

activation by voltage and cAMP, therefore it also transmits the changes of the autonomic 

nervous system
[11]

.       
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With the discovery of If the spontaneous rhythm generation seemed to be explained for 

decades, however later the hypothesis was repeatedly challenged. Noma and Morad showed 

that complete block of If by caesium did not stop the spontaneous activity emphasizing other 

possible mechanisms than If
[12]

.  

In 1996, a new possible player in the SAN automaticity was suggested. Rigg and Terrar 

demonstrated that the inhibition of sarcoplasmic Ca
2+

 releases or refilling decreases the SAN 

frequency highlighting an important role of Ca
2+

 handling in pacemaking
[13]

 (Figure 1).  

In the beginning of the 2000’s, Lakatta and his colleagues identified spontaneous, 

subsarcolemmal local Ca
2+

 releases (LCRs) that appear during the late DD
[14-16]

. It was 

claimed that LCRs produce an inward current by activating the forward Na
+
/Ca

2+
 exchanger 

(NCX) and responsible for the ignition of SAN AP. This concept indicated that the primary 

mechanism of DD is the NCX mediated Na
+ 

influx and almost completely ignored the role If 

in SAN pacemaking. Later, this hypothesis was named as the Ca
2+

 clock theory, since the 

sarcoplasmic reticulum (SR) serves as the Ca
2+

 clock itself by generating rhythmic LCRs
[17]

 

(Figure 1).  

From that point an intensive debate emerged between the Ca
2+ 

clock hypothesis and the 

„funny current” hypothesis
[18,19]

. The „funny-current” hypothesis was later extended to 

membrane clock (M-clock) hypothesis indicating that surface membrane ion channels have 

pivotal role in pacemaking. Intensive research in this field revealed that intracellular Ca
2+ 

handling and surface membrane ion channels are tightly coupled during pacemaking
[20]

. This 

synergistic cooperation forms the latest concept of the so-called coupled clock 

hypothesis
[20,21]

.  

1.3 Ca
2+

 homeostasis of the cardiomyocytes 

Ca
2+

 cycle is an important regulator of cardiomyocyte function, as it creates a close link 

between electrical signals of the heart and contractions of the myocytes (Figure 2)
[22]

.  This 

paired mechanism that connects myocyte depolarization with mechanical contraction is the 

so-called excitation-contraction coupling
[22]

. Cardiac Ca
2+

 signaling essentially relies on 

important molecular players like ryanodine receptors, voltage-gated Ca
2+

 channels and active 

Ca
2+

 transport mechanisms (Figure 2)
[23]

. Excitation-contraction coupling is divided into four 

major mechanisms: (1) Ca
2+

 influx, (2) Ca
2+

 release, (3) Ca
2+

 reuptake and (4) Ca
2+

 

efflux
[22,24]

.  
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Figure 1: Early and modern concepts of SAN pacemaking 

Panel A illustrates a representative SAN AP, while panel B, C, D and E represents the hypotheses born to 

explain the mechanism of SAN pacemaking with the corresponding ionic backgrounds. The proposed 

mechanisms were the following: panel B: slow decay of repolarizing K
+
 currents and background depolarizing 

currents; panel C: activation of If; panel D: Ca
2+

 clock mediated activation of forward NCX current; panel E: 

activation of transmembrane depolarizing currents and local Ca
2+

 releases mediated activation of forward NCX. 

See the text for details (Chapter 1.2). ICaL: L-type Ca
2+

 current, ICaT: T-type Ca
2+

 current, If: funny current, IKr: 

rapid component of delayed rectifier K
+
 current, LCRs: local Ca

2+
 releases, SR: sarcoplasmic reticulum 

Upon depolarization, the positive membrane potential favors the opening of the L-type Ca
2+

 

channels that enables Ca
2+

 to enter the cell reaching the restricted space between the SR and 

the sarcolemma
[24,25]

. The Ca
2+

 concentration of the restricted space varies between ∼100 nM 

and ∼10 µM during an action potential.  
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The elementary Ca
2+ 

influx signal is mediated by the opening of the L-type Ca
2+

 channels, 

however a smaller portion of Ca
2+

 influx may result from the activation of T-type Ca
2+

 

channels and reverse NCX (Figure 2)
[22,24,26,27]

. T-type Ca
2+ 

channels are activated at more 

negative membrane potentials than L-type Ca
2+

 channels and show a sinoatrial specific 

expression
[27,28]

. Although T-type Ca
2+

 channels play an important role in the fast phase of 

depolarization in SAN cells, their role within ventricular cells is negligible
[28]

.  

The reverse mode of the NCX can also provide additional Ca
2+

 influx at positive membrane 

potential levels or with high intracellular Na
+
 concentration, however the contribution of the 

exchanger to the Ca
2+

 inflow is limited in ventricular cardiomyocytes under physiological 

conditions
[24]

. However, if the L-type Ca
2+

 channel function is impaired for some reason, the 

relative contribution of the reverse NCX current could increase and it could be able to initiate 

myocardial contraction on its own
[22]

.  

Ca
2+

 influx is further followed by Ca
2+

 release from the SR
[22,29]

. The entering Ca
2+ 

induces 

the opening of the ryanodine receptors (RyR) on the SR via the Ca
2+

 induced Ca
2+

 release 

(CICR) mechanism (Figure 2)
[22,24]

. The activation of RyRs mobilizes Ca
2+

 from the SR, 

producing Ca
2+

 release termed as Ca
2+

 transient
[22,24]

. Spatial and temporal summation of the 

released Ca
2+

 produces an average global intracellular Ca
2+ 

having systolic value of ~500 nM 

to ~1000 nM
[29]

. Ca
2+

 release is resulted in myocardial contraction, as Ca
2+

 sensitive troponin 

C binds the released Ca
2+

 ensuring cell shortening
[22]

.   

As cytoplasmic Ca
2+

 level decreases the cells return to the resting phase in preparation for the 

next depolarization. Fast and complete relaxation of the heart requires rapid dissociation of 

Ca
2+

 from troponin C, therefore during the relaxation period the sequestration of intracellular 

Ca
2+

 occurs
[22,24]

. Ca
2+

 extrusion from cytoplasmic space is driven by two main mechanisms: 

(1) Ca
2+

 reuptake and (2) Ca
2+

 efflux. Ca
2+

 reuptake to the SR is mediated by the 

sarcoplasmic-endoplasmic reticulum Ca
2+

 ATPase (SERCA) (Figure 2)
[22]

. The function of 

SERCA is regulated by the phosphorylation – dephosphorylation of phospholamban (PLB). 

Unphosphorylated PLB decreases the affinity of SERCA for Ca
2+

, while phosphorylated 

monomers block the interaction with SERCA providing increased activity of the pump, 

therefore increased Ca
2+

 removal. The main Ca
2+

 efflux mechanism is the plasma membrane 

Na
+
/Ca

2+
 exchanger (Figure 2)

[22]
. The forward operation mode of the NCX extrudes 1 Ca

2+ 

ion to the extracellular space, while imports 3 Na
+
 ions to the cell, generating a depolarizing 

current
[30]

. The mitochondrial uniporter and the plasma membrane Ca
2+

 ATPase may also play 

a minor role in the Ca
2+

 efflux mechanism, however the involvement of these transport 

mechanisms is negligible in physiological conditions
[22,24,31]

. The relative contribution of the 
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main Ca
2+

 removal mechanism (i.e. SERCA and forward NCX) varies in a species-dependent 

manner. In mammalian ventricles that show similar AP pattern like human’s, 70% of the 

cytoplasmic Ca
2+

 is removed by SERCA and around 28-30% is removed by forward 

NCX
[31,32]

. In contrast, in rat and mouse cardiomyocytes, the contribution of SERCA reuptake 

is around 92-94%, leaving only 5-7% for the Ca
2+

 extrusion by NCX
[33]

. It is important to 

note, that the rat ventricular action potential and Ca
2+

 handling characteristics show less 

similarity to human
[33]

.  

The excitation-contraction coupling is fundamentally controlled by Ca
2+,

 therefore the 

mechanisms involved in Ca
2+

 cycle should provide a precise balance to maintain the normal 

cardiac function. Under physiological conditions the Ca
2+

 influx and Ca
2+

 efflux, the Ca
2+ 

release and Ca
2+

 reuptake must be equal ensuring the optimal intracellular Ca
2+

 

concentration
[22]

.  

 

 

Figure 2: Schematic illustration of Ca
2+

 homeostasis 

Main steps of the Ca
2+

 cycle and excitation-contraction coupling are illustrated. Ca
2+

 influx is mediated by the 

openings of the L-type Ca
2+

 channels. The inflowing Ca
2+

 induces Ca
2+

 release from SR via Ca
2+

 induced Ca
2+

 

release (CICR). Ca
2+

 reuptake is ensured by SERCA, while Ca
2+

 extrusion is driven by mainly the forward 

operation of NCX, and in a lesser extent by the operation of plasma membrane Ca
2+

 ATPase. T-tubulues are 

present in ventricles, but missing in SAN cells. 

NCXfwd: forward mode of NCX, NCXrev: reverse mode of NCX, PLB: phospholamban, RyR: ryanodine receptor, 

SERCA: sarcoplasmic-endoplasmic reticulum Ca
2+

 ATPase, SR: sarcoplasmic reticulum 
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1.4 Ca
2+ 

dependent currents connecting Ca
2+

 handling and membrane potential 

Since SAN pacemaking is based on mutual coupling between intracellular Ca
2+

 handling and 

membrane potential, Ca
2+ 

dependent ionic currents have pivotal role in establishing 

connections between these systems.  

1.4.1 Ca
2+

-current  

As shown, Ca
2+

 is the principal intracellular regulator of many cardiac molecular mechanisms 

(i.e. excitation-contraction coupling, spontaneous automaticity). Most of the inflowing Ca
2+

 

enters the cell via the cardiac Ca
2+

 channels generating an inward depolarizing current
[24]

. 

Two types of Ca
2+

 channels are present in the cardiac myocytes: L-type- and T-type Ca
2+

 

channels
[27]

. The presence of ICa,L and ICa,T varies among cardiac myocytes. High-voltage 

activated L-type Ca
2+

 channels (Cav1.2) are found in all region of the heart providing the main 

source of Ca
2+

 for the excitation-contraction coupling
[27]

. ICaL via L-type Ca
2+

 channels shows 

a rapid activation at -40 mV, then this is followed by a slow inactivation that creates the 

plateau phase of the AP in the ventricles
[27]

. In contrast, low-voltage activated T-type Ca
2+

 

channels (Cav3.1 and Cav3.2) are almost undetectable in ventricular myocytes, they are found 

primarily in the conduction system contributing to the depolarization of pacemaker cells
[27,28]

. 

However, in pathophysiological conditions, such as cardiac hypertrophy or heart failure ICaT 

could be more prominent in ventricular cells compared to physiological circumstances
[28]

.  

1.4.2 Na
+
/Ca

2+
 exchanger (NCX) 

NCX is a member of the Ca
2+

/cation antiporter (CaCA) superfamily, as the exchanger 

transports three Na
+
 in exchange for one Ca

2+ 
giving rise to an electrogenic transport through 

the membrane
[30,34,35]

. The electrogenic operation of NCX results in an ion current with one 

net charge in each transport cycle and influences the transmembrane voltage (Figure 

3)
[30,36,37]

. The main role of the exchanger is the Ca
2+

 extrusion through the forward operation 

mode
[24,36]

. However, the direction of the ionic transport of the NCX is reversible and it can 

act in the reverse mode, when Ca
2+

 enters the cell (Figure 3)
[24,36,38]

. The direction of the ionic 

transport is markedly influenced by the actual membrane potential and the ionic gradients 

across the cell membrane. The operation mode is determined by the relationship of the 

membrane potential (Vm) and the NCX equilibrium potential (ENCX), where ENCX is calculated 

from transmembrane Na
+
- and Ca

2+
 gradients (ENCX=3ENa−2ECa). Reverse mode (i.e. Ca

2+
 

influx) is favored when Vm is more positive than the ENCX, however when the difference 
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between Vm and ENCX is negative, the exchanger acts in the forward mode (i.e. Ca
2+

 

efflux)
[22]

.  

Considering the mode of action, NCX can depolarizes or repolarizes the cell membrane by 

generating inward or outward current, respectively (Figure 3)
[22,39]

.   

Several studies highlight the fundamental role of NCX in normal SAN automaticity
[13,40-42]

. 

Reduction in normal NCX function by low [Na
+
] bath solution resulted in decreased 

spontaneous SAN cell firing rate in guinea pig SAN cells
[43]

. Severe bradycardia was present 

in partial atrial NCX1 knock out mouse model
[44]

, while complete NCX knock out resulted in 

fully suppressed atrial depolarization appearing as ventricular escape rhythm on the ECG
[45]

. 

A non-selective NCX inhibitor, KB-R7943 also reduced the spontaneous beating rate in 

guinea pig SAN cells
[43]

, however the parallel ICaL inhibitory effect of KB-R7943 makes the 

interpretation difficult. As seen in the literature, several studies claim the essential role of 

NCX in the pacemaker mechanism of the SAN cells, however the supposed role of NCX 

could not be directly investigated because of the lack of properly selective NCX inhibitors.   

Divalent (Ni
2+

, Mg
2+

, Co
2+

, Sr
2+

, Cd
2+

, Ba
2+

, Mn
2+

) and trivalent (La
3+

, Nd
3+

, Tm
3+

, Y
3+

) 

cations inhibit the NCX current, but the inhibitory effect is nonspecific
[46,47]

. 

Benzyloxyphenyl derivatives such as KB-R7943 (2-[2-[4-(4-nitrobenzyl-

oxy)phenyl]ethyl]isothio-urea-methanesulfonate, carbamidothioic acid) were the first 

promising novel NCX inhibitors, however experimental studies reported different blocking 

potency on the reverse and the forward mode
[48]

. Furthermore, experimental results revealed 

nonspecific effects on other transmembrane currents (ICaL, INa, IKr), therefore the use of this 

agents for characterizing the NCX current in different conditions would be difficult to 

interpret
[48]

. SEA-0400 (2-(4-(2,5-difluorobenzyloxy)phenoxy)-5-ethoxy aniline) has 

improved selectivity compared to KB-R7943, however it still has nonspecific inhibitory effect 

on ICaL
[48-50]

. Approximately 20% of ICaL inhibition was shown
[48]

. Efforts were continuously 

made to explore selective inhibitors to investigate the NCX function in SAN pacemaking, 

Ca
2+

 handling, and other complex mechanisms such as cardiac arrhythmogenesis. Two novel 

NCX blockers were developed. The first one was ORM-10103, that has improved selectivity 

towards NCX, although it still has minor nonspecific effect by blocking IKr in the 

concentration of 3 µM
[51]

. ORM-1013 has quite similar EC50 values for the forward and 

reverse mode operation at 1 µM concentration (800 nM and 960 nM, respectively)
[51]

. The 

other compound is ORM-10962 (ORM), that turned out to be highly selective with high 

efficacy
[52]

. ORM-10962 is greatly NCX specific with no blocking effect on the ICaL, INa, INaL, 
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INaK and all the repolarizing currents (IKr, IKs, Ito, IK1)
[52]

. Therefore ORM is a suitable tool to 

study the existence and function of NCX in different cardiac mechanisms.    

 

Figure 3: Schematic illustration of the NCX operation 

Forward operation of NCX is illustrated with orange, while reverse mode is marked with yellow. Reverse NCX 

transports 3 Na
+
 out of the cell with parallel Ca

2+
 import. In contrast, forward operation mode extrudes 1 Ca

2+
 

and brings 3 Na
+
 into the cell. Concentration gradients and thermodynamical properties favors mostly the 

forward NCX operation under the AP. Since the activity of NCX is electrogenic, one net charge in each cycle 

develops. Forward mode generates an inward depolarizing current, while reverse mode produces an outward 

repolarizing current.  

NCXfwd: forward mode of NCX, NCXrev: reverse mode of NCX  

1.4.3 Small-conductance Ca
2+

 activated K
+
 channels 

Theoretically, the Ca
2+ 

activated K
+
 channels could be also important players translating 

intracellular Ca
2+

 changes into membrane potential alterations. As a Ca
2+

 sensitive current, it 

could directly influence the repolarization kinetics improving the flexibility (i.e. adaptation) 

of pacemaking.  

Early studies suggested that there is no active current in the ventricular myocytes that is 

activated by intracellular Ca
2+

 and carries exclusively K
+
 ions

[53]
. However, later Xu et al. 

provided evidence of a notable small-conductance Ca
2+

 activated K
+
 current (IK(Ca)) in 

ventricular and atrial cardiomyocytes of mice and human
[54]

. In recent studies IK(Ca) is shown 

to have important role in several cardiovascular diseases such as atrial fibrillation, heart 

failure
[55,56]

 or cardiac memory
[57]

. Under normal conditions no role was found in ventricular 

myocytes
[58]

. Ca
2+

-driven nature of IK(Ca) suggests possible function in SAN pacemaking 
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providing functional connection between intracellular Ca
2+

 and the repolarization (Figure 4), 

however the role of IK(Ca) in SAN cells is poorly elucidated.  

The bee venom toxin apamin in a concentration of 100 nM selectively blocks the Ca
2+

 

activated K
+
 channels

[59]
, therefore a suitable tool to investigate the existence and role of IK(Ca) 

in SAN.  

1.5 Recent concept for SAN pacemaking 

NCX may have crucial importance in the clock-like oscillator system of SAN automaticity. 

Based on the recent concept of pacemaking (seen in Chapter 1.2) early LCR’s activate the 

NCX during the DD independent of the ICaL function (Figure 4). The activation of the 

exchanger defines the „ignition” onset, while ICaT and If also contribute to the slow 

depolarization to reach the threshold potential of ICaL
[60]

. It is feasible that a low-voltage 

subtype of the L-type Ca
2+

 channels also involved in the process
[60]

. When membrane 

potential reaches the threshold of the ICaL the opening of the channel provides large Ca
2+

 

influx facilitating the Ca
2+

-dependent LCRs and boosts the operation of the NCX
[20]

. ICaT may 

have also important role in the diastolic Ca
2+

-induced Ca
2+

-release 
[60]

.  

The coupled clock system is a synergistic mechanism: the Ca
2+

-clock (LCR’s) and the 

membrane clock (ensemble of surface membrane ion channels) operate together and neither 

of them is dominant
[20,21]

 (Figure 4). It also implies that any perturbation in either clock will 

influence the other because of the tight coupling. It is assumed that close synchronization 

between clocks make the SAN automaticity more stable and safe: it largely reduces the beat-

to-beat variability of the SAN pacemaking
[20]

.  
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Figure 4: Coupled clock system of SAN pacemaking 

Recent modeling and experimental results suggest that surface membrane ion channels and Ca
2+

 handling work 

tightly coupled since the membrane clock regulates the Ca
2+

 influx and efflux while the LCRs through the NCX 

also regulates the diastolic depolarization forming a coupled-clock system. The ionic background of coupled 

clock system is illustrated. The role of NCX and IK(Ca) in the spontaneous automaticity is suggested, however 

lacks the experimental evidence so far.  

CICR: Ca
2+

 induced Ca
2+

 release, ICaL: L-type Ca
2+

 current, ICaT: T-type Ca
2+

 current, If: funny current, IKCa: 

Ca
2+ 

activated K
+
 current, INCXfwd: forward NCX current, INCXrev: reverse NCX current, IKr: rapid component of 

delayed rectifier K
+
 current, LCRs: local Ca

2+
 releases, MDP: maximal diastolic potential 

1.6 SAN frequency induced changes in ventricular AP morphology 

It has been known for a long time that actual frequency of SAN influences the ventricular AP 

morphology
[61]

. Accelerated SAN frequency appears with characteristic cycle length (CL) 

shortening (Figure 5)
[61-64]

. Diastolic interval (DI) is the most sensitive to any frequency 

alteration by influencing the recovery and refractory period of ionic currents, therefore slight 

CL shortening is mediated only by the shortening of DI. Moderate CL shortening can be 

caused by parallel shortening of the DI and APD, where APD is shortened but remains equal 

in each cycle (Figure 5)
[64,65]

. However, when frequency enhancement reaches a critical 

threshold, APD alternans occur when beat-to-beat oscillation of APD and parallel CaT 

alternans are present (Figure 5)
[3,66,67]

. Therefore, increased heart rate may promote the 

development of cardiac alternans
[66,68]

. The consequence of the cellular alterations is 

manifested on the ECG as microvolt T-wave alternans (µM-TWA)
[69,70]

. µM-TWA can easily 

progrediate to life threatening arrhythmias and can predict the evolvement of ventricular 
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fibrillation and sudden cardiac death (SCD)
[70-72]

. Alternation of the APD and DI exerts 

repolarization inhomogeneity and transmural heterogeneity within the myocardium
[73,74]

.  

The exact mechanism underlying the development of cardiac alternans is not fully clarified. 

Currently two hypotheses are supposed to explain the mechanism of alternans. According to 

the restitution hypothesis, alternans are governed by the APD restitution (i.e. APD function 

depending on the previous DI)
[75]

. Nolasco and Dahlen claimed that alternans appear when the 

APD restitution curve is larger than 1
[75]

. This hypothesis is controversially discussed, and 

recent studies suggest minor fidelity of the restitution in the prediction of alternans, while they 

highlight the role of Ca
2+

 handling and enhanced frequency. Ca
2+

 driven hypothesis claims 

that Ca
2+

 handling imbalance as a response to high heart rate can cause alternans since 

intracellular Ca
2+

 and membrane potential are tightly coupled
[67,76-78]

.   

 

 

Figure 5: Schematic illustration on how does the SAN frequency may influence the AP morphology of 

ventricular cells 

SAN pacemaking influences the morphology of ventricular APs, since the impulse spreads through the cardiac 

conduction system and reaches the working myocardium. Enhanced SAN frequency leads to CL shortening via 

the shortening of the diastolic intervals. As the frequency further increases and reaches a critical threshold, AP 

alternans occur as beat-to-beat oscillations of APD with parallel alternans of Ca
2+

 transient amplitude. APD 

alternates with a long-short-long pattern, while transient alternates with high-small-high pattern. The 

development of alternans implies higher risk for malignant arrhythmias.  
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2. AIMS 

Since the mechanism of SAN pacemaking is not fully clarified, the aims of the present study 

were the followings:  

  

1.) to investigate the function of the forward NCX current by its direct pharmacological 

inhibition using the novel, selective inhibitor ORM-10962 and analyse the suggested crosstalk 

between NCX current and If  in multicellular level of SAN pacemaking,  

2.) to investigate the potential existence and functional role of the reverse NCX current in the 

SAN pacemaker mechanism, 

3.) to investigate the role of IK(Ca) in the SAN pacemaking,  

4.) to study the arrhythmogenic consequences of enhanced SAN pacemaking on the function 

of ventricles (i.e. test the possible role of Ca
2+

 handling and restitution in the development of 

cardiac alternans).  
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3. MATERIALS AND METHODS 

3.1 Animals 

Every experiments were accomplished in compliance with the Guide for the Care and Use of 

Laboratory Animals (USA NIH publication No 85–23, revised 1996) and were approved by 

the Csongrád-Csanád County Governmental Office for Food Safety and Animal Health, 

Hungary (approval No.: XIII/1211/2012).  

To study NCX in SAN pacemaking New-Zealand white rabbits of either sex (weighing 1,5-2 

kg) were used. The rabbits initially have received iv. injection of 400 IU/kg heparin into the 

ear vein, then they were sacrificed by concussion in order to avoid the possible 

cardiodepressant effects of any anaesthetics. The chest was opened and after the quick 

removal of the heart, it was placed into cold (4°C) solution with the following composition 

(mM): 135 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgSO4, 1 CaCl2, 10 glucose, 10 HEPES, 20 

taurine, 4.4 NaHCO3, 5 Na-pyruvic acid, pH 7.2  with NaOH. 

To study the development of cardiac alternans Beagle dogs of either sex (weighing 10-12 kg) 

were used. The animals were anaesthetized and sacrificed with iv. injection of pentobarbital 

(60 mg/kg), then the heart was rapidly removed through a right lateral thoracotomy. After the 

removal of the heart, the atria were removed and both the right and left ventricle were opened. 

Papillary muscles were excised from the right ventricle, while the left ventricular segment 

was cannulated from a coronary and placed on a modified Langendorff perfusion system for 

enzymatic digestion.  

