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ABSTRACT OF THE DISSERTATION 
 
 
 
 

Regulation of Cardiac Conduction by Stretch 
 
 
 
 

by 
 
 
 
 

Emily Ross Pfeiffer 
 
 

Bioengineering with a Specialization in Multi-Scale Biology 
 
 

University of California, San Diego, 2013 
 
 
 

Professor Andrew D. McCulloch, Chair 
 
 

 
 It is well established that cardiac electrophysiology can be altered by changes in 

mechanical loading of the heart, through processes of mechanoelectric feedback (MEF). 

However, the cellular mechanisms and particular strain dependence of these processes have 

not been determined, partly due to the difficulty in assessing complex mechanical and 

electrophysiological phenomena in active cardiac tissue, and also to challenges in linking 



 xix 

observations in single cells to organ-level effects. To circumvent these challenges, there is 

need for electrophysiological studies multicellular platforms with capability for precise, 

physiologic mechanical loading. In this dissertation, biaxial stretch of micropatterned 

cardiomyocyte preparations is employed in conjunction with electrophysiological 

measurement, particularly via optical mapping of changes in membrane potential as well as by 

patch clamp recording, to discover how mechanoelectric interactions at the cell level may give 

rise to stretch-dependent alterations in cardiac conduction. Chapter 1 introduces cardiac 

mechanoelectric feedback starting with the clinical and tissue-scale observations, describing 

candidate cellular mechanisms and discussing the need for multicellular experiments to bridge 

the gap between single-cell and whole-organ experiments. Chapter 2 describes a multicellular 

system for testing electrophysiology under biaxial loading, and reports data from a range of 

stretch magnitudes. Chapter 3 probes cellular mechanisms for conduction slowing at large 

physiologic loads, and demonstrates that slowing is due to caveolae-dependent increases in 

cell membrane capacitance. Chapter 4 utilizes the system to test a transgenic murine model of 

clinical arrhythmia for conduction block and interbeat variability, demonstrating the capability 

of the system in examining multicellular electrophysiological phenomena that develop on a 

spatial scale reflecting human tissue. 



1 

Chapter 1 

 

 

Introduction 
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Introduction 

 

It is well known that the heart depends on electrical depolarization to trigger 

mechanical contraction, but mechanical perturbations have also long been seen to affect 

cardiac electrophysiology.1,2 The well-studied process by which myocyte electrical activation 

leads to mechanical contraction is known as excitation-contraction coupling (ECC), while the 

lesser-known process by which a mechanical alteration influences cardiac electrical activity is 

referred to as mechanoelectric feedback (MEF). This chapter introduces MEF phenomena, 

which are manifested at cellular and the whole heart scales. While observations of MEF have 

been made separately in single cells and in intact tissue, in many cases it remains to be shown 

which cell mechanisms underlie particular whole heart phenomena. 

 

At the scale of the whole heart, MEF has been fairly well characterized and is known 

to be altered in various diseases or states of altered contractility, such as electromechanical 

dyssynchrony. In the whole heart, abnormal sequences of ventricular electrical depolarization 

adversely affect mechanical contraction and are a major complication when pump function is 

compromised by heart failure.3 Extensive studies have been conducted to understand the 

cellular mechanisms of ECC, while MEF has been studied to a lesser extent. For example, it is 

now well recognized that dysregulation of intracellular calcium cycling, which is central to 

ECC, is a major cause of contractile dysfunction in heart failure regardless of the specific 

heart failure etiology, 4 5  however, the underpinning mechanisms of MEF are currently 

debated.2 

 

Although MEF has been studied separately at the myocyte and whole heart scales, our 

ability to integrate and translate cellular and molecular mechanisms to in vivo physiological 
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and pathophysiological phenotypes is still limited and the problem is inherently difficult. 

Ventricular mechanics in vivo are highly nonhomogeneous, and arrhythmias depend not only 

on cellular dynamics but on intercellular coupling, action potential propagation and three-

dimensional myocardial structure. Contributing to the paucity of integrative understanding in 

this field is the comparative scarcity of suitable homogeneous multi-cellular preparations and 

high-fidelity measurement techniques for investigating tissue-scale myocardial 

mechanoelectric interactions under well-controlled and readily manipulated conditions. This 

chapter reviews the state of knowledge of cardiac MEF at the whole organ and single cell 

scales, and concludes by surveying promising preparations and techniques for investigating 

these mechanoelectric interactions at the multi-cellular tissue scale. 

 

Organ Scale: Cardiac Mechanoelectric Feedback  

 

Whole heart studies of cardiac mechanoelectric feedback have focused primarily on 

the mechanisms by which alterations in hemodynamic loading or focal mechanical stimuli can 

modulate atrial or ventricular electrophysiology and lead in some cases to arrhythmia.2 Acute 

changes in mechanics of the ventricles can affect cardiac electrophysiology. Blows to the 

chest, altered hemodynamic loading, or regional changes in synchrony may have the effect of 

altering myocardial stretch or pressure loading prior to or during electrical activation. These 

abnormal mechanical loading situations have been observed to disrupt or distort normal 

cardiac excitation, and in some cases lead to life-threatening arrhythmias. 

 

Commotio Cordis 
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Classical studies in cardiac physiology first identified MEF at the organ scale well 

over 100 years ago.6 Reports of commotio cordis date to the 19th century and possibly earlier. 

Commotio cordis is a rare cause of ventricular fibrillation often resulting in sudden cardiac 

death initiated by a localized precordial impact that is not sufficiently strong to cause 

mechanical damage to the heart or surrounding organs. As recorded in the US Commotio 

Cordis Registry, the rate of survival has improved over recent decades, associated with 

increased workplace safety and bone health, such that incidence is now most common in youth 

athletics. Survival of these events has been improved by faster response times and availability 

of an on-site automated external defibrillator. There remains a greater risk of mortality when 

commotio cordis occurs during noncompetitive rather than competitive sports, or in African 

Americans.7,8 A condition for fatality is that the chest blow occurs during a vulnerable window 

preceding the electrocardiogram (ECG) T wave.9 Recruitment of stretch-activated channels 

during this period is thought to augment repolarization, increasing dispersion of repolarization 

and promoting ventricular tachycardia,7,9 a mechanism supported by computational models.10 

While perhaps the most dramatic, commotio cordis is by no means the only 

pathophysiological example of MEF.  

 

Mechanically Triggered Arrhythmias 

 

Intrinsic mechanical pulses and perturbations can trigger arrhythmias or extrasystoles, 

and may be especially important in diseases where wall mechanics become altered such as 

ischemia and heart failure. Transiently increased hemodynamic loading of failing ventricles 

has been observed to give rise to extrasystolic beats and ventricular tachycardia.11,12 In a 

positive counterexample, precordial thump or precordial percussion offers a rapid though low 



 5 

efficiency method for resuscitation of a victim of witnessed cardiac arrest, though the window 

for benefit versus harm is small.13,14,15,16 

 

The Bainbridge Response 

 

Changes in circulatory pressures have a well-known effect on heart rate. First 

described in 1915, the “Bainbridge response” describes an increase in heart rate under 

increased venous, but not under arterial, pressure.17 Increases in venous return are thought to 

be sensed via stretch receptors in the left and right atria, and transmitted via the vagus nerve to 

the autonomic nervous system, which rebalances vagal and sympathetic stimulation to the 

sinoatrial node (SAN) causing an increase in heart rate.2,18 Unloading below normal levels 

during hypotension, anesthesia or hemorrhage can result in heart rate decrease and is 

sometimes termed the “reverse Bainbridge response”.18 However, the Bainbridge effect 

operates in counterbalance with a slowing in heart rate following rise in arterial pressure, 

mediated by the baroreceptor and autonomic system. Perhaps due to this counterbalance, the 

Bainbridge effect is known to be strongest in the species of first discovery (dog). While rate 

increase is also present in humans and other primates, the net effect is reversed in small 

mammals.2,18 Some reports suggest the baroreceptor response can also dominate the 

Bainbridge response in humans.19 However, Bainbridge responses are thought to contribute to 

“physiological” respiratory sinus arrhythmias, modulating blood flow and promoting oxygen 

uptake.2 A non-autonomic, cellular mechanism for alterations in heart rate due to perturbations 

of cell mechanics is tested in Chapter 4. 
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Ventricular Repolarization 

 

The Q-T interval of the ECG, a measure of the delay between ventricular 

depolarization and repolarization, has been observed to lengthen, and the T-wave to flatten, 

when ventricular contraction occurs rapidly against a reduced afterload, in animal tissue 

preparations and in the human heart.20,21 Commonly, this affect is attributed to changes in 

action potential duration that lead to dispersion of the repolarization gradient, though the 

nature of these changes is unsettled and is likely dependent on heart rate.22,23,24,25,26 

 

Myocardial Electrical Properties 

 

Additionally, changes in ventricular conduction dependent on hemodynamic load may 

also contribute to ECG-perceived changes in ventricular repolarization, by delaying the timing 

of depolarization globally, or offsetting it within a region. Experiments in intact and perfused 

rabbit hearts have shown conduction slowing with ventricular volume loading, a change which 

would increase apparent ventricular repolarization time.26,27 Experiments in a variety of tissue 

preparations have yielded acceleration, deceleration, or biphasic changes in conduction 

velocity under several modalities of tissue stretch.25,27 Conduction acceleration and 

deceleration under a linear gradient of biaxial stretch is explored in greater detail in Chapter 

2. Such electrophysiological changes may contribute to susceptibility to reentrant arrhythmia 

in tissue regionally affected by disease or dyssynchrony.14,23,24,27,28 Alterations in ion currents 

may explain the conduction changes observed in stretched tissue, although experiments 

showing no effect of stretch-activated channel blockers in tissue suggest otherwise.26,27 

Simulations based on these experiments suggest that this slowing may be linked to increased 
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cell membrane capacitance with tissue stretch.27,29 The role of these cellular mechanisms in 

conduction slowing effects is tested in Chapter 3. 

 

Cell Scale: Myocyte Electromechanical Coupling 

 

The primary origins of cardiac MEF are in the myocyte, though there is some 

evidence that fibroblasts are mechanosensitive and do influence action potential propagation. 

Myocyte mechanoelectric coupling is the process of a cell experiencing mechanical stretch 

that ultimately alters its action potential. While organ-scale examples of cardiac MEF have 

been documented and defined, most are not clearly linked to cellular mechanisms outside the 

autonomic nervous system. One source of this gap in understanding is that cardiac 

electrophysiology arises from the collective behavior of a population of cells situated in a 

dynamic mechanical and electrical tissue environment. Electrical activation is achieved 

through a sequence of ionic currents acting in concert, and alterations in individual currents or 

ion channels are not easily distinguished, or understood in relationship to interacting currents. 

Likewise for currents through cell-cell gap junctions and the electrical source-sink interactions 

surrounding electrotonic loading of passive tissues. The changing nature of cell and tissue 

electrical properties within a mechanically, biochemically, and electrically dynamic 

environment are also unclear. For these reasons, many of these effects have been initially 

studied at the single-cell level or within computational models in order to establish a 

foundational understanding of their functions. Current understanding of some of these 

components is summarized here. 

