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Abstract
Importance of the field—Cardiac arrhythmias remain a major challenge for modern drug
discovery. Clinical events are paroxysmal, often rare and may be asymptomatic until a highly morbid
complication. Target selection is often based on limited information and though highly specific agents
are identified in screening, the final efficacy is often compromised by unanticipated systemic
responses, a narrow therapeutic index and substantial toxicities.

Areas covered in this review—Our understanding of complexity of arrhythmogenesis has grown
dramatically over the last two decades, and the range of potential disease mechanisms now includes
pathways previously thought only tangentially involved in arrhythmia. This review surveys the
literature on arrhythmia mechanisms from 1965 to the present day, outlines the complex biology
underlying potentially each and every rhythm disturbance, and highlights the problems for rational
target identification. The rationale for in vivo screening is described and the utility of the zebrafish
for this approach and for complementary work in functional genomics is discussed. Current
limitations of the model in this setting and the need for careful validation in new disease areas are
also described.

What the reader will gain—An overview of the complex mechanisms underlying most clinical
arrhythmias, and insight into the limits of ion channel conductances as drug targets. An introduction
to the zebrafish as a model organism, in particular for cardiovascular biology. Potential approaches
to overcoming the hurdles to drug discovery in the face of complex biology including in vivo
screening of zebrafish genetic disease models.

Take home message—In vivo screening in faithful disease models allows the effects of drugs
on integrative physiology and disease biology to be captured during the screening process, in a
manner agnostic to potential drug target or targets. This systematic strategy bypasses current gaps
in our understanding of disease biology, but emphasizes the importance of the rigor of the disease
model.

1. Introduction
The identification of novel anti-arrhythmic agents is a major challenge. Many of today’s anti-
arrhythmic drugs are relatively ineffective or are plagued by substantial ‘on-target’ and ‘off-
target’ toxicity[1–3]. The focus of the current anti-arrhythmic armamentarium is the
modulation of myocardial automaticity, refractoriness and conduction: fundamental properties
of myocardial tissue required for normal physiologic function. Our approaches to arrhythmias
as disparate in risk as simple atrial premature beats and ventricular tachycardia are remarkably
similar, suggesting that current targets are far downstream from the primary arrhythmic
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mechanisms and that existing anti-arrhythmic drugs are rather blunt instruments[4–6]. This
inference is further bolstered by the observation that most effective anti-arrhythmic agents can
also be highly pro-arrhythmic in particular contexts[7]. These lessons have been learned the
hard way with large and expensive antiarrhythmic trials ending as a result of objective increases
in mortality or morbidity associated with the drugs[3,8]. In this article we will outline evidence
that most existing anti-arrhythmic drug targets are poorly validated, review emerging data on
the mechanisms of arrhythmogenesis in humans, and then discuss the implications of these
findings for systematic approaches to the discovery of novel anti-arrhythmic agents in
zebrafish.

2. Choosing anti-arrhythmic targets
2.1 The scope of the problem

Arrhythmias pose several unique problems for potential therapeutics[1,9]. Many clinical
arrhythmias are fatal at initial presentation or result in a catastrophic event such as resuscitated
‘sudden death’, yet the underlying diathesis to arrhythmia may be completely asymptomatic
[10–12]. Arrhythmias are often paroxysmal, thus confounding strategies for detection and for
the objective assessment of responses to therapy. For many arrhythmic disorders, while the
risk associated with individual arrhythmic episodes is extremely high, the absolute lifetime
risk of an episode may be quite low[13]. The fundamental mechanisms of most clinical
arrhythmias remain poorly understood, and though exploration of the chronic myocardial
abnormalities necessary for the initiation or maintenance of dysrhythmia has made substantial
progress, the precise pathways that result in an actual arrhythmia after years of quiescence are
largely unknown[14]. The prospect of long-term exposure to drugs with even small risks of
toxicity in order to counteract a single morbid event is not attractive for physicians or for
pharmaceutical companies[1]. However, agents that reduce the risk for symptomatic
arrhythmias, and their downstream consequences such as stroke or heart failure, without
increasing unpredictable catastrophic events such as sudden death will be of major importance
as the global burden of heart disease grows[4].

Implicit in these arguments is a need to match the risks of the disease being treated with the
risks of any new molecular entities under development. In recent years this has resonated with
the emerging personalized medicine movement. However, the development of truly
personalized medicine brings with it unvoiced requirements for much higher resolution
diagnostics to define the pathophysiologic mechanisms in each patient, as well as for a
paradigm shift in the scale of drug discovery. This degree of personalization to date only seems
feasible in any meaningful way in clonal neoplastic disorders. In the anti-arrhythmic arena
such tailoring of therapeutics will require the development of new insights into different
arrhythmia substrates and their detection, as well as innovative approaches to the discovery of
truly substrate-specific therapeutics[15].

