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A B S T R A C T

Hyperactivity of the parasympathetic nervous system has been linked to the development of paroxysmal
atrial fibrillation (AF). The parasympathetic neurotransmitter acetylcholine (ACh) causes a reduction in action
potential (AP) duration (APD) and an increase in resting membrane potential (RMP), both of which contribute
to enhance the risk for reentry. Research suggests that small-conductance calcium activated potassium (SK)
channels may be an effective target for treating AF. Therapies targeting the autonomic nervous system, either
alone or in combination with other drugs, have been explored and have been shown to decrease the incidence
of atrial arrhythmias. This study uses computational modeling and simulation to examine the impact of SK
channel block (SKb) and 𝛽-adrenergic stimulation through Isoproterenol (Iso) on countering the negative effects
of cholinergic activity in human atrial cell and 2D tissue models. The steady-state effects of Iso and/or SKb
on AP shape, APD at 90% repolarization (APD90) and RMP were evaluated. The ability to terminate stable
rotational activity in cholinergically-stimulated 2D tissue models of AF was also investigated. A range of SKb
and Iso application kinetics, which reflect varying drug binding rates, were taken into consideration. The
results showed that SKb alone prolonged APD90 and was able to stop sustained rotors in the presence of
ACh concentrations up to 0.01 μM. Iso terminated rotors under all tested ACh concentrations, but resulted
in highly-variable steady-state outcomes depending on baseline AP morphology. Importantly, the combination
of SKb and Iso resulted in greater APD90 prolongation and showed promising anti-arrhythmic potential by
stopping stable rotors and preventing re-inducibility.
1. Introduction

Atrial fibrillation (AF) is a serious public health issue and a major
contributor to rising healthcare expenses in Western countries [1]. Al-
though it is not typically life-threatening, AF increases the risk of stroke
three- to five-fold and can lead to heart failure. The pathophysiology
of AF is highly complex and is defined based on a ‘‘pathophysio-
logical triangle’’ that consists of triggers for arrhythmia initiation, a
fibrotic substrate for its maintenance and numerous modulators [2].
Among these modulators, the autonomic nervous system (ANS) has
been increasingly linked to the onset and perpetuation of AF [3–5].
Fluctuations in both the sympathetic and parasympathetic branches
of the ANS have been shown to be involved in atrial tachyarrhyth-
mias [6], with hyperactivity of the parasympathetic branch specifically
associated with the onset of paroxysmal AF [7].
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Postganglionic parasympathetic nerve fibers release the neurotrans-
mitter acetylcholine (ACh) at their nerve endings, which binds to
muscarinic receptors in atrial myocytes to activate a specific pop-
ulation of cardiac potassium channels (G protein-activated inwardly
rectifying potassium channels). The resulting ACh-activated potassium
current, 𝐼KACh, causes shortening of the action potential (AP) dura-
tion (APD) and hyperpolarization of the resting membrane potential
(RMP), with concentration-dependent effects. These ACh-induced ef-
fects contribute to a reduction in the wavelength of reentry (WL),
which can facilitate reentrant activity by decreasing the distance cov-
ered by the depolarization wave during the effective refractory period
(ERP). The heterogeneous spatial distribution of parasympathetic nerve
endings and the rapid breakdown of ACh at its release site by acetyl-
cholinesterase [4] make the effects of cholinergic stimulation on atrial
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refractoriness highly heterogeneous, which enhances the susceptibility
to AF occurrence and maintenance. Experimental and clinical studies
have shown that certain cases of AF are sustained by high-frequency
small reentrant sources called rotors [8].

Despite recent advancements in AF management, current pharma-
cological therapies still present limitations in terms of efficacy and side
effects. Class III antiarrhythmic drugs target potassium channels driving
AP repolarization, leading to an increase in APD and WL. To minimize
potentially harmful side effects on the ventricles, potassium channels
primarily expressed in the atria are being considered as targets for AF
therapy.

Small-conductance calcium (Ca2+)–activated potassium (SK) chan-
nels have emerged as potential atrial-selective targets [4,9,10]. In vivo
and ex vivo studies have postulated SK channel inhibition as a potential
therapeutic strategy for AF treatment. By prolonging APD and ERP,
SK channel inhibition may counteract the effects of parasympathetic
stimulation in the atria [9,11].

In another line of research and based on the crucial role of the ANS
in modulating atrial electrical activity, therapies targeting the ANS have
been investigated and shown, applied individually or in combination
with other treatments, to reduce the incidence of atrial arrhythmias [4].
In particular, some studies have explored the interaction between
adrenergic and cholinergic stimulation effects in the atria. In [12],
low concentrations of isoproterenol (Iso), a non-specific 𝛽-adrenergic
agonist, were found to significantly counteract cholinergic effects by
limiting the shortening of APD caused by ACh. This modulation of atrial
repolarization is due to Iso’s effects on the sarcoplasmic reticulum (SR),
slow component (𝐼Ks) and ultrarapid component (IKur) of the delayed
rectifier potassium current, and L-type calcium current (𝐼CaL), among
others [13–16].

This study aims to evaluate the effectiveness of combining 𝛽-
adrenergic stimulation and SKb in countering cholinergic-induced ab-
normalities in atrial electrical activity. Our hypothesis is that the
simultaneous application of Iso and SKb can prolong the APD shortened
by ACh and restore it to its baseline state. To test this hypothesis,
numerical simulations are conducted using human atrial cell and 2D
tissue models that consider adrenergic, cholinergic and SKb effects.
The steady-state effects of Iso and/or SKb on AP shape and APD90
(APD at 90% repolarization) are evaluated. The efficacy of Iso and
SKb, both individually and in combination, in terminating rotational
activity in a cholinergically stimulated 2D tissue model of AF is also
investigated. A range of SKb and Iso application kinetics, representative
of different drug binding rates, are considered to assess the role of phar-
macokinetics in rotor termination under varying levels of cholinergic
activation.

2. Methods

2.1. Human atrial cell models

We took three previously published computational models of human
atrial cellular electrophysiology as a basis for our research. These
models were built based on different sets of human and animal ex-
perimental data and rely on slightly different formulations of ionic
currents, pumps and exchangers. Thus, they differ in AP morphology
and rate adaptation properties, which may reflect the inherent diversity
in cell phenotypes of the human atria. To test the model independence
of our findings, we selected a model of each of the three main types
of available atrial cellular models in the literature: Courtemanche,
Nygren-Maleckar-Koivumäki-Skibsbye and Grandi [17]. Specifically,
we used the Courtemanche () [18], Skibsbye () [9], and Grandi
() [19] human atrial AP models. For each of the three models, the
effects of cholinergic and adrenergic stimulation and the formulation
of the 𝐼SK current were incorporated, as described in the following
2

sections, and are summarized in Table 1.
2.1.1. Cholinergic and 𝛽-adrenergic stimulation
The parasympathetic stimulation effects were described by intro-

ducing an ACh-activated potassium current (𝐼KACh) in the models to
account for the activation of G protein-activated inwardly rectifying
potassium channels induced by ACh. The 𝐼KACh was defined differently
in the three models, with the definition in the  model based on Kneller
et al. [20] and updated as proposed by Bayer et al. [21]. In contrast,
the  and  models adopted the formulation by Voigt et al. [22], with
further adjustments in the  model based on the experimental data from
Koumi et al. [19,23].