3.2 Tissue experiments on SAN  

3.2.1 Conventional microelectrode technique on SAN 

After the removal of the heart, the atria were cut and the sinoatrial region was excised. Since 

the sinoatrial tissue had spontaneous activity in every case therefore the visible contractions 

helped us to cut as small tissue as we could. The preparations were mounted in a custom made 

plexiglass chamber and were allowed to equilibrate for 45-60 minutes while they were 

continuously superfused with O2-CO2 saturated Locke’s solution (containing in mM: NaCl 

120, KCl 4, CaCl2 1.0, MgCl2 1, NaHCO3 22, and glucose 11). The pH of this solution was 

set between 7.35 and 7.4 with a mixture of 95% O2 and 5% CO2 at 37 ºC. Since the SAN 

tissue was contracting on its own, no external stimuli were needed. APs were measured using 

conventional microelectrode technique. Tip resistance of sharp glass capillary microelectrodes 

were 10-20 MΩ, filled with 3 M KCl. Microelectrodes were connected to a high-impedance 

amplifier (Biologic Amplifier, model VF 102). Voltage output from the amplifier was 
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sampled by an AD converter (NI 6025, Unisip Ltd). Intracellular recordings were displayed 

by EvokeWave v1.49 software (Unisip Ltd.) and the following parameters were analysed: 

APDs, CLs, DD, AP amplitude. Control recordings were sampled after the equilibrium 

period. Intensive efforts were made to maintain the same impalement throughout the whole 

experiment. When the impalement was moved, an adjustment was attempted. The 

measurements were only continued if the action potential characteristics of the re-established 

impalement deviated less than 5% from the previous one. 

Beside some limiting factors (i.e. cell-to-cell coupling influence the AP waveform) measuring 

action potentials on multicellular preparations has several advantages. Firstly, without 

enzymatic dissociation all of the ion channels could remain intact. Furthermore, the SAN 

tissue is able to represent the whole heart better, since the atrial cells with more negative 

resting membrane potential could influence the SAN cells by the electrotonic coupling. It may 

have a great importance as it is known that If increases with parallel decrease in the membrane 

potential.  

3.3 Tissue experiments on ventricular myocardium  

3.3.1 Conventional microelectrode technique on canine papillary muscles 

Ventricular APs were recorded from the surface of right ventricular papillary muscles using 

the conventional microelectrode technique. The tissue placement, the external solution, the 

measuring temperature and the equilibrium period were the same as described in Chapter 

3.2.1 on SAN. As ventricular preparations have no spontaneous automaticity, the papillary 

muscles were paced with constant pulses of 5 ms length at 1 Hz through a pair of bipolar 

platinum electrodes using an electrostimulator (EXP-ST-A2, Experimetria Ltd). The sharp 

microelectrodes were similarly filled with KCl, having a tip resistance of 10-20 MΩ and were 

connected to an amplifier (Biologic Amplifier, model VF 102). Voltage output from the 

amplifier was sampled with the same AD converter mentioned above (NI 6025, Unisip Ltd). 

APs were detected by EvokeWave v1.49 software (Unisip Ltd.).  

APD alternans were measured by increasing pacing frequency using cycle lengths of 500-

300-250-230-210-190-160 ms. 20 consecutive APs were recorded at each pacing frequency. 

APD differences were analysed between long and short AP pairs within 6 consecutive pulses 

at 25, 50 and 90% of repolarization (APD25, APD50 and APD90, respectively) and the average 

of these APD differences were defined as APD alternans amplitude. 

Conventional S1S2 restitution protocol was also applied on the papillary muscles, when basic 

cycle length (BCL) was 1000 and 500 ms. Extra delays for S2 AP stimuli ranged from -50 ms 



17 

 

to 1000 ms respective to the baseline APD90. 15 S1 stimuli were applied between the S2 

stimuli. DIs refer to the proximity of the extra beat (S2) to the APD90 of the basic S1 beat 

(illustrated on Figure 20 panel A). 

3.4 Cell experiments on SAN 

3.4.1 Single SAN cell isolation 

The heart was mounted on a modified, 60 cm high Langendorff column and perfused with 

oxygenated and prewarmed (37°C) solution mentioned above in Chapter 3.1. After washing 

out of blood (3–5 min) with normal isolation solution (containing in mM: 135 mM NaCl, 4.7 

mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1 mM CaCl2, 10 mM glucose, 10 mM HEPES, 

20 mM taurine, 4.4 mM NaHCO3, 5 mM Na-pyruvic acid, pH 7.2 adjusted with NaOH) the 

heart was perfused with nominally Ca
2+

-free solution until the heart stopped beating 

(approximately 10 min). The digestion was performed by perfusion with the same solution 

supplemented with 1.8 mg/ml (260 U/ml) collagenase (type II, Worthington) and 33 µM 

CaCl2. After 14–15 min, the heart was removed from the cannula. The right atrium was cut 

and the crista terminalis and SAN region were excised and cut into small strips. Strips were 

placed into enzyme free solution containing 1 mM CaCl2 and equilibrated at 37°C for 10 min. 

After gentle agitation, the cells were separated by filtering through a nylon mesh. The cells 

were stored at room temperature. 

3.4.2 Measurement of NCX current with ramp protocol 

To study the possible role of reverse NCX current in SAN pacemaking two experimental 

groups were established. One group with active reverse NCX and the other group with 

suppressed reverse function. In order to achieve the difference between the experimental 

groups, the applied pipette solution contained 8 mM NaCl (8 mM [Na
+
]pip group) and 2 mM 

NaCl (2 mM [Na
+
]pip group), respectively. 8 mM NaCl ensured the approximately 

physiological Na
+
 level of the SAN cells, while in the other group the pipette Na

+ 

concentration was reduced to 2 mM in order to diminish the reverse mode of the NCX, 

without completely eliminating the exchanger function. Firstly, NCX current was measured 

with standard voltage ramp protocol both with 8 mM [Na
+
]pip and 2 mM [Na

+
]pip. The holding 

potential was -40 mV, then the membrane was depolarized to 30 mV having a slope of 0.7 

V/s. After this, the membrane was hyperpolarized to -70 mV. Reverse and forward mode 

operation were calculated at different membrane voltage during the downhill phase of the 

current, i.e. at 25 mV and -60 mV, respectively. The pipette solution contained (in mM): 20 
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TEACl, 125 CsCl, 5 MgATP, 10 HEPES, and 8 or 2 NaCl, titrated to pH 7.2 with CsOH. The 

intracellular Ca
2+

 was buffered to ~100 nM (by using a mixture of EGTA and Ca
2+

 calculated 

by using MaxChelator software) to approximate the normal diastolic Ca
2+ 

value.  The external 

solution contained: 135 mM NaCl, 10 mM CsCl, 10 mM TEACl, 0.33 mM NaH2PO4, 10 mM 

glucose, 1 mM MgCl2, 10 mM HEPES, 1 mM CaCl2, 20 µM ouabain, 1 µM nisoldipin, 50 

µM lidocain, titrated to pH 7.4. 

3.4.3 Measurement of NCX current under SAN AP command 

To measure the NCX current under a SAN AP, the spontaneously beating cells were paced 

using a canonical AP waveform. This AP command was obtained from our previous 

perforated patch clamp measurements by the average of 10 independent APs. The parameters 

of the pacing AP were the following: MDP: -57 mV, CL: 410 ms, overshoot: 24 mV, APD: 

180 ms, DD slope: 0.124 mV/ms. The extracellular solution contained: 135 mM NaCl, 10 

mM CsCl, 10 mM TEACl, 0.33 mM NaH2PO4, 10 mM glucose, 1 mM MgCl2, 10 mM 

HEPES, 1.8 mM CaCl2, 0.2 mM BaCl2, 20 µM ouabain, 1 µM nisoldipine, 50 µM lidocain, 1 

µM mibefradil, titrated to pH 7.4. The intracellular solution contained (in mM): 125 CsCl, 20 

TEACl, 5 MgATP, 10 HEPES and 10 EGTA titrated to pH 7.2 with CsOH, and 2 or 8 mM 

NaCl was added respectively.  

3.4.4 Measurement of IK(Ca) under SAN AP command 

The cells were paced with the previously mentioned canonical SAN AP waveform with the 

same parameters. To measure the IK(Ca), normal Tyrode’s external solution was used (in mM): 

144 NaCl, 4 KCl, 0.4 NaH2PO4, 0.53 MgSO4, 5.5 glucose, 1.8 CaCl2 and 5 HEPES, titrated to 

pH 7.4. After the control recording in Tyrode’s solution, the external solution was 

supplemented with 100 nM apamin. IK(Ca) was determined as a difference current (i.e. apamin 

sensitive current). The pipette solution contained (in mM): 1.15 MgCl2, 10 HEPES, 144 K-

gluconate.  

3.4.5 AP measurements in single SAN cells 

APs were measured using current clamp method of patch clamp by perforated or whole-cell 

configuration. The membrane potential was recorded using a gap-free acquisition protocol. As 

always, spontaneously and rhythmically contracting SAN cells were chosen. Perforated patch 

clamp measurements were performed according to the method Lyashkov et al. described
[60]

. 

Normal Tyrode’s solution was used as an external solution (see above in Chapter 3.4.4). The 

pipette solution contained (in mM): 120 K-gluconate, 2.5 MgATP, 2.5 Na2ATP, 2.5 NaCl, 5 
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HEPES, 20 KCl, titrated to pH 7.2 with KOH. Pore-forming β-escin (35 µM) was included in 

the pipette solution to achieve the membrane patch perforation. 

In contrast, when whole-cell configuration was used β-escin was omitted from the pipette 

solution that contained (in mM): 120 K-gluconate, 2.5 K2ATP, 2.5 MgATP, 5 HEPES, 20 

KCl supplemented with 8 mM NaCl or 2 mM NaCl accordingly to 8 mM [Na
+
]pip and 2 mM 

[Na
+
]pip groups, titrated to pH 7.2 with KOH.  

Membrane voltage was obtained by using an Axoclamp 1-D amplifier (Molecular Devices, 

Sunnyvale, CA, USA) connected to a Digidata 1440A (Molecular Devices, Sunnyvale, CA, 

USA) analogue-digital converter. The membrane voltage was also recorded by Clampex 10.0 

(Molecular Devices, Sunnyvale, CA, USA).   

The analysed parameters of the APs were the following: MDP, TOP, DD slope, APD and CL. 

MDP is defined as the most negative potential before the AP depolarization. TOP is the 

voltage measured at the time when the voltage derivative exceeds 0.5 mV/ms. Slope of DD 

was estimated as the mean voltage derivative of the AP between MDP and TOP. APD is 

defined as the time interval between TOP and the next MDP. CLs were analysed between the 

peaks of consecutive APs. The experiments were performed on 37°C.  

3.4.6 Ca
2+

 transient measurements in SAN cells 

CaTs were measured by optical fluorescent method when the SAN cells were loaded with 

Fluo-4 AM (5 µM) fluorescent dye. The cell suspension was kept in darkness at room 

temperature and was loaded with the dye for 20 minutes. Imaging was performed on the stage 

of an Olympus IX 71 inverted fluorescence microscope. The dye was excited at 480 nm and 

the emitted fluorescence was detected at 535 nm. Optical signals were sampled at 1 kHz and 

recorded by a photon counting photomultiplier (Hamamatsu, model H7828). Spontaneously 

beating cells were chosen, therefore no external pacing was needed to record CaTs. The 

difference between systolic and diastolic values of the CaT was defined as the CaT amplitude. 

To obtain maximal fluorescence (Fmax), the cells were damaged by the patch pipette at the end 

of the experiment. Ca
2+

 was calibrated using the following formula: Kd(F-Fmin)/(Fmax-F). The 

Kd of the Fluo-4 AM was set to 335 nM. The extracellular solution was normal Tyrode’s 

solution (as seen in chapter 3.4.4). 
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3.5 Cell experiments in ventricular myocytes 

3.5.1 Single left ventricular myocyte isolation 

The isolation process of left ventricular cardiomyocytes was similar to the isolation of SAN 

cells described above with a few differences. Only the left ventricular segment was used 

instead of the whole heart as the whole heart is much larger than the rabbit heart. The segment 

was perfused first with normal isolation solution (composition seen in Chapter 3.4.1) 

supplemented with 1 mM CaCl2  for 10 minutes, then it was replaced with Ca
2+

 free isolation 

solution for another 10 minutes. This was followed by the perfusion with isolation solution 

containing Collagenase type II (0.66 mg/ml, Worthington) and 33 µM CaCl2. In the 15
th

 

minute of the enzymatic digestion protease type XIV (0.12 mg/ml) was added to the solution. 

CaTs were measured under ventricular AP commands with different extent of APD alternans. 

The CLs of the applied AP commands were 250 ms to 210 ms. CaT alternans measurement 

was based on 6 consecutive transients, where the average CaT amplitude was calculated for 

even and odd beats. The amplitude of a single CaT was analysed as the difference between the 

peak value and the minimum directly preceding the first analyzed CaT.  

3.6 Statistical analysis 

Data in this study are expressed as mean ± standard error of means (SEM). Statistical analysis 

was performed with Student’s t-test and ANOVA with Bonferroni post hoc test or Tukey post 

hoc test. The results were considered statistically significant when p < 0.05.  
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4. RESULTS 

4.1 Investigation of forward NCX function and the NCX-If coupling in SAN 

pacemaking  

The role of NCX have been suspected in the coupled clock concept of SAN pacemaking since 

the NCX mediated inward current is directly translated to membrane potential changes via the 

operation of forward mode of the exchanger. However, direct pharmacological experiments 

have not been performed so far because of the lack of selective inhibitor. In the first part of 

this study, the role of forward NCX and the potential strong cooperation of If-NCX were 

tested with the selective NCX blocker, ORM-10962. 

4.1.1 NCX inhibition exerted CL prolongation on SAN tissue 

The selectivity of the NCX inhibitor ORM on Ca
2+

-, Na
+
- and major K

+
 currents was 

examined in a previous study showing no effect on other currents than NCX
[52]

. Since the 

majority of these experiments were performed in ventricular cardiomyocytes, the effect of 

ORM on If was not investigated
[52]

. Therefore, the initial step was to test the potential effect of 

ORM on If. As If develops at negative membrane potentials, the current was activated by a 

voltage step protocol by applying hyperpolarizing voltage pulses from a holding potential of   

-30 mV. The slowly developed current from -30 mV to -120 mV remained unchanged after 

the application of 1 μM ORM. Since ORM has no effect on other currents contributing to the 

APs in different heart regions, it is a suitable tool for investigating the role of NCX in the 

SAN pacemaking (Figure not shown).  

Spontaneous automaticity (i.e. spontaneous APs) on SAN tissue was measured by 

conventional microelectrode technique. 1 µM selective NCX inhibitor ORM slightly but 

statistically significantly increased the CL (455.6 ± 32 ms vs. 493.0 ± 38 ms; Δ = 8.1 ± 1.8% 

p < 0.05, n = 16/16 hearts, Figure 6 panel A, B, and C) without any influence on the APD 

(94.3 ± 6.7 ms vs. 96.7 ± 5.9 ms) or the CL variability (7.6 ± 1.2 ms vs. 8.1 ± 1.3 ms) shown 

on Figure 6 panel D and F. The slope of the DD phase was significantly reduced after ORM 

application (15.7 ± 3.1 mV/s vs. 10.9 ± 2.8 mV/s; n = 14/14; p < 0.05, Figure 6 panel E). The 

slope of phase 0 AP depolarization was identical during control conditions and after ORM 

superfusion (11.2 ± 2.7 V/s vs. 12.5 ± 2.3 V/s, not shown). Solvent control experiments were 

performed to exclude any effect of DMSO. The preparations maintained the stable frequency 

when DMSO was applied (440 ± 36.1 ms vs. 445 ± 37.6; n = 4). In the computational SAN 
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action potential model
[79]

 the degree of NCX current suppression required to obtain equal CL 

increase as was experimentally measured was found to be 41%.   

 

Figure 6: Effect of selective NCX inhibition in SAN tissue 

Panel A shows representative AP traces in control conditions, then after the application of ORM-10962. As 

representative traces, individual experiments on panel B and bar graphs on panel C indicate, the selective NCX 

inhibitor ORM exerted slight, but statistically significant CL prolongation in SAN tissue. ORM did not change 

the APD seen on panel D, however considerably decreased the slope of DD (panel E). Short-term CL variability 

was calculated by analyzing 30 consecutive AP cycles. Poincaré-plot of CLs and bar graph show that ORM did 

not alter the CL variability (panel F).  

4.1.2 NCX inhibition exerted larger CL lengthening effect when If was previously 

impaired 

In the next set of experiments, the supposed coupling between If and NCX was tested by the 

subsequent application of the blocking agents (Figure 7 panel A and B). If was inhibited with 

ivabradine (IVA). The effect of NCX inhibition was significantly larger when If was 

previously inhibited compared with the condition when ivabradine was not applied (8.1 ± 

1.88% versus 17.1 ± 2.5%; p < 0.05, ANOVA, Bonferroni post hoc test). A clear, gradual 

increasing ORM effect was observed on the CL with combined increasing concentration of 

ivabradine (1 µM ORM effect in the presence of 0 µM IVA: 8.1 ± 1.88%; in the presence of 

0.5 µM IVA: 9.6 ± 2.3%; in the presence of 3 µM IVA: 17.1 ± 2.5%, Figure 7 panel C). 

Ivabradine significantly increased the CL both with the concentration of 0.5 and 3 µM (p < 
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0.05, ANOVA, Bonferroni post hoc test). Axel Loewe, our cooperation colleague from 

Karlsruhe University, performed the computational modeling, then we compared the 

modeling and the experimental results (Figure 7 panel D). Using the Yaniv et. al model
[79]

, If 

inhibition was equivalent with 0%-20%-60% block corresponding to 0 μM, 0.5 μM and 3 μM 

ivabradine (Figure 7 panel D). Larger inhibition (~85%) was only set in the model, because 

the experimental application of 10 μM ivabradine has marked inhibitory effect on IKr
[80]

 which 

can also decrease the spontaneous firing rate. The modeling results show a similar tendency as 

it was seen in the experiments, despite the lack of quantitative match (Figure 7 panel D). The 

same NCX inhibition exerted larger CL prolongation with parallel increase of the If inhibition 

(Figure 7 panel D). 

 

Figure 7: Effect of combined inhibition of NCX and If in SAN tissue 

Panel A shows representative AP traces in control conditions, then after the application of ivabradine, then 

ORM-10962. As representative traces and bar graphs on panel B illustrate, selective NCX inhibitor ORM 

exerted enhanced CL lengthening effect after ivabradine pretreatment. Panel C shows the dose dependent effect 

of ivabradine on SAN AP CL plotted against the effect of consecutive administration of 1 µM ORM on CL. 

Without ivabradine, ORM exerted 8% CL lengthening effect (panel C). Increasing concentration of ivabradine 

resulted in increased ORM-induced reduction of firing rate. The numbers in parentheses represent the 

corresponding n. The experimental results were compared with the Yaniv SAN computational model on panel 

D. 0.5 and 3 µM ivabradine represent 20% and 60% If block.. Panel D shows the modeling results of combined 

If and NCX block. If was inhibited with different degrees and was combined with 41% NCX inhibition. Similarly 

to the experiments, the effect of NCX inhibition increased as If inhibition was enhanced.  
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4.1.3 Repolarization inhibition induced bradycardia does not facilitate the CL 

lengthening effect of NCX inhibition 

Ivabradine decreased the spontaneous frequency by inhibiting the inward depolarizing If 

(Figure 7 panel A). However, bradycardia can be evoked by other mechanisms as well. 

Therefore, we studied whether repolarization inhibition induced bradycardia influences the 

effect of NCX inhibition. IKr was blocked by 100 nM dofetilide (DOF) causing significant CL 

prolongation (control: 489.3 ± 31 ms → 100 nM dofetilide: 649.1 ± 40.2 ms, Figure 8 panel 

A and B). Panel A of Figure 8 shows that the CL prolongation was due to the increase of the 

APD, without affecting the DI. Subsequent administration of 1 μM ORM resulted in the same 

effect compared with the individual application of ORM (7.2 ± 1.8% vs. 8.1 ± 1.8%, Figure 8 

panel F). It is very important to highlight that the effect of dofetilide on CL was 

approximately similar to the effect of 3 μM ivabradine. However, when we observe the AP 

morphology, a remarkable difference is visible. Dofetilide mediated CL increase was an APD 

increase induced effect (APD90: 94.4 ± 3 ms vs. 187 ± 7.1 ms; p < 0.05, n = 7; DI: 338.3 ± 39 

ms vs. 352.7 ± 44.6 ms, n = 7), while ivabradine caused CL prolongation by influencing only 

the DI with no change in the APD (Figure 8 panel C, D and E). NCX inhibition and If 

inhibition both influence the DI by decreasing its slope, while dofetilide does not have any 

effect on the DD. This could be the reason why the CL lengthening effect of ORM in 

combination with prior application of dofetilide was not additive. 
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Figure 8: Effect of IKr inhibition and combined IKr-NCX inhibition on SAN tissue 

Complete block of IKr by 100 nM dofetilide caused significant CL prolongation (panel A). As representative AP 

traces and bar graphs indicate selective NCX inhibitor ORM did not further enhanced the CL prolongation after 

the application of dofetilide compared with the individual effect of ORM (panel A and B). The CL lengthening 

effect of ivabradine and dofetilide were compared in panel C, D, E and F. 0.5 and 3 µM ivabradine increased 

the DI, while dofetilide had no effect on the DI (panel C, D, E). The different mechanism could explain that the 

ORM effect after IKr inhibition was not additive (panel F).  

4.1.4 Reduction of [Ca
2+

]i increases the CL lengthening effect of If inhibition 

Results from the previous experiments show that NCX inhibition is larger when If is 

previously attenuated. This suggests a functional coupling between Ca
2+

 handling and If and 

supposes that the effect of If inhibition could also have larger effect when NCX is impaired. 

Therefore, further experiments were performed, and the potential effect of reduction in SR 

Ca
2+

 release on the effect of ivabradine was tested. After the control recording, 5 μM 

ryanodine (RYA) was applied to prevent the Ca
2+

 release induced augmentation of the 

forward NCX current. Ryanodine exerted a significant CL prolongation (437.8 ± 20.3 

ms vs. 499.8 ± 10.4 ms; p < 0.05, n = 6/6, Figure 9 panel A and B). ORM was subsequently 

applied and caused a moderate CL increase (Figure 9 panel A and B). However, when 3 μM 

ivabradine was added top of the ORM, it markedly and significantly increased the CL of SAN 

tissue (520.8 ± 29.9 ms vs. 726.6 ± 39.8 ms; p < 0.05, n = 6/6, Figure 9 panel B). Figure 9 

panel C shows that If inhibition resulted in larger CL prolongation in the presence of impaired 
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Ca
2+

 handling (RYA and ORM application, 42.4 ± 5.7%, p < 0.05, Student’s T-test) compared 

to the individual administration of ivabradine.  

 

Figure 9: Influence of Ca
2+

 handling suppression with ryanodine and ORM on the effect of If reduction 

Ca
2+

 handling suppression was achieved by 5 µM ryanodine and 1 µM ORM application. As representative AP 

traces on panel A and graph on panel B show, both compound increased the CL of APs. * means ryanodine 

compared to control, $ means ORM compared to ryanodine, and # means ivabradine compared to ORM. Bar 

graph of panel C depicts that same dose of ivabradine has markedly increased CL lengthening effect when NCX 

was priorly reduced by concomitant use of ryanodine and ORM compared with the individual effect of 

ivabradine.  

Quite similar approach to the previous one was when reduced [Ca2+
] external solution was 

used. Ca
2+

 concentration was set to 0.9 mM. Reduced extracellular [Ca
2+

] prolonged the CL 

which was further lengthened after the application of 3 μM ivabradine (control: 469 ± 39.5 ms 

→ 0.9 mM [Ca2+]o: 515.8 ± 40.8 ms → 3 µM IVA: 777 ± 58.7 ms; p < 0.05, n = 6/6 hearts, 

Figure 10 panel A and B). Ivabradine has improved CL lengthening effect when extracellular 

[Ca
2+

] is low compared with normal extracellular [Ca
2+

] settings (51.1 ± 5.1% versus 20.99 ± 

4.1%, p < 0.05; Student’s t-test, Figure 10 panel C).  
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Figure 10: Influence of Ca
2+

 handling suppression with low extracellular Ca
2+

 solution on the effect of If 

reduction 

Representative AP traces of panel A and bar graph of panel B show that the CL lengthening effect of 

hypocalcaemic (0.9 mM) extracellular solution was marginal, however subsequent application of ivabradine 

exerted considerable CL prolongation. Comparison of ivabradine effect in the presence of normal Ca
2+

 

concentration vs. low Ca
2+

 concentration revealed nearly doubled CL lengthening effect of ivabradine in 

response of Ca
2+

 reduction (panel C). * means 0.9 mM [Ca
2+

]out compared to control, # means ivabradine versus 

0.9 mM [Ca
2+

]out.  

4.1.5 Subsequent inhibition of NCX and If increases the CL variability 

Stability and rhythmicity of SAN pacemaking is essential for physiological cardiovascular 

function. CL variability was assessed by analysing 30 consecutive spontaneous APs and was 

presented on Poincaré-plots.  

