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ABSTRACT Optical stimulation is emerging as a promising alternative to conventional methods for both research and thera

peutic purposes due to its advantages, such as reduced energy consumption, minimal invasiveness, and exceptional spatial and 

temporal precision. Recently, we introduced Ziapin2, a novel light-sensitive azobenzene compound, as a tool to modulate car

diac cell excitability and contractility. The molecule proved to be effective in precisely regulating the excitation-contraction 

coupling process in both hiPS-derived cardiomyocytes and adult mouse ventricular myocytes (AMVMs). Experimental evidence 

suggests that stretch-activated channels (SACs) contribute to light-driven action potential (AP) generation, but the exact way this 

takes place remains unknown due to system complexity and lack of specific SAC blockers. Here, we aim to clarify the role of 

SACs and photostimulation mechanism by exploiting a computational model of murine AP that incorporates: 1) the variation 

in membrane capacitance resulting from the trans-cis isomerization of the molecule in response to light stimulation and 2) 

SACs activated by membrane tension due to the thickness variation induced by Ziapin2. Our numerical model accurately repro

duces cell capacitance and membrane potential alterations induced by Ziapin2 photoisomerization. In addition, it elucidates the 

behavior observed experimentally in vitro in AMVMs, highlighting the pivotal role of calcium (Ca2+)-selective SACs in AP gen

eration. The proposed model is thus a valid tool for cell behavior prediction in future experiments.

INTRODUCTION

In the cardiac field, the use of light provides a clean, precise, 

and noninvasive method for controlling and influencing 

a wide range of biological processes in both in vitro and 

in vivo environments without causing damage (1). 

Compared with electrically driven stimulation methods, 

optical techniques offer superior spatiotemporal resolution, 

reduced energy consumption, minimal invasiveness, and 

faster response times, unlocking new opportunities in areas 

such as neuroscience, chemical biology, and photopharma

cology. However, standard biotargets, such as eukaryotic 

cells, are typically unresponsive to light due to their low 

sensitivity to it. For this reason, researchers have developed 

various strategies to impart photosensitivity to cells, 

including the use of optogenetic tools (2,3), photosensitive 

nanomaterials (4–7), organic semiconductors (8–10), and 

molecular photoswitches (11,12). In particular, these molec

ular optical switches further expand photostimulation possi

bilities by enabling reversible modulation of cell sensitivity 
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SIGNIFICANCE The modulation of membrane capacitance through photomechano-transducers has been effectively 

demonstrated in both model membranes and living cells. This in silico study sheds light on the mechanisms governing the 

light-driven regulation of cardiac bioelectricity facilitated by Ziapin2, a recently synthesized intramembrane photoswitch 

capable of modulating the excitation-contraction coupling process in murine- and human-derived cardiomyocytes. By 

correlating mechanical perturbations with electrical responses, we further validate and expand our previous experimental 

observations, emphasizing the pivotal role of Ca2+-selective stretch-activated channels in light-induced action potential 

generation. These findings enhance our understanding of the biophysical mechanism at play and pave the way for 
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through precise control of the spatial arrangement of mole

cules (13–15).

Within this context, we proposed Ziapin2, a light-sensi

tive amphiphilic azobenzene compound that acts as a photo

responsive agent, modulating cell electrical properties 

primarily through structural changes in the membrane 

(16–21). Notably, Ziapin2 has been shown to optically 

trigger action potentials (APs) in excitable cells (16,22,23) 

and, when introduced into cardiac cultures, the resulting 

electrical modulation is associated with changes in calcium 

(Ca2+) dynamics and an increased contraction rate, suggest

ing its potential to regulate the entire excitation-contraction 

coupling process (22–24).

Recently, we conducted a detailed electrophysiological 

analysis of the light-induced modulation driven by Ziapin2 

in adult mouse ventricular myocytes (AMVMs) (23). This 

study explored the molecular mechanisms at play, assessing 

the biophysical processes that initiate AP generation and 

investigating the role of channels whose opening probability 

is closely tied to membrane changes induced by Ziapin2. 

Given the observed perturbations in membrane thickness, 

the stretch-activated channels (SACs) (25) could alter their 

open probability when Ziapin2 is present, contributing to 

light-induced AP generation. Indeed, we provided experi

mental evidence indicating that SACs act as key mediators 

in translating the local membrane structure deformation 

induced by Ziapin2 into cellular physiological responses 

(23). While Ca2+-permeable SACs seem to play a critical 

role, the absence of specific pharmacological blockers and 

the complexity of the biological framework necessitate 

further investigation to precisely determine the ion currents 

involved and their temporal dynamics.

This study aims to enhance our understanding of the role 

of SACs by proposing an advanced computational model of 

murine AP (26), incorporating: 1) variations in membrane 

capacitance resulting from the trans-cis isomerization of 

the molecule in response to light stimulation and 2) the 

formulation of nonselective cation SACs (SACns) (27), 

which primarily conduct sodium (Na+) and potassium 

(K+) (and, to a lesser extent, Ca2+), as well as selective 

channels, including K+-selective (SACK) and Ca2+-selec

tive SACs (SACCa) (28).

MATERIALS AND METHODS

To investigate the mechanisms behind the functioning of Ziapin2, a numer

ical murine model was developed using the Li et al. model (26) from 2009 

as a starting point. The model was modified to incorporate time-dependent 

variations in membrane capacitance and, by the introduction of SACs, to 

account for the main observed effects associated with Ziapin2.

The experimental data used to parameterize the model were taken from 

Florindi et al. (23). Therefore, for detailed experimental procedures, please 

refer to this study. For convenience, a summary of the main methods used is 

provided here.

(1) AMVMs were freshly isolated by enzymatic digestion from 3- to 

4-month-old mice.

(2) AMVMs were incubated with Ziapin2 as previously described. After 

7 min, the cells were perfused with a fresh extracellular solution to re

move the molecule that had not been internalized.

(3) Electrophysiological recordings were performed at 36◦C using a patch- 

clamp technique. Both voltage and current-clamp (I = 0) experiments 

were performed by the ruptured-patch version of the whole-cell mode.

