
1 

 

New Mathematical Model of Electromechanical Coupling in Rat Cardiomyocytes 

Leonid B Katsnelson1,2, Pavel Konovalov1, Olga Solovyova1,2 

1Institute of Immunology and Physiology of the RAS, Ekaterinburg, Russia  
2Ural Federal University, Ekaterinburg, Russia 

 

Abstract 

The rat is one of the most widely used laboratory 

animal species. Therefore development of mathematical 

models aimed to analyze electromechanical coupling in 

the rat myocardium is a matter of top interest. We have 

developed a novel model of excitation-contraction 

coupling in the rat cardiomyocyte. This model combines 

equations from the Pandit electrophysiological model and 

Hinch model of calcium handling with equations 

describing myofilament mechanical activity from the 

'Ekaterinburg-Oxford' mathematical model. The model 

reproduces both fast and slow responses to mechanical 

interventions in rat myocardium.  

1. Introduction 

As we know, the only Pandit–Hinch–Niederer (PHN) 

mathematical model has been developed to simulate 

excitation-contraction coupling (ECC) in the rat 

cardiomyocytes so far [1]. Particularly, the PHN model is 

able to reproduce the slow force response (SFR) to 

myocardium stretch. To simulate SFR, the authors needed 

to introduce an additional description of stretch-activated 

channels in the Pandit model of the rat Action Potential 

(AP), that were not accounted for in the original Pandit-

model [2].  

Significant limitation of the PHN is incapacity to 

simulate quick effects of the length changes, including 

Mechano-Calcium and Mechano-Electric Feedback 

effects (MCMEF) manifesting themselves during the 

twitches of cardiac muscles in a number of well-known 

experimental phenomena such as the load-dependence of 

relaxation and quick deformations [3]. We tried and 

overcame this limitation in our new model presented in 

this work.  

It is very important to develop a model which takes 

into account mechanisms underlying such quick 

responses to the mechanical interventions, because these 

can contribute essentially to the appearance of functional 

disturbances in the cells, arrhythmia included [4-6].  

Most clearly, the MCMEF effects were registered in 

experiments on rapid stretching/shortening during the 

contractile twitch in the cat and ferret heart muscles [3, 7, 

8]. Experiments in the rat preparations also showed 

similar results [9].  

Cooperative influence of the attached crossbridge (Xb) 

concentration on calcium - troponin C (Ca2+-TnC) 

kinetics is one of the basic mechanisms contributing to 

MCMEF.  Particular mechanisms underlying the length 

effects on the Xb attachment are being extensively 

debated. For a long time, the lattice spacing concept was 

prevailing one, suggesting that a decrease in the 

sarcomere inter-filament distance due to the 

cardiomyocyte lengthening facilitates actomyosin 

interactions and thus increases the probability of the Xb 

attachment [10, 11]. Recent experimental studies 

unraveled an essential role of the giant protein titin in the 

length dependence of the Xb dynamics [12, 13]. In our 

model, the length-dependent probability for Xb binding is 

described phenomenologically as an overall result of all 

possible underlying molecular mechanisms. Together 

with the above cooperativity this length-dependent 

probability allows the EO-model to reproduce most of the 

MCMEF effects registered in the heart muscle.  

2. Methods 

Our new model of ECC in the rat cardiomyocyte  

combines the Pandit electrophysiological model [2] and 

Hinch model of calcium handling [14] with the model of 

the mechanical activity we early developed for the 

'Ekaterinburg-Oxford' electro-mechanical mathematical 

model of mammalian cardiomyocytes (EO-model) [15]. 

EO-model describes ECC in the cardiomyocytes of 

several species of laboratory animals (e.g. rabbit, guinea 

pig), being parametrically adapted to each particular one. 

However, EO-model cannot be applied to simulate 

adequately the rat AP due to the specific features of the 

latter. Incorporation of the Pandit-Hinch model of the rat 

cardiomyocyte electrophysiology is a way to overcome 

this drawback. Mechanisms of cooperativity of regulatory 

and contractile proteins is a key feature of our module of 
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the mechanical activity. The tuning of the parameters in 

the mechanical module of the integrative 

electromechanical rat model was performed on 

experimental data measured in the rat cardiac 

muscles [16]. We will refer to the combined rat model as 

to PH+E model.  

The next section 'Results' demonstrates that our new 

PH+E model of the rat cardiomyocytes ECC also is able 

to simulate these effects (including the load-dependence 

of relaxation).  

 
Figure 1. Load-dependence of the electro-mechanical activity in the virtual rat muscle. Simulation of series of 

myocardium contraction–relaxation cycles including an isometric twitch (dashed line) and isotonic twitches under 

different afterloads (shades of grey). A, C: Isometric force of a virtual cardiomyocyte developed at a constant length 

(0.9 Lmax) and isotonic shortening-lengthening at different afterloads. B, D: respective Ca2+ transients, and action 

potentials. 