Application of 1 μM ORM and 3 μM ivabradine individually decreased the spontaneous 

frequency without considerably changing the CL variability (Figure 11 panel A and B). The 

concomitant application of 5 μM ryanodine and 5 μM ryanodine + 1 μM ORM showed an 

enhancement in the CL variability, however it was not statistically significant (Figure 11 

panel C and D). In contrast, additional administration of 3 μM ivabradine remarkably and 

statistically significantly increased the CL variability (Figure 11 panel C and E).  
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Figure 11: Effect of DD currents inhibition on CL variability 

Individual application of ORM (panel A) or ivabradine (panel B) prolonged the CLs, but did not change the CL 

variability. Ca
2+

 handling suppression alone also did not influence significantly the CL variability (panel C and 

D). In contrast, ivabradine application after the combined use of ryanodine and ORM resulted in considerably 

increased CL variability as seen with blue on Poincaré plot of panel C and on the graph of panel E.  

4.2 Investigation of reverse NCX function in SAN pacemaking 

Our experimental results support the coupled clock hypothesis and the essential role of 

forward NCX in the clock-like oscillatory system. However, it is well known that the 

direction of the ionic transport through the NCX is reversible and influenced by several 

factors. As it was mentioned before, in cardiac research regarding the spontaneous 

automaticity of SAN the focus was entirely on the forward operation of the NCX. To our best 

knowledge, there is only one computational study that attributed important role to reverse 

function
[81]

. Therefore, in the other part of this study we investigated the potential existence 

and functional role of the reverse NCX current in the SAN pacemaker mechanism.  
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4.2.1 Experimental validation of 2 mM and 8 mM [Na
+
]pip groups in the measurement 

of reverse NCX current 

To study the possible role of reverse NCX current in SAN pacemaking two experimental 

groups (2 mM and 8 mM [Na
+
]pip) were established as described in chapter 3.4.2. Firstly, 

conventional NCX voltage ramp protocol was used to study the reverse NCX current in 2 mM 

and 8 mM [Na
+
]pip conditions. The effect of the selective NCX inhibitor ORM was also 

assessed and compared between the different experimental conditions to exclude any Na
+
- 

dependent action of ORM. After an 8-10 minutes incubation period in the bath solution a 

control current was recorded, then 1 µM ORM and finally 10 mM NiCl2 were applied to 

dissect the total NCX current (Figure 12 panel A). The total NCX current was calculated as a 

difference current of the control and the NiCl2 insensitive current.  As Figure 12 panel B 

indicates no outward (i.e. reverse) NCX current was found in the presence of 2 mM [Na
+
]pip, 

while NCX blockers dissected a notable outward component with 8 mM [Na
+
]pip. The 

measured and the calculated reversal potentials showed a marked difference between the 

experimental groups. In the 8 mM [Na
+
]pip group the reversal potential approximates the 

calculated value, indicating a thermodynamical room for the activation of the reverse mode 

function (Figure 12 panel C). In contrast, in the 2 mM [Na
+
]pip group the measured reversal 

potential is far from the calculated value, probably because the exact intracellular [Na
+
] 

sensed by the NCX was larger than the pipette concentration (Figure 12 panel C). This 

difference does not influence the conclusion since NCX current was negative from -60 to +30 

mV and the experiments were carried out within this range, showing no reverse component 

with 2 mM [Na
+
]pip. Forward NCX current was identical between the groups (Figure 12 panel 

B).  

ORM was used to further investigate the NCX current, since it was found to be selective 

inhibitor of NCX. Prior to this it was important to rule out any possible Na
+
-dependent effect 

of ORM. Calculating the ratio between the total NCX current and the ORM-inhibited fraction, 

no significant difference was found between the experimental groups (i.e. with different 

intracellular Na
+
 levels; 2 mM forward mode: 63.5±8%, n=6; 8 mM forward mode: 74.5±6%, 

n=7; ANOVA with Tukey post hoc test, Figure 12 panel D). ORM effect on the reverse 

component was not quantified in 2 mM [Na
+
]pip group due to the lack of reverse current, while 

the inhibitory effect on the reverse mode in the presence of 8 mM [Na]pip was: 72.5±5%, n=7. 
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Figure 12: Characterization of the experimental groups (2 mM [Na]pip vs. 8 mM [Na]pip) and the effect of 

selective NCX inhibitor ORM in both conditions 

Panel A shows representative current traces of control conditions (black), 1 μM ORM-10962 (pink) and 10 mM 

NiCl2 (green) using conventional voltage ramp protocol. Intracellular Ca
2+

 concentration was set to ~100 nM, 

Ca
2+

 - and K
+ 

currents were inhibited. Outward component of NCX was observable only in the presence of 8 mM 

[Na
+
]pip (panel A, right side). ORM-sensitive currents obtained from ramp protocol experiments are shown in 

panel B. Reduced intracellular [Na
+
] resulted in no reverse NCX component, while ORM dissected a notable 

reverse NCX current in the presence of 8 mM [Na]pip. Current-voltage characteristics of the NiCl2 sensitive 

current illustrates the lack of reverse NCX current when 2 mM [Na
+
]pip was employed (panel C). Possible 

influence of intracellular [Na
+
] on the effect of ORM is shown on bar graphs of panel D. ORM similarly inhibits 

the forward component of NCX irrespective of the intracellular [Na
+
] that may exclude Na

+
-dependent effect of 

ORM in further experiments.  

Under conventional voltage ramp protocol both ORM and NiCl2 dissected a significant 

outward current that may reflect an active reverse NCX current in SAN cells which is Na
+
-

dependent and increases as the membrane potential is getting more positive. Therefore in this 

study we consider 8 mM [Na
+
]pip group as an experimental condition with active reverse 

mode, and the 2 mM [Na
+
]pip group as having suppressed or no reverse NCX activity.     

4.2.2 Characterization of NCX current under the SAN AP 

Conventional ramp protocol showed a notable reverse NCX current, however that result does 

not prove the development of reverse NCX current under the SAN AP. In the next set of 
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experiments a canonical SAN AP waveform was used as a command potential to investigate 

the NCX current under the entire AP (Figure 13 panel A).  

Spontaneously contracting cells were chosen and the intracellular Ca
2+

 was buffered by 10 

mM EGTA. ICaL, ICaT, K
+
-currents, and INa/K were inhibited during these experiments. In order 

to fully inhibit the NCX current 10 mM NiCl2 was applied after the control recording (Figure 

13 panel B). NCX current was gained as a subtracted current from the control current and the 

current remained after the application of NiCl2. In the presence of 2 mM [Na
+
]pip a negligible 

0.33±0.3 pC outward current was observed (n=5), while in the presence of 8 mM [Na
+
]pip the 

outward current was significantly larger (2.1±0.3 pC, n=7, p<0.05) (Figure 13 panel C). This 

value is almost identical with the prediction of the Maltsev-Lakatta model (2.45 pC)
[81]

. This 

experimental condition allows estimating the total carried charges via the reverse NCX, 

however lacks the Ca
2+

 release that is fundamental driving force of NCX. Therefore, the same 

protocol was applied on SAN cells with enabled Ca
2+

 release. Aiming to avoid the ICaL 

suppressing effect of NiCl2, in these experiments ORM was used to assess the reverse NCX 

current. Similar to the results with NiCl2, an outward component of the NCX current appeared 

at the beginning of the AP, and it was absent in the 2 mM [Na
+
]pip group.   

 

Figure 13: Characterization of the NCX current under a canonical SAN AP command 

Command SAN AP is shown on panel A. Intracellular Ca
2+

 was buffered with 10 mM EGTA, Ca
2+

- and K
+
 

currents were also inhibited. Panel B illustrates the NCX current recorded in control conditions (black) and after 

the application of 10 mM NiCl2 (green). The difference current calculated from the control and NiCl2 currents 

show a significant outward component of NCX (panel C, red) in the presence of 8 mM [Na
+
]pip, while it is 

missing with 2 mM[Na
+
]pip (panel C, blue).  
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4.2.3 In the presence of active reverse NCX the CaT is larger 

Ca
2+

 influx function of the reverse NCX suggests that the active reverse NCX current could 

contribute to the Ca
2+

 handling of the SAN cells. CaTs were measured and were compared 

between the experimental groups. The same AP command was used with unbuffered 

intracellular Ca
2+

 and nisoldipin was omitted from the external solution (Figure 14 panel A). 

Diastolic Ca
2+

 level and CaT amplitude were analysed. CaT amplitude was found to be 

significantly higher with functioning reverse NCX (i.e. 8 mM [Na
+
]pip) than with no reverse 

NCX function (2 mM [Na]pip: 308±37 nM, n=14 vs 8 mM [Na
+
]pip: 539±52 nM, n=14; 

p<0.05, ANOVA with Tukey post hoc test) (Figure 14 panel B and C). The diastolic Ca
2+

 

level showed no difference comparing the groups (2 mM [Na
+
]pip: 117±14 nM, vs 8 mM 

[Na
+
]pip: 149±24 nM, n=14-14; p<0.08, ANOVA with Tukey post hoc test, Figure 14 panel 

C), while the half relaxation time was significantly longer when reverse NCX was active (2 

mM [Na
+
]pip: 112±5 ms vs. 8 mM [Na

+
]pip: 146±9 ms; n=14-14, p<0.05; ANOVA with Tukey 

post hoc test, Figure 14 panel D). 

 

Figure 14: Characterization of the Ca
2+

 transients under a canonical SAN AP command in the presence 

and absence of reverse NCX current 

Intracellular Ca
2+

 was unbuffered to enable free Ca
2+

 movements, while K
+
 currents, If and Na

+
/K

+
 ATPase were 

inhibited. Command SAN AP is shown on panel A. Amplitude of CaTs was larger with functioning reverse 

NCX (i.e. 8 mM [Na]pip), while the diastolic Ca
2+

 level remained unchanged (panel B and C). * on panel C 

refers to the difference of transient amplitudes between 2 and 8 mM [Na]pip. Similarly, the half-relaxation time of 

CaT was slower with active reverse NCX current (panel D, * refers to the half-relaxation time in comparison 

between 2 and 8 mM [Na]pip groups).  
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4.2.4 Reverse NCX activity enhances the SR Ca
2+

 content 

The larger CaT amplitude found with functioning reverse NCX suggests increased SR Ca
2+

 

content. Ca
2+

 content of the SR was measured by rapid administration of 10 mM caffeine. 

Caffeine is a worldwide used valuable tool to measure the SR Ca
2+

 content as activates the 

Ca
2+

 release via RyRs and probably also inhibits the reuptake
[82]

. Prior to caffeine application 

the steady state Ca
2+

 level of the SR was gained by 10 consecutive AP commands. The AP 

commands were immediately followed by the rapid caffeine flush under which the membrane 

potential was constantly kept at -80 mV (Figure 15 panel A). Caffeine evoked an inward 

current and a caffeine induced CaT.  

 

Figure 15: Measurement of SR Ca
2+

 content in the presence and absence of reverse NCX current 

10 consecutive conditioning AP pulses were applied to reach the steady-state SR Ca
2+

 content, then the Ca
2+ 

stores were emptied by rapid application of 10 mM caffeine (panel A). Panel B depicts representative caffeine 

induced inward current, while panel C illustrates the parallel measured caffeine induced CaT with 2 mM [Na
+
]pip 

(blue) and 8 mM [Na
+
]pip (red). SR Ca

2+
 content was calculated by analysing the inward current integral that was 

normalized to the cell capacitance. Larger SR Ca
2+

 content was found with active reverse NCX current (8 mM 

[Na
+
]pip) (panel B). As for the half-relaxation time of caffeine induced CaT, the difference did not reach the 

significant level (panel C). 

The SR Ca
2+

 concentration was calculated from the integral of the caffeine induced inward 

current with normalization to the cell capacitance. Functioning reverse NCX increased the SR 
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Ca
2+

 content shown in Figure 15 panel B (8 mM [Na
+
]pip: -3.7±0.5 C/F, n=11; 2 mM [Na

+
]pip: 

-2.3±0.3 C/F, n=11; p<0.05, unpaired t-test). The half-relaxation time of the caffeine induced 

Ca
2+

 transient showed an increasing tendency with higher intracellular Na
+
 level, however did 

not reach the statistically significant level (8 mM [Na
+
]pip:1.59±0.18 s, n=17; 2 mM [Na

+
]pip: 

1.2±0.16 s, n=16) (Figure 15 panel C). 

4.2.5 Active reverse NCX enhances the spontaneous AP firing rate 

Since the main role of the SAN operation is setting the actual pacemaker frequency, it is 

important to study how does the reverse NCX mediated Ca
2+

 influx contribute to the 

pacemaking. Spontaneous frequency of SAN cells were measured using whole cell patch 

clamp technique with current clamp mode. Parallel with the APs, CaTs were also detected 

from the cells. The frequency was calculated by analysing the CLs of 30 consecutive AP. We 

found higher frequency, i.e. shorter CLs in the presence of active reverse NCX (8 mM 

[Na
+
]pip: 369±15 ms vs 2 mM [Na

+
]pip 463±38 ms; p<0.05, n=8-8) (Figure 16 panel A and B). 

The underlying mechanism under the frequency enhancement could be the increased slope of 

the diastolic depolarization or the shortened APD. Functioning reverse NCX directly and 

indirectly influences both mechanism, therefore a steeper DD (0.12±0.02 mV/ms vs 

0.07±0.01 mV/ms; p<0.05, n=8-8) and shortened APD (189±3 ms vs 232±11 ms; p<0.05, 

n=8-8) were found in the presence of 8 mM [Na
+
]pip (Figure 16 panel C and D). CaT 

amplitude was larger with 8 mM [Na
+
]pip (420±52 nM vs 250±22 nM; p<0.05, n=8-8) as 

illustrated on Figure 16 panel A and E.  
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Figure 16: Characterization of spontaneous AP firing rate in SAN cells in the presence and absence of 

reverse NCX current 

APs and parallel CaT were measured by whole-cell configuration of patch clamp technique in current clamp 

method. Blue traces and blue bar graphs represent suppressed reverse NCX function (i.e. 2 mM [Na
+
]pip), while 

active reverse NCX function (i.e. 8 mM [Na
+
]pip) is marked with red. CLs of APs were shorter (panel A and B), 

the DD slope was steeper (panel A and C), the APD was also shorter (panel A and D) and CaT amplitude was 

larger (panel A and E) in the presence of active reverse NCX.  

Another approach was also used to confirm the role of reverse NCX function in the SAN 

pacemaking. Reverse NCX function was facilitated by the inhibition of Na
+
/K

+
 ATPase with 

1 μM strophantin. The inhibition of the pump enhances the intracellular [Na
+
]. Strophantin 

increased the intracellular [Ca
2+

] by 18.9±6% (n=6) and increased the spontaneous frequency 

(CL: 433±25 ms vs 389±11 ms, p<0.05, n=6) with increased DD slope (0.09±0.008 mV/ms vs 

0.11±0.006 mV/ms, p<0.05). Representative APs and bar graphs that indicate the observed 

changes are depicted on Figure 17  panel A and B. APD remained unchanged (222±18 ms vs 

219±10 ms, n=6, Figure 17 panel B).  

In the next set of experiments, ORM was applied prior to strophantin administration to block 

the NCX. We assumed that if the reverse NCX is responsible for the Ca
2+

 gain seen with 

strophantin, in these experiments with ORM the Ca
2+

 increase would be missing. Indeed, no 
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change in the intracellular Ca
2+

 level was found after strophantin when the NCX was 

previously blocked. Furthermore, the previously measured AP parameters also remained 

unchanged (CL: 466±50 ms vs 450±26 ms; slope: 0.09±0.01 mV/ms vs 0.08±0.01 mV/ms; 

APD: 236±10 ms vs 244±17 ms; n=6, Figure 17 panel C and D). 

 

Figure 17: Characterization of spontaneous AP firing rate and CaTs in SAN cells after Na
+
/K

+
 ATPase 

inhibition mediated enhancement of reverse NCX 

APs and parallel CaTs were measured by perforated patch clamp technique in current clamp method. Na
+
/K

+
 

ATPase block by 1 µM strophantin enhances the reverse NCX current (see the text for detailed mechanism). 

Strophantin induced AP CL prolongation, DD slope increase and larger CaT amplitude compared to control 

conditions (panel A and B). In contrast, when 1 µM ORM was added prior to strophantin (i.e. reverse NCX was 

inhibited), Na
+
/K

+
 ATPase block could not change AP parameters and CaT amplitude (panel C and D).  

4.3 IK(Ca) has no role in the spontaneous SAN pacemaking  

Spontaneous AP measurements revealed enhanced firing rate with 8 mM [Na
+
]pip, while the 

APD also shortened. This interesting APD shortening could be a consequence of the higher 

[Ca
2+

]i induced faster ICaL inactivation, or due to an additional repolarizing current activation 

via possible activation of the small-conductance Ca
2+

-activated K
+
-channels, as was reported 

in a previous study
[83]

. Since IK(Ca) carries a functional repolarizing current that depends on the 

intracellular Ca
2+

 level, it is possible that IK(Ca) also influence the spontaneous frequency. We 

measured the possible contribution of IK(Ca) in the pacemaking under the previously defined 
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SAN AP command. Control current was recorded in Tyrode’s solution, then 100 nM apamin 

was added to dissect the apamin sensitive IK(Ca) current (Figure 18). Negligible apamin 

sensitive current was found in normal conditions (Figure 18). To further test the assumption, 

spontaneous APs were measured in this case as well. APs were measured by perforated patch 

clamp technique. Apamin failed to alter any parameter of the spontaneous APs as seen on 

Figure 19 (control → apamin; cycle length: 391 ± 30 ms → 388 ± 33 ms; cycle length 

variability: 43 ± 10 ms → 41 ± 13 ms; APD: 176 ± 17 ms → 193 ± 25 ms; slope of diastolic 

depolarization: 0.08 ± 0.01 mV/ms → 0.08 ± 0.01 mV/ms; n = 7). This finding and the 

negligible current found under the AP support that IK(Ca) has no role in the spontaneous 

pacemaking.  

 

Figure 18: Characterization of apamin sensitive current under canonical SAN AP command 

Control current recording (blue trace) was followed by the application of 100 nM apamin (red curve).  As 

representative traces and dot chart also demonstrate, IK(Ca)  inhibition did not alter the peak of the total current, 

claiming negligible IK(Ca) in SAN cells.  
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Figure 19: Characterization of spontaneous AP firing rate in SAN cells after IK(Ca) inhibition 

Panel A shows control current recording (blue traces) followed by 100 nM apamin application (red traces). 

Apamin had no change in AP CLs (panel B), in CL variability (panel C), in APD (panel D) and in the slope of 

DD (panel E). STCLV: short-term cycle length variability, APD: action potential duration 

4.4 Cardiac alternans show a restitution independent nature that is associated 

with enhanced frequency 

APD restitution and AP alternans protocol were measured on intact subendocardial 

tissue.  Figure 20 panel A illustrates the used S1S2 restitution protocol. The S1S2 restitution 

was recorded at both BCL of 1000 and 500 ms, but only the BCL of 1000 ms is presented 

here on Figure 20 panel B. Alternans were observable in all cases (n=20) with clear 

frequency threshold, i.e. when the pacing length was equal or shorter than 250 ms. Alternans 

were maintained from the start to the end of the protocol without any decline in the amplitude 

of APD oscillation. Restitution slopes and corresponding amplitude of APD alternans were 

compared on Figure 20. Our results show that alternans were inducible even if the restitution 

slope was smaller than 1, and data show mainly weak and in some cases moderate 

correlations between the restitution slope and alternans amplitude at different repolarization 

levels of APD (Figure 20 panel B). Parallel with the demonstration of negligible role of 

restitution slope in the development of cardiac alternans, strong correlation was found 

between CaT and AP alternans amplitude. Stimulus AP command from a CL of 250 to 210 
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ms was applied to ventricular cardiomyocytes and CaTs were measured (Figure 21 panel A). 

The CaT amplitude oscillations are plotted against the corresponding APD90 alternans on 

Figure 21 panel B. A close relationship between APD and CaT amplitude alternans is 

observable: larger APD alternans were associated with larger CaT amplitude alternans (n=15). 

Non-alternating AP sequence failed to induce CaT alternans as seen on Figure 21 panel C, 

which finding assumes the possible role of transmembrane ionic currents (e.g. recovery 

kinetics of ICaL).  

 

Figure 20: Relationship of AP alternans and standard S1S2 restitution 

Panel A depicts the applied S1S2 restitution protocol. The basic cycle length was 1000 ms. Panel B illustrates 

correlation tests between alternans and restitution slopes. APD90 is presented in the first row, APD50 in the 

second row, while bottom row demonstrates APD25. It is observable that AP alternans developed even if the 

slope of restitution was smaller than 1, and data show weak correlations between the variables.  
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Figure 21: Relationship of action potential alternans and Ca
2+ 

transient alternans 

Panel A demonstrates parallel measurements of AP and CaT recorded at 250 and 210 ms of basic cycle length. 

Marginal AP alternation cause minor CaT alternans (left side of panel A), however remarkable CaT alternans 

are present when AP alternans are enhanced (right side of panel A). This linear association between AP 

alternans and CaT alternans is presented in panel B. Panel C shows that rapid pacing non alternating AP 

sequence failed to induce CaT alternans. The membrane currents were identical and the evoked CaTs showed 

negligible alternans. 
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5.  DISCUSSION 

Previous data on the Ca
2+

 dependent molecular mechanisms underlying the spontaneous 

activity of SAN cells are controversially discussed. Therefore the aim of this study was to 

investigate the assumed contribution of 1) forward NCX, 2) reverse NCX, 3) IK(Ca) in SAN 

automaticity and 4) to analyse the rate-dependent consequence of SAN pacemaking on the 

ventricular AP morphology. 

5.1 Forward mode of the NCX has an important role in the spontaneous 

automaticity forming a strong functional coupling with If 

A slight, but statistically significant decrease in the spontaneous AP firing rate was found in 

SAN tissue after selective NCX inhibition by ORM. ORM prolonged the CL by decreasing 

the steepness of the DD phase. The CL prolongation of ORM is a direct experimental 

evidence proving the contribution of the inward depolarizing NCX current in the spontaneous 

rhythm generation. Yaniv et al. showed in cellular level that not only the frequency decrease, 

but the parallel increase of rhythm variability reports the uncoupling of If-NCX cooperation 

and the destabilization of the DD
[84,85]

. In our experiments the CL variability did not change 

and the pacing rate was only slightly reduced, therefore we suggest that individual NCX 

inhibition does not result considerable uncoupling of If-NCX. If we think about that fact that 

the coupled clock mechanism suggests a crucial role of the NCX current in the SAN 

pacemaking, one may ask why the NCX inhibition mediated CL prolongation was relatively 

small. Previously, Gao et al. showed that partial ablation of NCX (~70-80%) using a genetic 

mouse model has also a moderate slowing effect on the baseline spontaneous frequency
[86]

. It 

was found, that even a small contribution of NCX is able to generate enough inward 

depolarizing current to maintain the normal SAN activity
[45]

. In line with this, our results 

indicate that a functional coupling between NCX and If is present and is able to compensate 

for the NCX inhibition mediated reduction of the firing rate. The compensating reserve 

capacity between the currents could be the underlying cause for the moderate effect of 3 μM 

or 10 μM ivabradine on CL. Caesium was also unable to terminate the spontaneous AP firing 

even though it completely blocks the If
[12]

. Voltage dependent block of ivabradine or caesium 

could be an explanation for this finding
[87]

, or it is also possible that If serves as an insulator 

by protecting the SAN cells from the negative electrical sink of the surrounding atrial cells
[88]

. 

However, the functional coupling of If and NCX could also contribute to the observed 

results
[20,84]

. Functional cooperation of If and NCX can create a phenomenon that is similar to 
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the repolarization reserve in cardiomyocytes
[89-92]

, and it can prevent the SAN cells from 

notable changes in the spontaneous frequency caused by individual inhibition of NCX or If.  

In the next set of experiment, the SAN firing rate was decreased by complete block of IKr that 

caused a statistically significant CL prolongation by enhancing the APD. In this case, NCX 

inhibition provided the same effect to the case when ORM was applied individually. The 

underlying reason could be the If dependent compensation of the NCX effect.  

Assuming that a strong cooperation exists between NCX and If, the “crosstalk” should work 

vica versa, i.e. the impairment of Ca
2+

 handling properties should affect If. In line with 

previous data
[93]

, joint application of ryanodine and ORM caused ~20% increase in the CLs. 

Subsequent administration of ivabradine exerted considerably larger CL lengthening effect 

than in experiments where ivabradine was applied alone.  

Similar augmentation of ivabradine effect was found when Ca
2+

 handling was suppressed by 

application of low extracellular Ca
2+

 solution. These experiments suppose that reduction of 

intracellular [Ca
2+

] decreases the function of forward NCX current leading to decreased DD 

slope. The reduced net current during the DD therefore provides improved effect of If 

inhibition.  

Previous studies assumed that If-NCX coupling not only set the actual spontaneous firing rate 

but it may have an important role in the maintenance of the stable rhythm of SAN. Based on 

this, CL variability could be another suitable indicator of the integrity of the coupling, as a 

considerable CL increase leads to significant If-NCX uncoupling. Our experiments indicated 

that individual inhibition of NCX or If does not upset the rhythmicity of pacemaking. 