2.2 Beyond transmembrane ionic fluxes
Over the last few decades, much of the effort to understand arrhythmia mechanisms has focused
on transmembrane ionic fluxes and the channels or ion exchangers required to generate these
[16]. This investigative direction was driven by the accessibility of single channel biophysics,
as well as by the insights accumulating from pioneering work in the molecular genetics of
inherited human arrhythmias[16]. Primary abnormalities in the genes encoding individual
channel protein subunits are a now a well-established cause of inherited arrhythmic disorders
such as the long QT (LQT) and Brugada syndromes [12]. As a result of our improved
understanding of the molecular basis of membrane depolarization and repolarization, large
discovery efforts were directed to identify inhibitors of specific channel conductances in the
hope that it might be possible control the complex behavior of the membrane[17]; tuning
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automaticity, refractoriness and conduction through subtle orchestration of the various currents
contributing to these phenomena.

The lack of success of this strategy is a result of many different factors. Fundamentally, the
premise that arrhythmias result from abnormal conductance alone is difficult to substantiate.
Attempts to model LQTS in the mouse strongly suggest that simply perturbing channel density
or net ionic fluxes rarely leads to arrhythmia, though these efforts have also been complicated
by the distinctive nature of rodent cardiac electrophysiology [18]. Powerful homeostatic
responses appear to prevent major effects from a range of null alleles in several key ion channel
genes. In stark contrast, targeted knock-in of human disease alleles in these same genes leads
to spontaneous arrhythmias[19]. These data, combined with clinical observations, implicate
very specific gains of channel functions rather than isolated effects on transmembrane
conductance in arrhythmogenesis.

The importance of such confounders is only amplified by the failure of therapeutic targeting
of single ion channels to discriminate adequately between health and disease. The very same
channels implicated in LQT, Brugada or other arrhythmic syndromes are critical for the normal
physiology of the heart. The distinctive roles of particular channels in different molecular
contexts or in different functional states may explain some of the proarrhythmia seen when
these channels are targeted for therapeutic effect[2,16]. Similarly, the pharmacologic targeting
of extra-cardiac isoforms (neuronal or smooth muscle for example) of these same channels
may be another potential source of toxicity[20].

The very dynamic nature of myocardial electrophysiology is another major factor in the narrow
therapeutic window observed with many existing anti-arrhythmic agents. In the setting of
physiologic or pathologic changes in heart rate, contractility, metabolism and autonomic tone,
drugs with little toxicity may become a liability. A well-known example is the rate related use-
dependent toxicity of flecainide, but other examples exist[7]. The nature of normal cardiac
rhythm dooms such agents not just to therapeutic failure but also to lethal toxicity.

Evidence from inherited arrhythmic syndromes also suggests that focused perturbation of
single ionic currents is unlikely to prove successful as an antiarrhythmic strategy. Even in the
original kindreds with familial LQTS, defining a simple correlation between baseline
myocardial electrophysiology (as manifest on the surface electrocardiogram) and clinical
arrhythmic events has proven remarkably difficult[21]. Many other factors including
autonomic tone, acute changes in myocardial physiology, intercurrent illness and even specific
sensory afferents have all been implicated in the initiation of lethal arrhythmias in LQTS family
members[22–24]. A recent example of the limits of our current understanding of the
mechanisms of arrhythmogenesis is the identification of mutations in the KCNQ1 gene that
cause both prolongation of the QT interval and familial atrial fibrillation (where a longer action
potential would be predicted to reduce the risk of the arrhythmia)[25,26]. Subsequent
mechanistic studies have highlighted the distinctive physiology of a single transmembrane
protein in atrium and ventricle. Finally, given the very nature of arrhythmias, stochastic
processes also are likely to play a major role. Together these same factors render genotype of
limited predictive utility for clinical events in the LQT syndrome[27].

2.3 Ion channels as signal transducers
In inherited cardiac arrhythmias emerging evidence now implicates not only abnormalities of
the ionic currents carried by the mutated channels, but also disruption of physical or functional
interactions with adaptor proteins and downstream signaling pathways [12,28,29]. More recent
genetic studies have identified channel accessory proteins and membrane scaffolding
molecules in some forms of human LQT syndrome, while the murine modeling outlined above
emphasizes the very distinctive pathways that may lead to final ‘common’, if low resolution,
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clinical phenotypes[3,19,30–32]. The lifecycles of ion channel subunits and those of many
other membrane molecules (proteins, lipids, carbohydrates and a host of small molecules) are
inextricably linked. Messenger RNA editing, splicing, multiple post-translational
modifications, functional quality control, chaperoning, trafficking, complex assembly, and
membrane insertion and turnover are all tightly regulated[16,29,33,34]. Novel technologies
are beginning to reveal parallel control of membrane lipid composition, the partitioning of
membrane subdomains, and transitions in the plane of the membrane that determine protein
endocytosis and turnover[35]. Relatively unbiased genetic screens have also implicated
extracellular, cytoskeletal and nuclear pore proteins in the regulation of electrophysiologic
events[36]. The interconnected nature of these pathways reflects the complex networks at play
in cardiac electrical function.

