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L. Cestariolo and others

Abstract figure legend This study presents the development and validation of the first biophysically detailed
computational model of the zebrafish ventricular action potential (AP). The model is based on a human cardio-
myocyte framework and reparameterized using published and newly generated patch-clamp recordings of zebrafish
ionic currents. Model parameters were further calibrated using new experimental data, including microelectrode
recordings of membrane potential and optical mapping of calcium transients (CaT) in adult zebrafish whole hearts. The
model reproduces steady-state AP and CaT morphologies, restitution dynamics, and responses to ionic current block.
Comparative simulations and experimental data highlight the critical importance of calcium currents to the zebrafish AP
and CaT. The model offers physiological insight into calcium handling and excitation-contraction coupling in zebrafish

and provides a foundation for future whole-heart computational simulations.

Abstract In recent decades, the use of zebrafish to study cardiac electrophysiology has expanded
significantly, based on striking similarities between zebrafish and human action potentials, as
well as the underlying ion channels involved. Here, we developed a detailed mathematical model
of the zebrafish ventricular cardiomyocyte action potential. The model is based on a previously
developed human cardiomyocyte framework, with a simple calcium dynamics component that
allows realistic modelling of calcium transients and excitation—contraction coupling in zebrafish. It
was reparameterized using published patch clamp data and newly generated L-type calcium current
recordings from single cells to adjust the biophysical properties of the principal ionic currents.
The principal ionic current conductances in the model were then calibrated and validated using
new experimental data, including microelectrode measurements of membrane potential and optical
measurements of intracellular calcium in isolated hearts during steady-state and restitution pacing
protocols. The model was used to explore components underlying the zebrafish action potential
and calcium transient, highlighting that: (1) the T-type calcium current contributes to the action
potential upstroke; (2) the L-type calcium current strongly affects the plateau and is a greater
contributor to the intracellular calcium transient than sarcoplasmic reticulum calcium release; and
(3) both rapid and slow delayed rectifier potassium currents make significant contributions to action
potential repolarization. Overall, the novel zebrafish-specific computational model presented here
provides a valuable tool for studying cardiac electrophysiology in zebrafish and may be adapted in
future work for use in large-scale models to study whole heart electrical activity.

(Received 8 October 2024; accepted after revision 27 June 2025; first published online 31 July 2025)

Corresponding author Ludovica Cestariolo and Jose Felix Rodriguez Matas, Laboratory of Biological
Structure Mechanics (LaBS), Department of Chemistry, Materials and Chemical Engineering ‘Giulio Natta)
Politecnico di Milano, Piazza L. Da Vinci, 32, 20133 Milan, Italy.  Email: ludovica.cestariolo@polimi.it and
josefelix.rodriguezmatas@polimi.it

Key points

We have developed the first zebrafish-specific computational ventricular action potential model,
based on new and existing patch clamp data from single cells, with model calibration and
validation performed using newly generated voltage and calcium measurements in the whole
heart.

The model reinforces experimental findings, highlighting key roles of T- and L-type calcium
currents in sustaining action potential depolarization and the intracellular calcium transient.
Despite conflicting evidence regarding the existence of the slow delayed rectifier potassium
current in zebrafish, the model suggested its important role in repolarization.

While single-cell and tissue model simulations produced similar results, depolarization-related
parameters (i.e. action potential upstroke speed and amplitude) varied, highlighting the
importance of tissue-based simulations for accurate comparison with tissue-derived data.

The model accurately predicted action potential prolongation with individual current block,
aligning with experimental data. The effects of multi-channel block were greater than in human,
emphasizing the need for caution when translating zebrafish pharmacology.
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Introduction

The zebrafish (Danio rerio) has emerged as a powerful
experimental model for cardiac research, in part due to
its remarkable similarities to human cardiac function
and its high degree of genetic homology (Gut et al,
2017), with most zebrafish cardiac genes having human
orthologues with analogous function (Howe et al., 2013).
Zebrafish offer distinct advantages over traditional
mammalian models, being more cost-effective and
requiring less intensive husbandry and experimental
resources. Furthermore, the ease of introducing targeted
genetic modifications facilitates the study of underlying
pathways and mechanisms (Rafferty & Quinn, 2018).
These specific advantages have driven the popularity
of zebrafish in cardiac (patho-)physiology research and
high-throughput pharmacological screening, positioning
them as an essential tool for advancing our understanding
of cardiovascular health and disease (Gonzalez-Rosa,
2022; Stoyek & Quinn, 2018).

The zebrafish is particularly useful for studies of cardiac
electrophysiology, as resting heart rate, mechanisms of
automaticity, sarcolemmal ion channels, action potential
(AP) morphologies, calcium (Ca*") handling proteins,
and intra- and extracardiac regulatory control are
comparable to human (MacDonald et al., 2017; Nemtsas
et al., 2010; Stoyek et al., 2022). There are of course
limitations to their use for the study of some aspects of
cardiac physiology, as the zebrafish heart is composed
of two chambers (one atrium and one ventricle, unlike
the four-chambered heart of most mammals), operates
at relatively low pressures (Hu et al., 2001), and cardio-
myocytes (CMs) in zebrafish also have poorly developed
traverse tubules and ryanodine receptors that are less
sensitive to Ca’" than in mammals, such that even with
much higher sarcoplasmic reticulum (SR) Ca*" levels,
the release of Ca*" from the SR during excitation (via
Ca’T-induced Ca’* release) is limited (Bovo et al., 2013;
Brette et al., 2008), and partly driven by reverse-mode
sodium (Na™)-Ca’" exchanger current, which is much
higher than in mammals (Zhang et al., 2011). Also
important to consider for studies involving genetic
manipulation is the duplication of the zebrafish genome,
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which means that even though over 70% of zebrafish genes
are orthologous to human, 24% of human genes have
two orthologues in the zebrafish, leading to redundancy
of gene function that can make interpretation of results
difficult (Howe et al., 2013).

Yet, even with the popularity of the zebrafish as
an experimental model for studies of cardiac electro-
physiology (Ravens, 2018; van Opbergen et al., 2018;
Vornanen & Hassinen, 2016), and the extensive
use of biophysical computational AP models in
the field (Trayanova et al, 2024), comprehensive,
biophysically detailed computational models of the
adult zebrafish AP are lacking, limiting the potential for
generating novel mechanistic insight through combined
experimental-computational investigations (Quinn &
Kohl, 2013). To date, only phenomenological models
are available, such as those utilized by Crowcombe et al.
(2016), Qian and Tarte (2019), and Cestariolo, Luraghi,
et al. (2023), or preliminary reports from our group
describing the initial development of a full model, which
importantly outline the transition from the ten Tusscher
and Panfilov formulation of the human ventricular AP
from 2006 (TP06) (Cestariolo et al., 2022; ten Tusscher
& Panfilov, 2006) to the ten Tusscher and Panfilov pre-
vious formulation from 2004 (TP04) (Cestariolo, Ferrero,
et al., 2023; ten Tusscher et al., 2004) as the base model,
due to the simpler Ca®t handling system of the TP04
formulation, and improved agreement with experimental
data. This warrants the development of comprehensive,
biophysically detailed computational zebrafish AP models
to bolster the utility of the zebrafish as a model organism
and to enhance the translation of findings to human.

Based on this need, the goal of the current study was to
develop a 0D single-cell biophysical computational model
of the adult zebrafish ventricular AP that reproduces AP
and intracellular calcium transient (CaT) morphologies
at various stimulation rates, as well as their restitution
properties. For this, the TP04 formulation was modified
by reparameterizing the biophysical properties of the
principal ionic currents (fast Na® current, Iy,; L-type
Ca*" current, Ic,; rapid and slow delayed rectifier
potassium (K™) currents, I, and Ix,; the inward rectifier

He aims to provide insight into cardiac pathophysiology and pharmacological responses to further wet-dry studies of cardiac electrical activity.
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K" current, Ix;) and adding the T-type Ca** current, Ic,r,
using novel and published experimental patch-clamp data,
followed by calibration of their conductances using newly
generated experimental measurements of transmembrane
potential (V;,) and intracellular Ca?* dynamics from the
adult zebrafish isolated heart. This 0D single-cell model
was then incorporated into a 1D multicellular framework.
The developed 0D and 1D models accurately reproduced
the morphology of the AP and CaT in steady-state
conditions and experimentally measured AP (APD) and
CaT (CaTD) duration restitution and were subsequently
used to explore the mechanisms contributing to the
CaT in zebrafish and responses to the pharmacological
block of various ion currents, which agreed with previous
experimental findings.

In summary, here we have developed the first
computational model of the zebrafish ventricular AP,
based on novel experimental findings, which will be a
valuable tool for future translational studies of cardiac
electrophysiology in health and disease.

Methods
Ethical approval

Patch-clamp experiments using isolated zebrafish
ventricular myocytes were performed at Amsterdam
UMC (Amsterdam, The Netherlands) and were approved
by the Dutch Central Authority for Scientific Procedures
on Animals in accordance with the Utrecht Hubrecht
Institute and Amsterdam UMC ethical guidelines.
Zebrafish were sent from Brigham and Women’s Hospital
(Boston, MA, USA) and kept in quarantine at the Utrecht
Hubrecht Institute. On the day of cell isolations, zebrafish
were transported to Amsterdam UMC.

Microelectrode and intracellular Ca’*™ experiments
were performed at Dalhousie University (Halifax,
Canada) and were approved by the Dalhousie University
Committee for Laboratory Animals in accordance with
the Canadian Council on Animal Care ethical guidelines.
Zebrafish were maintained in standard 4-10 L tanks
(nif-0000-31933; Aquatic Habitats, Apopka, FL, USA)
at 28°C, with a continuous supply of conditioned water
provided by a recirculating water system and a 14/10 h
light/dark cycle. The fish were fed twice daily with
commercial dry fish food (Golden Pearl pellets; Brine
Shrimp Direct, Ogden, UT, USA) and live Artemia spp.
cultured in-house.

Experimental preparation

Cell preparation. Zebrafish were killed by submersion in
ice cold water for >1 min, until opercular movement
stopped and there was no response to fin pinch, followed

J Physiol 0.0

by excision of the heart. Ventricles from four or five adult
wild-type AB/Tuebingen (Tu) zebrafish of a mixed-sex
population were pooled and stored at room temperature
in a HEPES-buffered saline solution (in mM: 140 NaCl,
5.4 KCl, 1.8 CaCl,, 1 MgCl, 5.5 glucose, 5 HEPES),
with pH titrated to 7.4 using NaOH. Subsequently, the
ventricles were cut into small pieces and transferred
to HEPES-buffered saline with 10 pM CaCl, at 30°C.
This solution was refreshed once, and single cells were
dissociated by an enzymatic dissociation procedure as
described previously (Chiang et al., 2024). The cells were
stored at room temperature for at least 45 min in modified
Kraft-Briihe solution (in mM: 85 KCI, 30 K,HPO4, 5
MgSOy, 5.5 glucose, 5 pyruvic acid, 5 creatine, 30 taurine,
5 B-hydroxybutyric acid, 5 succinic acid, 1% bovine serum
albumin, 2 Na, ATP), with pH titrated to 6.9 using KOH.

