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Abstract

Human cardiomyocytes (CMs) do not proliferate in culture and are difficult to obtain for practical
reasons. As such, our understanding of the mechanisms that underlie the physiological and
pathophysiological development of the human heart is mostly extrapolated from studies of the
mouse and other animal models or heterologus expression of defective gene product(s) in non-
human cells. Although these studies provided numerous important insights, much of the exact
behavior in human cells remains unexplored given that significant species differences exist. With
the derivation of human embryonic stem cells (hESC) and induced pluripotent stem cells (iPSCs)
from patients with underlying heart disease, a source of human CMs for disease modeling,
cardiotoxicity screening and drug discovery is now available. In this review, we focus our
discussion on the use of hESC/ iPSC-derived cardiac cells and tissues for studying various heart
rhythm disorders and the associated pro-arrhythmogenic properties in relation to advancements in
electrophysiology and tissue engineering.

Introduction

In 2007, human induced pluripotent stem cells (hiPSCs) exhibiting pluripotency and self-
renewal characteristics of human embryonic stem cells (hESCs) were successfully derived
from dermal fibroblasts through transgenic expression of a combination of pluripotency
transcription factors [1,2]. The similarities and differences between hESCs and hiPSCs are
extensively described elsewhere (e.g. other reviews in this thematic issue). Recently, many
patient-specific hiPSC lines with monogenetic cardiac defects have been generated as prime
candidates for drug testing and as alternative models for studying cardiac diseases in human
cardiomyocytes (CMs) due to scarcity of their source and non-regenerative nature. This
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review discusses the generation of hiPSC-derived CMs (hiPSC-CMs) into tissue constructs
for studying cardiac electrophysiology.

Directed cardiac differentiation and ventricular specification

The efficiency of directed cardiac differentiation of hESC/ iPSCs has significantly improved
in the last decade [3-10]. It remains to be determined if a limit to the CM yield exists
because the development and survival of CMs may be dependent on the presence of other
cell types [11]. Currently, directed cardiac differentiation still yields a heterogeneous
mixture of nodal, atrial and ventricular subtypes. A few labs have shown that ventricular CM
subtype specification from hESCs can be augmented by neuregulin-1 [12], noggin in
conjunction with retinoic acid receptor inhibition [13] or Dkk1 inhibitor IWR-1 (loannis
Karakikes and Roger Hajjar, unpublished data).

There are several points to consider when evaluating the efficiency of cardiac differentiation.
First, the number of contracting clusters is not an accurate assessment of the CM yield
because the actual number of CM in a beating cluster varies significantly [14]. Further, not
all derived CMs spontaneously contract. Second, the post-differentiation time point chosen
for assessing the CM vyield differs among publications. Because CMs remain proliferative
past day 60 post-differentiation [15], the yield may include those that originate from
proliferation not differentiation. Finally, adherent versus suspension culture of the CM
clusters can also affect the yield. For instance, more proliferative fibroblasts in the adherent
beating clusters can quickly migrate and divide into the unoccupied culture space and
decrease the CM percentage relative to the total cell count. Therefore, the percent yield can
be difficult to compare among the publications. A more accurate method would be to
quantify the number of CMs per initial pluripotent cell.

Electrophysiology of human pluripotent stem cell-derived CMs: is
classification based on AP parameters objective?

