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Abstract
From the ‘90s, the interest in the use of zebrafish has
exponentially grown thanks to the numerous
characteristics, very close to the human ones, that make
this little fish very attractive in different fields. Thus,
zebrafish has been increasingly proposed as a
pharmacological and genetic screening model. The
growing interest and the relevance of this animal model
motivate the development of a mathematical model of the
action potential of the zebrafish to facilitate the
understanding of the mechanisms associated with its
electrophysiological behavior and how they correlated
with those observed in humans.
This work presents the first attempt to develop a
mathematical model of the adult zebrafish action potential.
The model is based on the Ten Tusscher formulation of the
action potential of human cardiomyocyte in which the
main currents have been reparametrized to be adapted to
those of the zebrafish, while extending the model to
account for the T-type calcium current present in the
zebrafish. Preliminary results of the proposed model show
an action potential morphology in good agreement with
experimental data.

1.

Introduction

The numerous similarities between the physiology of
the zebrafish and the human have attracted the attention of
researchers from different fields toward this little fish. Of
particular interest is the resemblance in the action potential
due to the presence of ∼ 69% of human genes orthologues
[1] that lead to a functional similarity in cardiac ion
channels [2] and the shape and duration of the action
potential (AP). Thus, zebrafish has been increasingly
proposed as a pharmacological and genetic screening
model for studies of cardiotoxicity.
Given the growing interest and the relevance of this
animal model, developing an action potential model for the
zebrafish is important to study pathologies and drug
administration in-silico, in addition to better understand
the ionic mechanisms involved in the development of a
given pathology or the response to a particular drug. For

this reason, this work aims at developing a mathematical
model of the action potential model based on literature data
on ionic channels.

2.

Methods

This work develops an electrophysiological detailed
action potential model of the zebrafish from the Ten
Tusscher and Panilov (TP06) formulation for human
cardiomyocytes [3][4]. The approach consists in
reparametrizing the main currents to adapt them to the
zebrafish, while introducing new current based on
formulations used in other models of the action potential
and parametrized to the zebrafish. The choice of the TP06
model as the base model was made because of the
similarities between zebrafish and humans and its highly
computationally cost-effectiveness.

2.1.

Ionic channels

To develop a detailed AP model, experimental data
were necessary. For this reason, an extensive literature
review was performed to account for the most recent
experimental data regarding the main currents present in
the zebrafish (i.e., patch-clamp data). In addition to
individual channel data, electrophysiological information
associated with the whole cell response (i.e., AP waveform
and calcium transient, at different heart rates, necessary for
further model validation) was collected.

Figure 1. Main phases and currents in the zebrafish AP.
Experimental data from [5].

From the analysis, it emerged that the principal currents
present in the zebrafish, reported in Figure 1 are: i) the fast
sodium current 𝐼𝐼𝑁𝑁𝑁𝑁 , responsible for the rapid
depolarization that occurs during Phase 0 of the AP and
which shows a smaller density with respect to humans [6];
ii) the T-type calcium current 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 , that contributes to the
initial upstroke in Phase 0 [7], and iii) the L-type calcium
current 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 that maintain the long plateau phase (Phase 2)
and provide activator of Ca2+ for contraction [8]. iv) The
slow delayed rectifier current 𝐼𝐼𝐾𝐾𝐾𝐾 and v) the rapid delayed
rectifier current 𝐼𝐼𝐾𝐾𝐾𝐾 , respectively responsible in Phase 2
with less density [9] and Phase 2/3 with higher density in
zebrafish than in humans [10], and vi) the inward rectifier
potassium current 𝐼𝐼𝐾𝐾1 , that contributes returning to the
resting potential during Phase 4 and shows a smaller
density with respect to humans [11]. Finally, vii) Na+/K+
pump, and viii) Na+/Ca2+ exchanger, both responsible
during Phase 4 of the AP.
It is therefore evident that the main differences between
zebrafish and humans lie in the absence of the transient
outward current 𝐼𝐼𝑡𝑡𝑡𝑡 , and consequently in the lack of the
Peak and dome feature in the AP[12], and in the crucial
role that 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 assumes in the zebrafish in opposition to its
marginal role in humans. In fact, the presence of 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 in the
adult mammalian heart is mainly limited to the sinoatrial
node and conductive pathways [12].

2.2.