However, when both currents were reduced, besides the remarkable CL prolongation, a 

perturbation in the spontaneous rhythmicity also appeared resulting from the exhausted 

capacity of If-NCX coupling to depolarize the membrane.  

Taking together, If and NCX contributes to DD forming a “pacemaker reserve”. Similar to the 

concept of repolarization reserve, individual inhibition of NCX or If does not lead to excessive 

decrease of automaticity because the other, intact current is able to compensate for the effect 

of inhibition. This crosstalk could increase the robustness of pacemaking by providing a 

safety margin. 
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5.2 Reverse mode of the NCX contributes to pacemaking by refilling the Ca
2+ 

clock 

The transport direction of Na
+
/Ca

2+
 exchanger is determined by the actual thermodynamical 

properties of the cells. Reversal potential of the exchanger (ENCX) is calculated from ENCX= 

3ENa-2ECa equation. When the actual membrane potential is more positive than ENCX, the 

reverse operation is favored (i.e. Ca
2+

 entry), mostly at the beginning of the AP. However, 

when membrane potential becomes more negative than ENCX, the direction of the ionic 

transport changes, and Ca
2+

 efflux is provided by forward operation mode. The presence or 

absence of reverse NCX in various cell types is defined by the actual thermodynamical 

driving force. In cardiomyocytes reverse NCX is expected at the initial phase of the AP when 

the intracellular Ca
2+

 is low and the AP is above 0 mV. Time window for the operation of 

reverse NCX is short, as the intracellular Ca
2+

 rapidly increases shifting ENCX more positive 

where forward NCX is favored. Research regarding the SAN pacemaking set the focus on 

forward NCX function, therefore we did not have any experimental data on the existence of 

reverse NCX current is SAN cells. The reverse mode activity was suggested by modelling 

simulations of Lakatta et al., however it was not verified experimentally so far
[81]

. 

NCX equilibrium potential (calculated based on our experimental results) suggests a potential 

development of reverse NCX current in the first 55-65 ms of the AP. In line with this 

calculation, an outward NiCl2 sensitive current was observed in this time range when 

intracellular [Na
+
] was 8 mM, but no outward current appeared when intracellular [Na

+
] was 

reduced to 2 mM in the pipette. Similar result was obtained when ORM was applied (Figure 

not shown). This result indicates that a NiCl2- and ORM-sensitive and [Na
+
]i dependent 

outward current is active during the first part of the SAN AP where the membrane potential is 

depolarized. This characteristic of the current suggests that reverse NCX exists during the 

SAN AP.  

Since SR serves as the Ca
2+

 clock, SAN pacemaking is considerably depends on the actual 

Ca
2+

 content of the SR. Therefore, effective refilling of the SR is critical for SAN 

pacemaking. It is well known that ICaL has essential role in SR refilling, however a functional 

reverse NCX could also contribute to SR refilling. Larger SR Ca
2+

 content and consequently 

larger Ca
2+

 transient amplitude was found in the presence of active reverse NCX. It suggests 

that active reverse mode provides an additional Ca
2+

 influx – supporting the ICaL function – 

making the SR refilling a redundant mechanism that could improve the robustness of SAN 

pacemaking. An interesting further question was whether this additional, reverse NCX 
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mediated Ca
2+ 

influx has any role in setting the actual SAN CL. AP measurements with 2 and 

8 mM [Na
+
] in the pipette solution revealed that in the presence of active reverse mode the CL 

was shorter and the diastolic slope was steeper. 

Interestingly, the APD also shortened in the presence of active reverse exchange. Shortening 

of the APD could be the result of faster ICaL inactivation induced by the higher intracellular 

Ca
2+

 concentration or it could be a result of other Ca
2+

 dependent current activation.  

Previous study reported CL shortening followed by digoxigenin induced increase in [Na
+
]i 

with parallel increase of [Ca
2+

]i
[94]

. In our experiments, 1 μM strophantin was used to increase 

[Na
+
]i via the inhibition of Na

+
/K

+
 ATPase. Rise in intracellular [Na

+
] is expected to cause a 

shift of ENCX towards more negative values where reverse component of NCX is able to 

increase. Accordingly, higher AP pacing frequency was found in response to Na
+
/K

+
 ATPase 

block by strophantin. Our experimental observations strongly suggest that amplification of 

reverse NCX could further enhance the spontaneous pacemaking. To further verify that 

reverse NCX is responsible for the frequency enhancement, the exchanger was inhibited by 

ORM prior to strophantin application. In the presence of NCX block strophantin failed to 

change the spontaneous firing rate, which could be attributable to the unchanged [Ca
2+

]i after 

strophantin administration in the presence of reverse NCX block. Similar results were found 

in canine ventricular cardiomyocytes where 1 μM ORM-10103 pretreatment suppressed the 

strophantin induced spontaneous diastolic Ca
2+

 release
[95]

.  

Lakatta et al. model was used to assess the effects of [Na
+
]i changes on several parameters. 2, 

4, 6, 8, 10 mM [Na
+
]i concentrations were set to analyse the spontaneous frequency, reverse 

NCX current, CaT and SR Ca
2+

 content. Increase of [Na
+
]i enhanced the spontaneous 

automaticity and a gradual increase of reverse NCX current was also detectable. Both the 

intracellular Ca
2+

 content and SR Ca
2+

 content increased in line with enhanced [Na
+
]i. 

Modelling results further support that reverse NCX mediated Ca
2+

 influx provides an 

important fraction of total SR Ca
2+

 content, therefore reverse NCX could contribute to fine 

tuning of the heart rate.  

Large body of studies showed that SAN is a functionally and electrophysiologically 

heterogeneous structure 
[96-98]

. During physiological cardiac activation, the spontaneous AP is 

generated in the center region of the SAN, and then the AP is conducted through the periphery 

to crista terminalis
[99]

. In the central region the cells are smaller compared to those in the 

peripheral zone and contain fewer myofilaments 
[98,99]

. The AP properties are also different 

between the central region and transitional- or peripheral region. Previous studies reported 

intracellular Ca
2+

 handling heterogeneity between the regions as the expression of Ca
2+
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regulatory proteins also differs 
[100]

. As for the reverse NCX, two important regional 

differences are present. Starting from the central regions the action potential upstroke 

becomes larger and the CL shortens as the AP spreads towards to the peripheral zone
[96]

. 

These differences could be the consequence of the larger atrial influence and the higher 

contribution of If in the peripheral zone, while different role of ICaL could also affect the AP 

morphology. Considering our results, it is reasonable that the small upstroke in central 

pacemaker cells considerably restricts the reverse NCX function, while the distal cells 

promote increasing amount of reverse NCX contribution. Accordingly, reverse NCX could 

also contribute to the electrophysiological heterogeneity of SAN as increasing reverse NCX 

gradient from the central area to the periphery contributes to the observed AP CL shortening 

in transitional and peripheral SAN cells. 

5.3 I(KCa) has no role in the spontaneous automaticity in basal conditions 

When 8 mM [Na
+
] was used in the patch pipette the SAN APD was shortened. This finding 

raises the possibility that other Ca
2+

 dependent mechanisms, such as Ca
2+

-activated K
+
-current 

could contribute to APD shortening. In contrast, we found no apamin sensitive current and in 

line with this, we failed to observe apamin induced frequency alteration and AP morphology 

change in SAN cells under normal conditions. Similar results were observed in a recent 

clinical trial. In a randomized, double-blind, placebo controlled phase I study by Gao et al., 

forty-seven healthy male volunteers were enrolled and examined after receiving IK(Ca) blocker 

AP30663 in single ascending dose
[101]

. No effect of AP30663 was seen on 

electrocardiographic parameters, such as RR interval, irrespective of the applied dose
[101]

. 

This finding is in line with our experimental results claiming negligible apamin sensitive 

current during the SAN action potential in response to dynamic intracellular Ca
2+

 changes 

under basal conditions.  

5.4 Ventricular alternans are independent from restitution 

In our tissue experiments it was found that the APD gradually shortened as pacing frequency 

increased, and when pacing rate reached a given threshold, APD alternans developed in all 

cases. At the same time, the development of APD alternans could be induced irrespective of 

the restitution slope, i.e. alternans appeared when restitution slope was steep or flat. This 

result indicates negligible role of restitution curve in the prediction of alternans. A close 

relationship was found between APD and CaT alternans, supporting bidirectional coupling 

between membrane potential (i.e. action potential) and Ca
2+

 handling: when APD alternans 
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were larger, CaT alternans were also enhanced.  The magnitude of alternans of both variables 

was larger in the presence of higher pacing frequency.  

Our results imply that alternans could be considered as a deleterious consequence of excessive 

SAN frequency. It is important to note that despite of the fact that alternans are frequency 

induced, under healthy condition the threshold frequency required for alternans induction is 

out of the range of physiological heart rate. However, in several diseases such as heart failure, 

the threshold frequency could be shifted toward lower frequencies
[66]

. In this case alternans 

induction can occur via slightly increased heart rate that may cause life threatening 

arrhythmias
[70]

.  

6. CONCLUSION 

In conclusion, it was found that If-NCX cooperation - in maintaining the diastolic 

depolarization - as well as the ICaL-reverse NCX cooperation - in refilling the SR - may 

provide two parallel redundant systems to make the sinoatrial node pacemaking more robust, 

i.e. fail-safe. SAN pacemaking considerably influences the morphology of the ventricular 

action potentials and above a given frequency threshold it can induce alternans which are 

irrespective of restitution. 

The main findings of this Ph.D. thesis are the followings:  

1.) With the direct pharmacological inhibition of NCX, we provided experimental evidence 

regarding the role of forward NCX in the spontaneous pacemaking, furthermore, our data also 

supported a strong coupling between NCX and If. Individual inhibition of the currents does 

not lead to significant frequency changes and does not perturb the rhythmicity and stability of 

spontaneous automaticity. If and NCX may be able to develop a pacemaker reserve capacity, 

where they can compensate each other’s operation ensuring stable pacemaking.  

2.) In agreement with previous computational simulations
[81]

 a voltage-, and [Na
+

i] dependent 

outward current was found during the initial part of the SAN action potential which was 

sensitive to ORM and NiCl2, indicating that the current is reverse NCX. Reverse NCX 

mediated Ca
2+

 influx contributes to SR Ca
2+

 refilling and facilitates SAN pacemaking. 

3.) Negligible Ca
2+

 activated K
+
 current was developed under the SAN action potential, 

indicating no function of the current in the rhythm generation in normal conditions. 

4.) Restitution has no role in the prediction of APD and CaT alternans. 
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Abstract: Sinus pacemaking is based on tight cooperation of intracellular Ca2+ handling and
surface membrane ion channels. An important player of this synergistic crosstalk could be the
small-conductance Ca2+-activated K+-channel (ISK) that could contribute to the sinoatrial node (SAN)
pacemaking driven by the intracellular Ca2+ changes under normal conditions and beta-adrenergic
activation, however, the exact role is not fully clarified. SK2 channel expression was verified by
immunoblot technique in rabbit SAN cells. Ionic currents and action potentials were measured by
patch-clamp technique. The ECG R-R intervals were obtained by Langendorff-perfusion method
on a rabbit heart. Apamin, a selective inhibitor of SK channels, was used during the experiments.
Patch-clamp experiments revealed an apamin-sensitive current. When 100 nM apamin was applied,
we found no change in the action potential nor in the ECG R-R interval. In experiments where
isoproterenol was employed, apamin increased the cycle length of the SAN action potentials and
enhanced the ECG R-R interval. Apamin did not amplify the cycle length variability or ECG R-R
interval variability. Our data indicate that ISK has no role under normal condition, however, it
moderately contributes to the SAN automaticity under beta-adrenergic activation.

Keywords: SAN pacemaking; small-conductance Ca2+-activated K+-channels; ISK; heart rate

1. Introduction

The Ca2+-activated K+-current was first described in neurons in 1974 [1]. The existence
and functional role of the Ca2+-activated K+-current in the heart was addressed in 1983 and
it was concluded that there is no such current in the ventricular myocardium that carries
exclusively K+-ions and is activated by intracellular Ca2+ [2]. In 2003, Xu et al. reiterated
this issue and described a notable small-conductance Ca2+-activated K+-current (ISK) in
ventricular and atrial myocytes of mice and human [3]. Recently, it was found that ISK
has an important role in several diseases and conditions such as atrial fibrillation, heart
failure [4–6], cardiac memory [7,8], and J-wave syndrome [9]. Its important role was shown
in normal atrial electrophysiology [10], however, no role was found in ventricular myocytes
under normal conditions [11].

Considering that ISK is a Ca2+-driven K+-current, theoretically it could have an impor-
tant function in sinoatrial node (SAN) automaticity via providing a functional link between
the intracellular Ca2+ and the repolarization process, especially under beta-adrenergic
condition. However, the function of ISK in SAN cells is poorly elucidated. Recently,
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Chen et al. and Torrente et al. demonstrated that ISK contributes to the SAN pacemaking
in normal rabbit and mouse SAN cells and NCX-knock out cell line [12,13]. In rabbit
SAN cells, ISK was even claimed as a key player of the pacemaking mechanism and action
potential morphology.

The underlying mechanism of the SAN automaticity, after a long and intense debate,
seems to be settled in a concept of the so-called coupled-clock mechanism [14]. It is widely
accepted that SAN automaticity is based on the mutual crosstalk of the Ca2+-handling and
surface membrane ion channels, where the ensemble of the membrane currents (ICaL, ICaT,
IKr, If, INCX) and the rhythmical Ca2+ releases from the sarcoplasmic reticulum (local Ca2+

releases, LCR, Ca2+-clock) form a robust, flexible coupled system, where neither part is
dominant, and work synergistically [15]. The ISK, if functionally exists, could be a new
component of this coupled-clock system.

Pharmacological control of the heart rate is a crucial intervention of the daily clinical
practice in several diseases. However, the applied drugs, such as beta1-adrenoreceptor
antagonists, funny current inhibitors (ivabradine), or L-type Ca2+ channels blockers (ver-
apamil, diltiazem) have several limitations [16,17]. Since ISK is a Ca2+-driven current, its
contribution to pacemaking could be augmented under beta-adrenergic activation, but
this issue was not previously examined. The aim of this study was to investigate the
role of ISK and its pharmacological inhibition under normal conditions as well as during
beta-adrenergic activation in rabbit SAN cells and on isolated heart.

2. Results
2.1. Immunoblotting and Confocal Microscopy

SK2 expression was directly detected on isolated sinus node cells. Confocal microscopy
on immunostained sinus node cells revealed abundant expression of SK2 channels on the
surface membrane (Figure 1A). The SK2 fluorescence intensity does not show difference
from the sinus node-specific HCN4 (n = 16 cells/4 animals; p = 0.97; Figure 1B). Colo-
calization of the SK2 immunofluorescence with WGA Texas-Red fluorescence was then
analyzed by Pearson’s Correlation Coefficient (PCC) and we found that average PCC values
of SK2 (0.82; (0.75–0.86)) were similar with HCN4 (0.82; (0.76–0.89); n = 16 cells/4 animals;
p = 0.89; Figure 1C). These data suggest that SK2 is represented in the membrane of sinus
node cells as HCN4.

Figure 1. (A) shows representative immunofluorescent images of rabbit sinus node cells with SK2
and HCN4 immunolabelling. (B) shows the relative expression of SK2 and HCN4. There were
no significant changes between the SK2 and HCN4 fluorescence intensity. (C) shows fluorescence
colocalization analysis. One data point represents one animal. Four cells were evaluated and
averaged from each animal. Data are presented as mean ± SEM, applied statistical probe was
unpaired Student’s t-test (p ≤ 0.05).
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2.2. Measurement of the Apamin-Sensitive Current

In the first set of electrophysiological measurements, we aimed to investigate the
potential existence of ISK in SAN cells. In order to address this issue, a selective inhibitor
apamin was employed in 100 nM concentration, which fully inhibits all three isoforms of
the SK-channels. As SK-channels carry Ca2+-sensitive current, the intracellular Ca2+ level
was set to 500 nM to activate the channels by using an appropriate mixture of EGTA and
CaCl2. Rectangular voltage steps were applied from −80 mV to 50 mV from a holding
potential of −60 mV. Application of apamin revealed a time-independent apamin-sensitive
current within the membrane potential range of −40 to 50 mV (Figure 2).

For further validation of the current, in the next set of experiments we buffered the in-
tracellular Ca2+ with 10 mM BAPTA, and the same voltage protocol was applied (Figure 3).
In this case, 100 nM apamin failed to dissect any current fragment from the control current,
indicating that no ISK was activated without free intracellular Ca2+.

Figure 2. Characterization of the apamin-sensitive current. (A) illustrates the applied voltage
protocol. (B) shows total membrane current under control condition (left curves), after 100 nM
apamin application (middle curves), and the apamin sensitive current (right curves). (C) shows the
current-voltage diagram of the control and apamin-treated currents and (D) illustrates the current-
voltage relationship of the apamin-sensitive current. Statistical analysis was performed by paired
t-test (p < 0.05).
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Figure 3. Characterization of the apamin-sensitive current. For further validation, the intracellular
solution was heavily buffered with 10 mM BAPTA. Under this condition, the apamin failed to dis-
sect any current from the control recording. (A) shows representative current traces under control
condition (blue curve) and in the presence of 100 nM apamin (red curve) at 20 mV voltage pulse.
(B) shows the current-voltage diagram where control and apamin resulted in identical curves. Statis-
tical analysis was performed by paired t-test.

The apamin-sensitive current was also determined under a representative SAN action
potential waveform, in the absence and in the presence of 200 nM isoproterenol without
using Ca2+-chelators in the patch pipette. Figure 4A demonstrates that 200 nM isoproterenol
did not change the diastolic Ca2+ level (104 ± 30 nM→ 131 ± 33 nM; n = 8, N = 6; p = 0.13).
The systolic peak was 566 ± 99 nM under control condition and was significantly increased
to 732 ± 112 nM after isoproterenol application (n = 8, N = 6; p < 0.05). In the absence
of isoproterenol, 100 nM apamin failed to significantly alter the peak of the total current
(76 ± 8 pA→ 59 ± 9 pA; n = 8, N = 5; panel B). In contrast, when 200 nM isoproterenol was
applied previously, 100 nM apamin markedly decreased the peak of total current (144 ± 33
pA→ 78 ± 15 pA; p < 0.05; n = 8, N = 6; panel C). Panel D demonstrates the comparison
of apamin-sensitive currents in the absence (black curve) and in the presence of 200 nM
isoproterenol (18 ± 6 pA vs 65 ± 20 pA; p < 0.05). The average cell capacitance of the
current measurements was: 56.7 ± 4 pA/pF (n = 32).
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Figure 4. Measurement of apamin-sensitive current under a representative SAN action potential
waveform in the absence and in the presence of 200 nM isoproterenol (ISO). (A) demonstrates the
effect of 200 nM isoproterenol on Ca2+ transients. When isoproterenol was omitted, 100 nM apamin
(red curve) did not alter the peak of the total current (blue curve, panel (B)). In the presence of
200 nM isoproterenol, 100 nM apamin (red curve) decreased the peak current (green curve, panel
(C)). Representative original traces were determined after subtraction of currents. When 200 nM
isoproterenol was employed, the apamin-sensitive current (purple curve) was larger than under
normal conditions (black curve, panel (D)). Paired and unpaired t-tests (p < 0.05).

Since the SK-channels are expected to carry a functional current depending on the
intracellular Ca2, they may contribute to the SAN action potential and pacemaking in rabbit-
isolated SAN cells. This assumption was investigated in the subsequent experiments.

2.3. The ISK Has No Role in the SAN Pacemaking under Normal Condition

The effect of selective SK-channel inhibition was tested in SAN pacemaking under
basal condition (i.e., without beta-adrenergic modulation) by applying 100 nM apamin.
Action potentials were measured by perforated patch-clamp technique from spontaneously
beating SAN cells. It was found that apamin failed to influence any parameter of the SAN
action potential (control→ apamin; cycle length: 391 ± 30→ 388 ± 33 ms; cycle length
variability: 43 ± 10 → 41 ± 13 ms; APD: 176 ± 17 → 193 ± 25 ms; slope of diastolic
depolarization: 0.08 ± 0.01→ 0.08 ± 0.01 ms; n = 7, Figure 5).
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Figure 5. Action potential recordings from isolated SAN cells by perforated patch-clamp technique
under normal condition. After control recordings (blue curve), 100 nM apamin was employed (red
curve, (A). Bar graphs reported identical cycle lengths (B), short-term cycle length variability (C),
APD (D), and slope of diastolic depolarization (E). Statistical analysis was performed by paired t-test.

2.4. ISK Contributes to the SAN Action Potential under Beta-Adrenergic Activation

The failure of apamin to influence SAN pacemaking demonstrated in Figure 5 in-
dicated that the intracellular Ca2+ level may not reach an appropriate level to activate a
sufficiently large current during the action potential. In this set of experiments, we activated
the beta-receptors by the application of 200 nM isoproterenol to enhance the intracellu-
lar Ca2+ content of the cells. Under this condition (Figure 6), the application of 100 nM
apamin significantly lengthened the cycle length (323 ± 17→ 387 ± 28 ms, p < 0.05, n = 7),
without altering the short-term cycle length variability in a statistically significant manner
(26 ± 6→ 40 ± 11 ms, p = 0.21, n = 7), but prolonged the APD (153 ± 10→ 176 ± 8 ms,
p < 0.05, n = 7) and did not alter the slope of diastolic depolarization (0.11 ± 0.01→ 0.095
± 0.01 mV/ms, n = 7). The maximal diastolic potential also did not show change upon
apamin application (−56 ± 2→ 60 ± 3 mV, n = 7).
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Figure 6. Action potential recordings from isolated SAN cells by perforated patch-clamp technique
in the presence of 200 nM isoproterenol. The control recordings were measured in the presence of
isoproterenol (green curve), then 100 nM apamin was employed (red curve, (A)). Application of
apamin increased the cycle length (B) without alteration of the short-term cycle length variability (C),
and increased the APD (D) without changing the diastolic depolarization (E). Statistical analysis was
performed by paired t-test (p < 0.05).

2.5. Inhibition of the ISK Lengthens the ECG R-R Interval under Beta-Adrenergic Activation

The effect of 100 nM apamin was tested on ex-vivo isolated Langendorff-perfused
hearts (Figure 7). During measurements, 40 consecutive ECG R-R intervals were measured
and the mean R-R intervals and short-term R-R variability were calculated. Under normal
conditions (i.e., without beta-adrenergic activation), 100 nM apamin failed to alter both
the ECG R-R intervals (373 ± 20→ 393 ± 17 ms, p = 0.43, n = 10) and the R-R variability
(6.4 ± 1.2→ 6.8 ± 1.4 ms, n = 10). Parallel with the apamin experiments, a time control
group was measured where the vehicle of apamin was applied in order to detect any
non-specific or time-dependent changes. No change was found in the ECG R-R interval
(379 ± 10 → 373 ± 17 ms, n = 10) nor in the R-R variability (6.9 ± 1.6 → 7.1 ± 1.6 ms,
n = 10).
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Figure 7. Results of Langendorff-perfused experiments on isolated hearts. (A) demonstrates original
ECG traces in control condition (upper panel), in the presence of 200 nM isoproterenol (middle panel),
and after apamin application (lower panel). Red vertical dashed lines indicate the change of the cycle
lengths. (B) represents the basal condition (i.e., without application of isoproterenol). The ECG R-R
interval (left graph) and the R-R variability (right graph) were unaltered after apamin administration.
(C) represents apamin application in the presence of 500 nM isoproterenol. 100 nM apamin increased
the ECG R-R interval (left graph), however, it did not change the R-R variability (right graph).
(D) illustrates the effect of 3 µM ivabradine. Ivabradine markedly increases the R-R interval (left
graph) and the R-R interval variability (right graph). (E) shows the comparison of the effects of
apamin and ivabradine on the ECG R-R interval after 200 nM isoproterenol. Statistical analysis was
performed by paired t-test and repeated measures ANOVA (p < 0.05).

In the second set of Langendorff experiments, we aimed to substantially activate
the beta-adrenergic receptors in order to enhance the intracellular Ca2+ without causing
arrhythmogenic events. Our preliminary experiments showed that 500 nM isoproterenol
shortens the ECG R-R interval by 44 ± 4%, while arrhythmias were not observed. Under
this condition, 100 nM apamin lengthened the ECG R-R interval (364 ± 17→ 200 ± 5→
223 ± 10 ms, p < 0.05, n = 9) but did not alter the R-R variability (6.0 ± 1.7→ 4.4 ± 0.6→
7.1± 3.8 ms, p = 0.41, n = 10). The parallel time control measurements exerted no statistically
significant change in these variables upon administration of the vehicle (R-R interval:
370 ± 16 → 223 ± 8 → 231 ± 11 ms, n = 10; R-R variability: 8.1 ± 2.1 → 3.0 ± 0.3 →
4.0 ± 0.5 ms, n = 10).
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In order to compare the magnitude and nature of the apamin effect to a well-known
bradycardic agent, the effect of 3 µM ivabradine was examined in the presence of 500 nM
isoproterenol. As it was expected, the application of ivabradine lengthened the ECG R-R
interval (386 ± 48→ 257 ± 34→ 330 ± 41 ms, p < 0.05, n = 7), however, it also significantly
increased the ECG R-R variability (11.7 ± 4.0→ 6.0 ± 0.7→ 20.0 ± 5 ms, n = 7).