Whole heart preparation. In total, 18 adult wild-type
AB zebrafish (11-13 months post-fertilization) from a
mixed-sex population were utilized for the whole heart
experiments. Zebrafish were anaesthetized with 1.5 mM
tricaine in Tris-buftered (pH 7.4; BP152, Fisher Scientific,
Hampton, NH, USA) 28°C tank water until opercular
movement stopped and there was no response to fin pinch.
The fish were then placed in a Sylgard-lined dish (DC 170,
Dow Corning, Midland, MI, USA) with HEPES-buffered
saline solution (in mM: 135 NaCl, 5 KCl, 5.5 NaHCO3, 1.5
NaH,PO,, 1.7 MgCl,, 1.8 CaCl,, 7.5 glucose, 5 creatine,
10 HEPES), with an osmolality of 300 & 5 mOsm/kg
and a pH of ~7.30 £ 0.05 at 28°C. A ventral midline
incision was made through the body wall and a block of
tissue encompassing the ventral aorta, ventricle, atrium
and sinus venosus was removed. The isolated heart was
pinned with 100 mm pins (Fine Science Tools, Foster City,
CA, USA) in a Sylgard-lined Petri dish with 5 mL of the
saline solution and maintained at 28.0 & 0.5°C. Custom
suction microelectrodes (1B100 and MPH6R10, World
Precision Instruments, Sarasota, FL, USA) connected to
an ECG amplifier (Animal Bio Amp, ADInstruments,
Colorado Springs, CO, USA) were placed on the atrium
and ventricle, and suction was applied with a 1 mL syringe
to measure the ECG from each chamber for confirmation
of successful pacing. The atria of hearts were paced at
2 Hz to control for heart rate (HR), using a square
pulse stimulator (S48, Grass Instruments, Quincy, MA,
USA) with a 2 ms pulse duration and current ranging
from 20 to 100 mA. Bath temperature was measured
using a thermocouple (T-type pod, ADInstruments).
Temperature and ECG signals were recorded at 2 kHz
using a software-controlled data acquisition system
(PowerLab and LabChart, ADInstruments).

Cell patch-clamp protocol. Isolated cells were placed in a
recording chamber on the stage of an inverted microscope

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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(Diaphot, Nikon) and superfused with HEPES-buffered
saline for Ic,;, measurements.

Ic, was recorded at 28°C with the amphotericin
perforated patch clamp technique using an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA,
USA). Voltage control, data acquisition and signal
analysis were performed with custom-made software.
Signals were filtered with a low pass filter with a
cutoft of 5 kHz and digitized at 10 kHz. Patch pipettes
(2.5-3.5 MQ, borosilicate glass capillaries; Harvard
Apparatus, Cambridge, UK) were filled with a solution
containing (in mM): 125 potassium gluconate, 20 KCl, 5.0
NaCl, 0.55 amphotericin-B, 10 HEPES; pH 7.2 (KOH).
Cell membrane capacitance (C,) was estimated by
dividing the time constant of the decay of the capacitive
transient in response to 5 mV hyperpolarizing voltage
clamp steps from —40 mV by the series resistance and
was calculated as 27.2 + 8.8 pF (n = 6; presented as
mean =+ SD). For Ic,; measurements, C, and series
resistance were compensated for by at least 60%.

Whole heart pacing protocols. Steady-state, S1-S2 and
dynamic restitution pacing protocols were performed. For
the steady-state pacing protocol, a train of 300 stimuli
was delivered to the heart, with cycle lengths of 1000,
500 or 200 ms. For the S1-S2 restitution protocol, after
a conditioning period of 10 stimuli at a cycle length of
500 ms (S1), a single premature stimulus of a shorter
cycle length (S2) was delivered to the heart. The S1-S2
coupling interval was progressively shortened from 500 to
100 ms, with a varying step size (steps of 50 ms from 500
to 400 ms, 25 ms from 400 to 300 ms, 20 ms from 300 to
200 ms, and 10 ms from 200 to 100 ms). For the dynamic
restitution protocol, trains of 100 stimuli were delivered to
the heart, with a decreasing cycle length for each stimulus
train (1000, 800, 600, 500, 400, 300, 250, 225, 200, 175 or
150 ms).

Ica. measurements

Current density and gating properties of Ic, were
recorded from a —60 mV holding potential using a
two-pulse voltage clamp protocol with a cycle length of 4 s
(see Fig. 4A, top panel). The first pulse (300 ms with test
potentials between —60 and 470 mV) served to activate
Icar, from which densities and voltage-dependency of
activation were analysed. The second pulse (200 ms to
0 mV) was used to analyse the voltage dependency of Ic,.
inactivation. Ic,;, was defined as the difference between
peak current and steady-state current (see Fig. 4A, bottom
panel) and was normalized to Cp,. Voltage dependence
of activation and inactivation curves were fitted with a
Boltzmann function (y = (vxiwl,z ) ), where V,/, is the
1+e k

half-maximal voltage of (in)Jractivation and k is the slope
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factor (mV). The time course of I, inactivatiqn was fitted
with a mono-exponential equation: y = Ae(~ 7). Data are
presented as mean =+ SD.

AP measurements

Intracellular microelectrode recordings of V., were
performed as previously described (Stoyek et al,
2024). Microelectrodes were pulled from borosilicate
glass tubing (0.5 mm inner diameter, 1.0 mm outer
diameter, with an internal filament; BF/100/50/10, Sutter
Instruments, Novato, CA, USA) with a Brown/Flaming
micropipette puller (P97, Sutter Instruments) and filled
with 3 M KCl, resulting in a resistance of 40-60 MS.
Electrodes were coupled to the headstage of an amplifier
(1600 Neuroprobe Amplifier, A/M Systems, Everett,
WA, USA) operated in the current clamp mode. The
measured potential was taken as the difference between
the potential inside the microelectrode and a silver/silver
chloride wire in the bath. With the electrode tip in the
bath, the potential was zeroed using the amplifier bridge
controls. The tip of the electrode was then moved with
a mechanical manipulator (MX/4, Narishige, Tokyo,
Japan) into the mid-ventricular/atrial epicardium until
an AP signal was obtained. At the end of a recording,
the microelectrode was withdrawn from the tissue, the
null potential was checked, and the data were adjusted
for shifts from zero, if necessary. Criteria for a successful
cell impalement and data inclusion were an AP with a
stable resting membrane potential (RMP) < —60 mV and
a peak > 0 mV maintained throughout the recording.
Data were recorded at 5 kHz using the data acquisition
system.

Thelast 10 beats for each cycle length of the steady-state
and dynamic restitution pacing protocols, and the S2
beat of the S1-S2 restitution protocol, were used for
AP analysis. RMP (stable V},, during diastole), maximum
AP upstroke speed (dV/dt|,,,,, maximum of the time
derivative of Vp,), time to peak Vi, (tpecak, the time
from RMP to maximum membrane potential, Vi),
AP amplitude (APA, the difference between V., and
RMP), and APD (time from the point of dV/dt|,,, to
a specified percentage decline in Vp, from peak to rest)
were calculated and averaged over the beats in MATLAB
(MathWorks, R2022a, Natick, MA, USA).

Ca?* transient measurements

Hearts were incubated with 0.02% pluronic acid (P2443,
Sigma-Aldrich, St Louis, MO, USA) in saline solution
for 1 min. Ca**-sensitive fluorescent dye was added to
the bath, along with 10 uM of the excitation-contraction
uncoupler (£)-blebbistatin (BB592490, Toronto Research
Chemicals, Toronto, Canada), to minimize artefacts

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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associated with movement during cardiac contraction.
Two different Ca’"-sensitive dyes with different
affinities for Ca’t were used: (1) 10 uM Rhod-2 AM
[ab142780, Abcam, Cambridge, UK; dissociation constant
(Kq) =~ 0.57 uM) or (2) 5 uM Fluo-5F AM (20560,
AAT Bioquest, Pleasanton, CA, USA; K4 ~ 2.30 uM),
which were incubated for 15 or 20 min, respectively,
followed by replacement with a saline solution containing
10 uM (£)-blebbistatin and 1 mM probenecid (P36400,
Fisher Scientific) and an additional 30 min period to
allow for dye de-esterification and the cessation of
contraction.

For fluorescence imaging, hearts were epi-illuminated
by a mercury arc lamp (U-HGLPS, Olympus, Tokyo,
Japan) through a compound macroscope (MVXI10,
Olympus) with a 1x objective (MV PLAPO 1 x, Olympus)
at 6.3x magnification or an upright microscope (BX63,
Olympus) with a 10x objective lens (MPlanFL N 10x,
Olympus) for Rhod-2 and Fluo-5E respectively. Rhod-2
was excited for 5 s periods with light passed through a
525 = 25 nm filter (FF03-525/50, Semrock, Rochester, NY,
USA) reflected by a 562 nm dichroic filter (FF562-Di03,
Semrock), with emitted fluorescence collected through
a 578 £ 10.5 nm filter (FF01-578/21, Semrock) and
captured on an EMCCD camera with Solis software
at 500 frames/s (iXon3, Andor, Belfast, UK). Fluo-5F
was excited for 5 s periods with light passed through a
466 £ 20 nm filter (F101-466/40, Semrock) reflected by
a 495 nm dichroic filter (FF495-Di03, Semrock), with
emitted fluorescence collected through a 574 £ 69 nm
filter (FF01-574/168, Semrock) and captured with the
EMCCD camera and Solis software at 500 frames/s.

For analysis, a 10 x 10-pixel region of interest was
chosen at the mid-ventricle. Ten consecutive CaT for each
cycle length of the steady-state or dynamic restitution
pacing protocol or the S2 beat of the S1-S2 restitution
protocol were used for CaT analysis. CaT upstroke speed
(dF/dt|,,.» maximum of the time derivative of scaled
fluorescence) and CaTD (time from the point of dF/d¢ |,
to a specified percentage decline in fluorescence from peak
to rest) were calculated and averaged over the beats in
MATLAB (MathWorks, R2022a). Additionally, a second
region of interest was chosen at a known distance from
the first region to calculate conduction velocity based on
the time delay between the respective upstrokes of the CaT
signals.

Due to photobleaching that occurs with the use of
Fluo-5F, an abbreviated pacing protocol was employed to
compare CaT measurements to Rhod-2, involving a train
of 100 stimuli with cycle lengths of 1000, 500 and 250 ms.