Action potential model

As described in the previous paragraph, the main
differences between the zebrafish and human AP are
related to the lack of the transient outward current 𝐼𝐼𝑡𝑡𝑡𝑡
which was removed from the model, and the importance of
the 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 that is missed in the TT model. The mathematical
model of the zebrafish action potential is then represented
as:
𝐶𝐶𝑚𝑚
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𝑑𝑑𝑑𝑑

= −𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

[𝐾𝐾 + ]𝑜𝑜

𝐼𝐼𝐾𝐾1 = 𝑔𝑔𝐾𝐾1 �

5.4

𝜒𝜒𝐾𝐾1∞ (𝑉𝑉 − 𝐸𝐸𝐾𝐾 ),

(3)

where 𝑔𝑔𝐾𝐾1 the maximum channel conductance, [𝐾𝐾 + ]𝑜𝑜 the
extracellular potassium concentration, 𝐸𝐸𝐾𝐾 is the reversal
potential of potassium, and 𝜒𝜒𝐾𝐾1∞ a time independent
inward rectifying factor that is function of the potential
defined for the zebrafish as
𝜒𝜒𝐾𝐾1∞ =

1

𝑉𝑉+81.5

1+𝑒𝑒 13.24

(4)

to best fit the experimental data from [11].
The rapid and slow rectifying currents, 𝐼𝐼𝐾𝐾𝐾𝐾 and 𝐼𝐼𝐾𝐾𝐾𝐾
respectively, were also slightly modified with respect to
the original TP06 formulation. The formulation of the 𝐼𝐼𝐾𝐾𝐾𝐾
was reformulated by introducing a fast and slow activation
gate to accommodate the experimental data from [10],
leading to
𝐼𝐼𝐾𝐾𝐾𝐾 = 𝑔𝑔𝐾𝐾𝐾𝐾 �

𝐾𝐾𝑜𝑜

5.4

𝑥𝑥𝑟𝑟1𝑓𝑓 𝑥𝑥𝑟𝑟1𝑠𝑠 𝑥𝑥𝑟𝑟2 (𝑉𝑉 − 𝐸𝐸𝐾𝐾 ),

(5)

where 𝑔𝑔𝐾𝐾𝐾𝐾 is the maximum conductance of the channel,
𝑥𝑥𝑟𝑟1𝑓𝑓 and 𝑥𝑥𝑟𝑟1𝑠𝑠 are the fast and slow activation gates
respectively, and 𝑥𝑥𝑟𝑟2 the inactivation gate.
For the case of 𝐼𝐼𝐾𝐾𝐾𝐾 , on the contrary, the original TP06
formulation was modified by considering only one
inactivation gate since it was found to better fit the
experimental data from [9]
𝐼𝐼𝐾𝐾𝐾𝐾 = 𝑔𝑔𝐾𝐾𝐾𝐾 𝑥𝑥𝑠𝑠 (𝑉𝑉 − 𝐸𝐸𝑘𝑘𝑘𝑘 ),

(6)

where 𝑔𝑔𝐾𝐾𝐾𝐾 is the maximum conductance of the channel, 𝑥𝑥𝑠𝑠
is an activation gate and 𝐸𝐸𝑘𝑘𝑘𝑘 is a reversal potential determined by a large permeability to potassium and a small
permeability to sodium ions as defined in [3]. For both
currents 𝐼𝐼𝐾𝐾𝐾𝐾 and 𝐼𝐼𝐾𝐾𝐾𝐾 the formulation from TP06 for the
gating variables has been assumed reparametrized to fit
experimental data for the zebrafish.

(1)

where 𝑉𝑉 is the transmembrane voltage, 𝑡𝑡 is time, 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is
the externally applied stimulation current, 𝐶𝐶𝑚𝑚 is the cell
membrane capacitance per unit surface area, and 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 is the
sum of the ionic currents given by the following equation:

𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐼𝐼𝑁𝑁𝑁𝑁 + 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐼𝐼𝐾𝐾1 + 𝐼𝐼𝐾𝐾𝐾𝐾 + 𝐼𝐼𝐾𝐾𝐾𝐾 + 𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 +
(2)
𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁

For most of the currents, the same formulation proposed in
the TP06 model was assumed, reparametrizing the steadystate and time constant curves of the different gating
variables, to fit experimental data reported for the
zebrafish. Figure 2 shows, as an example, the
reparametrized curves for the fast sodium current 𝐼𝐼𝑁𝑁𝑁𝑁 .
In other cases, the formulation has been slightly
modified to better fit experimental data, as is the case of
the inward rectifying current, 𝐼𝐼𝐾𝐾1 , defined in the TP06
model as

Figure 2. Steady-state and time constant curves describing the
gating of the fast Na+ current. Experimental data are from Chopra
et al., 2007 [6]. A: Steady-state activation. B: Steady-state
inactivation. C: Activation time constants. E: Fast inactivation
time constants. F: Slow inactivation time constants. τh and τj were
obtained by scaling the original TP06 curves [3] due to the
difference in body temperature between human and zebrafish (37
°C and 23 °C).