3. Discussion

In this study we analyzed the possible role of the small-conductance Ca2+-activated
K+-current under basal condition and during beta-adrenergic stimulation. Previous studies
reported the functional role of SK-channels in SAN pacemaking without adrenergic stimu-
lation. In contrast, in this study we failed to demonstrate a significant effect of SK-inhibition
under normal condition, unless beta adrenergic stimulation was applied.

We do not know the discrepancy of the difference between our and the study of
Chen at al. [12], but differences in the intracellular Ca2+ level cannot be ruled out between
the two studies. Further investigations are necessary to resolve this issue.

The most important findings of this paper are: (i) the SK2-channels are expressed in
rabbit SAN sarcolemma. (ii) The ISK has no role in SAN pacemaking with basal intracellular
Ca2+ level. (iii) Beta-adrenergic stimulation activates the ISK and its inhibition causes
moderate decrease in spontaneous automaticity via APD lengthening without increasing
the cycle length variability.

3.1. The SK Channels Are Expressed in Rabbit SAN Myocytes

A previous paper demonstrated the expression of SK-channel in mice myocytes [13],
however, based on our best knowledge this is the first data regarding the expression of
SK2 in rabbit SAN cells, which is emphasized by the fact that the vast majority of SAN
data are obtained from rabbit cells. Since a previous study indicated that the selective
SK-channel inhibitor apamin exerts the highest sensitivity toward SK2 [18], the expression
of SK2 isoform was elucidated in this study. Our experiments showed that the SK2 isoform
is expressed in the surface membrane of rabbit SAN myocytes.

3.2. The Apamin-Sensitive Current Is Present in SAN Cells

SK-channels can be divided into three major subgroups: SK1 channels are encoded by
KCNN1, SK2-channel encoded by KCNN2, and SK3 encoded by KCNN3 gene. Apamin,
a polypeptide blocker of the ISK isolated from bee venom, selectively blocks the cur-
rent with isoform-dependent effectivity [19]. SK1 channels have the lowest sensitivity
(IC50~10 nM); the SK3 is moderately sensitive (IC50~1 nM); and SK2 exerts the highest
sensitivity (IC50~40 pM) [19]. This indicates that the applied 100 nM apamin in this study
is far above the IC50-values of any channel subtypes, therefore, complete SK-channel block
is expected in our experiments.

The SK-channels are suggested to be voltage-independent ion channels, activated
by the rise of intracellular Ca2+ concentration, and carrying repolarizing K-currents [3].
Previous studies suggested that inward rectification of the SK-channels is caused by voltage-
dependent block of intracellular divalent ions, however, a later study identified an intrinsic
mechanism of channels causing inward rectification, which is independent of divalent
ions [20].

Our patch clamp experiments revealed apamin-sensitive current in the voltage range
between −40 to +40 mV when the intracellular Ca2+ was buffered to 500 nM. The half-
maximal Ca2+ concentration for channel activation was reported as 300 nM [21], therefore,
this Ca2+ concentration is suggested to cause nearly maximal current activation. When
intracellular Ca2+ was buffered to 500 nM, the apamin-sensitive difference current was
monotonously enhanced as the voltage was increased from −60 to + 40 mV. The current-
voltage characteristic of the apamin-sensitive current both in terms of absolute current
values and voltage-dependence was found to be similar to those that were illustrated in a
previous study [13]. This current-voltage characteristic of the ISK may imply that notable
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current could be expected above −20 mV, which corresponds to the main repolarization, at
the same time it is plausible that marginal current is activated during the maximal diastolic
potential. It is underpinned by the fact that modelling and experimental results indicate
that intracellular Ca2+ level is the highest during early repolarization and considerable
decays during the terminal phase of the repolarization [22,23]. Therefore, neither the
membrane potential nor the intracellular Ca2+ favour ISK activation at the maximal diastolic
potential. In line with this, we did not find change in the maximal diastolic potential
and any secondary change in the diastolic depolarization. As a negative control, highly
buffered cells were used to demonstrate the Ca2+ sensitivity of the apamin-sensitive current.
In contrast to high depolarization (i.e., +40 mV), apamin-sensitive current was not detected
in the absence of free intracellular Ca2+.

For further validation, we analyzed the effect of apamin under a representative SAN
action potential waveform without Ca2+ chelators in the patch pipette. In contrast to
experiments with buffered Ca2+, we found negligible apamin-sensitive current under
normal conditions in the presence of dynamic Ca2+ changes. Ca2+ transient measurements
indicated that systolic peak of intracellular Ca2+ was barely larger than 500 nM and declined
fast, which may induce small ISK. In contrast, when 200 nM isoproterenol was employed,
intracellular Ca2+ was increased and apamin-sensitive current was considerably larger.

3.3. ISK Has No Role in Sinus-Node Pacemaking under Normal Conditions but Its Inhibition
Lengthens APD during Beta-Adrenergic Activation

Under normal conditions, apamin-induced AP alteration was not observed, which
is in contrast to a previous report where ~18% cycle length increase was observed after
apamin application under normal conditions in mouse SAN cells [13]. This extent of effect
is comparable to the effect of If inhibition by ivabradine under normal conditions [24].
Similarly, apamin also failed to alter the ECG R-R interval in Langendorff-perfused hearts
in our study without adrenergic stimulation. A recent clinical study also reported similar
results. Forty-seven healthy male volunteers were examined during AP30663 (ISK inhibitor)
administration. AP30663 did not influence the R-R interval, regardless of the applied
dose [25]. These results are in line with experiments demonstrating marginal apamin-
sensitive current during the action potential in response to dynamic Ca2+ changes, under
normal conditions.

Activation of the β-adrenoreceptors induces the adenylate-cyclase via stimulatory
G-proteins, leading to increased intracellular cyclic AMP (cAMP) level. The elevated
cAMP then increases the protein-kinase A level, which phosphorylates the L-type Ca2+

channels. The L-type Ca2+ channel-phosphorylation increases the Ca2+ influx, thus caus-
ing a net gain of the intracellular Ca2+. The elevated intracellular Ca2+ also increases
the CaM/CaMKII axis, which is involved in several Ca2+-dependent processes [26–28].
Experiments demonstrated in Figure 4C,D suggest that the increased intracellular Ca2+

increases the current density of the apamin-sensitive current, where inhibition could influ-
ence the sinus-node pacemaking. In order to address this issue, the beta-receptor agonist,
isoproterenol, was employed.

Application of apamin in the presence of beta-receptor activation caused a ~20%
increase in the cycle length, while the slope of the diastolic depolarization was not changed.
This result implies that the increase of cycle length after ISK inhibition was attributable to
the increased APD, but the diastolic depolarization was not changed. This effect could
be attributable to: (i) the current-voltage diagram and apamin-sensitive current during
the canonical action potential suggest marginal or no current in the voltage range of
diastolic depolarization and (ii) the intracellular Ca2+ level is considerably decreased
during the diastolic depolarization. In agreement with this result, the ECG R-R intervals
of Langendorff-perfused hearts were increased by 12% after apamin administration when
beta-receptors were activated.
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3.4. ISK inhibition Does Not Increase Cycle Length Variability

The rhythmicity of spontaneous action potential and ECG R-R interval was charac-
terized by the short-term cycle length variability (in the case of action potentials) and
short-term R-R variability (in the case of ECG measurements). The coupled-clock hypothe-
sis claims that cycle length variability is an important indicator of the coupling between the
Ca2+-clock and the surface membrane ion channels: When the synchronization between
the two clocks is strong, the variability is low. Any intervention disrupting the Ca2+-clock
and/or the membrane clock attenuates the coupling and leads to increased cycle length and
cycle length variability [29]. In this study, neither the cellular measurements nor the isolated
heart experiments show a significant increase in the cycle length variability after apamin
administration. This result suggests that ISK may not be involved in the ionic mechanism
that directly governs the pacemaker mechanism. However, it may also imply that inhibition
of ISK under beta-adrenergic activation could be considered a safe intervention to decrease
the heart rate.

The effect of apamin was compared to the effect of ivabradine, and it was found that the
ECG R-R interval-increasing effect of apamin was 1/3 of the ivabradine
(~12 vs. ~30%). This result implies that the significance of ISK in controlling the heart
rate is markedly smaller than the If; this probably provides extra repolarizing current
during beta-adrenergic stimulation, which may increase the flexibility of pacemaking.
In contrast, ivabradine also significantly augmented the cycle length variability since If is a
principal component of the coupled-clock mechanism.

4. Materials and Methods
4.1. Animals

New Zealand white rabbits from both genders weighing 2.0–2.5 kg were used for
experiments obtained from a licensed supplier (Innovo Ltd., Budapest, Hungary).

4.2. Cell Isolation

Isolated single SAN cells were obtained by enzymatic dissociation. Rabbits were
sacrificed by concussion after intravenous administration of 400 IU/kg heparin. The heart
was rapidly removed and placed into a solution containing in mM: 135 NaCl, 4.7 KCl,
1.2 KH2PO4, 1.2 MgSO4, 10 HEPES, 4.4 NaHCO3, 10 glucose, and 1.8 CaCl2 (titrated to
pH 7.2 with NaOH). The heart was mounted on a cc. 60 cm high modified Langendorff
column and was perfused with oxygenated solution at 37 ◦C. In the initial period, the
blood was washed out (3–5 min) from the heart, then it was continuously perfused with
nominally Ca2+-free solution until the heart ceased contractions (cca. 10 min). The enzy-
matic dissociation was performed by using 1.8 mg/mL (260 U/mL) collagenase (type II,
Worthington) and 33 µM CaCl2 in the perfusate. After 13–14 min, the heart was taken off
the cannula. The right atrium of the heart was cut and the SAN region was excised and cut
into small pieces. The strips were placed into enzyme free isolation solution containing
1 mM CaCl2 and equilibrated at 37 ◦C for 15 min. The cells were separated by filtering
through a mesh and were stored at room temperature.

4.3. SK2 Immunocytochemistry

Rabbit sinus node cells were isolated from the sinus-node, then were fixed on glass
coverslips with acetone. The cell membrane was labelled Wheat Germ Agglutinin Texas
Red-X Conjugate (WGA-TxRed) (ThermoFischer, Waltham, MA, USA; 1:500). After mem-
brane labelling, the samples were blocked for 1 h with PBST (PBS with 0.01% Tween)
containing 2.5% BSA at room temperature. SK2 and HCN4 were labelled with anti-KCa2.2
(SK2) (Alomone, Jerusalem, Israel; 1:50) and anti-HCN4 (Alomone; 1:50) primary antibody
overnight at 4 ◦C. Next day, the cells were incubated with Goat anti-Guinea Pig IgG Alexa
Fluor 488 secondary antibody (ThermoFischer; 1:500) for 1 h at room temperature. Fluores-
cent images were captured by an LSM 880 (Zeiss, Oberkochen, Germany) laser scanning
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confocal microscope. Images were quantitatively analyzed by ImageJ software. Control
samples were incubated with secondary antibody only (No Primary Control).

4.4. Measurement of Apamin-Sensitive Current

The isolated SAN cells were placed in a low volume chamber (RC47FSLP, Warner
Instruments, Hamden, CT, USA). Five minutes were allowed for the cells to settle and
adhere, and the solution was continuously superfused by a peristaltic pump (C.P.78012-45,
Ismatec, Zurich, Switzerland). Patch-pipettes were created from borosilicate glass capillar-
ies using a P-97 microelectrode puller (Sutter Instruments, Novato, CA, USA), having a
tip resistance between 1.5–2.5 MΩ. Ionic currents were recorded by using Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA, USA). Membrane currents were digitalized
by Digidata 1550B (Molecular Devices, Sunnyvale, CA, USA) with 250 kHz under soft-
ware control (pClamp 10.0, Molecular Devices, Sunnyvale, CA, USA). The temperature
of the measurements was kept at 37 ◦C by using TC-344B temperature controller (Warner
Instruments, USA).

Apamin-sensitive current was measured by rectangular voltage pulses, or by represen-
tative SAN action potential waveform. Rectangular voltage steps before and after 100 nM
apamin application were employed from a holding potential of −60 mV. The membrane
was depolarized to 50 mV for 500 ms by using 10 mV voltage steps. The internal solution
contained (in mM): KCl 40, K2ATP 5, HEPES 10, MgCl2 5, and GTP 0.1 and was titrated
to pH 7.2 by using KOH. The free Ca2+ concentration in the pipette solution was set to
500 nM by using an appropriate mixture of EGTA and CaCl2 (calculated by the Maxchelator
software). In experiments where the intracellular Ca2+ was highly buffered, we used 10 mM
BAPTA without applying CaCl2 in the pipette. The composition of the external solution
was (in mM): NaCl 144, NaH2PO4 0.4, KCl 4, MgSO4 0.53, CaCl2 1.8, HEPES 5, glucose 5.5,
titrated to pH 7.4 with NaOH.

In another set of experiments, the cells were paced using a canonical AP waveform
by the average of 10 independent action potentials from previously recorded perforated
patch clamp experiments. The parameters of this representative AP waveform were: cycle
length: 410 ms, AP duration: 180 ms, maximal diastolic potential: −57 mV, overshoot:
24 mV, and diastolic depolarization slope: 0.124 mV/ms. Two experimental groups were
established. In the first group, the current was recorded first in normal Tyrode’s solution
(as previously described) as the control current, then 100 nM apamin was applied. In the
other experimental group, the solutions were supplemented with 200 nM isoproterenol to
enhance the intracellular Ca2+ of the SAN cells. Apamin-sensitive current was determined
as a difference current. The pipette solution was as previously described without chelators.

4.5. Measurement of Ca2+ Transients

Ca2+ transients were measured from spontaneously active isolated SAN cells. Cells
were loaded with Fluo-4 AM (5 µM) fluorescent dye. The isolated cells were kept in
darkness at room temperature and were loaded with the dye for 20 min. Fluorescence
measurements were performed on the stage of an Olympus IX 71 inverted fluorescence
microscope. The dye was excited at 480 nm and the emitted fluorescence was detected
at 535 nm. Optical signals were sampled at 1 kHz and recorded by a photon counting
photomultiplier (Hamamatsu, model H7828; Hamamatsu Photonics Deutschland GmbH,
Herrsching am Ammersee, Germany). Optical signal was converted to voltage using
photon-voltage converter (Ionoptix, Westwood, MA, USA) and analyzed by pClamp 10.0
(Molecular Devices, Sunnyvale, CA, USA). Spontaneously and rhythmically contracting
cells were chosen, therefore, no external pacing was needed to record Ca2+ transients.
Amplitudes of the measured Ca2+ transients were calculated as differences between systolic
and diastolic values. To obtain maximal fluorescence (Fmax), the cells were damaged by a
patch pipette at the end of the experiment. Ca2+ was calibrated using the following formula:
Kd(F-Fmin)/(Fmax-F). The Kd of the Fluo-4 AM was set to 335 nM. The extracellular
solution was normal Tyrode’s solution as was previously described.
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4.6. Action Potential Measurements from Single Cells by Current Clamp Configuration

Action potentials were measured from spontaneously beating sinus-node cells by
using the perforated patch-clamp technique as was described in a previous study [30].
Normal Tyrode’s solution was applied, containing (in mM): 144 NaCl, 0.4 NaH2PO4,
4 KCl, 0.53 MgSO4, 1.8 CaCl2, 5.5 glucose, and 5 HEPES, titrated to pH 7.4 with NaOH.
The microelectrodes were filled with a solution that contained (in mM): 120 K-gluconate,
2.5 NaCl, 2.5 MgATP, 2.5 Na2ATP, 5 HEPES, 20 KCl, titrated to pH 7.2 with KOH. 35 µM
β-escin was employed in the pipette solution to achieve the membrane patch perforation.

The parameters of the APs were calculated as follows:

(a) Maximum diastolic potential (MDP) was defined as the most negative potential before
the next AP depolarization.

(b) Take off potential (TOP) was calculated as the voltage measured at the time when the
voltage derivative exceeded 0.5 mV/ms.

(c) The slope of diastolic depolarization was defined as the mean voltage derivative of
the AP between MDP and take off potential.

(d) Action potential duration (APD) was obtained as the time interval between TOP and
the next MDP.

(e) Cycle length was calculated between the peaks of two consecutive APs.
(f) All experiments in this study were carried out at 37 ◦C.

4.7. Langendorff-Perfusion Measurements on Isolated Hearts

ECG of isolated rabbit hearts were obtained in Langendorff-perfused hearts as de-
scribed before [31]. Rabbits were sacrificed by concussion after 400 IU heparin were injected
intravenously. The excised hearts were mounted by the aorta on a Langendorff-apparatus
and retrogradely perfused with modified Krebs-Henseleit bicarbonate buffer (KHB) at a
constant pressure (80 Hgmm). The KHB solution contained (in mM): NaHCO3 25; KCl 4.3;
NaCl 118.5; MgSO4 1.2; KH2PO4 1.2; glucose 10; CaCl2 1.8, having a pH of 7.4 ± 0.05 when
gassed with 95% O2 + 5% CO2.

The electrical activity as electrocardiogram (ECG) was obtained by the three lead
custom-made electrodes and signal amplifier (Experimetria Ltd., Budapest, Hungary).
Signal processing and analysis was carried out using HaemoSys (Experimetria Ltd.,
Budapest, Hungary).

4.8. Statistics

Normal distribution of the data was verified by using Shapiro–Wilk test. Statistical
significance (p < 0.05) was assessed using Student’s t-test and repeated measures ANOVA
depending on the experiment. Data are presented as means ±S.E.M.

5. Conclusions

Our results indicate that ISK has no or very limited role in SAN pacemaking under
basal condition, however, it may contribute to the repolarization under beta-adrenergic
activation. Selective inhibition of ISK induces a moderate cycle length increase, with the
latter effect being attributed to the lengthening of APD. Further in-vitro and in-vivo studies
are required to estimate the possible therapeutic potential of ISK inhibition as a supportive
heart-rate-reducing agent.
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The development of L‑type  Ca2+ 
current mediated alternans does 
not depend on the restitution slope 
in canine ventricular myocardium
Noémi Tóth1, Jozefina Szlovák1, Zsófia Kohajda2, Gergő Bitay1, Roland Veress3, 
Balázs Horváth3,4, Julius Gy. Papp1,2, András Varró1,2,5 & Norbert Nagy1,2*

Cardiac alternans have crucial importance in the onset of ventricular fibrillation. The early explanation 
for alternans development was the voltage‑driven mechanism, where the action potential (AP) 
restitution steepness was considered as crucial determining factor. Recent results suggest that 
restitution slope is an inadequate predictor for alternans development, but several studies still claim 
the role of membrane potential as underlying mechanism of alternans. These controversial data 
indicate that the relationship of restitution and alternans development is not completely understood. 
APs were measured by conventional microelectrode technique from canine right ventricular papillary 
muscles. Ionic currents combined with fluorescent measurements were recorded by patch‑clamp 
technique. APs combined with fluorescent measurements were monitored by sharp microelectrodes. 
Rapid pacing evoked restitution‑independent AP duration (APD) alternans. When non‑alternating 
AP voltage command was used,  Ca2+

i‑transient (CaT) alternans were not observed. When alternating 
rectangular voltage pulses were applied, CaT alternans were proportional to  ICaL amplitude alternans. 
Selective  ICaL inhibition did not influence the fast phase of APD restitution. In this study we found 
that  ICaL has minor contribution in shaping the fast phase of restitution curve suggesting that  ICaL—if 
it plays important role in the alternans mechanism—could be an additional factor that attenuates the 
reliability of APD restitution slope to predict alternans.

Cardiac alternans refer to a regular beat-to-beat oscillation of the ECG T-waves caused by parallel alternans of the 
AP and the CaT at the cellular  level1,2. It is generally accepted that alternans are associated with arrhythmogenesis 
and were identified as a suitable predictor of sudden cardiac  death3,4. Large body of evidence demonstrated that 
cardiac alternans are complex phenomenon, where mutual crosstalk of the membrane potential changes and 
alterations of the intracellular  Ca2+ play a key role in the development of alternans (for  review5–7). At the same 
time, it is uncertain whether the AP or the intracellular  Ca2+ initialize and govern alternans.

Regarding the underlying mechanism of alternans, two major concepts have been emerged: voltage-driven 
and  Ca2+-driven alternans. Growing body of recent evidence indicate the importance of  Ca2+ handling in the 
development of alternans. Ca2+-driven alternans were originally suggested to develop as a result of release-
reuptake mismatch following steep dependence of sarcoplasmic reticulum (SR) release on  loading7,8, and later 
the refractory state of the ryanodine receptor was assumed as the underlying  mechanism9. Third possibility is 
the refractoriness of the  Ca2+ cycling proteins that arises from the combination of steep load-release relationship, 
and refractoriness of the SR  release10. Recent evidence indicates the ‘3R-theory’ that claims the alternans rises via 
an instability caused by interactions between three critical properties: randomness of  Ca2+ sparks, recruitment of 
 Ca2+ sparks by neighboring  Ca2+ release units (CRU), and refractoriness of  CRUs11,12. An important milestone of 
the  Ca2+-driven hypothesis was several reports demonstrating that CaT alternans can be evoked in the presence 
of non-alternating AP  sequence13–16.

OPEN

1Department of Pharmacology and Pharmacotherapy, Faculty of Medicine, University of Szeged, Dóm tér 12, 
P.O. Box 427, 6720 Szeged, Hungary. 2ELKH-SZTE Research Group of Cardiovascular Pharmacology, Szeged, 
Hungary. 3Department of Physiology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary. 4Faculty 
of Pharmacy, University of Debrecen, Debrecen, Hungary. 5Department of Pharmacology and Pharmacotherapy, 
Interdisciplinary Excellence Centre, University of Szeged, Szeged, Hungary. *email: nagy.norbert@
med.u-szeged.hu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-95299-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16652  | https://doi.org/10.1038/s41598-021-95299-7

www.nature.com/scientificreports/

The concept of voltage-driven alternans represents an early explanation for the underlying mechanism of 
alternans development. A general view is that the voltage-driven alternans are governed by the restitution slope, 
i.e. alternans are expected to develop when the slope of AP duration-diastolic interval (APD-DI) function is larger 
than  117. This means that restitution-hypothesis—which was originally proposed by Nolasco and  Dahlen17—rep-
resents an ultimate underlying factor of the voltage-driven  alternans1,5,7.

The restitution hypothesis was challenged by several  laboratories1,18, at the same time there are experimental 
and modeling papers claiming important role of membrane voltage in the development of  alternans19–22. This 
discrepancy suggests that the relationship of restitution and alternans is not completely understood and requires 
further investigations.

Methods
Ethical statement. All experiments were conducted in compliance with the Guide for the Care and Use of 
Laboratory Animals (USA NIH publication No 85-23, revised 1996) and conformed to Directive 2010/63/EU 
of the European Parliament. The protocols were approved by the Review Board of the Department of Animal 
Health and Food Control of the Ministry of Agriculture and Rural Development, Hungary (XIII./1211/2012). 
Animal studies were carried out in compliance of ARRIVE guidelines.

Determination of the action potential parameters in canine multicellular papillary mus‑
cle. Beagle dogs (obtained from a licensed supplier, licence number: XXXV./2018) from both sex weighing 
10–15 kg were used for conventional microelectrode experiments. The animals were anesthetized and sacrificed 
with pentobarbital (60 mg/kg iv), then the heart was removed through a right lateral thoracotomy.

APs were recorded at 37 °C from the surface of right ventricular papillary muscles using conventional micro-
electrode technique. For measuring tissue APs similar protocol was applied as described earlier with minor 
 modifications23,24. Briefly, the preparations were mounted in a custom made Plexiglas chamber, allowing con-
tinuous super-fusion with Locke’s solution (130 mM NaCl, 21.5 mM  NaHCO3, 4.5 mM KCl, 12 mM glucose, 
0.4 mM  MgCl2, 1.8 mM  CaCl2, ph 7.35 ± 0.05) and stimulated with constant pulses of 5 ms duration at a rate of 
1 Hz through a pair of bipolar platinum electrodes using an electro-stimulator (EX-ST-A2, Experimetria Ltd). 
Sharp microelectrodes with tip resistance of 10–20 MΩ, when filled with 3 M KCl, were connected to an amplifier 
(Biologic Amplifier, model VF 102). Voltage output from the amplifier was sampled using an AD converter (NI 
6025, Unisip Ltd). APs were monitored and evaluated by using Evokewave v1.49 (Unisip Ltd).

