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Abstract: The left and right ventricles of the four-chambered heart have distinct developmental
origins and functions. Chamber-specific developmental programming underlies the differential gene
expression of ion channel subunits regulating cardiac electrophysiology that persists into adulthood.
Here, we discuss regional specific electrical responses to genetic mutations and cardiac stressors,
their clinical correlations, and describe many of the multi-scale techniques commonly used to analyze
electrophysiological regional heterogeneity.
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1. Introduction

The evolution of species from the sea onto land required the ability to oxygenate blood in
the lungs. Coincident with the need for a pulmonic circulation, the embryo developed a way of
recruiting additional cells into the heart to form the second ventricle. While the left ventricle (LV)
is derived from cells within the first heart field, the cells that ultimately form the mature right
ventricle (RV) derive from a distinct progenitor population defined as the second heart field. It is well
known that LV and RV cardiomyocytes have distinct transcriptional profiles during development,
and that their transcriptional profiles become more similar in the adult heart [1]. However, given that
their progenitors are subjected to different signaling pathways throughout development, LV and RV
transcriptional differences are often accentuated in response to genetic mutations or stress [2]. In this
commentary, we will discuss how developmental programming can affect regional electrophysiology
(EP) and arrhythmia predisposition, and we will delineate some of the techniques used to study
regional heterogeneity within the heart.

2. Developmental Signals Regulating LV-RV Cardiomyocyte Programming

First and second heart field patterning is controlled by distinct transcriptional networks, with
pathways, such as Hand1, predominantly active in the first heart field, while Hand2 and Wnt
signaling play important functions during second heart field development [3–5]. Changes in chromatin
accessibility throughout development and aging may, at least in part, explain why the timing of
transcription factor expression is crucial. For example, activation of a signaling pathway may program
a distinct cellular subtype during embryogenesis, while reactivation of the same pathway in the adult
may result in only a partial phenotypic conversion. Activation of either neuregulin-1 or Notch is
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sufficient to convert embryonic ventricular myocytes into Purkinje cells, while in the adult, there
is a more limited transcriptional response and only a subset of Purkinje-enriched ionic currents are
modulated [6–9].

In addition to the importance of timing, regional developmental programming may result in
distinct chamber-specific electrophysiological responses. To highlight one example, we performed
single cell voltage clamp experiments on dissected left versus right ventricular tissue in Notch activated
hearts and observed different electrical responses. While activation of Notch signaling prolongs the
action potential duration (APD) and downregulates voltage-gated potassium currents in the LV,
no change in APD or K+ current density was observed in the RV [8]. These electrical changes are
mediated, at least in part, through altered transcription and epigenetic changes to the promoters
of subunits encoding the ion channels. Coincident with the observed chamber-specific differences
in ion channel subunit expression, activation of Notch upregulates the transcriptional repressor
Hairy-related transcription factor 2 (Hrt2, also known as Hey2) in the LV as expected, given that Hey2
is a direct Notch target. In contrast, unexpectedly, Notch activation in the RV downregulates Hey2
expression [8]. Our initial gene expression analysis conducted on pooled ventricular tissue from
Notch-activated mice did not reveal changes in Hey2 expression due to discordant chamber effects,
and it was only after separating LV from RV that these chamber-specific effects were observed. This
example underscores the idea that separately interrogating distinctly programmed regions, such as
the LV and RV, may result in different insights. Interestingly, genome-wide association studies have
implicated variants near several ion channels, as well as the 6q22.31 locus near HEY2 with Brugada
syndrome (BrS) [10]. BrS is characterized by ST-segment elevation and a propensity for sudden death
due to RV-predominant arrhythmias. Therefore, a more precise understanding of how Notch and Hey2
regulate chamber-specific ion channel gene expression may yield important translational insights.

3. Diseases Associated with a Ventricular Chamber Predilection

It is well known that the LV and RV have distinct geometries and mechanical properties suited for
either pumping blood against high systemic pressures to the body versus against lower pressures to
the lungs. This concept is highlighted in a rare congenital cardiac malformation, congenitally corrected
transposition of the great arteries (ccTGA), where both the atrioventricular and ventriculoarterial
connections are discordant [11]. In this anomaly, the right atrium (RA) connects to the morphologic LV
and pulmonary artery, and the left atrium connects to the morphologic RV and aorta [12]. While this
structural malformation is compatible with survival into adulthood, the morphologic RV functions as
the systemic pumping chamber. Given the inherent differences in morphologic LV and RV function,
over time, systemic pressures in the morphologic RV lead to hypertrophy and subsequently to failure
of the systemic ventricle [13].

In addition to properties that confer mechanical differences, unique transcriptional signatures of
ion channel subunits confer distinct electrical functions to the LV and RV. This concept has emerged
clinically with respect to genetic mutations specifically affecting one ventricle of the heart, despite all
ventricular myocytes possessing the same genome. One disease that highlights differences between LV
and RV cardiomyocytes is arrhythmogenic cardiomyopathy (ACM), a heritable condition predisposing
to ventricular arrhythmias and sudden cardiac death. ACM was predominantly considered an
RV-dominant disease, otherwise known as Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC), until about a decade ago. Two more subtypes of ACM, biventricular ACM and LV-dominant
ACM, have been identified and studied in the last few years, however, ARVC is still considered the
most dominant subtype [14]. ARVC is characterized by fibro-fatty infiltrations, RV dilation, and
arrhythmias originating from the RV [15]. Mutations in genes encoding desmosomal proteins are
attributed as the genetic cause of ARVC, and recent studies have provided insight into the mechanism
underlying how these genetic mutations give rise to ARVC [16]. Although much is still not understood
about why this heritable disease tends to affect RV over LV, it underscores that there are distinct
identities and signature roles for LV and RV cardiomyocytes in electrophysiologic homeostasis [16,17].
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The final section of this review will describe various EP techniques that can be used to investigate
cardiac electrical properties from single cells to the whole heart in both health and in diseases, such
as ARVC.