 

Stretch-Activated Currents 
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Various ionic currents have been proposed to be mechanosensitive in cardiomyocytes, 

thus producing stretch-sensitive electrophysiological responses, however the effect of these 

currents in healthy and diseased cardiac function is unclear. While nonspecific cationic, K+-

selective, and Cl--selective mechanosensitive channels (MSCs) have been identified in various 

preparations, most cardiac myocyte studies to date have focused on the nonspecific cation-

selective channels (nsMSCs).2, 30  The most specific blocking agent used to study these 

channels is GsMTx-4, a peptide derived from tarantula venom, which is thought to embed in 

the membrane around nsMSCs such as TRPC6 channels, reducing transmission of membrane 

tension and mechanosensitive opening of the channels.31,32,33,34,35 Also commonly used are the 

rare earth element gadolinium (Gd3+), which broadly affects cationic and anionic MSCs, and 

cationic antibiotics such as streptomycin, though both have technical disadvantages when 

compared with GsMTx-4.2,30,33  

 

If TRPC6 channels are indeed mechanosensitive, their upregulation in stretch and 

disease, and effects on Ca2+ handling may prove to be important players in MEF.32,36,37 

Computational simulations have suggested a role for nsMSCs in heart rate acceleration and 

deceleration due to stretch described above, and experimental evidence in SAN tissue using 

GsMTx-4 is in agreement.2,38 Computational models and experiments studies suggest a role 

for nsMSCs in stretch-induced ectopic ventricular contractions, repolarization shortening, and 

rate-dependent restitution of action potential duration.22,39,40,41 

 

Cell-Cell Coupling 

 

Electrochemical communication between cardiomyocytes occurs primarily through 

connexon channels made up of connexin proteins localized at gap junctions usually within an 
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intercalated disc joining two cells via mechanoelectrical couplings. These gap junctions afford 

low resistance current flow between cells, with relative conductivity determined by the 

constituent connexin isoforms, which are expressed with cell type- and tissue-specificity 

varying throughout the atria, ventricles, and conduction system.42,43,44,45,46 Cardiac conduction 

is thus dependent on the integrity of mechanical junctions between cells, provided by 

desmosomal proteins such as desmoplakin, tested in Chapter 4, and alterations in connexin 

expression due to disease.45,47,48,49 Connexon mechanosensitivity in cardiac cells is unknown, 

although increased conductivity with stretch has been shown in other cell types.50 Mechanical 

loading increases expression of gap junction proteins through hypertrophy processes, which 

can lead to an increase in conduction velocity.51,52 Alterations in cardiac mechanics via 

electrical stimulation and heart failure have also been observed to promote gap junction 

remodeling, increasing susceptibility to arrhythmia.49,53,54 

 

Additionally, conductivity may be enhanced by field or electrotonic coupling 

throughout cardiac tissue. Conduction may be fostered at the peri-nexus region surrounding 

gap junction plaques through field coupling boosted by Nav1.5 channel enrichment near 

connexins.55 Models suggest that ephaptic, or field coupling to surrounding passive tissue 

could be important in propagation of electrical signals through the myocardium, beyond 

classical cable model representations.56,57,58 These findings underscore that changes in cell 

membrane configuration, observed to occur with stretch, could play an important role in 

mechanosensitivity cardiomyocyte electrophysiology.27, 59 , 60 , 61  An electrotonic effect of 

coupling between cardiomyocytes and cardiac fibroblasts has been demonstrated, in 

experiments and in simulations.62,63,64,65 Both fibroblast-mediated slow conduction through 

myocyte-free regions, and a role in MEF for mechanosensitivity of cardiac fibroblast 

membrane potential have been suggested, and both often labeled as 
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arrhythmogenic.7, 66 , 67 , 68 , 69 , 70  Interestingly, one of the proposed mechanisms for cardiac 

myofibroblast alterations of cardiac conduction is via forces exerted by the myofibroblasts on 

the cardiomyocytes, leaving open the possibility of MEF within the cardiomyocytes.71 

 

Membrane Capacitance 

 

Beyond affecting constituent channels and junctions, changes in cell membrane 

configuration with stretch may alter fundamental electrical properties such as capacitance.59 

Although there have been few studies of mechanical effects on myocyte membrane 

capacitance,72,73 indirect evidence in intact tissue preparations has implicated changes in 

membrane capacitance in stretch-induced changes in action potential conduction velocity, as 

described above.27 There is some evidence for membrane capacitance increase with membrane 

tension in other cell types.72,74 Increased membrane capacitance could be expected to lower 

excitability and slow conduction of activation through the myocardium, promoting arrhythmia 

as discussed above. However, a connection between this cellular property and organ-level 

phenomena remains to be demonstrated. This question is explored further in Chapter 3. 

 

The Need for Multicellular Tissue-Scale Experiments  

 

The previous sections have discussed MEF at the cellular and organ levels. Studying 

these phenomena at the cellular scale helps elucidate the mechanisms involved, but this 

information does not translate well from the single cell to the whole heart, simply due to the 

experimental conditions of single cell preparations. Preparations at the spatial scale of tissue 

can help translate the MEF discoveries made in single cell experiments to the whole heart.  
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Many physiologically interesting phenomenological observations of MEF have been 

made through studies of clinical and in vivo responses, Langendorff-perfused intact hearts, and 

whole muscle preparations, while in parallel, complex mechanisms are gradually becoming 

known at the subcellular and single cell levels. However, the specific cellular mechanisms for 

many organ-level observations remain elusive, as do the role of particular cellular mechanisms 

when in concert with the organ. Though there is extensive knowledge and detailed 

mathematical models of the electrophysiology of single cardiac myocytes in a wide variety of 

species, arrhythmias are complex, whole-organ, spatio-temporally dynamic phenomena that 

depend on multi-cellular interactions and cannot be understood based solely on single cell 

data. Conversely, the whole heart is three dimensional and inhomogeneous, and it is not yet 

possible to simultaneously map three-dimensional mechanics and electrophysiology 

throughout the intact heart, much less to perturb them in a well-controlled manner. Effects of 

interstitial fluids and changing myocardial mechanics (such as fiber orientation) may 

complicate observations made in whole organ or muscle preparations. 

 

The following sections summarize several different multi-cellular preparations that 

have been used for studying MEF. These approaches promise to help better integrate the 

cellular and molecular mechanisms of mechanoelectric feedback with the whole organ 

physiology of ventricular electromechanical interactions.  

 

Cardiomyocyte Cell Cultures 

 

One concern regarding single cell experiments is that techniques for stretching 

isolated adult cardiomyocytes are technically quite difficult, and coupling these techniques 

with electrophysiological study present a difficult hurdle.75  Depending on the scientific 
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question, there is interest in testing isolated adult cells as singles, doublets, or as slices or 

strips of tissue.54,76 ,77 ,78  Still, precise but population-level electrophysiological studies of 

electrically coupled cells under precise and physiological mechanical strain conditions 

remains challenging. 

 

Over the years, improved techniques for microfabrication of patterned surfaces and 

polymer chemistry have been put to work to engineer culture conditions that closely resemble 

native myocardium. While classical cell culture presents a cell body/substrate stiffness 

mismatch that typically has deleterious effects on cell development and morphology, softer 

polymer substrates have been found to optimize cardiomyocyte maturation in culture.79,80,81 

However, soft substrates often preclude experiments imposing prescribed stretch. Freestanding 

gel or polymer strip platforms have been designed to study patterned or biologically 

manipulated cardiomyocyte force generation.82,83,84,85 Though early cardiomyocyte culture 

work focused on larger and more robust rat cardiomyocytes, transgenic mouse models of 

human arrhythmia phenotypes have motivated a shift to murine cell culture. 86 , 87  Non-

mammalian models of human cardiac disease are also employed to study small numbers of 

cardiomyocytes under near-native mechanoelectric conditions.88,89  

 

Working with neonatal cardiomyocytes, which are capable of forming 

mechanoelectric junctions in culture, geometrical cues presenting extracellular matrix protein 

have been found to guide cells into anisotropic and aligned morphology similar to that of 

developing myocardium.90,91,92,93,94,95 Stretch devices have been designed which give options 

for studying micropatterned cardiomyocytes under physiological biaxial loading 

conditions.51,96,97,98 When combined with optical methods for mapping changes in membrane 

potential, these techniques permit precise measurement with the capability to observe changes 
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in conduction (Chapter 2 and Chapter 3) across aligned, uniformly and precisely stretched, 

multi-cellular preparations.99 The length scale of the micropatterned cell culture permits study 

of arrhythmogenic mechanisms, including those associated with proarrhythmic substrate such 

as reentrant spiral waves (Chapter 4). These experimental setups allow for direct evaluation 

of mechanoelectric mechanisms at the multi-cellular level, giving insight into cell-level 

function and its role in overall cardiac MEF. 

 

Engineered Cardiac Tissue 

 

Engineered cardiac tissue (ECT) is a relatively new and emerging technology that can 

be used to study both the mechanical and electrical properties of the myocardium at the tissue 

scale. This method allows for the study of neonatal cardiomyocytes at the tissue scale, which 

was previously not feasible in intact preparations such as trabeculae or papillary muscles, due 

to the small size of neonatal hearts. ECTs initially utilized cardiomyocytes from embryonic 

chick hearts100 ,101 and neonatal rat hearts.90 Recently, the source of cardiomyocytes was 

expanded to include neonatal mouse hearts, which allows access to the multitude of gene-

targeted mouse models of heart disease.102 (Such genetic tools are utilized in Chapter 3 and 

Chapter 4, in a micropatterned preparation). These preparations have been shown to 

propagate electrical impulse and produce calcium transients that are very representative of 

what is measured in traditional intact and whole heart preparations.90,103 However, there are 

some concerns with the extracellular matrix structure, cell architecture, and cell-cell junctions 

that need to be addressed in these engineered tissues. 

 

Ventricular Slice and Wedge Preparations 
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Other preparations that are used to study the myocardium at the tissue level are the 

ventricular slice and wedge. Ventricular wedge preparations have provided a wealth of 

knowledge regarding electrophysiology and arrythmogenesis, and have been shown to be a 

valid preclinical model.104 These preparations keep the entire ventricular wall intact, which 

allows for determination of transmural electrophysiological heterogeneities that is not possible 

in many other preparations.105 Studies were originally performed using canine ventricles, but 

have more recently been expanded to include human tissue.76,106 Ventricular slice preparations 

have also been performed using human tissue, and consist of a very thin slice of tissue that is 

suitable for multi-cellular studies. Slice preparations provide stable electrical activity and have 

shown conduction velocities similar to that of the whole heart.76 While this novel and highly 

promising approach provides an ideal framework for studying electrophysiology, using both 

optical and electrical methods, it has not yet been used for investigating mechanics or 

electromechanics, though this should be feasible.  

 

Conclusions 

 

The sequence of electrical activation in the whole heart has been shown to give rise to 

a relatively uniform contraction wave-front in the normal heart. This uniform contraction can 

be disrupted due to conduction disturbances such as localized blocks in the cardiac conduction 

system or aberrant effects of MEF, ultimately leading to dyssynchronous activation and 

contraction. It is known that dyssynchronous activation alters the electromechanics of the 

heart, but the mechanisms involved in this alteration are not completely understood. At the 

level of the single cell, ECC has been studied as a means to give insight to the 

electromechanics taking place at the whole heart scale, and MEF has been investigated in the 

context of component ion channels response to cell membrane tension. At this point in time, it 
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is fairly well understood how electrical excitation gives rise to mechanical contraction via 

calcium induced calcium release. However, studies at the cellular level lack the important cell-

cell and cell-ECM mechanoelectrical interactions that are present in intact tissue. The lack of 

the ability to simulate dyssynchrony to study how it alters ECC, and the ability to apply 

precise mechanical loads to cell populations in order to understand MEF hinders progress 

toward identifying cell-scale mechanisms for organ-scale phenomena. Engineered cardiac 

tissue and ventricular wedge preparations are extremely useful for studying the 

electrophysiology of the myocardium, but require the ability to reliably study the mechanics to 

draw insight into MEF. Multi-cellular preparations with capability for biaxial stretch, such as 

described in Chapter 2, can provide this level of precision and show promise in identifying 

mechanisms of MEF, as demonstrated in Chapter 3 and Chapter 4. These approaches to 

measuring cardiac mechanoelectric feedback will help bridge the gap in knowledge between 

what is well known at the cellular level, and how this information can be translated to the 

whole heart.  
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Introduction 

 

While phenomena of MEF in mechanically-induced dyssynchrony and arrhythmia 

have been observed, the mechanisms and implications for cardiac electrophysiology in normal 

and diseased function are incompletely understood.1 In fact, published reports of the nature of 

the effect of stretch on conduction in the whole heart and muscle preparations disagree on 

whether stretch results in a conduction velocity increase or decrease.2 Among these, studies in 

intact rabbit hearts indicate conduction slowing with ventricular inflation, a proarrhythmic 

effect which leaves not yet excited areas vulnerable to reentry and aberrant excitation.3,4 

Whether speeding or slowing, changes in conduction induced by a heterogeneous strain field 

are likely to promote dyssynchronous spread of activation, leading to inefficient pumping and 

heart failure.5 Arrhythmogenic MEF effects in the heart have been attributed to stretch 

modulation of ion channels, cell-cell coupling, or changes in the resistive and capacitive 

electrical properties of the myocardium, however experimental models which can probe the 

role of intra- and inter-cellular mechanisms at a tissue spatial scale have not been widely 

implemented in approaching these questions.6 

 

Physiological Stretch Magnitude 

 

A range of diastolic stretch magnitudes have been reported in cardiac tissue in vivo. 