Excitation—contraction coupling in CMs is initiated by an action potential (AP) dictated by a
combination of depolarizing and repolarizing ionic currents. hESC/hiPSC-CMs are no
exception, with AP profiles that are reminiscent of those of human nodal, atrial or
ventricular CMs harvested from the heart, prompting their classification into cellular
subtypes based on their AP profile (Fig. 1) [15-17]. The depolarizing currents reported are:
a funny current (/%) that contributes to the generation of spontaneous APs, tetrodotoxin-
sensitive Na* current (/yz) and an L-type Ca2* current (/c4). The opposing repolarizing
currents include: a rapid component of the delayed rectifying K* current (/,) and a slow
component of the delayed rectifying K* current (/ks). Recently, a more detailed analysis of
hiPSC-CMs has also detected the transiently outward K* current (4) and the membrane
stabilizing inwardly rectifying K* current (/1) [17]. Of note, AP parameters of
heterogeneous derived-CM populations are not discrete but in continuum; the ranges for
classifying the different chamber-specific types are often arbitrary and differ among
laboratories. As such, classification based on AP parameters alone is not entirely accurate. A
more systematic and objective approach involving two or more parameters needs to be
developed.
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The electrophysiology of hESC/hiPSC-CMs changes, especially early on, during the /n vitro
differentiation process. Contractile hESC-CMs develop more mature electrophysiological
properties with time, similar to maturation of fetal and neonatal CMs into adult cells [18].
hiPSC-CMs that are phenotypically comparable to hESC-CMs are likely to mature similarly.
It is also important to keep in mind that the method for inducing cardiac differentiation and
the culture environment can affect the electrophysiological phenotype. Repeated replating
has been shown to alter the hESC-CM phenotype [19]. In fact, hRESC-CMs differentiated in
the embryoid body form exhibit a more hyperpolarized maximum diastolic potential (MDP)
and shorter APD than the ones differentiated using the END2 co-culture method [20]. While
the presence of non-CMs can enhance the maturation of hRESC-CMs [11], other investigators
have found superior electrophysiological functions in highly purified hiPSC-derived CMs
[17]. The effects of non-CMs on hESC/hiPSC-CM phenotypic maturation may be dependent
upon factors such as the differentiation or culture methods and the specific cell line used.
Our data show that systematic electrical conditioning leads to an AP phenotype that is more
mature than the unconditioned counterpart (Deborah Lieu and Ronald Li, unpublished data).
Elucidation of these issues clearly requires further investigation.

Effects of tissue constructs on CM electrophysiology: 2D versus 3D

Much about hESC/hiPSC-CMs has been learned using traditional cell culture protocols and
materials. However, culturing in a dish constrains cells to grow on a 2D surface, which is
contrary to the 3D environment /n vivo. Cellular morphology and function can change
significantly as cells attempt to adapt to the environment. In 3D culture, CMs are not
directed to exhibit surface polarity. For instance, protein distribution patterns can vary
between 2D and 3D culture substrates attributed to the existence of a free cellular surface in
the 2D geometry that does not allow the formation of cell—cell or cell-matrix junctions [21].
This raises the question whether the CM behavior observed on 2D culture surface is
reflective of the actual behavior /n vivo. To mimic the physiological environment, tissue
engineering labs have devised different variations of tissue constructs that incorporate CMs
into a 3D culture environment for studying CM function. Most cardiac constructs are in the
form of a cardiac strip or patch [22-27]. In these configurations, the CMs exhibit many
characteristics of natural myocardium, such as the formation of mechanical and electrical
junctions and the alignment of myofilaments in a preferential axis [28]. Hence, engineered
tissue configuration may facilitate hESC/hiPSC-CM maturation by providing more
physiological and adult-like environmental cues.

One defining morphological feature of CMs /n vivo s their anisotropic organization such
that cells have a preferential axis of alignment [29,30]. Previously, we have shown this can
be recreated by culturing hESC-CMs on microgroove substrates that induce cellular
alignment parallel to the direction of the grooves by contact guidance. These cells showed
morphological anisotropy but more importantly electrical anisotropy, with faster conduction
velocity along the axis of alignment [31,32]. Furthermore, we found that increase in cellular
alignment as shown by increase in anisotropic ratio of hESC-CMs reduces the spatial
dispersion of AP propagation through the cell syncytium, a mechanism that can sustain
reentrant arrhythmia, relative to randomly oriented cells, thereby, decreasing the
susceptibility to arrhythmogenic stimuli (Jiaxian Wang and Ronald Li, unpublished data).
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Alternatively, alignment of hESC/hiPSC-CMs can also be achieved through application of
mechanical loading. By culturing hESC-CMs in a 3D muscle strand anchored at the ends
and subjected to either passive static or cyclic stretch, these CMs aligned themselves in the
direction of the stretch, and the mechanically conditioned hESC-CMs showed signs of
hypertrophy and formed cellular electrical couplings similar to mature CMs [22,33]. Schaaf
et al. found electrophysiology variability in single hESC-CMs cultured in the human
engineered heart tissue (hEHT), identifying two different behaviors: short and long
ventricular CM-like APD, with the latter supporting phenotypic maturation [33], but their
upstroke velocities are slow with depolarized MDP relative to hESC-CMs in embryoid
bodies. Despite evidence of hEHT culture improvement of contractile and morphological
maturity, these cells remain electrophysiologically immature.

