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Abstract

Cardiac drug discovery is hampered by the reliance on non-human animal and cellular models 

with inadequate throughput and physiological fidelity to accurately identify new targets and test 

novel therapeutic strategies. Similarly, adverse drug effects on the heart are challenging to model, 

contributing to costly failure of drugs during development and even after market launch. Human 

induced pluripotent stem cell derived cardiac tissue represents a potentially powerful means to 

model aspects of heart physiology relevant to disease and adverse drug effects, providing both the 

human context and throughput needed to improve the efficiency of drug development. Here we 

review emerging technologies for high throughput measurements of cardiomyocyte physiology, 

and comment on the promises and challenges of using iPSC-derived cardiomyocytes to model 

disease and introduce the human context into early stages of drug discovery.

Keywords

drug discovery; high content screening; cardiomyocyte; heart; physiology; automated microscopy; 
particle image velocimetry

*To whom correspondence should be addressed at ; Email: mmercola@stanford.edu 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2017 July 01.

Published in final edited form as:
Biochim Biophys Acta. 2016 July ; 1863(7 Pt B): 1717–1727. doi:10.1016/j.bbamcr.2016.03.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Advances in the production of differentiated cells from induced pluripotent stem cells 

(iPSCs) make it possible to create models of cardiovascular disease with sufficient 

robustness for high throughput applications. Combined with pharmaceutical-style assay 

development and screening, and the availability of chemical and oligonucleotide libraries to 

probe protein and gene function, researchers now have the unprecedented opportunity to 

probe fundamental disease mechanisms in a comprehensive and unbiased way.

These new technologies create enormous potential for early stage drug discovery. The 

modern drug development paradigm commonly uses biochemical or reductionist cell culture 

models for initial drug screening, while animal models are used later as in vivo models. The 

human context is typically implemented relatively late in the discovery process after lead 

compounds have been identified. Similarly, target identification, although clearly motivated 

by human disease, typically proceeds from studies of disease mechanisms that focus on one 

or relatively few hypotheses rather than from large-scale unbiased testing, although the 

revolution in genomics is rapidly changing target identification. iPSC disease modeling 

combined with pharmaceutical company-style high throughput approaches enable 

compound screening as well as large-scale, unbiased screening for drug targets as well. 

Thus, iPSC disease modeling represents a paradigm shift that re-introduces the human 

context early in the discovery pipeline that is reminiscent of earlier days in drug 

development when drugs were discovered based on clinical experience.

For heart disease, physiological assays that measure cardiomyocyte function are particularly 

important to reveal drug effects and discover new therapeutic targets Physiological assays, 

such as patch clamp recording, were historically too low throughput to implement in large 

scale experiments, and, therefore, unsuitable for unbiased approaches to probe basic disease 

mechanisms or for initial drug screening. With the emergence of automated microscopy, 

along with fast and highly fluorescent voltage and calcium sensors, it has become possible to 

develop high content screening platforms and assays with the ability to measure kinetic 

parameters of cardiomyocyte function.

This review summarizes state-of-the-art technologies for high throughput measurements of 

cardiomyocyte physiology, and comments on the promises and shortcomings of iPSC-

derived cardiomyocytes to advance research into fundamental disease mechanisms and 

introduce the human context into early stages of drug discovery. Although drug discovery 

and basic research to delineate disease mechanisms differ in the conceptual design of 

experiments and the technological approaches to execute them, our philosophy is that both 

will benefit from iPSC-cardiomyocyte models that recapitulate disease and have the 

throughput to enable large-scale chemical or functional genomics screening. Therefore, we 

focus on emerging technological advances that we hope will create high throughput and high 

fidelity models of human cardiovascular disease.
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Producing iPSC-cardiomyocytes for disease modeling

The ability to easily induce pluripotent stem cells sparked a revolution in the thinking of 

development as a one-way timeline from egg to organism, and in theory enabled the 

production of every cell type in the body as long as we can develop culture conditions to 

direct differentiation appropriately. For cardiovascular lineages, the efficient production of 

cardiomyocytes, vascular endothelial cells, and smooth muscle cells is now feasible thanks 

to decades of research into basic embryology and developmental biology. Classical 

microdissection experiments, using amphibian embryos and juxtaposing candidate inducing 

tissues to the heart field prior to specification, suggested an inductive role for the endoderm 

that gives rise to pharynx [1–7] and additional signals located in future craniofacial 

mesoderm [7, 8]. Similar classical studies with cultured chick embryos also suggested that 

both embryonic (hypoblast) and definitive endoderm produce heart-inducing signals [9–11].

One class of particularly potent cardiomyogenic inducing molecules turned out to be Wnt 

antagonists. The secreted protein Dickkopf-1 and the secreted Frizzled domain protein 

Crescent-1 were the first identified [12, 13], as reviewed [14]. Subsequently, small molecule 

Wnt inhibitors were shown to substitute for Dkk1 in producing cardiomyocytes from 

pluripotent stem cells [15].

First generation protocols that optimized the embryological inducers for the production of 

cardiac tissues induced by Wnt inhibition, either DKK1 or small molecule inhibitors, from 

pluripotent stem cell cultures originally produced approximately 10–50% cardiomyocytes 

along with vascular endothelial cells, smooth muscle cells and fibroblasts, among other cell 

types [16]. Later refinements focused on individual cardiovascular lineages, with notable 

protocols for cardiomyocytes [17–19]. These second generation protocols turned out to be 

quite efficient and enabled reproducible cardiomyocyte production from numerous 

embryonic stem cell (ESC) and iPSC cell lines. Several questions relevant to the use of iPSC 

cardiomyocytes remain unanswered, including whether the ventricular cardiomyocytes 

produced are typical of the left or right ventricle, and the ideal factors that can direct the 

differentiation of particular subsets of cardiomycytes (e.g. atrial versus ventricular and nodal 

cardiomyocytes).

Despite these uncertainties, commercially produced hPSC-cardiomyocytes are now available 

from several vendors, charging approximately $1,000–2,000 per vial of about 1 million 

highly enriched (~90% purity) cardiomyocytes. In addition to answering the questions 

above, it is hoped that iPSC-cardiomyocytes will soon be produced in large quantities at 

considerably lower cost, and that the production from patient samples will become more 

widespread than today, partly as a result of commercialization of the reprogramming and 

directed differentiation processes.