4. Techniques to Study Regional Electrophysiological Differences

4.1. Multi-Scale Assessment of Cardiac Electrical Properties

Cardiomyocytes are excitable cells due to the movement of ions across the cell membrane.
This ionic movement causes changes in membrane voltage, resulting in the cardiac action potential
(AP). Cardiomyocytes are electrically coupled to each other through gap junctions, which allow the AP
of a single cell to electrically stimulate a neighboring cell and ultimately to propagate throughout the
cardiac tissue. Distinct regional expression of ion channels leads to the LV AP waveform morphology
being distinguishable from that of the RV, and even the AP morphologies within the same chamber
differ depending on location within the chamber wall (i.e., subepicardium vs. midmyocardium vs.
subendocardium). These baseline differences in regional cardiac EP confer a unique susceptibility to
arrhythmia predisposition in diseased states when ion channel function is affected.

Arrhythmias develop when electrical impulse activation and/or propagation are disrupted.
For instance, atrial fibrillation is an arrhythmia in which ectopic electrical foci or “triggers” originate
near the pulmonary veins. Due to impairments in the left atrial electrical substrate, reentrant circuits
continuously activate the atrial myocardium much faster than what occurs during sinus rhythm.
The vulnerability of the atrium to fibrillate in response to ectopic foci is influenced by factors including
tissue architecture, such as size of the left atrium and presence of fibrosis, as well as intrinsic properties
of the cardiomyocytes affecting impulse propagation (sodium current and gap junction expression)
and action potential duration [18]. There are multiple scales for assessing the contributors that give
rise to an arrhythmic substrate at a chamber-specific level, including single cell analysis, cardiac slices,
cardiac wedges, and intact whole hearts. We later discuss the techniques used to measure regional
heterogeneity in normal and diseased hearts, the advantages and disadvantages of each method, and
discuss under which experimental circumstances each technique might be useful.

4.2. Isolated Cardiomyocytes

Regional EP heterogeneity can be measured by isolating cardiomyocytes from different chambers
through tissue digestion with enzymes to break down the extracellular matrix and connective tissues,
followed by micro-dissection. Using this technique, one can perform expression studies along with
isolated patch clamp recording to characterize EP parameters, such as individual ionic currents
and APs. Alterations to AP characteristics such as resting membrane potential, dVm/dtmax (maximal
upstroke velocity, or the slope of phase 0 of the cardiomyocyte AP mainly dictated by Na+ current),
AP amplitude, and APD at multiple stages of repolarization, can provide insight into which ionic
currents may be altered in an experimental model. There are several types of single cell patch clamp
configurations one can use (whole cell, outside-out patch, perforated patch, etc.) depending on the
experimental question. In-depth descriptions of EP principles and an overview of the single cell patch
clamp methods are available, and are outside the scope of this review [19].

Recent studies have further probed EP heterogeneity by isolating cardiomyocytes from different
layers of the chamber walls, therefore allowing characterization of EP properties of subepicardial,
midmyocardial, and subendocardial myocytes separately [20,21]. It has been previously shown
that these cardiomyocyte populations have distinct AP waveform morphologies and may, therefore,
be differentially affected in disease states. For instance, BrS has been associated with dysregulation
of the transcription factor HEY2, which affects the expression of subunits comprising the outward
K+ current, Ito [20]. Using isolated single cells to separate the subepicardium and subendocardium
of the RV in Hey2+/− heterozygous knockout mice, Veerman et al. determined that loss of Hey2
differentially affects subepicardial cardiomyocytes, resulting in their EP properties becoming more like
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subendocardial cardiomyocytes [20]. Without separating the different parts of the RV wall, changes
in the transmural EP gradient would not have been identified. Recent studies are applying similar
techniques to understand how ionic currents are differentially regulated between cardiac chambers in
normal and diseased states in humans. For example, Johnson and Springer et al. utilize this technique
to demonstrate that the transient K+ current, Ito,fast, which is normally differentially regulated across
the chamber wall in non-failing human LV, is remodeled specifically in failing LV subepicardial
cardiomyocytes leading to attenuation of the normal transmural gradient [21].

The advantages of using isolated cardiomyocytes include the ability to analyze cells from all
layers of the cardiac wall within the same animal. Furthermore, one can isolate cells from regions
of the heart anatomically difficult to access using tissue preparations, such as pacemaker cells from
the sinoatrial node (SAN) or Purkinje cells within the ventricle. Single-cell isolation is the primary
technique used to study specific ionic currents in the heart, however, the enzymatic digestion is harsh
on cell viability and can alter the cellular expression profile and/or partially digest transmembrane
proteins altering ionic currents. Another disadvantage is loss of endogenous physical and electrical
coupling with nearby cells, which ultimately influences cellular EP properties. To overcome this
disadvantage, a novel technique, known as loose patch photolysis, was recently developed by the
Escobar laboratory that enables ionic currents and kinetics to be measured in intact tissues [22]. Sharp
microelectrode recordings, detailed later in this review, also allow for single-cell EP measurements at
the tissue and organ level.

