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SUMMARY
The heart has intrinsic abilities to autoregulate contractile force in response to mechanical load. Recent
experimental studies show that cardiomyocytes have mechano-chemo-transduction (MCT) mechanisms
that form a closed feedback loop in the excitation-Ca2+ signaling-contraction (E-C) coupling. This closed
feedback loop enables autoregulation of contraction in response to mechanical load changes. Here, we
develop the first autoregulatory E-C coupling model that couples electrophysiology, Ca2+ signaling, force
development and contraction, and MCT feedback. The model recapitulates the experimental data showing
that the mechanical load on cardiomyocytes during contraction increases the L-type Ca2+ current, action
potential duration, sarcoplasmic reticulum (SR) Ca2+ content, and SR Ca2+ release, giving rise to increased
cytosolic Ca2+ transient (MCT-Ca2+ gain) and enhanced contraction. The model also makes non-trivial pre-
dictions on the autoregulation of contraction with moderate MCT-Ca2+ gain under a range of physiological
load changes, but arrhythmogenic discordant alternans with excessive MCT-Ca2+ gain under pathological
overload.
INTRODUCTION

The heart autoregulate its contraction force in response to both

preload1,2 and afterload.2–4 This intrinsic ability to adjust contrac-

tile force is an important mechanism to maintain cardiac output

under changing hemodynamic conditions. There is consensus

that many ion channels are mechanically modulated,5–7 and

these mechano-sensitive channels affect cardiac electrophysi-

ology.8–10 For example, actionpotential alterationuponexternally

induced stretch has been explained by currents through stretch-

activated channels. Calcium (Ca2+) handling alteration including

increased RyR open probability and change in affinity of troponin

C forCa2+ also affect electrophysiology via triggeredCa2+-waves

and accompanying depolarization.11 In existing models the am-

plitudes and kinetics of their mechanical modulation, as well as

the molecular mechanisms, are still to be elucidated.12,13

The cell-in-gel techniquewas developed to impose amechan-

ical load on a contracting cardiomyocyte to simulate increased

afterload in the working heart.14,15 In the cell-in-gel approach,

isolated cardiomyocytes are embedded in a 3-dimensional

(3D) viscoelastic hydrogel polymer matrix, which more closely

mimics the physiological 3Dmechanical environment compared

to the previous studies using 1D uniaxial stretch.16–19 Cell-in-gel

studies have shown that intracellular Ca2+ transient and diastolic
iScience 28, 111788, Febr
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Ca2+ sparks increased in the cardiomyocytes contracting in-gel

under mechanical load. Mechano-chemo-transduction (MCT),

processes that convert mechanical signals to intracellular sig-

nals, that underlie changes in Ca2+ dynamics in cell-in-gel exper-

iments is dependent on localized nitric oxide synthase 1 (NOS1)

and Ca2+/calmodulin-dependent protein kinase II (CaMKII)

signaling.15 To elucidate the ionic mechanisms underlying me-

chano-electric coupling (MEC), we further performed patch-

clamp-in-gel20 experiments using rabbit ventricular myocyte

and found that the afterload on a contracting cardiomyocyte

regulates multiple ionic currents including L-type Ca2+ current

(ICa,L), transient outward K current (Ito), inward rectifier K current

(IK1), leading to prolonged action potential duration (APD) and

enhanced Ca2+ transient (called MCT-Ca2+ gain). The MCT-

Ca2+ gain increases with increasing load, which maintains the

contraction amplitude in a range of varying loads, demonstrating

cardiomyocytes’ ability to auto-regulate their contraction.21

Importantly, excessively high loadspromoted thedevelopment

of electromechanical discordant alternans in APD and contrac-

tion amplitudes. Electromechanical discordant alternans is char-

acterized by long action potentials corresponding to small Ca2+

transients and contractions,22,23 in contrast to the electrome-

chanical concordantalternanswhere longactionpotentialscorre-

spond to large Ca2+ transients. Interestingly, the cardiomyocytes
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. EC coupling with MCT feedback

model

The electrophysiology model by Shannon et al.28

and cross-bridge force development model by

Negroni et al.29 shown at the bottom were im-

plemented, referring to length and velocity calcu-

lated in the mechanical model and MCT-Ca2+ gain

for LCC upregulation. The mechanical model

shown in thebluebox is simplified to1� of freedom,

to calculate the equilibrium between cross-bridge

force from the EC coupling model, nonlinear cell-

passive force, and gel-viscoelastic force ex-

pressed by the generalized Maxwell model.

Calculated stress feedback to EC coupling model

through Mechano-chemo-transduction (MCT)

model shown in red. The MCT-Ca2+ gain function

relates the cell-edge tension loaded by the gel to

the L-type Ca2+ Chennel upregulation coefficient.

This MCT feedback autoregulates contraction in

our proposed system.
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under load-free conditions typically exhibit electromechanical

concordant alternans, whereas the cardiomyocytes under me-

chanical load in the cell-in-gel experiment consistently exhibited

electromechanical discordant alternans. This divergent behavior

needs to be addressed by modeling the E-C coupling dynamics

system in the cardiomyocytes under mechanical load.

Contraction autoregulation was first predicted by Izu et al.21

that was confirmed experimentally.24 This model provided the

broad outline of the cellular mechanisms sufficient to produce

constant contraction amplitude despite changes in mechanical

load. Kazemi-Lari et al. then developed a phenomenological

model of the autoregulation of contractility in cardiomyocytes

using a viscoelastic Eshelby model.25,26 The responses of this

model were studied analytically assuming an ellipsoidal cell

and numerically with finite element model based on morpholog-

ical measurements of cardiomyocytes. The model quantitatively

reproduced MCT-Ca2+ gain and estimated the 3D stress history

of the cell and the gel. However, in this model, the cell strain

modulates intracellular Ca2+ concentration ([Ca2+]) values but

without electrophysiological details, such as action potential,

ion currents, or intra sarcoplasmic reticulum (SR) calcium,

[Ca2+]SR. Electrophysiology is a complex dynamical system22,27;

and well-tuned models are already established.28–32

To investigate theeffectsofmechanical feedbackon thechem-

ical and electrical dynamics of a cardiomyocyte, we developed

an MCT model by coupling electrophysiology, Ca2+ signaling,

cross-bridge-force development, and mechanical contraction

(Figure 1). The mechanical model used here is a model solving
2 iScience 28, 111788, February 21, 2025
equilibrium between a viscoelastic gel

element and a hyperelastic cell element

with an input of cross-bridge force. In

this study, we reduced the 3D model to

1D model prioritizing including electro-

physiological details over including the

3D strain and stress fields since the previ-

ous study suggested that lateral stresses

are negligibly small compared to longitu-
dinal stress.25MCTCa2+ gain is defined as the level of Ca2+ upre-

gulation in response to stress applied to the cell. The functional

form was defined according to the experimentally obtained

Ca2+-afterload relationship. We assumed that MCT-Ca2+ gain

function affects ICa,L and thus modulates electrophysiology.