Electrophysiological characterization of iPSC cardiomyocytes, produced by various 

protocols and cultured in simple, two dimensional monolayer cultures typically on stiff 

substrates such as cell culture dish plastic, reveals that they contain most of the cardiac ion 

currents present in adult cardiomyocytes but nonetheless are immature [20, 21]. Important 

distinctions between iPSC-cardiomyocytes and adult cardiomyocytes are that they are 
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deficient in IK1, which is important for the normally low resting potential of mature 

cardiomyocytes and also presence of the If Ca2+ current that that contributes to automaticity 

by causing a slow depolarization between beats that results in the cell’s membrane potential 

rising to the threshold for Na+ channel opening (−50 mV), summarized by Knollman [22] 

and Keung et al. [23] and Table 1. IKr deficiency contributes to the relatively depolarized 

resting potential of −30mV to −60mV typical of early iPSC-derived or ESC-derived 

cardiomyocytes. Prolonged periods of culture, augmented by signals from non-

cardiomyocytes, can decrease the resting potential to about −70mV although not quite 

reaching the −80mV typical of adult cardiomyocytes [20, 24–27]. A consequence of the lack 

of a polarized resting potential is that functional Na+ channel density is relatively low 

compared to more mature cells, consequently, Na+ channel function has been inconsistent 

among iPSC-cardiomyocyte preparations and accounts for the slow velocities of action 

potential depolarization (about 2–100 V/s compared to about 300 V/s for adult ventricular 

cardiomyocytes [20, 24, 27].

iPSC-derived cardiomyocytes also have important differences in Ca2+ handling relative to 

adult cardiomyocytes. iPSC-cardiomyocytes have a largely undeveloped transverse tubule 

(T-tubule) network. T-tubules are invaginations of the sarcolemma that that organize in a 

periodic pattern transversely to the major axis and align with Z-lines. In adult 

cardiomyocytes, T-tubule caveolae align with the sarcoplasmic reticulum (SR) [28]. Action 

potentials trigger influx of Ca2+ across the sarcolemma via voltage-gated L-type Ca2+ 

channels located at the T-tubular network in close proximity to the SR. Following the action 

potential depolarization of the cellular membrane, the influx of extracellular Ca2+ triggers 

the rapid release of Ca2+ from the SR through Ryanodine receptors (RyR) in a mechanism 

termed calcium-induced calcium release (CICR) to rapidly coordinate the action potential 

with contraction. The relative contribution of the extracellular and SR Ca2+ pools, however, 

to intracellular Ca2+ depends on the degree of cardiomyocyte maturity, as reviewed [22, 23]. 

CICR dominates in mature cells that have a functional caveolae/T-tubule network, whereas 

influx from the extracellular pool, which slowly enters the cytoplasm, predominates in 

immature cardomyocytes. The slow Ca2+ response to electrical stimulation accounts for the 

negative force-frequency relationship in ESC-derived cardiomyocytes when paced, whereas 

adult CMs show a positive force-frequency relationship [29, 30].

Importantly, in healthy adult cardiomyocytes, the ability of adrenergic signaling to regulate 

Ca2+ handling and Ca2+ triggered contraction is tightly localized by the T-tubule network. 

Comparmentalization localizes adrenergic control of Ca2+ entry, Ca2+ release from the 

sarcoplasmic reticulum and its reuptake by the sarcolemma localized ATPase Ca2+ pump 

SERCA2 (ATP2A2), as well as phosphorylation of cardiac Troponin-T and phospholamban. 

This process is mediated by structural restriction of β2 adrenergic receptors (β2-ARs) to 

caveolae/T tubules [31] and by localized activity of cAMP-hydrolyzing phosphodiesterases 

(PDEs) [32]. Unlike healthy adult cardiomyocytes, immature iPSC-cardiomyocytes 

especially when cultured on unpatterned substrata (e.g. cell culture plastic) exhibit 

dysregulated catecholamine-dependent phosphorylation of cardiac Troponin-I and 

phospholamban and regulation of CAMKII [33]. Interestingly, the adrenergic regulation of 

the SR/Ca2+ handling machinery of iPSC-cardiomyocytes is somewhat reminiscent of 

failing cardiomyocytes. Failing adult myocytes lose T-tubule structure [34] and undergo a 
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switch from the normally restricted function of the β2 AR to a dysregulated β2-AR and 

upregulated expression of β1-ARs [35, 36], which are less sensitive to catecholamine-

induced downregulation and internalization than β2-ARs [37, 38].

Little is known about the signals, either extracellular or intracellular, that direct 

physiological maturation of immature pluripotent stem cell derived cardiomyocytes [23]. 

One factor known to play a role is thyroid hormone (T3). T3 levels increase during the last 

trimester of human gestation and upregulates various genes encoding proteins involved in 

contractile and SR function, including SERCA2a and phospholamban, cardiac potassium 

channels, the Na+/K+ ATPase and NCX, as well as β-adrenergic receptors, guanine-

nucleotide regulatory proteins, and adenylyl cyclases. Importantly, T3 also regulates myosin 

heavy chain genes at least in mice where it is responsible for the developmental shift from 

predominantly Myh7 in fetal to Myh6 in adult mice [39]. T3 is also reported to enhance 

metrics of murine ESC-cardiomyocyte maturation [40].

Interestingly, cardiac expressed microRNA miR-1 induces a phenotype trending towards 

electrophysiological and mechanical maturation when overexpressed in differentiated yet 

immature cardiomyocytes [41]. The effects include a more rapid action potential and a more 

hyperpolarized membrane potential. miR-1 overexpression also upregulated Kir2.1, Kv1.4, 

HERG and dihydropyridine receptors (VGCC; voltage-gated calcium channels) while 

downregulating HCN4. miR-1 overexpression also increased proteins involved in CICR and 

was accompanied by an increased amplitude and upstroke velocity of the Ca2+ transient.

