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Abstract

The effect of mechano-electric feedback (MEF) on

myocyte’s action potential (AP) has been largely studied

considering constant stretches. The present study

examined the role of MEF utilizing a model built

by integrating mathematical descriptions of cardiac

myocyte’s electrical activity, contraction and MEF. This

model simulates the four phases of the cardiac cycle as a

sequence of isometric and isotonic contractions/relaxations,

i.e. ideal work loops (WLs). Intracellular Ca2+ controls

contraction and sarcomere length is used as input to

MEF, that in turn affects the AP through the action of

stretch-modulated currents. Simulations were conducted

to investigate the role of MEF in modulating electrical

activity during WL for different length preloads and force

afterloads. Results were in agreement with experimental

WL and MEF studies. Moreover, on the base of

simulation results, it can be asserted that the generation of

arrhythmogenic phenomena could arise when the strength

of the MEF is increased, as under heavy myocardium

stress conditions.

1. Introduction

The impact of mechanical events, changes in tension

and force, and spatial displacement on the heart’s electrical

properties, namely the MEF, and its role in normal and

pathological physiology has become an important chapter

in contemporary cardiovascular biology [1].

The vast majority of research on MEF effect on

single intact cardiomyocyte’s AP has been conducted

in mechanically unloaded cells or considering constant

stretches [2]. This approach gives the possibility to

simplify experimental protocols and, as a consequence,

obtain reliable results. Model based analysis of

experimental results is facilitated as well: given either a

certain value of sarcomere stretch (or conductance of the

stretch-modulated channels) it is possible to consider only

the effect of MEF on the AP, without having to model how

stretch is generated by the contracting myocyte at each

time step.

The weak point of this approach is that simulated

dynamics are really different from that of the real system

during the cardiac cycle.

This study examined the role of MEF when cells

undergo changes that are more similar to those of the in situ

setting, in which sarcomere length varies following ideal

WLs, obtained as a sequence of isometric and isotonic

contractions/relaxations, and affects the stretch-modulated

currents (Ins and ∆Ik+) in real time.

2. Methods

A model of mammalian myocyte contraction [3] was

incorporated into a complete mathematical description of

AP, ionic currents and Ca2+ transient of the guinea pig

ventricular cell [4]. In addition, the effect of myocyte’s

strain on stretch-modulated channels was implemented by

integrating a modified version of the MEF model proposed

by Gurev et al. [5].

As Figure 1 shows, the link between AP and

contraction models was represented by intracellular

Ca2+ concentration ([Ca2+]i) while the contraction

model provided half sarcomere length (Lm) and total

muscle force (Fm) generated from [Ca2+]i at every

time step. By switching between contraction modes

it was possible to reproduce the four phases of the

cardiac cycle, i.e. a sequence of isometric and

isotonic contractions/relaxations. Ideal WLs differ

from real ones since they employ purely isotonic

contractions (straight lines in the Force-Length diagram)

instead of physiological quasi-isotonic ones, but this

can be considered an acceptable approximation since

they do not differ significantly from one another.

In particular, the sequence of isometric and isotonic

contractions/relaxations followed the setup implemented

by Iribe et al. [6]:

• for phase 1 (isometric contraction) Lm was kept equal to
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a user-defined preload value until the time at which active

force reached a user-defined afterload;

• for phase 2 (isotonic contraction) Lm decreased in

order to keep Fm constant, until the time at which peak

shortening was reached;

• for phase 3 (isometric relaxation) Fm decreased due to

the fading of the contraction and the phase ended when Fm

reached the initial resting value;

• for phase 4 (isotonic relaxation) Lm increased in order

to keep Fm constant and reached the initial value, which

implied the closure of the WL.

Once the WL was completed, a new cycle began in

response to the subsequent pacing stimulus.
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Figure 1. Schematic structure of the mathematical model.

The AP and contraction model parameters were the

same as in [4][3], with the following modifications

necessary to reproduce the experimental setup by Iribe et

al. [6]: setting of the stimulation period to 500 ms; slight

changes in bath ionic concentrations ([Ca2+]o=1.8 mM,

[Na+]o=140 mM, [K+]o=5.4 mM); speedup by a factor of

1.5 of the chemical reaction constants (Yb, Zb, f , Za, Yp,

Zp, Yr, Zr, Yd) and the parameters Bw, Bp involved in

differential equations restoring velocity bridge elongation;

change of the resting length of the parallel elastic element

Lo to 0.935 µm.

Moreover, Lm linked together contraction and MEF

models since stretch-modulated currents respond to a

change in cellular stretch. Modifications made to the

model by Gurev et al. consist in the addition to the

equations of two parameters: membrane capacitance Cm

and cell area A. Values were 200 pF and 20000 µm2,

respectively. These additional parameters were necessary

to make current unit coherent with that of our AP model

and led to the following formulation:

Ins =
1

10

1

Cm
L(λ)[γρA(Vm + 10)] (1)

∆Ik+ =
5.25

5.09

1

Cm
L(λ)·

[(IK1 + IKo)(stretched) − (IK1 + IKo)(unstretched)]

(2)

L(λ) =
1

1 + Ke−α(λ−1)
(3)

The stretch ratio λ was defined as ratio between current

and resting half sarcomere length:

λ =
Lm

Lmo

(4)

In addition, we had to tune the balance of the two

currents by changing their weights (factors 1/10 and 1/5.09

in equations (1) and (2)). This modification was necessary

to adapt the MEF model to the different AP mathematical

description we used.