All experimental AP and intracellular Ca’" transient
data are presented as mean =+ SD. Data are available upon
request, and figures showing all individual data points are
available on Figshare (DOI: https://doi.org/10.6084/m9.
figshare.27997817).
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Computational model of the ventricular AP

Figure 1 gives a schematic representation of the adult
zebrafish ventricular CMs, illustrating the primary trans-
membrane currents and intracellular Ca*" handling
machinery. The computational model of the zebrafish
ventricular AP developed in the current study was based
on the TP04 formulation of the human ventricular
AP (ten Tusscher et al., 2004), chosen for its high
computational cost-effectiveness and justified by the
electrophysiological similarities between human and
zebrafish. While newer human computational models
exist, such as the updated ten Tusscher and Panfilov
formulation (TP06; ten Tusscher & Panfilov, 2006) or
the more recent O’Hara, Tomek and Bartolucci models
(Bartolucci et al., 2020; O’Hara et al., 2011; Tomek et al.,
2019), these incorporate more complex Ca** dynamics
that were deemed unnecessary for modelling the zebrafish
due to differences in its Ca?* handling system compared
to human. In fact, we first began developing our zebrafish
ventricular AP model based on the TP06 formulation
(Cestariolo et al., 2022) but later transitioned to the TP04
formulation (Cestariolo, Ferrero, et al., 2023) as its simpler
Ca** handling system resulted in an improved agreement
with experimental results.

As important differences between the ion channels of
zebrafish and human ventricular CMs exist, the model
was adjusted accordingly. Zebrafish ventricular CMs lack
transient outward K channels (which pass I,) (Alday
etal., 2014) and possess T-type Ca®* channels (which pass
Icat, and are almost undetectable in human) (Haverinen,
Hassinen, Dash, et al., 2018), so I, was removed from the
model and Ic,T introduced [based on the formulation of
Demir et al. (1994), for the rabbit sinoatrial node].

The TP04 model uses a parallel conductor model
for the CMs, in which the membrane is modelled as
a capacitor in parallel to non-linear resistances and
batteries, representing the ionic channels and current
sources for modelling the pumps and exchangers.
Therefore, the electrophysiological behaviour of the
single CM (0D) is described as:

dvV, 1
_:__Iin+1ima 1
dt Cm ( 0} st ) ( )
where C,, is the cell membrane capacitance, ¢ is time,
Itim is the externally applied stimulation current (with an
amplitude of —52 pA/pF and a 1 ms duration), and I, is
the sum of the ionic currents:

Lion = Ina + Icar + Icar + Ixs + Ikr + Ixi + Inak + INaca
+ IpCa + Ibna + Iocas (2)

where Iy, is the Na™-K" pump, Iy.ca the Nat-Ca?*
exchanger, I,c, the sarcolemmal Ca’" pump, and Iy, and
Iyc, the Na™ and Ca?* background currents, respectively.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A one-dimensional (1D) array of interconnected CMs
can be modelled by the well-known cable equation:

AL _Dazvm ! (Lon + Lstim) (3)
8t - axz Cm on stim / »

where x represents space and D is the effective diffusion
coefficient, proportional to the cable conductivity.

The physical units used in the model were: (1) ms
for time, t; (2) mm for space, x; (3) mV for voltage,
Vi (4) PA/WF for ionic currents, L; (5) pF/cm? for
cell capacitance, Cy; (6) mS/pF for maximum ionic
current conductances, Gy; (7) mmol/L for intracellular
and extracellular ionic concentrations, [X]; and [X],.; and
(8) mm?/ms for the effective diffusion coefficient, D.

Model implementation

The model was implemented in MATLAB (MathWorks,
R2022a). For the 0D (cell) simulations, a stiff solver (ODE
15s) with an adaptive time step was used. For the 1D
(cable) simulations, eqn (3) was solved using the operator
splitting numerical scheme together with the explicit Euler
method. To integrate the Hodgkin-Huxley type equations
for the gating variables of the various time-dependent

Mathematical model of the zebrafish ventricular action potential 7

currents (m, hand j for In,, dr and fr for Ic,t, di, fi, and
fca for Icar, x5 for Ix, and x;1 and x;; for Ix,, see ‘Sensitivity
activity’ for more details) the Rush-Larsen scheme was
used (Rush & Larsen, 1978). The parameters used for the
computational simulations are reported in Appendix 2
and the scripts for the MATLAB models and simulations,
along with a CellML version of the 0D model, are available
on GitHub (https://github.com/jfrodrig1971/Zebrafish).

For the 1D simulations, a 0.99 mm long cable
(compatible with the dimensions of the zebrafish
ventricle) uniformly discretized with elements
0.03 mm in size was implemented with eqn (3),
integrated using a constant time step of At = 0.02 ms.
The effective diffusion coefficient was set to D=
1.76 x 10~% mm?*/ms, resulting in a conduction velocity
of 126.8 mm/s, which is consistent with our experimental
measurements (125 £ 15 mm/s; n = 6) and conduction
velocity reported in the literature (Kikuchi et al., 2010;
Wang et al., 2011). The accuracy of the 1D computational
simulations was verified against simulations that
employed smaller space and time discretization of
Ax = 0.005 mm and At = 0.01 ms, respectively. Results
indicate that reducing the space discretization and time
step to these values leads to an increase in the conduction
velocity of less than 2% (from 127 to 129 mm/s).

Do o®

Sarcolemma

lcar Ica

Ibca @

Figure 1. Schematic representation of the adult zebrafish ventricular CM

On the sarcolemma, the ionic currents are: sodium (Na*) currents (fast Na*, /ya, and background Na™, fyng, in
yellow); calcium (Ca*) currents (T-type Ca*, Icat, L-type Ca®*, Ic41, background Ca®*, fc,, and sarcolemma Ca®*
pump, lyca in red); potassium (K™) currents (rapid delayed rectifier, /k, slow delayed rectifier, /s, and inward rectifier,
Ik1, in purple). Additionally, the Nat—K* pump (lyak) and the Nat—Ca2* exchanger (Inaca). In the sarcoplasmic
reticulum (SR), the currents include the uptake current (Ip), the release current (/) and the leak current (/)

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Half-maximal inhibitor concentration (ICsp) and Hill
coefficient (n) for the three ion channel blockers considered in
the current study

Compound Current ICso (M) n
Chromanol 293B Iks 2.265 1.49
E4031 Ixr 2.811 1.09
Quinidine INa 18.815 1.00
Iks 4.899 1.40
e 0.343 1.00

First, the biophysical properties of the principal
ionic currents were reparametrized using published and
measured voltage-clamp data from zebrafish (as described
in‘Model ionic currents’ below). Next, to calibrate the ion
channel conductances and Ca’" handling parameters,
a Monte Carlo simulation was conducted, involving
variation of the maximum conductance of all currents and
Ca*" dynamics parameters to identify combinations that
fit within the range of experimental data, while ensuring
model stability. The protocol involved stimulating the
model with 110 pulses at a frequency of 1 Hz, followed
by a 3 s period without stimulation. The last 10 action
potentials and the final 3 s of the simulation were saved
for analysis. A given combination of parameters was
considered valid if the results demonstrated, first, the
absence of alternans in the last 10 action potentials and
a lack of pacemaking behaviour following the cessation
of stimulation, and then if AP features fell within the
evaluated experimental ranges. The model turned out to
be stable, and as a result, a large number of parameter
combinations satisfied these conditions. Therefore,
manual parameter tuning was performed to adjust the
maximum conductance of the principal ionic currents
and better match the model’s restitution characteristics.
This practice is commonly adopted in computational
models due to the discrepancy between the current
density measured in voltage-clamp experiments and the
apparent contribution of the current to APD (Varré et al,,
2021). This inconsistency is probably attributable to the
sensitivity of ion channels (in particular K™ channels), to
the cell isolation procedures required for voltage-clamp
recordings, which can lead to substantial channel
degradation prior to current density measurement
(O’Hara et al., 2011; ten Tusscher et al., 2004; Tomek
etal., 2019; Yue et al., 1996). The final conductance values
are reported in Table Al in Appendix 2.

Simulations were then run using the same stimulation
protocols as for the experiments (described in‘Whole
heart pacing protocols’ above) to validate the model,
specifically: (1) a steady-state protocol; (2) a dynamic
restitution protocol; and (3) an SI1-S2 restitution
protocol. For the steady-state protocol, the following

J Physiol 0.0

AP characteristics of the last beat were compared with
experimental recordings: (1) RMP; (2) dV/d¢t|,. (3)
Vinaxs (4) APA; (5) APD at 90% and 50% repolarization
(APDy and APDs respectively); and (6) AP triangulation
(APDgyy — APDsy), as well as characteristics of the CaT:
(1) dF/df| . (2) time to peak Ca’t (fpea); and (3)
CaTD at 80% and 50% recovery (CaTDg and CaTDs,
respectively).

Sensitivity analysis

After model parameterization and validation, a sensitivity
analysis was conducted using both the 0D and 1D
models, to evaluate the influence of each current on AP
morphology. A Monte Carlo method was used, involving
5000 combinations of 18 parameters representing the
maximum conductance of the principal currents (G,
Gcar> Gears Gr, Gks> Gk GpCa> GbNa> Gbca> GNaks GNaCa))
the cytoplasmic volume (V.), and key determinants of
Ca®* dynamics (Vieak> Vinxw> Kup» Tg» btt fo, kbu f), which
were varied within a range of £30% with the exception
of V., which was varied within a range of £50%). Results
were analysed by quantifying the unique relationship
between each model parameter and the principal AP
characteristics (i.e. RMP, APA, APD,;, APDsy,, APDg,
APDygy, dV/dtmaxs Vinaxs tpeak and AP triangulation)
using partial correlation coefficients. This analysis was
performed by controlling for the influence of all other
parameters via a linear regression-based approach to iso-
late the direct contribution of each parameter to the
respective characteristics.

Model response to channel specific block

Steady-state APDy, was calculated in the presence
of channel-specific blockers and compared to values
reported in the literature. The simulated block was
based on experimental dose-response measurements in
zebrafish hearts for the block of I, with E4031 and I, with
chromanol 293B (Tsai et al., 2011), and the simultaneous
block of Iy,, I, and Ixs with quinidine in human (as no
data in zebrafish were available) (Crumb et al., 2016), pre-
sented in Table 1. Each drug was simulated using a pore
block model, expressed as:

F 1
B— ——— __<n
[C]
1+(@>

where F is the fraction of channel block, [C] is the
concentration of the drug, ICs, is the half-maximal
inhibitory concentration and n is the Hill coeflicient.
Simulated AP at baseline and after 15 min of 10 uM drug
application was compared with the reported experimental
measurements.

: (4)
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Model ionic currents

This section describes the sarcolemmal ion currents,
exchangers and pumps, and intracellular ion dynamics
of the model, and the experimental data used for their
biophysical parameterization. For most of the currents,
the same formulation proposed in the original TP04
human ventricular AP model was utilized, with the
steady-state and time-constant curves of the different
gating variables reparametrized by fitting to experimental
voltage-clamp data reported in the literature or measured
in the current study. A detailed listing of all relevant
equations can be found in Appendix 1.

Fast Na* current - Iy,. Voltage-gated fast Na™ channels
play a crucial role in the rapid upstroke of the ventricular
CM AP (Phase 0) and are partly responsible for
determining the velocity of impulse transmission between
cells (Vornanen & Hassinen, 2016). Iy, has been shown to
be present in zebrafish ventricular CMs, but at a density

A
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lower than in human, leading to a slower AP upstroke
(Vornanen & Hassinen, 2016).

