Development of a Sex-Specific Action Potential Model for Rabbit Atrial Cells
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Abstract

This work presents an analysis of a mathematical model
of action potentials (APs) in rabbit atrial cells, with a fo-
cus on gender differences. Gender medicine is increas-
ingly recognized as essential, highlighting how sex and
hormones influence the symptomatology and treatment of
diseases. In particular, we focused on sex differences using
a rabbit animal model. We adapted a previously proposed
ionic model of rabbit atrial electrophysiology. A sensitivity
analysis (SA) using Sobol’ indices was performed to iden-
tify the ionic conductances that most influence the prop-
erties of the AP. We employed a Gaussian Process emu-
lator, significantly decreasing the computational time re-
quired for the SA while maintaining high accuracy. Pa-
rameter optimization successfully reproduced experimen-
tal APs. Finally, we used Approximate Bayesian Compu-
tation with Sequential Monte Carlo methods (SMC-ABC)
to estimate model parameters and quantify uncertainties,
revealing varying degrees of parameter identifiability. Re-
sults showed that AP duration is primarily affected by L-
type calcium conductance, while Ix; and the Na — K pump
influenced the resting membrane potential. We observed
statistically significant sex differences in the I-V curve for
Ik, but differences in conductances were not significant,
possibly due to the limited sample size.

1. Introduction

Gender medicine is increasingly recognized as crucial to
understanding how biological sex influences the manifes-
tation and treatment of diseases. In cardiac electrophysiol-
ogy, sex differences have been observed in the prevalence,
symptomatology and treatment of atrial fibrillation [1].

Rabbits are frequently used as animal models in the
study of cardiac electrophysiology. Unlike rodents and
other small animals, rabbits exhibit electrophysiological
characteristics more similar to those of humans, making
them particularly suitable for translational studies. Fur-
thermore, compared to large animals, rabbits are easier to
maintain, offering an ideal compromise between physio-
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logical relevance and experimental practicality [2]. The
aim of the study is to develop and analyze a mathematical
model for rabbit atrial action potential (AP), taking into
account sex differences.

2. Methods
2.1. Mathematical Model

The Aslanidi model (2009) [3] was taken as the start-
ing point for this study. The model consists of an equiva-
lent circuit representing the cell membrane (sarcolemma)
and a fluid compartmental model to describe ion fluxes be-
tween the cytoplasm and the extracellular and intracellular
spaces.

The equivalent circuit represents the membrane as a ca-
pacitor C,, in parallel with various ionic currents, pumps
and exchangers, each of which has been identified in the
membrane of the rabbit atrial myocyte. These components
include the fast sodium current Iy,, the transient potas-
sium current [y, the long-delayed Ic, 1, and transient I, 7
calcium currents, and the inward rectifier potassium cur-
rent Ix;, the delayed potassium currents Ix, and Ik, the
background currents I, the sodium-potassium pump Inux,
the calcium pump Icqp, and the sodium-calcium exchanger
INaca. The membrane voltage V' (t) is described by the fol-
lowing equation

dv
Cmge =Imm—§ijfi, (1)

where I; is the set of transmembrane currents and I, 1S
the stimulation current applied. Eq. (1) is complemented
by a set of ODEs for the concentration of intracellular
potassium, sodium and calcium dynamics. The model has
been implemented in Myokit [4], directly imported from
the original CellML [3].

2.2.  Global Sensitivity Analysis

In order to investigate the influence of the model pa-
rameters on the action potential properties we used global
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Figure 1. Heat map of the sensitivity analysis.

sensitivity analysis [5]. As inputs for GSA were chosen
the maximum conductances of ion channels, pumps and
exchangers (12 parameters in total), whereas as outputs
we considered APD30, APD50, APD90, upstroke veloc-
ity, AP amplitude and resting membrane potential.

Model inputs were varied in a range +50% of their ref-
erence value [3]. This range was selected to account for
physiological variability without reaching biologically im-
plausible values. The sensitivity analysis was performed
utilizing Sobol’ indices, in particular the first order indices
and total-effect indices. The first order index measures the
individual effect of a parameter, while the total effect in-
dex captures the combined effect of a parameter including
its interaction with others.

Sensitivity analysis with Sobol’ indices requires a large
number of model evaluations. To overcome this limita-
tion, we developed an emulator based on Gaussian Pro-
cesses [6,7]. We built separate emulators for each model
output, employing Gaussian Process Regression (GPR)
models using a Matérn kernel combined with a constant
kernel for each emulator. The kernel hyperparameters
were tuned through multiple random restarts (50 restarts).

We explored the parameter space through Latin hyper-
cube sampling from uniform distributions centered on the
baseline model values. The model was pre-paced for 50
beats to reach a steady state, and then outputs were calcu-
lated over a single cycle length. In order to built a robust
emulator we considered two different sets: a training set
(1000 samples) to train the GP and a test set (200 samples)
to validate the model.

2.3. Fitting

With regard to the fitting of the experimental data, two
datasets were available for consideration. The first set con-
sists of current-voltage (I-V) curves of current Ix; mea-
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Figure 2. 95% confidence intervals for first-order and total
effect Sobol’ indices.
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Figure 3. Boxplot of optimized conductance parameters
obtained from the fitting of AP traces for female and male
groups.

sured on 81 cells from female rabbits and 68 cells from
male rabbits. The second set consists of AP traces obtained
by sharp electrode from atrial tissue, including 5 measure-
ments from male atria and 5 from female atria.