2.4 Cell-cell communication
Intercellular communication has also been directly implicated in arrhythmogenesis, in
particular in the biology of one of the most malignant forms of inherited heart muscle disease;
arrhythmogenic right ventricular cardiomyopathy (ARVC). ARVC is characterized fibro-
adipocytic myocardial dystrophy and typically associated with arrhythmias and contractile
dysfunction [37,38]. Cardiac myocytes rely on the specialized function of intercalated discs
for both mechanical and electrical coupling. Three distinct types of intercellular junction exist
within the intercalated disc; gap junctions, adherens junctions and desmosomes. Gap junctions,
composed of connexins, regulate the intercellular exchange of ions as well many
physiologically important small molecules. Adherens junctions are thought to provide
substantial mechanical coupling through the linkage of cadherin-catenin complexes to the actin
cytoskeleton, while desmosomes offer mechanical support through the physical interaction of
desmosomal cadherins with intermediate filaments. Adherens junctions and desmosomes also
participate in a number of cell signaling pathways, apparently enabling sophisticated cross-
talk between mechanical and biochemical stimuli. Human molecular genetic studies have
identified mutations in several desmosomal proteins in ARVC [39–44]. Established links
between the desmosome and canonical Wnt/beta-catenin signaling led to the exploration of
these pathways in ARVC [45]. Although the role of Wnt signaling in early cardiovascular
development and morphology has been described in detail, its role later in development, in
adult tissue and after cardiac stress and repair is less well understood. Plakoglobin, a component
of both desmosomes and adherens junctions, is closely related to beta-catenin, and there is
evidence that in the context of a cardiac-restricted desmoplakin knockout, shuttling of
plakoglobin from desmosomes to a cytoplasmic/nuclear pool may directly antagonize
canonical Wnt/beta-catenin signaling in cardiomyocytes[45]. This hypothesis has been further
strengthened by the observation that there is loss of membrane plakoglobin signal in tissue
samples from ARVC irrespective of the causal desmosomal gene[46].

Together these data strongly implicate intercellular junction structure and function in
arrhythmogenesis, but also imply that there is a sophisticated integration of mechanical and
electrical information at the complex intercellular junctions in the heart. The differentiation of
cardiomyocytes, and likely other intramyocardial cell types, is directly modified by cardiac
functional activity, but these inputs appear to modulate cell polarity, junctional strength and
stability, and the specificity of individual myocyte-myocyte connections. There is emerging
evidence that these junctional complexes are also regulated by inflammatory mediators,
unifying diverse proarrhythmic conditions such as heart failure and intercurrent infectious
disease[6]. This work also suggests that cell-based screens suffer a major lack of representation.

2.5 Metabolism and other cellular mechanisms in arrhythmogenesis
The application of functional genomics technologies to myocardial samples from arrhythmia
cases has identified several consistent features. Several studies, employing transcript profiling,
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proteomics or metabolomics, have detected abnormalities of myocardial metabolism in tissue
from those with arrhythmias including atrial fibrillation and a broad range of cardiomyopathies
[47]. These data suggest that, at least later in the natural history of these disorders, perturbed
utilization of energy substrates may play a role in arrhythmogenesis. Importantly, these same
defects have been observed in animal models after induction of arrhythmias. However, in all
of the major atrial fibrillation models the arrhythmias and metabolic abnormalities
spontaneously resolve in the absence of continued stimuli, suggesting that such perturbations
may not represent the primary diathesis[48].

More common metabolic abnormalities have been proposed as contributors to the
proarrhythmia observed in human cardiomyopathies[49]. In hypertrophic cardiomyopathy the
metabolic stress of inefficient mutant sarcomeric contractile proteins has been suggested not
only as a major driver of myocyte hypertrophy, but also as one of the factors underlying the
elevated risk of malignant ventricular arrhythmias[50]. Molecular genetic work in the muscular
dystrophies has identified a central role for the dystrophin-associated glycoprotein complex
(DAGC) in organizing key membrane subdomains, coupling these specialized rafts and
particular channels with specific cytoskeletal networks and their associated signaling
compartments[51]. The DAGC has also been implicated in the orchestration of membrane
turnover and the organization of post-synaptic receptor assembly in skeletal muscle. Similarly,
several other proteins associated directly or indirectly with the DAGC result in comparable
pathologies, most consistent with general dedifferentiation of the cardiomyocyte. This is a
common feature of many cardiomyopathies, and undoubtedly contributes to the proarrhythmia
seen in these disorders though the precise mechanisms remain obscure.

Notably, several rare primary metabolic abnormalities and mitochondrial dysfunction also may
affect the electrical stability of the cardiomyocyte[52,53]. Interestingly specific metabolic
abnormalities will often cause extremely reproducible arrhythmias that are highly dependent
on the precise defect[54]. These conditions are often free from any arrhythmias except when
myocardial energetics are stressed by the lack of appropriate energy supplies or by intercurrent
severe illness. These insights suggest that for many arrhythmias the minimal ‘target’ may be
an organelle or a large macromolecular complex and difficult to represent in a reductionist in
vitro system for traditional high-throughput screening.

2.6 Cellular heterogeneity in the heart
An additional level of complexity is introduced by the revelation of extensive heterogeneity
among cardiomyocyte populations within the heart[55]. Specialized populations of
pacemaking, nodal and conduction system cells long have been recognized, but their roles in
arrhythmogenesis are only now beginning to be explored[56]. Perhaps the best-characterized
source of myocardial heterogeneity is infarct-related scar[57], but elegant ex vivo models have
demonstrated that there are physiologic heterogeneities in myocyte electrophysiology between
endocardium, mid-myocardium, and epicardium[55]. Despite the syncytial nature of
myocardium, the tendency for specific cardiomyopathies to lead to unique ECG abnormalities
suggests that distinctive subpopulations of myocytes are afflicted[58,59]. The normal and
pathological roles for these and other myocardial subpopulations have yet to be fully
understood.

