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Abstract: Inherited cardiac arrhythmias contribute substantially to sudden cardiac death in the
young. The underlying pathophysiology remains incompletely understood because of the lack
of representative study models and the labour-intensive nature of electrophysiological patch
clamp experiments. Whereas patch clamp is still considered the gold standard for investigating
electrical properties in a cell, optical mapping of voltage and calcium transients has paved the
way for high-throughput studies. Moreover, the development of human-induced pluripotent
stem-cell-derived cardiomyocytes (hiPSC-CMs) has enabled the study of patient specific cell lines
capturing the full genomic background. Nevertheless, hiPSC-CMs do not fully address the complex
interactions between various cell types in the heart. Studies using in vivo models, are therefore
necessary. Given the analogies between the human and zebrafish cardiovascular system, zebrafish has
emerged as a cost-efficient model for arrhythmogenic diseases. In this review, we describe how
hiPSC-CM and zebrafish are employed as models to study primary electrical disorders. We provide
an overview of the contemporary electrophysiological phenotyping tools and discuss in more depth
the different strategies available for optical mapping. We consider the current advantages and
disadvantages of both hiPSC-CM and zebrafish as a model and optical mapping as phenotyping tool
and propose strategies for further improvement. Overall, the combination of experimental readouts at
cellular (hiPSC-CM) and whole organ (zebrafish) level can raise our understanding of the complexity
of inherited cardiac arrhythmia disorders to the next level.
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1. Introduction

Inherited cardiac arrhythmias (ICAs) are a heterogeneous group of rare disorders often
characterised by a structural normal heart despite the presence of disease-specific electrocardiographic
deviations. The basis for these deviations is frequently found in the genes encoding for the
cardiac ion channels and their subunits, which contain rare pathogenic variants. As a result,
the normal physiological functioning of these channels is altered, which disturbs the ionic
homeostasis inside the cardiomyocytes (CMs) and affects the cardiac action potential (AP). Hence,
an arrhythmogenic substrate arises which increases the risk of life-threatening arrhythmias and
consequent sudden cardiac death, even in prior asymptomatic young patients [1,2]. Long QT syndrome
(LQTS), short QT syndrome (SQTS), Brugada syndrome (BrS) and catecholaminergic polymorphic

Hearts 2020, 1, 181-199; d0i:10.3390/hearts1030018 www.mdpi.com/journal/hearts


http://www.mdpi.com/journal/hearts
http://www.mdpi.com
http://www.mdpi.com/2673-3846/1/3/18?type=check_update&version=1
http://dx.doi.org/10.3390/hearts1030018
http://www.mdpi.com/journal/hearts

Hearts 2020, 1 182

ventricular tachycardia (CPVT) are the four major channelopathies. The reported prevalence of
channelopathies is often an underestimation because of the presence of asymptomatic mutation carriers,
low penetrance, variable expressivity within and between families and diagnostic difficulties as changes
in electrocardiogram (ECG) patterns are transient [1-3]. Due to this, elucidating the pathophysiological
mechanisms behind the ICAs and identifying patients remains challenging. Over the past two decades,
molecular genetic screening of affected individuals and their families has become a standard genetic
practice and significantly aids in overcoming the aforementioned hurdles [4]. However, in BrS for
instance, only in around 20-25% of the cases can a genetic diagnosis be obtained, leaving a large
grey area of BrS patients without a clear pathogenetic mechanism [5]. Therefore, there is an urgent
need for improved functional models and techniques to further aid in understanding the aetiology of
ICA [6-11].

2. Human-Induced Pluripotent Stem-Cell-Derived Cardiomyocytes (hiPSC-CMs) as a Model
for ICA

Since the discovery by Yamanaka and colleagues on how to generate hiPSCs out of somatic cells,
the technique has been implemented in a wide variety of fields, including the cardiovascular [12].
Somatic cells can be reprogrammed to a pluripotent state by adding pluripotency-associated genes such
as NANOG, OCT4, SOX2 and LIN28 or C-MYC. Numerous somatic cells from patients and healthy
individuals have been successfully reprogrammed and differentiated to generate hiPSC-CMs [13,14].