Recent attempts to induce maturation by culturing iPSC-cardiomyocytes on 2-dimensional 

(2D) micropatterned surfaces have shown promising effects on mechanical and 

electrophysiological maturation and pharmacological responsiveness [42]. For instance, 

cardiomyocytes on 2D micropatterned arrays conform to the shape of the patterned 

extracelllar matrix protein (e.g. fibronectin) [43] or nanopatterned grooved surfaces [44, 45]. 

In addition, two recent studies [33, 46] showed that 7:1 rectangular shape might be optimal 

for force generation and T-tubule structure and localized adrenergic signaling. Such surfaces 

might represent the nearest term improvements in current culture substrata for high 

throughput screening since they should be adaptable to standard 96 and 384-well format, 

although commercial solutions do not yet exist. As a further advance, combining more 

elastic substrata with micropatterned and matrix protein-functionalized surfaces should 

enhance morphological, physiological and mechanical properties of iPSC-cardiomyocytes, 

including organization of the sarcomeres themselves, sarcoplasmic reticulum and T-tubule 

network, increased number and localization of mitochondria, resulting in enhanced force 

generation and a mature adrenergic responsiveness (Figure 1) [33, 46].

3D engineered heart tissues (EHTs) offer an additional level of sophistication, reviewed in 

[47, 48]. iPSC-cardiomyocytes are influenced by the shape such that cell alignment and 

degree of mechanical and morphological maturation can be controlled by molds used to cast 

3D EHTs. In addition to shape, parameters evaluated in 3D EHTs include matrix material, 

electrical pacing, cyclical mechanical stretching, and presence of non-cardiomyoyctes, such 

that matrices made with collagen or fibrin and introduction of fibroblasts yields EHTs in 

which iPSC-cardiomyocytes achieve an impressive degree of sarcomeric, sarcoplasmic 
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reticulum/T-tubule and mitochondrial ultrastructural organization. Exciting advances will 

include creating complex, perfused 3D tissues to enhance fidelity of intercellular interactions 

and force generation, perhaps through innovative casting of tissues with channels that can be 

vascularized [49–51]. In an interesting application, monoaxial EHTs have been shown to 

reproduce re-entry arrhythmia [48]. In this case, normal rhythmic contraction and 

propagation of Ca2+ waves were restored by electrical shocking, stimulating restoration of 

sinus rhythm by resynchronization therapy.

In summary, iPSC-cardiomyocytes hold immense promise for disease modeling, even if the 

degree of functional maturation remains a challenge. Micropatterned surfaces seems to offer 

the nearest term advancement in improving iPSC-cardiomyocyte maturation, and systems 

with physiologically appropriate substrate elasticity advance the fidelity of iPSC-

cardiomyocytes, and 3D EHTs are already showing promise.

Physiological readout modalities

Optical recording modalities have gained popularity in recent years for moderate to high 

throughput applications, such as library screening, to overcome the limitations of direct 

electrophysiological recording of cardiomyocyte transmembrane voltage and current 

transients. Optical recording can be done using either a kinetic plate reader (e.g. Molecular 

Devices FLIPR or Hamatsu FDSS7000) or a high content (imaging) platform (e.g. Vala 

IC200) instrumentation (Table 2). Moderate to high throughput optical modalities have been 

developed for four parameters of cardiomycoyte physiology: dynamic measurements of the 

intracellular Ca2+ concentration, real-time recordings of the transmembrane voltage changes, 

as well as cardiomyocyte sarcolemmal membrane motion (summarized in Table 2) as well as 

force generation (albeit with lower throughput) by traction on substrata or displacement of 

posts (see below). Here we will focus on the use of optical voltage and Ca2+ probes, multi-

electrode array and impedance-measuring instruments, followed by optical measurements of 

motion and force suited to high throughput applications.

Fluorescent and luminescent Ca2+ indicators are widely used for screening in drug 

discovery. Since intracellular Ca2+ concentration changes from hundreds of nanomolar to 

millimolar concentrations, real-time monitoring represents a convenient and reliable way to 

assess cardiomyocyte activity. Fluorescent Ca2+ readouts are often used as a surrogate 

marker for a cellular events not directly involving intracellular Ca2+ changes [52–54]. A 

wide selection of commercially available organic fluorescent Ca2+ indicators with excellent 

dynamic range of a fluorescent signal (up to 30× fold relative change in fluorescence, ΔF/F) 

and chemistries enable the probes to be readily loaded into cells, making Ca2+-sensitive 

fluorophores a drug discovery workhorse [55–57].

Small molecule voltage sensor probes (VSPs) are lipophilic fluorescent molecules that bind 

to the cell membrane and alter their emission properties in response changes in a 

transmembrane voltage potential as the membrane depolarizes. 

Aminonaphthylethenylpyridinium (ANEP) dyes, such as di-4-ANEPPS, di-8-ANEPPS, as a 

class were first described by Loew and colleagues. [58] and recent versions have very fast 

response times (ns) but relatively low change in fluorescence (1–10% ΔF/F per 100mV). The 
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structure of these probes causes the chromophores to orient perpendicularly to the aqueous 

interface of the plasma membrane, where the change in transmembrane potential with 

depolarization is thought to shift the electron density along the probes’ axis and cause a 

spectral shift in its fluorescent emission [59]. This electrochromic effect is very fast and 

sensitive. Consequently, electrochromic probes have enjoyed widespread use to measure 

action potentials in the context of the whole heart, in cell culture and also in combination 

with Ca2+measurements [60]. A different mechanism is used by fluorescence resonance 

energy transfer (FRET) VSPs, which consist of a mobile lipophilic anion acceptor in the 

membrane interior and a donor located on the extracellular surface of the plasma membrane. 

The FRET signal induced in response to depolarization can be 33–75% per 100mV with 

substantially slower time constants [61].