Sympathetic stimulation affects atrial myocytes by activating the
𝛽-adrenergic signaling cascade, which triggers the phosphorylation of
various cellular substrates by protein kinase A (PKA). In the  and
 models, the effects of 𝛽-adrenergic stimulation were modeled as
proposed by González de la Fuente et al. [13]. This involved modeling
the increases in the maximal conductances of 𝐼CaL and 𝐼Ks, and the de-
crease in the maximal conductance of the transient outward potassium
current (𝐼 to) following reported concentration-dependent conductance
modulation curves [13]. At an Iso concentration of 1 μM, the maximal
conductances of 𝐼CaL and 𝐼Ks were increased by 160.6% and 65.7%,
respectively, while the maximal conductance of 𝐼 to was reduced by
18.6%.

In the  model, the effects of 𝛽-adrenergic stimulation were modeled
based on the method described in [24]. This involved PKA regulation
of various sub-cellular targets, such as a 3-fold increase in the maximal
conductance of 𝐼Ks and a 40 mV leftward shift in the IV relationship, a
3-fold increase in the maximal conductance of 𝐼Kur and a 50% increase
in the fraction of available channels for 𝐼CaL with a 3 mV leftward
shift in the channel availability. The sensitivity of the SR Ca2+ ATP-
ase (SERCA) to Ca2+ was increased by reducing the forward mode
𝑘mf by 50%. The sensitivity of the ryanodine receptors (RyR) to Ca2+

was increased 2-fold, while the troponin affinity for Ca2+ (TnI) was
decreased by increasing 𝑘d by 50%. Finally, the affinity of the Na+/K+

pump (𝐼NaK) for [Na+]i was increased by 25% [19].

2.1.2. Human atrial SK current
For the  model, the description of the 𝐼SK current was already

included as per Skibsbye et al. [25]. For the  and  models, new
descriptions of the 𝐼SK current were introduced based on the formula-
tions by Engel et al. [26] and Peñaranda et al. [27], respectively. These
formulations were selected and adjusted to match the experimental 𝐼SK
characteristics found in the literature [9,28]. The conductance, gSK, was
modified so that complete inhibition of 𝐼SK resulted in a 20% increase
in APD90, as observed in isolated atrial myocytes and atrial trabeculae
strips from sinus rhythm patients [9,29]. In all subsequent analyses, the
𝐼SK current was included as part of the baseline model.

2.1.3. AF-induced electrical remodeling
The human atrial cardiomyocyte models described in 2.1 were

considered to represent atrial cells in either sinus rhythm or with
early-onset AF. Models of persistent AF (psAF) were generated by
incorporating AF-induced electrical remodeling. In the  model, elec-
trical remodeling was simulated by reducing the maximal conductances
of 𝐼 to, 𝐼CaL and 𝐼Kur by 50%, 70% and 50%, respectively, and by
increasing the maximal conductance of the inward rectifier potassium
current (𝐼K1) by 100% [30].

In the  model, electrical remodeling involved reductions in the
conductivities of 𝐼 to, 𝐼Kur and the fast sodium current (𝐼Na) by 45%,
45% and 10%, respectively. Additionally, a late component was added
to the 𝐼Na current, as previously described [31]. The density of 𝐼CaL was
reduced by 50%, sensitivity of the RyR to luminal Ca2+ was doubled,
and the rate of the SERCA pump was decreased [32]. The conductivities
of 𝐼K1, 𝐼Ks and the sodium–calcium exchange current (𝐼NaCa) were
increased by 100%, 100% and 40%, respectively. Finally, passive SR

calcium leak was increased by 25% [19].
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Table 1
Summary of formulations for descriptions of cholinergic (ACh) and 𝛽-adrenergic modulation (1 μM Iso), SK current (𝐼SK) and psAF-induced electrical remodeling.

Models ACh Iso 𝐼𝑆𝐾 psAF

() 𝐼KACh as in
𝐾𝑛𝑒𝑙𝑙𝑒𝑟 [20] +
𝐵𝑎𝑦𝑒𝑟 [21]

𝐼to: −48.6%
𝐼CaL: +160.6%
𝐼Ks: +65.7%
𝐺𝑜𝑛𝑧𝑎́𝑙𝑒𝑧 [13]

𝐼SK as in 𝐸𝑛𝑔𝑒𝑙 [26] 𝐼to −50%
𝐼CaL: −70%
𝐼Kur: −50%
𝐼K1: −70%
𝐶𝑜𝑢𝑟𝑡𝑒𝑚𝑎𝑛𝑐ℎ𝑒 [18]
gSK: −50%

() 𝐼KACh as in 𝑉 𝑜𝑖𝑔𝑡
[22]

𝐼Ks: enhanced maximal conductance
(3-fold) and leftward shift in IV
relationship (by 40 mV).
gKur: enhanced 3-fold.
𝐼CaL: increased fraction of available
channels (+50%), and channel
availability shifted leftward (by 3 mV).
SERCA forward mode
𝑘mf: reduced by 50%.
RyR Sensitivity to Ca2+: enhanced
2-fold.
TnI: decreased (kd increased by 50%).
𝐼NaK affinity for [Na+]i: increased by
25%.
𝐺𝑟𝑎𝑛𝑑𝑖 [19]

𝐼SK as in Peñaranda [27] 𝐼Na −10% peak density.
INaL: added late component.
𝐼Ks: increased 2 fold.
𝐼Kur: −45%.
𝐼K1: upregulated 100%.
𝐼to: −45%.
𝐼CaL: current density is reduced by 50%.
𝐼NaCa: upregulated in cAF (+40%).
SERCA: reduced maximal pump rate.
RyR: 2-fold increasing in sensitivity for
luminal Ca.
SR Ca2+ leak: increased by 25%.
𝐺𝑟𝑎𝑛𝑑𝑖 [19]
gSK: −50%

() 𝐼KACh as in 𝑉 𝑜𝑖𝑔𝑡
[22]

𝐼to: −48.6%
𝐼CaL: +160.6%
𝐼Ks: +65.7%
González [13]

𝐼SK as in 𝑆𝑘𝑖𝑏𝑠𝑏𝑦𝑒 [9] gNa: −18%
gCaL: −55%
gto: −62%
gKur: −38%
gKs: +145%
gK1: +68%
gNaCa: +50%
PLB: +18%
SLN: −40%
Cell length: +10%
SERCA expression: −18%
RyR: +100%
gSK: −50%
𝑆𝑘𝑖𝑏𝑠𝑏𝑦𝑒 [9]
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In the  model, under psAF-related electrical remodeling, 𝐼CaL,
to, 𝐼Kur, 𝐼Na and the sarcolipin to SERCA ratio (SLN) were reduced
y 55%, 62%, 38%, 18%, and 40%, respectively, while 𝐼K1, 𝐼Ks, the
odium–calcium exchanger current (𝐼NaCa), and the phospholamban
o SERCA ratio (PLB) were increased by 68%, 145%, 50% and 18%,
espectively [9]. Additionally, the expression of SERCA was decreased
nd the sensitivity of RyR to SR calcium was increased 2-fold. Cell
ilation was also considered by increasing the cell length by 10% [9].