The cross-bridge force generation model by Negroni et al.,29

which was tuned to reproduce Ca2+, length, and velocity depen-

denceof cross-bridge forcedevelopment,was integrated into the

Shannon-Bers model of rabbit ventricular cardiomyocyte.28 The

cross-bridge force is fed back to the mechanical equilibrium

calculation to close the MCT feedback loop.

Our model is able to reproduce experimentally observed me-

chanical and electrophysiological responses, including pro-

longed APD, larger Ca2+ transient, and maintained shortening.

MCT-Ca2+ gain dependence on changes in afterload also agreed

with experimental results. Our model also makes nontrivial pre-

dictions that MCT enables autoregulation of contraction in the

cardiomyocytes under a range of load changes but triggers elec-

tro-mechanical discordant alternans under excessively high

loads.

RESULTS

Validation of the model on mechanical load effect on EC
coupling
In Figure 2, we compared the simulated responses under

load-free and in-gel contraction with experimental observations

outlined by the green box. The black lines correspond to the



Figure 2. Validation of the new model on

mechanical load effect on EC coupling

Timecoursesof simulatedelectrophysiological and

mechanical responses under load-free (black), in-

gel (red), and in-gel without MCT (blue) conditions

(left panels) are compared with experimentally re-

ported time courses (right panels in the green

background). (D) is adapted with permission from

Shimkunus et al. (2021)20; copyright 2021 Wolters

KluwerHealth. (E andF) are reproduced fromHegyi

et al. (2021)24 under a CC BY-NC-ND license.

(Left panels) (A–C) The steady-state under 0.5Hz

pacing is shown: (A) bulk cytosolic [Ca2+], (B) action

potential, (C) normalized length of the cell. In B and

C, in-gel without MCT (blue dashed) lines coincide

with load-free (black) lines. (Right panels) Whole-

cell patch-clamp experiments in isolated rabbit

ventricular cardiomyocytes embedded in PVA gel

and Tyrode’s solution paced at 0.5 Hz.

(D) IncreasedCa2+ transient was observedwith the

in-gel condition.

(E and F) Action potential was significantly pro-

longed under in-gel conditions (red) and was

attenuated by nitric oxide synthase (which medi-

atesmechano-chemo-transductioneffect) inhibitor

NG-nitro-L-arginine methyl ester (L-NAME) treat-

ment (blue).

(G andH) Time course of sarcomere length in load-

free (black), in-gel (red), and in-gel with L-NAME

treatment (blue).
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load-free condition, while the red line represents the in-gel con-

dition with a 10% CL concentration. Load-free condition is

achieved by giving 0%CL concentration in simulation, resulting

in no connection to the boundary and no force from the gel. Un-

der the in-gel condition, the maximum [Ca2+]i increased by

53%, rising from 0.35 to 0.52 mM (Figure 2A), the plateau phase

of the action potential was prolonged, resulting in a 31% longer

APD (from 232 ms to 305 ms, measured at 90% repolarization)

(Figure 2B), shortening amplitude got smaller, and length recov-

ery was slower (Figure 2C). Figures 2D, 2E, and 2G (reprints

from Hegyi et al.20 and Shimkunas et al.24) show experimentally

observed representative time courses of increased [Ca2+]i, pro-

longed APD, smaller shortening, and slower length recovery in

the cell-in-gel system (with 10%CL concentration for Figure 2D

and 7.5%CL concentration for Figures 2E–2H) compared to the

load-free condition. The model behaviors closely match the

observed changes in the cell-in-gel system.

Hegyi et al.20 have shown that the observed changes in the

responses are due to MCT feedback by comparing load-free,

in-gel with and without NG-nitro-L-arginine methyl ester (L-

NAME) treatment in the gel. L-NAME is an inhibitor of nitric oxide

synthase, known to mediate mechano-chemo-transduction ef-

fects. In the experiment, L-NAME pretreatment nearly abolished

the afterload-induced changes in APD and action potential pro-

file (Figure 2F). Shortening in-gel with blunted MCT further

decreased compared to the in-gel condition. The blue dashed

lines in the simulation reproduced the in-gel experiment with

L-NAME condition by removingMCT: giving the total-force value

of zero to the MCT Ca2+ gain function regardless of the actual to-

tal force value obtained by solving mechanical equilibrium. As in

the experiment, Ca2+ transient and action potential profiles coin-
cide with those under load-free conditions, and fractional short-

ening (FS) was lessened than in-gel conditions. This means that

decreased shortening by mechanical constraints was compen-

sated by MCT-increased contractility to maintain the magnitude

of shortening.

Autoregulation of ECcoupling enabled byMCT feedback
We investigated themodel’s response to changes in afterload by

changing CL concentration. In Figures 3A and 3B, time courses

of [Ca2+]i and normalized length at steady state during 0.5 Hz

simulations for each CL concentration were presented. Afterload

changed [Ca2+]i amplitudes but had little effect on their profiles.

On the other hand, CL concentration affected both shortening

amplitude and profile. Increased CL concentration increases

constraints in both directions, in forward as afterload and in

backward as resistance for length recovery. Figure 3C shows

time courses of ICa,L. The initial peak is less affected by afterload;

MCT increases ICa,L at the end phase of APD. This prolongs APD

and increase the steady level of [Ca2+]SR from 0.53 mM under LF

to 0.58 mM under 10% CL concentration resulting in increased

SR Ca2+ release.

The maximum [Ca2+]i and FS were shown in Figure 3D and 3E

for comparison with the experimental observation by Shimkunas

et al.24 in Figures 3F and 4G. Diagonally striped boxes represent

in-gel without MCT condition. As shown in Figure 3D, without

MCT feedback, the maximum [Ca2+]i values remain unchanged

regardless of CL concentration. In contrast, with MCT feedback,

we observed that [Ca2+]i increases as CL concentration in-

creases until it reaches its peak at 10% CL, as in the experiment

(3F). This larger [Ca2+]i at higher CL concentrations significantly

increased FS compared to in-gel-without MCT condition (3E).
iScience 28, 111788, February 21, 2025 3



Figure 3. Autoregulation of EC coupling enabled by MCT feedback

The color indicates CL concentration, black: 0% (=load free), gray: 2.5%, blue: 5%, orange:7.5%, red: 10%, pink: 12.5%, and green: 15%.