The three gates formulation for the Na™ current from
the TP04 model, which was first introduced by Beeler &
Reuter (1977), was adopted:

INa=GNa'm3'h'j'(Vm_ENa)’ (5)

where Gy, is the maximum channel conductance, m is the
Vm-dependent activation gate, i and j are the fast and slow
Vm-dependent inactivation gates, and Exyj, is the reversal
potential for Na™. For each of the gating variables, the
first-order Hodgkin-Huxley-type differential equation,
characterized by a V,,,-dependent steady-state value and a
Vim-dependent time constant for reaching the steady-state
value was assumed (ten Tusscher et al., 2004) (see
Appendix 1s for detail of the differential equations).

The steady-state curve of the activation gates m>_ was
fit (Fig. 2A) with a Boltzmann function using steady-state
data from zebrafish activation gates expressed in Chinese

o Experimental Data - Chopra et al., 2007
= Experimental Data - Haverinen et al., 2021 x Experimental Data - Chiang et al., 2023

B
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Figure 2. Steady-state (in)activation and time constant curves describing the voltage (V,)-dependent

gating of Iy,

Model curves are shown together with experimental data (Chiang et al., 2024; Chopra et al., 2007; Haverinen,
Hassinen, Korajoki, et al., 2018; Haverinen et al., 2021), presented as mean or mean + SD. A, steady-state
activation and inactivation curves (heo, fast Vip-dependent inactivation gate; j, slow Vi-dependent inactivation
gate; M, Vin-dependent activation gate). B, activation time constants (zm). C, fast inactivation time constants (z,).

D, slow inactivation time constants (z)).
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hamster ovary (CHO) cells, as reported by Chopra et al.
(2007) (found in fig. 6 and table 6 of the published paper),
along with data from Haverinen et al. (2021) (found in
fig. 3 of the paper) and Chiang et al. (2024) (found in
fig. 3 of their paper). Similarly, the steady-state curves
for the inactivation gates ho joo were fit (Fig. 2A) using
experimental data from published work (Chiang et al.,
2024; Chopra et al., 2007; Haverinen et al., 2021).

Time-to-peak data from Chopra et al. (2007) (open
circles in Fig. 2B) were used to inform the derivation of the
activation time constant (ty,) in our model. Specifically,
we reparameterized the formulation for t, from the
TP04 model to fit these experimental time-to-peak data
(continuous line in Fig. 2B), ensuring the observed
kinetics of the fast Na® current accurately reflect the
observed values. For 7, and 7j, experimental recovery
from inactivation data was used (Chopra et al., 2007;
Haverinen, Hassinen, Korajoki, et al., 2018; Haverinen
et al,, 2021). The experimental data from Chopra et al.
(2007), were fit with two exponentials, generating two
distinct time constants. Additionally, scaling was applied
as the experimental data were collected at 21-23°C
(Chopra et al., 2007) rather than at 28°C. The curves
were scaled with a factor of 0.758, corresponding to a
Q10 = 1.74, as reported by Haverinen, Hassinen, Korajoki,
et al. (2018). Data from Haverinen, Hassinen, Korajoki,
et al. (2018) (found in table 2 of their paper) and
Haverinen et al. (2021) (found in figs 2 and 3 of their
paper) were also used to fit 7, and 7j. Since only ‘tail’
data (corresponding to Vi, between —40 and 0 mV) were
available, 7, and 7j were derived by shifting and scaling the
TP04 equations to the data (Fig. 2C and D). In particular,
7, was multiplied by a factor of 3.5, while 7; was shifted by
9 mV to the right and scaled by a factor of 0.8.

— Numerical Data ¢ Experimental Data - Nemtsas et al., 2010
x Experimental Data - Haverinen et al., 2018

—
i

X0 o0
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Figure 3. Experimetal current-voltage (/-V) data for Ic,r
Experimental current-voltage (/~V) data from the literature
(Haverinen, Hassinen, Dash, et al., 2018; Nemtsas et al., 2010) for
IcaT, presented as mean or mean =+ SD (if available), together with
the corresponding computational /-V/ curve.
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Table 2. Comparison of action potential (AP) characteristics
between the 0D and 1D computational models and
experimental recordings for steady-state pacing with a
cycle length of 500 ms. Experimental data are presented as
mean =+ SD. Isolated hearts from six experimental animals
were used, with intracellular AP recordings from three
ventricular cells in each (N = 6, n = 18). APA, AP amplitude;
APD, AP duration; dV /dt|,.,. AP upstroke speed; RMP, resting
membrane potential; V nax, maximum membrane potential

AP characteristic Model 0D Model 1D Experiment
RMP [mV] —81 —80 —-76 +6
dV/dtmax [V/s] 46 26 21 =& 3
Vimax [mV] 30 25 27 +7
APA [mV] 11 105 105+ 4
APD>g [ms] 65 75 75 + 13
APDsgg [ms] 134 136 138 £ 11
APDgg [ms] 163 164 169 + 14
APDgq [ms] 173 174 179 £ 17
Triangulation [ms] 40 38 41+ 8

T-type Ca?* current-Ic,r. One of the principal differences
between the zebrafish and human ventricular AP is the
importance of Ic,r in the zebrafish, specifically during
the upstroke of the AP (Phase 0) (Vornanen & Hassinen,
2016). In the adult human heart, Ic,r is limited to the
sinoatrial node, atrioventricular node and conductive
pathways, so is not present in the TP04 model. The
formulation for Ic,t used in the current model is based
on a previous formulation for the rabbit sinoatrial node
(Demir et al., 1994; Zhang et al., 2000):

Icar = Gear - d7 - fr- (Vin — Eca), (6)

where Gg,t is the maximum channel conductance, dr is
a Viy-dependent activation gate, fr is a Vj,-dependent
inactivation gate, and Ec, is the Ca’*  equilibrium
potential (see Appendix 1).

To fit the experimental behaviour of I, in zebrafish
to the rabbit model formulation, data from Haverinen
et al. (2021) (found in fig. 3 of their paper) and
Nemtsas et al. (2010) (found in fig. 4 of their paper)
were used. The experimental patch-clamp protocol was
modelled by incrementing voltage in steps to fit the
current-voltage curve (Fig. 3). The formulation was
then manually adjusted to ensure that the simulated
patch-clamp protocol produced an I-V relationship
consistent with the experimental data.

Ecar was obtained using the Nernst equation with the
experimental intra- and extracellular Ca** concentrations
described in‘Experimental preparation’ above.

L-type Ca?t current - Icy. Ic,. is responsible for the
extended plateau that is characteristic of both the human
and zebrafish AP (Phase 2) and plays a critical role in
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initiating contraction in ventricular CMs (Vornanen &
Hassinen, 2016). In the zebrafish, I, exists in ventricular
CMs, with a current density about fivefold larger than in
humans (Hove-Madsen et al., 2006; Zhang et al., 2011).

The formulation for Ic;; from the TP04 model was
adopted:

V..F?
Icao = Gecar - dr- fi- fca-4- ;T
[Ca**]. e/ — 0.341[Ca®"],
! 2VmF s (7)

err —1

where Gc,p, is the maximum channel conductance, d; is
a Viy-dependent activation gate, fi is a Vj,-dependent
inactivation gate, fc, is an intracellular Ca®*-dependent
inactivation gate, and the driving force is modelled
with a Goldmann-Hodgkin-Katz equation (ten Tusscher
et al., 2004) with [Ca?*]; and [Ca’*], the intracellular
and extracellular Ca®" concentrations respectively (see
Appendix 1).
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The original formulation from TP04 for fc, was
maintained, as data for the zebrafish were not available.
By contrast, for dio and fi., the original TP04
formulation was reparameterized to fit our newly
generated voltage-clamp data, as well as data from
Kompella et al. (2021) (found in fig. 2 of their paper).
Figure 4A shows the voltage clamp protocol used to
measure Ic,; (top panels) and a typical current trace
in response to a depolarizing step to 0 mV (bottom
panel). Figure 4B shows the steady-state activation
and inactivation curves of the model (continuous line)
together with the experimental data.

For the time constant t4;, (Fig. 4C) experimental data
from Zhang et al. (2011) (found in fig. 3 of their paper)
were used. As for the Na™ current, the time-to-peak was
evaluated for each voltage value, and the TP04 formulation
was reparameterized to fit the data. However, it was
necessary to scale the curve, as the experimental data
were collected at 21-23°C (Zhang et al, 2011) rather
than at 28°C. The curve was scaled with a factor of
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Figure 4. Steady-state and time constant curves describing the voltage (V,,)-dependent gating of Ic,.
Model curves are shown together with our newly generated experimental data and data from the literature
(Kompella et al., 2021; Zhang et al., 2011), presented as mean or mean =+ SD (if available). A, voltage clamp
protocol (top panel) and typical /5. activated by a depolarizing step to 0 mV (bottom panel) in an isolated zebrafish
cell of 22.4 pF. In blue lines and fonts are the /c,. parameters analysed. B, steady-state activation and inactivation
curves (fio, Vm-dependent inactivation gate; d\~,, Vnm-dependent activation gate). C, activation time constants
(zq1)- The dotted line represents the computational fit, and the continuous line represents the scaled curve used in

the model. D, inactivation time constants (zf,).
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0.756, corresponding to a Q9 = 1.62, as it produced
better restitution behaviour with the model. Finally, the
formulation for tg was modified from the TP04 model by
fitting to our generated patch-clamp data (Fig. 4D).

Rapid delayed rectifier K* current - It,. In zebrafish, I, is
known to play a significant role in the AP plateau (Phase
2) and repolarization (Phase 3) (Hassinen, Haverinen, &
Vornanen, 2015; Nemtsas et al., 2010). A slightly different
formulation than that of the original TP04 model has been
chosen to better fit the experimental patch clamp data
from Scholz et al. (2009) (found in fig. 5 of their paper):

K+
Q * X1t Xr2 (Vm_EK)’ (9)

I = Gy, -
K= M 4.85

where Gy, is the maximum conductance of the channel,

[K*],
4.85

dependence of the current, x,; is the activation gate, x,,
the inactivation gate, and Ey the K™ reversal potential.

represents the extracellular K™ concentration

J Physiol 0.0

Starting from experimental data from Scholz et al.
(2009), the steady-state formulation of the TP04 model for
activation and inactivation gates was reparameterized to
fit the experiments (Fig. 5A). Contrary to the steady-state
value of the activation gate, data associated with activation
and the time constant are only reported for —10 and
—20 mV (Scholz et al., 2009). Hence, the original
formulation for the activation time constant from the
TP04 model was scaled to fit the available experimental
data (Fig. 5B). The inactivation gate time constant, Ty,
was also fit to the available experimental data (Fig. 5C).