2.1. Differentiation of hiPSC into CM

The first reported differentiation from hiPSCs into hiPSC-CMs was based on embryoid body
formation. Unfortunately, differentiation efficiencies were low [15]. Soon after, timed delivery
of small molecules was introduced to initiate mesoderm lineage development and consequent
CM differentiation, which greatly enhanced efficiencies [16-18]. Crucial to this process is a timed
stimulation and inhibition of the Wnt-pathway to initiate and direct differentiation of the hiPSCs towards
hiPSC-CMs. Protocols use different molecules, variable concentrations and timings. In general, to start
the differentiation process, the Wnt pathway is indirectly activated through inhibition of glycogen
synthase kinase 3f3 (e.g., addition of CHIR99021 molecule to the culture medium). Subsequently,
after culturing for a couple of days, a Wnt pathway inhibitor is added to the culture medium
(e.g., Wnt-C59 or IWR1). By day seven or eight, the cultured cells start beating spontaneously, which is
one of the first signs of differentiation towards CMs [19]. Functional characterisation of the hiPSC-CMs
is performed after at least thirty days of culturing to improve maturation [20].

2.2. Functional Assessment of hiPSC-CM: From Patch Clamp to Multi-Electrode Arrays

Since it has been introduced by Neher and Sakmann, the path clamp technique has been the
gold standard to functionally assess the electrophysiological activity and the corresponding main ion
currents: sodium (Na?*), calcium (Ca?*) and potassium (K*) [21-24]. The main parameters that are
analysed in an action potential (AP) are resting membrane potential (RMP), AP amplitude (APA),
maximum upstroke velocity (dV/dtmax) and AP duration at various repolarisation levels (APD20,
—-50 and —90) (Figure 1). Despite the abundant information on the AP retrieved via patch clamp,
the technique remains laborious and time-consuming. In addition, it requires intensive training and a
dedicated set-up. Hence, efforts have been made to automate the technique and measure in parallel [25].
The advent of the planar patch clamp method facilitated the automation process for a large part,
resulting in the development of the automated patch clamp (APC) [25,26]. Cells are seeded on top of a
glass substrate chip containing one or multiple micro apertures. Applying negative pressure from
beneath the apertures will suck the cell towards the opening and block them. Consequently, similar to
the manual single-cell patch clamp, the cell membrane is ruptured to gain whole cell access. In the
intracellular solution beneath the rupture, a recording electrode is connected to an amplifier to measure
the currents. Coupling the planar patch clamp method to automated microfluidic system and even up
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to two times 384 multiwell plates facilitates vast parallel recordings, culminating in up to 20,000 data
points a day [25,27,28]. In the field of drug discovery and safety testing, APC has gained more attention
due to its high-throughput characteristics [29,30]. Nevertheless, combining APC with hiPSC-CM is still
proven to be difficult especially because of the intercell variability found between batches of hiPSC-CM.
Moreover, the electrophysiological immaturity of hiPSC-CM creates additional challenges in read-out
standardisation. Lastly, giga-ohm seals are more difficult to obtain, which significantly reduces the
quality of the measurements due to leaky currents [31]. To overcome these limitations, APC has been
used in combination with heterologous overexpression systems (e.g., CHO and HEK293 cells) to assess
the effect of multiple genetic variants found in LQTS and BrS patients, but obviously these systems are
less translational to the human in vivo situation [25,32,33]. Lastly, the high costs associated with the
APC systems remain a main hurdle for academia [34].
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Figure 1. Comparison between human and zebrafish ventricular action potential. At the top,
the ventricular action potential shape is depicted in both human and zebrafish. The bottom shows
the relative magnitude of the main ion currents that contribute to the different phases of the action
potential. APD20, —50 and —90 = action potential duration at 20, 50 or 90% repolarisation, RMP = resting
membrane potential, Iy, = sodium current, I, = transient outward potassium current, Ic, = calcium
current, I, = rapidly delayed rectifier potassium current, Ixs = slow delayed rectifier potassium current,
Ix1 = inward rectifier potassium current. Figure adapted from Van Opbergen et al. [35].

In parallel with APC, micro-electrode arrays (MEAs) provide a faster electrophysiological
characterisation compared with conventional patch clamp. MEA systems use culture plates containing
dot-like electrodes arranged in 2D grids. These electrodes measure beating frequency, conductivity
and spatiotemporal, electrical fluctuations in the cell layer recorded as an extracellular field potential
(FP). FPs arise from the AP conduction through the cell layer and are therefore similar to an ECG of the
human heart, but at a much smaller scale [36]. FPs correlate well with the AP duration and are also
used in drug-toxicity screenings [37]. Moreover, the MEA system is suited to perform longitudinal,
non-invasive studies on hiPSC-CM. Lastly, the MEA electrodes can be used to pace the hiPSC-CM,
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which facilitates synchronous beating at a set frequency throughout the well, and, if used over a
prolonged period of time, improves maturation of the hiPSC-CM [38,39]. Nevertheless, FPs remain
an indirect way to assess electrical activity inside the hiPSC-CMs. Hence, detailed specific effects on
individual ion currents cannot be characterised.