(A) Time courses of simulated [Ca2+]i. The insets in (A) and (C) are enlarged views of the first 300 ms.

(B) Time courses of the simulated normalized length of the cell.

(C) Time courses of L-type Ca2+ channel current (ICa,L).

(D) Maximum intracellular [Ca2+]i upon changing CL concentration. Diagonal striped boxes in (D) and (E) exhibit the results without MCT feedback.

(E) Fractional shortening on changing CL concentration.

(F) Experimental maximum intracellular [Ca2+] depending on CL concentration under 0.5Hz pacing.

(G) Experimental FS depending on CL concentration under 0.5Hz pacing. (F) and (G) on a green background are adaptedwith permission fromShimkunas et al.24;

copyright 2021 Wolters Kluwer Health. Data are represented as mean ± SEM.
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Increased FS mitigates a decline in shortening amplitude under

high CL conditions. This maintenance of amplitude by MCT at

high CL concentrations against larger loads qualitatively agrees

with experimental observations (3G). These results show that

our model reproduced the autoregulation of contractions, by

increasing [Ca2+]SR and [Ca2+]i due to increased ICa,L to compen-

sate for higher mechanical constraints.
APD prolongation and alternans development under
increasing mechanical load
Figure 4 upper panels in green (reprints from Hegyi et al.20)

show representative time courses of action potentials and

changes in APD90, APD measured at 90% repolarization, under

the increasing mechanical load condition by applying CL to

PVA embedded cardiomyocyte under 0.5 Hz pacing. During

the first 50 s in the load-free condition, APD90 was at the basal

level of 600 ms. Just after the application of CL, APD started to

prolong, as shown in 4C. The prolonged action potential profile

is shown in comparison with the load-free profile in black (4A).

Hegyi et al.20 reported that some rabbit ventricular myocytes

(19 out of 25 cells) progressively developed APD alternans after

prolongation of APD (4C). Long action potentials are signifi-

cantly longer (DAPD90�300 ms) than short and load-free action
4 iScience 28, 111788, February 21, 2025
potentials (4B). The duration between the application of the CL

and the starting of alternans varied widely in the experiments.

We simulated the time course of APD90 with increasing after-

load. While working with model parameters, we found that high

CL concentration or increased amplitude of MCT-Ca2+ gain trig-

gers alternans in our system.

In the experimental setup, CL is applied on the top surface of

the PVA and CL spreads into the PVA by diffusion to form a gel of

target viscosity. In order to simulate this experimental condition,

we assumed that effective CL concentration can be expressed

as 1 � exp
�
lnð0:1Þt
tgel0:1

�
, reaching 90% of the target value within

tgel0:1 = 60 s (Figure 4D). This assumption is based on the obser-

vation that experimentally, the gel stabilizes within a few mi-

nutes. The functional form is derived from the solution of the

diffusion equation for a one-dimensional infinite plate problem,

represented as the sum of an infinite series of expð� lntÞ, where

the first term is dominant.

Our model replicates APD prolongation upon the application

of CL, followed by the emergence of alternans only when using

amplifiedMCT-Ca2+ gain, MCT1.5 (Figure 4E). Our model consis-

tently replicates the phenomena independent of tgel0:1, slower/

faster increase in effective CL concentration. We note that the

basal APD90 in our simulation was approximately 240 ms, which



Figure 4. APD prolongation and alternans

development under increasing mechanical

load

(A–C) Representative time courses of action

potential (A and B) and time development of

DAPD90 (C) in the whole-cell patch-clamp ex-

periments in isolated rabbit ventricular car-

diomyocytes embedded in PVA under 0.5 Hz

pacing at room temperature. The panels A, B,

and C are reproduced from Hegyi et al. (2021)20

under a CC BY-NC-ND license. After adding a

cross-linker, a hydrogel formed around the cell to

prolong APD (A, red) compared to load-free

condition (black). Further gel stiffening often

causes alternans, with longer APD significantly

larger than that of load-free condition (B, blue).

(D) Suppositional effective cross-linker concen-

tration for simulating responses on the applica-

tion of the cross-linker. Exponential curve which

reaches 9% CL (90% of the target concentration

of 10% CL) after 60 s.

(E) Simulated DAPD90 in response to CL concen-

tration change under MCT1 (solid) and MCT1.5
(open) are shown in D. APD90 prolongation

occurred at first and subsequently, alternans were

triggered under MCT1.5. To replicate alternans

development, 1.5 times amplified MCT-Ca2+ gain

function MCT1.5 was used (see Figure 5).

iScience
Article

ll
OPEN ACCESS
is shorter than that observed in the experiment (�600 ms). This

difference is primarily due to temperature difference. Our model

is designated for physiological temperature as in the Shannon-

Bers model on which it is based, whereas the cell-in-gel experi-

ment was conducted at room temperature.

Regarding transient behavior, APD exhibits three distinct

phases. In both MCT1 and MCT1.5 cases, APD initially rises to a

peak, then decreases, resulting in a hump-shaped time course.

The third phase, however, differs between the two cases: with

MCT1 APD reaches a new stable value, while with MCT1.5, it de-

velops alternans. During the first phase, gel stiffness increases

following the rise in CL concentration, leading to greater stress.

The increased stress elevates [Ca2+]i throughMCT, and the higher

[Ca2+]i further amplifies stress, creating a positive feedback loop

that enhances contraction. This loop halts when stress reaches

the negative slope in theMCT-Ca2+ gain function, and the system

shifts into the second phase. In this phase, [Ca2+]i starts to

decrease, while the rising CL continues to increase stress. In the

third phase, CL reaches a plateau. With MCT1, the system stabi-

lizes at a new [Ca2+]i value, whereas with MCT1.5, which has a
iSc
steeper negative slope, the systembegins

to oscillate. A hump during the initial in-

crease in APDwas not observed in exper-

iments. This discrepancy with experi-

mental observations suggests the need

to incorporate additional variables into

the MCT feedback loop or to introduce

appropriate delays in MCT feedback.

Although the transient behavior does not

perfectly match experimental observa-

tions, our model successfully reproduces
the increased [Ca2+]i and APD under in-gel steady-state condi-

tions as well as the triggered alternans with excessive feedback.