Such tightly patterned heterogeneities within the cardiac syncytium are thought to play a role
in the inherited cardiomyopathy and sudden death condition known as the Brugada syndrome
[60]. Heterozygous loss of function mutations in the cardiac sodium channel, SCN5A, are
known to cause the rare Brugada syndrome, characterized by abnormal repolarization in the
right ventricle and a nocturnal pattern of sudden death[61]. Subsequent work has identified a
physiologic endocardial to epicardial transmural gradient in the expression of SCN5A that is
disrupted by mutations that can cause lethal arrhythmia[55,62]. Recently, trophic influences
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emanating from neurons as they innervate the heart during development have been found to
orchestrate such gradients of sodium and potassium channel expression[60,62,63]. These
findings reveal the heart to be considerably more complex in terms of cardiomyocyte cell types
and connectivity than had been appreciated. Indeed, many important analogies exist between
the central nervous system and the myocardium. The concepts of neuronal pathways with
discrete functional circuits, dynamic connectivity and functional modulation of coupling likely
reflect the role that junctional plasticity plays in adult myocardial physiology more faithfully
than our current framework of a relatively static homogeneous muscular syncytium.

More direct contributions by non-cardiomyocytes to arrhythmogenesis are also beginning to
be explored. Coronary vascular cells, fibroblasts, histiocytes and infiltrating leukocytes, among
other cell types, each may contribute to the arrhythmic substrate in different ways. Primary
cellular defects in cardiomyocytes may also manifest in other cell types or the molecular
machinery responsible for cross-talk between other cell types and cardiomyocytes may be
deranged. For example perturbed coronary endothelial cell-cardiomyocyte interactions are
thought to mediate some of the microvascular ischemia seen in cardiomyopathies, and are now
known to be dependent on myocyte signals and not a result of primary abnormalities in the
endothelium[64]. Inflammatory infiltration is usually a response to initial myocardial damage,
either inherited or acquired, but occasionally may be primary[65]. Not only do lymphocytes
and other inflammatory cell types invade the interstitium locally, but the associated cytokines
also may lead to phenotypic changes in many aspects of cellular excitability and coupling
throughout the myocardium. Similar effects are seen with systemic cytokines, and contribute
to the proarrhythmic milieu reflected in myocarditis, Chagas disease, “VT storm” related to
device infection or overt sepsis as well as to more subtle and chronic arrhythmia substrates
[66,67]. Fibroblasts migrating into healing myocardium will not only contribute collagen-
based scar that results in fixed electrical barriers, but also signal through a host of paracrine
effectors, many of which modulate cardiomyocyte automaticity, coupling and excitability
[68–70].

Recent work in myocardial regeneration has highlighted potential roles of heterocellular
coupling or even cell fusion in the biology of post-natal terminally differentiated cells[71].
These insights also bring into sharp relief our limited understanding of the electrical effects of
cardiomyocyte cell division (even to the limited extent that this occurs) during development
or in later life. Many of the responses of the adult heart appear to reflect blocked cell division,
and the electrophysiologic consequences of myocardial remodeling may thus represent an
intrinsic tension between cellular coupling and independent cell behaviors[72].

3. Drug discovery in the face of irreducible complexity
Drug discovery has traditionally involved the isolation of a specific target molecule, the design
of a robust and scalable assay for this target and the completion of an empiric screen of large
chemical libraries for entities with the desired activity in this assay. Clearly, the choice of target
is a major decision in this process and often the source of downstream problems. Target choice
is often based on a host of factors that may have little to do with the disease biology in humans,
such as prior work in the area, perceived drugability of the target, previous successful drugs
in the same field or most commonly data from mechanistically distinct animal models[73].
Rarely is the target chosen because it is known to be a specific cause of the underlying disease.
Often the target will have been studied intensively in one particular arena, but little may be
known of target function in other cell types or tissues, or target behavior in the context of
commonly encountered stressors. Many preclinical animal models are expensive or are highly
inbred, and it is not uncommon for drugs to reach the market having been tested on fewer than
1000 animals. It is perhaps not surprising therefore that many drugs suffer from unanticipated
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‘on target’ effects as well as apparently idiosyncratic reactions in the face of rare genetic
variants[2,74].

Ironically, amiodarone, the most effective antiarrhythmic agent identified to date, was
discovered serendipitously during its development as an antianginal drug[75]. Effects against
multiple targets are now known to be important contributors to the final profile of any drug,
with beneficial or adverse outcomes[76,77]. As for any form of drug discovery, it is
increasingly important to closely match any risk associated with the drug with the potential
benefit: the acute termination of ventricular tachycardia is a very different setting than chronic
suppression of a relatively benign atrial arrhythmia. A major impetus to the concept of in
vivo drug discovery is the ability to screen a priori for such ‘dirty’ drugs using therapeutically
relevant endpoints and counter-screens for toxicities. In many ways this approach is a
systematized search for serendipity in the context of rigorous disease models.