3. Zebrafish as a Model for ICA

Originating from the fresh waters of Southeast Asia, the zebrafish (Danio rerio) are an established
animal research model in various fields, including cardiovascular research [40,41]. They share >70%
of genetic homology with humans and even up to 84% of disease-related genes [42,43]. The major
assets for zebrafish use in research are high fecundity, fast and extrauterine development, larval optical
transparency and a completely characterised genome with an existing versatile genomic toolbox [41].

3.1. The Zebrafish Heart Electrophysiology

Situated ventral to the oesophagus, the two-chambered zebrafish heart receives deoxygenated
venous blood from the sinus venosus. Upon contraction, the blood will be pumped from the atrium to
the ventricle and consequently via the bulbus arteriosus to the gills and the rest of the body in a single
blood circulation circuit [44]. The heart is one of the first organs that forms straight after insemination.
At 24 hours post-fertilisation (hpf), a primitive heart tube already beats, driven by a pacemaker area
closely resembling the sino-atrial node (SA node) found in the human heart. At 48 hpf, the cardiac
looping is initiated with a clear delineation between the atrial and ventricular components of the heart
tube [45]. As in humans, a conduction delay is seen in the atrioventricular (AV) region to allow filling
of the ventricle, although no dedicated AV node is present [46]. The His-Purkinje system is not found
in zebrafish although ventricular trabeculae will function as a fast conduction system and drive the
apex-to-base depolarisation of the heart [35,45]. Beating rate in zebrafish larvae is reported to range
from 130 to 180 beats-per-min (bpm) and in adults between 110 and 130 bpm, which is much closer to
humans (60-70 bpm) than the 500-600 bpm reported in mice [35,47-51]. On an electrophysiological
level, the zebrafish ventricular AP contains the typical plateau phase that is also found in humans but
absent in mice. For the main ion currents that drive the AP in humans, zebrafish orthologues are present.
The initiation of the AP consists of the rapid upstroke, upon CM stimulation, which is driven by Inp,.
In zebrafish, this current is created by two sodium channel orthologues but with a lower density than in
humans, resulting in a slightly slower upstroke velocity. The following fast repolarisation, driven by I,
in humans, is not found in zebrafish. The consequent I¢,, responsible for maintaining the plateau phase,
is more dominant than in humans. The L-type calcium channels (LTCCs) are coded by a single human
orthologue. Unlike in humans, also the T-type calcium channels contribute toward the ventricular AP
in zebrafish, but to a lesser extent [35,52]. For the repolarising potassium channels, creating the I,
and Iks, zebrafish orthologues have been identified. For the Ik;, the zebrafish ether-a-go-go-related
(zERG) channels have highly similar kinetics as the human ERG (hERG1) channels, coded by KCNH?2,
which mainly drive the repolarisation phase of the ventricular AP [35]. Targeting the zZERG2 gene
(human KCNH?2 orthologue) in zebrafish resulted in QT prolongation or shortening as seen in LQTS or
SQTS [35,53-55]. Transcripts coding for the Igs-linked potassium channels (Ky 7.1) have also been
found in zebrafish although they have not yet been functionally observed [56]. Lastly, in zebrafish a
robust Ik is present to sustain the RMP via the Kir2 channels. However, subunit composition differs
significantly from the human formation [57,58]. Overall, compared with other (small-sized) animal
models, the electrophysiology of the zebrafish heart is one of the closest to humans, as seen in the ECG
and AP characteristics. For a more detailed electrophysiological view, comparing the zebrafish to the
human heart, excellent reviews exist [35,58,59].