The effect of MCT-Ca2+ gain and functional form on EC
coupling stability
To clarify which aspect of the MCT function contributed to the

observed instability, we tested different MCT functions and

amplitude. We started with MCT1.5 which we observed to cause

alternans as shown in Figure 4E (Figure 5A, orange triangles), and

tested two other gain functions, MCTatan and MCTgauss (Fig-

ure 5A, blue circle dots and light blue x marks, respectively).

MCTatan is fitted to trace the rising curve of MCT1.5 without a

negative slope to testwhether alternanswouldbe triggeredsolely

by stress-monotonically-increasing L-type calcium channel

(LCC) upregulation. MCTgauss is fitted to mimic the peak and

downfall of MCT1.5 without a value lower than 1 to evaluate

whether LCC downregulation at excessive stress is crucial or

the presence of negative slope is the key factor. Stability of the

EC coupling dynamics was investigated by sweeping pacing cy-

cle length (PCL) from 3000 to 300 ms while varying MCT-Ca2+
ience 28, 111788, February 21, 2025 5



Figure 5. The effect of MCT-Ca2+ gain and

functional form on EC coupling stability

(A) Three curves of the MCT function were tested.

MCTgauss (light blue x-mark) has the same peak

as MCT1.5 without downregulation of LCC

(MCTgauss > 1). MCTatan traces the rising curve of

MCT1.5 and saturates without a negative slope

(blue circle).

(B) Action potential duration (APD) in response to

varying pacing cycle length (PCL) between 3000

and 300 ms with MCT functions in (A).

(C) The original MCT-Ca2+ gain function MCT1
(red circle), amplified by 1.5 times (orange trian-

gle) and 2.0 times (yellow plus).

(D) Action potentials with amplified MCT-Ca2+

gains shown in (C).
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gain functional shape. In all the simulations, CL concentration

was set to 10%. When using MCTatan, we did not observe alter-

nans (Figure 5B). Even when we amplified MCTatan, we did not

see alternans in a slower PCL range over 800 ms. When using

MCTgauss, alternans exists in a narrower PCL range between

1450 and 900 ms compared to MCT1.5, between 2800 and

740 ms. This analysis suggests that the negative slope of MCT-

Ca2+ gain is crucial for the development of alternans, but down-

regulation is not necessary.

Then, we also tested the effect of the amplitude of MCT-Ca2+

gain. The original MCT-Ca2+ gain MCT1 was used to calculate

Figures 2 and 3 results, and 1.5 and 2 times amplified MCT1.5
and MCT2 were examined (Figure 5C). Since MCT-Ca2+ gain is

intended to multiply to the permeability of LCC, the value of

one is the basal value; the differences from one were multiplied.

The red circle indicates MCT1, the orange triangle indicates

MCT1.5, and the yellow plus indicates MCT2 in Figures 5C and

5D. MCT1 muted alternans and MCT2 widened the range of

PCL with alternans compared to MCT1.5; indicating that ampli-

fied MCT-Ca2+ gain destabilizes the system.

Mechanical load induced discordant alternans and
mechanistic explanation
In Figure 6, we compared our simulated alternans with MCT1.5
(6A) and experimentally observed alternans (6B) reprinted from

Hegyi et al.20 Both in the simulation and in the experiment, we

observed higher [Ca2+] in the sarcoplasmic reticulum ([Ca2+]SR)

followed by larger Ca2+ release, larger cytosolic [Ca2+], larger

shortening amplitudes, and shorter APD. This means that the al-

ternanswere electromechanical discordant or AP/Cadiscordant,

which means that longer APD corresponds to smaller shortening

and shorter APD corresponds to larger shortening. In our simula-

tion, all alternans observed in slow pacing (PCL >�800ms) were

electromechanical discordant. This observation aligns with the

cell-in-gel experiment which also only observed electromechan-

ical discordant alternans.
6 iScience 28, 111788, February 21, 2025
To investigate the mechanism, we also

visualized stress, ICa,L, and theMCT-Ca2+

gain (Figure 6C). The MCT-Ca2+ gain is

multiplied by ICa,L at every timestep,

providing instantaneous feedback to
Ca2+ cycling based on mechanical conditions. For easier anal-

ysis, we named the beat with smaller shortening as the ‘‘red

beat’’ and the subsequent beat as the ‘‘blue beat’’ and colored

the graph accordingly. At the start of the red beat, the stored

Ca2+ in SR is relatively low. This leads to a smaller Ca2+ transient

and stress during the red beat. As the maximum level of stress is

around the value where the MCT-Ca2+ gain function has its peak

(�2 kPa), ICa,L is well upregulated during contraction resulting in

a longer APD. This larger Ca2+ influx and smaller release from SR

in the red beat increased [Ca2+]SR for the subsequent blue beat.

The blue beat works oppositely. Higher [Ca2+]SR leads to larger

[Ca2+]i and stress. The stress exceeds the range of MCT upregu-

lation, causing lesser upregulation of ICa,L. This smaller ICa,L re-

sults in a shorter APD, thus causing electromechanical discor-

dant alternans.

DISCUSSION

Autoregulatory ECC model with MCT feedback
In this study, we developed a model of contraction autoregula-

tion in cardiomyocytes by coupling mechanistic models of

electrophysiology, Ca2+ signaling and mechanics, where MCT

feedback plays an essential role in closing the autoregulatory

loop. By determining the MCT-Ca2+ gain based on experimental

data, our model successfully replicated electrical, chemical, and

mechanical responses maintaining contraction amplitude under

in-gel conditions. Furthermore, our model reproduced the autor-

egulation of contraction under a range ofmoderate loads, aswell

as discordant alternans under high loads observed in experi-

mental data.

In our previous paper by Izu et al.,21 we theoretically demon-

strated that stress-sensor positive feedback on Ca2+ transient

under cell-in-gel conditions can autoregulate contraction ampli-

tude. Subsequently, in the paper by Kazemi-Lari et al.,26 a me-

chanically faithful model reproduced this autoregulation of

contraction. However, the model was phenomenological, where



Figure 6. Mechanical load induced discordant alternans and mechanistic explanation

(A) Simulated intra-SR [Ca2+], cytosolic [Ca2+], normalized sarcomere length (SL), and action potential. The simulation was performed under 10% CL concen-

tration with MCT1.5 at 0.5Hz pacing.

(B) Experimentally reported alternans at 0.5 Hz pacing under cell-in-gel conditions. Figures are reproduced from Hegyi et al. (2021),20 under a CC BY-NC-ND

license.

(C) Comparison of time courses of two consecutive beats in alternans. Stress ranges in red and blue colored beats are indicated by red and blue arrows in the

MCT-Ca2+ gain diagram. Lower intra-SR [Ca2+] at the initiation of red-colored beat starting at 2 s leads to smaller Ca2+ transient and gel force exerted on the cell.