4.3. Organotypic Cardiac Slices

Recently, there has been increasing interest in the use of organotypic slices as a model system
for studying cardiac physiology. Unlike isolated cardiomyocytes, tissue architecture and electrical
coupling with surrounding cells is maintained in cardiac slices, thereby allowing measurements
of impulse propagation. Cardiac slices are typically between 100–400 µm, and given the diffusion
limits of oxygen through tissue, slice viability can be maintained via superfusion, eliminating the
need for vascular perfusion. Organotypic cardiac slices have been studied from small and large
animals including mice, rats, guinea pigs, rabbits, dogs, and pigs, as well as from human heart
biopsies and human hearts not suitable for transplantation [23–25]. Many organotypic slices can be
obtained from a single heart from multiple locations within the LV and RV chamber walls, which
allows regional-specific physiological studies from the same heart. Recent methodology for culturing
cardiac slices while maintaining electrical viability has opened new avenues for therapeutic discovery
and mechanistic testing in electrically mature human tissue, with potential applications including
acute and chronic drug studies and gene therapy approaches [24]. While slices can be used to study
cardiac conduction and APD, the tissue volume is not sufficient for studying arrhythmia mechanisms.
In addition, donated human hearts unsuitable for transplantation are an extremely precious resource,
and the unpredictable availability and infrastructure required for rapid procurement for subsequent
physiologic studies are potential barriers for widespread adoption.

4.4. Cardiac Wedge Preparations

Similar to the cardiac slice preparation, wedge preparations preserve the native tissue architecture
with the advantage of traversing the entire thickness of the chamber, thereby accommodating studies
which include arrhythmia inducibility. Major drawbacks include the need for a coronary artery
for cannulation and perfusion of oxygenated physiologic solution, thereby limiting its use on atrial
preparations and its use on small animals. In addition, while cardiac slices can be cultured for multiple
days, a cardiac wedge is viable for hours, thus imposing time limitations on experiments.

4.5. Intact Whole Hearts

Langendorff-perfused whole hearts can be used to study cardiac physiology and arrhythmia
susceptibility, and in some instances, provide the most relevant ex vivo model. Sick Sinus Syndrome
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(SSS), otherwise known as SAN dysfunction, is characterized by a slow heart rate, sinus pauses, and
susceptibility to supraventricular tachycardia [26]. Several genetic and pacing-induced models of SSS
have been generated and characterized via patch clamp recordings performed on isolated SAN cells,
and these experiments delineated alterations in ionic currents within the SAN cells responsible for the
slow heart rate [27,28]. In contrast, a recent study by Qiao and Lipovsky et al. found that in a model of
Notch-induced SSS, the SAN itself is not the main contributor to the disease phenotype [29]. In this case,
decreased excitability of the atrial myocardium prevents the SAN “source” from efficiently activating
the atrial “sink”. We performed a series of experiments including sharp microelectrode intracellular
recordings on atrial myocardium of Langendorff-perfused hearts to demonstrate altered excitability,
and programmed stimulation to demonstrate susceptibility to supraventricular tachycardia, while
single-cell isolation of SAN cells would not have identified the primary alteration underlying SSS in
this model.

4.6. Sharp Microelectrode Intracellular Recordings on Intact Cardiac Tissue

Like isolated cardiomyocyte recordings, sharp microelectrode intracellular recordings are used to
probe the electrical activity at a single-cell level. However, sharp microelectrode recordings can be
performed on intact tissue. The microelectrodes used are called “sharp” because they penetrate the cell
membrane without significant damage to cellular function as the membrane quickly seals itself around
the microelectrode. Sharp microelectrodes allow one to assess the EP characteristics of tissue slices,
wedges, or intact hearts by impaling a single cell and measuring APs of that particular cell without
subjecting the tissue to a digestion protocol. The AP characteristics mentioned previously that can be
obtained when doing single cell patch clamping can also be measured using sharp microelectrodes on
intact tissue. For example, as mentioned above, Qiao and Lipovsky et al. utilized sharp microelectrode
intracellular recordings on Langendorff-perfused intact mouse hearts to demonstrate that the dVm/dtmax

of atrial cardiomyocytes is significantly slower after transient induction of Notch signaling, suggesting
a functional impairment in Na+ current [29]. Notch induction reduces Scn5a expression in the right
atrial myocardium, and since mutations within Scn5a have been linked to familial SSS, this is a plausible
mechanism for heart rate slowing after transient Notch activation [30]. Addition of pharmacologic
agents to the superfusate or perfusion solution of slices, wedges, or intact hearts followed by sharp
microelectrode recordings can further probe how drugs affect AP morphology [31,32]. While significant
information on AP characteristics can be measured using sharp microelectrodes, impulse propagation,
and activation patterns of the heart are not visualized.