Regarding 𝐼SK, AF-induced remodeling was considered to reduce the
agnitude of the 𝐼SK current by 50% in all models, in concurrence with

xperimental evidence [9]. Finally, the Iso formulation from González
t al. provided specific conductance modulation curves for the psAF
ase.

.2. Human atrial tissue models

The effects of cholinergic and adrenergic stimulation and SKb were
nvestigated by modeling 2D human atrial tissues of 5 × 5 cm2. The
odels considered a longitudinal diffusion coefficient of 0.003 cm2/ms

nd a transverse-to-longitudinal diffusion coefficient ratio of 0.5. The
ongitudinal conduction velocity was found to be 94.12 cm/s, which
s in line with experimental data reported in the literature [21]. The
nalysis of steady-state electrophysiological properties considered both
homogeneous spatial distribution of ACh and a heterogeneous dis-

ribution with circular patches of 0.5-cm radius. For the analysis of
ransient electrophysiological properties, only a uniformly distributed
Ch was considered. After verifying that the combination of SKb and

so produced comparable results in all three analyzed AP models, tissue
3

nalysis was performed using only the  model.
2.3. Numerical simulations

Single cells were subjected to pacing with a fixed cycle length (CL)
until they reached steady state in each of the three employed models.
Steady state was considered achieved when changes in state variables
between consecutive stimuli measured at the end of each cardiac cycle
were smaller than 3%. In particular, the  model was paced for 10 min,
while the  and  models were paced for 5 min.

The temporal evolution of the transmembrane potential in single
cells was described by the ordinary differential equation:
𝑑𝑉 (𝑡)
𝑑𝑡

= −
(

𝐼𝑖𝑜𝑛(𝑡) + 𝐼𝑠𝑡𝑖𝑚(𝑡)
𝐶𝑚

)

(1)

where 𝐶𝑚 represents the total membrane capacitance, 𝐼𝑖𝑜𝑛 is the sum
f all transmembrane ionic currents and 𝐼𝑠𝑡𝑖𝑚 represents the external
timulus current.

The  model was used for tissue simulations with its state variables
nitialized to the steady-state values obtained from single cell simula-
ions. The temporal resolution for the  and  models was 0.005 ms,
hile the  model was run with a temporal resolution of 0.001 ms,
nsuring numerical convergence of the results. In the tissue simulations,
spatial resolution of 0.02 cm was considered.

The electrical propagation in the tissue was described using the
onodomain reaction–diffusion equation:

⋅ (𝐃∇(𝑡)) = 𝜒𝐶𝑚
𝑑𝑉 (𝑡)
𝑑𝑡

+ 𝜒𝐼𝑖𝑜𝑛(𝑡) (2)

where 𝜒 represents the cell’s surface area-to-volume ratio, 𝑉 is the
transmembrane potential, 𝐼 ion is the sum of all transmembrane ionic
currents, 𝐶m is the membrane capacitance, and 𝐃 is the conductivity
tensor.

The cellular simulations were performed using MATLAB, while
tissue simulations were performed using ELECTRA, an in-house soft-
ware that implements the Finite Element Method (FEM) and Meshfree
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Fig. 1. Load curves for Iso and SKb expressed as percentage of SKb and Iso
oncentration with respect to 1 μM Iso and complete SKb, respectively.

Methods for the solution of the monodomain model [33–35]. In this
work, FEM was used.

2.4. Analysis of steady-state and transient electrophysiological behavior

2.4.1. Steady-state behavior
At the cellular level, the impact of cholinergic stimulation on APs

was studied at ACh concentrations of 0.001, 0.01, 0.1 and 1 μM. These
ACh concentrations were within the ranges tested in previous stud-
ies [21]. In the tissue, the effects of ACh concentrations of 0.01 and 0.1
μM were investigated. The individual and combined effects of SKb and
𝛽-adrenergic stimulation were studied in conjunction with the various
ACh levels. The impact of 𝛽-adrenergic stimulation was simulated by
adding a saturating concentration of Iso of 1 μM, while the effect of
complete SKb was simulated by reducing the conductance, gSK, of the
𝐼SK current to zero. SKb and Iso were applied uniformly throughout the
tissue, regardless of whether ACh was distributed homogeneously or
heterogeneously. To study the frequency-dependent effects, the models
were paced at fixed CLs of 300, 500 and 1000 ms and AP properties
were evaluated at steady state for each of those CL values.

2.4.2. Transient behavior
The tissue was subjected to a cross-stimulation protocol to induce

reentrant activity, consisting of two stimuli, S1 and S2. S1 was deliv-
ered to the bottom edge of the tissue, while S2 was applied to a 2.5
𝑥 2.5 cm2 square at the bottom right corner. The timing of S2 was
determined based on the concentration of ACh, as it altered the APD
and conduction velocity. For ACh concentrations of 0.01 and 0.1 μM,
the timing of S2 was equal to 155 and 105 ms, respectively. A rotor was
considered stable if it did not end spontaneously during the 12-second
simulation time. Once stability was confirmed, the simulation was
restarted with the same initial conditions. After the first two seconds
of simulation, 1 μM Iso and total SKb were progressively introduced
following the load curves illustrated in Fig. 1 [36] to assess their ability
to halt the initiated rotor. The load curves were defined to depict
different drug association rates to evaluate whether rotor termination
was affected by the application kinetics. The time intervals 𝛥ta to go
from 0 to maximum (either Iso concentration or SKb) were equal to
0.1, 1, 5, and 8 s. The simulation was run for a total of 12 s. After a
rotor was stopped, different S1-S2 intervals were applied again to the
tissue to test for rotor re-inducibility, with the application time of the
S1-S2 stimuli varying from 100 to 1000 ms after the rotor stopped.

3. Results

3.1. Human atrial cell

3.1.1. Individual cholinergic, 𝛽-adrenergic and SKb effects
Cholinergic stimulation with ACh had a concentration-dependent
4

effect on RMP hyperpolarization and APD90 shortening in all three
analyzed AP models, which aligns with previous experimental find-
ings [12,29]. The shape of the AP was not significantly altered. The top
row of Figs. 2 and 3 show the steady-state AP and APD90 at different
ACh concentrations, with a cycle length (CL) of 1000 ms. Results for
CLs of 500 and 300 ms can be found in the Supplementary Material
(Fig. 1S).

ACh had a stronger effect on the  model compared to the  and
 models. At the highest tested concentration of 0.1 μM, ACh reduced
APD90 by 84.12% in the  model, 51.85% in the  model and 41.3%
in the  model. Additionally, ACh decreased RMP by 6.32 mV in the
 model, 5.50 mV in the  model and 2.37 mV in the  model. These
results are presented in the first row of Fig. 2.