3.2. Functional Assessment of Zebrafish Hearts: Patch Clamp and ECG

Different techniques have been developed to functionally assess the zebrafish heart [60]. Similar to
hiPSC-CMs, characterisation of the zebrafish CMs was first performed with the conventional
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patch-clamp technique. Recordings were conducted ex vivo on whole zebrafish hearts or on isolated
atrial and ventricular CMs [61-64]. In addition, ECG recordings of whole zebrafish hearts have
been performed both ex vivo and in vivo with different techniques (e.g., AgCl wire electrodes,
suction electrodes and sharp microelectrodes) (Figure 2C) [60,65-68]. Strikingly, the zebrafish
ECG strongly resembles the human ECG. The P-wave (depolarisation atrium), the QRS complex
(depolarisation ventricle) and the T-wave (repolarisation ventricle) are all visible. Recording electrodes
can be positioned on the zebrafish skin or with penetration of the dermal layer and even the pericardial
sac. The more invasive techniques increase the sensitivity [66]. The quality of the ECG signal is
highly dependent on the positioning of the electrodes and therefore requires trained personnel [48,68].
Additionally, it does not provide a direct measurement of AP. Taking advantage of the optical
transparency of zebrafish larvae, it was obvious to take the search for less invasive electrophysiological
characterisation methods to the field of optical mapping.
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Figure 2. Optical mapping and ECG of the zebrafish heart. (A). Section of the heart of a 3 dpf zebrafish
embryo expressing the Ace2n-mNeonGreen voltage sensor. The yellow squares indicate the areas
in which fluorescence intensity is analysed to obtain the sample traces in (B). (B). Action potentials
from a 3 dpf zebrafish embryo obtained with light sheet microscope. Top: atrial sample trace. Bottom:
ventricular sample trace. (C). A raw ECG recording of a 2 dpf zebrafish embryo; P, Q, R, S, T waves,
and RR and QT intervals indicated. (Figure modified from Thorsen et al. [69] ).

4. Optical Mapping

Optical mapping encompasses a broad spectrum of techniques that mostly refer to visualising
electrophysiological activity in the CMs or the whole heart by means of fluorescent dyes or genetically
encoded fluorescent indicators (GEFIs) (Figure 2A,B). Single wavelength non-ratiometric indicators
will report relative changes of a parameter, while dual wavelength ratiometric indicators will visualise
absolute changes. The ability to measure a specific electrophysiological parameter will always rely on
the interplay between the amount of indicator present and the technical limitations of the detection
device to maintain a sufficient signal-to-noise ratio (SNR) [60,70]. For optical mapping studies involving
ICAs, two main physiological processes are monitored in CMs: changes in membrane potential and
Ca?* transients.
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4.1. Imaging Techniques for Electrophysiological Phenotyping

Three main detection set-ups are commonly used to visualise electrophysiological activity in vitro
and in vivo: epifluorescence (wide-field) microscopes (EFMs), confocal laser scanning microscopes
(CLSMs) and light-sheet fluorescence microscopes (LSFMs) (Table 1). The most widely used is the
EFM since it requires the least dedicated set-up. In general, a specific light source is needed which can
be either the more traditional mercury, xenon or halogen lamps, although durability, ease-of-use and
instability are drawbacks of these bulbs. Nowadays, light-emitting diodes (LEDs) are the illumination
source of choice, as they are stable, easy to use and energy efficient with a wide wavelength spectrum
that facilitates multi-parametric measurements. Depending on the light source, the in-series positioning
of additional shutters, dichroic mirrors, specific wavelength filters and objective lenses will create
a light with a unique excitation wavelength, which illuminates the whole sample (EFM and CLSM)
or specific areas (LSFM). Charge-coupled device (CCD) cameras or photon-multiplier tubes (PMTs)
and derivatives are the most commonly used detection systems [71,72]. Cardiomyocytes will often
be seeded as a single cell suspension or in a monolayer. Therefore, the traditional EFM is very well
suited for functionally assessing CMs in vitro to capture fluctuations in Ca?* and membrane potential,
respectively generating Ca?* transients and APs. Characterisation of CMs as 3D aggregate or the
whole heart ex or in vivo poses a challenge for the traditional EFM mainly, as out of focus emitted light
will reduce the SNR. To circumvent this, CLSM uses lasers as a light source and a detection system
with pinhole micro apertures and PMTs. As in EFM, the whole sample is illuminated. However,
due to the pinholes, only the emitted light coming from a confocal point in the sample will reach the
detector. Hence, out-of-focus light will not be detected, which greatly increases the SNR. Traditionally,
information is gathered by illuminating one position after the other (pixel to pixel) until a 3D image of
the sample is reconstructed. However, this is usually too slow to capture rapidly fluctuating events
such as Ca®* transients and especially APs. Therefore, the line scan method is used; i.e., the laser scans
the same line, but only in a specific plane, for a certain amount of time at frequencies up to 1kHz [70,72].
For in vivo imaging, the main problem with the CLSM is the high intensity of the laser. Phototoxicity
and bleaching are known issues due to whole-sample illumination, which can effect temporal resolution.
The latter can be circumvented by using LSFM. Different variants of LSFM exist but they all share
common features. The illumination and detection path can be modified independently and are
orthogonally positioned, which reduces detection of out-of-focus light. In between, a specialised
sample holder is present that receives a thin sheet of light (100-200 nm) created by either cylindrical
lenses (static light sheet) or galvanometric mirrors (dynamic light sheet). The laser emulates a light
sheet by scanning the focal plane with a Gaussian beam of light. By moving the sample through the
light sheet, different planes of the samples will be illuminated. Hence, optical sectioning of the sample
can be achieved similar to in CLSM [73,74]. The limiting factor for data acquisition in LSFM is the
scanning speed of the laser (dynamic light sheet) and the acquisition speed of the camera. Commercial
LSEMs can, at best, reach up to 500-600 frames-per-second (fps) which is sufficient for measuring
Ca?* transients but is sub-optimal for detecting changes in the fast upstroke velocities of the APs [74].
Subtle changes in AP upstroke velocity are found in BrS patients due to the reduced Na?* current.
Nevertheless, some modified LSFMs nowadays reach up to 1000 fps which would be sufficient to
detect these changes [75].
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Table 1. Advantages and disadvantages of optical mapping techniques in human-induced pluripotent
stem-cell-derived cardiomyocyte (hiPSC-CM) and zebrafish. Epifluorescence microscopy (EFM),
confocal laser scanning microscopy (CLSM), light-sheet fluorescence microscopy (LSFM).

