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Abstract 

Intracellular calcium (Cai) regulation in 

cardiomyocytes is critical because of its relationship with 

cell contractility and arrhythmogenesis. Although the 

mitochondria play an important role in Cai regulation, few 

action potential (AP) models include these organelles. In 

this work, we have included mitochondria in an AP model 

of a rabbit cardiomyocyte to study its influence in Cai 

regulation. The model includes the calcium uniporter, the 

sodium-calcium exchanger and intra-mitochondrial 

calcium buffering. We conducted simulations in which Cai 

biomarkers were compared in the presence and in the 

absence of mitochondria. In some simulations, ionic 

currents were altered to simulate pharmacological 

interventions and/or the effect of mutations. Our results 

suggest that the absence of mitochondria in AP models 

introduces significant errors in the simulation of Cai 

handling, especially under conditions of altered currents. 

 

 

1. Introduction 

Intracellular calcium handling is a key process in the 

electrophysiology of cardiac myocytes [1,2]. On the one 

hand, it determines cell contractility [1], because 

intracellular calcium is the main regulator of myocardial 

excitation-contraction coupling. On the other hand, it is 

intimately related to arrhythmogenesis, because calcium 

overload may trigger abnormal cell depolarization [2,3]. 

The dynamic changes in intracellular calcium 

concentration ([Ca2+]i) during the action potential are 

complex. Upon cell depolarization at the onset of an action 

potential (AP), calcium enters the cell through the L-type 

calcium channels. This triggers a massive release of 

calcium from the sarcoplasmic reticulum (SR) to the 

cytosol through the ryanodine receptors, a process that may 

elevate [Ca2+]i almost an order of magnitude compared to 

its basal value (the diastolic calcium level). After [Ca2+]i 

peaks (reaching its systolic level), it slowly declines due to 

(a) extrusion to the extracellular medium via the sodium-

calcium exchanger (NCX) in the sarcolemma, and (b) 

uptake to the SR via the SERCA pump [4]. 

Mitochondria are also known to play a role in 

intracellular calcium handling [5,6]. Indeed, mitochondria 

behave as calcium stores that can exchange this ion with 

the cytosol, at least via two calcium transport mechanisms 

present in the mitochondrion membrane: a calcium 

uniporter [7] and a mitochondrial sodium-calcium 

exchanger [8]. 

In the past two decades, mathematical modelling and 

computational simulations have been a powerful tool used 

to better understand the intricate mechanisms related to 

cellular electrophysiology (see [9] for review). These 

computational studies rely on detailed and comprehensive 

mathematical models of action potentials for different 

animal species [10-12], including human [13]. However, 

very few of these models include a formulation of the 

mitochondrial compartment and its effect on ion calcium 

dynamics. There is little theoretical knowledge of the error 

introduced by the absence of mitochondria in the models. 

In this study, we have introduced a model of the 

mitochondrial calcium currents in a well-known existing 

model of the action potential and ionic currents of a rabbit 

ventricular myocytes [12]. We have used this integrated 

model to perform a sensitivity analysis to elucidate the 

ionic mechanisms that affect intracellular calcium 

regulation, both in the absence and in the presence of 

mitochondria. The results reveal that the absence of 

mitochondria in “classic” AP models introduces 

significant errors in the simulations. 

 

2. Methods 

The action potential, underlying ionic currents and 

dynamic changes in ionic concentrations of an isolated 

rabbit ventricular myocyte were simulated using a 

modified version of the Shannon-Bers model [12], which 

includes a very detailed formulation of calcium dynamics. 

On the one hand, a dynamic formulation of intracellular 

potassium concentration (which is fixed in the original 

model) was introduced. On the other hand, equations 

describing the influence of mitochondria on intracellular 

calcium handling were introduced in the model. 

Specifically, the model by Kim et al. [14] was used to 

formulate a computational model of the mitochondrial 
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calcium uniporter (Iuni,mit), the mitochondrial sodium-

calcium exchanger (INCX,mit) and the intra-mitochondrial 

calcium buffering process. As the Kim et al. model is 

formulated for B lymphocytes, the parameters were 

adjusted for rabbit cardiomyocytes using data from Lu et 

al. [15]. Two different models (one without mitochondria 

(noMit model) and one with mitochondria (Mit model)) 

were used in the simulations. 

A sensitivity analysis was performed by applying a one-

at-a-time variation in the ionic currents through the 

sarcolemma and the SR membrane. Specifically, each 

current was multiplied by 0.05, 0.5, 1.0 (no change) and 

2.0 in order to study their impact on selected calcium-

related biomarkers. These changes could represent the 

effect of drugs or mutations, or simply inter-individual 

physiological variability [16]. All simulations were 

performed at 2 Hz and run until achieving steady-state. The 

measured calcium biomarkers included systolic (CaS) and 

diastolic (CaD) [Ca2+]i, Ca2+ transient duration at 80% 

recovery (CaTD80), and calcium time-to-peak (CaTTP). 

The sensitivity between the most severe current 

variation and the “no change” condition was calculated as 

explained in [17]. Finally, sensitivities were normalized to 

the maximum absolute sensitivity for each biomarker. 