APD alternans protocol. APD alternans were measured by rapid pacing using cycle lengths of 250-230-210-
190-160 ms. 20 consecutive stimuli were used at each frequency. APD differences were calculated between long 
and short AP pairs along at least 6 consecutive pulses at 25, 50 and 90% of repolarization  (APD25,  APD50 and 
 APD90, respectively) and were averaged providing APD alternans amplitude.

Conventional S1S2 restitution protocol. The basic cycle length (BCL) was 1000 and 500 ms. Extra delays for 
S2 stimuli ranged from − 50 to 1000 ms related to the baseline  APD90. 15 consecutive stimuli were applied (S1) 
between all S2 stimuli. Diastolic intervals (DI) refer to the proximity of S2 stimuli (extra beat) to the  APD90 of 
the basic beat evoked by S1.

Dynamic restitution protocol. Following a pre-pacing at 1 Hz, the basic cycle length was gradually decreased 
from 1000 to 500 ms by 100 ms steps, from 500 to 300 ms by 50 ms steps. When the cycle length reached the 
250 ms the action potential started to alternate and the AP alternation was constantly maintained from 250 
to 160 ms. In this cycle length interval, we applied the previously described cycle length pattern for alternans. 
During these measurements the  APD90 was plotted against the preceding diastolic interval at each cycle length.

Previous study reported that standard S1S2 restitution method is not suitable tool to predict alternans since 
the slope in most cases <  125. However, we observed restitution slopes larger and smaller than 1 in approximately 
50–50% of our experiments, providing an average value of 1.12 ± 0.1 (BCL: 1000 ms; n = 20) and 1.08 ± 0.1 (BCL: 
500 ms; n = 20). Therefore, we considered standard S1S2 restitution protocol as an appropriate tool to assess 
restitution slope.

Voltage‑clamp measurements combined with fluorescent recordings. The isolation of canine left 
ventricular cardiomyocytes of Beagle dogs’ hearts was performed as described  previously26. In brief, cardiac 
myocytes were isolated from the left ventricle, containing an arterial branch through which the segment was 
perfused on a Langendorff apparatus with solutions in the following sequence: normal isolation solution (con-
taining in mM: 135 mM NaCl, 4.7 mM KCl, 1.2 mM  KH2PO4, 1.2 mM  MgSO4, 1 mM  CaCl2, 10 mM Glucose, 
10 mM HEPES, 20 mM taurine, 4.4 mM  NaHCO3, 5 mM Na-pyruvic acid, pH 7.2 adjusted with NaOH) for 
10 min,  Ca2+-free isolation solution for 10 min and isolation solution containing collagenase (Worthington type 
II, 0.66 mg/mL) and 33 µM  CaCl2. To the final perfusion solution protease (type XIV, 0.12 mg/mL) was added at 
the 15th minutes for digestion. The isolated cardiomyocytes were loaded with Fluo-4-AM (1–2 μM, Molecular 
Probes, USA; AM is the membrane permeable acetoxymethyl ester conjugated form of the dye) for 20 min at 
room temperature in dark. The loaded cells were placed in a low volume imaging chamber (RC47FSLP, Warner 
Instruments, USA), and the cells were then continuously perfused with normal Tyrode solution at 37 °C (1 mL/
min). Data acquisition and analysis were performed using Axon Digidata 1550B System (Molecular Devices, 
Sunnyvale, CA, USA). Parallel with the current measurements, the fluorescent recordings were performed on a 
stage of an inverted fluorescent microscope (IX71, Olympus, Japan) and the signal was recorded by a photomul-
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tiplier module (H7828, Hamamatsu, Japan), sampled at 1 kHz. Data acquisition and analysis were (both current 
and  Ca2+ transient) performed using the pClamp 11.0 software (Molecular Devices, Sunnyvale, CA, USA).

Calcium alternans were based on six consecutive CaTs, where the average CaT amplitude was computed for 
even and odd beats. The amplitude of a single CaT was estimated as the difference between the peak and the 
minimum directly preceding the first analyzed CaT (i.e., it is the CaT upstroke amplitude).

Parallel measurement of AP and CaT with current clamp technique. Single cell AP measure-
ments were performed as described  previously27. Rod-shaped viable ventricular cardiomyocytes, showing clear 
striation, were placed in a 1 ml volume experimental chamber mounted on the stage of an inverted microscope 
(Nikon Diaphot 300; Nikon Co., Tokyo, Japan). After sedimentation, cardiomyocytes were continuously super-
fused with at 37 °C Tyrode solution at a rate of 1–2 mL/min. Cells were impaled with 3 M KCl filled conven-
tional borosilicate microelectrodes having tip resistances between 20 and 40 MΩ, connected to the input of 
a Multiclamp 700A amplifier (Molecular Devices, Sunnyvale, CA, USA). Action potentials (AP) were elicited 
through these intracellular electrodes by applying 2 ms wide rectangular current pulses having amplitudes of 
twice the diastolic threshold. The membrane potential signal was digitalized at 50 kHz using Digidata 1440A 
A/D card, recorded with pClamp 10 software (both from Molecular Devices) and stored for later analysis. APs 
were recorded at pacing cycle lengths of 1000, 500, 300, 250, 230, 210 ms in this respective order. Cardiomyo-
cytes were loaded with 5 µM Fura-2 AM for 30 min at room temperature in a Pluronic F-127 containing Tyrode 
solution. 25 mg Pluronic F-127 was dissolved in 1 mL DMSO and this solvent was used to make a Fura-2 AM 
stock solution of 1 mM. After loading, the cells were washed twice with Tyrode solution, and were allowed to 
rest for 30 min at room temperature to de-esterify the dye, and then they were stored at 15 °C before the experi-
ments. Fluorescence was measured using an alternating dual beam excitation fluorescence photometry setup 
(RatioMaster; Photon Technology International, New Brunswick, NJ, USA) coupled to the inverted microscope. 
Fluorescence signals of  Ca2+-bound and  Ca2+-free Fura-2 dye were detected at excitation wavelengths of 340 nm 
 (F340) and 380 nm  (F380), respectively. Emitted photons were detected at 510 nm with an R1527P photomultiplier 
tube (Hamamatsu Photonics K.K., Hamamatsu, Japan). This signal was digitalized at 200 Hz using the FelixGX 
software (Photon Technology International) and stored for offline analysis. Background fluorescence was meas-
ured by moving the cell out of the field of view, and it was subtracted from total fluorescence in order to obtain 
fluorescence originating exclusively from the preparation. Fluorescence ratio of  F340/F380 was used to assess intra-
cellular  Ca2+ transients (CaT). The CaT was recorded in parallel with AP and CL.

Measurement of  ICaL. The L-type calcium current  (ICaL) was recorded in HEPES-buffered Tyrode’s solution, 
supplemented with 3 mM 4-aminopyridine under perforated patch (Fig. 2) or whole-cell configuration (Fig. 3).

To obtain ICaL current and alternans (Fig. 3), 3 separated voltage protocols were used. In all protocols, the cur-
rent was activated by voltage steps to 0 mV after a 25 ms long prepulse at − 40 mV. The voltage protocols differed 
in the length of consecutive voltage pulses used to evoke  ICaL: (1) 140/80 ms (2) 180/40 ms (3) 200/20 ms. The 
holding potential was − 80 mV, the basic cycle length was 220 ms in all cases. The cells were loaded with Fluo-
4-AM fluorescent dye, and the experiments were performed by perforated patch technique with a pipette solution 
containing (in mM): 120 K-gluconate, 2.5 NaCl, 2.5 MgATP, 2.5  Na2ATP, 5 HEPES, 20 KCl, titrated to pH 7.2 with 
KOH. During perforated patch-clamp experiments 50 µM β-escin was added to the pipette solution.  ICaL current 
measurements with buffered  Ca2+

i (10 mM EGTA) were performed with whole cell configuration with pipette 
solution containing (in mM): 125 CsCl, 20 TEACl, 5 MgATP, 10 HEPES, 10 NaCl titrated to 7.2 with CsOH.

Recovery characteristic of  ICaL was obtained by activation of the  ICaL current by rectangular pulses from a 
holding potential of − 80 mV to 0 mV for 400 ms. Subsequently interpulse intervals were used from 25 to 500 ms 
before the second rectangular pulse that was identical with the initial pulse. The  ICaL recovery was calculated 
by comparing the initial  ICaL peaks evoked by the initial pulse with  ICaL pulse elicited by the second pulse, and 
were plotted against the corresponding interpulse intervals. During these experiments the  Ca2+ handling was 
intact. The cells were loaded with Fluo-4-AM fluorescent dye, and experiments were performed by whole-cell 
patch-clamp technique.

All chemicals were purchased from Sigma (USA). All experiments were carried out at 37 °C.

Statistics. Normal distribution of the data was verified by using Shapiro–Wilk test. Statistical significance 
(p < 0.05) was assessed using Student’s t-test. Data are presented as mean ± S.E.M.

Results
Action potential alternans and restitution measurements in intact subendocardial right ven‑
tricular papillary muscle. In the first set of experiments APD restitution (S1S2 protocol) and APD alter-
nans protocol were measured and compared from the same intact subendocardial tissue (right ventricular 
papillary muscle). Figure 1 represents the summary of 20 experiments (from 11 dogs) of control S1S2 restitu-
tion—alternans experiments. Figure 1a illustrates the applied S1S2 restitution protocol. The S1S2 restitution was 
recorded at BCL of 1000 then 500 ms. The APD alternans amplitude was defined from at least 6 consecutive, 
regular short-long APs at  APD90,  APD50 and  APD25 as APD difference. Alternans could be evoked in all cases 
(n = 20) with clear threshold, i.e. when the pacing length became equal or shorter than 250 ms (action potential 
waveforms can be seen in Supplementary Fig. S1). When AP alternans developed, they were maintained during 
the entire pacing protocol without any decline in the magnitude of APD oscillation.

Figure 1b represents comparisons between restitution slopes and the corresponding magnitude of APD 
alternans. Left side of the panel represents S1S2 restitutions at BCL of 500 ms, right side illustrates restitutions at 
1000 ms (restitution was analyzed at  APD90 level). Alternans measured at 210 ms cycle length (odd columns) and 
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160 ms (even columns) were highlighted. The first row represents alternans amplitudes measured at  APD90 level, 
middle row shows alternans recorded at  APD50 level, and bottom row illustrates alternans at 25% of repolariza-
tion. Our results indicate that alternans developed even if the restitution slope was smaller than 1, furthermore, 
data show mainly weak and in some cases moderate correlations between variables.

We also analyzed the S1S2 restitutions at  APD50 and  APD25 and these values were plotted against the cor-
responding alternans magnitude. Weak or moderate correlations were found (Supplementary Fig. S2).

Figure 2 demonstrates comparisons of restitution slopes obtained from dynamic restitution and alternans 
amplitude. Figure 2a depicts the applied dynamic restitution protocol: the pacing cycle length was gradually 
decreased. At cycle length of 250 ms the APD started to alternate.

Functions of restitution slope—alternans amplitude are illustrated in Fig. 2b. Left column represents alter-
nans at cycle length of 210 ms, right column represents the same at cycle length of 160 ms. The first row shows 
alternans amplitudes measured at  APD90 level, middle row represents alternans recorded at  APD50 level, and 
bottom row illustrates alternans at 25% of repolarization. Similarly to the S1S2 restitution, we found that alternans 
developed even if the slope was smaller than 1, and data exerted weak or no correlations between restitution 
slope and alternans.

The temporal relationship of alternans and restitution slopes was further illustrated in Supplementary Fig. S3. 
It can be observable that alternans could be evoked at slower pacing cycle lengths (i.e. 250 ms) where the cor-
responding restitution curves were slow, indicating that alternans can be evoked even if the restitution slope is 
smaller than 1 (Supplementary Fig. S3).

Non‑alternating AP sequence failed to elicit CaT alternans. In order to further address the relation-
ship between AP and CaT alternans, current clamp experiments by using sharp microelectrodes were performed 

Figure 1.  Relationship between action potential alternans and S1S2 restitution. (a) Illustrates the applied 
protocol for S1S2 restitution. The basic cycle length for restitution was 1000 and 500 ms. The diastolic intervals 
increased from − 50 to 1000 ms (relative to  APD90) and the slope of  APD90 restitution was calculated at both 500 
and 1000 ms BCLs. After the restitution protocols, alternans were measured from a cycle length of 250 ms to 
160 ms. The magnitude of alternans was measured at  APD90,  APD50, and  APD25. (b) Demonstrates correlation 
tests between S1S2 restitution slope and alternans. The left 6 panels show S1S2 restitutions at BCL of 500 ms, 
in the right 6 panels the BCL was 1000 ms. The first row demonstrates alternans at  APD90 level, middle row at 
 APD50, bottom row at  APD25. Our results indicate that alternans developed even if the restitution slope was 
smaller than 1, furthermore, data show mainly weak and in some cases moderate correlations between variables.
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in single cells (Fig. 3a). Stimulus pattern from a cycle length of 250 to 210 ms was applied. The CaT amplitude 
oscillations were plotted against the corresponding  APD90 difference (Fig. 3b) within the range of 250–210 ms 
stimulus cycle length. A close relationship between APD and CaT amplitude alternans was found: larger APD 
alternans were associated with larger CaT amplitude alternans (n = 15).

In order to elucidate the initiator mechanism of alternans, a non-alternating AP sequence having a BCL of 
210 ms was applied under voltage-clamp mode (Fig. 3c upper panel). During measurements, the ionic currents 
(Fig. 3c middle panel) and CaT (Fig. 3c lower panel) were monitored. The experiments were performed by per-
forated patch-clamp method to preserve the intracellular milieu. Here we found that the inward ionic currents 
(other currents were inhibited, see Methods) as well as CaT exerted (6.7 ± 2.2%, n = 9) negligible alternans. These 
results suggest that in our experiments the action potential alternans are required for CaT alternans.

ICaL kinetics during alternating voltage pulses. Among transmembrane ionic currents  ICaL could be 
the most obvious candidate that may have important role in the alternans mechanism. As a trigger of the  Ca2+ 
release it can directly influence the magnitude of the actual  Ca2+ transient, and its kinetic is strongly influenced 
by the membrane potential.

In order to address the contribution of  ICaL in alternans, we applied 3 alternating voltage pulse protocols to 
produce different extent of  ICaL alternans due to alternans of the recovery time (Fig. 4a). The measurements were 
performed by using perforated patch clamp method. The magnitude of corresponding CaT amplitude alternans 
was analyzed and compared to the  ICaL amplitude alternans. The BCL of all protocols was 220 ms in all cases (see 
description in the “Methods” section).

Figure 2.  Relationship between action potential alternans and dynamic restitution. (a) Illustrates the applied 
protocol for dynamic restitution. The basic cycle length for restitution was progressively decreased from 1000 to 
160 ms. When BCL was 250 ms or shorter the action potential started to alternate.  APD90 was plotted against the 
preceding diastolic interval in both long and short AP during alternans. (b) The slope of  APD90 restitution was 
calculated and was plotted against the magnitude of alternans. The first row demonstrates alternans at  APD90 
level, middle row at  APD50, bottom row at  APD25. Similarly to the S1S2 restitution, we found that alternans 
developed even if the slope was smaller than 1, and data exerted weak or no correlations between restitution 
slope and alternans.
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In these experiments a close correlation between  ICaL amplitude alternans and corresponding CaT amplitude 
alternans was found (Fig. 4d). It implies that CaT alternans were marginal when  ICaL alternans were small even 
though the high pacing frequency. Thus, these results are in agreement with the observed failure of the high 
pacing rate to produce alternans (Fig. 3c) and the close relationship between APD and CaT alternans demon-
strated in Fig. 3a,b.

The  Ca2+ release channel recovery is also sensitive to membrane potential  oscillations9. Therefore, there is 
a possibility that an alternating  Ca2+ release controlled by ryanodine recovery could also directly contribute to 
the observed  ICaL alternans. In order to assess this issue, whole cell patch clamp experiments were devised where 
10 mM EGTA was employed to buffer  Ca2+

i (Supplementary Fig. S4). In the absence of  Ca2+ release the average 
of  ICaL alternans did not differ from those that were measured in the presence of intact  Ca2+ handling (presented 
in Fig. 4) indicating major role of membrane potential in the development of  ICaL alternans (140 ms—EGTA-
free: 7.3 ± 1.2% vs EGTA: 6.5 ± 1.3%. 180 ms—EGTA-free: 25.7 ± 6% vs EGTA: 21.3 + 3%. 200 ms—EGTA-free: 
41.4 + 4% vs EGTA: 45.5 ± 7%. n(EGTA-free) = 9, n(EGTA) = 6)).

Recovery of the  ICaL. A further important question is the behavior of  ICaL during the fast phase of the 
restitution curve. This issue was investigated by whole-cell patch clamp omitting  Ca2+ buffer from the pipette 
solution (Fig.  5). The description of the recovery protocol can be found in the Methods section. We found 
that during the first 30 ms of the DI, where the APD restitution is the fastest, the  ICaL recovers only 20.7 ± 2.4% 

Figure 3.  Relationship between APD and CaT amplitude alternans. (a) Illustrates simultaneous measurements 
of AP and CaT recorded at 250, 230 and 210 ms of BCL. At the left side a moderate AP alternans (black) 
coupled with marginal alternans of the CaT (blue curve), measured at 250 ms. (a) Right side illustrates marked 
AP alternans (black) associated with pronounced CaT alternans (blue) monitored at 210 ms. (b) Illustrates the 
 APD90 alternans amplitude plotted against the extent of CaT alternans defined as CaT peak alternans ratio, at 
various BCLs. The grey line represents the linear regression of the points. (c) Depicts rapid pacing by non-
alternating membrane potential, (upper curve) failed to induce CaT alternans under perforated patch-clamp 
condition. Parallel measured membrane current (middle curve) and CaT (lower curve) traces at a basic cycle 
length of 210 ms are shown. The evoked membrane currents were identical, and the evoked CaTs exerted 
negligible alternans.
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(n = 11) providing relatively small (0.6 ± 0.08 pA/pF, n = 11) current (Fig. 5b,c). These results indicate that  ICaL has 
restricted contribution to the initial, rapid phase of restitution.

ICaL inhibition suppresses alternans without influencing the initial phase of restitution. In 
order to further investigate the role of  ICaL in the restitution, action potential measurements were performed in 
multicellular tissue. 1 µM nisoldipine was employed to inhibit selectively the  ICaL (Fig. 6). At first, the restitution 
protocol was applied at 500 ms of BCL then the alternans protocol was used from 250 to 190 ms BCLs. Adminis-
tration of 1 µM nisoldipine suppressed the  APD90 alternans at 250 ms of BCL (7.5 ± 1.2 ms vs 3.8 ± 0.8 ms; p < 0.05, 
n = 7, not shown in the figure). The  APD25 alternans were reduced at 250 ms (14.7 ± 4.6 ms vs 4.4 ± 0.9 ms; p < 0.05, 
n = 7/7 hearts), at 230 ms (13 ± 3.1 ms vs 3.1 ± 1 ms; p < 0.05, n = 7), and at 210 ms (10.8 ± 2.6 ms vs 4.7 ± 0.7 ms; 
p < 0.05, n = 7, Fig. 6a,b). We found that 1 µM nisoldipine significantly shortened the baseline  APD90 (187 ± 5 ms 
vs 159 ± 5 ms; p < 0.05, n = 7, bar graphs). In contrast,  ICaL inhibition failed to change the initial phase of the resti-
tution steepness but changed it at DIs larger than 60 ms (Fig. 6b,c). Dynamic restitution was calculated from the 
APD alternans protocol and the effect of nisoldipine was investigated on the restitution slope. It was found that 
1 µM nisoldipine does not alter the dynamic restitution slope (1.31 ± 0.1 vs 1.2 ± 0.1; n = 7; Figure not shown).

Discussion
The major findings of this study are the followings: (1) in tissue AP measurements, the development of AP 
alternans could be evoked irrespective of the restitution slope, suggesting a minor fidelity of restitution curve in 
prediction of alternans. (2) In our experiments, CaT alternans were not observed in the absence of  ICaL alternans 
(3)  ICaL has little influence on the early phase of APD restitution curve.

Figure 4.  The role of  ICaL alternans in ignition of CaT alternans.  ICaL were evoked by 3 subsequently applied 
alternating voltage clamp pulses, having a basic cycle length of 220 ms in all cases (a). (b) Illustrates a 
membrane current and CaT measurement evoked by a 140/80 ms voltage protocol. The  ICaL peaks as well as the 
corresponding CaT did not show notable alternans. (c) Represents alternating  ICaL and CaT during application 
of 180/40 ms protocol. (d) Illustrates a close relationship when the peak  ICaL alternans were plotted against 
the corresponding CaT amplitude alternans. The black circles represent experiments evoked by 140/180 ms 
protocol, the blue circles demonstrate measurements under 180/40 ms protocol, while red circles indicates 
recordings during 200/20 protocol.
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Has any role of restitution in the alternans development? The general view is that membrane 
voltage-driven alternans are determined by a single parameter: APD  restitution5. The restitution quantifies the 
relationship between APD and preceding DI. The major factors governing APD restitution are recovery from 
inactivation of the inward currents and deactivation of outward currents, as well as  Ca2+ cycling also affects 
restitution through  Ca2+ dependent  currents28. Our results, similar to those that were reported in other previous 
 studies1,18, do not support previous assumption by Nolasco and Dahlen suggesting that the steepness of restitu-
tion reflects the susceptibility of  alternans17. The restitution hypothesis claims that alternans will occur when the 
restitution slope is larger than 1. In our tissue AP measurements, the restitution steepness did not influence the 
development of alternans (i.e. could be triggered regardless of the restitution steepness), rather the basic cycle 
length: alternans occurred in all cases (20/20 experiments) when the BCL was 250 ms or shorter. In our experi-
ments, alternans occurred even if the restitution steepness (S1S2 or dynamic) was smaller than 1, however, the 
extent of alternans was weakly/moderately connected to restitution steepness. These results suggest that restitu-
tion steepness may have little fidelity in prediction of development of cardiac alternans. At the same time, it is 
important to note that several transmembrane ionic currents having potential role in alternans development do 
not contribute to the rapid restitution phase  equally29.

The idea that alternans may have a restitution-independent cause has been recognized by Wu and Patwardhan. 
Using a feedback-based pacing protocol where diastolic intervals were selected explicitly and independently 
of APDs it was possible to investigate whether alternans occur when diastolic intervals preceding each AP do 
not  change30. It was shown that identical diastolic intervals were also followed by APD alternans claiming that 
diastolic interval dependent restitution may not be directly linked to alternans  development30.

Do CaT alternans require action potential alternans? Our current clamp experiments (Fig.  3) 
revealed a close relationship between APD and CaT alternans. This correlation implies that membrane potential 

Figure 5.  Analysis of the  ICaL recovery in the presence of unbuffered  Ca2+ handling. (a) (upper traces) 
demonstrates original representative current traces of recovery kinetics of the  ICaL, Inset shows the applied 
voltage protocol. The lower panel demonstrates the parallel  Ca2+ releases. The (b) depicts the extent of  ICaL 
recovery plotted against the respective diastolic intervals, while (c) highlights the first 160 ms of the  ICaL 
recovery.
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or  Ca2+ could be a potential driver of the alternans, however when membrane potential did not alternate the 
beat-to-beat CaT remained also unaltered.

A bidirectional coupling exists between AP and  Ca2+-handling, and  ICaL is a major determinant of both actual 
APD and  Ca2+-transients. When the  Ca2+

i alternates, it significantly alters the APD via the balance of  ICaL and 
 INCX causing positive or negative  Ca2+ to Vm  coupling31.

Several voltage-clamp studies reported that notable  Ca2+ transient alternans were observed in the presence 
of non-alternating AP  sequence13–16. These results were interpreted as the alternans were arose directly from the 
 Ca2+ handling dynamics and not only the passive response of the beat-to-beat alternans of the  AP13. In contrast, 
the data of this study indicate that membrane potential (i.e. AP alternans) is required for the development of 
CaT alternans in our experiments, and may support the important role of  ICaL and the bidirectional coupling 
between AP and  Ca2+ handling in the development of alternans.

ICaL fluctuation is able to ignite CaT alternans. Previous results are controversial regarding the role of 
 ICaL in APD alternans initiation: the incomplete time-dependent recovery of  ICaL was found to cause alternans in 
several  studies8,21,32,33. In a computer modelling study of ischaemic myocytes, alternans have been proposed to 
appear due to the interplay of  ICaL and potassium transient outward  currents34. In our previous study we found 
that selective  Na+/Ca2+ exchanger inhibition decreased alternans without influencing the restitution slope while 
indirectly inhibits  ICaL

35.
In contrast, several papers found in both atrial and ventricular myocytes that alternans can occur while peak 

 ICaL remained unchanged from beat to  beat14–16,36,37. Additionally, numerous papers demonstrated mechanical 
and CaT alternans in the absence of AP  alternans2,13,14,16,37.