Since this smaller force falls within the range of positive slope of MCT-Ca2+ gain, maintaining the gain high during the contraction. As a result, upregulated ICa,L
leads to longer APD. A larger Ca2+ influx and smaller release fromSR lead to a higher SR load for the next beat colored in blue. The succeeding beat exhibits larger

Ca2+ transient and gel force. Then gel force reaches the range of suppressive MCT-Ca2+ gain function, resulting in smaller ICa,L, and shorter APD.
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the Ca2+ transient was directly modulated by the stress without

electrophysiological detail. The Ca2+ transient is modulated in

a balance between SR and membrane Ca2+ handling which is

strongly affected by electrophysiology. Building upon previous

theoretical work by Izu et al. and the finite element model by

Kazemi-Lari et al., our model here extends the understanding

of autoregulation mechanisms by incorporating the MCT feed-

back into the excitation-contraction coupling (ECC) model,

which allows for the evaluation of how electrical, chemical, and

mechanical components interact within the system.

Our model can be considered as the first autoregulatory exci-

tation-contraction coupling with MCT feedback model, unlike

the traditional ECC models that typically operate as open-loop

systems. In the traditional ECCmodels, electrophysiology deter-

mines Ca2+ transient, Ca2+ transient determines cross-bridge

force, and cross-bridge force determines length and stress.

While there are models that account for mechanics influencing

cross-bridge force through the Frank-Starling mechanism, these

models neglect the feedback effect of mechanics on electro-

physiology. By incorporating MCT feedback, our model closes

the feedback loop and enables modeling the stress-dependent

autoregulation of the dynamic ECC coupling system.

MCT-Ca2+ gain and autoregulation of contraction
The theoretical analysis by Izu et al.21 employed a closed-loop

model with three variables: Ca2+ transient, cell contraction strain,
and mechano-sensor strain. By assuming a lateral surface me-

chano-sensor model, they demonstrated that a positively mono-

tonic and bounded feedback could replicate the biphasic

response of Ca2+ transient and cell strain to the gel stiffness. In

our model, the MCT-Ca2+ gain function corresponds to the feed-

back function from the mechano-sensor to the Ca2+ transient in

Izu’s theoretical model. While the functional form of MCTatan fol-

lows the condition of being positively monotonic and bounded,

only biphasic MCT functions can reproduce the biphasic Ca2+

transient response to gel stiffness. This difference arises from

the assumptions made. We use total stress as the input for the

feedback to electrophysiology, assuming a longitudinal me-

chano-sensor. The critical difference between the lateral-surface

and longitudinal mechano-sensor is that the lateral-surface

mechano-sensor strain approaches zero when gel stiffness be-

comes infinite, whereas the longitudinal mechano-sensor strain

saturates to a maximum value. The model by Kazemi-Lari

et al.26 also adopted the longitudinal mechano-sensor assump-

tion and employed a biphasic function to replicate the biphasic

response of the Ca2+ transient.

In the current model, the adoption of a biphasic MCT-Ca2+

gain function enabled three key features: autoregulation of

contraction under moderate afterload conditions, biphasic

response of Ca2+ transient to the gel stiffness, and discordant al-

ternans under high afterload conditions.While amonotonic func-

tion, like MCTatan could replicate autoregulation and performed
iScience 28, 111788, February 21, 2025 7
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better in maintaining contraction amplitude, it was not able to

reproduce the biphasic response nor discordant alternans. As

explained in Figure 6, the biphasic nature and alternans are

strongly related. Since alternans can trigger arrhythmias, the

suppression of Ca2+ under excessive afterload and the accom-

panying alternans might be a protective mechanism.

Validity of the simplified mechanical model
A previous simulation conducted by Kazemi-Lari et al.,25 utilized

the Eshelby inclusion theory to simulate the 3D nature of the

stress-strain field. We compared our simplified mechanical

model results with those by Kazemi-Lari et al.25 to validate our

simplification in the mechanical model (Figure S1). Under 10%

CL concentration, our model yielded maximum and minimum

gel stress values of 2.2 kPa and �0.32 kPa, respectively, with

56% of the negative tension persisting at the triggering of the

next beat. Kazemi-Lari’s model reported the maximum and min-

imum gel stress values of 1.85 kPa and �1.05 kPa, with 66% of

the negative stress persisting. The time constant of gel stress

attenuation during diastole, representing the reduction of the

pushing force on the cell, was 183 ms, 428 ms, and 1122 ms in

our simulation for 4%, 6%, and 8% CL, respectively. In a study

by Kazemi-Lari et al.,25 these values were 210 ms, 500 ms,

and 1320 ms, respectively, in their Eshelby inclusion simulation.

The discrepancy in minimum gel stress can primarily be attrib-

uted to differences in systolic duration. Our simulation had a

shorter systolic duration compared to the previous Eshelby in-

clusion simulation, which was based on experimental contractile

force profiles.

Overall, the time courses of gel stress recovery and their de-

pendency on CL concentration in our simplified 2-element me-

chanical model align well with the Eshelby inclusion simulation

which considered the 3D nature of the system. However, in our

simulation and Kazemi-Lari et al.’s simulation,26 length returns

slowly compared to the experimental observations. This differ-

ence is not solely due to the omission of the 3D nature of

mechanics.

The nonlinearity of the gel’s mechanical properties, which is

ignored in both simulation studies, could be one of the causes

of the discrepancy. The mechanical properties of the gel were

obtained by a dynamical mechanical analyzer with a shear strain

amplitude of 2%,25 indicating that they are only valid in small

strains. However, the maximum local strain expected in the finite

element study was over 16%. Nonlinear elastic properties of the

gel may contribute to the experimentally observed faster length

recovery.33,34

The timescale of mechano-chemo-transduction
The destabilization of the system due to feedback time delays

has been demonstrated through dynamical systems theory.35

In cardiac electrophysiology model, the consideration of time

delays due to Ca2+ transport in the SR was crucial for reproduc-

ing Ca2+-driven alternans.35 Discordant alternans observed in

the cell-in-gel system provides an important clue to understand-

ing the timescale of MCT and how arrhythmogenic activities may

arise from the time delay and the magnitude of MCT-Ca2+ gain.

In our model, we used the current stress to calculate the me-

chanical feedback,which implies the feedback is instantaneously
8 iScience 28, 111788, February 21, 2025
occurring beat-to-beat. The only delay component included in

the current model is the delay caused by viscosity. We tested

the case of pure-elastic gel (or surrounding material), without

viscosity. On increasing elasticity, the system without viscous

elements exhibited alternans at a certain elasticitywhen the force

reached the negative slope ofMCT. The instability triggered in the

current model is not due to the viscous delay component.