Although the electrophysiology of these constructs was not investigated, structural
anisotropy can increase the diffusion rate in the direction of alignment and may facilitate
organization of ion channels, which preferentially localize along the z-lines and intercalated
discs /in vivo[34,35]. Our group has recently created spontaneously beating hEHTs from
hESC-CMs (Irene Turnbull and Kevin Costa, unpublished data), and preliminary studies
using optical mapping with voltage-sensitive fluorescent dye revealed a longitudinal and
unidirectional cable-like electrical conduction (Fig. 2), pacing length dependence of APD
and loss of 1:1 capture at high pacing rates similar to natural human myocardium. Alteration
in the sarcomere length by mechanical strain also plays an important role in the excitation—
contraction coupling and the Ca2*-handling properties of CMs [36,37]. In addition, Costa et
al. have shown that the presence of a free surface, creating a boundary constraint, can be a
dominating factor over that of local tension and contact guidance in directing the cellular
alignment [38].

To further improve upon the available tissue configurations, Costa et a/. have engineered a
cardiac tissue chamber that resembles a pumping mini-ventricle [39]. The spherical
symmetry of this configuration is conducive to optical mapping of electrical conduction
patterns and reentrant arrhythmias, and avoids artifacts from non-conductive boundary
conditions created by the edges of traditional tissue patches or strips. It is also possible to
assess the active contractile function, and the passive pressure—volume and stress—strain
relationships.

Finally, CMs grown as part of a multicellular construct can establish intercellular electrical
coupling through gap junctions, which is important for evaluating arrhythmogenesis.
Automaticity and formation of early (EADs) and delayed (DADSs) after-depolarizations in
single CMs merely act as triggers or initiators of arrhythmias. Actual occurrence of
arrhythmias depends on mechanisms that perpetuate the untimely electrical signal. In
multicellular constructs, substrates for arrhythmia, such as cellular conduction velocity
mismatch and the dispersion of repolarization dictated by electrical coupling, the cellular
aspect ratio and organization may be observed and assessed.
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Methods for functional assessment of hESC/iPSC-CM constructs at the
single- and multi-cellular levels

The electrophysiology of hESC/hiPSC-CMs can be functionally assessed as an individual
entity with the patch-clamp technique or as a syncytium of monolayer or tissue constructs.
Traditional patch-clamp requires a technically skilled operator to form a Giga-ohm seal
between the recording glass pipette electrode with the cell membrane before rupturing of the
membrane with a burst of negative pressure or perforating agents to enable measurements of
ionic currents in the voltage-clamp mode and membrane potential in the current-clamp
mode. A crude method of measuring APs using a sharp electrode that impales a cluster of
cells has also been used to measure the APs [15]. Automated patch-clamp instruments have
been developed commercially for higher throughput assessment of ionic currents and are
technically less challenging. The applicability of automated patch-clamp setup for
measuring ionic currents of hiPSC-CMs has been demonstrated [17]. One disadvantage is
the cell number on the order of millions in suspension required for each experiment. The
large cell number of a homogenous population may not be feasible for low differentiation
cell yield. It is also not clear at this point if progenitors and immature hESC/ hiPSC-CMs
that are unable to retain their shape in suspension have altered ionic currents.