The typical model for these studies is the isolated and arrested dog heart, inflated to 

physiological left ventricular end diastolic pressures (often using an inserted balloon). Strain 

anisotropy was demonstrated by McCulloch et al., who found major and minor axes of 

midanterior epicardial extension of 13.9±1.2% and 7.2±3.2%, respectively, at 20mmHg 

pressure. 7  A follow-up report indicated that the direction of greatest passive stretch 
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corresponded with the epicardial fiber orientation, and that stretch generally increased from 

base to apex, exceeding 20-25% between the midventricle and apex.8 Subsequent studies 

reported that alignment of fibers and maximum strain varied transmurally, with greatest strain 

shifting away from the fiber direction toward the cross-fiber direction in planes nearer the 

endocardium, yet with fibers experiencing fiber-parallel strain increasing from approximately 

5% to 20% from epicardium to endocardium, and with fiber-perpendicular strain varying 

between 5% and 10% transmurally.9 Strain anisotropy in passively inflated rat hearts has been 

observed to be consistent with dog, with maximum strain near 20% at 25-30 mmHg pressure 

loading. 10 , 11  While some species differences in myocardium constitutive properties and 

stresses were observed,10 these results suggest that end diastole fiber and cross-fiber strains are 

relatively similar between large and small mammals. Healthy stretch can be expected to vary 

regionally and directionally, but average on the order of 10%, while regional and particularly 

disease perturbed stretch can exceed these levels. 

 

Tissue-Scale Multicellular Preparations 

 

Discrepancies in stretch effects on conduction measured in situ may be partially 

attributed to the geometrical warping of tissue and interstitial fluid redistribution that occurs 

with loading in these preparations. In isolated heart experiments, ventricular wall volume 

changes including edema can be limited by minimizing the duration of perfusion,10 however 

interstitial fluid effects are difficult to fully assess and control. Concerns regarding 

nonhomogeneous changes in the interstitium are eliminated in a cardiomyocyte monolayer 

culture model system, which may be particularly useful in the study of cardiac MEF,12 

especially when designed at the spatial scale of conduction and arrhythmia phenomena 

observed in tissue.13  
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Complications regarding tissue geometry reorientation with respect to the stretch and 

observation planes can be minimized within cell culture models through the use of 

micropatterned elastomeric substrates. 14  In micropatterned monolayer preparations, each 

cardiomyocyte may only activate its immediate neighbors, thus changes in conduction path 

due to geometrical warping of tissue during stretch are precluded.15  Micropatterned substrates 

have been used to induce cardiomyocyte elongation, alignment and coupling,16,17 and have 

been coupled with substrate stretch mainly to study hypertrophic signaling18,19,20 though 

potential for use in measuring MEF has been demonstrated.13 

 

Stretch Application 

 

The applied strain field is an important consideration in the design of MEF 

experiments. Biaxial stretch of micropatterned cultures provides a loading paradigm which is 

more representative of myocardial wall stress than is uniaxial stretch, mimicking the 

deformations applied to a cell during cardiac volume loading.21,22 Unlike stretch along one cell 

axis, in which the two unconstrained dimensions experience compressive stresses, or osmotic 

swelling, in which the cell expands isotropically in three dimensions, biaxial stretch mimics 

the unique deformations applied to the costameres, membrane ultrastructure, cell-cell 

junctions and sarcomeres of the myocyte during cardiac loading.21 Previous work has shown 

that biaxial anisotropy is important in mechanotransduction of cardiac hypertrophy.18,20 

 

Methods 
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A customized platform was used to study MEF in a multicellular cardiomyocyte 

preparation, at spatial scales reflecting tissue-scale electrophysiological phenomena. In this 

preparation, cardiomyocytes are cultured on a micropatterned elastomeric substrate mounted 

in a biaxial stretch device and studied using optical mapping of cardiomyocyte membrane 

potential. 

 

Microfabricated Substrate 

 

 Micropatterned polydimethylsiloxane (PDMS) elastomeric cell culture substrates were 

manufactured following a three-step process: (1) photolithographic patterning of silicon wafer 

molds, (2) PDMS molding and polymerization, (3) extracellular matrix (ECM) adsorption. 

This technique results in a microgrooved surface with channels 10 !m wide, 10 !m apart and 

5 !m deep, which provide “2.5 dimensional” structural and biochemical cues that result in 

optimal facilitation of cardiomyocyte elongation, alignment, and coupling when compared 

with traditional flat tissue culture substrates.14,19 

 

 Photolithographic patterning was used to transfer rectangular patterns from a titanium 

mask into three-dimensional structures on silicon wafers. The wafers were coated with a thin 

layer of SU-8 2005 negative photoresist (MicroChem), which when exposed to UV light, 

cross-links to permanently adhere to the wafer. Following exposure, the photoresist was 

“developed”, or dissolved away from the exposed pattern, leaving rectangular photoresist 

pillars. Following hardening and anti-adhesive silane treatment, the wafers bearing photoresist 

structures were used to mold PDMS. Sylgard 186 elastomer base and curing agent were mixed 

at a standard (10:1) ratio, molded via spin-coating onto the patterned wafers. The polymer was 

cured for 30 minutes at 70!C, and overnight at room temperature prior to removal from the 
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molds and fitting to stretch devices. Laminin, a basal membrane ECM protein and preferential 

binding substrate for differentiated cardiomyocytes,23 was adsorbed onto the PDMS prior to 

cell culture using a 10 minute UV exposure. Laminin plays a physiological role in expression 

of gap junction proteins,24 localization of caveolin-3 which induces membrane curvature at 

caveolae and t-tubules,25 and scaffolding components of !-adrenergic26 signaling pathways. 

Neonatal mouse ventricular myocytes (NMVMs) cultured on these substrates for 2-4 days 

demonstrated elongation, alignment, and mechanoelectric coupling with surrounding cells as 

seen in Figure 2.1. 

 

 
Figure 2.1: Micropatterned PDMS promotes elongation and alignment of cardiomyocytes. A) 
Image of micropatterned PDMS, scale 50 !m. B) Neonatal mouse ventricular myocytes, 
cultured on micropatterned PDMS for 3 days following isolation and immunofluorescently 
labeled. Green: sarcomeric "-actinin, red: connexin-43, blue: DAPI. Scale 30 !m. Adapted 
from (In Preparation) Pfeiffer, et al., 2014).  
 

Optical Mapping 
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Optical mapping techniques for imaging cardiac electrophysiology were adapted for 

assessment of conduction in a two-dimensional culture. This method utilizes the high temporal 

and spatial resolution imaging of a CMOS camera (MiCAM Ultima-L) to capture rapid 

spectral shifts of a voltage-sensitive transmembrane fluorescent dye (di-8-ANEPPS), 

preventing obfuscation of conduction velocity measurements by so-called ‘zig-zag’15 

conduction paths between dispersed measurement electrodes, and avoiding potential 

interactions from measurement electrode. The culture area is maintained at 37 !C, to avoid any 

thermal artifacts in mechanical and electrical properties of the cardiomyocytes.27 In this 

preparation, the electrical substrate studied is fixed in position relative to the camera 

throughout the loading conditions, and biaxially deformed along the plane perpendicular to the 

light path (Fig. 2.2). Recordings are taken prior to mechanical loading, following 5 minutes of 

sustained stretch, and again 5 minutes following the removal of load. Stretch application is 

performed at a rate near 20%.min-1 

 

Measures were taken to control electrophysiological artifacts of voltage-sensitive dye 

loading. Reactive oxygen species (ROS) generation is a known source of electrophysiological 

artifact arising from the excitation of voltage-sensitive small molecule fluorescent dyes as well 

as from tissue isolation from systemic ROS-scavenging systems, having the general effect of 

conduction slowing and repolarization heterogeneity with significant exposure to excitation 

light.28  Antioxidants were added to the optical mapping dye and test solutions at physiological 

levels, a measure used with success in other applications to check the generation of ROS by 

voltage-sensitive dye. 29   These extended the time of light exposure allowable before 

phototoxic electrophysiological effects to double that necessary for a successful set of 

baseline, stretched, and unstretched experiments per culture. Solutions including antioxidants 
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were prepared from powder on the day of use, to avoid any decay of antioxidant activity in 

solution. 

 

 
Figure 2.2: Combined apparatus for biaxial stretch of micropatterned neonatal 
cardiomyocytes and optical mapping of cell membrane potential permits study of conduction 
through multi-cellular preparations. A) Diagram of optical mapping and micropatterned 
stretch equipment; B) Representative map of electrical activation, spatial scale 2 mm; C) 
Example stretch experiment result, showing that conduction in the longitudinal and transverse 
directions of the micropatterned cell culture slows with biaxial stretch, scale 2 mm; D) 
example activation map in a transgenic mouse model of arrhythmia associated with 
mechanoelectric junctions, in collaboration with Dr. Farah Sheikh, UCSD. Figure is adapted 
from (In Press) Pfeiffer, et al. 2014 Journal of Biomechanical Engineering).6 
 

Results 
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Stretch experiments were conducted, with recordings taken at baseline, loaded, and 

following load removal, using a range of anisotropic biaxial stretch regimes. At baseline, the 

anisotropy ratio of conduction of these cultures was 3.5±0.3 (N=44). Each cell culture studied 

was subjected to only one loading level, ranging from 2.3!0.6% to 14!3.6%. At low levels of 

stretch, conduction velocity generally increased from before loading, while at larger levels of 

stretch, conduction slowed (Fig. 2.3). This trend was observed regardless of whether the 

maximum or minimum stretch direction was oriented parallel to the fiber direction (taken to 

be in line with the microgrooves). However, greater variation (notably, toward positive 

conduction velocity change with stretch) was observed in the conduction direction normal to 

the maximum stretch direction at mid-range stretches (Table 2.1). 

 

          
Figure 2.3: Conduction speeding and slowing with stretch depends more on stretch magnitude 
than on conduction or stretch direction.  
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Table 2.1: Ratio of loaded to initial conduction velocities of all groups measured. 
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Smallest Stretches 

 

 A one-way repeated measures ANOVA detected a significant difference between 

before loading (496±55 mm.s-1), loaded (613±53 mm.s-1), and after load was applied then 

removed (580±39 mm.s-1) fiber-parallel conduction velocities under fiber-parallel 2.3!0.6% 

stretch (P=0.001, N=7), and a post-hoc multiple comparison test using Tukey procedures 

found a statistically significant increase in loaded from before loading (P=0.001), and between 

unloaded following loading vs. before loading (P=0.013), but not between loaded and 

following load application and removal (P=0.394) (Fig. 2.4). No significant differences were 

found between before loading, loading, and following load application and removal fiber-

perpendicular conduction (P=0.486). The approximately 30% increase in conduction when the 

maximum direction of stretch was oriented fiber perpendicular was not detected to be 

significant in either fiber parallel or fiber perpendicular conduction (N=3, P=0.338, P=0.188 

respectively). 
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Figure 2.4: Conduction speeding is observed with small stretch. The increase in conduction 
velocity is significant only in fiber parallel conduction under fiber parallel stretch (P=0.001). 
 

Largest Stretches 

 

Conversely, conduction slowing was observed at larger stretches within the 

physiological diastolic range (Fig. 2.5). A significant difference was detected between before 

loading (325±30 mm.s-1), loaded (248±33 mm.s-1), and following load application and 

removal (294±34 mm.s-1) fiber-parallel conduction velocities under fiber-parallel 14!3.6% 

stretch (P<0.001, N=8), and a post-hoc multiple comparison test using Tukey procedures 

found a statistically significant increase in loaded from baseline (P<0.001), between load 

application and removal and baseline (P=0.04), and between loaded and following load 

application and removal (P=0.003). Slowing in fiber-perpendicular conduction was not 

detected to be significant.  
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Figure 2.5: Conduction slowing is observed with large stretch. The decrease in conduction 
velocity was significant in fiber-parallel conduction under fiber-parallel stretch, and in both 
directions under fiber-perpendicular stretch. 

 

In the case of fiber-perpendicular 14!3.6% stretch, a significant change in fiber-

parallel conduction between treatments was detected (P=0.38, N=4). Fiber-parallel conduction 

slowed significantly from the unloaded state (409±83 mm.s-1) to the loaded state (253±60 

mm.s-1) (P=0.045), and was not significantly different from before loading to after load had 

been applied then removed (272±117 mm.s-1). A significant change in fiber-perpendicular 

conduction was also detected (P=0.016), where conduction slowed significantly from before 

loading (236±110 mm.s-1) to loaded (181±92 mm.s-1) (P=0.024), and remained significantly 

different from before loading at the unloaded condition following loading (182±105 mm.s-1) 

(P=0.025). 