In the cell-in-gel experiments, as shown in Figure 4, APD pro-

longation begins within a few beats after the addition of CL and

stabilizes within a fewminutes, which is in line with the expected

rate of Ca2+ handling changes. This onset of APD prolongation

indicates the involvement of rapid feedback mechanisms in

the MCT system. For phenomena expected to exhibit instanta-

neous responses, mechanosensitive channels where mechani-

cal stress or stretch directly influences the opening and closing

of channel pores are conceivable. For example, the Piezo1

channel is proposed to function as a lever-like mechano-trans-

ducer, converting tension-induced conformational changes of

the peripheral blade to the intracellular gate.36,37 Similarly,

TREK channels are reported to be regulated by tension of the

cell membrane directly.38,39

Experimental data support the involvement of the NOS1-NO

signaling and the CaMKII pathway as an essential part of the

MCT pathway.15,24,40,41 The NOS1-derived NO signal is known

to be rapid occurring within milliseconds,42,43 CaMKII-depen-

dent Ca2+ channel facilitation occurs within seconds,44,45 while

the time courses of RyR activation are on the order of �3 min.46

In addition to the NOS1-CaMKII pathway,40 NADPH oxidase is

reported to generate ROS and increase Ca2+ spark in response

to stretch.47 Mechanosensitive channels may also play a role in

these phenomena. Since both the electrophysiology of cardio-

myocytes and cell-in-gel mechanics are nonlinear dynamical

systems, we cannot easily estimate the effects of those delay

factors. To include those additional pathways, we may need

separate MCT function for each pathway with respective ampli-

tude, sensitivity to stress/strain, and delay. Further refinement

of the model is on-going when more experimental data be-

comes available.

APD prolongation
The patch-clamp-in-gel experiments by Hegyi et al.20 demon-

strate that APD prolongation occurred in response to increased

afterload on the cardiomyocyte contracting under mechanical

load. This APD prolongation was abolished by inhibiting contrac-

tion to relieve the mechanical stress, confirming that the APD

prolongation was caused by the mechanical load. Additional

experimental evidenceofmechanical load effects onAPD length-

ening comes from the in vivo electrocardiograph (ECG)measure-

ment in the spontaneously hypertensive rat model, showing a

positive correlation between the blood pressure and theQT inter-

val which reflects APD.48,49 The prolongation of QT interval has

been observed in hypertension and is a risk predictor of cardiac

arrhythmias.48 In the whole animal, many factors may contribute

to the QT interval prolongation, including increased ventricular

mass, remodeling of ionic currents, and mechano-electric feed-

back. It is also known that BP is regulated by circadian rhythm,50

and QT duration increases in conjunction with morning blood

pressure peaks in hypertensive individuals.51 However, the exact
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cellular andmolecularmechanisms remainedunclear. The recent

experimental study by Hegyi et al. and the present modeling

study reveal a novel MCTmechanism that directly links APD pro-

longation to the mechanical stress in the ventricular myocytes

contracting under afterload.

Remodeling of AP morphology under preload (mechanical

strain by stretching the cell) was also studied in isolated cardio-

myocytes.9 The preload effect on AP is attributed to stretch-acti-

vated currents, which differ from the AP prolongation by after-

load showing different reversal potential.20 While mechanical

stretch can either shorten or lengthen APD depending on the in-

tensity and timing of the stretch,9,18 cell-in-gel afterload consis-

tently prolongs APD.20 Our model successfully reproduced APD

prolongation in the cell-in-gel mechanical environment by incor-

porating MCT feedback effects into the LCC current.

Mechanism underlying discordant alternans
In the cell-in-gel experiments, alternans is often observed and

are all electro-mechanical discordant alternans, whereas rabbit

cardiomyocytes under load-free conditions rarely exhibit discor-

dant alternans. Electro-mechanical alternans, or AP/Ca discor-

dant alternans, are characterized by long action potentials corre-

sponding to small Ca transients and contractions.22,23 A

numerical study by Sato et al.52 reported that Ca2+-driven insta-

bility triggers discordant alternans while voltage-driven insta-

bility triggers concordant alternans. Discordance occurs under

negative voltage-calcium coupling, where higher intracellular

Ca2+ shortens action potential duration via calcium-dependent

inactivation of ICa,L, rather than prolonging it via sodium-calcium

exchanger current.22 They further showed that under negative

voltage-calcium coupling, increasing ISAC promotes discordant

alternans.52

Wang et al.53 reported that NS5806, an activator of transient

outward current Ito, triggers electro-mechanical discordant al-

ternans, and the addition of an ICa,L inhibitor changed alternans

into electro-mechanical concordant. This finding is consistent

with the observation of cell-in-gel discordant alternans exhibit-

ing increased Ito and ICa,L. Ito modulates the time course and

magnitude of the Ca2+ transient through its effects on ICa,L cur-

rent,54 potentially causing the voltage-calcium coupling to shift

negatively.

Suction electrode measurement of monophasic action poten-

tial (MAP) in the mechanically loaded heart showed that alter-

nans was always associated with LVP alternans.55 The phase

of electrical alternans showed a constant discordant relation to

peak ventricular pressure, indicating discordant alternans of

AP and contraction.56 Interestingly, optical mapping of AP and

Ca in themechanically unloaded heart showed concordant alter-

nans of AP and Ca2+ transient.57

We were able to replicate the observed discordant alternans

under longer PCL (over 1000ms) in the electrophysiologymodel

by introducingMCT feedback.Mostmodels investigating proar-

rhythmic alternans focus on instability under shorter PCLs

(�200 ms).58,59 The Shannon-Bers model28 has long been

investigated in many studies to reveal rabbit cardiac electro-

physiology29,44,58,60,61; however, none of them reported the

replication of discordant alternans or calcium-driven alternans

to our knowledge. In our model, alternans cannot be triggered
without a negative slope in the MCT-Ca2+ gain function, even

when the model’s response to the changes in PCL was exam-

ined by varying the amplitude and the functional shape of

MCT-Ca2+ gain. The negative slope of MCT-Ca2+ gain consti-

tutes negative voltage-calcium coupling in our system, trig-

gering discordant alternans. The results show that the MCT

serves autoregulatory mechanism in response to afterload,

whereas triggers instability in response to overload.