4.7. Optical Mapping

While recording EP parameters from single cells provides key insights, optical mapping is
a technique that can be used to assay EP parameters in cardiac slices, wedge preparations, and
whole-organ level physiology. Using voltage-sensitive dyes and high-speed cameras, optical APs can
be measured with high spatial and temporal resolution without the need for recording electrodes [33].
In addition to the use of dyes to track membrane potential, calcium-handling dyes can also be utilized
to provide nearly real-time imaging of calcium flux [24]. In Langendorff-perfused heart preparations,
optical mapping can delineate baseline activation and repolarization patterns during sinus rhythm,
providing information with respect to both time and space. Visualization of these patterns is achieved
with an isochrone map which utilizes a color scale to represent activation times; therefore, regions
of tissue activating at the same time are shown as the same color (isochrones). Further programmed
stimulation of specific regions of the heart during the mapping protocol can interrogate parameters
such as local conduction velocity (CV) and effective refractory periods (ERPs). Alterations in these
parameters can predispose to arrhythmias, which can be further elicited via optical mapping using
more aggressive stimulation protocols [29,34].

Optical mapping of genetically mutant mouse hearts has been used extensively to study
regional-specific conduction abnormalities [35]. For example, after observing an abnormal ECG
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pattern indicative of slowed ventricular activation in mice where the Wnt signaling pathway was
activated during development, Gillers et al. used optical mapping to directly investigate the total
epicardial activation time as well as CV within both ventricular chambers. While CV was decreased in
both the LV and RV of Wnt activated mice, the RV was much more severely affected (Figure 1) [35].
Future experiments may provide more insight into mechanisms for how developmental programming
influences these Wnt-mediated chamber-specific electrophysiologic effects.
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Figure 1. Ectopic Wnt activation differentially affects the electrical phenotype of RV versus LV.
(A,B) Reconstructed electrical activation pattern from optical mapping experiment during sinus rhythm
in control (A) and Wnt GOF (B) mice. (C) Total epicardial activation time is significantly prolonged in
Wnt GOF mice (4.4 ± 0.4 versus 11.5 ± 1.0 ms, n = 4 each genotype). (D–G) Representative electrical
activation pattern of the LV and RV during epicardial stimulation in control (D,E) and Wnt GOF (F,G)
mice. (H) Left ventricular (LV) longitudinal conduction velocity of Wnt GOF mice was slower during
stimulation at each cycle length, and the difference between the two genotypes became larger at faster
pacing rates (111 and 100 ms cycle lengths, n = 4). (I) Right ventricular (RV) longitudinal conduction
velocity of Wnt GOF mice was also slower, and was more severely decreased than in the LV. One Wnt
GOF mutant had an electrically inexcitable RV when paced at 143 ms cycle length, while two others had
markedly decreased conduction velocity at slower cycle lengths and became inexcitable at pacing rates
above 125 ms cycle interval. This is consistent with decremental conduction, a property of AV canal
and AV nodal tissues. Note the different time scales between each experiment. Data are represented as
mean ± SEM. Group comparison for conduction velocity was performed using a Student’s unpaired
2-tailed t-test at each cycle length. Group comparison for inexcitability was performed using a Chi
squared test without Yate’s correction. * p < 0.05. Modified from Gillers et al., Canonical Wnt Signaling
Regulates Atrioventricular Junction Programming and Electrophysiological Properties, Circulation Research,
Volume 116, Issue 3, page 402. http://circres.ahajournals.org/cgi/pmidlookup?view=long&pmid=25599332

In summary, optical mapping is a versatile technique that can be applied to the study of cardiac
electrical activity at both the tissue and whole-organ level. The relative simplicity of the setup combined
with the availability of open-source analysis software has increased the availability and favorability of
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this technique to laboratories outside of the traditional EP field. A main disadvantage of this technique
is the inability to measure at multiple depths. Multi-photon microscopy has been recently used to
measure electrical activity and calcium transients simultaneously at varying tissue depths in intact
Langendorff-perfused hearts, allowing transmural EP differences to be studied with high spatial and
temporal resolution [36,37]. Although both techniques can only be performed on explanted hearts,
other techniques have been developed to allow measurement of cardiac electrical properties in vivo
and are discussed below.

4.8. Optogenetics

Optical mapping utilizes cardiotoxic voltage-sensitive dyes which limits the ability to perform
sequential experiments on a single sample ex vivo. Optogenetics combines the utility of
optical electrophysiology with genetics and circumvents the use of cardiotoxic dyes, enabling
electrophysiologic measurements in vivo through the use of genetically-encoded voltage indicators
(GEVIs). GEVIs are proteins that can sense voltage changes and have been genetically engineered
to express an indicator, such as fluorescence, in response to voltage changes. In addition to GEVIs,
genetically encoded calcium indicators (GECIs), such as GCaMP2, have been developed and utilized
to visualize Ca2+ transients and study conduction abnormalities in mice in vivo [38,39]. Optogenetics
can also provide an alternative to electrical stimulation or inhibition of cardiomyocyte depolarization
utilizing microbial opsins, called optogenetic actuators. Two such examples include channel rhodopsins
used to generate depolarizing/excitatory currents, and chloride pump halorhodopsin which can
generate a hyperpolarizing/inhibitory current. These actuators are single membrane-bound proteins
that can function as ion channels in complex with a form of Vitamin A (retinal) when exposed to
light [40,41]. This technique provides cell specificity and spatiotemporal precision in manipulating
cardiomyocyte stimulation. In 2010, Bruegmann et al. optimized and validated this method to
demonstrate optogenetic control of beating rate in embryonic stem cell-derived cardiomyocytes, as
well as in transgenic cardiac tissue [42]. Recently, several studies have shown optogenetic defibrillation
of ventricular tachycardia in mouse and rat models ex vivo, providing evidence for its potential
use in clinical cardiology [43–45]. However, major challenges for clinical application include—(i)
toxicity of the gene to be transferred; (ii) the requirement for endogenous retinal to form a functional
complex; (iii) an effective gene delivery method; and (iv) delivery of a light source compatible for each
individual heart.

