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Abstract 

Atrial fibrillation (AF) is a common cardiac 

arrhythmia associated with cardiac morbidity and 

mortality. Though several computational models have 

been developed to investigate mechanisms of atrial 

fibrillation in many species, there is no such model for 

adult rat atrial cells. A biophysically detailed 

mathematical model of the action potential of the rabbit 

atrial cells was developed based on experimental data 

recorded from rat right atrial cells. Conductance of Ito, 

IKur, IKr, IKs, IK1 as well as the time constant of Ito 

activation (τs) were modified to fit I-V curve of potassium 

current. Conductance, voltage dependent activation and 

inactivation of ICaL were modified to fit I-V, activation and 

inactivation curves of ICaL current. I-V, activation and 

inactivation curves of INa current were fitted similarly. 

The action potential from the computational model are 

comparable to the action potential (AP) recorded from rat 

atrial cells. The resting membrane potential, action 

potential amplitude and APD50 are -67.4 mV, 80.7 mV 

and 18 ms, respectively. This study, for the first time, 

developed a computational model of action potentials of 

rat atrial cells. The model can be used to further explore 

pathological mechanisms of atrial fibrillation.  

 

 

1. Introduction 

Atrial fibrillation (AF) is the most common arrhythmia 

observed in patients [1–3], AF can be mainly classified 

into three types, including paroxysmal, persistent, or 

chronic AF. In order to design optimal treatment for each 

type of AF, a profound understanding of the underlying 

mechanisms is required. In vivo experiments are required 

to get a better understanding of the role of ion channel 

remodeling in AF. Practically, a more common method is 

to investigate the mechanisms of AF in vitro. However, in 

vivo and in vitro have several limitations despite insights 

of the mechanism underlying arrhythmogenesis can be 

provided from these approaches. For example, in vivo and 

in vitro studies, it is impractical to investigate the 

electrophysiological properties at different physical scales 

(from cellular level to organ level) in one experiment. The 

electrophysiological properties recorded form different 

experiments, such as path clamp and optical mapping, 

may be affected by gradually change in cell/tissue 

properties. Therefore, computer models are widely used in 

cardiac arrhythmia studies in basic as well as clinical 

researches [4-7]. 

In order to investigate the mechanisms of AF in rats, 

the basis is a detailed computational model of the action 

potential of the rabbit atrial cells. Although, in last few 

decades, a large number of computational model have 

been developed for different cardiac cells in different 

species [8-13], a mathematical model for the adult rat 

atrial myocyte is still lacking.  

In this study, we developed the first mathematical 

model for adult rat atrial cells, based on experimental data. 

The parameters of sodium, calcium and potassium current 

were adjusted to fit the experimental data obtained from 

patch clamp. The simulation results demonstrate that I-V, 

activation and inactivation curves of calcium, sodium and 

potassium currents are consistent with experimental data 

from the rat atrial cells. Also, the profile of simulated AP 

is consistent with experimental data 

 

2. Methods 

The patch clamp data are provided by Du et al. Rat 

atrial myocytes were patch-clamped using the whole-cell 

technique at 20–23°C.  

The cell membrane of the rat atrial myocytes was 

mimicked as an electrical circuit. The action potential 

behavior in a rat atrial myocyte was calculated by the 

following ordinary differential equation (Eq. 1),  

Cm ion stim

dV
I I

dt
= − +                         (1) 

where Cm is the cell capacitance, V is the transmembrane 

voltage, t is time, Iion is the total transmembrane ionic 

current, and Istim is the stimulus current. 

Computing in Cardiology 2019; Vol 46 Page 1 ISSN: 2325-887X DOI: 10.22489/CinC.2019.199



The total transmembrane ionic current (Itot) was 

calculated as the summation of the fast Na+ current (INa), 

the L-type Ca2+ current (ICaL), the transient outward K+ 

current (Ito), the rapidly activating K+ current (IKr), the 

slow activating K+ current (IKs), the inward-rectifier K+ 

current (IK1), the ultra-rapid delayed rectifier outward K+ 

current (IKur), the Ca2+-activated Cl- current (IClCa), the 

Na+/Ca2+ exchanger current (INaCa), the Na+/K+ pump 

current (INaK), Na+/K+ pump current (INaK), the 

sarcolemmal Ca pump current (IpCa) and the background 

current (Ib) as shown in Eq.2. 

 
1 tot Na Ca to Kr Ks K Kur

ClCa CaNa NaK pCa b

I I I I I I I I

I I I I I

= + + + + + +

+ + + + +
.       (2) 

The current model was based on the model of human 

atrial cell developed by Grandi et al in 2011 [9] which 

incorporated the ultra-rapid delayed rectifier outward K+ 

current (IKur) developed by Maleckar et al in 2009 [10]. 