Multiscale investigations into MCT
Mechano-sensitive processes together with the electrical and

Ca control systems form an integrated system for controlling

the contraction of the cardiomyocyte.2,62 This integrated system

can autoregulate contraction in response to changes in the me-

chanical environment and can also lead to pathological remod-

eling.11,13,63 The cell-in-gel experiment was developed to

analyze the mechanism of contraction autoregulation in cardio-

myocytes.14,15,20,24 It should be noted that the mechanical envi-

ronment in the cell-in-gel setup differs significantly from most

studies of MEC, where mechanical strain is applied by stretch-

ing the cell membrane (i.e., uniaxial stretch, osmotic swelling,

pipette suction, inflation, etc.). Different stress and strain fields

on the cardiomyocyte may activate different mechanosensors.

In the cell-in-gel setup, afterload-induced NOS1-NO signaling

is thought to be mediated by costameres formed by the dystro-

phin-glycoprotein complex and the vinculin-talin-integrin sys-

tem20; conversely, uniaxial stretching of the membrane in cardi-

omyocytes is mediated by microtubular deformation and

NADPH-oxidase 2 activation.64 The mechano-electric feedback

model, integrating SAC currents and stretch-induced myofila-

ment Ca2+ release into established electrophysiology models,

targets membrane-stretching experiments.65 Our model inte-

grates stress-induced ICa,L alterations, reproducing the cell-in-

gel experiments. These experiments and modeling for each

pathway will contribute to a more comprehensive understand-

ing of the entire mechano-feedback system and its mechanisms

in cardiomyocytes.

Reil et al. reported an isolated whole-heart experiment with

controlled preload and afterload, showing that without preload,

the heart can immediately elevate contractility,41 which is

consistent with the cell-in-gel experiment. However, interpret-

ing results between whole-heart and isolated cardiomyocyte

experiments is not straightforward. Recent hypotheses attribute

the equilibrium between the two myosin head resting states to

explaining the Frank-Starling mechanism66 and the Anrep ef-

fect.67 It is acknowledged that two myosin head states exist

for un-attached-to-actin conditions: a quasi-helically ordered

OFF state and an ON state where this helical ordering is lost,

as unveiled by X-ray diffraction studies, or an energy-sparing

super-relaxed (SRX) state and a high-energy-consuming disor-

dered-relaxed (DRX) state demonstrated by myosin ATPase as-

says. While it has been considered that the SRX and DRX states

are equivalent to the OFF and ON states, respectively, new ev-

idence has shown that they have distinct properties and should

be regarded as independent, though they correlate in some

cases.68 Even single molecules of cardiac myosin have been

shown to exhibit load-dependent force generation.69 Li et al.70

demonstrated that inhomogeneity of resting sarcomere length
iScience 28, 111788, February 21, 2025 9
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causes stretching and lengthening within a myofibril during a

beat, suggesting that the assumption of homogeneous period-

icitymay not hold true. This inhomogeneity could further compli-

cate our understanding of where mechanosensors are located

within the cellular ultrastructure and which mechanical condi-

tions they respond to. Our MCT model foundation would be a

useful tool for integrating these experimental findings from

microscopic to organ-level experiments.

Limitations of the study
First, we focused only on the mechanical load effects on modu-

lating LCC, while numerous components of other electrical phys-

iology systems are reported to bemechanosensitive.9,20,71While

LCC is the most prominent, other mechanosensitive elements

may also affect Ca2+ handling. For example, mechanosensitive

K+ channels and non-specific ion currents, ISAC is reported to

suppress voltage-driven concordant alternans and promote

Ca2+-driven discordant alternans.52 CaMKII is also known to in-

crease RyR Ca2+ sensitivity, opening probability, and leak,72,73

upregulate SERCA throughPLBphosphorylation,72 and enhance

magnitudes of INa,L and Ito.
74,75 NADPH oxidase has been re-

ported to generate ROS and induce Ca2+ sparks increase in

response to mechanical stimuli.47,64 NCX, LCC, and SERCA

pump are all known to be sensitive to oxidation.76 NO and

CaMKII are also known to enhance NADPH oxidase,77,78 and

these two pathways interact.40 Additionally, alterations in myofil-

ament calcium sensitivity upon stretch observed as triggered

propagating contractions65,79,80 is another importantmechanism

affecting the coupled system. Incorporating these multiple path-

ways affecting multiple targets by defining respective MCT func-

tions with appropriate sensitivity, amplitude, and time delays

could represent the entire network, although many parameters

remain unknown. Additionally, we will include or replace current

modelswith those that arebetter-tuned forCa2+-handling,59,81–84

alternans,58 beta-adrenergic response,29,85 or pathology,86 de-

pending on the purpose. While we acknowledge that attributing

all MCT feedback only to LCC may be over-simplified, we

consider the current model to be a good initial step for modeling

closed-loop feedback of mechano-chemo-transduction in car-

diac E-C coupling.

Second, for computational efficiency, we simulated the cell

as a one-dimensional hyperelastic body and the gel as a visco-

elastic environment. However, themechanical stimuli are three-

dimensional and may vary under different experimental condi-

tions.12,87 To incorporate a three-dimensional effect, we need

to know the mechanosensor’s effective deformation modes

and their locations inside the cell. Different mechanosensors

may have different effective deformation modes, such as uni-

axial, bi-axial tension, and curvature for membrane pro-

teins.38,88 The local membrane deformation is expected to

vary significantly depending on where it is in the cell architec-

ture (ex. during shortening, the surface membrane may slack

and the tubular membrane may stretch or curve89). Incorpo-

rating a more comprehensive 3D-MCT model would provide

valuable insights when further information on mechanosensi-

tive sensors is available.

In summary, despite the limitations mentioned previously, our

closed-loop MCTmodel provides a valuable foundation for eval-
10 iScience 28, 111788, February 21, 2025
uating effects of MCT pathways in cardiomyocytes. With further

improvements, this foundation could extend from evaluating

the impact of experimental, molecular-level findings on cells to

exploring andassessingpharmacological and therapeutic strate-

gies targeting mechano-sensitive pathways. The conceptual

innovation of the present model is to enable analyzing the autor-

egulation of E-C coupling dynamic system in the cardiomyocytes

under mechanical load. The long-term goal is to understand how

the heart autoregulates contractile force in response to load

changes to maintain cardiac output, and why mechanical over-

load leads to arrhythmias and heart failure.
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Matlab R2024a https://github.com/UTokyo-FML/MCT2024 https://doi.org/10.5281/zenodo.14269939
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mechanical equilibrium between cell and gel
Figure 1 upper left panel shows the mechanical model with one degree of freedom which corresponds to the cell-shortening and gel

lengthening. This simplification allowed us to perform response analysis with varying force input in the time domain. The cell element

consists of the cross-bridge force which is passed from the ECCmodel and the hyper-elastic model representing cell passive stress.