Method Advantages Disadvantages References

hiPSC-CM [76]
Zebrafish [77]

Video recording Easy to perform Limited info (heart rate)

Easy to perform

Ideal for 2D cell monolayers Background .ﬂuorescenge hiPSC-CM [78-81]
EFM Add-on on Out-of-focus light detection Zebrafish [82]
conventional microscopes Difficult with 3D structures

Available in every lab/university

Optical sectioning (3D samples)
Little out-of-focus light detection
CLSM Line scan method
Often available in
every university

Dedicated set-up
High intensity light source hiPSC-CM [83,84]
Cytotoxic/bleaching (less with Zebrafish [62,85]
line-scan method)

Optical sectioning (3D samples)

Minimal out-of-focus Very dedicated set-up .
light detection Not available in every hlPSC._CM
LSFM .o, . . (organoid) [86]
Iluminating only the field institution Zebrafish [73,57,85]
of focus Lower throughput s Y

Live specimen imaging

4.2. Fluorescent Dyes

Historically, visualising free Ca" in the cytosol of CMs or changes in membrane potential was
achieved via administration of fluorescent dyes. The Ca?* fluorescent dyes are based on the principles
of chelator molecules and consist of two parts: a cavity which traps the free Ca** and a scaffold
retaining the fluorescence properties. Upon binding of free Ca?*, conformational changes are induced
which greatly alter the absorbance and fluorescence characteristics of the molecule. To monitor rapid
oscillations in intracellular Ca?*, low-affinity and fast kinetics are essential. Two different types of
Ca®* dyes exist: ratiometric (e.g., fura-2 and indo-1) and non-ratiometric (e.g., Cal520 and fluo-4) dyes.
The former have two distinct wavelength excitation or emission spectra from which a ratio can be
constructed that quantitatively correlates with change in Ca?* concentrations. The latter only have a
single-wavelength excitation/emission spectrum [70]. Although no quantitative measurements can be
made, their fluorescence intensity can change up to a hundred-fold upon Ca?* binding which results
in a far greater SNR compared to the ratiometric dyes [89]. Equipping the dyes with a lipophilic
acetoxymethyl (AM) ester group facilitates an easy transmembrane uptake into the cell. Once inside,
the ester groups are cleaved-off and the dye is trapped inside. The introduction of this technique
greatly reduced the concerns about dye-leakage out of the cells and made them more suitable for
reliable longitudinal studies [70].

Visualising rapid changes in membrane potential is achieved by voltage fluorescent dyes that can
respond in pico-microseconds. Two main classes exist: electrochromic indicators (e.g., di-4ANNEPS
and derivatives) and photo-induced electron transfer (PeT)-based dyes (e.g., Fluovolt). They both
contain a hydrophobic part to be incorporated into the cell membrane [90]. The first class will,
upon detecting depolarisation in the membrane, undergo a charge shift inside the probe which results
in a small wavelength shift in absorption and emission. Despite their ultrafast kinetics (femto-to
picoseconds), only a small fluorescence intensity change can be measured, resulting in a low SNR.
The second class relies on PeT, which is a slower (microseconds) mechanism but with a far greater
change in fluorescence intensity. Upon depolarisation, the electron-rich quencher can no longer transfer
electrons to the attached, excited-state fluorophore which results in a detectable signal. Repolarisation
restores the electric field in the membrane and the electrons can transfer to the active fluorophore to
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quench it [91]. However, some cytotoxic effects of long-term imaging with this second class of dyes
have been reported [90]. Despite the good signal of PeT-based indicators, Ca* dyes retain the best
SNR as they localise in a larger volume (i.e., cytosol) compared with the membrane-located voltage
dyes. Therefore, they are less affected by bleaching and are more suited for longitudinal studies [92].