(4) For capacitance measurements, a dual-sinusoidal voltage-clamp proto

col was applied in a whole-cell configuration. The resulting current 

response was recorded, and membrane capacitance and resistance 

were extracted.

(5) Illumination during the experiments was provided by a Thorlabs 

(Newton, NJ, USA) collimated light-emitting diode coupled to the fluo

rescence port of a Nikon (Tokyo, Japan) Eclipse TE200 inverted micro

scope. The external light source had a peak emission wavelength of 

470 nm, selected to match the absorption spectrum of the molecule.

To facilitate the comparison between experimental data obtained from 

different cells, the traces have been offset to start from a resting potential 

of 0 mV. Consequently, the numerical model was also offset when 

compared with the experimental data. In all other cases, the transmembrane 

potential values are reported without any offset.

Membrane capacitance variations

According to experimental results, upon partitioning into the cardiomyo

cyte sarcolemma, Ziapin2 undergoes dimerization in dark conditions, 

anchoring to opposite leaflets of the membrane and leading to local thin

ning, which increases membrane capacitance. In previous cell experiments 

(23), exposure to the molecule in dark conditions did not result in discern

ible differences. This was reproduced also in numerical simulations (e.g., 

by increasing Cm). As shown in Fig. S1, the Cm increment only slightly de

layed final repolarization.

When exposed to millisecond pulses of visible light (λ = 470 nm), Zia

pin2 undergoes trans-cis isomerization, disrupting the dimers as the hydro

phobic tails of opposing molecules become too distant to interact. This 

allows a partial restoration of the initial thickness of the membrane, result

ing in a consequent decrease in the value of the capacitance. The action of 

Ziapin2 under dark and light conditions is schematically shown in Fig. 1 a.

A modified parallel conductor model for the cell was adopted to account 

for the cascade of effects consequent to the time-dependent change in 

capacitance. The membrane is represented as a capacitor with time-depen

dent capacitance in parallel with nonlinear resistances and batteries, which 

represent the ionic channels and current sources used to model pumps and 

exchangers. Consequently, the electrophysiological behavior of the cell can 

be described by:

Cm

dVm

dt
= − Jion − Vm

dCm

dt
(1) 

where Cm is the time-dependent specific cell membrane capacitance, Vm is 

the transmembrane voltage, t is time, and Jion is the sum of the ionic 

currents.

Cm values in the model are based on experimental data (23), considering 

the value for the control case (i.e., no Ziapin2) as unit and scaling propor

tionally for the other two conditions, as reported in Table 1.

The time dependence of Cm and, consequently its derivative, have been 

divided into four segments, reproducing the expected physical phenomena. 

The duration of each step is adjusted according to the light stimulation dura

tion (see Fig. 1 b).

The t0-t1 phase represents the rapid change in the molecule configuration 

due to the light stimulation, the t1-t3 phase represents the recruiting phase in 

which more molecules engage the configuration change, whereas the final 

t3-t4 phase represents the recovery change after the light stimulation is 

removed. The definition of the time-dependent curve is such that continuity 

in the time derivative of Cm is guaranteed. The list of the detailed equations 

for all four segments is reported in the supporting material.
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SAC formulation

Experiments show that changes in membrane capacitance activate SACs 

(23). SACs in the sarcolemma have been reported in isolated myocytes, 

multicellular preparations, and the whole heart. Computational models 

for SACs have been proposed by Niederer and Smith (27), who focused 

on nonselective SACs (SACns), and K+-selective SACs (SACK), and by 

Buonocunto et al. (28), who also considered Ca2+-selective SACs (SACCa). 

In this work, we implemented the same formulations. Specifically, the cur

rent through SACns, Ins, is divided into Na+ (inward current) and K+ (out

ward current) components, as proposed by Niederer and Smith (27). While 

SACns contribute to inward and outward currents, SACK contribute to an 

outward current, and SACCa contribute to an inward current. The three 

SACs considered in the model are shown in Fig. 2 a.

The relative conductance of Na+ and K+ through SACns (r = gNa= gK) 

can be estimated using the reversal potential of Ins (Ens) and the reversal 

potential of Na+ and K+ using the following (Eq. 2):

r =
Ens − EK

ENa − Ens

(2) 

The resulting SACns current (Eq. 3) is defined by:

Ins = Ins;Na + Ins;K (3) 

where Ins;Na and Ins;K are given by Eqs. 4 and 5, respectively:

Ins;Na = rgnsγSL;ns(Vm − ENa) (4) 

Ins;K = gnsγSL;ns(Vm − EK) (5) 

with

γSL;ns = βns(λ − 1) (6) 

The stretch-dependent K+ specific current through SACK (Eq. 7) is 

defined by:

IKo = gKo

γSL;Ko

1 + e
−

10 + Vm

45

(Vm − EK) (7) 

with

γSL;Ko = βKo(λ − 1) + 0:7 (8) 

where λ is the local stretch of the membrane, gns and gKo the maximum con

ductances, and βns and βKo the strain coefficients for nonspecific SACs and 

K+-specific SACs, respectively.

Lastly, following the work of Buonocunto et al. (28), the stretch-activated 

Ca2+-specific current was defined as in Eq. 9:

FIGURE 1 Effects of Ziapin2 partitioning in the cell membrane. (a) Ziapin2 molecular structure and its light-induced isomerization. In the trans confor

mation, Ziapin2 molecules attach to opposite leaflets of the membrane, forming dimers. This leads to local membrane thinning, which increases membrane 

capacitance (dark). When exposed to millisecond pulses of visible light (λ = 470 nm), Ziapin2 undergoes isomerization into its cis form. In this state, the 

hydrophobic tails of opposing molecules are too distant to dimerize, resulting in a rapid capacitance drop due to membrane relaxation (light). (b) Cm nu

merical variations over time and its relative derivative for two different light stimulation durations (20 ms in the left panel, 200 ms in the right panel). 