An ideal drug discovery model would incorporate not just a single target but all conceivable
targets in a mechanistically faithful native context, would allow parallel screening for ADME
and toxicology and would also enable the study of drug-drug interactions. The ability to model
interactions with other common disease processes and environmental exposures would also be
beneficial. While such a detailed knowledge of biologic networks may be conceivable it is far
from realization. The ideal animal model would recapitulate not just individual components of
the causal chain leading to an arrhythmia, but each step along the way. Perhaps the closest we
will come for some time is direct in vivo discovery in genetic disease models. True genetic
modeling opens the possibility of recapitulation of most, if not all, of the events in the
pathophysiology of these archetypal arrhythmias[73].

4. Integrative physiology and systems biology
In the last decade, a resurgence in quantitative biology has been stimulated by the generation
of comprehensive, unbiased datasets from a range of functional genomics technologies[78,
79]. Innovative approaches to the analysis of the ‘networks’ of interacting genes, trancripts
and proteins that underlie basic biological processes have begun to generate predictive
computational models[80,81]. Combining such ‘systems’ analyses with existing in silico
physiologic models has begun, but for cardiac electrophysiology at present the links between
genomic or proteomic data and traditional biophysical models remain limited [82]. Cardiac
electrophysiology while long at a leading edge of rigorous in silico modeling, may prove one
of the most challenging areas to integrate in this way. A major challenge for systems biology
and systems pharmacology will be the integration of diverse datasets gathered from rapidly
changing technologies, each often with very different temporal and spatial resolution.

Ultimately, if we are to rigorously model arrhythmias we must incorporate all the variables
outlined above and in a context that allows for tremendous variation across timescales from
milliseconds to years. The model must represent not only basal conditions but also informative
perturbations. Superimposed on any arrhythmogenic substrate are a host of transient
physiologic stimuli including autonomic activity, immune and environmental triggers each of
which may contribute to the initiation of a clinical event[52,83]. Any systems level analysis
of cardiac function in health and disease must necessarily include the effects of diverse
modifiers ranging from instantaneous loading conditions, through diurnal variation in cellular
physiology, and ambient immunology all the way to factors as evanescent as emotion.

Perhaps the most important modifiable environmental contributors to clinical arrhythmias are
drugs. Many cardioactive drugs, particularly antiarrhythmic agents themselves, are in some
situations proarrhythmic[2]. To generate a framework for the treatment and prevention of
rhythm disorders we must aim to describe systematically the relationships between complex
functional networks and individual drugs. New anti-arrhythmics would be tested not only under
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basal physiologic conditions but also in the setting of disease network where the interacting
components in the network and their connectivity may be very different. In a preview of what
might be possible, Iyengar and colleagues recently used random-walk based distance
algorithms exploiting existing LQT genes to identify modules of the human interactome
associated with proarrhythmia, and were then able to predict other arrhythmia genes and drug
targets associated with repolarization toxicity[84].

Even the most powerful computational strategies will require empiric validation and thus,
implicitly, biologic models capable of a comparable scale of investigation. The precise models
used will depend on the context, but ultimately the more comprehensive a model is the more
likely it is to represent the relevant biology.

5. Next generation in vitro discovery
Heterologous expression systems are capable of spectacular resolution, and automation has
been developed to allow this approach at tremendous scale[85]. These techniques have
facilitated the screening of millions of compounds for specific effects on target membrane
proteins. Many companies are screening for specific inhibitors or activators of a broad range
of novel ion channels using these approaches. However, limited representation of the
underlying biology remains a fundamental weakness of in vitro techniques in antiarrhythmic
drug discovery. As already noted, recent insights from modeling the LQT syndrome strongly
suggest that isolated conductance changes are rarely if ever the cause of arrhythmia[19,86].
Rates of translation, trafficking, protein quality control, glycosylation and other modifications,
as well as modified interactions with partners both at the membrane or in some intracellular
compartment may all play a role in disease pathogenesis or in drug responses. Heterologous
systems represent partner proteins, lipids and small molecules only fortuitously or by specific
design, but for most traditional targets in antiarrhythmic discovery, the comprehensive
repertoire of partner proteins is unknown[16,87]. Much more representative molecular and
cellular context will be necessary if drug discovery is ever to be personalized. Supplying this
context will require in vivo modeling on a scale not previously encountered.

6. Cellular pathway profiling
Moving to relevant cell types may overcome some of the limitations of biologic representation
in situations where the disease process is cell autonomous, but this is rarely the case in cardiac
arrhythmias[12]. Nevertheless, many of the pathways implicated in arrhythmogenesis are also
important in other biological contexts, and it is conceivable that testing cell lines to discern the
‘net effect’ of a drug on a specific pathway may play a role in matching drug to disease. The
recent discovery of genetic and chemical manipulations that can induce differentiated cells
from virtually any source (skin, muscle etc) to regain a pluripotent stem-cell like state has led
to the promise of cell lines derived from individual patients for diagnostics, disease modeling
and drug discovery[88,89]. These induced pluripotent stem cells (iPS) cells can in principle be
differentiated into a wide range of different somatic cell types, including multiple different
cardiomyocyte subtypes. While such approaches may render considerably greater native
context than simple cell culture, the cell networks, physiologic integration and remote cell
types so central to arrhythmogenesis are unlikely to be completely accessible in this system
[90].