A conceptually different small molecule voltage probe is VF2.4Cl developed by Miller et al., 

[62] and sold commercially as FluoVolt. VF2.4Cl is a fairly fast (sub-millisecond) small 

molecule voltage probe that has a large dynamic range (ΔF/F in excess of 25% per 100 mV) 

that overcomes the dynamic range limitations of the electrochromic dyes. The chromophore 

of this “molecular wire” probe is localized on the membrane surface but is quenched by 

electron transfer at polarized (cardiomyocyte resting) potentials, and depolarization disrupts 

electron transfer through the “molecular wire” causing dequenching of the chromophore. We 

have used Vala Sciences Kinetic Imaging Cytometer HCS platform to optically acquire 

voltage data from iPSC-cardiomyocytes loaded with VF2.4Cl. Camera acquisition speeds 

can be up to 100 frames per second using the entire detection chip, and up to 1500 frames 

per second with partial chip use. Given the storage and computational load at higher frame 

rates, the rate is adjusted to match the speed to the physiological parameter being measured 

[63]. Individual peak data are acquired on a cell-by-cell basis or can be acquired as a whole 

well ensemble average. Loess regression can be used to fit action potential peaks to 

individual peak data. Various metrics are calculated (action potential duration at 50 and 90% 

peak height, peak and decay times, Vmax values, and the decay constant Tau).

An alternative to small molecule voltage probes is a fluorescent protein that can be 

engineered to respond to changes in transmembrane potential. Since such protein probes are 

genetically encoded, they can be stably expressed in cells overcoming limitations of dye 

loading and loss inherent with small molecule probes. Siegel and Isacoff [64] fused GFP to 

the Shaker voltage-sensitive K+ channel to construct an early generation probe that was 

shown to be effective for measuring transmembrane voltage in single cells. Since then, a 

promising approach has been to fuse the voltage sensing phosphatase of Ciona intestinalis to 

variants of fluorescent proteins. A clear advantage of protein VSPs is that they can be used 

in vivo, as exemplified recently in a transgenic mouse engineered to express a Ciona 
intestinalis phosphatase-based FRET VSP selectively in cardiac myocytes [65]. Optical 

cardiograms were recorded ex vivo, as well as in vivo using minimally invasively fiber 

optics at physiological heart rates (10 Hz) and under pacing-induced arrhythmia. A 

promising non-FRET VSP based on the Ciona intestinalis phosphate is ArcLight, which 

confers voltage sensitivity on a pH responsive variant of eGFP known as super-ecliptic 

pHluorin that has a large response amplitude (−30% ΔF/F per 100mV) [66]. ArcLight has 

been expressed either stably or by transient lentiviral transduction into iPSC-cardiomyocytes 

and shown to accurately reflect the action potential prolonging effects of benchmark 
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compounds including dofetilide (blocks IKr), E-4031 (blocks IKr), Chromanol 293B (blocks 

IKs) and ATX-II (opens INaL) opening the door to rapid phenotyping of disease model iPSC-

cardiomyocytes and facilitating drug screening [67, 68]. Although the fluorescence intensity 

of ArcLight in iPSC-cardiomyocytes correlates well with patch clamp recordings for 

measuring action potential duration [68], the probes have a relatively slow response time that 

probably preclude measuring rates during the rapid depolarization (phase 0) of the action 

potential, and whether the expression of the fluorescent proteins will adversely affect 

cardiomyocyte physiology remains an open question. Nonetheless, genetically encoded 

voltage probes will likely be a powerful tool for screening applications, especially since 

more recent variations of the approach improve the response speed, for instance by using a 

circularly permuted GFP [69], or by mutating the voltage-sensing phosphatase protein [70].

An important alternative to optical recording are Multi-Electrode Array (MEA) devices, 

which use electrodes embedded in the cell culture dish to stimulate and measure 

extracellular field potential waveforms induced by relatively large numbers of 

cardiomyocytes. These devices can record for prolonged periods of time, without inflicting 

mechanical damage to the cell culture. Different from patch clamp or optical methods above, 

the MEA electrical recording is a waveform that correlates with the cardiac action potential 

duration and the QT interval of in vitro and in vivo ECG and is composed of an initial rapid 

spike corresponding to Na+ influx and depolarization, a slow wave/plateau phase 

corresponding to Ca2+ influx, followed by a repolarizing wave that corresponds to K+ efflux 

and repolarization [71, 72]. Prolonged recording and the existence of multiwell platforms 

make the technology ideal for studying both the acute activity and long-term effects of ion 

channel modulators on electrical activity [73, 74].

A commercially available platform (iCELLigence, ACEA Biosciences) uses impedance 

analysis for moderate throughput measurement of cardiomyocyte contractility in 

physiological conditions. Cell displacement during cardiomyocytes contraction is measured 

as variations in impedance that directly correlates with beating frequency. As an example, 

impedance measurements of contractility can reveal responses to growth factors or other 

molecules that signal through mechanisms other than ion channels [75, 76]. Furthermore, 

impedance quantification of cell adhesion and spreading also contributes to an assessment of 

overall cell toxicity [77–80]. The recently released Cardio ECR platform (ACEA 

Biosciences) combines MEA and contractility recording for a simultaneous comprehensive 

evaluation of the excitation-contraction coupling paradigm [81].

Quantifying Contractility

Until recently, there has been a lack of methods for high-throughput assessment of 

cardiomyocyte contractility, due to the difficulty of quantifying cellular contractile forces 

and fractional shortening in a platform that recapitulates the in vivo myocardial 

microenvironment. The additional challenges associated with fabricating the plates and 

automating the analysis processes, and scaling them to high throughput platforms, have 

further complicated the development of high-throughput contractility assays.
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Muscular thin film (MTF) assays [82–84] have emerged as one of the pioneering assays to 

quantify cardiomyocyte contractility. In these assays, a layer of cells is cultured on a 

polydimethylsiloxane (PDMS) elastomer thin film. Prior to measuring contractility, one edge 

of the PDMS film is let stand free so that systolic shortening of cardiomyocytes causes 

bending of the MTF. The overall contractile force developed by the beating cells is 

calculated by measuring the MTF radius of curvature. This platform offers versatility to 

control cellular organization by micropatterning cardiomyocytes on the PDMS. It also 

provides control over microenvironment properties such as stiffness and geometry (planar 

vs. curved). However, the platform offers little information about the spatial distribution of 

mechanical stresses within the cell layer. Finally, the manufacturing of MTFs is relatively 

complicated and currently costly, which could be a limiting factor in a high-throughput 

context.