The red dots represent the instants t1, t2, t3, and t4, which can be adjusted in the code to simulate different stimulation patterns. It should be noted that t1 

and t2 are nearly coincident, as segment two is designed to be very short, ensuring the continuity of derivatives. Photoexcitation is represented by the 

blue shaded area, and the black line indicates the end of the light stimulation.

TABLE 1 Cm Variation due to Ziapin2 partitioning in the cell 

membrane

Condition Experimental (pF) Numerical (–)

Control 245.7 1

Ziapin2, dark 281.7 1.14

Ziapin2, light 263.6 1.07

Cm values evaluated experimentally (23) and their corresponding numerical 

values.
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ICaP = gCaP(λ − 1)z2
Ca

VmF2

RT

×
γCai

[
Ca2+

]

i
e

(
zCaVmF

RT

)

− γCao

[
Ca2+

]

o

e

(
zCaVmF

RT

)

− 1

(9) 

where gCaP is the channel conductance, zCa is the charge of a Ca2+ ion, and 

F, R, and T are conventional thermodynamic constants. γCai and γCao are the 

intracellular and extracellular ionic activity coefficients, and [Ca2+]i and 

[Ca2+]o are the intracellular and extracellular Ca2+ concentrations, respec

tively. The selective K+ channel conductance gKo is based on the work of 

Buonocunto et al. (28), where it was estimated based on experimental 

patch-clamp data from Li et al. (29). The conductance gns from Buonocunto 

et al. (28), calibrated to experimental data from isolated human atrial car

diomyocytes, was adjusted with a scaling factor of 35 based on experi

mental expression data from mice and human atria samples (30), which 

showed an ∼35-fold larger mRNA expression in mice. Finally, the channel 

conductance gCaP was adjusted with a scaling factor of 0.9 according to 

experimental observations by Kim (31), which showed that its numerical 

value was very close to that of gKo. The parameters used in the model are 

provided in Table 2.

During light/dark stimulation, the membrane thickness changes due to 

the conformational changes of the Ziapin2. Since we assume the cell mem

brane to be incompressible, changes in its thickness imply changes in mem

brane surface area, leading to local stretching that triggers activation of 

SACs. Considering the inverse proportional relationship between cell mem

brane capacitance and cell membrane thickness, together with an in-plane 

isotropic behavior of the cell membrane, implies an average membrane 

stretch in the order of 3% for a 7% change in capacitance between light 

and dark conditions (indicated in Table 1). During light stimulation, an 

increment in the membrane thickness due to trans-cis isomerization induces 

a general relaxation of the cell membrane, producing a relatively low SACs 

activation. On the contrary, when the light stimulation is interrupted and the 

molecule returns to its trans configuration, the membrane thickness de

creases, causing a general stretch of the membrane that triggers activation 

of SACs. In addition, since the returning to trans configuration occurs much 

more slowly than trans-cis isomerization, membrane stretching is assumed 

not to occur immediately after the light stimulation is interrupted. Further, 

we also consider that the stretching of the membrane is not uniform and that 

the local stretch sensed by the SAC could be different from the average 

membrane stretch.

Based on these considerations, the local stretch applied to the SACs was 

divided into four phases, as shown in Fig. 2 b. In the first 10 ms of light 

stimulation (t1), the membrane relaxes, SACs are inactivated, and, thus, no 

stretch is applied to them. The only contribution during this phase comes 

from capacitance variations. Therefore, t1 was set to 10 ms for all cases. 

After this initial 10 ms, even though the light stimulus remains present 

and the membrane is relaxed, we hypothesized that the trans-cis isomeri

zation induces some conformational changes in the membrane, allowing a 

small number of SACs to be opened. Once the stimulation ends, Ziapin2 

dimers (i.e., trans configuration) are restored, enabling an increasing num

ber of SACs to be activated. In fact, in the second phase (t2), the duration 

of which varies depending on when the AP is triggered, a slow rise occurs 

with a small stretch applied. As more molecules undergo trans-cis isom

erization, the stretch increases, reaching its peak in the third phase (t3). 

Finally, in the fourth phase (t4), the system returns to the equilibrium 

condition.

RESULTS

Effects of membrane capacitance variations

Two different durations of light stimulations were used to 

numerically reproduce experimental data (23) (i.e., 20 

and 200 ms). Numerical simulations were performed using 

a single pulse, consistent with the experimental recordings. 

Additionally, the model was tested under repeated light 

stimulation at a frequency of 0.5 Hz (results not shown). 

In vitro, Ziapin2-loaded AMVMs exhibited a biphasic 

modulation of the membrane potential, characterized by 

an initial hyperpolarization coincident with the capacitance 

change, followed by a delayed depolarization. The hyper

polarization peak occurred with similar latency for both 

20 and 200 ms stimuli. However, the peak depolarization 

was delayed with 200 ms stimuli, as shown in Fig. 3, a 

and b.

In the first phase of the study, we numerically replicated 

experimental data obtained from AMVMs treated with the 

SAC blocker gadolinium (Gd3+) (23) to disentangle the 

Vm modulation induced by changes in Cm. Representative 

FIGURE 2 SACs functioning in the model. (a) 

SACs considered in the model. Non-selective 

channels (SACns), K
+-selective channels (SACK), 

and Ca2+-selective channels (SACCa). (b) Repre

sentative strain (λ − 1) variations over time used 

in the model. The red dots represent the instants 

t1, t2, t3, and t4, which can be adjusted in the 

code to simulate different stretch patterns. It 

should be noted that the magnitude of the stretch 

can also be adjusted to reproduce different cases.