4.3. Genetically Encoded Voltage/Calcium Indicators

In order to circumvent the drawbacks of fluorescent dyes, e.g., non-homogenous dyes loading,
time-consuming staining protocols, cytotoxicity and inability to target specific cell types, genetically
encoded fluorescent indicators (GEFI) were developed [70,93]. Comparable to the dyes, both genetically
encoded Ca®* (GECI) and voltage (GEVI) indicators exist. The GECIs can be categorised in two big
groups based on the number of fluorophores. In general, a Ca>*-binding scaffold (e.g., calmodulin-M13
peptide pair or troponin C domain) is combined with one or two fluorophores, resulting in
non-ratiometric and ratiometric indicators, respectively [70]. Additionally, blue, green and red
fluorescent indicators create further sub-categories [90]. The most widely used GECls are the ones from
the GCaMP family. These non-ratiometric GECIs can rely on fast association and dissociation kinetics
with a high SNR ratio upon binding Ca?* [90]. The second group of Ca?* indicators are the “cameleons”
and rely on the principle of fluorescence resonance energy transfer (FRET). Upon binding Ca®*,
a conformational change will bring both fluorophores in close proximity of one another. The emitted
light from the first excited fluorophore will now be able to excite the second fluorophore. Similar to the
dyes, a ratio can be constructed to quantitate the change in Ca?* concentration [70].

For the GEVIs, three main classes exist which can also be subcategorised based on their fluorophore
or ratiometric properties. The first ones are based on the voltage sensing domain of voltage sensitive
phosphatases. In general, this class is characterised by slower kinetics (millisecond range) but with
good SNR (e.g., ArcLight and derivatives) [94]. The second class of GEVIs is derived from microbial
opsins, i.e., rthodopsins. These mutated opsins are capable of responding to changes in membrane
potential in the sub-millisecond range (e.g., Arch, QuasAr and derivatives). The protonation of
the opsin’s retinal cofactor will be altered upon sensing voltage changes, generating differences in
fluorescence intensity of the protein. Despite their fast kinetics, their fluorescent intensity is relatively
dim compared to the other classes [95]. The third class of GEVIs counters the inherent dimness of the
rhodopsins by attaching fluorophores to them (e.g., Ace-mNeonGreen and derivatives). Based on
the FRET principles, the rhodopsin functions as quencher for the excited fluorophore, depending on
the membrane potential. The coupling of the fluorophore slightly reduces the kinetics of the GEVI.
Nevertheless, they are still close to sub-millisecond range with an SNR almost as good as the first GEVI
class [95]. One exciting characteristic from GEFIs is that they can easily be combined in a single cell.
Different subtypes of GECI and GEVIs exist that are active or emit light in the red and near-infrared
emission spectrum. The emitted light at this end of the spectrum is of a longer wavelength; hence,
absorption and scattering are also reduced [96,97]. With a dedicated fluorescent microscope set-up,
simultaneous recording of Ca®* transients and membrane potentials can be achieved [80,85,98].

4.4. Optical Mapping in hiPSC-CM and Zebrafish to Model ICAs

The above techniques have been used frequently in the past decade to characterise ICAs both
in hiPSC-CM and zebrafish hearts. They offer a valid alternative or are used complementary to the
conventional electrophysiological patch clamping techniques [85,99-103]. So far, characterising ICAs
in hiPSC-CM solely via optical mapping is not yet an established practice. Usually, patch clamp in
combination with MEA or optical mapping is used. From all the optical techniques, Ca?* imaging via
fluorescent dyes in hiPSC-CMs is regularly implemented to characterise all four major channelopathies
(Table 2). In the transparent zebrafish larvae, complementary fluorescence imaging of the whole heart
as a method to functionally assess ICAs has been used in LQTS [53,82,104,105], SQTS [106] and cardiac
conduction-system disease (CCSD) (Table 2) [107]. ECG recordings or (high-speed) light microscopy
videos (i.e., monitoring heart rate) of non-transparent adult zebrafish have been utilised for the study
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of LQTS [54,108,109], SQTS [69] and BrS [110]. Most recent development and implementation of
state-of-the-art fluorescence microscopy techniques and GEFIs enable reliable in vivo optical mapping
in the whole heart of zebrafish larvae [85,101,103].