Some of these limitations are addressed by Dynamic Monolayer Force Microscopy (DMFM, 

[85], which was developed to measure the spatiotemporal distribution of the cumulative 

mechanical stresses created by beating cardiomyocyte layers. In DMFM, cells are plated on 

an elastic polyacrylamide (PA) hydrogel seeded with fluorescent microspheres. When the 

cardiomyocytes beat, their contraction and relaxation lead to cyclic deformations of the 

substratum that can be determined during several cycles by tracking the displacements of the 

microspheres [86]. The traction stresses exerted by the cells on the substratum can be 

recovered from the measured deformation using traction force microscopy [87, 88]. Then, 

the intracellular stress distribution is calculated by solving the equations of mechanical 

equilibrium for a thin elastic plate subject to the reaction forces created by PA gel on cells, 

which are opposite to the measured traction stresses [89, 90]. DMFM provides high-

resolution spatial information and is grounded on fundamental equations of continuum 

mechanics. Thus, it provides contraction metrics with a clear biomechanical significance 

(e.g axial stress, shear stresses, stresses anisotropy, etc.). However, it relies on several 

assumptions that need further validation, such as that the cell layer has uniform thickness 

and Young’s modulus. Because DMFM employs flexible PA gels, this technique offers 

control over cell organization and substratum stiffness via the same methods used for single 

cells [46]. Nevertheless, the challenges of fabricating multi-well arrays of microsphere-

doped PA gels could limit the throughput of this technique.

Recent efforts have been directed towards improving processing speed and automation by 

directly measuring cell motion in bright field video sequences of beating cells. In contrast to 

MTF or DMFM assays, these methods provide surrogate metrics of contractile cell 

shortening instead of quantifying contractile forces. One option to achieve this goal is to 

determine cell deformations by optical flow analysis of microscopy bright field image 

sequences of beating cells [91, 92]. The resulting data are further analyzed by principal 

component analysis [11] or by semi-automated identification of beating centers [12] in order 

to derive metrics of contractile cell shortening. A simpler, more computationally efficient 

approach consists of determining the loss of correlation coefficient between different images 

along the time sequence as a metric of the overall amount of cell motion [93]. This family of 

methods offers relatively high throughput at the expense of diminished ability to interpret 

the biomechanical significance of the derived contraction metrics.
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Next-generation contractility assays should integrate the high-throughput potential of direct 

cell motion measurements with continuum mechanics to provide contractile metrics with 

clear physiological meaning. With this idea in mind, we are developing protocols to measure 

contractility from deformation vector maps in cells that are labeled with fluorophore-

conjugated wheat germ agglutinin (WGA) (Figure 2 and our unpublished results). The WGA 

fluorescent pattern consists of fine speckles giving a chicken-wire appearance. When the 

cardiomyocytes beat, their contraction and relaxation lead to cyclic motions of the speckles 

that can be determined using image particle image velocimetry (PIV, [94]). PIV provides 

similar results when compared to optical flow [14] but PIV algorithms are significantly 

faster, offering great potential for boosting processing speed in a high-throughput screening 

context. Using the cell deformation vector maps obtained from PIV, we apply Gauss’ 

divergence theorem to automatically quantify cell contractility at low computational cost as 

the relative change in area of the beating cells. This novel metric can be shown to be 

proportional to the intracellular axial stress obtained from DMFM.

Genetic disease models

An increasing number of genetic heart diseases have been modeled through the production 

of patient iPSC-cardiomyocytes. To date, the culture systems used to model disease have 

consisted of nearly pure iPSC-cardiomyocyte cultures, and therefore have been amenable to 

disease in which the mutation affects cardiomyocyte function cell-autonomously, as opposed 

to an indirect effect of a primary dysfunction in another cell type.

Not surprisingly, arrhythmia disorders were among first to be modeled, most without a 

structural defect, including Long QT syndromes LQT1 (KCNQ1), 2 (KCNH2), 3 (SCN5A), 

and 8 (CACNA1c); and Catecholaminergic polymorphic ventricular tachycardia, CPVT 

(RyR or Casq2) [95]. There has been a successful modeling of arrhythmogenic right 

ventricular cardiomyopathy (ARVD/C, involving desmosomal protein plakoglobin), which 

has an associated structural defect [96, 97]. Genetic cardiovascular disease modeling using 

iPSC-cardiomyocytes has been reviewed recently [98–100]. Examples include familial 

myopathies that affect a range of sarcomere proteins and phospholamban and recapitulate 

Ca2+ transient, contractility and cell size (HCM) defects, as well as LEOPARD syndrome 

(PTPN11) that recapitulate cell size defects.

Modeling metabolic disease

Metabolic effects on heart function are an important area for disease modeling given that 

metabolic dysfunction is a large and increasing global health and economic problem. 

Metabolic syndrome, obesity, and type 2 diabetes are multifactorial risk factors for heart 

disease that make it immensely challenging to tease apart interacting gene effects in humans 

or animal models [101–104]. On the one hand, cardiometabolic diseases due to monogenic 

enzyme deficiencies have well-established clinical outcomes and cell automous pathologies 

that are amenable to iPSC modeling. However, they also include complex polygenic diseases 

such as the cardiometabolic syndrome for which culture systems consisting of single or few 

cell types cannot recapitulate the range of pathologies. The challenges of modeling 

cardiometaboic diseases has been reviewed recently [105].
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Lipotoxicity is one form of cardiomyopathy amenable to iPSC cardiomyocyte modeling. For 

example, neutral lipid storage disease (NLSD) is a rare disorder characterized by excessive 

accumulation of neutral lipids in a variety of cell types in the body, including 

cardiomyocytes [106]. One form of NLSD with myopathy (NLSD-M) is caused by a 

deficiency in the patatin-like phospholipase domain-containing protein 2 (PNPLA2) gene 

encoding adipose triglyceride lipase (ATGL). ATGL hydrolyzes triacylglycerol (TAG) into 

diacylglycerol and free fatty acids, and patients with the deficiency accumulate lipids in both 

myocardium and coronary arteries. The cardiomyopathy of NLSD-M is well-suited for iPSC 

cardiomyocyte disease modeling given its cell-autonomously acting genetic defect and its 

consistent phenotype of increased lipid accumulation in cardiomyocytes. Normal patient 

iPSC-cardiomyocytes cultured with linoleic acid/oleic acid/bovine serum albumin (L-O-