TABLE 2 SACs parameter

Parameter Value

Maximal conductance (mS/μF) gns 3.6121 × 10− 4

gKo 4.4873 × 10− 4

gCaP 4.0386 × 10− 4

Stretch coefficient (–) βns 0.2203

βKo 0.8742

Relative conductance of Na+/K+ (− ) r 1.411

List of parameter values used in the model.
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experimental traces after Gd3+ administration are shown in 

Fig. 3, a and b. Under these conditions, the magnitude and 

timing of hyperpolarization remained unaffected, while 

the amplitude of depolarization significantly decreased, pre

venting AP triggering. This suggests that, in the presence of 

Ziapin2, SAC blockade selectively affects depolarization 

mechanisms without altering hyperpolarization dynamics 

under light stimulation. Specifically, a hyperpolarization 

peak of − 2.27 5 0.2 mV and − 1.63 5 0.17 mV for 20 

and 200 ms of light stimulation, respectively, was recorded, 

occurring at 11.64 5 0.89 ms and 12.68 5 1 ms after stim

ulation onset. The small depolarization had an amplitude of 

1.53 5 0.27 mV and 1.25 5 0.25 mV for 20 and 200 ms of 

light stimulation, occurring at 72.9 5 6.11 ms and 192 5 

15.3 ms, respectively (Fig. S2) (23).

The results for the two stimulations at 20 and 200 ms 

compared with experimental data are shown in Fig. 3, a 

and b. We see that the sole effect of the capacitance 

change, induced by the presence of Ziapin2 in the mem

brane, results in a hyperpolarization peak of − 1.9 mV at 

13 ms for the 20 ms light stimulation and − 1.55 mV at 

10 ms for the 200 ms stimulation. These peaks are followed 

by a small depolarization of 0.57 mV for both the 20 and 

200 ms stimulations, occurring, respectively, at 74 and 

254 ms (Fig. S2). It is worth noting that, under these con

ditions, the Vm modulation is given by the sole effect of the 

extra term, resulting in a shape comparable with the one of 
dCm

dt 
(Fig. 1 b). In Fig. 3, c and d, the total current and the 

contributions of the ionic and capacitive currents are also 

shown. Numerical data highlight the role of the capacitive 

current as the main driving force in the behavior of the 

transmembrane potential during the initial phase of the 

dark-to-light transition. As expected for such subthreshold 

perturbations of membrane potential, sarcolemmal ionic 

currents are shown to largely compensate for the effect 

of the capacitive current as they work to bring the system 

to equilibrium (reestablishing the resting membrane 

potential).

Effects of SAC presence

Contribution of individual SACs on the AP dynamics

By incorporating SACs into the numerical model and add

ing their contribution to the effect of variations in membrane 

capacitance, we successfully replicated the experimentally 

observed AP triggering (Fig. 4). Specifically, the transmem

brane potential exhibited an initial small hyperpolarization 

peak, similar to that observed after Gd3+ administration 

(23) (i.e., in numerical simulations where action of SACs 

was neglected) and attributable to variations in membrane 

capacitance. This was followed by a gradual depolarization 

during light stimulation, culminating in AP triggering once 

the light stimulation was interrupted.

Various scenarios were considered in silico by selectively 

blocking SACs. The results show that blocking nonselective 

SACs or K+-selective SACs still allows the threshold for 

AP generation to be reached (results not shown), whereas 

blocking Ca2+-selective SACs prevents AP generation 

(dotted lines in Fig. 4 a). This is particularly evident when 

examining individual SACs currents (see Fig. 4 b). The 

figure shows that the currents associated with nonselective 

and K+-selective SACs are much smaller compared with 

the Ca2+-selective SACs. These tests revealed that only 

the Ca2+-selective SACs contributed to AP triggering, 

corroborating the educated hypothesis derived experimen

tally (23).

To further support the important role of Ca2+-selective 

SACs, we numerically reproduced experimental analyses 

with different extracellular Ca2+ concentrations, using 

FIGURE 3 Membrane capacitance variation ef

fects. (a and b) Comparison between representa

tive experimental traces (23) and numerical 

simulations of the transmembrane potential simu

lating Gd3+ administration for two different light 

stimulation durations: 20 ms and 200 ms. (c and 

d) The corresponding total current, calculated as 

the sum of ionic and capacitive currents. Photoex

citation is represented by the blue shaded area, 

and the black line indicates the end of the light 

stimulation. Vm values are reported as relative 

variation to emphasize the effects induced by light 

stimulation.
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2 mM as the control and 1.2 mM as the reduced concentra

tion. Examining the experimental traces shown in Fig. S2, 

two distinct AP shapes can be observed for both 20 and 

200 ms light stimulations: one more triangular (Fig. S2, a 

and d), resembling the typical murine AP shape generated 

by electrical stimulation, and the other with a more pro

longed plateau phase (Fig. S3, b and e). This variation in 

AP shape depends on the extracellular Ca2+ concentration 

used. Specifically, for the control condition (i.e., 2 mM), 

none of the experimental traces exhibit a triangular shape; 

instead, all show a significantly prolonged plateau phase 

(Fig. S3, c and f). In contrast, reducing the extracellular 

Ca2+ concentration to 1.2 mM results in APs with gentler 

slopes and less prolonged plateau phase (Fig. S3, a, b, d, 

and e). This observation was confirmed numerically, as 

shown in Fig. 4 c. The left panel shows illustrative 

FIGURE 4 Numerical APs and their underlying currents, and extracellular Ca2+ effect of the mouse ventricular myocyte model. (a) Light-stimulated APs 

with stimulation duration of 20 ms (left) and 200 ms (right), respectively. The dotted line illustrates that the inactivation of Ca2+-selective SACs prevents AP 

generation. (b) SACs currents underlying the light stimulated AP. (c) Experimental (23) (left) and numerical (right) transmembrane potential simulated with 

1.2 and 2.0 mM of extracellular Ca2+ concentration for 20 ms light stimulation duration. Photoexcitation is represented by the blue shaded area, and the black 

line indicates the end of the light stimulation. Vm values are reported as relative variations to emphasize the effects induced by light stimulation.
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experimental recordings for the two Ca2+ concentrations, 

and the right panel shows numerical simulations using the 

same two Ca2+ concentrations with a 20 ms light stimula

tion. In both cases, reducing the extracellular Ca2+ concen

tration to 1.2 mM led to APs with lower upstroke velocity 

compared with the control condition with 2 mM, and shorter 

AP duration (APD). In addition, numerically simulating a 

near-zero extracellular Ca2+ concentration prevented the 

generation of an AP (result not shown).