In order to close the loop (see Figure 1), the last

point consisted in adding the two currents to the ODE

of membrane potential: in this way the MEF was able to

modulate the cellular electrical activity.

3. Results and Discussion

After completing the assemblage of the mathematical

model, the first objective was validating its features.

As stated in the previous section, we decided to simulate

ideal WLs. The work by Iribe et al. [6] is one of

the few cases of experimental WL study on isolated

cardiomyocytes in literature and it is based on a sequence

of isometric and isotonic contractions/relaxations, which

is in accordance to our setup. As shown in Figure 2,

our model can reproduce experimental data for different

length preloads (end-diastolic Lm) and force afterloads

(end-systolic Fm). Due to the current impossibility to

obtain reliable recordings of sarcomere length, only a

qualitatively comparison between the two plots is possible,

in fact x-axes refer to half sarcomere length in our

simulation and to carbon fiber tip distance in experiments

(see [6] for further information). However an important

result is the slope of end-systolic Force-Length relation

(ESFLR), which is constant and independent of preload

and afterload values as in the experiments. Furthermore,

a cellular equivalent of the classic Frank-Starling effect

can be observed: an increase in length preload leads to

an increased ability to perform work (see increased area of

WLs in Figure 2).

A more comprehensive validation is given by Figure 3,

in fact the model can also reproduce experimental WLs
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Figure 2. Comparison between simulated (main plot)

and recorded (inset) WLs with varying end-diastolic Lm

(EDHSL 0.925 to 1.02 µm) and afterloads (Fm 1.7 to

6 mN/mm2). The grey straight lines represent the end-

systolic Force-Length relations (ESFLRs) in simulations

and experiments.

starting from a constant length preload but working against

different force afterloads. As in the previous setup, ESFLR

remains constant and independent of afterload values.

Figure 4 shows APs at different degrees of λ as done

by Gurev et al.. To obtain such traces equation (4)

was substituted with constant values, so that the link

between contraction and MEF blocks was interrupted. Our

simulation results are in agreement with those of Gurev et

al. and also with experimental results [7][8].

The validated model was used to investigate the role

of MEF in modulating electrical activity during WL. We

decided to employ the smallest WL (see Figure 2) because

its variation of sarcomere length reflects that of in-vitro

mammalian [9]. However simulations showed that results

were in practice the same for every WL of our study.

The key point of the MEF effect on AP is represented

by the strain sensed by the stretch-modulated currents,

which depends on the resting half sarcomere length

(Lmo
). As already mentioned, other simulation studies

considered either constant values of stretch or conductance

of the stretch-modulated channels, so that the role of

Lm and Lmo
was ruled out. We analyzed the effect

of different values of Lmo
, starting from Lm during

maximum contraction in the WL we employed (0.855 µm,

see Figure 2) and reducing it until the MEF effect was

saturated (0.60 µm), as shown in Figure 5.

Our simulations show that under basal conditions

(Lmo
=0.855 µm, see Figure 5), MEF activation during the

WL has a limited impact on AP. However, a progressive

increase in the strain sensed by the stretch-modulated
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Figure 3. Comparison between simulated (main plot)

and recorded (inset) WLs with constant end-diastolic Lm

(EDHSL 0.95 µm) and varying afterloads (Fm 3.2 to 6.2

mN/mm2). The grey straight lines represent the end-

systolic Force-Length relations (ESFLRs) in simulations

and experiments.

Figure 4. APs at different degrees of stretch ratio λ. See

Figure 2B in [5] for a comparison.

currents, induced by decreasing Lmo
, results in DADs

during fiber relaxation in AP phase 4 (Lmo
=0.75 µm),

ectopic activations (Lmo
=0.70 µm) and triggered activity

(Lmo
=0.68 µm).

4. Conclusions

Our complete mathematical description of mechanical

and electrical ventricular myocyte activity is a useful tool

to investigate MEF mechanisms, and its modular structure

makes it able to provide further additional features,

e.g. handling of β-adrenergic stimulation. The model

successfully integrates cardiac cell electrophysiology

and mechanics with physiological details such as ionic
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Figure 5. Time course of the transmembrane potential

during application of a WL of 500ms duration at different

levels of resting half sarcomere length (Lmo
).

membrane currents, intracellular Ca2+ handling, cross-

bridge formation and WL implementation. In real time,

the electrical activity causes changes in the mechanical

properties that in turn, depending on the cardiac phase

active at the ongoing time step, affect the AP. In this way, it

is also possible to analyze how a perturbation to the system

propagates over time.

At the current stage the model can reproduce

experimental WL and MEF studies [6][7][8], hence its

utilization with the purpose of investigating the role of

MEF in generating arrhythmogenic phenomena is fully

justified. On the base of the preliminary simulation results,

it can be speculated that the mentioned pathological

behaviors could arise when the strength of the feedback

is increased as under not-physiological or heavy exercise

conditions, in which cardiac tissue is strongly stressed.
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