 

Conclusions 
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Taken together, conduction responses over the ranges of stretch tested demonstrate a 

nominally linear shift from conduction speeding to conduction slowing between small 

(2.3!0.6%) and large (14!3.6%) stretch regimes, crossing “no change” at approximately 7-

10% maximum stretch. This suggests the existence of at least two mechanisms of stretch-

dependent conduction change, one resulting in conduction increase and possibly triggered 

only at small stretches, the other resulting in conduction decrease and perhaps more sensitive 

at larger stretches. 

 

The conduction speeding response demonstrates a greater degree of anisotropy than 

the conduction slowing response. Though the conduction slowing response at 14!3.6% stretch 

was not fully isotropic (fiber-perpendicular conduction change under fiber-parallel stretch did 

not reach significance), 3 of the 4 measurements compared did. In conduction speeding at 

2.3!0.6% stretch, 1 of the 4 cases was detected to be significant. This anisotropy of response 

suggests the mechanism for these small-stretch conduction increases could be linked to a 

molecular component structurally polarized within the cell, for example, gap junctions which 

are preferentially distributed at the ends of the long axis of cardiomyocytes.30 In contrast, the 

more isotropic distribution of conduction slowing responses suggests a non-polarized cell 

mechanism, perhaps distributed uniformly over the cell surface, for example, caveolae. Where 

variations from the approximately linear trend exist, they are manifested as positive (speeding) 

variations in conduction along the minimum direction of stretch in mid-range stretch 

magnitudes, thus where the axis of conduction experiences a collinear stretch in the low 

stretch range seen to trigger stretch-parallel conduction speeding. This anisotropy further 

suggests an anisotropic mechanism for speeding. 

 



 37 

Limitations of these observations include the variation in initial conduction velocities 

across experiments and the translation of results in multicellular preparation to organ-level 

physiology. In the 44 experiments described, fiber-parallel conduction ranged between 167-

1213 mm.s-1 (468±37 mm.s-1) and fiber-perpendicular conduction ranged between 56-564 

mm.s-1 (166±15 mm.s-1), with anisotropy ratios of conduction ranging between 1.1-9.4 

(3.5±0.3). This variation is expected based on the timecourse of development of 

mechanoelectrical junctions in neonatal cells.30 While changes in ratios of loaded to before 

loading conduction velocities appeared relatively consistent, the original variation in unloaded 

conduction velocities obscure the ability to test for the changes with stretch. While the 

inherent variation in baseline conduction is greater than that recorded in the intact heart, these 

observations of conduction slowing with diastolic levels of stretch are consistent with 

observations at the organ level. In acute, passive loading of intact rabbit ventricles to diastolic 

pressures, conduction was observed to slow by approximately 15% averaged across the 

epicardium.3,4 

 

While stretch of the substrate and cell monolayer could increase the effective 

conduction velocity measured even if the time separating activation of two neighboring cells 

remains unchanged, this possible artifact acts at an order of magnitude below the conduction 

speeding we observed, and in opposition to the conduction slowing we observed. This system 

has the distinct advantage that no mechano-electric uncoupling agents or added physical 

constraints are required, as in the case with many whole heart studies. In those cases, 

uncoupling agents are administered or mechanical confinement is added to avoid motion 

artifacts of heartbeat during measurement, but have the potential to induce 

electrophysiological effects.31 Artifacts of altered electrical resistance or capacitance due to 

movement of interstitial fluid are also eliminated in this system. 
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 In summary, multicellular micropatterned preparations of NMVMs have been used 

successfully to demonstrate MEF due to biaxial stretch 
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Introduction 

 

It is well recognized that mechanical loading can affect cardiac myocyte 

electrophysiology, but the cellular mechanisms of cardiac mechanoelectric feedback (MEF) 

remain poorly understood.1 One observable manifestation of MEF in the heart is stretch-

induced conduction slowing2,3 (SiCS). This phenomenon has been shown to occur in a variety 

of species and tissue preparations (reviewed by McNary, et al.4) and results in conduction 

slowing under acute physiologic loads. By slowing propagation, SiCS would be expected to 

facilitate reentry during acute changes in diastolic loading, such as postural change, and 

thereby exert a proarrhythmic influence in these contexts. Importantly, because SiCS has been 

observed in a number of large and small mammalian species, as well as non-mammalian 

vertebrates, across which myocardial electrophysiology varies considerably, it is probable that 

SiCS arises from some set of well-conserved cellular mechanisms.4 Two leading candidates 

are: (1) induction of stretch-activated currents (SACs),4 which are thought to reduce 

excitability by elevating resting membrane potential, and (2) increased sarcolemmal 

capacitance3 that may be caused by addition of cell surface area5 during mechanical loading.  

 

Two lines of recent evidence suggest that membrane capacitance changes may be a 

key contributor to SiCS. First, Mills et al.3 observed that general SAC blockade by gadolinium 

did not prevent SiCS in the isolated perfused rabbit heart. It was also found that stretch 

changes in the membrane space constant, which when analyzed quantitatively, implicated a 

large increase in cellular membrane capacitance (Cm). Second, Kohl and colleagues5 used 

electron microscopy to observe that ventricular filling of the isolated rabbit heart caused 

myocyte membrane unfolding and incorporation of sub-sarcolemmal caveolae into the plasma 
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membrane, thus suggesting an ultrastructural basis for acute changes in cellular capacitance 

due to stretch. 

 

Recent data also suggest that caveolae may act as key membrane mechanosensors 

across a broad range of cell types. Sinha et al.6 showed that uniaxial stretch or osmotic 

swelling in endothelial, muscle, and caveolin-1-expressing HeLa cells causes a loss of 

caveolae at the cell surface membrane. They proposed that stretch-induced recruitment and 

flattening of caveolae buffers surges in membrane tension. Opening or flattening of caveolae 

above a critical membrane tension also agrees with computational models7,8 of membrane 

bending mechanics. Along with the heart-specific ultrastructural unfolding data from Kohl,5 

these findings present the intriguing possibility that caveolae provide a critical structural 

mechanism for cardiac MEF in general, and for SiCS in particular. 

 

To investigate this, we used caveolin-3 knockout (Cav3 KO) mice that lack caveolae 

in myocytes and pharmacological depletion of membrane cholesterol to disrupt caveolar 

structure and function in whole hearts, and isolated neonatal mouse ventricular myocytes 

(NMVMs). Specifically we tested the hypothesis that SiCS is mediated by changes in 

membrane capacitance that are dependent on caveolae recruitment. We found that Cav3 is 

required for stretch-dependent conduction slowing in both whole hearts and isolated 

myocytes, and that stretch-induced recruitment of caveolae to the sarcolemma greatly 

increases cell membrane capacitance. 

 

METHODS 

 

Animal Models for Tissue Studies 
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All animal experiments were performed in accordance with an animal use protocol 

approved by the University of California, San Diego Institutional Animal Care and Use 

Committee. Eight- to ten- week old Cav3 KO9,10 and age-matched C57BL/6 mice were used 

for electron microscopy and whole heart optical mapping studies. 

 

Pressure-Loaded Isolated Heart Studies 

 

Hearts were isolated and Langendorff perfused as described previously.2 Mice were 

administered an intraperitoneal injection of 100 units of heparin. They were sacrificed by 

cervical dislocation and the heart was excised and placed in ice cold, hyperkalemic arrest 

solution. The aorta was rapidly cannulated on a 20 gauge stainless steel cannula. A fluid-filled 

length of polyethelene tubing fitted onto a 20 gauge luer adapter was inserted into the left 

ventricular (LV) cavity through the pulmonary vein and mitral valve and a tie was secured 

around the opening of the pulmonary vein. The heart was transferred to a Langendorff 

perfusion apparatus. The heart was perfused with a heated (35-37°C), oxygenated (95% O2, 

5% CO2) modified Krebs-Henseleit solution (24.9 mM NaHCO3, 1.2 mM KH2PO4, 11.1 mM 

dextrose, 1.2 mM MgSO4, 4.7 mM KCl, 118 mM NaCl, and 2.5 mM CaCl2) at a constant 

pressure of 65-70 mmHg. Flow rate was monitored with an inline flow probe (Transonic 

Systems, Inc.). The heart was submerged in a heated optical bath chamber to maintain 

epicardial temperature. 

 

The tube in the LV cavity was connected to a reservoir of warmed, oxygenated 

perfusate, and an in-line pressure transducer was used to monitor LV pressure. The LV filling 

pressure (LVP) was controlled by the height of the reservoir with respect to the heart. 
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Isolated Heart Optical Mapping 

 

Langendorff perfused hearts were optically mapped to investigate the effects of 

ventricular pressure on action potential propagation. Once the heart was cannulated, the heart 

was submerged in a bath of warmed perfusate in a water-jacketed chamber with a window for 

optical access. Electrodes in the bath chamber provided a volume-conducted 

electrocardiogram that was monitored and recorded throughout the experiment. The heart was 

allowed to beat freely for a 15-minute equilibration period. Myocardium was stained with a 

bolus injection of the potentiometric fluorophore di-4-ANEPPS (8 ml, 3.25 !M) into the 

perfusion line. The LV epicardium was excited with a light-emitting diode array (LEDtronics, 

Torrance, CA) at 470 nm. Fluorescence emission was collected by a custom-built tandem lens 

optical system (two 1x Plan APO macro objectives, Leica, Solms, Germany) filtered with 

>610 nm long-pass filter and focused onto a high-speed 14-bit CMOS camera (MiCAM 

Ultima L, SciMedia). Fluorescence images were acquired at 1000 frames per second and a 

spatial resolution of 100"100 pixels at 0.1 mm " 0.1 mm per pixel. The heart was paced at the 

lateral left ventricular midwall with a platinum unipolar electrode coated with Teflon except at 

the tip. A 2-ms rectangular constant current stimulus was applied at two times threshold and a 

cycle length of 200 ms, delivered by a digital stimulator (DS8000 stimulator and DLS100 

isolator, World Precision Instruments, Sarasota, FL). Data were acquired in the unloaded state 

before loading with an LVP of 0 mmHg to measure baseline conduction velocity. The 

ventricular pressure was increased to 30 mmHg via the tube in the LV cavity for 1 minute and 

data was acquired at this loaded state. Finally, the LVP was returned to 0 mmHg and data was 

acquired in this unloaded state after loading. No chemical or mechanical intervention was 

implemented to restrict motion. Images were imported into MATLAB and analyzed using 
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custom software as described previously.2,3 Activation time was identified at each pixel at the 

maximum rate of change of fluorescence for each beat. Conduction velocity vector fields were 

calculated from the spatial gradients of activation time over the surface of the ventricle.11 

Conduction velocity magnitudes were calculated from these vector fields and an apparent 

maximum and minimum conduction velocity (CVmax, CVmin) were defined as the 95th and 5th 

percentile values in the regions of fastest and slowest conduction respectively. 

 

Electron Microscopy  

 

Mouse hearts were prepared for electron microscopy to investigate the effects of 

increased load on membrane morphology and caveolae. Hearts were fixed either at 

unstretched baseline, i.e. after cannulation and perfusion but without additional ventricular 

pressure loading; during loading to a LV pressure of 30 mmHg; or following loading to 30 

mmHg for 1 min and subsequent unloading to 0 mmHg. One minute after the final load 

change, the perfusate was switched to a standard Karnovsky’s fixative of 4% 

paraformaldehyde, 1.5% gluteraldehyde in 0.1 M cacodylate buffer while hanging until the 

contractions stopped. It was further fixed in fresh fixative prior to dehydration with ethanol 

and embedding in LX112 (Ladd, Willston, VT #21210) with a longitudinal orientation. 70 nm 

sections were counterstained with lead citrate and uranyl acetate, and examined on JEOL 

CX100 TEM scope. 10 micrographs at 4800! magnification and 10 at 6800! magnification 

were taken per heart at random from sections for quantization of plasma membrane effects. 

Total cardiomyocyte membrane length was measured manually for each micrograph with 

ImageJ (NIH open source software). Structures resembling caveolae were counted in each of 

the 6800! magnification images and identified as sub-sarcolemmal or visibly integrated into 

the sarcolemma. Total density of caveolae and their localization were quantified. Additionally, 
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the ratio of membrane length to absolute length was calculated in the 4800! magnification 

images to quantify slack membrane. 