The formulas of Ito, IKr, IK and IK1 in Grandi’s model were 

replaced with those developed by Majumder et al in 2016 

[11]. The formulas of fast Na+ current in Grandi’s model 

were replaced with those developed by ten Tusscher et al 

in 2004 [12]. In order to reproduce the action potential of 

adult rat atrial cells, parameters of potassium, sodium and 

calcium ionic channels were modified to fit the 

experimental data. 

 

3. Results 

3.1. K+ currents  

In our model, as the main repolarization component, 

potassium current (IK) is consist of the Ito, IKr, IKs, IK1, and 

IKur as shown in Eq.3.  

1 K to Kr Ks K KurI I I I I I= + + + +  .             (3) 

Although it has been reported that Ito has two 

components that can rapidly and slowly recover from 

inactivation (Ito,f and Ito,s), in adult rat atrial cells, only Ito,f 

were observed in several studies. Therefore, only Ito,f 

current was calculated in current model. 

The total potassium current was fitted with voltage 

clamp experimental data in rat right atrial cells. During 

the voltage clamp, the voltage was hold at -40ms for 

110ms in the beginning and then clamped to a series of 

testing potential ranging from -90mV to 40mV with a step 

of 10mV for 500ms.  

The conductance of the transient outward K+ current 

(Gto), rapidly activating K+ current (GKr), slow activating 

K+ current (GKs), inward-rectifier K+ current (GK1), ultra-

rapid delayed rectifier outward K+ current (GKur) as well 

as time constant of Ito inactivation (τytof) were adjusted to 

fit the peak and tail total potassium current from experim- 

Table 1. Values of parameters of potassium currents. 

 

Parameters Value Unit 

Gto 0.48 mS/µF 

GKur 0.0363 mS/µF 

GKr 0.01135 mS/µF 

GKs 0.0866 mS/µF 

GK1 7.48 mS/µF 

 

 

 
Figure 1. Data fitting of total potassium current. 

 

ental data. The adjusted parameters and equations are 

listed in Tab. 1 and Eq. 4. 
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The fitting results of peak and tail total potassium 

current are shown in Figure 1A and 1B, respectively. The 

I-V curves of peak and tail current had a similar profile. 

In the range from -80mV to -60mV and from -20mV to 

40mV, both peak and tail currents increased significantly. 

However, in the range from -60mV to -20mV, no 

significant change was observed in both curves. The 

simulation results were mainly consistent with 

experimental data in spite of a decline at -90mV. 
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Figure 2. Reproduced I-V relationship (A) and the current 

traces (B) of ICaL during voltage clamp. 

 

3.2. L-type Ca+ current  

The permeability (PCa) and steady state voltage-

dependent activation (dss), steady state voltage-dependent 

inactivation (fss) and time constant of voltage-dependent 

inactivation (τf) of L-type Ca2+ current were modified to 

reproduce the I-V curve of ICaL measured in patch clamp. 

The permeability was increased by 2.35-folds to 

reproduce ICaL amplitude. The detailed modifications of 

gating variables of ICaL are shown in Eq.5-7. 
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Figure 3. Normalized I-V relationship (A) and the current 

traces (B) of INa during voltage clamp. 

 

The fitting results of L-type Ca2+ current are shown in 

Figure 2. The simulated I-V curve of ICaL showed a bell 

shape with a peak value of ~9.2pA/pF at 0mV which is 

consistent with experimental data. In the simulation, the 

current density dropped a little faster than experimental 

recording at the range from -50mV to -20mV (Fig. 2A). 

Figure 2B demonstrated the simulated time traces of ICaL 

during voltage clamp. The results agree with the 

experimental recording as well (data not shown). 

 

3.3. Fast Na+ current 

The formulas of INa was based on the model developed 

by ten Tusscher et al. The steady state activation (mss), 

time constant of activation (τ m), steady state fast 

inactivation (hss) , time constant of fast activation (τh), 

steady state slow inactivation (jss) and time constant of 

slow activation (τj) were modified to fit the experimental 

data and produce the upstroke of action potential. 

The fitting results of fast Na+ current are shown in 

Figure 3. The simulated I-V curve of INa showed a bell 
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shape with a peak value ~450pA/pF at -45mV which is 

consistent with experimental data (Fig. 3A). Figure 3B 

demonstrated the simulated time traces of INa during 

voltage clamp. 

 

3.4. Action potential  

The action potential was produced by applying a series 

of 1Hz external stimuli with the amplitude -80pA/pF of 

and the duration of 1ms. The time trace of simulated AP 

is presented in Figure 4. The resting membrane potential, 

action potential amplitude and APD50 were measured as -

67.4 mV, 80.7 mV and 18 ms, respectively. 

 

 
Figure 4. The simulated action potential at 1 Hz. 

 

4. Conclusion 

In this study, we developed the first adult rat atrial 

computational model based on experimental data. The 

simulation results are consistent with experimental 

recordings. Development of such model is crucial since it 

would allow researchers to compare the results obtained 

in vivo/in vitro studies with the simulation results 

obtained in silico simulations. 
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