BSA) complex accumulate adiposomes (neutral lipid droplets) readily visible and 

quantifiable by nile red staining (Figure 3). To model the deficiency, knock down of 

PNPLA2 by siRNA transfection caused an increase in adiposome formation, as quantified 

by high content microscopy. Adiposome formation was further increased by culture under 

hypoxia, which decreases metabolism of intracellular fat stores. Assays using this simple 

assay will enable high throughput evaluation of susceptibility loci by loss (e.g. siRNA 

knockdown) and gain (e.g. ORF expression) of function screens.

Modeling alternans and pro-arrhythmic risk

In addition to genetic disease, dysregulation of physiology is also apparent and can be 

evaluated in response to reference compounds. Modeling cellular bases for prolongation of 

the QT interval, which on the electrocardiogram (ECG) is a non-invasive marker of 

increased risk of sudden cardiac death (SCD) and fatal arrhythmia from drug side effects 

[107]. The cellular manifestation is a prolongation of the action potential duration (APD) 

and after depolarizations. Pro-arrhythmia risk has been a major reason for failure of drugs 

during development in particular the risk of drug-induced long QT and fatal polymorphic 

ventricular tachycardia “torsades de pointes” (TdP) [108]. Notable examples include the 

1992 US FDA request for a black box warning for terfenadine, a non-sedating antihistamine 

for the treatment of allergic rhinitis. Ultimately, the FDA requested withdrawal from the 

market in 1997. Other notable instances include the serotonin agonist, cisapride, which was 

marketed by Janssen-Ortho and caused 125 deaths before its use ceased, propoxyphene, an 

opioid pain reliever marketed by Xanodyne Pharmaceuticals, and Sibutramine, a weight loss 

drug from Abbott Laboratories. In addition to the injury to the patients, withdrawals are 

extremely damaging to the companies involved given that the cost to develop a new drugs 

could be $2 billion [109, 110].

Arrhythmic risk is associated with binding to and inhibition of the hERG K+ channel, 

encoded by KCNH2, and inhibition of the delayed rectifier current IKr since the outward 

flow of K+ is largely responsible for the kinetics of phase 4 repolarization of the action 

potential. Following the documented hERG block and arrythmogenicity of drugs such as 

terfenadine, testing for hERG inhibition is embodied in regulatory guidelines for drug 

development [111]. Although hERG testing has prevented drugs at risk for TdP from 

entering the market, hERG binding per se is not entirely predictive of arrhythmia or QT 

prolongation, since modulation of other ion channels (e.g. blocking inward flow of Ca2+) 

del Álamo et al. Page 11

Biochim Biophys Acta. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



can mitigate the effects of blocking the outward flow of K+ [112, 113]. For instance, 

whereas IKr blockers such as sotalol and dofetilide cause lethal arrhythmia, other IKr 

blockers such as verapamil elicit a far lower incidence of TdP, probably because of 

simultaneous blockade of L-type Ca2+ channels and the inward flux of Ca2+ [114, 115]. 

Similarly, ranolazine, also an IKr blocker, does not prolong the QT interval, most likely 

reflecting its block of INaL [116]. Thus, multiple mechanisms maintain normal 

repolarization, leading to the concept of “repolarization reserve” [117] that can be reduced to 

a threshold for QT prolongation by combined effects of drugs and other stressors, such as 

slow heart rates or hypokalemia.

Confounding things further, substantial differences in drug responsiveness between species 

can limit the effectiveness of predicting clinical outcome from animal toxicity testing [118, 

119]. Nonethless, for cardiac safety and pro-arrhythmia risk assessment, animal testing, 

especially using sophisticated models such as animals with chronic AV block to reduce 

repolarization reserve [120], is considered predictive and remains the standard pre-clinical 

model [121]. These models are expensive and complicated to implement, however, at early 

stages of the development pipeline. Therefore, iPSC-cardiomyocytes are of considerable 

interest in modeling drug-induced arrhythmia since they represent a facile model of the 

integrated response to multiple cardiac ion channels and currents in a human cell context. 

Furthermore, patient-specific cells would open the door to investigate individual patient 

susceptibility to drug-induced arrhythmia.

There have been a number of reports using a variety of readout modalities (see below) to 

measure pro-arrhythmia risk using iPSC-cardiomyocytes. Patch-clamp and membrane 

potential analysis are considered the gold standard for the analysis of proarrhythmia risk as 

part of cardiotoxicity assessment given the conceptual association between action potential 

duration, after-depolarizations and QT prolongation. Ca2+ transient kinetics integrate the 

effects of multiple channels and, in addition to voltage, have been used to create pro-

arrhythmia risk indices, for instance see [122] A physiological rationale for using Ca2+ 

transient kinetic analysis is that cyclic beat-to-beat variations in contraction amplitude 

(mechanical alternans), action potential duration (APD or electrical alternans), and cytosolic 

Ca2+ transient (Ca2+ transient alternans) amplitude at constant stimulation frequency are the 

cellular manifestation of cardiac alternans [123]. At the ECG level, cardiac T-wave alternans 

is the cyclical beat-to-beat fluctuation in the shape and amplitude of the ST segment or the T 

wave [124]. T-wave alternans has proven to be predictive risk for cardiovascular mortality, 

including sudden cardiac death [125]. The relationship between pacing-induced action 

potential duration and Ca2+ transient alternans was studied recently in single rabbit atrial and 

ventricular myocytes using combined intracellular Ca2+ concentration [Ca2+]i and 

electrophysiological measurements [126]. This study found that [Ca2+]i alternans correlated 

in time and magnitude with action potential alternans. Moreover, eliminating intracellular 