4.9. Electrocardiographic Imaging (ECGI)

Electrocardiographic imaging (ECGI) is a non-invasive imaging procedure that can map electrical
activity on the cardiac epicardial surface in humans. A multi-electrode vest records 250 body-surface
electrocardiograms (ECGs), which can be combined with computed tomography (CT) or magnetic
resonance imaging (MRI) to provide cardiac geometry. This technology can provide patient-specific
activation maps and repolarization patterns of the epicardial surface and has been used to study
hereditary arrhythmias such as Long QT syndrome (LQTS) and BrS, as well as acquired arrhythmias
such as post-myocardial infarction ventricular tachycardia [46–49]. ECGI provides information on
both cardiac activation and repolarization, somewhat similar to optical mapping.

Zhang et al. used ECGI to delineate the cardiac electrophysiological substrate underlying the BrS
phenotype [48]. BrS patients exhibit delayed right ventricular outflow tract (RVOT) activation and
slow conduction, prolonged RVOT recovery time and activation-recovery intervals indicating delayed
repolarization, as well as steep repolarization gradients at RVOT borders (Figure 2). This study further
supports the concept that regional-specific changes in electrophysiologic substrate within the RVOT
underlie BrS. In addition to aiding our understanding of underlying mechanisms of arrhythmias, ECGI
has recently been used to non-invasively map ventricular tachycardia prior to delivery of radiation
for tachycardia ablation [50]. Given the wealth of information that can be gleaned non-invasively,
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we expect ECGI will gain more widespread use in both research and clinical applications tailored to
personalized therapies.
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Figure 2. Activation and repolarization during sinus rhythm. (A) Activation times isochrone maps
(AT). Insets, zoom on the RVOT. (B) Activation-recovery interval maps (ARI). (C) Recovery time (RT)
maps. Epicardial breakthroughs are indicated by asterisks. Isochrones are depicted in thin black lines.
Black arrows in the RVOT zoom maps of A point to slow conduction indicated by crowded isochronal
lines. Red arrows in B and C point to regions with steep repolarization gradients. BrS indicates Brugada
syndrome; LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, right ventricle;
and RVOT, right ventricular outflow tract. Modified from Zhang et al., Cardiac electrophysiological substrate
underlying the ECG phenotype and electrogram abnormalities in Brugada syndrome patients, Circulation,
Volume 131, Issue 22, page 1954. http://circ.ahajournals.org/content/131/22/1950.long

5. Conclusions

In summary, the evolution of technology and experimentation has revealed a greater appreciation
of regional heterogeneity in the heart during health and disease. To fully understand the basis for
regulation of cardiac electrophysiology, it is imperative to integrate concepts and techniques from
diverse disciplines, including clinical cardiology, biomedical engineering, physiology, genomics,
and developmental biology. Filling these gaps in our knowledge is challenging and requires us to
understand several languages, but is nonetheless crucial to maximizing our collective understanding
and to prevent potential new insights from being “lost in translation”.



J. Cardiovasc. Dev. Dis. 2018, 5, 16 9 of 11

Acknowledgments: We would like to acknowledge Stephanie Hicks for assistance with the manuscript. This work
was supported by R01 HL130212 (SR) and UG3HL141800 (SR). Rentschler holds a Career Award for Medical
Scientists from the Burroughs Wellcome Fund.

Conflicts of Interest: The authors declare no conflict of interest. Promotional and commercial use of the material
in print, digital or mobile device format is prohibited without the permission from the publisher Wolters Kluwer.
Please contact permissions@lww.com for further information.

References

1. Li, X.; Martinez-Fernandez, A.; Hartjes, K.A.; Kocher, J.P.; Olson, T.M.; Terzic, A.; Nelson, T.J. Transcriptional
atlas of cardiogenesis maps congenital heart disease interactome. Physiol. Genom. 2014, 46, 482–495.
[CrossRef] [PubMed]

2. Sivagangabalan, G.; Nazzari, H.; Bignolais, O.; Maguy, A.; Naud, P.; Farid, T.; Masse, S.; Gaborit, N.; Varro, A.;
Nair, K.; et al. Regional ion channel gene expression heterogeneity and ventricular fibrillation dynamics in
human hearts. PLoS ONE 2014, 9, e82179. [CrossRef] [PubMed]

3. Barnes, R.M.; Firulli, B.A.; Conway, S.J.; Vincentz, J.W.; Firulli, A.B. Analysis of the Hand1 cell lineage reveals
novel contributions to cardiovascular, neural crest, extra-embryonic, and lateral mesoderm derivatives.
Dev. Dyn. 2010, 239, 3086–3097. [CrossRef] [PubMed]

4. Rochais, F.; Mesbah, K.; Kelly, R.G. Signaling pathways controlling second heart field development. Circ. Res.
2009, 104, 933–942. [CrossRef] [PubMed]

5. Molina, C.E.; Heijman, J.; Dobrev, D. Differences in Left versus Right Ventricular Electrophysiological
Properties in Cardiac Dysfunction and Arrhythmogenesis. Arrhythm. Electrophysiol. Rev. 2016, 5, 14–19.
[CrossRef] [PubMed]