 

Stretch of Micropatterned Neonatal Murine Ventricular Myocyte (NMVM) Cultures 

 

Polydimethylsiloxane (PDMS) tissue culture substrates were molded from silicon 

wafers. The silicon molds were patterned by photolithograpy, using SU-8 2005 negative 

photoresist (MicroChem Corp., Newton, MA) and a custom designed photomask (Advance 

Reproductions Corp., North Andover, MA), as described previously.12,13 These were used to 

pattern microgrooves 10 "m wide, 10 "m apart and 5 "m deep in Sylgard 186 silicone 

elastomer (Dow Corning Corp., Midland, MI). Murine laminin (Sigma-Aldrich, St. Louis, 

MO) was adsorbed onto the PDMS using a ten-minute 350 nm wavelength ultraviolet 

radiation treatment. The substrate was rinsed twice with 1! phosphate-buffered saline 

(MediaTech, Manassas, VA) prior to plating cells. 

 

The PDMS substrates were mounted onto custom biaxial stretching devices similar to 

those used in previous studies.12, 14 , 15  The stretch devices used in this study applied a 

homogeneous anisotropic biaxial strain field. The micropatterned silicone elastomer substrates 

were mounted into anisotropic biaxial stretch devices such that the maximum principle axis of 

stretch was directed parallel to the longitudinal axis of the cell culture. Following recordings 

in the unstretched state before stretch, a biaxial strain field of 14% Lagrangian strain parallel 

to the cell culture longitudinal axis and 3.6% perpendicular to it was applied for 5 minutes 

prior to stretched measurements, and subsequently reversed with 5 minutes of rest prior to 

unstretched measurements after stretch.  
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Neonatal murine ventricular myocytes (NMVMs) were isolated from P1-P2 CD-1 

mouse pups (Charles River Labs) using methods adapted from standard protocols.16 Hearts 

were excised and enzymatically digested. Fibroblasts were removed from the cell suspension 

using a 90-minute pre-plating incubation and discarded. Cardiomyocytes were plated in the 

stretch device culture chambers in 15% serum plating media, and maintained at 37°C and 5% 

CO2 for 2-4 days with media changes every 1-3 days. Cultures were maintained in standard 

6% serum media until 24 hours prior to optical mapping experiments, when the media was 

changed to antibiotic-free media. 

 

Optical Mapping of Micropatterned Monolayers 

 

The stretch devices were mounted into an optical assembly for voltage mapping 

experiments. This method utilizes high temporal and spatial resolution imaging of a 

transmembrane voltage-sensitive fluorescent dye and avoids the electrical disturbances of 

electrode measurements.17 ,18  The device is configured such that the culture substrate is 

maintained in the same position relative to the camera during loading and unloading. The 

imaging chamber was maintained at 37°C and cells were electrically stimulated at 300 ms 

intervals for the duration of the experiment.  

 

Changes in voltage were detected using voltage-sensitive transmembrane fluorescent 

probe di-8-ANEPPS (Life Technologies, Grand Island, NY), loaded at 30 !M in a solution of 

antibiotic-free media and 0.1% Pluronic F-127 (Life Technologies, Grand Island, NY). The 

dye solution was replaced with serum- and antibiotic-free imaging media prior to imaging. 

Antioxidants were added to the dye and imaging solutions at physiological levels to reduce 
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ROS generation by the fluorescent probe.19 100 !M ascorbic acid (Fisher Scientific, Waltham, 

MA) and 450 !M uric acid (Sigma-Aldrich, St. Louis, MO) were added to each solution. 

 

A 470-nm wavelength LED was used to excite the di-8-ANEPPS for 

electrophysiological measurement. Excitation light was directed to the cell culture substrate 

with a dichroic mirror, and emitted light passed through a 610 nm long-pass filter and was 

detected at 500 frames per second by a MiCAM Ultima-L CMOS camera. Depolarization was 

assessed according to time of maximum rate of fluorescence change at each pixel. The 

velocity of propagation of 5-6 consecutive, stimulated, and smoothly propagating action 

potentials per condition was measured along the longitudinal and transverse axes of the cell 

culture. Conduction along the same region relative to the pace site was compared for baseline, 

stretched and unstretched measurements.  

 

Myocyte Patch Clamp 

 

Individual NMVMs were patch-clamped on stretch-devices that were sparsely seeded 

so as to prevent cell coupling within 3 days of isolation. Borosilicate pipettes were 2-7 M" 

when filled with (in mM) 120 K-aspartate, 10 KCl, 10 NaCl, 5 Mg-ATP, 1 MgCl2, and 0.3 Li-

GTP (pH 7.2, KOH), and immersed in the bath solution (mM: 140 NaCl, 4 KCl, 1 CaCl2, 1 

MgCl2, 10 D-glucose, and 10 HEPES; pH: 7.4, NaOH). An Axopatch 200B amplifier was 

used to apply 7 voltage steps of 200 ms between -120 and -60 mV (at 10 mV increments) from 

each of 5 holding potentials between -100 and -60 mV (again in 10 mV increments). For all 

steps, cell membrane capacitance (Cm) was calculated by standard approximation: Cm = (Q + 

i#•$)/%V, where Q is the integral of the measured current above the steady state value (i#), $ is 

the time constant of current decay, and %V is the size of the voltage step. This approximation20 
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accounts for the exponential resistive component of the current response. Importantly, 

reported capacitances were taken from transients during -60 to -70 mV voltage steps (i.e. from 

the negative going phases of the -70 mV step at -60mV holding potential, and the -60 mV step 

from -70 mV holding potential). This was done to avoid contamination by INa, which was 

induced by the depolarizing phase of the steps in many NMVMs, and to further minimize 

error in the capacitive estimate due to IK1-mediated changes in membrane resistance (Rm), 

which are exaggerated at more negative potentials.21 Reported Rm values were taken from the 

negative-going steps between -80 and -90 mV, which is similar to the range of resting or 

maximum diastolic potential in these preparations.22 This range of potentials also allowed 

more reliable Rm measurement, because at more positive potentials i! was small enough (high 

Rm) to limit resolution of the signal (7 pA near resting potential versus 3 pA at more positive 

potentials). Cell membrane electrical time constants (Tm) were calculated from the product of 

Cm and Rm. 

 

Lipophilic Dye 

 

NMVMs were plated on micropatterned substrates for stretch, and incubated with 5 

"M Vybrant DiO lipophilic dye (Molecular Probes, Life Technologies, Grand Island, NY) for 

3 days from plating. Fluorescence was excited using a Lambda DG-4 fluorescent light source 

and captured with Photometrics Cascade 512F camera using MetaMorph v6.1 acquisition 

software. Fluorescent intensity per unit cell area was measured in the same cells before and 

immediately after 14% longitudinal by 3.6% transverse stretch, in both sham-operated and 

operated stretch experiments. 3-4 operated observations were conducted alongside and 

normalized to 1-2 sham observations, with every observation consisting of 6-20 cell 

measurements. 
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Statistics 

 

Calculations were performed in MATLAB, Excel, and SigmaPlot. Measurements are 

reported as mean ± SEM. 1- and 2-way analyses of variance were conducted as regular or 

repeated measures where appropriate. If the data did not satisfy a Kolmogorov-Smirnov test of 

normality or a Levene Median test for equal variance, a generalized linear model 

nonparametric test was used. All analyses of variance were followed by Tukey pairwise 

multiple comparison procedures. Values of P<0.05 were accepted as statistically significant. 

 

RESULTS 

 

Mouse Ventricular Action Potential Propagation is Slowed by Increased Ventricular Filling 

Pressure Independently of SAC Blockade 

 

Epicardial activation isochrones (Fig. 3.1A) showed that fastest conduction (CVmax) in 

the epicardially-paced wild-type (WT) mouse LV was approximately parallel to the epicardial 

fiber direction, with slowest conduction (CVmin) along the perpendicular axis. At zero left 

ventricular filling pressure (LVP), mean CVmax was 1.8- to 2.7-fold faster (653±15 mm.s-1) 

than mean CVmin (311±26 mm.s-1) as seen in Fig. 3.1A. The mean anisotropy ratio of 

conduction (CVmax / CVmin) did not vary significantly from before loading (2.2±0.2) to loaded 

(2.1±0.2, P=N.S.), as such, maximum epicardial conduction velocity (CVmax) is described in 

the remaining results except where stated otherwise. When LVP was increased from zero to 30 

mmHg in the isolated heart, epicardial conduction slowed significantly within one minute by 

19±5% (P<0.01) (Fig. 3.1B). After LVP was returned to 0 mmHg, conduction velocity 
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returned to 104±2% of baseline (P=N.S. vs. baseline, P<0.01 vs. loaded). Conduction 

velocities at each loading condition are plotted per heart in Fig. 3.1C. 

 

Conduction in unloaded hearts perfused with the non-selective stretch activated 

channel (SAC) blocker gadolinium (Gd3+, 50 µM) was, at 458±45 mm.s‑1, 30% slower on 

average than in untreated hearts (N=5, P<0.01 vs. untreated). However, SAC blockade with 

Gd3+ did not attenuate conduction slowing (to 340±55 mm.s‑1) due to LV pressure loading 

(P<0.01) (Fig. 3.2). 

 

Conduction Slows Reversibly and Independently of SAC Blockade with Physiological Stretch 

in Micropatterned Neonatal Mouse Ventricular Myocyte Monolayers 

 

Velocity of action potential conduction averaged from 5-6 consecutive paced action 

potentials in unstretched WT cultures was 1.2- to 7.2-fold (mean ratio 3.2±0.7) faster along 

the longitudinal axis of patterned myocytes (325±30 mm.s-1) than in the transverse direction 

(124±22 mm.s-1) (Fig. 3.1D). The mean anisotropy ratio of conduction did not vary 

significantly from before stretch (3.2±0.7) to stretched (2.9±0.6, P=N.S.). Maximal 

(longitudinal) CV is described in remaining results except where noted. As seen in Fig. 3.1E, 

conduction velocities in micropatterned neonatal murine cardiomyocytes cultures slowed 

acutely during stretch (26±4%, P<0.001). Five minutes after reversal of stretch, CVmax 

recovered to 90±5% of initial values (P<0.05 vs. baseline, P<0.01 from stretched) (Fig. 3.1F).  
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Figure 3.1: Effects of stretch on conduction velocity measured by fluorescence optical 
mapping in isolated hearts (A-C) and in micropatterned cardiomyocytes (D-F). Isochronal 
maps from the epicardium of an isolated WT mouse heart before (A) and after (B) ventricular 
pressure loading and from micropatterned neonatal ventricular myocyte cultures before (D) 
and after (E) anisotropic stretch show prolongation of activation times indicating conduction 
slowing during mechanical loading (scale 1 mm). Maximal epicardial conduction velocity 
(CVmax) in isolated mouse hearts (C) decreased significantly and reversibly during loading 
(N=5, **P<0.01). Maximal conduction velocity (CVmax) in cultured myocytes (F) decreased 
significantly and reversibly with stretch (N=8, ***P<0.001). 



 54 

 

30-minute pre-incubation with the specific SAC blocking peptide GsMTx-4 (3 !M, 

kindly supplied by Dr. Frederick Sachs, SUNY Buffalo, NY) did not significantly alter the 

effects of stretch on CV, as seen in Figure 3.2. Though GxMTx-4 increased CV in 

unstretched cultures (1017±343 mm.s-1, N=3, P<0.01 vs. untreated), stretch still significantly 

decreased CV in GsMTx-4-treated cultures (P<0.001). 

 

 
Figure 3.2: Conduction slowing with stretch is not affected by stretch-activated channel 
blockade in isolated hearts or myocytes. Mean conduction velocity in mechanically loaded 
hearts and cells was 70-80% of unstretched values in untreated hearts (N=5, P<0.01), hearts 
with  stretch-activated channel blockade by Gd3+ (N=5, P<0.01), untreated cells (N=8, 
P<0.001), and in cells with stretch-activated channel blockade by peptide GsMTx-4 (N=3, 
P<0.001 cells).  

 

Caveolae are Required for Stretch-Induced Conduction Slowing in the Isolated Heart and 

Micropatterned Myocyte Cultures 
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Depletion of caveolae attenuated conduction slowing during LV pressure loading. WT 

hearts perfused for 15 minutes with methyl-!-cyclodextrin (M!CD, 1 mM) (Sigma-Aldrich, 

St. Louis, MO), which depletes caveolae by sequestering cholesterol, 23  did not have 

significantly altered unloaded CV (692±16 mm.s-1) compared with untreated hearts, as shown 

in Figure 3.3A, (N=5, P=N.S.). Conduction velocities observed in Cav3 KO hearts in the 

unloaded state (591±21 mm.s-1) were not significantly different from those in unloaded WT 

hearts (N=5, P=N.S.) (Fig. 3.3A). There was no significant change in CV with load in Cav3 

KO or M!CD-treated hearts (P=N.S.). 