7. In vivo discovery
In the face of intractable complexity in vivo drug discovery in mechanistically faithful animal
models appears to be an ideal solution. In essence, this strategy allows one to directly
interrogate each of the components integrated precisely in their native context. However, the
feasibility and cost of screening in mammals has allowed this approach only in the later phases
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of drug discovery to discriminate among small numbers of compounds. The lack of
comprehensive insight into cardiac physiology in more tractable models such yeast, C. elegans,
or Drosophila has prevented their widespread use in anti-arrhythmic drug discovery, but these
models have been successfully employed in other disease areas[91].

In the last decade, the emergence of the zebrafish as a screenable vertebrate model has
revolutionized the scale of genetic study that is feasible for cardiovascular or other complex
diseases[92–95]. Within 48 hours of fertilization, the larval fish has established complex
physiology, yet can be sustained in large numbers for days in multi-well plates[96,97], and is
amenable to both genetic and chemical screening[98]. The zebrafish genome has been
sequenced, and each gene in the genome is readily manipulated using morpholino antisense
oligos[99]. In the last few months stable gene knockouts have become feasible using zinc finger
nuclease technologies[100]. Saturation phenotype-driven screens for morphologic phenotypes
have been successfully performed[101], and with the improvement in phenotyping
technologies screens for complex physiologic and pharmacologic endpoints have begun[96].
Embryos can be readily arrayed in 96 or 384 well plates and the development of increasingly
sophisticated automated assays has allowed initial in vivo screens for integrated physiologic
phenotypes that previously were only accessible for cell-based assays[36,102].

The permeability of the larval zebrafish to small molecules has popularized chemical screens
for modifiers of specific pathways or for the suppression of disease traits that have been
modeled in the zebrafish[103,104]. The zebrafish is also being developed as a tool in toxicology
for both pharmacologic and environmental contexts. Counter-screens for toxicities and
secondary screens of derivatives are immediately possible to optimize lead compounds[97,
105]. In addition, it should be possible to screen large numbers of other drugs for drug-drug
interactions or genetically diverse pools of individuals to identify rare gene-drug interactions
[96,102]. For many diseases the fish can also be used for subsequent higher resolution studies
to explore drug mechanisms at lower throughput, but still on a scale and at a cost that is difficult
to replicate with other vertebrates. For example, in cardiac electrophysiology it is possible to
evaluate the effects of drugs or genes on a host of electrophysiologic parameters including
conduction, excitability and automaticity at a resolution similar to that in mouse or man.
Similarly, high-fidelity calcium imaging can be used for the investigation of arrhythmic
mechanisms. Staged use of these assays can enable the balance between sensitivity and
specificity to be optimized[36,106].

7.1 The importance of the model
At the core of this approach is the assumption that screening all conceivable targets together
is worthwhile even though the target or targets are unknown. A foundation for this premise is
once again the primary fidelity of the model. A uniquely balanced molecular entity that
perfectly ‘tunes’ a disease pathway through activities on multiple targets is just as flawed as
any other agent if the primary screening model does not share the underlying mechanisms of
the relevant human disease.

While a shared primary etiology, genetic or otherwise, is helpful, it is also critical to validate
the fidelity of the biologic response to this initial insult to ensure that there is relevance across
a broad spectrum. Here functional genomics can be extremely useful, offering robust
assessments of molecular responses across a wide dynamic range. It is also vital to ensure that
the basic physiology and pharmacology of the relevant system are recapitulated. This type of
rigorous validation often yields surprising results. For example, the 48 hour old zebrafish
exhibits cardiac electrophysiology that is considerably more representative of human
electrophysiology than the mouse or other small mammals[36,107]. While this advantage
partly reflects the very high heart rates and the apparent dependence of rodent repolarization
on Ito, the zebrafish exhibits remarkably rapid maturation of cardiac electrophysiology, and
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multiple individual currents, whole heart electrophysiology and drug responses that closely
mirror the adult human[36,97,107–109]. Similar fidelity has been observed for cardiac
contractility at baseline and in the setting of a range of pharmacologic manipulations[110].
This fidelity has formed the basis for zebrafish work in predictive toxicology and
cardiovascular drug discovery.

7.2 Zebrafish and arrhythmias
Techniques have been developed for measuring heart rate, contractility, and blood flow at high
throughput in the zebrafish, as well as a repertoire of secondary assays including optical voltage
mapping, Ca2+ imaging, and specific transgenic reporters for subcellular Ca2+ compartments
[36,96,97,109]. These tools enable efficient large-scale screens for genetic or chemical
modifiers of known arrhythmia disease pathways in a completely native context[36].

