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Abstract

Mathematical modelling, combined with experimental
approaches, has become a powerful method for
investigating the heart functions. So far, different models
of cardiac electrical activities of variant species have
been developed. However, models of fish cardiomycytes
are less developed. Given the prominent problem of
global warming, sea temperature changes will have a
significant impact on the development of cardiac
arrhythmias in the fish heart, leading to their sudden
death, which may impose a heavy burden to the economy
of the society.

This study aimed to develop a biophysically detailed
computer model for the teleost fish ventricular myocytes
in warm acclimation (18 C). A set of Hodgkin-Huxley
(HH) formulations have been developed for the major ion
currents that were based on experimental data from
different teleost species.

With a series of supra-threshold stimuli (amplitude of
-41 pA/pF; duration of 10 ms and time interval (between
two successive stimuli) of 1000 ms) the teleost fish model
generates a successful sequence of action potentials
(APs). The characteristics of the (APs) matched
quantitatively the available experimental findings. In
conclusion, a mathematical model for the electrical
action potential of the teleost fish cardiac myocytes has
been developed and validated.

1. Introduction

Cardiac modelling provides an alternative method to
experimental cardiology for the study of the function of
the heart. Since 1950s, a set of mathematical models for
simulating cardiac membrane action potentials (APs)
have been developed based on detailed experimental data
on ion channel properties and Kinetics, as well as
intracellular ionic homeostasis [1,2]. So far, a large set of
cardiac cell models have been developed for variant
mammalian species such as rat, mouse, sheep, rabbit and
human, whereas mathematical models for fish heart has
not been developed yet.
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There are distinctive differences between cardiac
anatomy and electrophysiology between the heart of
mammals and fish. Most teleost fish are ectothermic
animals (their hearts are very sensitive to changes in the
ambient temperature) while most mammals are euthermic
(can keep their body temperature apart from their
environment temperature). Fish as ectothermic species
live in a thermal variety of aquatic habitats and their
thermal tolerances vary from —2.5°C to +44°C [3]. It has
been seen that temperature change has vital effects on the
molecular interactions of the fish heart, leading to
irregularity in the electrical, biochemical and
biomechanical activities of the system [4].

Therefore, it is important to understand possible
membrane mechanism(s) for the fish heart to respond to
changing environment temperature as the fact of climate
change makes global warming as a serious problem that
affects ectothermic animal life in the near future [3].

The main goal of the present study was to develop a
novel computer model for the cardiac action potential
(AP) of fish ventricular myocytes that will provide insight
into the ionic basis of cardiac electrical activity. The
equations in the model were based on experimental data
on the properties of some major ionic channels in
myocytes isolated from ventricles of the rainbow trout
and Bluefin tuna teleost fish. The developed model is
validated by its ability to reproduce the AP characteristics
that match to experimental data.

2. Methods

2.1.  Model development

A schematic illustration for the mathematical model of
cardiac cell of the ventricular teleost fish heart is shown
in Figure 1. The model consists of a family of
mathematical equations for membrane ion channel
currents responsible for generating the electrical APs of
teleost fish ventricular myocytes. These membrane ion
channel current models are in the Hodgkin-Huxley
formulations inherited from existing mathematical models
of mammal hearts. All of the ion channel current models
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were validated by comparing voltage clamp simulation
data to experimental recordings.

To obtain parameters of the model equations for each
of the ion channels (such as steady-state activation,
inactivation and time constant), the Nelder-Mead simplex
algorithm [5] was used to optimally fit the model
equations to experimental data (not shown in this paper),
which were taken from different fish species: rainbow
trout and bluefin tuna.

Simulated current-voltage (I-V) relationships of the
main ionic currents including (Ing, lcas, Ik and lkq) with
the respective experimental findings are shown in (Figure
2). The model also included formulations for the other
currents including; Ina sodium background current, lcgp,
calcium background current, Iy, calcium pump, lkp,
potassium pump and Ik, ATP sensitive potassium
current, Iyaca, Sodium-calcium exchanger current, lyak,
sodium-potassium pump and lgir is the stimulus current.
These formulations are similar to those previously
developed by Luo and Rudy in 1994 [6], which forms the
basal framework of our mathematical model.