Slow delayed rectifier K* current - Igs. The first evidence
of the existence of Ik, in zebrafish, which is involved in
the AP plateau (Phase 2) and repolarization (Phase 3) in
mammals, was provided by Abramochkin et al. (2018),
along with a characterization of its electrophysiological
properties. The formulation for the Ixs current in the
model has been slightly modified from the original
TP04 formulation by altering the activation kinetics from

— Numerical Data o Experimental Data - Scholz et al., 2009
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Figure 5. Steady-state and time constant curves describing the voltage (V,)-dependent gating of Ik,
Model curves are shown together with experimental data (Scholz et al., 2009), presented as mean or mean = SD.
A, steady-state activation and inactivation curves (X;2», Vin-dependent inactivation gate; X1, Vim-dependent
activation gate). B, activation time constants (zy1). C, inactivation time constants (zy2).
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quadratic (x?) to linear (x;), to better fit the experimental
data:

Ixs = GKS * X (Vm - Eks) s (8)

where Gy, is the maximum conductance of the channel,
Xs is the activation gate, and Egs is a reversal potential
determined by assuming a large permeability to K™ and a
small permeability to Na™, as in the original TP04 model
(since no experimental data for the zebrafish are available;
see Appendix 1).

Steady-state activation, xs~, and values of the activation
gate time constant T were directly estimated from
current recordings presented in t Abramochkin et al.
(2018) (found in fig. 3 of their paper). Figure 6 shows the
data and fits used for the model (see Appendix 1 for the
detailed formulation).

o/ T [Nat ! [Ca+], = 25¢ DAY [+ [Cat]
° [
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. . _K+
where Gg; is the maximum channel conductance, [ 1 8;"

represents the extracellular K™ dependence of the current
and xgje is a time-independent inward rectifying factor
that is a function of the potential (see Appendix 1).

The equation for xxj., was derived from the I-V curve
for the zebrafish reported in Hassinen, Haverinen, et al.
(2015) (found in fig. 3 of their paper). Figure 7 shows the
experimental and computational I-V curves.

Exchangers, pumps and background currents.
Concerning the currents associated with the Na™-Ca*"
exchanger, INaca, and the Nat-K* pump, In.x, as well as
the sarcolemmal Ca*" pump, I,c,, and the Ca*" and Na™*
background currents, Iyc, and Iy,, the formulations pre-
sent in the TP04 model were adopted, as no experimental
data for the zebrafish are currently available.

INaCa kNaCa (K;Nai + [N(z’l"’_]i) (cha + [Ca2+]0) (1 + ksste(y_l)VmF/RT) ) (11)
[Kﬂ [Na*];
Ik = Puax - : 0.1Vin F ’ (12)
([K*]y + Kux) ([Nat];, + Kuna) (1 +0.1245¢~ “® + 0.0353e—VmF/RT)
Inward rectifier K* current — I. The inward rectifier [C“H]‘
K- Lica=Gpca - ———= 57> (13)
K" current influences AP morphology during initial P P Kpca + [Ca?t];
depolarization and final repolarization. More importantly,
I, is critical for stabilizing RMP during the diastolic IyNa = GbNa * (Vin — Exa) » (14)
period (Phase 4) (Hassinen, Haverinen, et al., 2015).
As for the other KT currents, modifications were made Irca = Gvca * (Vin — Eca) - (15)

to the original formulation to properly fit the available
experimental data. The current is defined in the TP04
model as:

[K*],

— XKoo - (Vi — Ex), (10)

Ixi = Gxy -
K1 K1 1385

A — Numerical Data
o Experimental Data - Abramochkin et al., 2018
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Intracellular ion dynamics. The dynamics of intracellular
Na™ concentration was formulated as in the TP04 model:

dNa; I I 3] 3]
ai _ Na F IbNa + 3INak + 3INaca CmAc- (16)
dt V.F

500

400+

3001

200+

100

-100-80 -60 -40 -20 0 20 40 60 80 100
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Figure 6. Steady-state and time constant curves describing the voltage (V,,)-dependent gating of Ik
Model curves are shown together with experimental data (Abramochkin et al., 2018). A, steady-state activation

(Xso0). B, activation time constant (zys).
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14 L. Cestariolo and others

Due to the removal of I, and I,x from the model,
the dynamics of intracellular K* concentration were
expressed as:

dK; _ _IK1 + Ixr + Ixs — 2Inak + Lstim

b CnAc. (17
dt V.F (17)

Finally, due to the addition of Ic,r, intracellular Ca*t
dynamics were modified as follows:

Ileak - Vleak ' ([Ca2+]sr - [Ca2+]i) ’ (18)

_ Vmaxup
1+K2 /[Ca?*]}

[ca™];,
Irel = | Grel - 5 2112
b, + [Ca*T],

rel

Lp (19)

+ Crel) : dL - g, (20)

[Ca®™]. - buf.

Cainfe = ——"——+, 21
ibufc [Cd2+]i T kbufc ( )
dcaitotal _ _ICaL + Icar + Ihca + IpCa — 2INaca

. 2V.F

CnAc + leak — Iup + Lel, (22)
[Ca*t]_ - bufy
Ca = St , 23
srbufsr [Ca2+]sr T kbufsr ( )
dCa 1 VC

— = : (Iup — Deax — Irel) s (24)

dt Ver

where I,k is a leakage current from the SR to the cyto-
plasm, I, is the sarco-endoplasmic reticulum ATP-ase

— Numerical Data -- Experimental Data - Hassinen et al., 2015
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Figure 7. Experimental current-voltage (/-V) data for Iy,

Experimental current-voltage (/~V) data from Hassinen, Haverinen,
et al. (2015) and the corresponding computational /-V/ curve for /g,
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(SERCA) pump-mediated flux of Ca®" into the SR, L is
the Ca?*-induced Ca®* -release current from the SR, dj is
the activation gate of I, reused as the activation gate of
I, and g is the Ca?*-dependent inactivation gate of Iy
(see Appendix 1 for details). Cajrora is the total Ca’™ in
the cytoplasm, which consists of the free ([Ca**];) and
buffered (Cajpure) Ca®" in the cytoplasm. Cagyor is the
total Ca?" in the SR, which consists of the free ([Ca**]¢g)
and buffered (Cagpusr) Ca®t in the SR (ten Tusscher et al.,
2004).

Finally, regarding the volumes of the various intra-
cellular compartments, the cytoplasmic volume V. is set to
390 um?, following reported dimensions of the zebrafish
ventricular CM (Brette et al., 2008) and assuming that V.
corresponds to 40% of the cell volume. The volume of
the sarcoplasmic reticulum Vg is calculated as 5% of the
cytoplasmic volume, in accordance with data from other
fish species (Shiels & Galli, 2014). The capacitive area,
A, is assumed to be twice the surface area of the cell,
as in O’Hara et al. (2011), with the surface area of the
cell set to 1500 um?, corresponding to the lower bound
value reported for the zebrafish (Brette et al., 2008). This
leads to a cell capacitance of 30 pF, which is within the
experimentally measured range (27.2 & 8.8 pF).

Results
Steady-state pacing protocol

Figure 8 shows the comparison between the experimental
AP recordings and the output of the 0D and 1D
computational models during steady-state pacing at 2 Hz.
Both the 0D and 1D computational APs fall within the
range of the experimental data, showing good agreement
with the recorded AP morphology, including a lack of a

40- — Model 0D — Model 1D — Experimental Data

0 100 200 300 400 500
Time (ms)

Figure 8. Comparison of experimental action potential data to
computational models

Comparison of the experimental action potential recordings and 0D
and 1D computational outputs for steady-state pacing with a cycle
length of 500 ms
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spike-notch-dome architecture due to the absence of I,
in the zebrafish.

A quantitative comparison of measured AP
characteristics for the experimental and modelled signals
is given in Table 2. The results show that all features are
within the range of experimental values (mean + SD),
except for APA and dV/dt|,,,, which are greater for the
0D model due to the absence of electrotonic coupling that
exists in tissue (from which the recordings were made)
and included in the 1D model as an axial current.

Figure 9 shows the comparison between the
experimental CaT recordings using the higher (Rhod-2)
and lower (Fluo-5F) affinity Ca*" dyes and the output for
the 0D and 1D computational models during steady-state
pacing with a cycle length of 500 ms. In Fig. 94, it is
evident that CaT recorded with Rhod-2 are longer than
those obtained with Fluo-5F, showing an artefactual
difference due to the relatively high Ca*" affinity, which
has been shown previously in mammals (note that
while useful for investigating only Ca>" dynamics, CaT
amplitude cannot be compared with non-ratiometric
dyes, as total fluorescence depends on dye brightness,
loading and light exposure, and thus CaT values are
scaled between 0 and 1) (Babcock et al., 1997; Davidson
& Duchen, 2018; Pozzan & Rudolf, 2008; Stamm et al.,
2003). Thus, as shown in Fig. 9B, both the 0D and
1D computational CaT show good agreement with the
Fluo-5F recorded CaT morphology. In fact, as seen in
Fig. 9C, when Ca’*" buffering parameters were modified
in the models to mimic the higher Ca** buffering (bu f.
and 7y increased 1.5x, kbu f,; increased 4x, and [Ca®*];
increased by 0.4x), the 0D and 1D computational CaT
instead agreed with the Rhod-2 recorded CaT.

A quantitative comparison of measured CaT
characteristics for the experimental and modelled signals

Mathematical model of the zebrafish ventricular action potential 15

is given in Table 3. The results show that all features are
within the range of experimental values calculated from
the Fluo-5F signals (mean + SD) but not for the values
calculated from the Rhod-2 signals, due to the higher
calcium affinity of the dye. Also, while both are within the
experimental range, it is worth noting that CaT upstroke
speed (dF/dt|,,,) is greater for the 0D than the 1D model
due to the lack of electrotonic coupling (similar to the
difference in AP upstroke speed).

Figure 10 shows the principal currents over the course
of a single AP in the 0D and 1D computational models
for steady-state pacing with a cycle length of 500 ms. The
currents are largely similar for the two models, with small
differences in peak current density and dynamics of the
depolarizing currents. For the 1D model, the peak density
of Ic,y., is greater than the 0D model, while the peak density
of all other currents is slightly decreased, and the peaks
of the depolarizing currents are slightly delayed due to
electrotonic coupling in the tissue model.