A significant feature observed in experimental recordings 

on AMVMs is the prolongation of APs evoked by light stim

ulation compared with those generated by electrical stimu

lation. While electrically stimulated APs typically exhibit 

a triangular shape with an APD at 90% repolarization 

(APD90) of approximately 50–100 ms, light stimulation in

creases this value more than fivefold, with this increase be

ing dependent on the length of the light pulse (23). For light 

pulses between 20 and 200 ms, the average APD90 increases 

from 287.4 5 19.6 ms to 402 5 19 ms (a 39.8% increase) 

(23). This effect was also evident numerically, where APD90 

increased from 13.09 ms (for electrical stimulation) to an 

average of 248.78 5 14.51 ms and 368.75 5 18.18 ms 

for light stimulation durations of 20 and 200 ms, respec

tively (Fig. S4), which implies a more than fivefold increase 

in APD90 with respect to electrical stimulation, and an in

crease of 21.73% in APD90 between light pulses between 

20 and 200 ms.

To better understand the underlying mechanisms, we 

analyzed the currents activated during light-induced APs, 

comparing them to those induced by traditional electrical 

stimulation (Fig. 5 a). From the comparison in Fig. 5 b, 

no significant differences emerge, except for a small 

reduction in IKtof , INa, and ICaL during light-induced APs. 

In Fig. 5 c, however, a clear difference in IK1 is observed. 

During electrical stimulation, IK1 has a brief duration 

consistent with the triangular AP shape and shorter APD. 

In contrast, during light-evoked APs, IK1 is prolonged, sup

porting the extended plateau phase. This prolonged plateau 

is sustained by the activity of SACs, particularly by the 

Ca2+-selective ones, as shown in Fig. 4, c and d.

In relation to INa, our numerical simulations show that the 

Na+ current amplitude during the triggered upstroke de

creases as the stimulus duration is prolonged (Fig. S5). 

This results in longer subthreshold depolarizations, indi

cating that Na+ channels partially inactivate during the sub

threshold phase of optical stimulation. However, successful 

AP triggering is still observed, implying that enough Na+

channels remain available to support the AP upstroke. 

Notably, the activation threshold remains similar between 

the two pulse durations, suggesting that the reduction in 

INa availability is inconsequential for triggering the AP.

Equally surprisingly, the Na+-Ca2+ exchanger (NCX) 

does not seem to have a significant contribution in the 

process. Indeed, even when an influx of extra Ca2+ occurs 

during light stimulation, the resulting higher intracellular 

concentration does not appear to significantly affect the 

NCX current. This limited role can be attributed to 

the plateau potential of the AP, which is relatively close to 

FIGURE 5 Comparison between electrical and light-stimulated AMVCMs. (a) Numerical APs and (b) and (c) underlying currents of the AMVCMs model 

for the electrical and light stimulated (20 and 200 ms) AP. Photoexcitation is represented by the blue shaded area and the black line indicates the end of the 

light stimulation. Vm values are reported as relative variation to emphasize the effects induced by light stimulation. The scale for the relatively large Na+

current INa is given on the right axis in (b). All other currents are scaled on the left axis.
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the NCX reversal potential. As a result, the driving force for 

the NCX current is reduced, thereby limiting its contribution 

during the AP (see Fig. S6). Moreover, by analyzing Ca2+

flux uptake by the SERCA pump and the sarcoplasmic retic

ulum Ca2+ concentration (Fig. S7), it was evident that the 

additional influx of Ca2+ is stored within the sarcoplasmic 

reticulum during light stimulation.

Kinetics of AP triggering

Analyzing the experimental traces (Fig. S3) the high vari

ability in the timing of AP triggering among the traces 

was evident, especially for the 20 ms light stimulation dura

tion. Notably, the AP peak occurred at 146.09 5 15.31 ms 

(n = 32 variability coefficient equals to 59.26%) after the 

stimulation ended for a 20 ms light stimulation and 

42.25 5 10.39 ms (n = 52 variability coefficient equals 

to 177.3%) for a 200 ms light stimulation. Moreover, in 

some cases with 200 ms light stimulation, it is evident 

that Vm can reach the threshold before the termination of 

the optical stimulation.

To numerically reproduce this variability and better 

understand the molecule functioning, different amplitudes 

and stretch timing were numerically assessed to fit the 

extreme cases, as reported in Fig. 6. In particular, for both 

light stimulation durations, the cases in which the AP was 

generated with a shorter and a longer timing were selected.

During the first 10 ms (corresponding to the hyperpolar

ization time to peak), SACs are not yet activated and, in 

fact, no stretch is applied. A slight stretch is necessary to 

establish the initial slope, with extreme cases showing a 

0.2–0.25% of stretch. This phase is associated with the 

trans-cis isomerization of the molecule induced by the light 

stimulation. Following this, a more significant stretch, 

ranging from 1.2 to 2.5% in 20 and 200 ms of light stimula

tion, respectively, is required to trigger the AP. This phase 

corresponds to the molecule’s dimer restoration associated 

with the return to the dark condition. Note that these values 

are quite close to the 3% stretch of the cell membrane due to 

the changes in cell membrane thickness during light stimu

lation. In Fig. S8 the fittings of extreme cases for a reduction 

to 1.2 mM of Ca2+ extracellular concentration are also 

reported. From this analysis, it was evident that the amount 

of stretch applied—and thus the number of activated 

SACs—was similar across extreme cases. Instead, to 

FIGURE 6 Numerical fitting of the experimental extreme cases for 2 mM Ca2+ extracellular concentration. (a and c) Stretch variations applied to fit 

extreme cases and (b and d) and their corresponding transmembrane potential for 20 and 200 ms light stimulation. Photoexcitation is represented by the 

blue shaded area, and the black line indicates the end of the light stimulation. Vm values are reported as a relative variation to emphasize the effects induced 

by light stimulation.
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reproduce the experimentally observed variability in the 

triggering of the APs, it was necessary to adjust the timing 

of the four phases of stretch modulation, as shown in Fig. 6. 