For tissue constructs mentioned above, information on the AP propagation may be assessed
with microelectrode arrays (MEA) or optical mapping using voltage- or calcium-sensitive
dyes to acquire information on the cellular conduction as a syncytium [40,41]. MEA
requires plating of the cells on a substrate with embedded electrodes. Physical contact
between the cells and the electrodes allows extracellular measurements of the cellular
electrical activity. Unlike patch-clamp methods, the measurements are noninvasive and can
be performed repeatedly over an extended period of time. Some drawbacks of this method
are the limited number of spatial sampling points, no control over the locations of the
sampling points and the high quality of the cell-electrode contacts needed. For greater
spatial sampling and control of the sampling location, optical mapping of the tissue
constructs is a better alternative. This is possible with the development of faster and more
sensitive photodetectors for the acquisition of fast AP and Ca2* transient responses
[32,42,43]. This technique requires loading of the constructs with a voltage-sensitive or
Ca?*-sensitive fluorescent dye that may have cytotoxic effects [44]. The dyes are also light-
sensitive and can photobleach over extended exposure time, thus limiting the measurement
time and the ability to reassess the constructs. From the raw MEA and optical mapping data,
a conduction map can be generated giving information such as conduction velocity, direction
of signal propagation and visualization of arrhythmia associated with abnormal beats or
reentry.

Recreating human heart diseases in a dish from patient-specific hiPSC-
CMs: shortcomings of existing animal and cellular models

Many cardiac diseases are hereditary. They have been categorized into contractile or
electrophysiological dysfunction known as cardiomyopathies or channelopathies,
respectively. Electrophysiology is largely affected by channelopathies or pathologies of ion
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channels (or their subunits) due to a gene mutation, affecting the activation or inactivation of
the ion channels at the molecular level. This translates into an altered depolarizing or
repolarizing ion current at the cellular level. Altered currents can generate abnormal pulse
from increased automaticity or triggered activity by EADs or DADs. These pro-
arrhythmogenic conditions are classified as long QT (LQT) syndrome, short QT (SQT)
syndrome, Brugada syndrome (BS), cardiac conduction disease (CCD), sick sinus syndrome
(SSS) and catecholaminergic polymorphic ventricular tachycardia (CPVT) [45]. These
conditions are of great clinical interest because the subsequent development of arrhythmias
or deviation in the normal cardiac rhythm can be fatal.

Although studies using murine models or heterologous expression of mutant ion channels in
human embryonic kidney 293 cells or Xenopus oocytes have improved our understanding of
the disease mechanisms, it does not provide definitive proof of the electrophysiological
dysfunction in human CMs. First, mouse hearts have an intrinsic rate that is more than seven
times the human rate, with significantly shorter cardiac APs. Therefore, mouse models
cannot accurately recapitulate human electrophysiology due to the intrinsic differences in
ion channel expression. Aside from the current magnitude differences, many human cardiac
ion channels, such as /k, and /s, are absent in mice [46]. Second, ion channel modulating
subunits may be absent in the heterologously expressed system, therefore, not fully
recapitulating the physiological condition of human CMs.

Patient-specific hiPSC-CMs are a great tool for studying the mechanisms of cardiac diseases
and assessing the pharmacological effects in human cells, which eliminates possible non-
specific effects produced by the mouse model from the transgenic expression of dominant-
negative mutants or the animal species themselves [47]. They can be first probed for the
corresponding genetic defects and then used for investigating the mechanism of the
molecular dysfunction and the ramifications of these defects in human cells. Moreover, the
diseased hiPSC-CMs also allows for pharmacological testing, not only at a general level for
studying the disease but on a personal level for titrating the drug dosage for patients with
distinct genetic backgrounds such as polymorphisms. All the hiPSC lines reported thus far,
LQT1, LQT2 and LQTS8 (aka Timothy Syndrome), are of channelopathies of a single mis-
sense gene mutation, with the exception of one report on cardiomyopathic LEOPARD
syndrome [48]. LQT is characterized by a prolonged QT interval in the EKG that reflects an
increase in the depolarizing currents or a decrease in the repolarizing currents that prolongs
the APD at the cellular level. Although LEOPARD syndrome is a cardiomyopathy, it does
present abnormal EKG, but these diseased hiPSC-CMs were not assessed for their
electrophysiology.