 

In micropatterned cultures of ventricular cardiomyocytes isolated from neonatal Cav3 

KO mice, CV in unstretched conditions was not significantly different (503±96 mm.s-1) than 

in WT cells (P=N.S., N=3), but there was no significant change in CV during stretch of Cav3 

KO mouse myocyte cultures (553±83 mm.s-1, P=N.S.) (Fig. 3.3B) indicating that Cav3 is 

required for stretch-dependent conduction slowing in vitro. 

 

Hence acute stretch-dependent conduction slowing was absent both in hearts and 

cardiomyocyte monolayers from Cav3 KO mice, and in WT hearts treated with M!CD.  
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Figure 3.3: Stretch-dependent conduction slowing requires caveolae in isolated mouse hearts 
(A) and cultured myoctes (B). (A) Conduction slowing observed with loading in WT hearts is 
not seen when caveolae are depleted via either treatment with M!CD or genetic deletion of 
caveolin-3 (**WT hearts N=5, P<0.01; M!CD-treated and Cav3 KO hearts N=5, P=N.S.). (B) 
Conduction slowing observed in WT cells is prevented when caveolae are depleted via genetic 
deletion of caveolin-3 (***WT cells N=8 P<0.001; Cav3 KO cells N=3, P=N.S.). Within 
paired observations, only untreated WT hearts and myocytes show statistically significant 
changes with stretch. 
 

Stretch In Vitro Significantly Increases Whole Cell Capacitance, Independent of SACs  

 

Patch clamp studies in micropatterned WT NMVMs showed that membrane 

capacitance (Cm) increased dramatically and significantly with stretch from 22±3 pF to 43±8 

pF (N=30, P<0.001), as seen in Figure 3.4A. SAC blockade using 3 "M GsMTx-4 for 30 

minutes did not alter this effect (16±2 pF in unstretched cells vs. 40±4 pF in stretched cultures, 

N=19, P<0.01.). 

 

Caveolae are Required for Stretch-Dependent Increase in Membrane Capacitance and Time 

Constant 

 

Cell membrane capacitance was not significantly altered in cells treated with 1 mM 

M!CD for 30 minutes (12±1 pF, N=18, P=N.S. vs. WT), but stretched Cm was significantly 
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lowered relative to untreated cells (25±4 pF, N=22, P<0.01 vs. WT). M!CD treatment 

inhibited but did not fully block the increase in membrane capacitance during stretch (13±4 

pF, P<0.05). However, genetic ablation of caveolae did completely block the effect of stretch 

on Cm. The mean increase in Cm with stretch in myocytes from Cav3 KO mice was only 3±4 

pF (P=N.S., N=25) (Fig. 3.4A). 

 

There were no significant changes with stretch, treatment or between genotypes in 

membrane resistance. However, membrane electrical time constants shown in Figure 3.4B 

increased almost four-fold in WT cells during stretch (from 20±6 ms to 78±26 ms, P<0.01). 

GsMTx-4 treatment did not significantly alter either unstretched (29±5 ms, P=N.S.) or 

stretched (62±22 ms, P=N.S.) time constants from WT. In M!CD-treated and Cav3 KO 

myocytes, unstretched time constants were not significantly different from WT (21±4 ms and 

22±12 ms, respectively, P=N.S.), but stretched time constants were significantly smaller (25±5 

ms and 23±12 ms, respectively, P<0.01 and P<0.05, respectively), and there was no 

significant increase in either with stretch (P=N.S.). Therefore, caveolae depletion alters cell 

membrane electrical time constant, while SAC-block does not. 
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Figure 3.4: Cell membrane capacitance increases with stretch in a caveolae-dependent 
manner, resulting in a stretch-dependent and caveolae-dependent increase in membrane time 
constant. (A) Patch clamp recordings of sparsely-plated, micropatterned NMVMs significantly 
increased membrane capacitance with stretch in WT (N=15,15, ***P<0.001) and GsMTx-4-
treated (N=11,8, **P<0.01) myocytes. There was a 41% smaller increase in M!CD-treated 
(N=18,22, *P<0.05) myocytes, and no significant change with stretch in Cav3 KO myocytes 
(N=13,12, P=N.S.). (B) There was a significant stretch-dependent increase in membrane time 
constant in untreated WT myocytes (**P<0.01), a doubling of time constant in GsMTx-4 
treated WT myocytes (P=N.S.), and no significant change in M!CD-treated and Cav3 KO 
myocytes (P=N.S.). 
 

LV Pressure Loading Smoothes Membrane Folds and Reduces Subsarcolemmal Caveolae  

 

Electron microscopy revealed significant changes in gross membrane conformation 

and in the density and localization of caveolae with increased ventricular pressure load (Fig. 

3.5A). The ratio of membrane length to absolute length (ML/AL) was measured as a 

quantification of slack membrane folds (Fig.s 3.5A and 3.5B). In the pressure-loaded WT 

heart, the ML/AL ratio decreased from 1.140±0.019 in the unloaded state to 1.025±0.004 in 

the loaded state (P<0.001). In the WT heart fixed after load had been applied and removed, the 

average ML/AL ratio was 1.162±0.022 (P=N.S. vs. the initial measurement). In M!CD-treated 

hearts, the average ML/AL ratio was 1.094±0.010 in the unloaded preparation (P=N.S. 

compared with WT) and was also significantly reduced in the loaded state (1.046±0.009, 

P<0.01 vs. unloaded M!CD-treated). ML/AL was not significantly different between the 
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unloaded Cav3 KO heart and the unloaded WT heart (1.178±0.026, P=N.S.) but was 

significantly reduced in the pressure-loaded Cav3 KO heart (1.051±0.008, P<0.001 vs. 

unloaded Cav3 KO). 

 

Electron microscopy confirmed that caveolae density was significantly diminished by 

either pressure-loading, or by interventions (M!CD-perfusion, Cav3 KO) intended to deplete 

caveolae. (Fig. 3.5C). In WT hearts, total caveolae density (Fig. 3.5D) was significantly lower 

in the pressure loaded heart (0.78±0.11 caveolae/"m) compared to the unloaded heart 

(1.23±0.14, P<0.05) or heart fixed after load had been applied then removed (1.27±0.10, 

P<0.05 vs. loaded, P=N.S. vs. unloaded). The density of caveolar structures in the unloaded 

M!CD-perfused and Cav3 KO hearts were 0.42±0.4 and 0.12±0.02 caveolae/"m respectively, 

as shown in Fig. 3.5E, significantly fewer than in the unloaded WT heart (1.23±0.14 

caveolae/"m, P<0.001 for both). 

 
Pressure-loading recruited caveolae away from the sub-sarcolemmal space in WT 

(Fig. 3.5D). In the unloaded heart, 0.95±0.09 and 0.29±0.06 caveolae/"m were observed in 

the sub-sarcolemmal and sarcolemmal categories, respectively. In the loaded heart, there were 

significantly fewer caveolae per membrane length in the sub-sarcolemmal space (0.44±0.07 

caveolae/"m, P<0.001 vs. unloaded) and a slight but not significant increase in the density of 

caveolae fused with the membrane (0.34±0.05 caveolae/"m, P=N.S. vs. unloaded). The WT 

heart that was pressure-loaded and then unloaded prior to fixing revealed caveolae density and 

localization similar to the original unloaded heart (1.05±0.09 sub-sarcolemmal and 0.22±0.03 

sarcolemmal caveolae/"m; P=N.S., compared with the initial measurement). All electron 

microscopy statistical comparisons use unpaired t-tests.  
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Figure 3.5: Stretch unfolds myocyte membrane and reversibly recruits sub-sarcolemmal 
caveolae in loaded hearts. Caveolae are reduced after treatment with M!CD or genetic 
deletion of caveolin-3. (A) Membrane is flattened during pressure loading (lower micrograph) 
compared with unloaded (upper micrograph), (scale: 1 "m). (B) Membrane length-to-absolute 
length ratio was reduced in the loaded vs. unloaded WT (P<0.001), M!CD-treated (P<0.01), 
and Cav3 KO (P<0.001) hearts. (N=10 images per condition, unpaired t-tests). (C) Sub-
sarcolemmal caveolae (white arrows) and caveolae fused with the sarcolemma (black arrows) 
in the unloaded and loaded WT hearts, and the unloaded Cav3 KO and M!CD-treated hearts 
(scale: 1 "m). (D) Caveolae are reversibly recruited from the WT sub-sarcolemmal region 
during loading (P<0.001). (E) Total caveolae density is reversibly lower in the loaded state 
than before or after loading in WT. Caveolae in unloaded M!CD-treated hearts are less 
frequent than in WT (P<0.001), and are reduced (P<0.001) during loading. Caveolae are 
almost completely absent (P<0.001) in Cav3 KO hearts. (N=10 images per condition, unpaired 
t-tests). 
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Sarcolemmal Lipid Density Increases with Stretch in a Caveolae-Dependent Manner 

 

Cells labeled with lipophilic fluorescent tracer showed a caveolae-dependent increase 

in fluorescent density with stretch (Fig. 3.6). In WT cells, fluorescent intensity per area 

relative to sham-handled cells increased nearly two-fold with stretch, from 0.80±0.12 to 

1.57±0.20 (N=9, P<0.01). There was a significant interaction effect (P<0.05) and no 

significant change in Cav3 KO cells, which registered at 1.03±0.33 in unstretched and 

1.00±0.32 in stretched relative to sham (N=4, P=N.S.). 

 

 
Figure 3.6: Stretch is associated with significant Cav3-dependent increase in lipophilic 
fluorescence density. Fluorescent intensity per cell unit area, normalized to sham, doubled 
with stretch in WT experiments (N=9, P<0.01) and showed no significant change in Cav3 KO 
cells (N=4, P=N.S.). 
 

DISCUSSION 

 

Mechanoelectric feedback is a known player in arrhythmia susceptibility; however, 

much of our understanding to date is focused on alterations in reverse excitation-contraction 

coupling and constituent ionic currents. 24 , 25  This study demonstrates stretch-dependent 
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slowing in cardiac conduction that is insensitive to stretch-activated current inhibition, but 

driven by an increase in membrane capacitance with stretch that requires intact caveolae. 

 

A role for caveolae in cardiac mechanoelectric feedback has been hypothesized in a 

study demonstrating that caveolae are recruited and integrated into the sarcolemma of 

cardiomyocytes with stretch, suggesting that caveolae may modulate electrophysiology 

through enrichment of subpopulations of ion channels or signaling receptors, increased t-

tubular convection, or by addition of cell area which would impact cell excitability.5 

Conduction slowing via a stretch-dependent increase in cell membrane capacitance is 

consistent with analysis of conduction slowing with ventricular filling in isolated, perfused 

rabbit hearts.3 Capacitance has been observed to increase under various conditions of 

membrane tension in a range of cell types.26 Given that changes in cell membrane capacitance 

have also been used as an index to measure caveolae and t-tubule expression,30 a role for 

caveolae in altering conduction through changes in cell membrane capacitance is logical. 

 

We used two model systems to probe the mechanisms of conduction 

mechanosensitivity: (1) isolated, perfused mouse hearts isolated from the autonomic nervous 

system, and (2) biaxially stretched micropatterned12 murine cardiomyocyte monolayer 

cultures. The rationale for using the mouse heart model under conditions similar to 

demonstrations of conduction slowing in the rabbit heart2,3 is the existence of transgenic 

models for deletion of proteins of interest. The micropatterned culture system extends this 

benefit in a condition of controlled biaxial stretch, free of interstitial effects, amplifying the 

ability to probe cellular electrophysiological mechanisms using precise optical and patch 

clamp techniques.  
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We observed that similar levels of conduction slowing occurred in isolated, pressure-

loaded murine cardiac tissue, without the use of any mechano-electrical uncoupling reagents 

or mechanical restraint, and in a multi-cellular monolayer preparation subjected to biaxial 

stretch. This unique micropatterned cell culture and stretching platform was developed to 

determine the nature cardiomyocyte stretch-specific changes.12,13,14,15,27 The platform separates 

changes in myocyte conduction via cardiomyocyte-intrinsic and stretch-dependent 

mechanisms from any effects of stretch on interstitial electrical properties, fluidic shear, or, as 

in the isolated heart preparation, extra-cardiac signals (e.g. autonomic, adrenergic). In 

addition, the 3 (or 2.5) dimensional substrate cues (extracellular matrix and structural support) 

provided by these microgrooves prevent the over-spreading culture artifact typically observed 

in flat tissue culture, thereby reducing artifacts in sarcolemmal biophysics. Perhaps as a 

consequence of the physiological myocyte shape and coupling arrangements guided by the 

micropatterned substrate, the cardiomyocytes in these preparations developed caveolae at a 

density similar to native tissue. Structures resembling immature t-tubules are also observed. 