Iso stimulation with 1 μM had different effects on APD90 depending
on the baseline AP morphology, as seen in the middle row of Fig. 2.
In the  model, Iso shortened APD90 by 19.11%, whereas in the  and
 models, Iso slightly prolonged APD90. In the  model, Iso caused a
strong plateau elevation and changed the AP from a triangular to a rect-
angular shape. This variation in AP response to Iso is consistent with
previous research, with some studies observing APD90 shortening [12,
37] and others observing APD90 prolongation [13,20,38].

The application of SKb led to a longer phase 3 of the AP due to
a reduction in the outward potassium current. As a result, the APD90
was increased. The AP morphology was particularly affected in the 
model, with a notable prolongation of the plateau phase, as shown in
the middle row of Fig. 2.

When a concentration of 1 μM Iso and SKb were applied together,
they acted synergistically to prolong the APD90 to values higher than
those induced by SKb alone. The more pronounced effects of the
combination of Iso and SKb were observed in the  model, with strong
plateau elevation and prolongation, as seen in the middle row of Fig. 2.

The individual effects of ACh, Iso and SKb were compared with
experimental results published in the literature, both qualitatively
(Fig. 4) and quantitatively (Fig.2S in the Supplementary Material).
Fig. 4 presents a qualitative comparison between the computed APs
and experimental APs from various studies. It is worth noting that these
experimental results were obtained from different animal species due
to the scarcity of experimental data from humans.

3.1.2. Combined cholinergic, 𝛽-adrenergic and SKb effects
APs under cholinergic stimulation by 0.1 μM ACh, applied indi-

vidually and in combination with 𝛽-adrenergic stimulation and/or 𝐼SK
block, are depicted in the bottom row of Fig. 2 for a constant CL of
1000 ms. A summary of the results in terms of APD90 is shown in Fig. 3.
Results for CLs of 500 and 300 ms can be found in the Supplementary
Material (Fig.3S).

SKb effectively neutralized the effects of cholinergic stimulation for
ACh concentrations up to 0.001 μM in the  and  models and up to
0.01 μM in the  model. For the highest concentration of ACh (0.1
μM), SKb prolonged APD90 by 7.9% and 24.3% of the APD decrease
caused by ACh in the  and  models, respectively, while its effects
were negligible in the  model.

The effects of 𝛽-adrenergic stimulation applied on top of ACh were
highly dependent on the baseline AP shape. A concentration of 1 μM
Iso reduced the cholinergic-induced changes in the  and  models, but
further shortened APD90 in the  model. In the  model, 𝛽-adrenergic
effects weakened with increasing ACh concentrations, while in the
 model, Iso effects grew proportionally with the increase in ACh
concentration, recovering 71.6% of the APD90 change for the highest
tested ACh concentration.

The combination of SK block and 1 μM Iso counteracted ACh effects
in all cases, with the exception of the  model with the highest concen-
tration of ACh (0.1 μM), in which the combination did not enhance the
effect caused by Iso alone. For the  and  models, the combined action
led to the recovery of baseline APD90, with the prolongation being
45.23% and 83.5% of the APD90 shortening caused by 0.1 μM ACh,

respectively. The above-described effects on APD90 were accompanied
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Fig. 2. APs of human atrial cardiomyocytes models paced at a CL of 1000 ms. First row: simulated effects of ACh (at concentrations of 0.001, 0.01 and 0.1 μM). Second row: Iso
(at 1 μM concentration) and SKb. Third row: Iso (at 1 μM concentration) and SKb on top of 0.1 μM ACh.
Fig. 3. APD90 vs. ACh concentration for human atrial myocytes models paced at a CL of 1000 ms at four different tested scenarios comprising cholinergic stimulation individually
and in combination with 𝛽-adrenergic stimulation and/or SKb.
y changes in AP morphology for the  and  models, as evident from
he bottom row of Fig. 2, where 𝛽-adrenergic stimulation and/or SKb
pplied on top of 1 μM ACh caused a significant elevation of the AP
lateau.

.1.3. Frequency-dependent effects
The dependence of APD90 shortening on pacing frequency, as a

esult of ACh, 𝛽-adrenergic and SKb effects, was analyzed by comparing
he relative changes in the AP waveform and APD90 values at pacing

CLs of 300, 500 and 1000 ms. The results for CL = 1000 ms are shown
in Fig. 5, expressed as a percentage of the APD90 change relative to the
control case. The results for CLs of 500 and 300 ms can be found in the
Supplementary Material (Fig. 4S and 5S).

The relative ACh-induced APD90 shortening was largely indepen-
dent of the CL in all models, with differences up to 3%, except when
ACh was applied at 0.001 μM in the  model, where differences
between the CLs of 1000 and 500 ms were of 13.45%.

The frequency dependence of APD90 changes induced by the appli-
cation of 1 μM Iso on top of ACh was more pronounced, but it was
reduced with increasing ACh concentration in the  and  models. In
he  model, when Iso was applied on top of 0.001 μM ACh, it caused

further shortening that increased, in relative terms, with reducing the
CL. In the  model, Iso generally prolonged APD90 that was shortened
by ACh, except when CL = 300 ms and ACh concentration = 0.001
μM ACh, where Iso further shortened it. In the  model, Iso strongly
5

prolonged APD90 in all cases, except when pacing at 1000 ms and using
0.001 and 0.1 μM ACh, where APD90 was only slightly prolonged.

In the  and  models, SKb showed little frequency dependence,
while in the  model, SKb showed mild frequency dependence that
decreased with increasing ACh concentration and was stronger for
lower pacing frequencies.

The combination of Iso and SKb applied on top of ACh showed
weak frequency dependence in the  model, while in the  model,
it presented stronger effects for lower pacing frequencies, particularly
for ACh concentrations of 0.001 and 0.01 μM. In the  model, the
combination of Iso and SKb showed strong frequency-dependent effects
that decreased with increasing ACh concentration.

Finally, the effects of Iso and SKb on RMP were analyzed and
presented in Fig. 6 for a CL of 1000 ms. Corresponding results for CLs of
300 and 500 ms can be found in the Supplementary Material (Fig. 6S).
In the  model, Iso led to a more hyperpolarized RMP, with greater
effects observed at shorter cycle lengths, reaching a maximum extra
hyperpolarization of 5 mV in control when pacing at a CL of 300 ms.
The combination of Iso and SKb produced similar results to those seen
with Iso alone, while SKb caused a less negative RMP only for ACh
concentrations less than 0.001 μM. The same was true for the  model,
but with weaker effects compared to the  model. In the  model, the
effects of Iso and SKb on RMP were comparable to those in the  model,
while the combination of Iso and SKb led to a less negative RMP, with
the maximum effect observed for a CL of 300 ms.