This timing difference is particularly evident in t2, which 

corresponds to the moment when the AP is triggered.

Once the extreme cases were numerically fitted, different 

numerical cases with random values (i.e., t1, t2, t3) within 

the selected experimental ranges were then simulated, 

with the extreme cases representing the boundary values 

of this range, to reproduce the variability observed experi

mentally. Particularly, for 20 ms light stimulation t1 was 

10 ms in both extreme cases, while t2 was 40 and 320 ms, 

t3 was 100 and 440 ms, and t4 was 300 and 670 ms, respec

tively. A stretch modulation of 0.2% was applied in the first 

phase, followed by 1.2% in the second phase, for both 

extreme cases. Similarly, for 200 ms of light stimulation, 

t1 was 10 ms in both extreme cases, while t2 was 110 and 

450 ms, t3 was 190 and 520 ms, and t4 was 410 and 

820 ms, respectively. A stretch modulation of 0.25% was 

applied in the first phase, followed by 2.5 and 2.4% in the 

second phase, for the lower and upper extreme cases, 

respectively. This suggests that, to generate the experimen

tally observed variability, the activation timing of the stretch 

must be modified while keeping its intensity unchanged. 

The result is shown in Fig. 7 and Table 3, while in Fig. S9

the sensitivity analysis for a reduction to 1.2 mM of Ca2+

extracellular concentration is also reported.

Moreover, a partial correlation analysis was conducted to 

identify which timing parameter of the stretch most influ

ences the AP features and to determine which specific as

pects are more or less affected. The results for both 20 

and 200 ms light stimulation are reported in Fig. 8. The anal

ysis reveals that the most impacted parameter is APD90, 

while the temporal parameter that has the greatest influence 

is t2, as it determines the onset of a more intense stretch 

ramp. This, in fact, is responsible for the variations in the 

slow subthreshold depolarization slope (dV=dtmax 1) and 

the threshold of activation (Vth) (although Table 3 shows 

that this parameter exhibits minimal variation across 

different cases). APD90 is influenced by all timing parame

ters, as they collectively determine the various phases of the 

AP. Finally, the peak of the Na+ current (peak INa) is primar

ily influenced by the parameter t3, as it governs the point of 

maximum stretch and is thus associated with the generation 

of the AP.

DISCUSSION

In this study, we modified a computational model of murine 

AP (26) to investigate the effects of Ziapin2, a newly synthe

tized light-sensitive azobenzene compound (16,19–22,32), 

on cardiac cellular electrophysiology. Experimentally, we 

observed that, upon light stimulation, cells containing Zia

pin2, present an initial membrane hyperpolarization, fol

lowed by a delayed depolarization. The hyperpolarization 

has been attributed to changes in membrane thickness, 

which in turn affect cell membrane capacitance. This phe

nomenon occurs in both excitable (16,22) and nonexcitable 

cells (17,18). In nonexcitable cells, the depolarization is 

minimal, consistent with capacitance recovery. In contrast, 

in cardiac excitable cells, the depolarization is significantly 

larger, exceeding the threshold needed for AP generation, 

suggesting the involvement of specific cellular mechanisms. 

The origin of the large depolarization, in terms of involved 

ion channels, transmembrane currents, and their timescales, 

is the main object of this work.

Experiments conducted in AMVMs have demonstrated, 

through pharmacological blockade, that cell depolarization 

occurring during light stimulation is associated with the 

activation of nonselective SACs. Further, the experimental 

findings support the hypothesis that Ca2+ influx through 

SACns might be crucial to the whole process (23). These ob

servations have motivated the incorporation of nonselective 

TABLE 3 AP features

Parameter 20 ms 200 ms

dV=dtmax1 (mV/ms) 0.23 5 0.03 0.12 5 0.02

Threshold of AP activation (mV) − 76.78 5 0.51 − 74.23 5 1.58

dV=dtmax2 (mV/ms) 82.61 5 7.49 83.34 5 10.54

APD90 (ms) 224.90 5 71.70 348.10 5 94.82

RMP (mV) − 86.76 − 86.74

Peak INa (pA/pF) 112.35 5 18.88 101.10 5 17.93

Numerical AP features obtained from the Monte Carlo simulation. N = 30.

FIGURE 7 Numerical AP variability. Numerical 

transmembrane potentials for two different light 

stimulation durations. (a) Twenty millisecond light 

stimulation and (b) 200 ms light stimulation. 

Photoexcitation is represented by the blue shaded 

area, and the black line indicates the end of the 

light stimulation. Vm values are reported as relative 

variation to emphasize the effects induced by light 

stimulation.
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SACs in the murine model to further investigate the under

lying mechanisms of AP generation under light stimulation 

on cells containing Ziapin2.

The model was validated by comparing its results with 

experimental data acquired in AMVMs (23). First, the model 

explains the lack of resting membrane potential change under 

dark conditions (in the presence of the molecule) that was 

observed experimentally (23). This supports the evidence 

that Ziapin2 does not affect the main transporters and 

receptors located within the sarcolemma. In addition, the nu

merical results confirmed that the model accurately and 

consistently replicated the observed data for light stimulation, 

both with and without inhibition of SACs, using Gd3+. Spe

cifically, when the model considers only the contribution of 

Cm, it aligns with experimental data, showing an initial hy

perpolarization peak followed by a small and delayed depo

larization. The hyperpolarization peak remains consistent 

with varying durations of light stimulation, indicating that 

the initial segment of Cm formulation remains invariant (t1 

is consistently 10 ms). The return to the resting value is 

also similar for both stimulations. The main experimental dif

ference between 20 and 200 ms light stimulation is the onset 

time of depolarization. In the numerical model, this is 

adjusted by setting the vertex of the parabola (the third 

segment) to correspond with the duration of light stimulation 

(t3). Depolarization occurs after stimulation ends, and the 

"rebound" has similar duration and amplitude for both light 

stimulations, suggesting that the interval t3-t4 of the fourth 

segment is consistent but shifted in its starting point.