This represents an advance over traditional tissue culture techniques on smooth, often glass, 

surfaces, in which t-tubules are often absent,28 and expression of caveolae and t-tubules often 

decreases with time in culture29 (although this effect may be less pronounced in mouse models 

than in rat30). This indicates that microstructured culture substrates may be an optimal system 

for study of the effects of cell membrane ultrastructure on multi-cellular cardiomyocyte 

electrophysiology. The biaxial stretch regime implemented more closely resembles 

physiological cardiomyocyte stretch than do uniaxial, osmotic, or shear stress applications, an 

important consideration when comparing in vitro studies to organ-level observations.31,32 

 

Limitations 
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One limitation of these findings is that the study of SACs is a rapidly evolving field, 

and few drugs specifically targeting hypothesized mechanosensitive channels exist. However, 

the use of two different SAC-blocking agents in this study with similar results partially 

assuages this limitation. Taken together with this study, a panel of three different SAC 

blocking agents (streptomycin,2 gadolinium,3 GsMTx-4 peptide) have been tested in four 

models (isolated rabbit heart pressure loaded conduction,2,3 isolated mouse heart pressure 

loaded conduction, stretched NMVM monolayer conduction, stretched single NMVM cell 

membrane capacitance, resistance, and time constant), with no significant alteration of stretch-

dependent CV slowing or Cm increase detected with any compound. The three reagents named 

represent a panel including the currently most selective and historically widely used reagents 

available to intervene against SACs. 

 

It may be observed that ion current effects outside non-specific cation-selective 

currents were not explored. Non-specific cation-selective SACs (SACns), targeted by GsMTx-

4, Gd3+ and streptomycin, have been hypothesized to contribute to cardiac conduction slowing 

by reducing excitability through elevating resting membrane potential.4 Another mechanism 

put forward for stretch-effects on ion currents is the insertion of either potassium and 

chloride,33,34 or unknown mechanosensitive35 channels at the cell surface via recruitment of 

caveolae. However, when observed in a cardiac setting, these observations of resulting 

changes in conductance were observed in atrial but not ventricular cells,33 and were driven by 

either fluid shear which is generally low in the myocardium,33 or by patch suction or probe 

indentation (through approximately 50% or more of cell diameter) in isolated myotubes35 

only. A role for SACs in altering conduction at the tissue-scale has not been demonstrated. 

Conversely, the utility of SACs in conduction slowing is unlikely by some accounts, as some 

rate- and species-dependent models1,4 predict SACs to increase excitability.36  
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The two models for probing whether caveolae mediate stretch-dependent conduction 

slowing each have advantages and disadvantages. Two interventions were used in this study to 

deplete caveolae in accordance with precedent: genetic deletion of caveolin-3 and incubation 

with cholesterol-sequestering agent M!CD. Caveolin-3 is a cholesterol binding protein 

expressed in muscles that is instrumental in shaping caveolae and in t-tubule genesis, and is 

implicated in myopathies including cardiomyopathies.37,38,39 Isolated adult hearts and NMVMs 

isolated from Cav3 KO mice were used in this study. M!CD was used in hearts only, as the 

treatment reduced fluorescent signal from micropatterned cell preparations to a level barring 

measurement.  

 

Caveolin-3 knock-out mouse lines provide a unique tool to assess the impact of 

cardiac caveolae on physiology.9,10,40  While genetically precise, the mice have a global 

lifetime deletion of caveolin-3, which bears a hypertrophic cardiac phenotype in adults and 

could result in non-cardiac effects and some degree of compensation in adult mice.37,39 

Hypertrophic and other deleterious phenotype manifests typically at 6-9 months of age in Cav-

3 KO mice. All of our studies were performed in mice at 8-12 weeks of age where cardiac 

function is not different from WT animals. Until development of these genetic tools, M!CD 

was the sole method for caveolae depletion and remains widely used today. While the 

cholesterol-sequestering reagent may have effects on membrane biophysics beyond depleting 

caveolae, the M!CD approach presents an acute intervention which complements the genetic 

model.  

 

Observations of increased propensity for arrhythmia have been made in other cav3 

mutant mouse lines, and caveolin-3 mutations have been detected in patient populations. The 
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potassium ion channel Kv11.1 (ERG1), but not a long-QT associated mutant of the channel, 

localize to cholesterol- and sphingolipid-enriched microdomains including caveolae. 41 

Additionally, depletion of membrane cholesterol using M!CD was observed to accelerate the 

kinetics of the channel, potentially a capacitance-driven effect.41 Similarly, a caveolin-3 

mutation has been linked to long-QT syndrome through increasing a late sodium current 

through a channel normally located in caveolae. 42  These and other studies of the 

electrophysiological implications of caveolae may be extended to account for the effects of 

altered cell membrane capacitance. 

 

Cholesterol sequestration using M!CD might also give insight into the mechanism by 

which caveolae contribute to such a large increase in capacitance with stretch. Studies have 

indicated that insertion of cholesterol and other sterols in a plasma membrane increases lipid 

packing density, reducing proton and cation leak currents by a factor of three at physiologic 

concentrations of cholesterol when compared to lipid bilayers lacking sterols.43 Those findings 

suggest a role for cholesterol in maintaining membrane pH and electrochemical gradients 

against passive currents, and our current study demonstrates a role for cholesterol-rich 

caveolae in augmenting membrane electrochemical capacitance during stretch, with 

physiologically meaningful slowing effects on cardiac conduction.  

 

It should be noted that the two-fold increase in capacitance we observed is greater 

than the 60% effective capacitance increase estimated for conduction slowing,3 and is greater 

than the expected cell area change with stretch. Though the effect of addition of caveolar 

material outweighs the area of the material, the effect of caveolae cholesterol-rich content 

could surpass the effect of contribution of area, as described above. The two-fold increase in 

lipophilic dye fluorescence we saw mirrors the increase in cell membrane capacitance, which 
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could either indicate a greater than expected recruitment of cholesterol-rich cell membrane 

material, or altered fluorescent properties of the dye molecule when the contents of caveolae 

are integrated into the sarcolemma.  

 

Disproportionate effects of cholesterol-rich membrane material (rafts) associated with 

caveolae and t-tubules on cell membrane capacitance have been reported. Reports of skeletal 

muscle cell membrane capacitance using a glycerol infusion technique for disconnecting t-

tubules have calculated two-fold higher (4 !F.cm-2) membrane capacitance in the t-tubule 

system than in the surface plasma membrane, which itself measured two-fold higher (2 !F.cm-

2) than expected for the cell membranes of less caveolae-rich cells (0.7-1 !F.cm-2).44 This 

finding concurs with capacitive transients recorded in Purkinje fibers, which suggested a 2.4 

!F.cm-2 cell surface capacitance, compared with a 7 !F.cm-2 element suggested to be the t-

tubular network.45 T-tubules, which are also enriched in caveolin-3, may contain as much as 

four-fold more cholesterol than the plasma membrane.37 Our findings that cholesterol 

sequestration and caveolin-3 deletion lower baseline cell membrane capacitance by 

approximately 40% support the idea that mechanically-dynamic, caveolae-rich cell types have 

an elevated cell membrane-capacitance. The absence of the usual contributions of Cav3 to 

trafficking and concentrating cholesterol at the cell membrane46 may, in this context, explain 

the faster baseline conduction velocities in the Cav3 KO NMVMs. While no significant 

difference was observed in the adult Cav3 KO hearts, this could be explained by the 

availability of circulating cholesterol to replenish membrane cholesterol47 (but not caveolae) in 

cardiomyocytes. M"CD treatment also raised conduction velocity in hearts, but this difference 

was not significant, perhaps due to cholesterol replenishment through non-caveolar pathways. 
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In conclusion, these data support a caveolae-dependent mechanism for stretch-slowing 

of conduction in which caveolae are recruited to the sarcolemma with stretch and thereby 

increase cell membrane capacitance. This increased capacitance is due in part to addition of 

membrane material to the sarcolemma by recruitment and integration of caveolae, but is likely 

augmented by the particular content of the caveolar material. Stretch-activated ion currents do 

not appear to contribute significantly to conduction slowing. The effective increase in 

cardiomyocyte membrane capacitance via caveolae delays depolarization, slowing cardiac 

conduction. Such findings have implications for therapeutically targeting cardiac arrhythmias 

with caveolin- or caveolae-enhancement based approaches. 
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Chapter 4 

 

 

Role of Desmoplakin in Multicellular 

Electrophysiology 
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Introduction 

 

Cardiomyocytes are mechanically and electrically coupled at the intercalated disc 

(ICD) by gap junctions, desmosomes and fascia adherens components. Gap junctions provide 

a gateway for electrical conduction between cells, connexons, which are made up of connexin 

proteins, and are heavily remodeled in disease.1 There is evidence that connexins are recruited 

to the ICD by components typically associated with mechanical adhesions (desmosomes, 

fascia adherens),2 and for multiple interdependencies of protein localization between ICD 

components.3 Alterations of connexin expression following increased ventricular mechanical 

loading suggest a potentially arrhythmogenic link between the mechanical and electrical 

coupling components of the ICD.4,5 Mutations in desmosomal proteins such as desmoplakin 

and plakoglobin, have been linked with cardiac disease phenotypes, including ventricular 

arrhythmias such as arrhythmogenic right ventricular cardiomyopathy (ARVC). 6,7 However, 

there remain a number of open questions regarding the mechanisms of disease manifestation 

in these patients. For example, fibrofatty replacement of the ventricle is considered a hallmark 

of ARVC and has been widely postulated to be a key pathological factor that elicits the fatal 

arrhythmias; however, it is yet to be determined whether there is a direct and early 

mechanistic consequence of desmosomal (e.g., desmoplakin) deficiency on gap junction 

components and cell-cell coupling in a system independent of fibro-fatty manifestation. This 

is important to determine since a recent study suggested that electrophysiological 

abnormalities were thought to appear prior to fibro-fatty replacement of the myocardium in 

human ARVC patients carrying desmoplakin mutations and heterozygous desmoplakin 

deficient mice.8  
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In the current study, we tested desmosomal function using a novel mouse model of 

ARVC that is reminiscent of the postnatal onset of a biventricular form of human ARVC at 

the histological, physiological and electrophysiological levels. We provide evidence for 

desmoplakin as a direct stabilizer of connexin signaling, which includes the demonstration that 

loss of desmoplakin has direct mechanistic consequences on connexin-43 levels and 

phosphorylation, leading to conduction abnormalities prior to the molecular dissociation of the 

mechanical junction complex within a system that is independent of the fibro-fatty 

manifestation observed in ARVC.  

 

We also investigated whether desmosomes play a role in tissue level pacemaking 

mechanisms. The cardiac pacemaker complex (PC) is a highly heterogeneous tissue. 

Understanding of pacemaker function has primarily focused on ion channel biology, essential 

the initiation action potentials. However, integral to pacemaker tissue architecture is the 

presence of connections at the cell-cell interface that include anchoring junctions such as 

desmosomes. The importance of cell-cell coupling for cardiac pacemaking remains poorly 

understood.  

 

Methods 

 

Cardiomyocyte-Specific Desmoplakin Knockout Mouse Lines 

 

Desmoplakin floxed mice (kind gift from Dr. Elaine Fuchs, Rockefeller University)9 

and heterozygous ventricular myosin light chain-2 Cre mice (kind gift from Dr. Ju Chen, 

University of California-San Diego)10 have been previously characterized, and were used to 

generate cardiomyocyte-specific desmoplakin floxed for knockout (DSP-cKO) mice. DSP-
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cKO mice and their control littermates were kept in a congenic C57B/6 background. All 

animal procedures were in full compliance with the guidelines approved by the University of 

California–San Diego Animal Care and Use Committee. Ventricular cardiac myocytes were 

isolated from neonatal (1-2 day old) desmolplakin floxed mouse hearts and cultured on 

micropatterned substrates as described in Chapter 2 and Chapter 3. 