Computers in Biology and Medicine 157 (2023) 106719C. Celotto et al.
Fig. 4. Comparison of AP traces simulated in this study with experimental AP traces published in the literature. Panel (A) ACh-induced effects. The APs obtained after adding
different ACh doses to the ,  and  models were compared with experimental results from Koumi et al. [23], Kneller et al. [20] and Verkerk et al. [38]. Panel (B) Iso-induced
effects. The APs obtained adding 1 μM Iso to the ,  and  models were compared with experimental results from González et al. [13], Hua et al. [39] and Verkerk et al. [38],
reporting APD90 prolongation, and from Sosunov et al. [12] and Lin et al. [37], reporting APD90 shortening. Panel (C) SK block induced effects. The APs obtained after complete
SK block in the ,  and  models are compared with experimental results from Skibsbye et al. [9] and Xu et al. [40].
3.1.4. Effects in electrically remodeled cells
The electrical remodeling caused by psAF resulted in shorter APs

compared to non-remodeled myocytes, with APD90 being 42.04%,
25.06% and 26.70% shorter in the ,  and  models, respectively.
The application of ACh further shortened APD90 in psAF myocytes by
a similar magnitude to that seen in non-remodeled myocytes, as shown
in Fig. 7.
6

SKb had no significant effect on APD90 in cholinergically-stimulated
myocytes under all tested ACh concentrations and across the three psAF
models. This can be attributed to the lower conductance of 𝐼SK in psAF
cells.

𝛽-adrenergic stimulation by Iso, applied in addition to ACh, pro-
longed APD90 in the  and  models of psAF cells to a greater extent
than in non-remodeled myocytes. However, in the  model of psAF
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Fig. 5. Percentage of APD90 prolongation calculated with respect to the control case (100%) for the different simulated scenarios when pacing at 1000 ms.
Fig. 6. RMP vs. ACh concentration for human atrial cardiomyocytes models paced at a CL of 1000 ms, at four different tested scenarios comprising cholinergic stimulation
individually and in combination with 𝛽-adrenergic stimulation and/or SKb.
ells, Iso had no significant effect under all tested ACh concentrations,
imilar to the results observed in non-remodeled cells.

The combination of Iso and SKb increased the individual effects
nd resulted in a greater prolongation of APD90 in cholinergically-

stimulated psAF cells, similar to what was observed in non-remodeled
cells. This prolongation brought APD90 values near or above baseline
or the  and  models of psAF cells. However, in the  model, the
PD90 prolongation only partially recovered the shortening induced by
Ch concentrations of 0.01 and 0.1 μM.

Variations in the RMP in remodeled myocytes were similar to those
n non-remodeled myocytes (not displayed).

.2. Human atrial tissues

.2.1. Counteraction of ACh-induced changes in activation and repolariza-
ion

In non-remodeled tissue, electrical propagation was modestly
lowed by 0.1 μM of ACh, resulting in a total activation time increase of
.5 ms for homogeneous ACh distribution and 2 ms for heterogeneous
Ch distribution. The longitudinal CV dropped from 94.56 cm/s at
aseline to 86.5 cm/s under homogeneous ACh, which aligns with
revious experimental findings [21]. The application of Iso, SKb or a
ombination of both restored the total activation time to baseline values
n both homogeneous and heterogeneous ACh distribution scenarios.

The results of the study indicate that all interventions had a signif-
cant impact on APD90 in atrial tissues. The homogeneous addition of
Ch resulted in a decrease of mean APD90 to 87.87 ms and 136.34 ms

or 0.1 μM and 0.01 μM ACh respectively, compared to 206.42 ms at
aseline. The addition of SKb on top of ACh lengthened mean APD90
y 6.13 ms for 0.1 μM ACh and 16.09 ms for 0.01 μM ACh. Conversely,
μM Iso had a shortening effect on mean APD by 23.28 ms and
7

90
32.87 ms, respectively. The combination of Iso and SKb counterbal-
anced the effects of ACh, leading to mean APD90 values of 128.96 ms
and 206.66 ms for 0.1 μM and 0.01 μM ACh respectively.

For heterogeneous ACh distribution, Fig. 8 shows that the hetero-
geneous addition of ACh resulted in a decrease in mean APD90 by
50.19 ms for 0.1 μM ACh and by 22.59 ms for 0.01 μM ACh. The
addition of SKb caused an increase in mean APD90 by 22.3 ms and
29.96 ms, respectively. Conversely, 1 μM Iso reduced mean APD90 by
31.54 ms and 32.59 ms. The combination of SKb and Iso restored mean
APD90 to values even greater than at baseline, with values of 224.52 ms
and 263.35 ms for 0.1 μM and 0.01 μM ACh, respectively.

3.2.2. Termination of ACh-initiated rotors and prevention of re-induction
𝛽-adrenergic stimulation with 1 μM Iso was able to terminate ro-

tors in cholinergically-stimulated tissues, whether applied alone or in
combination with SKb. This was true for all tested application kinetics
(𝛥ta = 0.1, 1, 5 and 8 s, as shown in Fig. 1) and ACh concentrations
(0.01 and 0.1 μM). There was only one exception, which occurred when
Iso was applied individually with the highest ACh dose and slowest
application kinetics. SKb alone only terminated the rotor under the
lowest ACh concentration and with a 𝛥ta of 8 s. These results are
summarized in Fig. 9.

When the application kinetics of Iso and/or SKb was set to 𝛥ta = 0.1
s, Iso alone and in combination with SKb terminated the rotors in 0.2
s for both ACh concentrations. SKb alone did not terminate the rotor
for either ACh concentration. The voltage maps over time for ACh =
0.01 μM are shown in Fig. 7S in the Supplementary Material. The same
results were obtained for 𝛥ta equal to 1, 5, and 8 s, with longer times
required to stop the rotors as 𝛥ta increased.

Two mechanisms were identified to explain rotor termination. After
application of Iso or Iso combined with SKb, the rotor extinguished
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Fig. 7. APs of psAF electrically remodeled human atrial cardiomyocytes paced at a CL of 1000 ms. First row: simulated effects of ACh (concentrations of 0.001, 0.01 and 0.1
μM). Second row: Iso (1 μM concentration) and SKb. Third row: Iso (1 μM concentration) and SKb on top of 0.1 μM ACh (a); APD90 vs. ACh concentration for psAF electrically
remodeled human atrial myocytes paced at a CL of 1000 ms at four different tested scenarios comprising cholinergic stimulation individually and in combination with 𝛽-adrenergic
stimulation and/or SKb (b).
due to collision of the rotor tip with the rotor tail, which was likely
facilitated by the increased amount of depolarized tissue resulting from
prolongation of APD90. In cases where SKb was applied individually,
the rotor tip became less stable and started to span larger areas of
tissue. In the one case where SKb led to rotor termination, the rotor
drifted through the tissue border until it eventually extinguished at
the tissue boundaries. To further study these mechanisms, a phase
singularity (PS) analysis was performed for 𝛥ta = 8 s and 𝛥ta = 5 s
using the method described in [41]. Fig. 10 shows two cases: (a) ACh
= 0.1 μ M and 𝛥ta = 8 s, where only Iso combined with SKb was able
o stop the rotor, and (b) ACh = 0.01 μ M and 𝛥ta = 8 s, where the

rotor was also stopped by Iso. In all cases, the rotor tip followed a five-
pointed star-like trajectory with three long sides and two short sides.
The time evolution of this trajectory over 350 ms intervals is shown in
Fig. 11. In the first milliseconds after administration of Iso and/or SKb,
the rotor tip followed the same trajectory in all studied cases. However,
in the Iso and Iso + SKb cases, it soon began to wander and deviate from
control. In the SKb cases, deviation from control became apparent later,
usually after 8 and 5.5 s from application under 0.1 and 0.01 μ M ACh,
respectively.