Figure 6.  Effect of 1 µM nisoldipine on APD alternans and restitution curve measured on multicellular tissue. 
(a) Illustrates representative original traces in control (red curve) and in the presence of 1 µM nisoldipine (green 
curve). Nisoldipine reduced the steady-state  APD90 (bar graphs) measured at 500 ms BCL. (b) Represents a 
comparison between nisoldipine effect on restitution steepness (left y-axis) and on  APD25 alternans (right 
y-axis) at a BCL of 500 ms. The nisoldipine reduced the slope of the restitution (green versus red curves) only 
in a slow phase, at DIs larger than 70 ms (significance marked with *). The  APD25 alternans were significantly 
reduced at 250, 230, and 210 ms (green versus red symbols, significance marked with #). (c) Depicts  APD90 
restitution under control (red curve) and in the presence of 1 µM nisoldipine (green curve) at a BCL of 500 ms. 
However, the  APD90 shortening after nisoldipine administration is clear, we can observe that the steepness of the 
curve primarily reduced at the slow phase.
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In our experiments we found that oscillation of the  ICaL recovery time (that is often developed during alter-
nans) is able to induce  ICaL peak fluctuation—as was expected, and the relationship between  ICaL and CaT ampli-
tude alternans was closely coupled (Fig. 4). In line with previous results demonstrated in Fig. 3, the high pacing 
rate per se was insufficient again to induce CaT alternans, since when  ICaL alternans were small the corresponding 
CaT alternans were also restricted. The magnitude of  ICaL alternans was not altered even if the  Ca2+

i was buffered 
(Supplementary Fig. S4) indicating the membrane potential origin of the  ICaL fluctuations.

At the same time, it is important to note that AP morphology and alternans influence the SR  Ca2+ content 
and the efficiency of the excitation–contraction  coupling21. Therefore, the actual SR  Ca2+ content—together with 
 ICaL—may have important contribution to the development of  alternans15, however, this was out of the scope 
of this study.

Does  ICaL contribute to alternans development in a restitution independent manner? Since 
previous experiment showed that  ICaL can induce CaT alternans via alterations of the recovery period (i.e. 
voltage-dependent manner) the relationship of  ICaL with the restitution slope was investigated. Several papers 
reported that  ICaL is an important contributor of the restitution  slope38–40.

In order to address this question the  ICaL kinetics was investigated under different recovery intervals. Our 
current measurement in the presence of unbuffered intracellular solution revealed that under short diastolic 
intervals—that corresponds to the fast phase of restitution—the recovered fraction of the  ICaL is relatively low 
(Fig. 5). Similarly, our tissue AP experiments with 1 µM nisoldipine (Fig. 6) demonstrated that selective  ICaL 
inhibition does not influence the fast phase of the restitution curve. This fact, in line with previous  report41, may 
indicate that  ICaL has a minor role in shaping the fast phase of the restitution, presumably because highly incom-
plete recovery allows small  ICaL during short diastolic intervals. Furthermore, according to previous  study42, the 
failure of nisoldipine to change restitution steepness could be also attributable to the relatively small effect on 
the baseline APD (~ 20%). Previous paper also reported no change in the time constant of electrical restitution 
of human ventricle after application of 1 µM nisoldipine in  human29. At the same time, in line with our results, 
a numerical simulation demonstrated that  ICaL suppression reduces  alternans32.

Previous studies reported that  ICaL blocker verapamil flattened the restitution  curve38,39, however it is known 
that it also inhibits the  IKr in submicromolar  level43,44 that was not taken into account in those studies.  IKr suppres-
sion was reported to flatten  restitution42, while in contrast, dihydropyridines did not inhibit the  IKr

43,44. Therefore, 
verapamil could not be considered as a suitable tool to assess the role of  ICaL in restitution, and its additional  IKr 
suppressing effect makes the data interpretation difficult.

Possible role of cardiac memory. Cardiac memory is a term introduced by Rosenbaum et al.45. The short 
term cardiac memory reflects the effect of pacing “history” on the APD, therefore, the relationship of alternans 
and APD restitution is complicated by the possible presence of the short-term cardiac memory. In our measure-
ments the S1S2 restitutions measured at different BCLs and dynamic restitutions are different (Supplementary 
Fig. S3), indicating the presence of memory in the system. Several studies claimed that the presence of cardiac 
memory decreases the reliability of the restitution in prediction of  alternans46,47. Therefore in our experiments 
the cardiac memory could be also an important contributor that reduces the coupling between alternans and 
restitution slope.

Conclusion
In this study we found that  ICaL has minor contribution in shaping the fast phase of restitution curve. This sug-
gest that  ICaL—if it contributes to the mechanism of alternans—could be an additional factor that attenuates the 
reliability of APD restitution slope to predict alternans.

Since  ICaL can induce alternans in voltage-dependent manner (i.e. by the change of the recovery period) it 
could contribute to the development of a voltage-driven alternans that are largely independent of restitution.

Limitations
The alternans-restitution comparison was investigated in endocardial tissue therefore it does not represent the 
whole heart. Other cell layers, such as midmyocardial cells or Purkinje fibers may exert different behavior.
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Novel Na+/Ca2+ Exchanger Inhibitor
ORM-10962 Supports Coupled
Function of Funny-Current and Na+/
Ca2+ Exchanger in Pacemaking of
Rabbit Sinus Node Tissue
Zsófia Kohajda1,2†, Noémi Tóth2†, Jozefina Szlovák2, Axel Loewe3, Gergő Bitay2,
Péter Gazdag2, János Prorok2, Norbert Jost1,2, Jouko Levijoki4, Piero Pollesello4,
Julius Gy. Papp1,2, András Varró1,2* and Norbert Nagy1,2

1 MTA-SZTE Research Group of Cardiovascular Pharmacology, Hungarian Academy of Sciences, Szeged, Hungary,
2 Department of Pharmacology and Pharmacotherapy, Faculty of Medicine, University of Szeged, Szeged, Hungary, 3 Institute
of Biomedical Engineering, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany, 4 Orion Pharma, Espoo, Finland

Background and Purpose: The exact mechanism of spontaneous pacemaking is not
fully understood. Recent results suggest tight cooperation between intracellular Ca2+

handling and sarcolemmal ion channels. An important player of this crosstalk is the Na+/
Ca2+ exchanger (NCX), however, direct pharmacological evidence was unavailable so far
because of the lack of a selective inhibitor. We investigated the role of the NCX current in
pacemaking and analyzed the functional consequences of the If-NCX coupling by
applying the novel selective NCX inhibitor ORM-10962 on the sinus node (SAN).

Experimental Approach: Currents were measured by patch-clamp, Ca2+-transients
were monitored by fluorescent optical method in rabbit SAN cells. Action potentials (AP)
were recorded from rabbit SAN tissue preparations. Mechanistic computational data were
obtained using the Yaniv et al. SAN model.

Key Results: ORM-10962 (ORM) marginally reduced the SAN pacemaking cycle length
with a marked increase in the diastolic Ca2+ level as well as the transient amplitude. The
bradycardic effect of NCX inhibition was augmented when the funny-current (If) was
previously inhibited and vice versa, the effect of If was augmented when the Ca2+ handling
was suppressed.

Conclusion and Implications:We confirmed the contribution of the NCX current to cardiac
pacemaking using a novel NCX inhibitor. Our experimental and modeling data support a
close cooperation between If and NCX providing an important functional consequence: these
currents together establish a strong depolarization capacity providing important safety factor
for stable pacemaking. Thus, after individual inhibition of If or NCX, excessive bradycardia or
instability cannot be expected because each of these currents may compensate for the
reduction of the other providing safe and rhythmic SAN pacemaking.

Keywords: Na+/Ca2+ exchanger, funny-current, ORM-10962, pacemaking, sinus-node
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INTRODUCTION

Computational modeling as well as experimental results
established previously that the normal pacemaker function is
not only regulated by the hyperpolarization-activated funny
current (If) (DiFrancesco, 1981) but is also regulated by the
intracellular Ca2+ handling (Lakatta and DiFrancesco, 2009;
Yaniv et al., 2013a; Yaniv et al., 2015; Sirenko et al., 2016).
Lakatta and co-workers suggested that the sinus node (SAN)
cells operate by a rhythmic clock-like oscillator system where
the sarcoplasmic reticulum serves as a Ca2+-clock, which
rhythmically discharges diastolic local Ca2+ releases (LCRs),
and activates the forward (inward) Na+/Ca2+ exchanger (NCX)
current to accelerate the diastolic depolarization and facilitates
the membrane-clock (M-clock) (Yaniv et al., 2015). Recent
experimental results further suggest that these clocks work
tightly coupled since the M-clock regulates the Ca2+ influx and
efflux while the NCX also regulates the diastolic depolarization
forming a coupled-clock system. Therefore, NCX may have
crucial importance in the clock-like oscillator system since
the NCX-mediated inward current is directly translated to
membrane potential changes via the operation of forward
mode of the exchanger. This hypothesis was repeatedly
challenged and the pivotal role of Ca2+ clock was questioned
by other authors (Noble et al., 2010; Himeno et al., 2011;
DiFrancesco and Noble, 2012).

As early as 1983, Irishawa and Morad showed in elegant
experiments that full inhibition of If current by caesium did not
significantly influence SAN spontaneous activity arguing for
mechanisms other than If (Noma et al., 1983). On the other
hand, other studies suggest a fundamental role of the exchanger
in normal automaticity. A low-sodium bath solution inhibited
spontaneous action potentials (AP) firing in guinea-pig SAN
cells via suppressing normal function of NCX (Sanders et al.,
2006). Other studies reported that depletion of SR store by
application of ryanodine markedly disturbed the normal
pacemaker activity in rabbit SAN cells (Bogdanov et al., 2001).
Mouse genetic models revealed that partial atrial NCX1 knock
out (≈90%) caused severe bradycardia and other rhythm
disorders (Herrmann et al., 2013), while complete atrial NCX
knock-out completely suppressed the atrial depolarization
exerting ventricular escape rhythm on the ECG (Groenke
et al., 2013). The application of KB-R7943, a non-selective
NCX inhibitor, also suppressed spontaneous beating in guinea-
pig SAN cells (Sanders et al., 2006) however it has also marked
effect on the Ca2+-currents. The supposed crucial role of NCX in
the normal pacemaker function of SAN could not be directly
investigated experimentally so far due to the lack of a selective
NCX inhibitor. Recently, two novel NCX inhibitors were
synthesized: ORM-10103 and ORM-10962, both showing
improved selectivity without influencing ICaL function (Jost
et al., 2013; Kohajda et al., 2016; Oravecz et al., 2017).

In this study we confirmed the contributing role of NCX to
spontaneous pacemaking by its direct pharmacological
inhibition via the novel, selective inhibitor ORM-10962. Our
data suggest that a strong crosstalk between If and NCX also
exists in multicellular level, which was described and discussed
by the Lakatta group earlier in single cell level (Yaniv et al., 2015).
In addition, however, extending these earlier findings, we show
that the effect of individual If and NCX inhibition is minimal
whereas a combined inhibition acts synergistically, providing an
important safety margin for secure spontaneous activity of
the SAN.

MATERIALS AND METHODS

Ethical Statement
All experiments were conducted in compliance with the Guide for
the Care and Use of Laboratory Animals (USA NIH publication
No 85-23, revised 1996) and conformed to Directive 2010/63/EU
of the European Parliament. The protocols were approved by the
Review Board of the Department of Animal Health and Food
Control of the Ministry of Agriculture and Rural Development,
Hungary (XIII./1211/2012).

Animals
The measurements were performed in right atrial tissue obtained
from young New-Zealand white rabbits from both genders
weighing 2.0–2.5 kg.

Voltage-Clamp Measurements
Cell Preparations
For measuring If pacemaker current, we isolated single cells from
the SAN region of rabbit heart by enzymatic dissociation. The
animals were sacrificed by concussion after receiving 400 IU/kg
heparin intravenously. The chest was opened and the heart was
quickly removed and placed into cold (4°C) solution with the
following composition (mM): NaCl 135, KCl 4.7, KH2PO4 1.2,
MgSO4 1.2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) 10, NaHCO3 4.4, glucose 10, CaCl2 1.8, (pH 7.2 with
NaOH). The heart was mounted on a modified, 60 cm high
Langendorff column and perfused with oxygenated and
prewarmed (37°C) solution mentioned above. After washing
out of blood (3–5 min) the heart was perfused with nominally
Ca-free solution until the heart stopped beating (approx. 3–
4 min). The digestion was performed by perfusion with the same
solution supplemented with 1.8 mg/ml (260 U/ml) collagenase
(type II, Worthington). After 10–12 min, the heart was removed
from the cannula. The right atrium was cut and the crista
terminalis and SAN region were excised and cut into small
strips. Strips were placed into enzyme free solution containing
1 mM CaCl2 and equilibrated at 37°C for 10 min. After 10 min
with gentle agitation, the cells were separated by filtering through
a nylon mesh. Sedimentation was used for harvesting cells. The
supernatant was removed and replaced by HEPES-buffered
Tyrode’s solution. The cells were stored at room temperature
in the Tyrode’s solution.

Abbreviations: AP, action potential; APD, action potential duration; CL, cycle
length; CLV, cycle length variability; DD, diastolic depolarization; DI, diastolic
interval; DOF, dofetilide; NCX, sodium-calcium exchanger; If, funny-current;
IVA, ivabradine; ORM, ORM-10962; RYA, ryanodine; SAN, sinoatrial-node.
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Measurement of Pacemaker Current (Funny Current)
For the measurement of the If current, the method of Verkerk
et al. (2009) was adapted and applied. The current was recorded
in HEPES-buffered Tyrode’s solution while the composition of
the pipette solution was the following (in mM): KOH 110, KCl
40, K2ATP 5, MgCl2 5, EGTA 5, HEPES 10, and GTP 0.1 (pH
was adjusted to 7.2 by aspartic acid). The current was activated
by hyperpolarizing voltage pulses to −120 mV from a holding
potential of −30 mV. The pacemaker current was identified as
ivabradine (IVA) sensitive current. The experiments were
performed at 37°C.

Fluorescent Optical Measurements
Isolated, spontaneously beating SAN cells were used for
measurements. Ca2+ transients were measured by Fluo-4 AM
fluorescent dye. Isolated cells were loaded with 5 µM dye
for 20 min in room temperature in dark. Loaded cells were
mounted in a low volume imaging chamber (RC47FSLP, Warner
Instruments) and continuously superfused with normal Tyrode
solution. Fluorescence measurements were performed on the
stage of an Olympus IX 71 inverted fluorescence microscope.
The dye was excited at 480 nm and the emitted fluorescence was
detected at 535 nm. Optical signals were sampled at 1 kHz and
recorded by a photon counting photomultiplier module
(Hamamatsu, model H7828). Amplitudes of the Ca2+ transients
were calculated as differences between systolic and diastolic
values. To measure Ca2+ changes the cells were damaged by a
patch pipette at the end of the experiment to obtain maximal
fluorescence (Fmax). Ca

2+ was calibrated using the following
formula: Kd(F−Fmin)/(Fmax−F). Kd of the Fluo-4 AMwas 335 nM.

Action Potential Measurements With
Standard Microelectrode Technique
We have chosen multicellular preparations for action potential
measurements for three reasons: 1) all of the ion channels
remained intact (current density, kinetics) because of the lack
of enzymatic dissociation, thus providing more precise estimates
of the ratio between the currents, 2) since the SAN cells are
surrounded with atrial cells having a more negative resting
membrane potential, the electrotonic coupling may intimately
influence the SAN cells. It may have great importance since the If
current markedly increases as the membrane potential drops to
more negative values (Morad and Zhang, 2017), (3) the action
potential frequency was very stable with a cycle-length variability
lower than 5 ms.

SAN regions obtained from right atria were mounted in a
tissue chamber superfused with oxygenated Locke’s solution at
37°C. A conventional microelectrode technique was performed
as previously described (Kormos et al., 2014; Kohajda et al., 2016;
Oravecz et al., 2017). In the case of SAN, the action potentials
were empirically found in the right atrium. SAN action potentials
were verified by the maximum upstroke speed, which had to be
lower than 15 V/s, the resting membrane potential (>−60 mV),
and a clear diastolic depolarization (DD). Efforts were made to
maintain the same impalement throughout each experiment. If
impalement became dislodged, however, electrode adjustment
was attempted and, if the action potential characteristics of the

re-established impalement deviated by less than 5% from those
of the previous measurement, the experiment was continued.
When this 5% limit was exceeded, the experiment was
terminated and all data were excluded from the analyses.

Action potential durations were measured at 90, 50, and 25%
of repolarization. The maximal diastolic potential was defined as
the most negative potential reached during the repolarization.
The take off potential is the most negative point of the AP
upstroke. DD was defined as the interval between the maximal
diastolic potential and take off potential. The DD slope was
calculated as DVm/Dt between these points. The cycle length was
calculated as the peak-to-peak interval between two consecutive
APs. The phase 0 depolarization velocity was defined as the
maximum of the first derivative of the AP during the upstroke.

Modeling
To complement the experiments, we performed mechanistic
computational modeling using the Yaniv et al. model of rabbit
SAN cells (Yaniv et al., 2013b). The differential equations of the
model were solved using a forward Euler scheme. Simulation
results were analyzed when the system had converged to a cyclic
steady-state.

Statistical Analysis
All data are expressed as mean ± standard error (SEM).
Statistical analysis was performed with Student’s t-test and
ANOVA with Bonferroni post-hoc test. The results were
considered statistically significant when p was < 0.05. In the
case of action potential experiments, all recordings were obtained
from different hearts.

Materials
With the exception of ORM-10962 (ORM) (from Orion Pharma,
Espoo, Finland), and Fluo-4 AM (Thermo Fisher Scientific,
Waltham, MA, USA), all chemicals were purchased from
Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). ORM
was dissolved in dimethyl-sulfoxide (DMSO) to obtain a 1 mM
stock solution. This stock solution was diluted to reach
the desired final concentration (DMSO concentration not
exceeding 0.1%) in the bath.

RESULTS

ORM-10962 Has No Effect on Funny
Current
Figure 1 shows the measurement of If in isolated SAN cells by
applying the whole cell configuration of the patch clamp method.
The selectivity of ORM on Na+-, Ca2+-, and major K+ currents
was tested in a previous study from our laboratory (Kohajda
et al., 2016). However, its potential effect on the If current was not
investigated in that previous study. As Figures 1A, C show a
slowly developed current at negative hyperpolarizing membrane
potential (from −30 to −120 mV), which was not altered by
application of 1 µM ORM (Figure 1B). In contrast, it was
markedly inhibited by 10 µM IVA (69.3 ± 3.4%), a well known
inhibitor of If.
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Na+/Ca2+ Exchanger Inhibition Exerted
Moderate Bradycardic Effect on Sinus
Node Tissue
Figure 2 summarizes the effect of selective NCX inhibition by
ORM on the spontaneous automaticity in SAN. Following
application of 1 µM ORM a moderate but significant
lengthening effect on the CL was observed (455.6 ± 32 ms vs.
493.0 ± 38 ms; D = 8.1 ± 1.8% p < 0.05, n = 16/16 hearts; Figures
2A–C) without any influence on the action potential duration
(APD) (94.3 ± 6.7 ms vs. 96.7 ± 5.9 ms; Figure 2D). The slope of
the diastolic depolarization phase was significantly reduced after
ORM application (15.7 ± 3.1 mV/s vs. 10.9 ± 2.8 mV/s; n = 14/14;
p < 0.05 Figure 2E) while the CL variability remained unchanged
(7.6 ± 1.2 ms vs. 8.1 ± 1.3 ms; Figure 2F). The slope of phase 0 AP
depolarization was identical during control and ORM experiments
(11.2 ± 2.7 V/s vs. 12.5 ± 2.3 V/s). The preparations maintained
the stable frequency in the time control experiments when DMSO
was applied (440 ± 36.1 ms vs. 445 ± 37.6; n = 4). In the
computational SAN action potential model (Yaniv et al., 2013b),
we identified the degree of NCX current suppression required to
obtain a similar CL increase as was experimentally measured.
Forty-one percent of NCX inhibition was required to obtain 8%

CL increase which was equal with the CL change observed
experimentally (Figure 2G).

Na+/Ca2+ Exchanger Inhibition Slightly
Increased the Diastolic Ca2+ Level in
Isolated Sinus Node Cells
The diastolic Ca2+ level increased in isolated SAN cells after
ORM treatment (70 ± 11 nM vs. 130 ± 24 nM; p < 0.05, n = 10;
Figures 3A, B), the effect was similar than was predicted by the
Yaniv et al. SAN model (Figure 3D). In contrast to the model
prediction, we found considerable increase in the transient
amplitude (312 ± 37 nM vs. 568 ± 85 nM; p < 0.05, n = 10
Figure 3C), which was nearly doubled (82.1 ± 22%) in response
to ORM application compared to the control value.

The Concomitant Application of Ivabradine
and ORM-10962 Revealed Coupled
Frequency Control Between Funny Current
and Na+/Ca2+ Exchanger Measured in
Sinus Node Tissue
In the next set of experiments, IVA and ORM were subsequently
applied to study a possible coupling between If and NCX.

FIGURE 1 | Investigation of the possible effect of ORM-10962 (ORM) on funny current (If) in isolated sinus node (SAN) cells. The hyperpolarization activated If was
elicited by 5,000 ms long rectangle pulse potentials to −120 mV from a holding potential of −30 mV. As representative current traces indicate, the current amplitude
after ORM application (gray circle) was identical with the control (open circle). The considerable effect of 10 µM ivabradine (IVA) verified that the elicited current was
indeed If (A, B). Original traces in panel (C) represent the absence of ORM effects on current-voltage relationship of If by applying hyperpolarization pulses from
−120 mV to −30 mV with 10 mV increments.

Kohajda et al. If-NCX Coupling in SAN Pacemaking

Frontiers in Pharmacology | www.frontiersin.org January 2020 | Volume 10 | Article 16324

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


The effect of 1 µM ORM was substantially larger when If
was previously inhibited (Figures 4A, B). Ca2+ transient
measurements from spontaneously contracting SAN cells
showed identical amplitudes (327 ± 23 nM vs. 337 ± 42 nM;
n = 12) as well as diastolic Ca2+ levels (89 ± 22 nM vs. 85 ± 13 nM;
n = 12) between control and 3 µM IVA (Figure 4C). A clear,
gradual increase of ORM effect on the CL was observed with
combined increasing concentration of IVA (1 µM ORM effect in
the presence of 0 µM IVA: 8.1 ± 1.88%; in the presence of 0.5 µM
IVA: 9.6 ± 2.3%; in the presence of 3 µM IVA: 17.1 ± 2.5%;
Figure 4D). The ORM effect in the presence of 0.5 µM IVA did
not differ significantly from the control, where 0 µM IVA was
applied (8.1 ± 1.88% versus 9.6 ± 2.3%). In contrast, ORM effect
was significantly larger on the CL in the presence of 3 µM IVA,
compared with the control where IVA was not applied (8.1 ±
1.88% versus 17.1 ± 2.5%; p < 0.05, ANOVA, Bonferroni post hoc
test). IVA significantly increased the CL both in 0.5 and in 3 µM
concentrations (p < 0.05, ANOVA, Bonferroni post hoc test).
In Figure 4E, we compare modeling and experimental results.
In the Yaniv et al. model, based on a previous study (Bois
et al., 1996), If inhibition was varied between 0%/20%/60% block
(corresponding to 0, 0.5, and 3 µM IVA). Larger, 85% inhibition

was only set in the model, since experimental application of 10 µM
IVA is not feasible because of the marked IKr inhibition which can
also reduce automaticity. The NCX inhibition was 41% in all cases.
As Figure 4E shows, the modeling results do not match the
experiments quantitatively, however they show a similar tendency
(when If block increases, the same NCX inhibition causes larger
CL prolongation) with markedly steeper correlation.

Figure 4F shows original modeling traces in the presence of
20% (left panel), 60% (middle panel), and 85% (right panel) If
inhibition when NCX inhibition was 41% in all cases. The action
potential modeling demonstrates an increased CL prolongation
effect of NCX inhibition as If suppression becomes stronger,
however, in contrast to the model prediction the steepness of
NCX inhibition-induced CL increase was considerable flatter
during experiments.