 
Figure 2. Quick responses to mechanical stimuli. Force (top panels), length (medium panels), and [Ca2+]i (bottom panels) 

changes in response to quick cyclic deformations of the virtual sample. Initial length is 0.9 Lmax. 5% stretch-release 

deformations (A) and 5% release-stretch deformations (B) are imposed for 20 ms at different phases of the isometric 

twitch (80, 150, and 260 ms after the contraction onset). 
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Figure 3. Slow force response to stretch in the virtual rat myocardium. A: Development of the isometric force at the initial 

length L0 = 0.9 Lmax (phase 1), immediately after a 5% stretch (phase 2), and during the slow transition to the new steady 

state at the longer length (phase 3). Force is normalized to its peak before the stretch. B: The force development during 

separate isometric twitches for the phases (1) - (3) of the slow force response. C: Crossover of the Ca2+ transients of the 

phases (1) and (2). 

 

3. Results 

Results described below were obtained in PH+E, when 

simulating various mechanical conditions of contractions 

(isometric mode, afterloaded contractions and responses 

to quick deformations). Figure 1 shows simulations of 

afterloaded contractions under different afterloads. 

We see that the mechanical behavior of the model is 

similar to experimental data [16]. The end-systolic 

shortening increases in the virtual muscle sample, while 

the velocities of shortening and lengthening increase with 

a decrease in afterload (Fig. 1C). A specific feature which 

is reproduced by the PH+E model is the load-dependent 

shrinking of isotonic phase of the contraction-relaxation 

in comparison with isometric twitch duration 

(myofilament inactivation by shortening). The above 

features of the afterloaded contraction-relaxation cycles 

reflect the well-known phenomena of load-dependence of 

myocardial twitches. PH+E model also produces the 

longer Ca2+ transients and APs (Fig. 1B, 1D) for the 

smaller afterloads in concordance with physiological 

experiments [3, 17]. The mechanisms underlying this 

load-dependence are the cooperative mechano-

dependence of myofilament Ca2+ activation  which is 

accounted for in the mechanical part of the model and 

have been analyzed in our earlier works [18-21]. 

One more effect simulated in the PH+E model and 

related to MCMEF is shown in Fig. 2. Results of quick 

mechanical deformations at different time moments of the 

simulated isometric twitch are similar to the data 

registered in vivo [3, 7, 8]. Two types of the deformation 

cycle are simulated here: a stretch-release (Fig. 2A) and 

release-stretch (Fig. 2B). The stretch of the virtual 

preparation during isometric contraction (Fig. 2A, L) 

under the first protocol didn’t change [Ca2+]i significantly, 

while the following quick release back to the initial length 

led to the significant inactivation: acceleration of the 

Ca2+-TnC dissociation that caused reduced subsequent 

isometric force development (Fig. 2A, F). The faster 

Ca2+-TnC decay also resulted in a surplus of the free 

cytosolic Ca2+ (Fig. 2A, [Ca2+]i). The inverted sequence 

of the quick release-stretch (Fig. 2B, L) caused even more 

pronounced inactivation manifesting itself in both active 

force (Fig. 2B, F) and Ca2+ (Fig. 2B,[Ca2+]i) signals. This 

more pronounced effect is a result of two inactivation 

factors superimposed: the decrease in the sarcomere 

length and an increase in the shortening velocity during 

the deformation, while the only latter factor contributes to 

the inactivation in the case of the stretch-release. 

Note that the applied deformations weakly affected AP 

duration in the PH+E model, unlike our previous 

simulations in the EO-model for other species of larger 

animals, and unlike the data of the real experiments with 

these larger animals [3, 7, 8]. This distinction arises 

because the rat AP is much shorter and the mechanical 

deformations occur when the membrane is almost 

repolarized. 

Along with simulation of these and other experiments 

with quick mechanical deformations during the 

myocardium twitches, PH+E model reproduces the SFR 

effect in the series of isometric contractions following 

sustained myocardium stretch [22, 23]. Noteworthy, that 

unlike the PHN model, PH+E model reproduces this 

effect (Fig. 3) without taking into account stretch 

activated channels. Nevertheless, this seems reasonable to 

introduce such channels in the PH+E as well to achieve 

quantitatively stronger SFR. The PH+E shows not only 

secondary slow gradual increase in the peak isometric 

force after the stretch (Fig. 3, top) and accompanying 

drop in amplitude of [Ca2+]i, but also the crossover of 

Ca2+ transients in the preparation before and right after 

the stretch. These results are similar to the experimental 

data from Kentish and Wrzosek [23]. 
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4. Conclusion 

The PH-E model of the excitation-contraction coupling 

is able to reproduce both fast MCMEF effects and slow 

force response in the rat myocardium. This model may be 

used to analyze and distinguish specific features of ECC 

in rat myocardium revealed in physiological experiments. 
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