The dynamical course of membrane potential (V) over
time (t) in the fish model was described by the following
differential equation:

v Itor
dt  Cm (1)

where (lyy) is the total membrane current and (C,,) is
the membrane capacitance; |y, is calculated by summing
up the individual ion currents shown in Figure 1.
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Figure 1. Schematic diagram of the fish model with
variant ionic currents and Ca*" fluxes that are responsible
for generating APs. The fluxes within the cell are uptake
of Ca?* from the cytosol to the network sarcoplasmic
reticulum (SR) (l,p), Ca’* release from the junctional SR
(Ie)), Ca** flux from the network SR (NSR) to junctional
SR (JSR) (ly), Ca?* leak from the SR to the cytosol (ex).-

Figure 2 shows simulated Iy, lca, ke @and lgg currents,
which are compared to experimental data from whole-
cell voltage clamp recordings of teleost fish ventricular

myocytes, performed at 17-19 °C [7-10].
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Figure 2. Simulated current — voltage (I-V) relationships
with experimental data for teleost ventricular cells. Filled
circles represent the experimental data while the lines
show results from a simulated voltage clamp using the
fish ventricular cell model. A, is the I-V curve for Iy,
adapted from [11]. B, is the I-V curve for I, adapted
from [8]. C, is the I-V curve for I, adapted from [9]. D, is
the 1-V curve for I, adapted from [12]. The Iy, and lx;
currents were recorded experimentally at 18°C while I,
current was at 17°C and Ik, at 19°C.

The model at warm acclimation was coded in C
programing language using a Rush and Larsen numerical
integration method [6] to solve the ordinary differential
equations. The time step for the model was 0.01ms,
which gives a stable solution of the equations and
maintains the accuracy of the computation of membrane
potentials.

3. Results
3.1.  Fish ventricular action potential

Simulated APs were obtained with a 1-Hz stimulation
rate and calculated after at least 200 ms of continuous
simulation to ensure that a steady-state solution has been
reached. The AP for teleost fish ventricular myocytes at
18°C (warm acclimation) is shown in Figure 3.

Five different phases (0-4) have been observed in the
ventricular APs of most vertebrate animals including
teleost fish. However, in fish cardiac myocytes phase 1 is
absent indicating that the transient outward current (ly,)
(which is mainly carried by K* ions generating the phase
1 repolarization) does not exist in the fish heart [3].
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Moreover, the main repolarization currents is the rapid
component of the delayed rectifier current (lx,) while the
slow component of the delayed rectifier K current (Ixs) is
not found in the teleost heart. However, it might be
involved in other type of fish [3].
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Figure 3. Simulated steady state APs (over a 3000 ms
period) of the teleost fish ventricular myocytes at 18°C.

3.2.  Model validation

To validate the model, the characteristics of APs were
computed and compared to experimental data. Results are
shown in Figure 4.

The characteristics include the overshoot (OS) and AP
amplitude (APA). In simulations, they were 9.5 and 84
mV respectively, which are in agreement with
experimental data [13]. In the model, the computed
resting membrane potential (RMP) is -72 mV, which is
the same as that of experimental recordings [13].

The simulated APD at 50% of AP repolarisation
(APDsy) of the ventricular cell is 265 ms and the
simulated APD at 90% of AP repolarisation (APDy) is
308.8 ms, all of which match well with experimental
findings of different teleost species including (rainbow,
perch, pike, burbot, roach, crucian carp) from Haverinen
and Vornanen [13]. The maximum upstroke velocity
(dV/dtye) is 56 V/s, but no experimental data has been
published yet to compare with.
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Figure 4. Characteristics of simulated APs compared with
available experimental data for teleost fish model. In (A)
the overshoot (OS), resting potential (RP) and AP
amplitude (APA) are shown for the ventricular cells.
APDs, and APDg, values for ventricular myocytes are
shown in (B). The source of the experimental data is from
Haverinen and VVornanen [13].

The steady state APD rate-dependence for the
APDy, of the fish ventricular model is shown in Figure
5. The APDy, restitution curve illustrates that at basic
cycle lengths (BCLs) below 1000 ms, the model
demonstrates a great rate dependency and it becomes
more stable at BCLs above 1000 ms.
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Figure 5. Steady state APD rate dependence of the fish
model at 18°C demonstrating the cycle length
dependency of the APDyg, for the fish ventricular model.
Experimental data from [13].

4, Discussion and conclusion

A mathematical model for simulating the membrane
action potential of the teleost fish ventricular myocytes
has been developed. The model was based on, whenever
possible, available experimental data of single-cell fish
cardiomyocytes. It consists of individual ionic currents
that are formulated quantitatively on the basis of
experimental data and measured parameter values. The
characteristics of simulated action potentials, such as OS,
APA, RMP, APD50 and APD90, were in agreement with
available experimental data from different teleost species,
validating the model development. It is also hoped that
the model developed in this study will be used to develop
one-, two- or three-dimensional models of the intact
ventricular cells, then in the development of a whole heart
model for the fish.
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