The results of the PS analysis are presented in the Supplementary
Material (Fig. 8S to 15S). This analysis evaluates the movement of
rotor tips in terms of the surface covered (A), distance covered (L), and
mean velocity (𝑉 ), which is defined as the average of the velocities
etween subsequent PS points. The analysis was conducted over a 10-
econd period, starting from 2 s after drug application and ending at
2 s. Under control conditions, a lower concentration of 0.01 μM ACh
8

resulted in a larger surface area covered (3.56 cm2) compared to a
higher concentration of 0.1 μM ACh (1.70 cm2). Adding SKb resulted in
an increase in the surface area covered, which was negligible under 0.1
μM ACh, but significant under 0.01 μM ACh. In the latter case, when 𝛥ta
= 5 s, the surface area increased from 3.56 cm2 to 4.83 cm2. When 𝛥ta
= 8 s, the surface area increased to 4.95 cm2. The analysis for the Iso
and Iso + SKb cases was more challenging due to early rotor instability.
To compare the different therapies, rotor characteristics were analyzed
at the same time instant, which was the one preceding instability in the
case where it occurred earlier. All cases showed a noticeable increase
in the surface area spanned by the rotor tip, with increased rotor
meandering potentially due to a larger effective refractory period. The
biggest increase in percentage terms was observed for ACh = 0.1 μM
and 𝛥ta = 5 s, where, after 0.85 s from Iso + SKb application, the surface
area increased by 109%.

SKb increased the mean velocity under 0.01 μM ACh by 0.79 cm/s
and 0.73 cm/s when 𝛥ta = 5 and 8 s, respectively. Under 0.1 μM
ACh, SKb increased the mean velocity by 0.79 cm/s and 0.94 cm/s. Iso
and Iso in combination with SKb showed a stronger increase in mean
velocity, especially under 0.1 μM ACh. Iso alone increased the mean
velocity by 4.39 cm/s and 1.12 cm/s when 𝛥ta = 5 and 8 s, respectively.
When combined with SKb, the mean velocity increased by 3.15 cm/s
and 3.52 cm/s.

The re-inducibility of rotors was also tested and the results are
summarized in Table 2 for rotors initiated under ACh = 0.01 μM and
ACh = 0.1 μM, with Iso or SKb application kinetics defined by 𝛥t = 5
a
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Fig. 8. APD90 maps (a) and violin plots (b) at baseline and under 0.1 μM ACh, individually and in combination with 1 μM Iso and∕or SKb, for APs defined by the  model.
The APD maps were built from the APD90 values computed for the fourth beat at a CL of 1000 ms with the stimulus applied to the bottom edge of the tissue. The violin plots
represent the APD90 distribution all over the tissue for the different simulated cases. In the violin plots, black lines represent the mean APD90 and red lines represent the median
APD90.
Fig. 9. Time for rotor termination in the different simulated cases. The vertical black line represents the start time of Iso and SKb application. When Iso and SKb act concurrently,
the timing is the same for both. Bars arriving to the end of the time scale denote no rotor termination.
s. For Iso and Iso combined with SKb, a narrow range of S1-S2 intervals
led to rotor re-initiation, with rotors lasting from 260 ms to 840 ms.

4. Discussion

The impact of inhibiting SK channels and of 𝛽-adrenergic stimula-
tion on human atrial myocytes and tissues that have been stimulated by
acetylcholine was investigated. To do this, we used existing computa-
tional models of atrial cells and added the 𝐼SK current and information
about the cholinergic and adrenergic modulation of atrial electrical
activity, if it was missing. After adding the 𝐼SK current to the  and
 models, we compared the ionic current traces in the original and
modified models. The results are presented in Fig. 16S and 17S in the
9

Supplementary Material. In both the  and  models, we found that
most of the currents were only slightly impacted by the addition of
the SK current, with the exception of the rapidly activating delayed
rectifier K+ current (𝐼Kr), which showed a reduction in peak value
of 15% and 10% in the  and  models, respectively, and of 𝐼Ks,
which showed a peak reduction of 35% and 31% in the  and 
models, respectively. Nonetheless, the values of these two currents
in the original and modified models were relatively close, especially
compared to the wide range of physiological variability reported in
experiments, up to 13% for 𝐼Kr and 27% for 𝐼Ks [42] (Fig. 18S in the
Supplementary Material). Based on these results, we concluded that
it was not necessary to perform a reparametrization of the cellular
models.
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Fig. 10. Phase singularity analysis for 0.1 μM ACh and 𝛥ta = 8 s (a) and 0.01 μM ACh and 𝛥ta = 8 s (b). First row: phase singularities in the different tested cases, traced starting
from t = 2000 ms. Second and third rows: voltage maps of the rotor at 50 ms before rotor termination or at the end of the simulation if the rotor was not stopped (t = 10000 ms).
The color code is the same as in previous figures, with black, green, blue and red representing the effects of ACh, ACh + SKb, ACh + Iso and ACh + Iso + SKb, respectively.
Table 2
Summary of rotor re-inducibility tests, with 𝛥ta = 5 s. I-E: rotor re-initiated but
extinguishing.

ACh = 0.01 μM ACh = 0.1 μM

S1 (ms) S1-S2 (ms) Inducibility S1 (ms) S1-S2 (ms) Inducibility

Iso Iso

100 190 I-E 100 150 I-E
500 190 I-E 500 160 I-E
1000 180 I-E 1000 150 I-E

SKb SKb

Rotor never stopped. No reinduction Rotor never stopped. No reinduction

Iso+SKb Iso+SKb

100 200 I-E 100 160 I-E
500 215 I-E 500 200 I-E
1000 215 I-E 1000 210 I-E

In the ,  and  models, different formulations were used to model
the effects of ACh and Iso. The 𝐼 formulations were specifically
10

KACh
designed for each of the three computational models and were based on
different experimental data. These formulations were then introduced
in the respective computational models and parametrized to best fit
the simulated and experimental data. A similar process was followed
in the  model when the authors introduced their formulations of
Iso effects on cellular substrates. In the  model, the Iso effects were
modeled using the formulation by González de la Fuente et al. which
was incorporated into the model to reproduce experimental evidence.
In the  model, since no prior Iso models existed, we used the Iso
formulation by González de la Fuente et al. [13].