Both experimental and numerical results showed the same 

hyperpolarization even without SAC activity, indicating that 

this hyperpolarization can be entirely attributed to variations 

in Cm. When considering SAC involvement, APs can be 

triggered. A gradual depolarization follows the initial hyper

polarization peak in transmembrane potential, linked to chan

nel stretching caused by changes in membrane thickness 

introduced by Ziapin2 during light stimulation. To achieve 

this gradual depolarization, a degree of stretch is necessary 

during this phase, which can last beyond the light stimulation. 

This phase significantly contributes to the variability in AP 

triggering timing. Analysis of extreme cases shows that, 

while the extent of stretch modulation remains consistent 

across cases—suggesting a similar number of molecules in

serted into the membrane, thus generating a comparable 

SACs activity—the timing of stretch modulation, particularly 

during t2, varies significantly. This high variability in AP trig

gering timing after the termination of light stimulation could 

stem from a distribution of dimerization rates, or perhaps the 

formation of multimers. Studies on the isomerization dy

namics of Ziapin2 in different media (17) report time con

stant on the order of picoseconds to nanoseconds. However, 

since no data are available on the collective dynamics within 

the membrane, this possibility cannot be excluded. On the 

other hand, differences in SAC opening kinetics or the mem

brane mechanical response (e.g., viscosity) to Ziapin2 isom

erization could also be hypothesized. For the former, 

experimental evidence has demonstrated that SAC opening 

occurs rapidly (in the range of 10–100 ms), with more vari

ability in the closing process (33–35). However, this vari

ability cannot explain the large differences in AP triggering 

timing. In experiments performed using colchicine (23) to 

disrupt the cytoskeleton, the light stimulus still resulted in 

AP triggering. This suggests that cytoskeletal properties are 

unlikely to account for the observed variability in AP onset.

CONCLUSIONS

Overall, the numerical model accurately reproduces the 

changes in cell capacitance and membrane potential induced 

by Ziapin2 photoisomerization, clarifying the experimen

tally observed behavior AMVMs. The model confirms the 

crucial role of SACs in AP generation, with a particular 

emphasis on the involvement of Ca2+-selective channels, 

and also enables exploration of aspects that could not be 

FIGURE 8 Partial correlation. Numerical partial correlation between AP features and stretch activation timing for two different light stimulation durations: 

20 ms light stimulation (left) and 200 ms light stimulation (right).
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investigated experimentally, as is the Ca2+ accumulation in 

the sarcoplasmic reticulum after repeated light stimulation. 

In summary, the model suggests that, in ‘‘dark’’ conditions, 

the cell finds a new homeostatic state that does not alter its 

basic electrophysiological characteristics at rest or when 

electrically stimulated. Upon entering the cell membrane, 

the molecule induces conformational changes that alter 

membrane thickness and surface area. Supported by various 

conductances balancing ionic fluxes, AMVMs establish a 

new homeostatic state. During light stimulation, the mole

cule trans-cis isomerization restores the membrane thick

ness, causing the channel closing. In this phase, a slight 

stretch affects a small number of SACs due to membrane ir

regularities. After light stimulation stops, the molecule 

dimerizes, returning to the trans configuration, which in

creases membrane stretch and allows Ca2+ to flow into the 

cell through open Ca2+-selective channels. Eventually, the 

membrane returns to its equilibrium state.

The availability of this in silico model, complementing 

experimental findings, provides a comprehensive under

standing of the Ziapin2-mediated photostimulation process 

and it is a validated tool for predicting Ziapin2 effects before 

experiments. Overall, the acquired knowledge about this 

new photostimulation process opens promising prospects 

for its application in cardiovascular research.

DATA AND CODE AVAILABILITY

The CellML model along with the MATLAB code are available on GitHub 

(https://github.com/LudovicaCestariolo/Ziapin2), and the data that support 

the findings of this study are available from the corresponding authors 

upon reasonable request.
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Supplemental Information 

Modellization of 𝑪𝒎 variations over time 

The first segment (from 𝑡0 to 𝑡1) is characterized by a Boltzmann function, represented by Eq. S1, whose derivative (Eq. 

S2) reflects the descending phase of the transient hyperpolarization observed experimentally in the presence of the 

molecule.  

𝐶𝑚1 = 1.14 + (𝐴𝑚𝑎𝑥 − 1) ∙ 𝜉1
2 ∙ (𝑎 − 𝑏𝜉1 + 𝑐𝜉1

2)                                                        (S1) 

𝑑𝐶𝑚1

𝑑𝑡
= (𝐴𝑚𝑎𝑥 − 1) ∙ 𝜉1

2 ∙
(3𝑎−4𝑏𝜉1+5𝑐𝜉1

2)

2𝑡1−𝑡0
                                                                        (S2) 

with 𝜉1 =
𝑡−𝑡0

2𝑡1−𝑡0
. Consequently, the 𝑉50 of the Boltzmann corresponds to 𝑡1 and a 𝐶𝑚 value intermediate between dark 

and light values. This point will correspond to the minimum value in the derivative, generating a hyperpolarization peak 

in the transmembrane potential due to the presence of the extra term in the parallel conductor model.  

The second and third segments (from 𝑡1 to 𝑡2 and from 𝑡2 to 𝑡3) are characterized by a connection ensuring continuity in 

the derivative and a parabola with its vertex in 𝑡3 corresponding to the minimum value of 𝐶𝑚 (i.e., under light conditions). 

The time at which this value is reached will be determined by the duration of the imposed light stimulation. The equations 

for 𝐶𝑚 and its derivatives in segments 2 and 3 are expressed as follows: 

𝐶𝑚2 = 𝑑𝑡3 + 𝑒𝑡2 + 𝑓𝑡 + 𝑔                                                                                           (S3) 

𝑑𝐶𝑚2

𝑑𝑡
= 3𝑑𝑡2 + 2𝑒𝑡 + 𝑓                                                                                                 (S4) 

𝐶𝑚3 = ℎ𝑡2 + 𝑖𝑡 + 𝑙                                                                                                        (S5) 

𝑑𝐶𝑚3

𝑑𝑡
= 2ℎ𝑡 + 𝑖                                                                                                              (S6) 

Lastly, for the fourth segment (from 𝑡3 to 𝑡4) a Boltzmann equation was used represented by Eq. S7, whose derivative 

(Eq. S8) reflects the delayed depolarization observed experimentally in the presence of the molecule. 