Ik, curves were obtained by patch-clamp measure-
ments. The current was measured across a range of mem-
brane potential values, from -120 mV to -30 mV, in incre-
ments of 10 mV. To simulate the IV curves, only the I,
current equation was considered, in order to simulate the
patch-clamp measurements. The equation for the Ik, cur-
rent

V - FEg
1+ ea(V—Ex+b)/RT"
2
We opted to fit the data using group (female and male)
averages at each voltage rather than individual experimen-
tal curves, in order to mitigate the effects of random fluc-
tuations. To perform the fitting of the average IV curves,

o= LSRN
Kl = JKI [K+]O+Km,1<1
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we used a non-linear optimization approach based on min-
imizing the square error of the differences between the
experimental data and the proposed mathematical model.
The optimization parameters chosen are the gating vari-
ables, a and b, and the conductance g -

For the fitting of AP traces we treated all conductances
as fitting parameters, setting their optimization ranges to
(0.1 xreference value, 2.5 xreference value). However, we
made an exception for the sodium conductance, constrain-
ing gna to within +10% of the reference value to ensure
reliable propagation of the action potential. For parameter
optimization we used a derivative-free minimization algo-
rithm. The objective function was defined as the L? norm
between the measured AP and the values obtained from the
model simulations.

2.4. Approximate Bayesian Computation

We utilized pyABC [8] to perform parameter estima-
tion using the Approximate Bayesian Computation with
Sequential Monte Carlo (ABC-SMC) method. For the dis-
tance function, we selected the Euclidean distance between
the experimental action potential traces and those obtained
from the simulations. The prior distributions for the pa-
rameters (conductances) were defined as uniform distribu-
tions within the ranges specified in the previous section.
The ABC-SMC algorithm was executed for a maximum
of 15 populations or until a minimum tolerance level was
achieved.

3. Results

The sensitivity analysis, performed using Sobol’ in-
dices, revealed that gc,, exerts the strongest influence on
action potential duration (APD30, APD50, APD90). In
contrast, gn, primarily determines the upstroke velocity
and AP amplitude. The resting membrane potential is most
sensitive to variations in gg; and Ingkmax- These results
are visualized in the heat map of first-order Sobol’ indices
(Figure 1).

Figure 2 presents the 95% confidence intervals for both
first-order and total effect Sobol” indices. The total effect
indices are comparable to the first-order indices. This in-
dicates that interaction effects among parameters are min-
imal, consequently the model is characterized by a more
straightforward and direct dependence of parameters on
outputs, with fewer significant interaction effects.

The fitting results, displayed in Figure 4, demonstrate a
good agreement between the model and the experimental
data for both groups. Notably, significant differences were
observed in the optimized parameters between females and
males, suggesting intrinsic variations in the electrophysio-
logical properties of Ix; between the two groups. Indeed,
the Mann-Whitney U-test showed significant differences
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Figure 4. I-V curves of [, for female and male groups
from experimental data. Stars indicate voltages where sig-
nificant differences are found (p < 0.05).
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Figure 5. KDE matrix of parameters estimated via ABC-
SMC. The marginal distributions are shown along the di-
agonal, while the correlation between parameter pairs are
shown in the off-diagonal sections. Dotted lines and red
points represent the reference value for each conductance.
Axes span 10%—-250% of reference values.

for 6 out of 10 voltages in the experimental data, indicated
by stars in Figure 4.

The results of the fit, shown in Table 1, reveal distinct
differences in current parameters Ix; between the female
and male groups. Females exhibit a higher conductance
(gk1) than males, indicating a higher potassium current
density. Both b and a differ between groups, potentially
reflecting differences in channel gating kinetics.

The fitting approach of the AP traces demonstrated fa-
vorable outcomes in both groups; consequently, an analy-
sis of the optimized parameters (ionic conductances) was
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Table 1. Optimized parameters of Ixk;.

Group gKi b a
Female  0.0117 4.1984  1.3315
Male 0.0076  -12.0258 0.8886
Model  0.005088 -3.6 1.393

Figure 6. Comparison of simulated AP and experimental
observations. Specifically, the top panel shows samples
generated from the a prior distribution (orange), the middle
panel shows samples from the posterior distribution (blue)
compared to the experimental observation (black).

conducted. However, no statistically significant differ-
ences were observed between the two groups. The box-
plots of the optimized conductances are displayed in Fig-
ure 3.

Parameter estimation revealed varying degrees of iden-
tifiability, displayed in Figure 5, with some parameters es-
timated with high confidence while others remained un-
certain. Figure 6 shows the comparison between the sim-
ulations of the cardiac action potential generated from the
samples distributed according to the prior, posterior, and
accepted, compared to the experimental data. The differ-
ences between the accepted samples and the observed po-
tential are minimized. We can therefore conclude that the
ABC-SMC algorithm was effective in reducing the param-
eter space to a set that provides a better approximation.

4. Conclusions

This study proposes a framework for analyzing sex dif-
ferences in cardiac electrophysiology through mathemati-
cal modelling. Sensitivity analysis enabled the identifica-
tion of the most influential ionic currents in modulating

action potential properties, providing useful insights for
future targeted studies. The absence of significant differ-
ences in conductances between males and females could
be due to the limited sample size. However, the observed
differences in current [x; suggest the presence of relevant
physiological variations to be further investigated. Look-
ing forward, the integration of larger experimental data
and the inclusion of hormonal influence represent essen-
tial next steps for a more complete understanding of sex-
specific dynamics in cardiac physiology.
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