Our models did not take into account the effects of electro-
mechanical coupling, but this could be a potential area of future re-
search. In a study by Negroni et al. [16], the authors developed a quan-
titative framework to examine the interaction between 𝛽-adrenergic
stimulation and Ca2+ transients, AP and contractile properties. As this
study only focuses on electrical activity, we do not expect significant
differences in our results when simulating the 𝛽-adrenergic effects on
myofilament properties, as these effects were found to have limited
impact on the AP trace and ionic currents. However, this could still
be an interesting area for future investigation.
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Fig. 11. PS trajectories over time intervals covering 350 ms each, under 0.1 and 0.01 μM ACh applied with kinetics defined by 𝛥ta of 5 and 8 s. The color code is the same as
in the previous figures, with black, green, light blue and red representing individual ACh effect, ACh + SKb, ACh + Iso and ACh + Iso + SKb, respectively.
Regarding our results, we found that SKb, especially in combination
with Iso, was able to prolong the APD after ACh had shortened it at both
cellular and tissue levels. Iso was also able to reverse arrhythmogenic
behaviors induced by ACh, both alone and when combined with SKb.
The results presented in this study were calculated using a transverse-
to-longitudinal ratio value of 0.5. Different conclusions could be drawn
for different anisotropy ratios, as the characteristics of the rotor tip
trajectory (area covered, distance traveled, and mean velocity) vary
with the ratio. This is demonstrated in Fig. 19S of the Supplementary
Material.

We first evaluated the effectiveness of SKb and/or Iso in countering
the effects of cholinergic stimulation in single cells. SKb partially coun-
tered these effects, with the best results observed for low to moderate
cholinergic stimulation corresponding to physiological ACh concentra-
tions up to 0.01 μM. The effects of individual Iso application on the
AP were highly dependent on the baseline AP shape, which aligns
with previous research findings [43]. The literature contains conflicting
results about the effects of Iso on APD. Some studies have reported
that Iso leads to shortening of APD [12,37], while others have reported
that Iso leads to prolongation of APD [13,38,39]. The literature also
contains conflicting results regarding the combination of Iso and ACh,
with some studies showing that 𝛽-adrenergic stimulation can facilitate
AF induction [44] while others have described 𝛽-adrenergic stimulation
11
as a brake to reduce the extent of cholinergic-induced APD shorten-
ing [12]. These conflicting results could potentially be explained by
patient characteristics, with age being identified as a differential factor
in animal studies [12].

In our study, Iso-induced APD shortening, which was observed
for the  model, could be attributed to an increase in intracellular
calcium concentration due to enhanced release of calcium from the
SR. This increased intracellular calcium concentration would activate
calcium-activated potassium channels, contributing to APD shortening.
Thus, blocking SK channels in addition to Iso was expected to reduce
this effect and counteract APD shortening. Indeed, we found that the
combination of SK block and Iso was able to reverse ACh effects,
prolonging APD to near baseline levels. These results were generally
consistent across the three tested models, although the magnitude of
Iso and SKb effects was less pronounced for the  model compared to
the  and  models.

Next, we tested for frequency-dependent behavior in Iso and SKb,
and compared our observations between psAF-remodeled and non-
remodeled myocytes. The relative changes in the AP induced by Iso
and SKb applied on top of ACh showed minimal frequency dependence,
especially for ACh concentrations of 0.01 and 0.1 μM. When comparing
the results between psAF-remodeled and non-remodeled cells, we found
that the observations were qualitatively similar, with only minor dif-
ferences in the magnitude of relative changes induced by ACh, Iso and
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Fig. 12. APs recorded at one point in the tissue (represented with the black square in the top left panel) when applying Iso and/or SKb with kinetics defined by 𝛥ta of 0.1, 1, 5
and 8 s.
SKb. These changes were of lower amplitude in psAF-remodeled cells
than in non-remodeled cells. It is worth mentioning that the effects of
SKb were practically negligible in psAF-remodeled cells, which could
be due to the lower conductance of SK channels in psAF electrical
remodeling.

We then studied the actions of SKb and Iso in tissues with homoge-
neous and heterogeneous ACh distributions. Our results, in agreement
with results at cellular level using the  model, showed that individual
Iso application further shortened the APD, but the combination of
Iso and SKb was able to bring APD back to its baseline value for
both homogeneous and heterogeneous ACh distributions and all tested
ACh concentrations. For the modeled heterogeneous ACh distribution,
spatial APD dispersion was high, but administering Iso combined with
SKb remarkably reduced it. We tested the efficacy of various therapies
to stop stable rotors in cholinergically-stimulated tissues. The results
showed that both Iso and the combination of Iso and SKb were effective
in stopping rotors for all tested ACh concentrations and application ki-
netics, with only one exception for individual Iso. However, individual
SKb was only able to stop the rotor in one case, causing it to drift to-
wards the tissue border. The mechanism of rotor termination involved
collision between the rotor tail and tip in the cases of individual Iso and
combined Iso with SKb. Fig. 12 displays APs recorded in the simulated
tissue at a specific point between seconds 2 and 3 for four tested Iso
and/or SKb application kinetics. Iso, whether applied individually or in
combination with SKb, quickly led to strong prolongation of APD and
elevation of AP plateau within the first three seconds of simulation for
all tested application kinetics. On the other hand, SK block had slower
effects. The transient Iso-induced APD prolongation observed during
the first moments after its application is in contrast to the steady-state
APD shortening. This transient APD prolongation upon Iso administra-
tion is consistent with previous experimental findings [45,46] and has
been attributed to differences in the phosphorylation kinetics of 𝐼Ks
and 𝐼CaL, which are two cellular substrates that are altered by sudden,
abrupt 𝛽-adrenergic stimulation. Both experimental and computational
studies have shown that 𝐼CaL responds to Iso very quickly, which
explains the immediate APD prolongation after Iso administration,
while 𝐼Ks has a slower response that eventually counteracts the changes
in 𝐼CaL and leads to APD shortening [45–47]. This kinetic mismatch
between 𝐼CaL and 𝐼Ks has also been observed in response to a gradual
increase in Iso concentration [47,48]. Our simulations showed simi-
lar observations regarding Iso effects, with even more prominent AP
plateau elevation and APD prolongation at the time corresponding to
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maximum concentration for faster application kinetics (Fig. 12).
The efficacy of Iso and Iso combined with SKb in stopping stable ro-
tors under cholinergic stimulation was further evaluated by examining
their ability to prevent re-induction of rotors. Our findings revealed that
after the rotor was terminated by Iso alone or in combination with SKb,
it could not be re-initiated within the next minute. When re-induced
later, the rotor persisted for a maximum of 840 ms.

Based on these results, we can conclude that the combination of
Iso and SKb may serve as an effective therapy to mitigate the harmful
effects of ACh in the human atria. This conclusion is supported by the
ability of combined Iso and SKb to prolong APD at steady state and to
aid in cardioversion and maintenance of the restored sinus rhythm.