The hyperelastic constitutive equations by Humphrey et al.90,91 were restricted to the fiber direction to assure compatibility when

extending the simulation to 3D in the future. Parameters fitted to a single myofibril experiment92 were used from finite element simu-

lation.93 The cell is assumed to be 130 mm long surrounded by 100 mm long gel where experimentally detectable displacements were

observed. Half of the system was modeled according to symmetric conditions. The gel element was modeled as the Generalized

Maxwell model.94 In the cell-in-gel experiment, afterload was manipulated by changing cross-linker (CL) concentration. We used

the material parameters determined by Kazemi-Lari et al.,21 expressed dependently on CL concentrations. This mechanical model

with a hyperelastic cell and a generalized Maxwell gel replaced the one in the cross-bridge model by Negroni et al.29 with a parallel

passive element and a serial element attaching to the boundary. Nonetheless, the model retained the representation of sliding fila-

ments with springs representing cross-bridge heads.

To solve the dynamic problem coupling with a viscoelastic element, which is dependent on the velocity, we took the time derivative

of the hyperelastic equation to obtain velocity form. The generalized Maxwell model was written in incremental notation of visco-

elastic forces and the common displacement velocity in all the parallel elements. Equilibrium was solved iteratively to obtain conver-

gence of the nonlinear equation. The codes were all written in MATLAB.95 Codes were verified by elongating the cell to simulate a

hyper-elastic stress-strain relationship and by applying step strain input to the gel to simulate relaxation function. Codes were vali-

dated comparing with previous finite-element study21 (Figure S1). The parameters are described in Tables S1 and S2.

MCT-Ca2+ gain
We chose cell total stress as an input to theMCT function as the cell total stress is the variable that reflects the afterload applied to the

cell. There are three candidates for it in our model namely, cross-bridge force, cell-passive stress, and cell total stress (or gel stress,

equal to the sum of cross-bridge force/area and cell-passive stress). The cross-bridge force is the input to mechanical equilibrium

and cannot be an input to the MCT function since that connection skips the mechanical model. The previous study showed that the

electrophysiological change under Cell-in-Gel is not by length or strain; in the presence of the myofilament contraction uncoupler

blebbistatin, action potential with no-shortening did not differ from the load-free condition with large shortening.20 Therefore, we

did not choose the passive force for the MCT input since the passive force and the cell length are a one-to-one relationship.

We set LCC as the target of MCT feedback. The previous study showed that the ICa,L was significantly increased under in-gel after-

load condition (-6.3 A/F) compared to load-free condition (-4.8 A/F) during depolarizing pulses to +5 mV from holding potential of

-40 mV.20 The experimental relationship shows that [Ca2+]max raises on increasing afterload, peaked at the afterload by 10% CL,

and decreased to the level lower than load-free condition at 15% CL (Figure 3F). To reproduce these experimental observations,

we set a functional form of MCT-Ca2+ gain by modifying the stress-Ca2+ MCT function in the model by Kazemi-Lari et al.26 that could

express the upregulation on increasing the stress in the moderate stress range and the downregulation in high stress (Figure 1 upper

right) as follows:

MCT1 = 1+ a1
�d0Fgel

�
Fgel � d1

�
+Smin

d2+d3

�
Fgel � d1

�2

, where a1 = 0:2;d0 = 1:6;d1 = 2;d2 = 2;d3 = 1:92; and Smin = 4: To investigate the effects of the amplitude of the feedback, we

tested MCT1.5 and MCT2, in which only a1 value is multiplied by 1.5 and 2.0 respectively (Figure 5C). In addition, following two func-

tional forms, MCTatan and MCTgauss are also used to examine the effects of the functional form.

MCTatan = 1:32+
0:8 atan

�
1:8 Fgel � 1:2

�
p

e1 iScience 28, 111788, February 21, 2025
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Fgel � 1:7

�2.
s2
�

s
ffiffiffiffiffiffi
2p

p

, where s = 0:65.

MCTatan follows MCT1.5 when stress is lower than the MCT1.5 peak and then saturates without a negative slope. MCTgauss is

defined so that the peak and negative slope coincide with MCT1.5 but without down-regulation (Figure 5A).

ECC model
The Shannon-Bers rabbit ventricular cardiomyocyte model28 formulating electrical activities of ion channels and transporters, and

Ca2+ transport mechanisms was combined with the cross-bridge force development model by Negroni et al.29 The cross-bridge

force developmentmodel well reproduces force-Ca2+, force-length, and force-velocity relationships. A calculated cross-bridge force

is used for the mechanical simulation. All the equations and parameters were the same as the original value in their paper except for

the cell passive stiffness and multiplication of MCT-Ca2+ gain to the LCC current.

METHOD DETAILS

Closed loop of MCT
The proposed closed-loopmodel consists of three primary components (Figure 1): an excitation-contraction coupling (ECC)model, a

mechanical model, and a mechano-transduction model. These components will be described in detail in the following sections. The

interactions between these components are represented by the variables denoted in green boxes. The proposed MCTmodel calcu-

lates MCT-Ca2+ gain in response to themechanical stress applied to the cell. This gain is used to modulate permeability of the L-type

calcium channel (LCC), consequently up or down-regulating Ca2+ transient and contractility. For the sake of simplicity, this study

focuses on the regulation of the LCC by MCT, ignoring other factors such as beta-adrenergic stimulation, or possible MCT effects

on other channels. The ECC model simulates action potential, Ca2+ transient, and cross-bridge force. The calculated cross-bridge

force is then transmitted to the mechanical model, where it influences the mechanical equilibrium between cell passive force and gel

viscoelastic force. The mechanical model outputs stress, strain, length, and velocity of both the cell and the gel. The length and ve-

locity of the cell directly affect the development of cross-bridge force in the ECCmodel. The stress applied to the cell by the gel, is fed

back to the MCT model, thereby closing the feedback loop.

QUANTIFICATION AND STATISTICAL ANALYSIS

The whole program was coded in Matlab R2024a and is available in Github https://github.com/UTokyo-FML/MCT2024.git.96 For the

stability analysis, we used a dynamic pacing protocol. The pacing cycle length (PCL) was varied from 3000 to 1000ms by 50ms, and

to 300ms by 20ms. At each PCL 300 beats were simulated using the final state of the previous PCL calculation as an initial condition.

Each simulation of 300 beats took a few minutes on an Intel Core i7 2.8 GHz processor.
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