In Fig. 104, the contribution of voltage-gated Na*
channels in zebrafish ventricular CMs, which are critical
for the rapid upstroke of the AP (Phase 0) and influence
the speed of impulse transmission across the heart, is
evident. The lower peak density of Iy, compared to human
and other mammals is largely responsible for the slower
AP upstroke speed in zebrafish and may also contribute
to the slower speed of impulse conduction (Vornanen
& Hassinen, 2016). In Fig. 10B, a contribution of Ic,t
to the zebrafish ventricular AP upstroke (Phase 0) is
evident, which has been shown experimentally (Alday
et al., 2014), and is in contrast to mammals, in which I,
exists only in the sinoatrial node, atrioventricular node
and conduction system (Vornanen & Hassinen, 2016).
In Fig. 10C, it is clear that as in mammals, Ic,; plays
a critical role in sustaining the AP plateau (Phase 2)

A — Fluo-5F AVG Rhod-2 AVG — Model 0D - Rhod-2 C = Model 0D - 1 Ca?* Buffering — Rhod-2
1.0 Fluo-5F Raw Data ~ Rhod-2 Raw Data - —Model 1D — Fluo-5F ~— Model 1D - 1 Ca?* Buffering — Fluo-5F
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Figure 9. Comparison of the experimental calcium transient data to computational models

Comparison of experimental calcium transient recordings and 0D and 1D computational outputs for steady-state
pacing with a cycle length of 500 ms. A, individual and average experimental calcium transient recordings using
Rhod-2 (higher affinity dye) and Fluo-5F (lower affinity calcium dye). B, average experimental calcium transient
signals from A compared to the outputs from the 0D and 1D computational simulations. C, calcium transients
from 0D and 1D computational simulations mimicking increased Ca2* buffering with Rhod-2 compared to average

experimental calcium transients from A.
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Table 3. Comparison of calcium transient (CaT) characteristics between the 0D and 1D computational models and experimental
recordings for steady-state pacing with a cycle length of 500 ms. Experimental data are presented as mean + SD. Isolated hearts
from six experimental animals were used, with signals averaged over regions of interest taken from three distinct regions of the

ventricle in each (N = 6, n = 18). CaTD, CaT duration; dF/d¢|,.x, CaT upstroke speed

CaT characteristic Model 0D Model 1D Experiment (Rhod-2) Experiment (Fluo-5F)
dF/dt]may [Ms™"] 0.057 0.052 0.028 = 0.005 0.055 = 0.006
CaTD, [ms] 117 137 £ 15 115+ 9
CaTDsq [ms] 149 192 + 16 152 + 12
CaTDgg [ms] 185 276 £ 19 196 & 14

and supplying Ca’" for contraction to occur (Vornanen
& Hassinen, 2016). The current density of I, in the
models, however, is higher than for human, with peak and
plateau values almost double those found in recent human
ventricular AP models (Bartolucci et al., 2020; O’Hara
et al., 2011; Tomek et al., 2019), such that it will have
a larger direct role in the CaT. Figure 10D-F show the
principal repolarization currents, with I, and Iy, having
similar dynamics to recent human ventricular AP models
(O’Haraetal., 2011), while Ix; shows remarkably different
behaviour, contributing to the plateau of the AP (Phase 2),
in agreement with reports for zebrafish (Ravens, 2018).

$1-S2 restitution pacing protocol

Figure 11 shows the restitution behaviour of various AP
characteristics for the 0D and 1D computational models
obtained with the S1-S2 pacing protocol, compared to
averages of the experimental results (figures showing
individual experimental curves are available on Figshare,
DOI: https://doi.org/10.6084/m9.figshare.27997817). The
restitution behaviour of RMP and APD for both the
0D and 1D computational models aligns well with the
experimental recordings and is also in agreement with
reports for isolated zebrafish ventricular CMs (Koopman
et al., 2021). For dV/d¢|,,,, and APA, however, only the
output of the 1D model fits the experimental data, as
values for the 0D model are greater and outside of the
experimental range due to electrotonic effects of cells
coupled in tissue.

Unfortunately, due to signal degradation related to
photobleaching with the use of the lower affinity Ca*" dye
(Fluo-5F), we were unable to make measurements of CaT
with the S1-S2 pacing protocol; CaT restitution dynamics
for the dynamic pacing protocol are provided below.

Dynamic restitution pacing protocol

Figure 12 shows the restitution behaviour of various AP
characteristics for the 0D and 1D computational models
obtained with the dynamic pacing protocol, compared to
the experimental results. As for the S1-S2 protocol, the

0D and 1D models generate RMP and APD restitution
behaviour within the experimental range, but the curves
are generally flatter in each case, while only dV/dt|,,, and
APA of the 1D model fit the experimental data, with 0D
values again being greater and outside of the experimental
range.

Figure 13 shows the restitution behaviour of dF/dt|
and CaTD for the 0D and 1D computational models
obtained with the dynamic pacing protocol, compared to
the experimental results obtained using both the higher
(Rhod-2) and lower (Fluo-5F) Ca’" affinity dyes. The
behaviour of both dF/d¢|y.x and CaTD from the models
were similar to experiments using the lower affinity
dye, except for dF/dt|m.x at longer cycles lengths, for
which the 0D model produced higher values outside of
the experimental range. The experimental measurements
using the higher affinity dye, on the other hand, differed
from the lower affinity dye and computational results, with
lower dF/dt|max and greater CaTD values.

Sensitivity analysis

Figure 14 shows the results of the sensitivity analyses,
which were similar for the 0D and 1D simulations. They
reveal that characteristics of the AP upstroke (Phase 0) are
determined primarily by fast Na™ channels, in agreement
with Nemtsas et al. (2010). However, the total block of
Ina current did not prevent excitation, demonstrating a
pivotal role of Ca*" influx for ventricular CM excitation
in the zebrafish. An impact of the Nat-K* pump on
dV/dt|max and APA was also evident, which is an aspect
not previously reported in the literature for zebrafish or
human. Also different from what has been observed in the
ten Tusscher et al. human ventricular model using similar
techniques to the current study (Romero et al., 2009), the
Na®-K" pump had a mild influence on AP repolarization.

Regarding Ca’" currents, the sensitivity analysis
indicates that Ic,r and Ic,; have distinct influences on
ventricular AP morphology. Ic,. appears pivotal for the
plateau of the zebrafish AP (Phase 2), as in human and
mammals, and in agreement with experimental reports
(Brette et al., 2008; Nemtsas et al.,, 2010; Zhang et al.,
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2011), and also influences APA and Vp,,y. In fact, the only
parameters that seem to not be greatly affected by Ic,; are
those related to Phase 0 (i.e. AP upstroke speed and time
to peak). In contrast, Ic,r primarily influences the speed
of the AP upstroke.

The sensitivity analysis also highlights that the
three principal K* currents (Ix,, Ixs and Ix;) play a
similar role in AP, driving repolarization, although AP
triangulation is less affected by Ix,. In the model, the
Ix:Ix; maximal conductance ratio (Gg:Gx1) is 1:5, while
the Ix,:Ix, maximal conductance ratio (Gg,:Gy,) is 1:12,
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in agreement with previous reports from (Abramochkin
et al, 2018; Hassinen, Haverinen, & Vornanen, 2015;
Hassinen, Haverinen, et al., 2015). Yet, despite the
relatively small maximal conductance of Ix; compared to
Ix: and Ix;, the resulting current amplitude of Iy, during
the action potential is similar to that of Ix, (Fig. 10D-F).
This highlights that Ix; still has a substantial influence on
AP repolarization.

There is also an apparent influence of Ca’" handling
on AP repolarization, through cytosolic Ca*" buffering
(bu f.) activity of the Na™-Ca®" exchanger.

— Model 0D — Model 1D
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-—60
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Figure 10. Comparison of the principal currents in the 0D and 1D computational models during
steady-state pacing with a cycle length of 500 ms, including the associated action potentials (dotted

lines)

A, fast sodium (Ina); B, T-type calcium (Icat); C, L-type calcium (Ica); D, rapid delayed rectifier potassium (l); E,
slow delayed rectifier potassium (ls); and F, inward rectifier potassium (/) currents.
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Calcium handling in the zebrafish model

As Ca’*" handling differs in zebrafish ventricular CMs
compared to human and other mammals (van Opbergen
et al,, 2018), we sought to further explore cytosolic flows

L. Cestariolo and others J Physiol 0.0
of Ca’" contributing to the CaT in our computational
model. Specifically, in Fig. 15 we compared the relative
contribution of ryanodine receptor-mediated SR Ca*"
release and Ca’' influx through sarcolemmal Ca*"
channels to the change of [Ca®'];. Figure 15A presents
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Figure 11. Comparison of experimental and computational restitution behaviour of several action
potential (AP) characteristics for the S1-S2 pacing protocol

The experimental AP characteristics, including resting membrane potential (RMP), maximum upstroke speed
(dV/dtmax) and AP duration (APD), were derived from recordings in isolated hearts, and are presented as

mean =+ SD.
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Figure 12. Comparison of experimental and computational restitution behaviour of several action
potential (AP) characteristics for the dynamic pacing protocol

The experimental AP characteristics, including resting membrane potential (RMP), maximum upstroke speed
(dV/dtmax) and AP duration (APD), were derived from recordings in isolated hearts, and are presented as
mean =+ SD.
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the rate of change of [Ca’"]; due to each current (see eqn
68 in Appendix 1), highlighting its magnitude and time
course during the CaT. From this (and inset panel A1) we
can see that initially (for the first ~20 ms of the CaT), the
principal contributors to the change of cytosolic Ca** flow
from the SR - either via Ca?*-induced Ca’* -release (I,¢)
or ryanodine receptor leak (I¢], which we have combined
as Isg) — or Ic,, with an additional small contribution
from Ic,r, reverse mode of the Na™-Ca?* exchanger, and
Iyca (inset panel A2). After that, Ca** flow from the SR
ceases, and the remainder of the CaT is due primarily to a
persistent level of Ic,y.

This balance of contributions to the CaT is also evident
when one considers the effect of individually blocking
each flow of Ca?" in the computational model, as seen in
Fig. 15B. With the block of Isg, the initial portion of the
CaT is blunted, while blocking I, affects both the initial
and later phases of the CaT, having the most profound
effect on the total change in Ca®". Block of Ic,r or Iyc,,
on the other hand, has little effect on the CaT. In Fig. 15C,
the composition of the CaT is assessed by calculating the
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percentage contribution of each Ca?* flow to its peak
amplitude. This shows that block of I, reduces the CaT
peak by 52.2%, whereas the CaT peak is reduced by only
33.4% with block of Isg and by 1.2% or 2.2% with block of
Icar or Iyca.