Ca2+ release abolished action potential alternans, but alternation of the voltage command did 

not affect Ca2+ alternans. These data suggest that a primary disturbance in Ca2+ handling 

might give rise to cellular manifestations of alternans.
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Modeling cardiotoxicity

As for arrhythmic risk, cardiotoxic and myopathic effects of drugs can in theory be modeled 

using iPSC-cardiomyocytes. The potential exists to correlate drug dosing and plasma 

concentrations with cardiotoxic and myopathic risk. Recent studies suggest that iPSC-

cardiomyocytes can reveal cardiotoxicities manifesting as alterations in cardiomyocyte 

viability, contractility, intracellular signaling and gene expression [127, 128]. As above, 

however, there is great need for validation, especially considering that many anti-cancer 

drugs elicit their cardiac effects by affecting mitochondrial function [129, 130] and that 

iPSC-cardiomyocytes are metabolically immature [131]. Furthermore, it will be important to 

evaluate the influence that patient-to-patient variation has on drug effects, as well as 

differences in production and culture protocols on anti-cancer drug effects is largely 

unexplored.

Progress towards adopting iPSC-cardiomyocytes for cardiac safety 

assessment

The current safety testing paradigm is based on the idea that drug-induced hERG channel 

blockade in vitro is predictive of clinical QT interval prolongation and the lethal TdP 

ventricular tachycardia [111]. Consequently, the now common hERG testing embodied in 

governmental guidelines has largely prevented new drugs with unanticipated potential for 

torsade from entering the market. On the other hand, reliance on hERG testing might have 

halted development of potentially useful therapeutics. In 2013, the US Food and Drug 

Administration convened a consortium of academics, governmental regulators and industry 

practitioners that concluded that there is a significant need for more predictive pro-

arrhythmia risk tests to replace the current practices, and suggested a new paradigm for 

testing that integrates non-clinical in vitro and in silico approaches [111]. The new 

paradigm, termed Comprehensive In Vitro Proarrhythmia Assay (CiPA), is intended to revise 

tests for hERG blockade and possibly replace thorough QT (TQT) studies to more 

accurately predict arrhythmogenic compounds and diminish detection of false positives.

Despite their obvious advantages, it seems too soon to tell when (or if) iPSC-cardiomyocytes 

will play an important role in arrhythmogenic risk assessment. Given their relative 

physiological immaturity and the multiple protocols for producing and culturing iPSC-

cardiomyocytes, as well as readout modalities, there is a great need to validate their use 

through testing of panels of compounds with safe and pro-arrhythmic profiles. Such a panel 

of drugs has recently been released as part of the CiPA initiative. Testing a range of cells and 

culture conditions is underway in independent laboratories. With respect to the iPSC-

cardiomyocytes themselves, their reported differences (as discussed above) in 

electrophysiological phenotypes might be related to differences in iPSC generation, 

protocols for cardiomyocyte preparation, a natural heterogeneity in the cardiomyocyte types 

(e.g. ventricular, atrial, nodal in the cultures), and degree of maturation, necessitating 

substantial effort to standardize experimental conditions.

Patient background is an important concern as well, both for defining a normal individual, as 

well as for the possibility of incorporating iPSC-cardiomyocytes from patients harboring 
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genetic mutations or polymorphisms that increase susceptibility to drug-induced arrhythmia. 

It will be necessary to resolve the challenges laid out above before panels of at-risk patient 

iPSC-cardiomyocytes might yield assays with predictive power exceeding that of clinical 

testing and amenable for early stage drug development [132].

A wish list to improve disease modeling using iPSC-cardiomyocytes

The following is a short list of advances that we feel would increase the utility of iPSC-

cardiomyocytes for elucidating disease mechanisms and use in drug discovery:

• Improving maturity. Culture methods to improve the electrophysiological, 

mechanical and metabolic maturity of iPSC-cardiomyocytes is likely to top the list 

of desired advances. Maturity affects predictiveness and is related to all of the 

issues below. Research is needed into paracrine signaling, possible influence of 

non-cardiomyocytes and extracellular matrix, substrate stiffness and metabolism.

• Improving directed differentiation. Depending on the differentiation protocol and 

even the iPSC line, there is significant variability in the proportion of different 

types of cardiomyocytes, including variation in the representation of ventricular-

like, atrial-like, pacemaker-like. Consequently, most of the model systems are not 

homogenous. This problem, like the cell maturity issue (above), compromise the 

fidelity of iPSC-cardiomyocytes as models of the human condition. Although to a 

degree this might be alleviated by sorting, it is in our view preferable to define 

signals, informed by embryology, that direct differentiation of distinct 

cardiomyocyte subtypes.

• Cell systems/substrates reveal physiological regulation and perturbation of 

contraction and relaxation. Substrata with tissue-appropriate stiffness and analysis 

methods leading to traction force measurements in high throughput might be useful 

to reveal the effects of new generation of drugs that target the sarcomere [133]. 

Towards this end, Mathur et al. [134] have created a 3D microfluidics chamber with 

cardiomyocytes cultured on micropatterned surfaces to induce anisotropy and 

alignment.

• EHTs that mimic multicellular basis for arrhythmia and more faithfully recapitulate 

alterations in contraction and relaxation kinetics in disease and in response to 

drugs.

We expect the above advances to be achievable in the near-term. Among longer term 

advances that would increase utility would be 3D EHTs that incorporate microvascular 

system to perfuse the muscle allowing the development of thicker and more realistically 

patterned tissues to recapitulate aspects of the ventricular wall [50, 51]. Such advances might 

be useful to model challenging problems, such as failure of the right ventricle that that can 

occur in congenital hypoplastic left heart following corrective surgery [135, 136].