6. Rentschler, S.; Zander, J.; Meyers, K.; France, D.; Levine, R.; Porter, G.; Rivkees, S.A.; Morley, G.E.;
Fishman, G.I. Neuregulin-1 promotes formation of the murine cardiac conduction system. Proc. Natl.
Acad. Sci. USA 2002, 99, 10464–10469. [CrossRef] [PubMed]

7. Rentschler, S.; Yen, A.H.; Lu, J.; Petrenko, N.B.; Lu, M.M.; Manderfield, L.J.; Patel, V.V.; Fishman, G.I.;
Epstein, J.A. Myocardial Notch signaling reprograms cardiomyocytes to a conduction-like phenotype.
Circulation 2012, 126, 1058–1066. [CrossRef] [PubMed]

8. Khandekar, A.; Springer, S.; Wang, W.; Hicks, S.; Weinheimer, C.; Diaz-Trelles, R.; Nerbonne, J.M.;
Rentschler, S. Notch-Mediated Epigenetic Regulation of Voltage-Gated Potassium Currents. Circ. Res.
2016, 119, 1324–1338. [CrossRef] [PubMed]

9. Stroud, D.M.; Darrow, B.J.; Kim, S.D.; Zhang, J.; Jongbloed, M.R.; Rentschler, S.; Moskowitz, I.P.; Seidman, J.;
Fishman, G.I. Complex genomic rearrangement in CCS-LacZ transgenic mice. Genesis 2007, 45, 76–82.
[CrossRef] [PubMed]

10. Bezzina, C.R.; Barc, J.; Mizusawa, Y.; Remme, C.A.; Gourraud, J.B.; Simonet, F.; Verkerk, A.O.; Schwartz, P.J.;
Crotti, L.; Dagradi, F.; et al. Common variants at SCN5A-SCN10A and HEY2 are associated with Brugada
syndrome, a rare disease with high risk of sudden cardiac death. Nat. Genet. 2013, 45, 1044–1049. [CrossRef]
[PubMed]

11. Baruteau, A.E.; Abrams, D.J.; Ho, S.Y.; Thambo, J.B.; McLeod, C.J.; Shah, M.J. Cardiac Conduction System in
Congenitally Corrected Transposition of the Great Arteries and Its Clinical Relevance. J. Am. Heart Assoc.
2017, 6, e007759. [CrossRef] [PubMed]

12. Wallis, G.A.; Debich-Spicer, D.; Anderson, R.H. Congenitally corrected transposition. Orphanet J. Rare Dis.
2011, 6. [CrossRef] [PubMed]

13. Graham, T.P., Jr.; Bernard, Y.D.; Mellen, B.G.; Celermajer, D.; Baumgartner, H.; Cetta, F.; Connolly, H.M.;
Davidson, W.R.; Dellborg, M.; Foster, E.; et al. Long-term outcome in congenitally corrected transposition of
the great arteries: A multi-institutional study. J. Am. Coll. Cardiol. 2000, 36, 255–261. [CrossRef]

14. Saguner, A.M.; Brunckhorst, C.; Duru, F. Arrhythmogenic ventricular cardiomyopathy: A paradigm shift
from right to biventricular disease. World J. Cardiol. 2014, 6, 154–174. [CrossRef] [PubMed]

15. Azaouagh, A.; Churzidse, S.; Konorza, T.; Erbel, R. Arrhythmogenic right ventricular
cardiomyopathy/dysplasia: A review and update. Clin. Res. Cardiol. 2011, 100, 383–394. [CrossRef]
[PubMed]



J. Cardiovasc. Dev. Dis. 2018, 5, 16 10 of 11

16. Sen-Chowdhry, S.; Syrris, P.; Ward, D.; Asimaki, A.; Sevdalis, E.; McKenna, W.J. Clinical and genetic
characterization of families with arrhythmogenic right ventricular dysplasia/cardiomyopathy provides
novel insights into patterns of disease expression. Circulation 2007, 115, 1710–1720. [CrossRef] [PubMed]

17. Sen-Chowdhry, S.; Morgan, R.D.; Chambers, J.C.; McKenna, W.J. Arrhythmogenic cardiomyopathy: Etiology,
diagnosis, and treatment. Ann. Rev. Med. 2010, 61, 233–253. [CrossRef] [PubMed]

18. Munger, T.M.; Wu, L.Q.; Shen, W.K. Atrial fibrillation. J. Biomed. Res. 2014, 28, 1–17. [PubMed]
19. Molleman, A. Patch Clamping: An Introductory Guide to Patch Clamp Electrophysiology; John Wiley & Sons:

New York, NY, USA, 2003.
20. Veerman, C.C.; Podliesna, S.; Tadros, R.; Lodder, E.M.; Mengarelli, I.; de Jonge, B.; Beekman, L.; Barc, J.;

Wilders, R.; Wilde, A.A.M.; et al. The Brugada Syndrome Susceptibility Gene HEY2 Modulates Cardiac
Transmural Ion Channel Patterning and Electrical Heterogeneity. Circ. Res. 2017, 121, 537–548. [CrossRef]
[PubMed]