To directly compare Ca*" handling in the 1D
computational model to what has been shown
experimentally, we ran simulations mimicking
experiments performed by Bovo et al. (2013) in zebrafish
isolated ventricular CMs. Figure 15D shows the model
output for the simulated experiment, which involved
pacing at 2 Hz, followed by a complete release of SR
Ca?’* - mimicked experimentally using caffeine and
simulated computationally by increasing the conductance
of I fivefold, until SR calcium was depleted - followed
by the resumption of pacing. From this, the amount
of Ca’" released from the SR during a normal beat
was measured as the difference between CaT amplitude
immediately before and after the caffeine-induced CaT,
with the remainder attributed to sarcolemmal Ca’"
influx, and the fraction of total SR Ca’*" release was
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Figure 13. Comparison of the experimental and computational restitution behaviour of several calcium
transient (CaT) characteristics for the dynamic pacing protocol

The experimental CaT measurements, including maximum upstroke speed (df /dtmax) and CaT durations (CaTD)
were obtained using two calcium dyes with different affinities — Rhod-2 (higher affinity) and Fluo-5F (lower affinity)

—in isolated hearts, and are presented as mean =+ SD.
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Table 4. Response to channel specific block. APD, action potential duration

Compound Concentration [uM] Block Model APDgg Experimental APDgq
prolongation prolongation
E4031 10 78% Iy, 30% 8-31% (Tsai et al., 2011)
Chromanol 293B 10 90% Is 14% 11-38% (Tsai et al., 2011)
Quinidine 35% Ina
10 97% Iy, 61% 8-30% (Crumb et al., 2016)
73% Igs

calculated by dividing normal SR Ca®" release by the
amplitude of the caffeine-induced CaT. As shown in
Fig. 15E, from these measurements we can calculate the
relative contribution of sarcolemmal and SR Ca’*t flow
to the CaT, which indicates that 83.5% of the CaT comes
from sarcolemmal currents and only 16.5% comes from
the SR, amounting to a fractional release of only 7.2% of
total SR Ca*". These values are similar to the findings of
Bovo et al. (2013) (fig. 2 of their paper), who measured
an 84.1 & 9.5% contribution of Ca®* currents to the CaT
and a 15.9 £ 9.5% contribution of SR Ca?T release, with
a fractional SR Ca?* release of ~9% (Bovo et al., 2013).
For comparison, in rabbits sarcolemmal and SR Ca*"
contribute 44 £ 16 and 55 & 13% to the CaT, respectively,
with a fractional release of ~ 40% (Bovo et al., 2013),
indicating that in zebrafish ventricular CMs only a small
fraction of Ca?" stored in the SR contributes to the
CaT.

Na Cal CaT Kr Ks K1 pCa bNa bCa

RMP
APA
APD90
AF’D80

- + - + +
AF’D50

= = F -
APD,, ‘1

dV/dt
m:

\%
max

beak

ax

Response to channel-specific block

Table 4 shows the effect of simulated block of I, (as with
E4031) or Ig (as with chromanol 293B), or combined
block of In, Ik, and Ik, (as with quinidine), on APD in the
computational model. For block of Iy, and Iy with E4031
or chromanol 293B, APD prolongation in the model fell
within the experimental range previously reported for
zebrafish (Abramochkin et al., 2018; De la Cruz et al.,
2023; Tsai et al,, 2011). In contrast, for multichannel
block with quinidine, the model overpredicted APD
prolongation compared with experimental findings (Tsai
etal., 2011).

Discussion

We present the development of the first computational
model of the zebrafish ventricular AP. Our model

GNaK GNaCa V\eak meu Kup Vc 7-g bUfc kbufc

Triangulation

peak |l

Triangulation

Figure 14. Sensitivity analyses for the principal ionic current conductances and other key parameters
determining characteristics of the action potential (AP) in the 0D (top) and 1D (bottom) computational
models
APA, AP amplitude; APD, AP duration; dV/dt|max, AP upstroke speed; RMP, resting membrane potential; toeak,
time to maximum membrane potential; Vinax, maximum membrane potential.
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incorporates a detailed biophysical parameterization
of the principal ionic currents using both published
patch-clamp data and our newly generated recordings
from isolated adult zebrafish ventricular cardiomyocytes.
In addition, we performed model calibration and

Mathematical model of the zebrafish ventricular action potential 21

validation in both isolated cell (0D) and tissue (1D)
simulations using comprehensive experimental data,
including microelectrode and fluorescent CaT recordings
during steady-state and restitution pacing protocols in
the adult isolated heart.
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Figure 15. Cytosolic calcium (Ca?t) flows contributing to the calcium transient (CaT) in the 1D

computational model

A, the rate of change of intracellular calcium concen
release (lsg) or Ca?* influx through sarcolemmal Ca?*
the Nat—CaZt exchanger, Iyaca)- B, effect of individual

tration ([CaZt];) due to sarcoplasmic reticulum (SR) Ca2*
channels (L-type, IcaL; T-type, Icat; background, fyc,; and
ly blocking each flow of Ca2* in the computational model

on the CaT. C, percentage contribution of each Ca?* flow to peak CaT amplitude. D, simulated experiment,
mimicking that performed by Bovo et al. (2013). Arrowheads represent stimulated beats. £, relative contribution

of sarcolemmal and SR Ca?* flow to the CaT.
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Characteristics of the experimental AP recordings were
within the range of those previously reported for zebrafish
whole heart and single cell preparations (Abramochkin
et al., 2018; Kompella et al., 2021; Nemtsas et al., 2010;
Tsai et al., 2011; Vornanen & Hassinen, 2016). After
model calibration using the steady-state pacing data, all
AP characteristics were still within previously reported
experimental ranges: (1) APDyy = 132-275 ms; (2)
APD50 = 95-240 ms; (3) dV/deax = 18-25 mV/ms;
(4) AP amplitude = 90-110 mV; and (5) RMP = —82
to —60 mV (Kompella et al., 2021; Kopton et al., 2018;
Nemtsas et al., 2010; Stoyek et al., 2022; Vornanen &
Hassinen, 2016).

The model was then validated and further refined
using data from the restitution pacing protocols, which
also provided novel information about AP and CaT
restitution in the zebrafish ventricle. It was found that
the zebrafish ventricular AP restitution curves resembled
those of human. In both species, APD decreases mono-
tonically in response to a dynamic increase in stimulation
frequency. In the zebrafish the maximum reduction in
APD was between 22 and 28%, in good agreement with
the 25-29% reduction that has been reported for human
(O’Hara et al., 2011). In response to an S1-S2 restitution
pacing protocol, APD also monotonically decreases in
both zebrafish and human, but with the zebrafish showing
a smaller percentage reduction (13-15%) compared to
human (22-25%) (O’Hara et al., 2011).

While no previous experimental data are available
regarding CaT restitution dynamics in zebrafish, our
computational model fits well with the novel experimental
data generated in the current study. For the model,
we used the original TP04 formulation, which, after
parameterization and calibration, produced CaT that
closely aligned with the experimental data, suggesting
similarity to human Ca’" dynamics. Moreover, by
comparing CaT using two different fluorescent dyes -
one with higher affinity (Rhod-2) and one with lower
affinity (Fluo-5F) - we demonstrated that the use of
higher affinity dyes can lead to artefactually long CaTD,
probably due to the buffering of cytosolic Ca’*", as
reported previously (Babcock et al., 1997; Davidson &
Duchen, 2018; Pozzan & Rudolf, 2008; Stamm et al,
2003). While the lower affinity dye presumably produced
more faithful CaT, its use was limited, as the signals
are less strong, and degradation with photobleaching
limits the number of possible simultaneous recordings.
As such, it did not work with the S1-S2 restitution
protocol, and the number of tested cycle lengths with the
dynamics protocol was reduced. Yet, our experimental and
computational measurements agreed well with previously
reported experimental data: (1) CaTDgy = 200-261 ms;
(2) CaTD5y = 117-140 ms; (3) CaTD,y = 110-135 ms;
and (4) dF/dt|ma = 0.03-0.09 ms~! (Lin et al., 2015;
Rayani et al., 2018; Stoyek et al., 2024).

J Physiol 0.0

There are well-described limitations of the zebrafish
as a model for cardiac Ca** handling, as important
differences exist compared to human and other mammals
(van Opbergen et al.,, 2018). These differences limited
our group’s previous efforts to create a zebrafish-specific
computational model of the ventricular AP (Cestariolo
et al., 2022; Cestariolo, Ferrero, et al., 2023). Cestariolo
et al. (2022) implemented the TP06 formulation of the
human AP as a base for their model. However, the
more complex Ca?" handling dynamic included in the
TP06 formulation was not appropriate for zebrafish.
Thus, Cestariolo et al. (2023) instead utilized the TP04
formulation. However, there was a lack of sufficient
experimental data for its parameterization and calibration.
A major update from that preliminary work is presented
here, including a full model parameterization based on
our novel CaT restitution data, which allowed us to further
explore Ca*" mechanisms in zebrafish ventricular CMs.
Using our novel computational model, we examined the
flows of Ca*" contributing to the CaT, which showed
that a majority comes from sarcolemmal influx via Ic,p,
as suggested by previous experimental work (Haverinen,
Hassinen, Dash, et al., 2018). In contrast, Ca’>* release
from the SR plays a smaller role in the CaT of zebrafish,
even though SR Ca’" concentration is high, due to a
relatively small fractional release, as demonstrated pre-
viously in zebrafish isolated ventricular CMs (Bovo et al.,
2013). This finding helps explain why In,c. is larger
in zebrafish than human, despite a conserved genetic
sequence for NCX1 (van Opbergen et al., 2018). Our
model also allowed us to predict the absolute systolic
concentration of Ca’" in zebrafish ventricular CMs as
1.02 uM, and while there are no reported experimental
values for comparison, this concentration is similar to that
reported in human (1.0-1.5 uM; Bers, 2000). Thus, while
different from that of mammals, the Ca’" handling in
our computational AP model is in agreement with what
is currently known for zebrafish.

It is also important to consider the currents responsible
for AP repolarization in zebrafish compared to human and
other mammals. The computational model developed in
this study includes Ik, despite some studies suggesting
that it may not be present in zebrafish (Alday et al,
2014; Nemtsas et al., 2010). A recent study, however,
indicated that AP repolarization in zebrafish involves I,
produced by homotetramers of the Kv7.1 channel without
the MinK g-subunit (in contrast to human, where MinK
is an essential component) (Abramochkin et al., 2018). It
was further shown that I has a one order of magnitude
lower maximal conductance than Ix;, the most prominent
repolarizing current in zebrafish (Vornanen & Hassinen,
2016). In our computational model, the Ix;:Ix, maximal
conductance ratio (Ggs:Gk;) is 1:12, which agrees well
with the previous experimental findings (Abramochkin
et al, 2018; Hassinen, Haverinen, & Vornanen, 2015;
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Hassinen, Haverinen, et al., 2015), although the actual
current amplitudes during the AP are more similar
(Fig. 10). Furthermore, with block of Ix; or Ik, it correctly
reproduced the previously reported experimental result
(Abramochkin et al., 2018; Tsai et al., 2011). Yet, while
the model accurately predicted the effects of blocking
single currents (for which specific dose-response data for
the zebrafish were available), with results similar to that
seen in human, it predicted a greater AP prolongation
for multi-channel block with quinidine than in human
(Tsai et al., 2011). However, as data on quinidine’s effects
in zebrafish are not available, dose-response parameters
for human were used for parameterizing the simulations
(Crumb et al, 2016). Thus, the discrepancy with the
experimental results highlights that despite similarities of
the AP between human and zebrafish, care should be taken
with the use of zebrafish for pharmacological screens, as
there may be different sensitivity to some compounds
between the two species (Bett et al., 2006; Genge et al.,
2024).