IKr Inhibition-Induced Bradycardia Did Not
Facilitate the Effect of Selective Na+/Ca2+

Exchanger Inhibition on Cycle Length in
Sinus Node Tissue
We investigated how bradycardia induced by a mechanism
which does not directly involve the inward depolarizing

FIGURE 2 | Estimation of the effect of selective Na+/Ca2+ exchanger (NCX) inhibition on sinus node (SAN) tissue. As representative action potential traces (A) as
well as individual experiments (B) and bar graphs (C) indicate, application of 1 µM ORM-10962 (ORM) exerted a slight but statistically significant bradycardic effect
on SAN tissue. The action potential duration (APD) did not change during the experiment (D), however the slope of the spontaneous depolarization was considerably
decreased (E). 30 consecutive cycles were analyzed to estimate the pacing rate variability. Poincaré-plot and bar graphs depict that ORM did not alter the short-
term cycle length (CL) variability (F). The Yaniv SAN cell model predicts 41% NCX inhibition to meet with the observed bradycardic effect of 1 µM ORM. The inset
illustrates the reduced slope during late diastolic depolarization (DD) when 41% NCX inhibition was applied (red curve) (G).
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currents (If and NCX) would influence the effect of NCX
inhibition. Full IKr block induced by 100 nM dofetilide (DOF)
markedly increased the CL of SAN AP (control: 489.3 ± 31 ms!
100 nM dofetilide: 649.1 ± 40.2 ms). This degree of increase
of CL was due to the lengthening of APD without changing the
DI. The subsequent application of 1 µM ORM exerted a similar
effect (1 µM ORM-10962: 679.6 ± 52.6 ms; n = 7/7 hearts;
Figures 5A, B), compared with results obtained after individual
administration presented in Figure 2 (7.2 ± 1.8% vs. 8.1 ± 1.8%,
Figure 5F). It is important that the effect of DOF on CL was
nearly similar to 3 µM IVA (32.9 ± 6.7% vs. 20.9 ± 4.1%).
However, the major difference was that the DOF-mediated
increase in CL was practically entirely an APD increase-
induced effect (APD90: 94.4 ± 3 ms vs. 187 ± 7.1 ms; p < 0.05,
n = 7; diastolic interval (DI): 338.3 ± 39 ms vs. 352.7 ± 44.6 ms,
n = 7) while the IVA influenced only the DI without affecting the
APD90 (Figures 5C–E). In contrast, both NCX inhibition by
ORM and If inhibition by IVA increased the CL due to
lengthening of the time of the DI by decreasing its slope.
When ORM was applied in combination with DOF the
increase of the CL was not additive.

Suppression of Ca2+ Increases the Effect
of If Inhibition on Cycle Length in Sinus
Node Tissue
In the next set of experiments, we investigated the potential
effect of suppression of SR Ca2+ release on the effect of IVA
(Figure 6A). The aim was to minimize the depolarizing activity
of the Ca2+ release-induced augmentation of the forward
NCX by application of 5 µM ryanodine (RYA) after the
control recording. This caused a significant CL prolongation
(437.8 ± 20.3 ms vs. 499.8 ± 10.4 ms; p < 0.05, n = 6/6). The
subsequently applied 1 µM ORM-10962 marginally but
statistically significantly increased the CL (499.8 ± 10.4 ms vs.
520.8 ± 29.9 ms; p < 0.05; n = 6/6). However, further 3 µM IVA
markedly and significantly augmented the CL of the SAN
preparations (520.8 ± 29.9 ms vs. 726.6 ± 39.8 ms; p < 0.05,
n = 6/6; Figure 6B). In the Figure 6C we compared the IVA
effects under normal condition (i.e., in the absence of any other
inhibitors—20.9 ± 4.1%) and in the presence of RYA+ORM.
As bar graphs in Figure 6C show, the IVA exerted markedly
larger CL prolongation in the presence of RYA+ORM (42.4 ±
5.7%, p < 0.05, Student’s T-test).

FIGURE 3 | (A) Representative Ca2+ transient traces from spontaneously contracting isolated sinus node (SAN) cells under control conditions (black trace)
and after 1 mM ORM-10962 (ORM) application (red trace). As original fluorescent data as well as bar graphs indicate, a slight but significant increase of the
diastolic Ca2+ level (B) with increased transient amplitude (C) was observed. In line with experimental data, the Yaniv SAN cell model predicted similar
diastolic Ca2+ gain after 41% Na+/Ca2+ exchanger (NCX) inhibition (D), however the increase of transient amplitude is much more pronounced during the
experimental results.
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Decrease of [Ca2+]O Increases the Effect
of Funny Current Inhibition on Cycle
Length in Sinus Node Tissue
We further tested the coupling between Ca2+ handling and If on
CL control. Reduced [Ca2+]o (0.9 mM) external solution was
selected to achieve this goal since in this concentration, the CL
was only slightly reduced (10.3 ± 3.7%). We found that the
reduced extracellular Ca2+ slightly increased the CL which was
further increased after application of 3 µM IVA (control: 469 ±
39.5 ms! 0.9 mM [Ca2+]o: 515.8 ± 40.8 ms! 3 µM IVA: 777 ±
58.7 ms; p < 0.05, n = 6/6 hearts, Figures 7A, B). We compared
again the effects of IVA on the CL under normal condition (i.e.,
1.8 [Ca2+]o) and in the presence of low external Ca2+ (0.9 mM
[Ca2+]o). As bar graphs in Figure 7C demonstrates the IVA
has markedly improved effect when extracellular Ca2+ is low
compared with normal Ca2+ settings (51.1 ± 5.1% versus 20.99 ±
4.1%, p < 0.05; Student’s t-test). Figure 7D represents Ca2+

transient measurements from spontaneously contracting isolated
cells. We can observe that the application of 0.9 mM [Ca2+]o
significantly decreased the transient amplitude (295 ± 52 nM vs.
185 ± 32 nM; p < 0.05, n = 8) which may reflect decreased Ca2+

influx, SR Ca2+ release which may decrease the NCX current and
thus attenuate the compensating capacity of NCX. The diastolic
Ca2+ also significantly decreased (127 ± 33 vs. 64 ± 10 nM; p <
0.05, n = 8). We addressed this question by using mechanistic
modeling (Yaniv et al., 2013b). Left column of Figure 7E
represents action potentials (upper traces), NCX and If current
kinetics (middle traces), and global Ca2+ transients (lower traces)
under normal condition. Upon application of 0.9 mM [Ca2+]o
(right column) the CL slightly reduced, the integral of NCX
current under the late phase of DD decreased while the
magnitude of If current did not changed. The amplitude of the
global transient decreased in similar extent as was obtained from
SAN cell experiments.

FIGURE 4 | Combined inhibition of Na+/Ca2+ exchanger (NCX) and If in sinus node (SAN). As original SAN action potentials and bar graphs report (A, B), 1 mM
ORM-10962 (ORM) (red trace) exerted an increased effect after 0.3 mM ivabradine (IVA) pretreatment (blue trace). Panel (C) represent Ca2+ transients measured from
isolated SAN cells under control condition (black trace) and in the presence of 3 mM IVA (blue trace). We found identical Ca2+ levels as a result of IVA treatment. In
panel (D), the dose dependent effect of IVA (abscissa) on SAN cycle length (CL) was plotted against the effect of consecutive application of 1 mM ORM on CL
(ordinate). As was previously described in Figures 2A–C, 1 mM ORM has ≈8% effect without IVA. In the presence of 0.5 and 3 mM IVA, the ORM-induced reduction
of pacing rate was gradually increased. The numbers in parentheses indicate the corresponding n. The experimental results (red) are compared with the Yaniv SAN
cell model (blue) in panel (E). Based on a previous study, 0.5 and 3 µM IVA were represented by 20 and 60% funny current (If) inhibition in the presence of constant
41% NCX inhibition. Panel (F) represents the modeling results of combined If-NCX block. In the three panels, If was inhibited by varying degrees (straight lines) and
combined with 41% NCX inhibition (dotted lines) yielding an increasing NCX inhibition effect on CL as If inhibition increases.
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Concomitant Inhibition of Na+/Ca2+

Exchanger and Funny Current Increases
the Cycle Length Variability in Sinus Node
Tissue
The short term CL variability (CLV) was calculated by the
analysis of CLs of N = 30 consecutive action potentials by
applying the following formula:

STV = S CL; i + 1 − CL; ið Þ= nbeatsx
ffiffiffi
2

p� �
:

One micrometer of ORM-10962 and 3 µM IVA individually
prolong the CL without considerable influence on the CL
variability (see the area covered in Figures 8A, B). The
subsequent application of 5 µM RYA (Figure 8C, green line)
and 5 µM RYA + 1 µM ORM-10962 (Figure 8C, red line)
showed a tendency to increase the CL variability, however it
proved not to be statistically significant. In contrast, additionally
adding 3 µM IVA markedly and statistically significantly
enhanced the variability parallel with the CL increase, when
the Ca2+ release and NCX activity were suppressed (Figure 8C,
blue line). As Figures 8D, E show, the CL variability exerts
similar results as the CL measurements: individual inhibition of
NCX (2.53 ± 0.8 ms vs. 2.71 ± 0.9 ms; n = 16/16; red line) and If
(3.6 ± 0.9 ms vs. 5.19 ± 0.7 ms; n = 5/5; blue line) or Ca2+

handling suppression (3.03 ± 0.87 ms vs. 7.0 ± 2.73 ms, n = 7/7;
green line) do not alter significantly the CLV while the variability
was largely increased if IVA was administrated in the presence of
reduced Ca2+ cycling activity (7.0 ± 2.73 ms vs. 15.29 ± 5.6 ms;
orange line).

DISCUSSION

The aim of this study was to verify and estimate the possible
contribution of NCX function in SAN automaticity by direct
selective pharmacological inhibition. Furthermore, we evaluated
the functional consequences of the previously mentioned (Yaniv
et al., 2015) If-NCX coupling in multicellular tissue level. In this
study, we provided evidence for the first time regarding the
essential role of NCX in spontaneous automaticity of the SAN by
selective pharmacological inhibition. In addition, we described
its functional interaction with If. This interaction between the
DD currents is based on the following experimental results:
i) 3 µM IVA has moderate effects on CL (~21%) and CLV
(D ~ 2 ms), ii) 1 µM ORM has marginal effects on CL (~8%) and
no change on CLV, iii) Ca2+ cycling suppression by 1 µMORM +
5 µM RYA has moderate effects on CL (~19%) and CLV
(D ~ 4 ms), iv) increasing If inhibition augments the effect of a

FIGURE 5 | Sinus node (SAN) frequency was decreased by complete IKr inhibition by 100 nM dofetilide administration. The control cycle length (CL) (black trace)
largely increased after dofetilide (green trace). However, the effect of 1 µM ORM-10962 (ORM) did not change compared with the individual effect (red trace,
panels A, B, F). The main difference between ivabradine (IVA) and dofetilide (DOF)-induced bradycardia is that 0.5 and 3 µM IVA markedly increased the diastolic
interval (C, D), which remained unchanged in the case of IKr inhibition by DOF (E).
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fixed ORM dose (1 µM) on CL (~ 8 to 17%), v) the effect of 3 uM
IVA is enhanced when Ca2+ cycling was previously suppressed
(from ~ 20 to 42%).

ORM-10962 Does Not Inhibit the Funny
Current
The effectiveness and selectivity of ORM-10962, a novel, potent
NCX inhibitor was investigated in detail in our previous studies
(Kohajda et al., 2016; Oravecz et al., 2017). In these studies, it was
shown that ORM inhibited both forward and reverse mode NCX
with an IC50 values of 55 and 67 nM without changing the ICa,
INa, IK1, IKr, IKs, Ito, and INa/K pump currents even at high (1 mM)
concentrations. However, the If current was not investigated. The
present study demonstrates that 1 µM ORM did not influence If
(Figure 1) in the presence of high Ca2+ buffering, which means
that ORM is a suitable tool for the evaluation of NCX in SAN
automaticity, however the indirect effects related with ORM-
induced Ca2+ elevation (without Ca2+ buffering) may influence
the If indirectly (Mattick et al., 2007).

Na+/Ca2+ Exchanger Inhibition Slightly
Decreases Sinus Node Firing Rate
We found slight, but statistically significant reduction in the
spontaneous firing rate in SAN tissue which is the consequence
of the reduced rate of the DD (Figure 2). This result is a direct
evidence and verification for the contribution of the inward NCX

in rhythm generation. Previous studies (Yaniv et al., 2013a;
Yaniv et al., 2015) reported that not only the increase of CL,
but the parallel increase of pacing variability reports the
uncoupling of the If-NCX and the destabilization of the
DD. Since in our experiments the CL slightly increased while
the pacing rate variability did not change, we conclude that
the individual NCX inhibition did not cause considerable
uncoupling of If-NCX.

The rate of forward NCX inhibition by using 1 µM ORM was
estimated to ≈90% by applying conventional ramp protocol in
the presence of ≈160 nM [Ca2+]i in canine ventricular myocytes
in our previous study (Kohajda et al., 2016). The actual ratio of
inhibited NCX which corresponds with the observed CL changes
was calculated to 41% by using the Yaniv SAN cell model (Yaniv
et al., 2013b). It is important to note, that in our previous study
(Oravecz et al., 2017) we have demonstrated that the extent of
NCX inhibition (via ORM-10962) is decreased when the
intracellular Ca2+ is intact (i.e., in the presence of Ca2+

transient). The underlying mechanism could be asymmetrical
block between two modes, autoregulation of the Ca2+i or by
preserved inducibility of forward NCX by elevated Ca2+i.

Na+/Ca2+ Exchanger Inhibition Markedly
Increases the Ca2+I Level
The selective NCX inhibition caused similar diastolic Ca2+

changes compared to the Yaniv model predicted, however, in

FIGURE 6 | The potential influence of Ca2+ handling suppression by 5 µM ryanodine (RYA) (green line) and 1 µM ORM-10962 (red line) on the effect of funny current
(If) reduction was investigated. As representative curves panel (A) and diagram panel (B) report, both drugs increased the cycle length (CL) of the action potential.
Statistical analysis was achieved by ANOVA. * means RYA compared to control, $ means ORM-10962 (ORM) compared to RYA, and # means ivabradine (IVA)
compared to ORM. Comparison of the effect of 3 µM IVA on the CL under normal condition (i.e., without any other inhibitors) and after 5 µM RYA + 1µM ORM
shows that the same dose of IVA has markedly increased effect when the contribution of Na+/Ca2+ exchanger (NCX) is reduced by concomitant application of RYA
and ORM panel (C).
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contrast with modeling, we found markedly increased Ca2+

transient amplitude which is generally expected after decreased
rate of Ca2+ extrusion (Figure 3). The observed quantitative
discrepancy between experiments and modeling may indicate
that the extent of NCX inhibition in the experiments could be
larger than 41%.

We can speculate that the increasing intracellular Ca2+ is
known to facilitate the inactivation of the L-type Ca2+ current as
a part of the autoregulation (Eisner et al., 1998; Eisner et al.,
2000). The gain of the [Ca2+]i may indirectly shortens the CL
which means two parallel, counteracting effect of selective NCX
inhibition: the inhibition of the inward NCX current may
reduce the actual frequency by suppressing its contribution in
the DD, however it is partially compensated for the CL
abbreviating effect of increased [Ca2+]i. Furthermore, the If
may also contribute in the limitation of the ORM effect: i) a
theoretical possibility exists that ORM-induced Ca2+ elevation
may increase the If, however this was ruled out by a previous

work (Zaza et al., 1991). ii) It was reported that SAN myocytes
express Ca2+-activated adenylate cyclase isoform, which might
raise cAMP (and If) in response to NCX blockade (Mattick
et al., 2007).

The Moderate Bradycardic Effect of Na+/
Ca2+ Exchanger Inhibition May Be
Explained by Funny Current-Na+/Ca2+

Exchanger Coupling
However, one may speculate after considering the crucial role of
NCX in the coupled-clock theory, why the NCX inhibition-
induced “bradycardia” exerted a relatively low influence. Using
genetic mouse models Gao et al. claimed that partial ablation of
NCX (≈70–80%) using an aMHC-inducible “Cre” transgenic
line, has also a slight effect on the baseline spontaneous AP firing
frequency (Gao et al., 2013). In line with this, it was found that
even a small NCX fraction is able to generate sufficient inward
current to provide appropriate depolarization current which is

FIGURE 7 | Decreased extracellular Ca2+ solution (0.9 mM) was used to suppress the intracellular Ca2+ cycling and therefore Na+/Ca2+ exchanger (NCX). The
effect of hypocalcemic solution on the cycle length (CL) was marginal (A, B, brown trace) however the subsequently applied 3 µM ivabradine (IVA) (blue trace) caused
considerable prolongation in the CL. Comparison of the IVA effect in the presence of normal (1.8 mM—white column) versus low (0.9 mM—gray column) CaCl2 on
panel (C) demonstrates nearly doubled effect of IVA on the CL in response of Ca2+ reduction (C). * means 0.9 mM [Ca2+]o compared to control, # means IVA versus
0.9 mM [Ca2+]o. Original traces measured from isolated sinus node (SAN) cells in panel (D) demonstrate that 0.9 mM [Ca2+]o (brown trace) significantly decreased
the transient amplitude without significant action on diastolic Ca2+ levels. (E) Modeling simulation of action potentials (upper traces), NCX currents (middle traces,
solid lines), If currents (middle traces, dashed lines), and global Ca2+ transients (lower traces) in the present of normal (1.8 mM), external Ca2+ (left column), and
0.9 mM [Ca2+]o (right column). The results indicate decreased transient amplitude coupled with smaller NCX current in the late diastolic depolarization (DD) with
maintained If current magnitude in the presence of 0.9 mM [Ca2+]o.
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able to maintain normal SAN cell activity (Groenke et al., 2013).
Our and these previous results highlight the possibility that a
functional coupling between If and NCX represents a potency to
compensate for the NCX inhibition-induced reduction of the
pacing frequency.

In accordance with this theory our and previous results
indicate a relatively moderate effect of IVA on the CL when it
is administrated at 3 µM (Figure 4A) or at 10 µM (Yaniv et al.,
2012). At the same time, caesium was unable to stop SAN beating
even though it has a large effect on If (Noma et al., 1983). These
inconsistent results can be explained by the voltage-dependent
block of IVA or caesium (DiFrancesco, 1995), or by proposing an
insulator function of the If to protect the SAN cells from the
strong negative electrical sink of the connected atrial tissue
(Morad and Zhang, 2017). However, a functional coupling
between If and NCX (Bois et al., 1996; Lakatta et al., 2010;
Yaniv et al., 2013a) providing redundant pacemaking systems
could also explain—or at least contribute to—the observed
results. This phenomenon, which could be very similar to the
repolarization reserve (Biliczki et al., 2002; Herrmann et al., 2007;
Lengyel et al., 2007; Nagy et al., 2009), may be also able to reduce
the effects of the individual inhibition of NCX or If explaining the
relatively small extent of IVA or NCX effects.

Indeed, we found that the effect of 1 µM ORM gradually
increased as the rate of If block was enhanced (Figure 4). In line
with this, the Yaniv model provided similar but steeper
tendency, when we represented the 0.5, 1, and 3 µM IVA
doses by 20, 60, and 80% If block based on previous results
(Bois et al., 1996). While 10 µM IVA was not used
experimentally due to selectivity problems, 85% If inhibition
could be computed in the Yaniv model. The detailed modeling
results are depicted in Figures 4E, F. Consistent with
experimental results, the effect of 41% NCX inhibition on CL
is increased as If inhibition becomes stronger. However, the
modeling predicts a much steeper increase in the CL in the
presence of enhancing If block. The underlying mechanism of
this discrepancy could be the markedly higher Ca2+ increase
measured during experiments which could limit the bradycardic
effect of NCX inhibition. A previous study reported a decreased
SR Ca2+ content after If inhibition by IVA (Yaniv et al., 2013a)
demonstrating an indirect suppression of NCX during If
inhibition. Our Ca2+ measurements (Figure 4C) indicate
unchanged Ca2+ release after application of IVA, which may
indicate that the underlying mechanism of increased ORM effect
may be rather related with the increased sensitivity of DD when
it is already inhibited by the If block.

FIGURE 8 | The effect of suppression of diastolic depolarization (DD) currents [Na+/Ca2+ exchanger (NCX) and If] on short time cycle length (CL) variability. When
1 µM ORM-10962 panel (A) or 3 µM ivabradine (IVA) panel (B) were applied, the variability did not change significantly. Instead, the CL was prolonged. Comparison
of the effect of 1 µM ORM-10962 (ORM) (red line), 5 µM ryanodine (RYA) (blue line), and 5 µM RYA + 1 µM ORM (green line) on the CL variability shows that these
compound do not change the variability significantly panel (D). In contrast IVA administration after the application of RYA+ORM caused considerably increased
variability panel (E) as the Poincaré-plot (panel C, blue line) shows.
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IKr Inhibition Mediated Bradycardia Does
Not Alter the Effect of Na+/Ca2+ Exchanger
Inhibition
It is possible to decelerate spontaneous frequency without major
direct influence on If or NCX. The SAN rate was reduced by 100%
IKr block (Figure 5) in which the developed decrease in the firing
rate was mainly achieved by APD prolongation without or minimal
change in diastolic interval—instead of If block, which markedly
increases the diastolic interval without effect on APD. This also
means that despite the bradycardia, If is intact during these
experiments. In line with this, NCX inhibition provided a similar
effect to the one which was experienced when NCX was inhibited
individually in Figure 2. This observation could be explained by an
If dependent compensation of NCX reduction. At the same time it
also means that the mechanism of the bradycardia is important
regarding the effect of NCX inhibition. It seems possible that If
mediated bradycardia and concomitant increase in diastolic
interval may be important in the If-NCX interaction.

Suppression of Ca2+i Augments the Effect
of Funny Current Inhibition
Assuming that a mutual interaction between If and NCX exists,
this crosstalk should work in the opposite direction as well, i.e., a
disturbance in the Ca2+ cycling should affect If. The suppression of
the Ca2+ handling by the subsequent application of ryanodine and
ORM together caused ≈20% increase in the CL in line with
previous results (Bucchi et al., 2003). Under this condition, the
effect of 3 µM IVA was considerably larger compared with normal
settings (≈45% vs. 20%, see Figure 6C). In line with this, we found
similar augmentation of IVA effect (21% vs. 51%) when Ca2+

handling was suppressed by low extracellular Ca2+ (Figure 7).
Experimental as well as modeling simulations suppose that the
Ca2+ handling and thus the NCX current suppression decreases
the flux of the depolarizing NCX current, increases the length of
DD, thus, the suppressed net current underlying the DD provides
improved effect for If inhibition.

Funny Current-Na+/Ca2+ Exchanger
Coupling Controls Cycle Length Variability
Previous studies (Yaniv et al., 2013a; Yaniv et al., 2015) reported
that the If-NCX coupling not only controls the current CL but it
may have a crucial role in maintaining the normal rhythm of the
SAN. Therefore, the increase of the CL variability could be a
further indicator of the integrity of If-NCX axis appearing after a
considerable CL increase reporting significant If-NCX
uncoupling. Our results support this assumption indicating
that after individual inhibition of If or NCX, not only the
excessive CL increase is restricted but the SAN rhythm is also
maintained. However, when both of If and NCX are suppressed,
besides the marked CL increase, a perturbation in the rhythm
also appeared indicating the exhausted capacity of the If-NCX
to depolarize the membrane during the DD (Figure 8). Since
we could not reach complete inhibition of If and NCX in
our experiments, we cannot estimate precisely the relative
importance of these currents in the normal SAN rhythm.
However, it seems possible that these currents contribute in

the “depolarization reserve” (Herrmann et al., 2007) not only
to the control of the current CL but also to the maintenance of
the normal pacing rhythm as a consequence of the strong
depolarizing of the If-NCX crosstalk.

Proposed Mechanism
We suggest that the observed NCX-If interplay is the
consequence of the increased susceptibility of DD to any
intervention when the DD was previously inhibited by another
compound (Rocchetti et al., 2000; Zaza and Lombardi, 2001;
Monfredi et al., 2014). This means that the bradycardic effect of
NCX inhibition is larger when If was previously inhibited
(independently from the Ca2+ handling). Vice versa, when the
NCX was previously suppressed (as a consequence of reduced
Ca2+ release) the decreased DD current density is more sensitive
to changes, which increases the bradycardic effect of IVA.

CONCLUSION

In the present study, we provide direct pharmacological evidence
regarding the role of NCX in pacemaker mechanism by its
selective inhibition with the novel, highly selective compound
ORM-10962. We found that individual inhibitions of NCX or If
cause only moderate bradycardia and rhythm disturbance.
However, combined suppression of these currents acted
synergistically and supports the hypothesis of mutual crosstalk
between NCX and If in SAN even in multicellular tissue having
important functional consequences. This means that individual
inhibition of DD currents may have moderated effect on CL and
variability under normal conditions because the underlying
currents may be able to compensate each other. This
important crosstalk may provide a considerable safety margin
for SAN pacemaking.

STUDY LIMITATIONS

Our study has three important limitations. 1) The action
potentials measured in our experiments do not represent the
characteristics of the core SAN cells. These cells are much more
“follower” cells, having AP waveforms largely influenced by the
cell-to-cell coupling. 2) The applied inhibitors (IVA, ORM,
RYA) are not able to cause complete block of ion channels in
the applied concentrations. Therefore, the described phenomena
indicate only partial effects and not able to estimate the absolute
contribution of NCX during the DD. 3) Since our aim was to
explore ion current cooperation, our results represent ion
channel function independent from the autonomic nervous
system. The activation of the sympathetic or parasympathetic
nervous system—or modulation of the b1/M2 receptors—
intimately changes the cAMP, PKA, CaMKII levels which have
effects on the DD currents, therefore the discussed If-NCX
coupling cannot be directly extrapolated to in vivo systems.
The ion current crosstalk characterization during intact
autonomic control requires further experiments.
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