21. Johnson, E.K.; Springer, S.J.; Wang, W.; Dranoff, E.J.; Zhang, Y.; Kanter, E.M.; Yamada, K.A.; Nerbonne, J.M.
Differential Expression and Remodeling of Transient Outward Potassium Currents in Human Left Ventricles.
Circ. Arrhythm. Electrophysiol. 2018, 11, e005914. [CrossRef] [PubMed]

22. Ramos-Franco, J.; Aguilar-Sanchez, Y.; Escobar, A.L. Intact Heart Loose Patch Photolysis Reveals Ionic
Current Kinetics During Ventricular Action Potentials. Circ. Res. 2016, 118, 203–215. [CrossRef] [PubMed]

23. Brandenburger, M.; Wenzel, J.; Bogdan, R.; Richardt, D.; Nguemo, F.; Reppel, M.; Hescheler, J.; Terlau, H.;
Dendorfer, A. Organotypic slice culture from human adult ventricular myocardium. Cardiovasc. Res. 2012,
93, 50–59. [CrossRef] [PubMed]

24. Kang, C.; Qiao, Y.; Li, G.; Baechle, K.; Camelliti, P.; Rentschler, S.; Efimov, I.R. Human Organotypic Cultured
Cardiac Slices: New Platform For High Throughput Preclinical Human Trials. Sci. Rep. 2016, 6, 28798.
[CrossRef] [PubMed]

25. Watson, S.A.; Scigliano, M.; Bardi, I.; Ascione, R.; Terracciano, C.M.; Perbellini, F. Preparation of viable adult
ventricular myocardial slices from large and small mammals. Nat. Protoc. 2017, 12, 2623–2639. [CrossRef]
[PubMed]

26. Semelka, M.; Gera, J.; Usman, S. Sick sinus syndrome: A review. Am. Fam. Physician 2013, 87, 691–696.
27. Alig, J.; Marger, L.; Mesirca, P.; Ehmke, H.; Mangoni, M.E.; Isbrandt, D. Control of heart rate by cAMP

sensitivity of HCN channels. Proc. Natl. Acad. Sci. USA 2009, 106, 12189–12194. [CrossRef] [PubMed]
28. Yeh, Y.H.; Burstein, B.; Qi, X.Y.; Sakabe, M.; Chartier, D.; Comtois, P.; Wang, Z.; Kuo, C.T.; Nattel, S. Funny

current downregulation and sinus node dysfunction associated with atrial tachyarrhythmia: A molecular
basis for tachycardia-bradycardia syndrome. Circulation 2009, 119, 1576–1585. [CrossRef] [PubMed]

29. Qiao, Y.; Lipovsky, C.; Hicks, S.; Bhatnagar, S.; Li, G.; Khandekar, A.; Guzy, R.; Woo, K.V.; Nichols, C.G.;
Efimov, I.R.; et al. Transient Notch Activation Induces Long-Term Gene Expression Changes Leading to Sick
Sinus Syndrome in Mice. Circ. Res. 2017, 121, 549–563. [CrossRef] [PubMed]

30. Benson, D.W.; Wang, D.W.; Dyment, M.; Knilans, T.K.; Fish, F.A.; Strieper, M.J.; Rhodes, T.H.; George, A.L., Jr.
Congenital sick sinus syndrome caused by recessive mutations in the cardiac sodium channel gene (SCN5A).
J. Clin. Investig. 2003, 112, 1019–1028. [CrossRef] [PubMed]

31. Golovko, V.; Gonotkov, M.; Lebedeva, E. Effects of 4-aminopyridine on action potentials generation in mouse
sinoauricular node strips. Physiol. Rep. 2015, 3, e12447. [CrossRef] [PubMed]

32. Sicouri, S.; Belardinelli, L.; Carlsson, L.; Antzelevitch, C. Potent antiarrhythmic effects of chronic amiodarone
in canine pulmonary vein sleeve preparations. J. Cardiovasc. Electrophysiol. 2009, 20, 803–810. [CrossRef]
[PubMed]

33. Laughner, J.I.; Ng, F.S.; Sulkin, M.S.; Arthur, R.M.; Efimov, I.R. Processing and analysis of cardiac optical
mapping data obtained with potentiometric dyes. Am. J. Physiol. Heart Circ. Physiol. 2012, 303, H753–H765.
[CrossRef] [PubMed]

34. Hwang, G.S.; Hayashi, H.; Tang, L.; Ogawa, M.; Hernandez, H.; Tan, A.Y.; Li, H.; Karagueuzian, H.S.;
Weiss, J.N.; Lin, S.F.; et al. Intracellular calcium and vulnerability to fibrillation and defibrillation in
Langendorff-perfused rabbit ventricles. Circulation 2006, 114, 2595–2603. [CrossRef] [PubMed]

35. Gillers, B.S.; Chiplunkar, A.; Aly, H.; Valenta, T.; Basler, K.; Christoffels, V.M.; Efimov, I.R.;
Boukens, B.J.; Rentschler, S. Canonical wnt signaling regulates atrioventricular junction programming
and electrophysiological properties. Circ. Res. 2015, 116, 398–406. [CrossRef] [PubMed]



J. Cardiovasc. Dev. Dis. 2018, 5, 16 11 of 11

36. Crocini, C.; Coppini, R.; Ferrantini, C.; Yan, P.; Loew, L.M.; Tesi, C.; Cerbai, E.; Poggesi, C.; Pavone, F.S.;
Sacconi, L. Defects in T-tubular electrical activity underlie local alterations of calcium release in heart failure.
Proc. Natl. Acad. Sci. USA 2014, 111, 15196–15201. [CrossRef] [PubMed]