Regarding the sarcolemma calcium currents, 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 and 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 ,
the formulation for 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 from the TP06 model was
modified by removing the fast inactivation gate while
reparametrizing the voltage dependent activation and slow
inactivation gates according to the data from [13]. The
calcium dependent inactivation gate was left invariant. For
the T-type calcium current, 𝐼𝐼𝐶𝐶𝐶𝐶𝐶𝐶 , the formulation proposed
in [14][15] for the rabbit sino-atrial node was adopted an
the gating variables reparametrized to fit current-potential
curves of the zebrafish reported in [7].
With respect to the sodium calcium exchanger, 𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ,
and the sodium potassium pump, 𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁 , the same
formulation present in the TP06 model was adopted since
no experimental data for the zebrafish is available to date.
Further, the intracellular calcium formulation from the
original TP06 model with small modifications to
incorporate the T-type calcium current has been adopted in
this version of the model.
After formulating the behavior for the different gating
variables, a Montecarlo simulation that varied all ionic
conductances simultaneously was conducted to select the
combination that best fit the shape of the action potential
to experiments while rendering the model stable. The
Montecarlo simulation consisted in stimulating the model
with a trend of 110 stimulus at a frequency of 1 Hz
followed by 3 seconds without stimulation. The last 10
action potentials and the last 3 seconds of the simulation
were saved for analysis. A given combination of
parameters (ionic conductances) was considered valid if
the results showed absence of alternants in the last ten APs
and pacemaking behavior after interrupting the
stimulation. The model has been implemented in matlab
R2021a (Mathworks Inc.), the gates have been integrated
using the Rush-Larsen scheme, and a fixed time step of
0.02 ms has been used for the simulations.

3.

A more quantitative analysis of the different features
characterizing the modeled AP is given in Table 1. The
results show all features to be within the range of
experimental values.
Table 1. Comparison of AP characteristics between model and
experiments [5].
AP marker
RMP (mV)
APA (mV)
APD20 (ms)
APD50 (ms)
APD90 (ms)
dV/dtdepol (V/s)
dV/dtrepol (V/s)

4.

Model
-81.74
123.61
77.6
241.2
291
113.52
-2.7

Experiment
-89.88 ÷ -76.92
115.99 ÷ 138.21
181.2 ÷ 270.98
270.98 ÷ 435
39.42 ÷ 166.72
-7.2 ÷ -1.39

Discussion

This work presents the first attempt to develop an action
potential model for the adult zebrafish. The model
accounts for the major transmembrane currents that have
been characterized for this animal model together with the
intracellular ion dynamics. Mainly developed from the
reparametrization of a well-established human action
potential model, the TP06 model, it emerged that the
obtained action potential model well describes the main
features of the action potential waveform of the zebrafish.
In analyzing the results and evaluating the behavior of
the model, it is important to consider that the variability in
the experimental AP is very large, as shown in Figure 4
and in Table 1.

Results

The model resulted in a stable AP with all the
characteristic of the zebrafish AP as shown in Figure 3
namely, a fast repolarization phase, the absence of the peak
and dome and the presence of a well-defined plateau.

Figure 4. Variability of the action potentials in experimental data
[5] [9] [16].

Figure 3. Modeled action potential of the zebrafish.

The variability observed in the experimental data may
be associated with the rapid development of the zebrafish.
Moreover, some studies have reported how the different
temperatures in which the experiments are conducted and
the used protocol can influence the AP recording [17]. For
this reason, in this work, the numerical AP morphology
was compared with experiments using the largest number
of features possible. In addition, for the comparison
reported in Table 1, the work from Haverinen et al. [5] on

isolated ventricular myocytes in correspondence with the
numerical simulation of the AP model.
All the AP features evaluated and reported in literature
[5] were compared with the numerical model. Table 1
shows that all the numerical values describing the features
of the AP waveform are within the experimental range.
However, these results have to be considered as
preliminary and further tests regarding AP adaptability
(response to different stimulating frequencies) together
with the response to drugs has to be investigated to
determine the validity of the proposed model.
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