𝐶𝑚2 = 𝐴𝑚𝑎𝑥 +  0.14 + (1 − 𝐴𝑚𝑎𝑥) ∙ 𝜉2
3 ∙ (𝑎 − 𝑏𝜉2 + 𝑐𝜉2

2)                                         (S7) 

𝑑𝐶𝑚2

𝑑𝑡
= (1 − 𝐴𝑚𝑎𝑥) ∙ 𝜉2

2 ∙
(3𝑎−4𝑏𝜉2+5𝑐𝜉2

2)

𝑡4−𝑡3
                                                                        (S8) 

with 𝜉2 =
𝑡−𝑡3

𝑡4−𝑡3
.   



Table S1. 𝑪𝒎 parameters. Constants variable used for 𝐶𝑚  formulation in case of 20 ms and 200 ms of light stimulation. 

Parameter 20 ms l.s. 200 ms l.s. 

𝑎 10 10 

𝑏 15 15 

𝑐 6 6 

𝑑 1.562499999999929e-04 -0.002071963028169 

𝑒 -0.0048046875 0.068375692063565 

𝑓 0.042656249999997 -0.752487432820605 

𝑔 1.002656250000009 3.864268150018524 

ℎ 3.515624999999990e-04 9.121339881393804e-07 

𝑖 -0.0140625 -3.648535952557498e-04 

𝑙 1.210625 1.106485359525575 

𝐴𝑚𝑎𝑥  0.93 0.93 

  



 

Figure S1. Numerical simulation of action potential dynamics under baseline conditions and with increased membrane 

capacitance (i.e., 1.14, representing the "dark" condition). The figure shows that no significant differences were observed between 

the two conditions. The control/original model is represented in blue, while the "dark" condition is shown in orange. 

 

 

 

 

 

 

 

 

 



 

Figure S2. Membrane capacitance variation effects on hyperpolarization and depolarization peaks. Comparison between 

experimental and numerical peak hyperpolarization and depolarization changes in Ziapin2-loaded AMVMs exposed to 25 μM Ziapin2. 

Experimental hyperpolarization peak 20 ms: −2.27 ± 0.2 mV; hyperpolarization peak 200 ms: −1.63 ± 0.17 mV; time to peak 

hyperpolarization 20 ms: 11.64 ± 0.89 ms; time to peak hyperpolarization 200 ms: 12.68 ± 1 ms; depolarization peak 20 ms: 

1.53 ± 0.27 mV; depolarization peak 200 ms: 1.25 ± 0.25 mV; time to peak depolarization 20 ms: 72.9 ± 6.11 ms; time to peak 

depolarization 200 ms: 192 ± 15.3 ms. Numerical hyperpolarization peak 20 ms: -1.77 mV; hyperpolarization peak 200 ms: -1.34 mV; 

time to peak hyperpolarization 20 ms: 14 ms; time to peak hyperpolarization 200 ms: 10 ms; depolarization peak 20 ms: 0.65 mV; 

depolarization peak 200 ms: 0.66 mV; time to peak depolarization 20 ms: 76 ms; time to peak depolarization 200 ms: 256 ms. Data 

are represented as mean ± SEM. 

  



 

Figure S3. Experimental transmembrane potentials. The results were obtained for two different light stimulation durations. Panel a) 

– c):  20 ms light stimulation. Panel d) – f): 200 ms light stimulation. Photoexcitation is represented by the blue shaded area, and the 

black line indicates the end of the light stimulation. 𝑉𝑚 values are reported as relative variation to emphasize the effects induced by 

light stimulation. 

  



 

Figure S4. APD90 during light stimulation. Experimental and numerical APD90 with extracellular Ca2+ equals to 2 mM for 20 ms and 

200 ms light stimulation. Experimental APD90 20 ms: 287.4 ± 19.6, n = 30; APD90 200 ms: 402 ± 19 ms, n = 24. Numerical APD90 20 

ms: 248.78 ± 14.51 ms, n = 30; APD90 200 ms: 368.75 ± 18.18, n = 30. Data are represented as mean ± SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5: Sodium current (INa) during electrical (e.s.) and light-evoked (l.s.) APs. Optical stimuli of 20 and 200 ms are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6: Contribution of NCX due to the plateau potential of the action potential. a) The action potential waveform is shown in 

relation to the NCX reversal potential. b) NCX compared to the SACCa current ICaP. The black line indicates the end of the light 

stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S7. Comparison between electrical and light stimulated SR activity. Variations in SERCA current (𝐽𝑆𝐸𝑅𝐶𝐴) (left) and Ca2+ 

concentrations in the junctional (CaJSR) and non-junctional (CaNSR) sarcoplasmic reticulum (right) during electrical and light 

stimulation. The figure highlights the increased calcium uptake observed during light stimulation. 

 



 

Figure S8. Numerical fitting of the experimental extreme cases for Ca2+ extracellular concentration reduced to 1.2mM. a) c) e) 

stretch variations applied to fit extreme cases and b) d) f) and their corresponding transmembrane potential for 20 ms and 200 ms 

light stimulation. Photoexcitation is represented by the blue shaded area, and the black line indicates the end of the light stimulation. 

𝑉𝑚 values are reported as relative variation to emphasize the effects induced by light stimulation. 



 

Figure S9. Numerical AP variability. Numerical transmembrane potentials for two different light stimulation durations. a – b) 20 ms 

light stimulation. c – d) 200 ms light stimulation. Photoexcitation is represented by the blue shaded area, and the black line indicates 

the end of the light stimulation. 𝑉𝑚 values are reported as relative variation to emphasize the effects induced by light stimulation. 
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