37. Kelly, A.; Ghouri, I.A.; Kemi, O.J.; Bishop, M.J.; Bernus, O.; Fenton, F.H.; Myles, R.C.; Burton, F.L.; Smith, G.L.
Subepicardial action potential characteristics are a function of depth and activation sequence in isolated
rabbit hearts. Circ. Arrhythm. Electrophysiol. 2013, 6, 809–817. [CrossRef] [PubMed]

38. Kotlikoff, M.I. Genetically encoded Ca2+ indicators: Using genetics and molecular design to understand
complex physiology. J. Physiol. 2007, 578 (Pt 1), 55–67. [CrossRef] [PubMed]

39. Tallini, Y.N.; Ohkura, M.; Choi, B.R.; Ji, G.; Imoto, K.; Doran, R.; Lee, J.; Plan, P.; Wilson, J.; Xin, H.B.; et al.
Imaging cellular signals in the heart in vivo: Cardiac expression of the high-signal Ca2+ indicator GCaMP2.
Proc. Natl. Acad. Sci. USA 2006, 103, 4753–4758. [CrossRef] [PubMed]

40. Guru, A.; Post, R.J.; Ho, Y.Y.; Warden, M.R. Making Sense of Optogenetics. Int. J. Neuropsychopharmacol. 2015,
18. [CrossRef] [PubMed]

41. Entcheva, E. Cardiac optogenetics. Am. J. Physiol. Heart Circ. Physiol. 2013, 304, H1179–H1191. [CrossRef]
[PubMed]

42. Bruegmann, T.; Malan, D.; Hesse, M.; Beiert, T.; Fuegemann, C.J.; Fleischmann, B.K.; Sasse, P. Optogenetic
control of heart muscle in vitro and in vivo. Nat. Methods 2010, 7, 897–900. [CrossRef] [PubMed]

43. Bruegmann, T.; Boyle, P.M.; Vogt, C.C.; Karathanos, T.V.; Arevalo, H.J.; Fleischmann, B.K.; Trayanova, N.A.;
Sasse, P. Optogenetic defibrillation terminates ventricular arrhythmia in mouse hearts and human
simulations. J. Clin. Investig. 2016, 126, 3894–3904. [CrossRef] [PubMed]

44. Nyns, E.C.A.; Kip, A.; Bart, C.I.; Plomp, J.J.; Zeppenfeld, K.; Schalij, M.J.; de Vries, A.A.F.; Pijnappels, D.A.
Optogenetic termination of ventricular arrhythmias in the whole heart: Towards biological cardiac rhythm
management. Eur. Heart J. 2017, 38, 2132–2136. [CrossRef] [PubMed]

45. Crocini, C.; Ferrantini, C.; Coppini, R.; Scardigli, M.; Yan, P.; Loew, L.M.; Smith, G.; Cerbai, E.; Poggesi, C.;
Pavone, F.S.; et al. Optogenetics design of mechanistically-based stimulation patterns for cardiac
defibrillation. Sci. Rep. 2016, 6, 35628. [CrossRef] [PubMed]

46. Rudy, Y. Noninvasive imaging of cardiac electrophysiology and arrhythmia. Ann. N. Y. Acad. Sci. 2010, 1188,
214–221. [CrossRef] [PubMed]

47. Vijayakumar, R.; Silva, J.N.A.; Desouza, K.A.; Abraham, R.L.; Strom, M.; Sacher, F.; Van Hare, G.F.;
Haissaguerre, M.; Roden, D.M.; Rudy, Y. Electrophysiologic substrate in congenital Long QT syndrome:
Noninvasive mapping with electrocardiographic imaging (ECGI). Circulation 2014, 130, 1936–1943. [CrossRef]
[PubMed]

48. Zhang, J.; Sacher, F.; Hoffmayer, K.; O’Hara, T.; Strom, M.; Cuculich, P.; Silva, J.; Cooper, D.; Faddis, M.;
Hocini, M.; et al. Cardiac electrophysiological substrate underlying the ECG phenotype and electrogram
abnormalities in Brugada syndrome patients. Circulation 2015, 131, 1950–1959. [CrossRef] [PubMed]

49. Cuculich, P.S.; Zhang, J.; Wang, Y.; Desouza, K.A.; Vijayakumar, R.; Woodard, P.K.; Rudy, Y.
The electrophysiological cardiac ventricular substrate in patients after myocardial infarction: Noninvasive
characterization with electrocardiographic imaging. J. Am. Coll. Cardiol. 2011, 58, 1893–1902. [CrossRef]
[PubMed]

50. Cuculich, P.S.; Schill, M.R.; Kashani, R.; Mutic, S.; Lang, A.; Cooper, D.; Faddis, M.; Gleva, M.; Noheria, A.;
Smith, T.W.; et al. Noninvasive Cardiac Radiation for Ablation of Ventricular Tachycardia. N. Engl. J. Med.
2017, 377, 2325–2336. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


	Washington University School of Medicine
	Digital Commons@Becker
	2018

	Multi-scale assessments of cardiac electrophysiology reveal regional heterogeneity in health and disease
	Catherine E. Lipovsky
	Brittany D. Brumback
	Aditi Khandekar
	Stacey L. Rentschler
	Recommended Citation


	tmp.1522811422.pdf.3QfBf

