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Abstract 

Cardiac proarrhythmic risk can be estimated 

considering several biomarkers based on 

electrophysiological properties. The aim of this work is to 

identify the key ionic mechanisms predicting arrhythmia 

generation in rabbit hearts at the cellular level. For this 

purpose, the sensitivity of action potential (AP) duration 

(APD), AP triangulation, AP rate dependence and 

intracellular calcium and sodium levels to variations in 

transmembrane ionic current conductances was 

analyzed. 

Simulations show that, in rabbit, APD is moderately 

influenced by changes in all repolarization current 

conductances, highlighting INaK, ICaL and IKr. AP 

triangulation, however, is basically determined by IK1 and 

IKr. In addition, AP rate dependence is especially 

sensitive to INaK, INaCa, IKr and ICaL. Furthermore, 

intracellular calcium and sodium levels are highly 

determined by ICaL, INaK and INaCa. 

 

1. Introduction 

Cardiac arrhythmias are the main cause of mortality in 

developed countries. To predict proarrhythmic risk, 

several biomarkers based on cellular electrophysiological 

properties have been proposed in the literature [1]. Most 

of these biomarkers are related to action potential (AP) 

shape and duration, intracellular calcium and sodium 

concentrations, and their rate dependence. 

Prolongation of the QT interval has traditionally been 

linked to Torsade de Pointes, a potentially mortal 

arrhythmia [2]. In addition, prolongation of AP 

triangulation has been related to early-

afterdepolarizations appearance [1]. Furthermore, 

experimental investigations reveal the importance of 

sodium and calcium intracellular concentrations for 

arrhythmia generation [3]. 

It is also well known that alterations of rate dependent 

properties are key in arrhythmic episodes. Indeed, steep 

restitution curves are associated to AP alternans 

occurrence and wavefront breakup, which is a hallmark 

of ventricular fibrillation, a potentially mortal arrhythmia 

[4]. Moreover, cardiac myocytes exhibiting a slow APD 

rate adaptation to sudden abrupt changes in cardiac 

pacing are prone to develop cardiac arrhythmias [5]. 

In this paper, a mechanistic investigation into the ionic 

basis of arrhythmic risk biomarkers of simulated rabbit 

ventricular myocytes is performed. For this purpose, the 

sensitivity of the main cellular biomarkers to 

modifications in the main transmembrane current 

conductances has been quantified using the Shannon et 

al. ventricular AP model [6]. This analysis is based on 

our previous study in human cardiomyocytes [7]. 

2. Methods 

The electrophysiological activity of an isolated rabbit 

ventricular myocyte was simulated using the Shannon et 

al. ventricular AP model [6]. 

Four protocols, similar to those described in our 

previous work [7], were applied to the virtual rabbit 

myocytes in order to characterize the main arrhythmic 

risk biomarkers. 

APD, AP triangulation and systolic intracellular 

calcium concentration ([Ca2+]i) were calculated after 

applying a train of 1,000 rectangular current pulses of 2 

ms in duration and an amplitude of twice the diastolic 

threshold at a basic cycle length (BCL) of 400 ms. APD 

was considered at 90% repolarization and AP 

triangulation was defined as the difference between 

APD90 and APD at 60% repolarization (APD60). 

APD restitution curves were obtained using the 

standard (S1S2) and the dynamic restitution protocol. The 

S1S2 restitution protocol consisted of a train of 10 

rectangular current pulses (S1) at a BCL of 400 ms 

followed by an extra stimulus (S2) at coupling intervals 

ranging from 2,000 ms to 50 ms with a CI step of 1 ms. 

The S1S2 restitution curve was generated by plotting the 

APD90 versus the diastolic interval (DI) for each extra 

stimulus. The dynamic restitution curve describes the 

dependence of the steady state APD90 on the DI for BCLs 

ranging from 1,000 ms to 50 ms. The maximal slopes of 

both curves (slopemax, S1S2 and slopemax,DYN) were 

obtained. 

In order to analyze the APD90 rate adaptation, the 

virtual rabbit cardiomyocyte was paced a BCL of 100 ms 
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for 8 minutes, then at a BCL of 600 ms for 8 minutes and 

finally the BCL was set back to 1000 ms for 8 minutes. 

The slow time constant (τslow) of the temporal APD90 

adaptation to the accelerating rate was computed [7]. 

Finally, a frequency staircase protocol was applied to 

the myocytes to characterize the rate dependence of the 

steady state intracellular calcium and sodium ([Na+]i) 

concentrations. Ventricular myocytes were stimulated at 

increasing frequencies for 10 minutes, and systolic [Ca2+]i 

and [Na+]i levels were recorded for each pace and 

normalized to the respective values at 0.25Hz.  

The sensitivity analysis was performed to investigate 

the impact of the maximal conductances of the main 

transmembrane currents on the selected arrhythmic risk 

biomarkers. Indeed, we analyzed the effect of the 

maximal conductance (GNa) of the rapid sodium current 

(INa), the maximal conductance (GCaL) of the L-type Ca2+ 

current (ICaL), the maximal conductance (GKr) of the rapid 

component of the delayed rectifier current (IKr), the 

maximal conductance (GKs) of  the slow component of 

the delayed rectifier current (IKs), the maximal 

conductance of  the inward rectifier K+ current (IK1), the 

maximal activity of Na+/K+  pump (GNaK) and the 

maximal activity of the Na+/Ca2+  exchanger (GNaCa). 