In summary, in iPSC-cardiomyocyte biology coupled to high throughput instrumentation 

and physiological probes have the potential to re-introduce the human context into the 

earliest stages of cardiac drug discovery. Furthermore, phenotypic, disease-specific assays 
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screened against focused libraries allow the entire proteome to be interrogated to discover 

candidate therapeutic targets representing a powerful paradigm shift in drug discovery.
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HIGHLIGHTS

• High throughput physiological assays are at the forefront of new methods of 

drug discovery and safety pharmacology

• Combined with patient-specific iPSC-derived cardiomyocytes, this new 

technology offers unprecedented opportunities for personalized medicine

• This review discusses the challenges of faithfully reproducing human 

cardiomyocyte physiology and disease manifestions, and offers some solutions 

on the horizon that will advance the technology.
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Figure 1. Matrigel micropatterns on traction-sensitive polyacrylamide hydrogel devices constrain 
hPSC-CMs to controllable shapes and engineer their mechanical output
A) Human iPSC-cardiomyocytes were cultured on micropatterns to induce aspect ratios of 

1:1–7:1 and areas of 2,000 μm2. Lifeact-labeled actin in myofibrils in live iPSC-

cardiomyocytes show sarcomeric organization.

B) Myofibril alignment leads to higher contractile forces in single human iPSC-

cardiomyocytes. Σ|Fc| of engineered hPSC-CMs increases with aspect ratio of the 

cardiomyocytes on the micropatterned surfaes.

C) iPSC-cardiomyocytes labeled with di-8-ANEPPS to reveal T-tubules. (Left) iPSC-

cardiomyocyte (7:1) (Scale bar, 25 μm.). (Center) Unpatterned iPSC-cardiomyocyte on a 10-

kPa hydrogel shown in both Top and Bottom (Scale bars, 50 μm.). (Right) Isolated adult 

mouse ventricular cardiomyocyte (Scale bar, 25 μm.).
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Figure 2. Measurement of iPSC-cardiomyocyte contractility from deformation maps
Top Row) Velocity maps shown at 6 different timeframes (A through F) corresponding to 

relevant events in the contraction cycle: Relaxed State, Beginning of the Contraction, 

Maximum Contraction Rate, Maximum Contraction, Maximum Relaxation Rate, and 

Relaxed State again.

Second Row) The Velocity Signal is obtained by taking the average of the magnitude of the 

each instantaneous velocity maps. The frame selection was done automatically. Selected 

reference frames (frames with least motion) are underlined in black.

Third Row) Displacement Vector Maps are computed using the individual timepoints 

relative to the reference frames. The 6 images represent the same maps (A through F) shown 

in the First Row.

Fourth Row) Within the displacement vector maps, the relative change in area (magnitude 

in color) is computed by direct application of Gauss’ theorem.

Fifth Row) A contractility signal is obtained by taking the average of the magnitude of the 

relative change in area.
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Figure 3. Modeling lipotoxicity in an iPSC-CM model
A) iPSC-CMs cultured in low fat media (supplemented with 25μM linoleic acid-oleic acid-

albumin; L-O-BSA – Sigma, L9655) for one week have very few adiposomes.

B) Culturing iPSC-CMs with a “high fat diet” (HFD - 250μM L-O-BSA) results in increased 

number of adiposomes per cell.

C–E) This phenotype is recapitulated by culture in low fat media at hypoxia (2% O2 for 

48hrs) (C) or by siRNA-mediated PNPLA2 knockdown (D), and is exacerbated by the 

combination of hypoxia and HFD (E).

F) Quantification of the nile red-stained adiposomes (see A inset for example) using 

CellProfiler software
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Table 1
Similarities and differences between Adult and iPSC-derived cardiomyocytes

Table modified from Knollmann [22]

iPSC-CM Features Similar to Human Adult CM iPSC-CM Features Different From Human Adult CM

✓ Morphologically similar to Human Adult CMs

✓ All major types of ion channels present

✓ Contractile machinery present

✓ Functional SR Ca stores present

✓ Ca2+ handling is similar

✓ Ryanodine receptors present

✓ Ca2+-induced Ca2+ release present

✓ Atrial or ventricular-like APs are present

✓ iPSC-CM resemble immature human CMs

✓ Relative expression of major ion channel types resemble neonatal 
and early postnatal CM profiles

✓ Diastolic membrane potential is −70/−60 mV

✓ Spontaneously contracting cells

✓ Low contractile force

✓ Lack of T-tubules and immature CICR

✓ Large pacemaker currents (If) Small IK1

✓ Large IP3-sensitive Ca2+ stores

✓ Variable cell size (cell capacitance ≈ from 30 to 150 pF)

✓ β AR signaling is predominantly β1 AR; and signaling to PLN and 
cTn-I unrestricted
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Table 2

Cardiomyocyte functional screening platforms

Throughput1 Recording Modality System Comments2 Recording Mode3

Low Optical Microscope Very High Information content Individual cells

Low Electrophysiology Manual Patch-Clamp Very High Information content Individual cells

Low Planar Patch-Clamp PatchXpress (Molecular Devices)
Patchliner (Nanion Technologies GmbH)

CytoPatch (Cytocentrics)
SynchroPatch (Nanion Technologies 

GmbH)

Very High Information content Individual cells

Low Optical ImageXpress Ultra Molecular Devices Very High Information content Individual cells

Low Optical ImageXpress® Micro Molecular Devices High Information content Individual cells

Medium MEA Maestro Axion Biosystems Low Information content Well/Multiple points

Medium Impedance xCELLigence ACEA Biosciences Low Information content Whole well

Medium Planar Patch-Clamp Sophion Qpatch and Sophion Qube 
(Biolin Scientific)

CardioExcyte 96 (Nanion Technologies 
GmbH)

Medium Information content Whole well

Medium Planar Patch-Clamp Axion MEA (Nanion Technologies 
GmbH)

Medium Information content Well/Multiple points

Medium Optical Opera (Perkin Elmer) High Information content Individual cells

Medium Optical IC200 Kinetic Imaging Cytometer (Vala 
Sciences)

High Information content Individual cells

High Optical FLIPR (Molecular Devices) Low information content Whole well

High Optical FDSS 7000 (Hamamatsu) Low information content Whole well

Notes:

1
Throughput: Low, medium and high throughput estimates correspond to 1–2, up to 20, and 2000–20,000 compounds per day, respectively.

2
Information content: Low, medium and high information content reflects the number of parameters that can be tested: 1, 2–4, >6 parameters per 

recording.

3
Recording mode indicates that the platform records either whole well data, or individual cell data.
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