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Abstract 

The prolongation of action potential duration (APD) is 

usually related to conditions of low repolarization reserve 

and leads to long QT syndrome. In these situations, an 

unbalance between currents can fire early after 

depolarizations (EADs). This repolarizing disorder has 

been observed in heart failure situations, where the late 

sodium current (INaL) has an important role. In this work 

we evaluate the effects of INaL enhancement in the 

ventricular wall under normal conditions and we analyze 

the role of INaL under pathological conditions prone to 

EADs generation. Human INaL was formulated and 

introduced in ten Tusscher AP model. Our results show 

that the increase in the maximum conductance of INaL 

prolongs APD in a rate-dependent manner especially in 

M cells. A 10-fold increase of INaL prolongs APD in 35 %, 

44 % and 80 % for a stimulation rate of 1 Hz in 

epicardium, endocardium and M cells, respectively. 

Finally, the enhancement of INaL under conditions of low 

repolarization reserve led to EADs formation in M cells.  

 

1. Introduction 

QT interval prolongation is usually related to a delay 

in phase 3 repolarization, and may have arrhythmogenic 

consequences in the ventricles (1;2), such as the 

formation of early afterdepolarizations (EADs) and  

Torsade de  Pointes (TdP).  

EADs are membrane potential oscillations that occur 

during the action potential (AP) plateau and may trigger 

ventricular arrhythmias. An action potential with a long 

duration increases intracellular calcium (Ca
2+

) 

concentration that promotes membrane potential 

oscillations and formation of EADs, which are also 

responsible for dispersion of repolarization. These 

electrical alterations can degenerate into TdP.  

On the other hand, pure class III antiarrhythmics drugs 

(IKr blockers) can instigate excessive QT interval 

prolongation due to block of action potential repolarizing 

currents (3;4). IKr blockers prolong the APD in a  

frequency reverse dependent manner and may induce 

EADs in the ventricle, and even TdP. Drug-induced TdP 

remains an important problem, especially in combination 

with risk factors such as bradycardia, hypokalemia or 

congenital and long QT syndrome. This repolarizing 

disorder has been observed under pathological situations, 

such as heart failure (HF), oxidative stress, ventricular 

hypertrophy and provoke changes in the AP properties 

and alterations in the functional expression of 

depolarizing and repolarizing currents. The most relevant 

changes are down-regulation of potassium (K
+
) currents,  

(repolarization K
+
 ionic currents), changes in calcium 

(Ca
2+

) handling, decrease of sodium–potassium pump 

(INaK) activity and increase of INaL (5). 

The late sodium current (INaL) is one of the most 

important currents during repolarization under 

pathological conditions (6).  Several studies have 

suggested that the INaL is increased in heart failure and 

contributes to action potential prolongation and EADs 

formation (2;7-9). INaL contributes, at least, to two 

established HF mechanisms: electrophysiological 

alterations (interruption of repolarization) and altered cell 

sodium (Na
+
) and Ca

2+
 cycling (10;11). Several authors 

have hypothesized that an increase of INaL would 

potentiate and unmask the proarrhythmic effects of QT 

prolonging drugs, including drugs that have a very low 

risk of causing VT (12;13). 

The main goal of this study is to evaluate the effects of 

INaL enhancement in the different cells of the ventricular 

wall under normal conditions in a human ventricular AP 

model.  Moreover, we analyze the role of INaL under 

pathological conditions prone to EADs generation to shed 

light the role of late sodium current under these 

conditions.  

 

 

2.  Methods 

In this work, the late sodium current was formulated as 

an individual ionic current. INaL was modeled previously 

by Hund and coworkers (14) for dog ventricular cells, 

using Hodgkin Huxley formalism (see equations 1 to 4).  
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