Simulations were run by varying one conductance by -

30%, -15%, +15% and 30%, respectively, at a time. 

Two indexes were used to quantify the influence of 

each conductance (“c”) on each biomarker (“b”): 

percentage of change (Dc,b,a) and sensitivity (Sc,b). They 

were computed as follows: 
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with bc,a and bcontrol being the magnitude of the biomarker 

“b” when the conductance “c” is increased by “a” and 

under control conditions, respectively. In addition, 

relative sensitivities resulting from the normalization of 

the sensitivities (Sb,c) to the maximum absolute value of 

sensitivity obtained for that specific biomarker were 

considered. 

3. Results 

Figure 1 shows the relative sensitivities for all 

combinations of conductances and biomarkers using a 

gray scale. Negative sign means that conductance and 

biomarker vary inversely. Moreover, for each row, the 

maximum absolute sensitivity Sb,c is also indicated as a 

percent value. As GNa exerts an insignificant effect on the 

selected biomarkers, it was not included in this figure. 

Figures 2 and 3 illustrate the changes exerted in the 

biomarkers when ionic conductances are modified by 

±15% and ± 30%. These results are described in the next 

paragraphs.

 

Figure 1. Relative sensitivities of the arrhythmic risk to 

variations on ionic current conductances. Percentages in 

white boxes indicate the maximum absolute sensitivity of 

the property correspondent to that row. Negative sign 

indicates an inverse relationship between biomarker and 

conductance. 

Steady state properties 

Our simulations show that, in rabbit, APD90 is 

moderately sensitive to changes in all repolarization 

current conductances, especially INaK (S = 35%), ICaL (S = 

33%) and IKr (S = -26%). Simulated APD90 is 177.2 in 

control whereas experimentally reported values are 

slightly larger varying between 200 ms and 250 ms [8].  

Simulated rabbit AP triangulation, is strongly 

dependent on IK1 (S = -70%) and IKr (S = -24%), although 

to a lesser extent. In our simulations, control AP 

triangulation is 18.9 ms, which is smaller than the 

electrophysiological values reported in the scientific 

literature namely from  26 ms [9] to 32 ms [8]. 

Regarding the steady state of systolic [Ca2+]i, our 

simulations reveal that ICaL plays a key role (S = 164%). 

INaK (S = -65%) and INaCa (S = -35%) moderately 

influence this electrophysiological property. Simulated 

values are smaller than experimentally reported [10]. 

Rate adaptation  

On the one hand, our results show that slopemax,S1S2 is 

highly determined by IK1 (S = 125%), although INaK (S 

=47%) may also influence it. In this case, all our 

simulation results, but for GK1 reductions greater than 

15%, are comprised in the electrophysiological range of 

this biomarker [11]. 
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Figure 2. Percentual variations of steady state APD (A), AP triangulation (B) and systolic [Ca2+]i (C) with changes in 

those relevant current conductances. 

 

 
 

Figure 3. Percentual variations slopemax,S1S2 (A), slopemax,DYN (B),  τslow (C), maximum systolic [Ca2+]i and maximum 

systolic [Na+]i (D and E) respectively with changes in those relevant current conductances. 
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On the other hand, IKr (S = 182%), INaK (S = 179%) 

and INaCa (S = 157%) are key currents in slopemax,DYN  

modulation. Results from our simulations are higher than 

experimentally reported [8]. However, it is difficult to 

quantitatively compare maximal restitution slopes 

computed in different investigations as they also depend 

on CI step and minium CI. 

In addition, INaK (S = 106%) is essential in τslow, 

followed by ICaL (S = -52%). Simulated τslows are 

moderately longer than experimentally observed [12,13]. 

Finally, [Ca2+]i and [Na+]i rate dependence are 

markedly determined by INaK (S = 59% and 24%, 

respectively), although ICaL (S = 42% and 7%, 

respectively) also plays a significant role. Indeed, these 

currents are directly involved in calcium and sodium 

regulation. As shown in Figure 3 panels D and E, control 

calcium rate dependence lies on the range of 

electrophysiological levels, although control sodium rate 

dependence is slightly higher [14,15]. 

4. Discussion and conclusions 

In this work, the Shannon et al. ventricular AP model 

[6] was used to investigate the ionic basis of the 

electrophysiological properties linked to arrhythmic risk 

in rabbit cardiomyocytes. Our simulations reveal that in 

rabbit, APD is moderately sensitive to changes in all 

repolarization current conductances, whereas AP 

triangulation is basically determined by IK1 and IKr. In 

addition, AP rate dependence is markedly dependent on 

INaK, INaCa, IKr and ICaL. Furthermore, intracellular calcium 

and sodium concentrations are highly determined by ICaL, 

INaK and INaCa. Most of these ionic mechanisms were 

qualitatively similar to human, although some differences 

were found. 

Our results also show that standard APD restitution 

properties and calcium rate dependence are well 

reproduced by the model. Other properties, such as AP 

triangulation and steady state systolic [Ca2+]i qualitatively 

resemble experimental observations, although 

quantitative differences with experimental recordings are 

observed. 
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