 

3. Results and Discussion 

Prior to applying any change to ionic currents, we 

conducted a control simulation using both models (with 

and without mitochondria). The results, depicted in Fig. 1, 

show that the introduction of mitochondria has no 

noticeable effect in the AP waveform (panel A) but induces 

a slight change in the [Ca2+]i transient (panel B). The 

impact in CaS is almost negligible (0.3%), but CaD 

increases by 4.2% in the model with mitochondria. As for 

the time-related parameters, CaTD80 and CaTTP decrease 

by 2.8% and 5.8%, respectively, in the model with 

mitochondria. 

In order to investigate if these changes are enhanced 

when ionic currents are varied, the aforementioned 

sensitivity analysis was performed. A representative 

example of the results is shown in Fig. 2, where the [Ca2+]i 

transient is shown in control conditions and under almost 

total sarcolemmal NCX block (x0.05). The figure shows 

that the [Ca2+]i transient is shifted upwards by blocking the 

NCX. The introduction of mitochondria in the model limits 

this shift, reducing the CaS by 9%. As for the other 

biomarkers, CaD increases by 13%, CaTTP decreases by 

20% and CaTD80 decreases by 4% when the mitochondria 

is present in the model. These percentages may be 

understood as errors introduced by the absence of 

mitochondria in the model. 

The results obtained in the sensitivity analysis were then 

compiled and are represented in Fig. 3, which shows the 

values of the biomarker in the Y axis versus the current 

multiplying  factor  in  the  X  axis  for  the  four  measured  

 
Figure 1. Action potentials (upper panel) and 

intracellular calcium transients (lower panel) in the 

presence and in the absence of mitochondria (Mit and 

noMit, respectively). 

 

 
Figure 2. Intracellular calcium transients in the presence 

and in the absence of mitochondria (Mit and noMit, 

respectively). The two upper traces correspond to a 95% 

blockade of the sarcolemmal NCX current (0.05xINCX in 

the model), while the two lower traces correspond to 

control (100% INCX) simulations. 

 

biomarkers. For the sake of clarity, only the effect of the 

three main currents that affect each biomarker are 

represented. Solid lines and dotted lines correspond to the 

results with and without the presence of mitochondria in 

the model, respectively. 

Summarizing, the current whose variations most affect 

the calcium biomarkers is the SERCA current, except for 

CaS where the sarcolemmal NCX current exerts the 

stronger effect. Other currents that influence the calcium 

biomarkers when varying are the L-type calcium current 

and the SR release current through the RyR channels. In 

some cases, a noticeable difference is found between the 

noMit model and the Mit model, which is particularly 

significant for the NCX current and, in some cases, for the 

SERCA current as well. 

Finally, the results mentioned above were normalized 

and expressed as relative sensitivities, as explained in [17]. 

For  each  biomarker,  the  current  whose  variations most 
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Figure 3. Compiled results of the sensitivity analysis. Each panel shows the variation of a biomarker as a function of the 

ionic current multiplying factor. Only the currents whose variations affect most are shown. Dotted lines correspond to 

the model without mitochondria, solid lines to the model including the organelle. 

 

 

Table 1. Relative sensitivities of the calcium biomarkers to changes in ionic currents in the model without mitochondria. 

 
 

Table 2. Relative sensitivities of the calcium biomarkers to changes in ionic currents in the model with mitochondria. 

 
 

 

affect the value of the biomarker is the 100% reference, so 

the effect of the variations of the other currents receive a 

value between 0 and 100%. The results are compiled in 

Table 1 (for the model without mitochondria) and Table 2 

(for the model with mitochondria). Bold numbers (in 

percentage) indicate a direct relationship (i.e. the 

biomarker increases with the multiplying factor), while 

italic numbers indicate and inverse relationship. Dark gray 

color indicates the strongest sensitivity per row, while 

white corresponds to a lack of dependency between 

biomarker and multiplying factor. 

As can be seen in the tables (and also in Fig. 3), the 

SERCA pump is the current to which three of the 

biomarkers (CaD, CaTTP and CaTD80) are most sensitive, 

while the NCX current plays that role in the case of CaS. 

NCX variations have a significant impact in CaD and 

CaTD80, while its effect in CaTTP is limited (<10%) in 

the model with mitochondria. Variations in the L-type 

calcium current are also relevant for three of the 

biomarkers, with CaTTP again being an exception. The 

influence of the SR release current through the ryanodine 

receptors (RyR) is also significant in the biomarkers except 

for CaS. Variations in other membrane currents have a 

negligible influence on the biomarkers, except for the 
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sodium-potassium pump in CaS and the rapid potassium 

current (IKr) also in the systolic calcium level. 

Inspection of the numbers in the tables reveals 

differences (i.e. errors) between the Mit and noMit models. 

The highest errors are found for the NCX current (6.1% for 

CaTTP and -4.7% for CaD). 

 

4. Conclusion 

According to our results, the absence of mitochondria in 

an action potential model may introduce significant errors 

in the intracellular calcium transient characteristics. These 

errors are enhanced when altering the ionic currents and 

are higher under conditions of sarcolemmal NCX 

variations. 
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