Table 2. Overview of optical mapping methods used to study ICAs in hiPSC-CMs and
zebrafish. Inherited cardiac arrhythmias (ICA), long QT syndrome (LQTS), Brugada syndrome
(BrS), catecholaminergic polymorphic ventricular tachycardia (CPVT), short QT syndrome (SQTS),
genetically encoded calcium indicator (GECI), genetically encoded voltage indicator (GEVI).

ICA Model Calcium Voltage
Dye GECI Dye GEVI
. Fluo-4 AM [81,111-114] Arclight
LQTS  hiPSC-CM Fura-2 AM [115] / / [111,116]
. Calcium Green Dextran di-4 ANEPPS
Zebrafish [82,104] gCaMP [53] [105] /
. Fluo-4 AM [117,118]
BrS hiPSC-CM Fluo-3 AM [119] / / /
. Fluo-4 AM [83,120-124]  GCaMPéf-Junctin
CPVT  hiPSC-CM Fura-2 AM [125] [126] / /
SQTS hiPSC-CM Fluo-3 AM [127,128] FluoVolt [129] / /
Zebrafish Calcium Green / /

Dextran [106]

5. Limitations, Challenges and Future of Optical Mapping in hiPSC-CM and Zebrafish

5.1. hiPSC-CMs: From Immaturity to Organoids

Despite their numerous advantages and applications, even in drug-toxicity research, hiPSC-CMs
still suffer from their immature phenotype [100,130]. Morphologically, they are smaller and have a
round shape in contrast to the rod-shaped adult iPSC-CMs. On a structural level, iPSC-CMs lack a
fully organised myofilament system and sarcoplasmic reticulum that lies in close proximity to the
cell membrane, which facilitates an efficient excitation-contraction coupling. They are spontaneously
beating, a feature found in foetal and nodal iPSC-CMs but not in native atrial and ventricular CMs.
Lastly, on an electrophysiological level, the resting membrane potential (RMP) is positively shifted
(=60 to —40 mV instead of —80 mV) mainly due to the absence of the inwardly rectifier potassium current
(Ix1) [131-133]. Therefore, continuous efforts are being made to improve differentiation protocols and
increase maturation. For instance, supplementing the culture medium with the thyroid hormone T3,
electrical pacing, culturing on micropatterned scaffolds, increasing culture times and timed introduction
of metabolic selection media (e.g., lactate) have all been reported to stabilise intracellular organisation
and improve maturation in hiPSC-CMs [130-133]. At present, the aforementioned maturity issues,
differences between differentiation protocols and batch-to-batch variability hamper the widespread use
of hiPSC-CMs. Better standardisation of protocols and characterisation strategies will be necessary to
further establish the use of hiPSC-CMs in industry and academia [134]. Lastly, in order to fully model
the human heart in vitro, efforts are being made to create cardiac organoids in 3D, i.e., engineered
heart tissue in a dish. As in the whole heart, multiple cell types contribute to and sustain the
proper functioning of the organ. Co-culturing the CMs with cardiac endothelial cells and fibroblast
should allow paracrine regulation and the interaction with extracellular matrix, respectively [135].
Furthermore, differentiating the individual cell types from a patient’s hiPSC line would create an even
more translational in vitro model. Optical mapping is ideally suited to characterise these dense 3D
models, which would be more challenging with the conventional patch clamp techniques [100].
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5.2. Modelling ICAs in Zebrafish Models