5. Study limitations

The study had some limitations that should be considered for future
research. Our investigation aimed to evaluate the effectiveness of Iso
and SKb in counteracting the cholinergic effects on human atrial cells
and tissues. The simulations were performed at the cellular level and on
2D tissue sheets, but did not include the regional electrophysiological
heterogeneities and cell-to-cell variability that exist in real human
atria. This study highlights the importance of biological variability
in drug evaluation and future research could include populations of
cell models to account for this variability [49]. Another avenue for
future investigation would be to use 3D whole-atrial models to better
understand complex rotor behavior and rotor termination mechanisms.

The results of this study emphasize the non-steady-state kinetics of
Iso as a factor in its impact on rotor termination. Further research using
biophysically-detailed 𝛽-adrenergic signaling models could examine the
effects of different Iso concentrations and help to understand its poten-
tial as an anti-arrhythmic therapy, particularly when combined with
SK channel inhibition delivered with possibly different administration
kinetics as those for Iso.

It is important to note that cellular models have limitations due to
the scarce experimental human data and the large variability displayed
by human atrial cells and tissues. Additionally, the Courtemanche
model has a limitation in its simplified modeling of SR Ca2+ handling
due to limited data on Ca2+ storage and release kinetics from the SR at
the time the model was developed.

6. Conclusion

First, the impact of Iso and SKb on human atrial cardiomyocytes was
evaluated. The ability of individual SKb to restore the APD shortening
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induced by ACh was observed, with the change ranging from 5%
to 170% depending on the ACh concentration. The effects of SKb
were, however, reduced in electrically remodeled cells. Additionally,
when SKb was used to stop sustained rotors initiated under cholin-
ergic stimulation, its effects were insufficient. On the other hand, Iso
was successful in terminating rotors, but its impact on APD varied
depending on the baseline AP morphology. The combination of Iso
and SKb resulted in stronger APD prolongation at steady state, which
effectively countered the shortening induced by ACh, restoring from
67% to 250% of the APD shortening. The combination of Iso and
SKb was also successful in stopping stable rotors and preventing their
reinducibility. Previous studies have explored the interactions between
parasympathetic and sympathetic actions, as well as between parasym-
pathetic activity and SKb, but this study is the first to consider the
complex interactions between ACh, Iso and SKb. The results support the
possibility of using a combination of SK channel block and 𝛽-adrenergic
stimulation as a therapy to counteract the potential arrhythmogenic
effects of cholinergic stimulation in human atria.
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(a)

(b)

Figure 1S: APs of human atrial cardiomyocytes models paced at a CL of 500 ms (a) and of 300 ms (b). First row: simulated effects

of ACh (at concentrations of 0.001, 0.01 and 0.1 µM). Second row: Iso (at a 1 µM concentration) and SKb. Third row: Iso (at a

1 µM concentration) and SKb on top of 0.1 µM ACh. When pacing the S model at a CL of 300 ms, the AP was not able to fully

repolarize under ACh combined with Iso and/or SKb.

2



Figure 2S: Percentages of change in APD90 with respect to the APD90 value in control when pacing at different CLs. Simulation

results were compared with data published in the literature. Panel A) ACh-induced effects. The APD90 obtained after adding

different ACh doses in the C, G and S models at different pacing CLs were compared with experimental results from Verkerk et al.

[1]. Panel B) Iso-induced effects. Simulation results were compared with experimental results by Verkerk et al. [1]. Panel C) ACh

+ Iso-induced effects. Simulation results were compared with experimental results by Verkerk et al. Panel D) SKb-induced effects.

Simulation results were compared with experimental results by Hsueh et al. [2] and by Skibsbye et al. [3]
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(a)

(b)

Figure 3S: APD90 vs ACh concentration for human atrial myocytes models paced a CL of 500 ms (a) and 300 ms (b) at four

different tested scenarios comprising cholinergic stimulation individually and in combination with β-adrenergic stimulation and/or

SKb.

Figure 4S: Percentage of APD90 prolongation calculated with respect to the control case (100%) for the different simulated scenarios

when pacing at 500 ms.
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Figure 5S: Percentage of APD90 prolongation calculated with respect to the control case (100%) for the different simulated scenarios

when pacing at 300 ms. The AP was not able to fully repolarize under ACh combined with Iso and/or SKb and the corresponding

bars are not represented in the figure.
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(a)

(b)

Figure 6S: RMP vs ACh concentration for human atrial cardiomyocytes models paced at a CL of 500 ms (a) and 300 ms (b), at four

different tested scenarios comprising cholinergic stimulation individually and in combination with β-adrenergic stimulation and/or

SKb.
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Figure 7S: Voltage maps along time showing rotors in 2D human atrial tissues under 0.01 µM ACh. First row: control, second

row: + SKb, third row: + 1 µM Iso, fourth row: + SKb + 1 µM Iso. Iso and/or SKb were applied progressively with ∆ta=0.1 s

starting at time = 2 s.
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Figure 8S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.01 µM and ∆ta=8 s. In red the final segment of PSs, corresponding to the last 100 ms, is highlighted

to point out the rotor tail. The top left panel represents the comparison between the area covered by the rotors in the different

cases. The trajectory is analyzed for the entire lifespan of the rotor.
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Figure 9S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.01 µM and ∆ta=8 s. The figure is structured as Fig. 8S. The trajectory is analyzed in the time span

before the onset of instability in the case when it manifested itself earlier.
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Figure 10S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and velocity

(V ) when ACh=0.1 µM and ∆ta=8s. The figure is structured as Fig. 8S. The trajectory is analyzed for the entire lifespan of the

rotor.
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Figure 11S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.1 µM and ∆ta=8 s. The figure is structured as Fig. 8S. The trajectory is analyzed in the time span

before the onset of instability in the case when it manifested itself earlier.
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Figure 12S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.01 µM and ∆ta=5 s. The figure is structured as Fig. 8S. The trajectory is analyzed for the entire

lifespan of the rotor.
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Figure 13S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.01 µM and ∆ta=5 s. The figure is structured as Fig. 8S. The trajectory is analyzed in the time span

before the onset of instability in the case when it manifested itself earlier.
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Figure 14S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.1 µM and ∆ta=5 s. The figure is structured as Fig. 8S. The trajectory is analyzed for the entire lifespan

of the rotor.
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Figure 15S: Rotor tip trajectory characteristics in terms of surface covered by the rotor tip (A), distance covered (L) and mean

velocity (V ) when ACh=0.1 µM and ∆ta=5 s. The figure is structured as Fig. 8S. The trajectory is analyzed in the time span

before the onset of instability in the case when it manifested itself earlier.
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Figure 16S: Representation of the individual currents in the C model before (red) and after (blue) the introduction of the ISK

current.
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Figure 17S: Representation of the individual currents in the G model before (red) and after (blue) the introduction of the ISK

current.

Figure 18S: IV curves for IKs and IKr adapted from Kohajda et al. [4]. Values obtained from dog myocytes. Here we are interested

in the control black curves representing control conditions.
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Figure 19S: Effect of different transverse-to-longitudinal ratios (0.25, 0.5, 1) on the following rotor tip trajectory characteristics

(ACh = 0.1 µM): surface (A) and distance (L) covered by the rotor tip and mean velocity (V ).
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