Currently, twelve LQT syndromes and other channelopathies attributed to different channel
mutations have been documented, but few have been investigated using hiPSC-CMs (Table
1). It is important to note that not all the diseases may be modeled in a dish using these cells.
To recapitulate the disease /n vitro, the defective ion channels or proteins responsible for the
symptoms must be present in hiPSC-CMs at the stage when they are interrogated; otherwise,
the defects will not be symptomatic. To date, /1 has not been detected by all labs studying
hESC/hiPSC-CMs [49]. In rodent CMs, this current has been shown to progressively
increase from embryonic day 12-18 [50]. It is possible that ion channels encoding /1 may
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be expressed in more mature hiPSC-CMs. If not, a hiPSC model for LQT7 (Anderson—Tawil
syndrome) with a mutation altering /1 in 60% of the patients [51] may not be possible.
Besides being hereditary, channelopathies can also be acquired. Previously, several FDA
approved drugs have been recalled for their inhibitory effects on the human ether-a-go-go-
related gene channels (hERGS), either by direct channel block or by reduced expression,
resulting in acquired LQT2 that can lead to fatal torsade de pointes arrhythmia [52,53].
Therefore, hERG-expressing hESC/hiPSC-CMs [17,18] make superb candidates for
pharmacological safety screening.

Limitations of hiPSC-CMs as a disease model

AP characteristics depend on a balance between interacting ionic currents. Hence, the level
of expression of endogenous ionic currents other than the defective ionic current of interest
may promote the presence of triggered EADs or DADs. The electrophysiological
immaturities of hiPSC-CMs may be a limiting factor for their ability to fully model some
channelopathies. For example, /ks has been shown to be present in hiPSC-CMs, but in only
~30% of them [17] compared to ~50% in the heart [54], let alone their smaller current
amplitudes even when expressed. However, the heterogeneous /g presence and the current
kinetics did not affect the presentation of the disease phenotype for LQT1-hiPSC-CMs
carrying an /kgs mutation [55], but it is not clear if the severity of the presenting symptoms is
affected. lon channels normally not present in the contractile CMs such as the
hyperpolarization-activated cyclic nucleotide-modulated (HCN) channels, can contribute to
automaticity creating a pro-arrhythmogenic condition by inducing membrane depolarization.
This poses a problem for a suggested application of immature hiPSC-CMs for personalized
treatment in titrating the drug dosage because the ion channel expression in the patient’s
hiPSC-CMs may not truly reflect the channel expression in the patient’s heart, which can
result in either underestimating the drug dosage that does not effectively shorten the APD
enough to restore the normal QT interval or overestimating the drug dosage that creates a
pathological condition of short QT interval that has also proved to be pro-arrhythmogenic
[56]. An ionic profile that accurately recapitulates the adult CMs may be necessary for
titrating the drug dosage to prevent arrhythmia. Other factors to consider when using patient-
specific hiPSCs as a disease model include the effects of their epigenetic memory and
possible mutagenesis that may arise from the reprogramming method and long-term
culturing [57,58]. Future work needs to assess the accuracy of these patient-specific hiPSC-
CMs in modeling the diseases.

Proarrhythmic triggers at the single-cell level versus multi-cellular reentrant
arrhythmias

The generation of ventricular fibrillation (VF), the most common cause for sudden death,
requires both a cellular trigger (e.g. AP prolongation, EADs and DADs), as well as
multicellular reentrant events (e.g. spiral wave reentry). Thus far, all the patient-specific
hiPSCs-CMs reported have been dealing with the abnormal pulse formation or single-cell
events contributing to arrhythmia. Multi-cellular sustained reentry as a prerequisite
mechanism for arrhythmogenesis has not yet been dealt with using hiPSC-CMs. The
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observation of reentry is not possible at the single cell level, but becomes apparent when the
cells are electrically coupled as a syncytium. Although cellular presence of EADs and DADs
suggests probable occurrence of arrhythmia, it is only an indirect indication. In fact,
formation of EADs generally becomes more apparent when it occurs in the ventricular mid-
myocardium leading to a more prominent transmural dispersion of repolarization which is a
substrate for reentry [53]. Therefore, the cellular electrophysiological disorder only initiates
the condition for arrhythmia, but the actual occurrence depends on the existence of a
condition that perpetuates the electrical propagation. While single cell patch-clamp revealed
a significant difference in the length of repolarization period between healthy and LQT2-
specific hiPSC-CMs, the differences observed atthe multi-cellular level usingMEA
werediminished [59,60]. The authors hypothesized that cell-to-cell contacts in the multi-
cellular form may have compensatory effects in dissipating abnormal repolarization.
Evidence suggests that single cell assessment may be more sensitive for channelopathy
detection, but the severity of the disease and the drug titration for treatment may best be
evaluated as a multi-cellular construct. When using hESC/iPSC-CM s in a construct, it is
important to be sure any arrhythmias observed are not an artifact of the conduction path that
can be created by cells with heterogeneous electrophysiology. Cardiac differentiation from
these human pluripotent stem cells yields non-CM cardiac cells such as fibroblasts and
endothelial cells. Contaminates of hon-excitable cells may create a conduction block or a
sink for ionic currents that can alter the conduction propagation. Therefore, pure CMs may
be necessary to generate reproducible and reliable results.