The biggest difference between the human and the zebrafish heart is that structurally the latter one
only contains two chambers instead of four. In order to model BrS, this might pose a challenge as the
right ventricular outflow tract (RVOT) is indicated as the onset region to induce arrhythmia in humans.
One potential explanation is the observation that the I, current is more prominently present in the
epicardium of this region than in the endocardium. This creates a transmural voltage gradient larger
than in any other region of the ventricles [1]. In the zebrafish heart, a RVOT is not present and an I, not
found, which would therefore impede modelling of BrS in zebrafish. However, the exact pathological
mechanism in BrSis still unclear and only in around 25% of BrS cases a genetic diagnosis can be made [5].
This leaves a large grey area that still can benefit from modelling the disease in an animal with a high
electrophysiological resemblance to the human heart. Early on in evolution, the zebrafish genome
underwent a whole-genome duplication (WGD) which resulted in numerous para- and orthologous
genes. With an exception of CACNAIC, multiple orthologue genes exist that encode the main ion
channels regulating the AP in the zebrafish heart [58]. Although this poses an additional challenge
to model ICAs, the high homology with the human channels and presence of a dominant isoform of
the channel creates opportunities. For instance, LQTS has been successfully re-created in zebrafish by
transient knock-down of the ZERG2 channel. Co-injection of mRNA coding for the human hERG1
channel was able to partially rescue the phenotype but mRNA containing a LQTS specific mutation
was not [54,136]. Lastly, zebrafish cardiomyocytes lack a transverse tubular (T-tubular) system and the
Ca®* transient is less dependent on the Ca®* release of the sarcoplasmic reticulum as seen in humans.
The RyR2 channels are also markedly less sensitive to free Ca?*. Therefore, Ca?* handling needs to be
further investigated to be able to fully model CPVT for example. GECIs would be ideally suited to
further study this in more detail as they can visualise Ca" release on a subcellular level [35].

5.3. Technical Challenges and Future Directions of Optical Mapping

The most challenging part about optical mapping is mitigating motion artefacts coming from
the contracting cardiomyocytes, which would constantly alter the background fluorescence levels.
One way to achieve this is by using ratiometric indicators, as they will both suffer from motion
artefacts. The ratio between the indicators should therefore cancel out the artefact although this
is technically challenging [137]. Another way is by decoupling the electrical from the mechanical
activity. Hence, the propagating AP and consequent Ca®* release can still be monitored without
inducing myofilament activity. Blebbistatin, a class II myosin inhibitor, was first used to achieve
this de-coupling in zebrafish larvae [62]. However, inherent cyto- and phototoxicity, poor water
solubility and high fluorescence properties of this inhibitor are serious disadvantages when performing
fluorescence imaging. Recently, para-aminoblebbistatin was introduced, which resolved or improved
the previous issues [138]. Specific for zebrafish, electromechanical decoupling can also be achieved
by knocking down the cardiac troponin T (TTNT2) gene using morpholinos [139]. The question
remains to which extent this gene knock-down alters other relevant cardiac physiological processes.
Lastly, algorithms have been designed that can perform motion tracking and stabilisation and do not
require the attachment of additional visible markers to aid the tracking. It only requires the visible
textures of the heart to estimate the optical flow between two images. Wide-spread application of this
method needs further investigation, but the obvious advantages would lead to modelling in more
physiologically relevant conditions via optical mapping [140].

Imaging adult zebrafish is an additional challenge compared to larvae due to the acquired
pigmentation. To circumvent this, special zebrafish lines exist with mutations to inhibit pigmentation
(e.g., casper or crystal fish) [141].

Finally, inherent limitations of optical mapping still pose challenges to measure specific AP
characteristics. Determining maximum upstroke velocity is hampered as too few data points can be
measured, with a good SNR, due to current limitations in data acquisition speed. Technical improvement
of voltage dyes, GEVIs and imaging equipment will resolve this. Absolute measurements of membrane
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potential (in millivolt) cannot be obtained via fluorescence imaging. One recent report correlates
alteration in fluorescence lifetime of the excited fluorophores with resting membrane potential.
However, only certain voltage or Ca?* dyes are suited and, therefore, more research is needed on this
technique [142]. At present, visualising individual ion currents is also not possible. Nevertheless,
current optical mapping techniques already enable the visualisation of a vast amount of (sub)cellular
processes, not solely in the heart [95]. Lastly, 3D samples such as organoids and whole zebrafish hearts
are coming into the picture as more relevant models to study ICAs. These dense samples pose only minor
problems for current fluorescence imaging techniques in comparison to the (micro)electrode-based
techniques, which perform measurements on the surface.

6. Conclusions

The advent of hiPSC-CMs and zebrafish as state-of-the-art models to study ICA has facilitated
a more personalised and in-depth characterisation of patient-specific mutations. Conventional
electrode-based techniques are very well suited for single cell characterisation but are limited in data
output when assessing 3D-like structures. Optical mapping, therefore, is a valuable complementary
technique to the traditional electrophysiological methods. The recent advances made in the field of
fluorescence microscopy and (genetically encoded) indicators not only reduce cytotoxic effects but
also greatly improve the signal-to-noise ratio and will facilitate simultaneous recording of both action
potentials and calcium transients in vitro and in vivo. Therefore, a bright future lies ahead for optical
mapping to aid in the functional characterisation of these study models.
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