It was possible to show that over 90% of drugs that cause repolarization toxicity in humans,
result in cognate electrophysiologic effects in the zebrafish even as early as 48 hours post
fertilization (hpf)[97]. Initial assays for heart rate using image analysis to explore cardiotoxicity
were based on the dominant frequency component of the heart rate, but traded specificity for
both sensitivity and throughput[97]. The complexity of arrhythmogenesis suggested that more
sophisticated modeling was necessary to fully understand the underlying biology. To enable
mechanistic evaluation of genetic or chemical modifiers methods were developed to directly
measure cardiac action potentials in zebrafish embryos using optical mapping with voltage
sensitive dyes at a stage when the fish are amenable to morpholino gene knockdown (Figure
1). Normal embryos display subtle differences in atrial and ventricular action potential profiles
as anticipated[36].

These techniques were validated in a comprehensive study of one form of human arrhythmia,
inherited repolarization perturbation, using a zebrafish mutant breakdance that carries a
missense mutation in the cardiac KCNH2 gene, the major subunit of the potassium channel
responsible for IKr[36]. In breakdance homozygote action potentials there was evidence of
significant “triangulation”, or prolongation of the APD25–75, a phenomenon observed in human
repolarization disorders with high arrhythmic risk (Figure 2a and 2b[111]. The mechanism of
2:1 AV block was evident from recordings that demonstrated alternate atrial impulses
encountering refractory ventricular myocardium (Figure 2c)[112]. Importantly, breakdance
homozygotes also exhibited spontaneous early afterdepolarizations, the postulated triggers of
fatal arrhythmias in both inherited and acquired repolarization disorders (Figure 2c). Treatment
with doses of dofetilide as low as 10nM caused subtle prolongation of wild type action
potentials (64ms ±45, 28% increase) while the same concentration of dofetilide resulted in
marked prolongation of heterozygote action potentials (194 ms ±92, 75% increase) (Figure
2d). A final confirmation of the fidelity of the model was the extension of these observations
to novel repolarization genes such as NOS1AP, first identified in large human genetic studies
[36].

Having established the fidelity of the model in physiologic and disease states, it was then
possible to exploit the throughput of the zebrafish model system to undertake a
pharmacogenetic screen of a library of insertional zebrafish mutants[36]. This was designed
to identify, in an unbiased manner, new genes that modify the cardiac response to IKr blockade.
Despite intense efforts, to date there have been few biologically relevant repolarization or drug
response modifier loci identified. The robust parallels between zebrafish and human cardiac
repolarization suggested that formal genetic analysis of this clinically important complex trait
might be feasible. To optimize sensitivity, specificity and throughput an initial high-throughput
screen for abnormal heart rate response to dofetilide was combined with a second high-
resolution assay in which confirmed mutants are studied using optical mapping. Subsequent
testing in the absence of dofetilide allowed discrimination between pure drug response
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phenotypes and intrinsic heart rate defects. In the initial shelf screen of 340 insertional mutants
15 genes with major effects on repolarization were identified, none of which had been
implicated previously in this process. Interestingly, the majority of these genes appear to belong
to an integrin-associated network modulating channels and their adaptor proteins (Figure 3).
These findings suggest potential links between mechanical loading conditions, inflammation
and repolarization that may shed light on arrhythmogenesis in a number of conditions.
Subsequently, some of these genes have been shown to modify human repolarization,
confirming the utility of zebrafish screens for the discovery of genetic modifiers in physiologic
or pharmacologic pathways[36].

7.3 Scalable in vivo models complement other emerging technologies
Validated in vivo models of physiology or disease that can be efficiently scaled also
complement the broad range of ‘omics technologies that are emerging from academia and
industry. Functional genomics have identified a host of new ion channels, many of which are
now being studied as potential drug targets. In many instances relatively little is known of the
integrated physiology of these channels, and their roles at different stages or in different disease
settings may be difficult to define on the scale necessary for prioritization in drug discovery.
Morpholino and transgenesis technologies have brought the zebrafish to the forefront in the
initial modeling of data from genome-wide association studies, expression profiling,
metabolomic and other ‘omics experiments. While the precise germline manipulations feasible
in the mouse are not yet feasible in the zebrafish, the speed and cost of the zebrafish have
favored its use in situations where the phenotypic parallels have been validated carefully
[113,114]. The ease of modeling extends to many aspects of the pathohysiology of disease and
using specific zebrafish strains it is possible to test interactions with heart failure, hypertrophy
and ischemia to name but a few[93,115].

7.4 Translation to other models and limitations of the zebrafish
Once small molecules of interest have been identified in the zebrafish, it is straightforward to
translate these findings to higher animals. While there may be some publication bias, where
this has been attempted the results have proven reassuring, and reflect the remarkable
conservation of the majority of vertebrate pathways[103,104,116]. Given the efficiency of the
zebrafish as a model it is envisioned that a mammalian validation step might be included in a
screen as a final definitive test-if an appropriate mammalian model exists for the phenotype in
question. Thus, in a screen for suppressors of genetic forms of atrial fibrillation one might be
circumspect if the same compounds were not effective to some extent in large animal atrial
pacing models, but aware that these large animal models might not be recapitulate the primary
substrate for the arrhythmia[73].