A CM enrichment strategy often used is the generation of cardiac-specific reporter lines but
this is a laborious process [61,62]. Recently, purification of hESC/hiPSC-CMs through the
labeling of surface markers [63—65] or mitochondria [66] have been reported, but the surface
markers identified have not been shown to be completely restricted to CMs and the
mitochondrial level requires at least 50 days post-differentiation to become distinctly higher
than other cell types. We reported a method of identifying hESC/hiPSC-CMs using a non-
genetic, label-free method based on the intrinsic nature of the myosin filament organization
that generates a second harmonic signal [67]. This may yield a source of CMs that has not
been manipulated or perturbed by labeling reagents.

The enriched hESC/hiPSC-CM population is still heterogeneous of nodal, atrial and
ventricular subtypes with very different electrophysiological properties that can create a
conduction mismatch in the tissue construct and promote arrhythmogenesis. It is often
difficult to separate the cause of arrhythomogenesis, as Itzhaki et al. point out that the
observed arrhythmia in the LQT-hiPSC-CMs cannot be completely confirmed to be
attributed to the defective ion channel alone [68]. Factors such as CM automaticity (intrinsic
of hESC/ hiPSC-CMs) and reentry (from multi-cellular organization and coupling) may
contribute to the observed irregular electrophysiological phenotype. Therefore, a pure
population of ventricular subtype may be more appropriate for some drug screening
applications. Currently, a reliable method of identifying ventricular subtype is through the
generation of reporter lines driven by the myosin light chain (MLC)-2v promoter [69,70].
Future work may improve hiPSC-CM disease modeling by isolating the correct CM subtype
to model the corresponding disease, for instance, such that nodal and ventricular CMs are
used for studying SSS and LQT, respectively.
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Conclusions

With the derivation of patient-specific hiPSCs, human pluripotent stem cells now have new
directions to be pursued. For the cardiac field alone, not only is generating a source of
autologous cells possible, the research on inherited heart diseases, drug safety screening and
cardiac drug testing in human CMs as well as personalized treatment strategy are also one
step closer to reality. Although the challenges discussed above may prevent immature
diseased hiPSC-CMs from presenting the exact responses of adult cells /n vivo, the results
from the several diseased-hiPSC linesgenerated as heart disease in a dish have certainly been
encouraging. Advancements in the electrophysiology measuring instruments and culture
conditions designed to mimic the /in vivo environment will further accelerate our progress in
understanding the mechanisms inducing abnormal electrophysiology in CMs.
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Ventricular
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Figurel.
Schematic action potential profiles of human pluripotent stem cell-derived cardiomyocyte

subtypes. The currents involved in each phase of action potential for the nodal, atrial and
ventricular cells are presented below the representative action potential for each cellular
subtype. /: funny current responsible for pacemaking permeable to Na* and K*, /\a: Nat
current, /e, Ca2* current, 4y: transiently outward K* current, /,: rapid delayed rectifying K
* current, /ks: slow delayed rectifying K* current, /q: inwardly rectifying K* current.
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Figure2.
Electrophysiology of hEHT in tissue strip configuration constructed from hESC-CMs. (a)

Isochrone map generated from optical mapping of point-stimulated hEHT conduction with
electrode placed at bottom left. (b) Action potentials from two locations on the hEHT are
shown.
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