An important result of the current study stems from
the comparison of our single cell (0D) and tissue (1D)
models. Both reproduced similar APD under steady-state
and restitution pacing protocols, in agreement with pre-
vious work (Carro et al., 2017; O’Hara et al., 2011).
However, the upstroke speed and APA differed between
the models, such that only the 1D restitution simulations
matched the whole heart experimental AP data. This
highlights the importance of calibrating models using
simulation protocols that most closely match those used
experimentally. In the current study, we incorporated both
whole-heart experimental measurements and single-cell
data from patch-clamp experiments. The whole-heart
data, which would include influences of electrotonic
coupling as measurements are made in intact tissue,
resulted in the 1D model more closely replicating our
experimental findings. In contrast, the 0D model -
replicating isolated cells that lack electrotonic interactions
- did not fully recapitulate the behaviour observed in the
intact heart.

Considering the limitations of our study, it is important
to recognize that direct measurements of some currents,
such as Ingk and Inaca, in adult zebrafish are lacking.
Therefore, the original formulations from the TP04 model
were utilized, and their validity was evaluated through
specific biophysical properties of the model. In particular,
the ability of the model to stabilize intracellular Na™ and
K™ at different stimulation frequencies was verified. At a
pacing rate of 2 Hz, after 100 s, intracellular Na™ stabilized
at 7.99 mM, and intracellular K* stabilized at 112.47 mM
(see Fig. Al and Table A2 in Appendix 2). Future
measurements of the rate dependence of intracellular Na™
in the adult zebrafish heart will allow for better calibration
and validation of the model. Furthermore, a lack of
sufficient experimental data regarding the kinetics of other
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cardiac ion channels in the zebrafish (e.g. Ic,r) prevented
the sufficient development of species-specific current
formulations, necessitating the use of those proposed for
other species. While our model includes a small Na™
permeability in the calculation of the reversal potential
for Iy, Na™ flux through I is not incorporated into the
intracellular Na™ balance equations, in line with the TP04
model and several modern human cardiac models (e.g.
O’Haraetal.,2011; Tomek et al., 2019). This simplification
is commonly adopted in AP models due to the relatively
minor flux of Na™ through I, and is unlikely to have a
large effect on intracellular ion homeostasis; however, it
represents a modelling assumption that could be revisited
in future work should experimental evidence suggest
otherwise.

Despite these limitations, we have developed the
first computational model of the adult zebrafish
ventricular AP that accurately reproduces experimentally
measured steady-state AP and CaT and key restitution
properties. The model’s Ca’* handling dynamics replicate
experimental observations, and model simulations
robustly capture the effects of specific ion channel
blockade. Overall, this model fills a critical gap in
avajlable tools for studying zebrafish cardiac electro-
physiology, providing a mechanistic framework to inter-
pret experimental findings and generate novel hypothesis.
While future experimental advances will allow for further
refinement, the model in its current form represents a
useful tool for future studies of cardiac electrophysiology
and its dysfunction.

Appendix 1
Reversal potentials
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0 if (fCaOo > fCa) and (V, > —60 mV) 1
{fcmfcn otherwise (A39) ’B X = T Vmss
Tica 1+e ot

Rapid delayed rectifier K* current Txs = Ol P

K+
Ixr = Gxr 4/ %xﬂxrz (Vin — Ex) (A40) Inward rectifier K* current
1 Iy = Gyy o) B o V,, — E
Xrloo = — 557 (A41) ki = Gy oo XKico (Vim — Ex)
14e e :
690 1
Oxrl = = vpr; (A42) XKloo = Vi +87.0762 +0.02
I+e 00 1+ e 358
6
wl = ———= + 0.09 A43
P + "I * (A43) Na*/Ca** exchanger current

¢V VF/RT [Na*]? [Ca”] — qeV—DVaF/RT [Na*]g[CaH]
1 (o]

K3

'mNai

i

+ [Nat13) (Kinca + [Ca?*],) (1 + kel =DVal/RT)

Ivaca = kNaCa . (

Na*/K* pump current

i

Lk = Paak

[K+], [Na']
([K*]y + Kux) ([Nat]; + Kuna) (1 +0.1245¢~ "7 + o.o3s3e—VmF/RT>

Txr1 = 1.0798 - otyr1 Bxr1 (A44)
1 Sarcolemma Ca?* pump
e o o],
(Vi 4852 fpcn = Grea Kpca + [Ca**];
Oy = 65e~ 70 (A46)
5 Background currents
= (a47) Toxa = Goxa (Vin — Ex)
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(A48)

(A49)

(A50)

(A51)

(A52)

(A53)

(A54)

(A55)

(A56)

(A57)

(A58)

(A59)
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Ihca = GbCa (Vm - ECa) (A60)

Intracellular Ca?+ dynamics

Leak = Vieak ([Caz+]sr - [Ca2+]i) (A61)
Vi
Ly = T - (A62)
1+ (Kyp/[Ca?t]y)
I [ca T, veu) d (A63)
1= \Orel " 75 < 5,0 T Crel L
re Te) b%el + [Ca2+]§r rel
N S )
1+([Ca?*],/0.00035)° if Ca; < 0.00035 mM (A64)
8o ! = otherwise
1+([Ca?*], /0.00035)
T, =3 ms (A65)
dg 0 if g >gandVy > —60mV
dar {gﬁ—g otherwise (A66)
8
[Ca®™]. x buf.
Capufe = ———+——— A67
ibufc [Ca2+]i n kbufc ( )
dcaitotal IcaL + Icar + Ihca + IpCa — 2INaca
= - CnAc
dt 2V .F
+ Ileak - Iup + Irel (A68)
[Cat]_ x bufi
Ca = = A69
srbufsr [Ca”]sr T kbufsr ( )
dcasrtotal VC
T = V_SR : (Iup — Leak — Irel) (A70)
Intracellular sodium and potassium dynamics
dNa; I I 3] 3]
ai _ Na F IbNa + 3INak + NaCaCmAC (A71)
dt V.F
dk; I I Ixs — 21 I
UMM K1 + Kr + Ks NaK + stlmCmAc (A72)

dar V.F

Appendix 2
Table A1. Model parameters

J Physiol 0.0

Parameter

Value

Gas constant - R

Temperature - T

Faraday constant — F

Tissue diffusion coefficient - D

Membrane capacitance — G,

Cytoplasmic volume - V¢

Sarcoplasmic reticulum volume —
Vsr

Capacitive area — Ac

Extracellular K* concentration —
[K*o

Extracellular Na*™ concentration —
[Nat],

Extracellular Ca2* concentration
- [Ca?t],

Maximal /y, conductance — Gy,

Maximal /g1 conductance — Gy

Maximal /¢, conductance — G,

Maximal /s conductance — Ggs

Relative Ixs permeability to Na* —
PxNa

Maximal Ic;. conductance — Gea,

Maximal ’NaCa - kNaCa

Voltage dependence parameter
of Iyaca =7

[Ca?*]; half-saturation constant
for INaca — Kmcai

[Na™]; half-saturation constant
for Inaca — Kmnai

Saturation factor for Iyaca — Ksat

Factor enhancing outward
nature of Iyacs — @

Maximal Ico1 conductance — Geat

Maximal Iyak — Pnak

[K*]1, half-saturation of /yak —
Kmk

[Na*]; half-saturation of Iyak —
KmNa

Maximal /pca conductance — Gpca

Half-saturation constant of /¢, —
KpCa

Maximal /,y, conductance — Gy,

Maximal /¢, conductance — Gy,

Maximal /yp conductance —
Vmaxup

Half-saturation constant of /yp —
Kup

Maximal Casg-dependent /¢ —
Arel

[CaZt]sg half-saturation constant
of frel = brel

8314.472 J/(K kmol)
301 K

96,485.3415 C/mol
1.76 x 10~2 mm?/ms
1.0 pF/cm?

390 pm3

0.05 V¢ um3

3000 pm?
4.85 mM

142 mM
1.8 mM

1.0 mS/pF

0.3490 mS/pF

0.7776 mS/uF

0.0648 mS/pF

0.03

2.3843 x 10~* cm3/(s uF)
1000 pA/pF

0.35

1.38 mM

87.5 mM

0.1
2.5

0.066 mS/uF
4.086 pA/uF
1.0 mM

40.0 mM

0.0456 mS/uF
0.0005 mM

3.8137 x 1074 mS/pF
6.6387 x 104 mS/uF
0.000425 mM/ms
0.00025 mM

0.0132 mM/ms

0.25 mM

(Continued)
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Table A1. (Continued) 121 550 13,
Parameter Value — 11 % e 1121
= I = s
Maximal Casg-independent /.o — 0.0066 mM/ms 0 sasf VVTERTERA £ 1M i
Crel ;; .8'3245 146 147 148 149 150 i;_ 110_ é““ OO
Maximal fiea conductance — Vieax 8 x 10~> mM/ms Z ’ = Lo
Total cytoplasmic buffer 0.19 mM 91 1091
concentration — buf, e T |
[CaZt]; half-saturation constant 0.001 mM 8 , . . 108 . . .
0 50 100 150 0 50 100 150

for cytoplasmic buffer — kbuf.

Total sarcoplasmic buffer 10 mM
concentration — bufs,

[Ca?t]sg half-saturation constant
for sarcoplasmic buffer — kbufs,

0.3 mM

Table A2. Initial parameters for the state variables in the
model; in parentheses (.) is the steady-state value at BCL = 500
ms

Parameter Value

—80.52 (—80.61)
mV
11.60 (7.99) mM

Transmembrane potential — Vi,

Intracellular Na* concentration —
[Nat];

Intracellular K™ concentration — [K*]; 109 (112.47) mM

Intracellular Ca%* concentration — 2x10°%
[Ca%t]; (4.69 x 10~°)
mM

Sarcoplasmic reticulum Ca?*
concentration — [Cat];,
Ina activation gate - m

0.20 (0.40) mM

0.00 (5.98 x 1072)

Ina fast inactivation gate — h 0.75 (0.79)
Ina slow inactivation gate — j 0.75 (0.79)
Ixr activation gate — x4 0.00 (9.60 x 1073)
Ixr inactivation gate - x;» 0.10 (0.45)

0.00 (5.46 x 1072)
0.00 (3.90 x 107>)

Igs activation gate — x;
IcaL activation gate — d|.

IcaL inactivation gate - f. 1.00 (0.93)
IcaL intracellular Ca%t-dependent 1.00 (1.00)
inactivation gate — fc,
IcaT activation gate — dr 2.60 x 1073
(2.60 x 1073)
Icat inactivation gate — fr 0.74 (0.74)
Ire; intracellular calcium-dependent 1.00 (1.00)

inactivation gate — g

Time (s) Time (s)
Figure A1. Intracellular concentrations of sodium and
potassium ([Na*]; and [K*];) over time in the computational
model

These traces highlight that [Na*]; and [K*]; reach a steady state,
confirming the homeostatic function of the model over long-term
simulations. The model was paced at 2 Hz, which leads to
oscillations in ionic concentrations during the cardiac cycle, due to
cyclical ion fluxes associated with the AP. Stabilization of ionic
concentrations is essential for ensuring the physiological relevance
and numerical stability of the model.
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