The zebrafish has some intrinsic limitations that must be considered in the overall design of
in vivo screening strategies. Only a limited number of zebrafish disease models have been
rigorously validated, and, like all other models, empiric assessment of the representation of a
given physiology or disease state is a critical initial step. While the fish genome is remarkably
tractable, homologous recombination for precise manipulations is not yet feasible. Drug
penetration is often difficult to measure, and in many instances compounds with no activity in
the assay may not reach the embryo in significant concentration. This may indirectly reflect
the utility of the molecule as a drug, and can be at least partially anticipated on the basis of
simple physicochemical parameters[97]. Pharmacokinetics and pharmacodynamics are only
feasible in lower throughput, but the technological hurdles have been slowly overcome.
Unbiased profiling technologies such as mass spectrometry have been used to measure drug
absorption and might also be applied to assess drug distribution and metabolism[117]. Perhaps
the single most restrictive limitation is the fact that no drug identified using zebrafish as the
primary screening platform has yet made it to market. Several candidates in multiple disease
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areas are under development, but the success of even one new molecular entity identified using
this approach may open the door to the wider incorporation of zebrafish technology into drug
discovery[116].

8. Expert opinion
A fundamental problem with modern drug discovery is not the screening strategies that have
been used, but rather the complexity of the underlying disease biology. Selection of a single
target is simply not feasible, even where the specific molecular cause has been identified,
because we do not fully understand the downstream biology. In arrhythmias a focus on
transmembrane conductance has obscured the structural, signaling and other roles of ion
channels in the cell, and led to the choice of specific targets that may not offer the therapeutic
margin necessary for successful drug discovery as a result of their physiologic importance. The
human genome project has re-taught us that integration across the entire organism is vital to
capture the full picture in a biologic system. Understanding how biologic systems vary in
disease and between individuals will be vital for truly personalized medicine.

It will be increasingly important to know precise disease mechanisms, ultimately at the level
of the individual patient. This will lead to better, more mechanistically faithful, disease models
that recapitulate not just one aspect of the disease process but all of its nuances. Screening for
drugs in vivo in validated vertebrate model organisms, such as the zebrafish, offers a
complementary strategy for drug discovery where the perturbed disease networks can be
‘tuned’ toward a better outcome. This empiric approach in a truly native biological context
offers unique possibilities. It allows for the systematic discovery of ‘dirty’ drugs with effects
on multiple targets, or agents with more subtle gain or loss of function effects at individual
targets that are only apparent in the integrated context. Counter-screens for toxicology or in
vivo optimization in the setting of other drugs or other disease contexts are also feasible. In
vivo discovery also offers unique opportunities for parallel diagnostics as well as for rigorous
pharmacogenetics and genomics. Widespread use of the zebrafish as an integral component of
drug discovery platforms will probably not occur until the approach has been validated through
successful commercial application, but this is likely to occur in the near future.

Article highlights

• Most arrhythmia models in use fail to recapitulate large parts of the disease
pathophysiology

• Simple abnormalities of ion channel conductance do not explain the majority of
arrhythmic risk

• Unbiased approaches to understanding arrhythmia pathogenesis are identifying
novel mechanisms

• Parallel unbiased approaches to drug discovery are required

• In vivo drug discovery in high throughput is feasible in the zebrafish

• Ongoing work will place this approach in the appropriate stage of the discovery
pipeline
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Figure 1. Ex vivo optical voltage mapping in zebrafish heart
Using voltage sensitive dyes it is possible to characterize the electrical activity of the
developing heart at virtually cellular resolution. Within 24 hours of fertilization of the oocyte,
the fish heart is beating rhythmically (upper panel). By 48 hours the heart is representative of
adult human cardiac electrophysiology, even though it consists of fewer than 400 cells and is
less than 200 microns in size (middle panel). At 120 hours the heart has completed looping,
the ventricle is growing rapidly and there is further subtle physiologic maturation (lower panel).
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Figure 2. Parallels between zebrafish and human physiology and pharmacology
(1a) Ventricular action potential (AP) durations in wildtype (wt) and breakdance heterozygotes
(+/−) and homozygotes (−/−) at 6 days post fertilization. * denotes p<0.05. (1b) Typical
ventricular APs are displayed for wildtype, breakdance heterozygote and homozygote
embryos. The heterozygote AP is subtly prolonged, while the homozygote shows marked AP
prolongation. Vertical calibration bar denotes 20% ΔF/F0, horizontal bar denotes 100ms.
(1b) Upper panel: simultaneous atrial and ventricular voltage recordings from breakdance (−/
−) heart showing the mechanism of 2:1 atrioventricular block: APs are so prolonged in the
ventricle that alternate atrial impulses encroach on the refractory plateau of the previous
ventricular repolarization. Lower panel: Early afterdepolarizations (arrows) in breakdance (−/
−) embryos during ventricular pacing; the pacing train is shown below the AP recording.
(1d) Heterozygote breakdance embryos display increased sensitivity to 10nM dofetilide.
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Figure 3. A simple interaction diagram depicts interactions between known repolarization genes
(blue symbols) and the genes identified in a zebrafish pharmacogenetic screen
Single lines indicate genetic interactions supported by data from multiple model organisms.
Bold lines show direct physical interactions. A dashed line represents a physical interaction
that may not be direct. The arrow represents a downstream regulatory effect, the mechanism
of which is unknown. Details of data used to construct diagram in reference 36.
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