 

Adenoviral Infection of Cardiomyocyte Cultures 

 

Adenovirus vectors containing the lacZ (AdLacZ) and Cre recombinase (AdCre) 

cDNAs were prepared (UCSD Viral Vector Core) and used at multiplicity of infections 1.6-

12.5 pfu/cell. Neonatal ventricular cardiac myocytes isolated from desmoplakin floxed mice 

were plated on laminin and infected with AdLacZ and AdCre, two days following isolation, as 

previously described11 and as illustrated in Figure 7A. Viral particle carrying medium was 

changed from cells after 24 hrs and cells were subsequently maintained in a media consisting 

of DMEM, M199, 5% fetal bovine serum, 10% Horse Serum and 1% Penicillin/ 

Streptomycin/Glutamine for the duration of the study. Cardiomyocytes were analyzed four 

days post-infection. Protein expression and localization was analyzed using standard western 

blot and immunofluorescent methods. In previous experiments, a significant 83 ± 5.6% (n=3) 

and 87 ± 4.3% (n=3) reduction in desmoplakin protein levels was observed in both total and 

insoluble (intercalated disc enriched) fractions, respectively, in DSP-cKO cardiomyocytes 

when compared with littermate controls. Immunofluorescence staining analyses of cardiac 

sections highlighted the dramatic loss of desmoplakin at the intercalated disc, which is 

delineated by the retained presence of N-cadherin, in DSP-cKO hearts, when compared to 

littermate hearts.12 
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Optical Mapping  

 

 Activation of cardiomyocyte cultures was optically mapped similarly to described in 

Chapter 2 and Chapter 3. In studies of conduction, cultures were stimulated with a point 

electrode at either 100 ms or 300 ms intervals for conduction studies, though spontaneous 

activation events were not excluded. Cultures in which activation was conducted over less 

than 75% of the area observed were considered to exhibit conduction block. In several cases, 

the test was repeated on a cell culture paced at several unique locations to differentiate 

between conduction block and altered excitability. Maximum distances and areas of 

continuous activation front propagation without functional conduction block were measured in 

ImageJ (U. S. National Institutes of Health, Bethesda, MD), with attention given to maximum 

distances with respect to the longitudinal and transverse axes of cell culture and at an arbitrary 

angle, and maximum conducting area surrounding any initiation site.  Of the experiments 

considered (n=8), one experiment included 2 replicates each of control (AdLacZ) and 

desmoplakin knock-down (AdCre) cultures, and two experiments included 3 AdCre replicates. 

In studies of interbeat interval (IBI), cultures were not stimulated and beat spontaneously. The 

intervals of time between successive spontaneous depolarizations were measured over 4 

second recordings. 

 

Statistical Analysis 

 

Data presented in the text and figures are expressed as mean values ± SEM. 

Significance was evaluated by the 2-tailed Student’s t test or repeated measures ANOVA. 

P<0.05 was considered statistically significant. 
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Results 

 

Desmosomal Defects Contribute to Conduction Block 

 

To determine the functional consequences of primary loss of desmoplakin levels on 

cardiomyocyte conduction, we optically mapped cardiac action potential propagation in an 

aligned neonatal mouse cardiomyocyte model system similar to described in Chapter 2 and 

Chapter 3, as a tool to examine desmoplakin deficient (AdCre) versus control (AdLacZ) 

cardiomyocyte cultures (Fig. 4.1A). Optical maps from cardiomyocyte cultures were obtained 

following pacing and evaluated for both total area as well as distance of action potential 

propagation along different paths (longitudinal, transverse, arbitrary) from the pacing 

electrode (Fig. 4.1B). Representative optical maps from AdCre and AdLacZ infected 

cardiomyocytes highlight that both the total area and distance of action potential propagation 

is markedly less in desmoplakin deficient versus control cardiomyocytes (Fig. 4.1B). 

Quantitative analyses of the distance of continuous propagation in both groups revealed that 

desmoplakin deficient cardiomyocytes display significantly reduced propagation across 

longitudinal, transverse and arbitrary angles when compared to control cardiomyocytes (Fig. 

4.1C). We also show that desmoplakin deficient cardiomyocytes display a significantly 

reduced area of continuous propagation when compared to control cells, indicative of 

conduction block (Fig. 4.1D), suggesting that loss of desmoplakin has a direct impact on 

cardiac conduction, which is reflective of loss of connexin 43 function in a setting independent 

of fibrofatty manifestation associated with ARVC. 
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Figure 4.1: Desmoplakin knock-down leads to electrical conduction block in aligned neonatal 
mouse ventricular cardiomyocytes (NMVC). (A) Schematic representation of the strategy used 
to knock-down desmoplakin expression in NMVC isolated from DSPflox/flox mice. (B) 
Distances of continuous propagation were measured at longitudinal and transverse angles as 
well as at an arbitrary angle across the longest distance. Representative activation time plots 
from control (AdLacZ) and desmoplakin-deficient (AdCre) NVMC 4 days post-infection. (C) 
Quantification of distances of continuous propagation in control and desmoplakin-deficient 
NVMC. n = 8, *P < 0.05. (D) Quantification of the area of continuous propagation in control 
and desmoplakin-deficient NVMC. n = 8, *P < 0.05. An area of continuous propagation of 
<75% of the total area mapped was demonstrative of conduction block. Figure adapted from 
Lyon et al.12 

 

The large imaging area in this preparation permits observation of regions capable of 

tissue-scale electrophysiological behavior, such as reentrant arrhythmia (Fig. 4.2). 

Multicellular phenomena such as reentry, or spiral waveforms, are characteristic of many 

human arrhythmias but are typically not able to be observed in the spatial scale – limited 

mouse model. The use of the model system described here allows study of transgenic mouse 

model cardiac electrophysiology at spatial scales similar to human tissue, increasing the 

capacity for clinically-applicable observations. 
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Figure 4.2: A spiral wave is observed in a DSPKO culture. A) Control with normal 
propagation. B) DSPKO with spiral wave propagation. 
 

Mechanoelectric Uncoupling Influences Beat Rate Variation 

 

The previous data suggests that removal of DSP might give rise to competition 

between the normally coordinated foci of leading pacemakers. We hypothesized that this 

might be due to an uncoupling of the PC both mechanical, through loss of desmosomes and, 

secondarily, electrical by loss or decrease of gap junctions. The tissue complexity of the PC 

makes testing our hypothesis in this system very challenging, we therefore used a tightly 

controlled in vitro system. Ventricular cardiomyocytes obtained from neonatal mice (NMVC) 

have spontaneous depolarization activity very much like pacemaker cells.13 This feature 

provides a robust way to model pacemaker synchrony and coupling in an isolated, controlled 

system of thousands of cells. We measured the interbeat intervals of spontaneous 

depolarizations that occurred in a network of neonatal cardiomyocytes via optical mapping 

(Fig. 4.3). A representative experiment is shown in Figure 4.3A where the cycle length of 

each successive beat is graphed as an independent event. For control cells (AdLacZ, open 

circles) the cycle lengths were similar from one beat to the next, whereas in DSP KO cells 
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(AdCre, black circles) the cycle lengths varied considerably from one beat to the next as 

quantified by the coefficient of variation. Paired comparisons of control (AdLacZ) and DSP 

free cultures (AdCre) showed that even though the mean IBI did not significantly change 

(paired two-tailed t test p=0.0881, n=3 independent experiments) the coefficient of variation 

of the IBIs was significantly increased by removal of DSP (AdLacZ 11.78%, AdCre 35.2%, 

paired one tail t test p=0.0296, n=3 independent experiments (Fig. 4.3B). The idea that in 

these cells electrical uncoupling might mediate the increase in IBI variability is in agreement 

with previous observations performed in chick and rat myocytes.13,14  

 

 
Figure 4.3: A) Representative set of consecutive interbeat intervals (IBI) measured via optical 
mapping of neonatal cardiomyocytes obtained from DSPflox/flox mice. IBI from cells infected 
with Control adenovirus (AdLacZ) and Cre-Recombinase expressing adenovirus (AdCre) in 
open and closed circles respectively. B) Coefficient of variation obtained from three 
independent experiments. *p<0.05, paired one-tailed t-test. C) Immunostaining of AdLacZ 
and AdCre infected cardiomyocytes form on eof the optical mapping experiments. Green: 
sarcomeric !-actinin, Red: plakoglobin, Blue: DAPI. Scale is 50 !m. 
 

Loss of Desmoplakin Reduces Connexin 43 Expression, Phosphorylation and Function 

 

The integrity of the tissue culture monolayer is maintained as demonstrated by 

staining for plakoglobin, an adherens junction protein (Fig. 4.4A). Yet, reduction in 

desmoplakin protein downregulates total and phosphorylated (S368) connexin-43 protein, 

prior to and independent of the molecular dissociation of the desmosomal and fascia adherens 
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junction complex, as evidenced by the robust levels of plakophilin-2 and N-cadherin in 

neonatal cardiomyocytes following desmoplakin knockdown (Fig. 4.4B). These results 

suggest that loss of desmoplakin has primary consequences on connexin-43 levels and the gap 

junction complex.  

 

 
Figure 4.4: A) Immunostaining of AdLacZ and AdCre infected cardiomyocytes from one of 
the optical mapping experiments. Green: sarcomeric a-actinin, Red: plakoglobin, Blue: DAPI. 
Scale=50 !m. B) Western blot analysis of intercalated disc protein levels in viral infected cells 
was performed 4 days post-infection. GAPDH was used as a loading control. Figure adapted 
from Lyon et al.12 
 

Conclusions 

 

This study demonstrates the capabilities of optical mapping a micropatterned, 

multicellular platform in probing the cardiac electrophysiology of transgenic murine models of 

human disease, at spatial scales permitting development of phenomena reminiscent of human 

electrophysiology. The DSP-cKO model examined here serves as a tool for understanding the 

molecular mechanisms underlying ARVC. 



 83 

 

The mechanical integrity of adhesions between cells can influence conduction and 

beat rate. Desmosomes secure firm mechanical coupling between neighboring 

cardiomyocytes, necessary to facilitate conduction of action potentials through expression and 

proximity of gap junction connexins. Loss of desmosomal coupling can lead to conduction 

block. The regularity of this coupling appears to influence beat rate, formerly thought to be 

modulated through pacemaker cell “clocks” and autonomic signaling.  

 

We believe our studies further the understanding of PC function as an emergent 

property of the network of pacemaker cells in addition to uniformity of conduction. We hope 

to move the field beyond the ionic properties of isolated sinoatrial nodal or ventricular cells 

towards a coordinated network that is capable of integrating complex structural information at 

the tissue level. 
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Conclusion 

 

In conclusion, multicellular preparations have been shown to be useful in studying 

cardiac electrophysiology, particularly mechanoelectric feedback. These preparations bridge 

the gap in understanding historically separating organ-level observations and single-cell 

recordings, reviewed in Chapter 1. While risk of arrhythmia is increased in diseases 

associated with altered cardiac mechanics, and multiple phenomena of MEF have been 

observed in intact hearts, it has proven difficult to determine underlying cell phenomena in 

intact heart preparations due to tissue heterogeneities and interstitial effects. Conversely, it has 

been difficult to predict the organ-level effects of recorded alterations in single-cell 

electrophysiology with stretch, without the context of physiologic cell-cell coupling. 

 

An experimental preparation has been developed which addresses a significant need in 

the study of cardiac mechanoelectric feedback, as described in Chapter 2. These multicellular 

preparations provide well-coupled cardiomyocytes with physiologic morphology. Anisotropic 

conduction is observed, with longitudinal (fiber-parallel) conduction out-pacing transverse 

conduction approximately three-fold, a mark of maturity in development of cardiomyocyte 

junctions. When stretched, the multicellular preparations revealed two MEF phenomena of 

conduction velocity modulation by stretch: conduction speeding at small stretches (maximum 

stretch smaller than 5%) and conduction slowing at large stretches (maximum conduction 

larger than 10%). These phenomena appeared generally isotropic with regard to both stretch 

and conduction direction. 

 

The cellular mechanisms for conduction slowing were probed in Chapter 3. Stretch-

activated channel (SAC) block using TRPC channel mechanosensitivity inhibiting peptide 
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GsMTx-4 did not alter conduction slowing observed in multicellular preparations with acute 

14%!3.6% stretch. Conduction slowing in hearts was similarly not reduced by SAC blocker 

Gd3+. However, depletion of caveolae via genetic deletion of caveolin-3 in hearts and cells, or 

by depletion of cholesterol using M!CD in hearts, did prevent conduction slowing. Cell 

membrane capacitance was found to double with stretch in wild-type cells and cells treated 

with GsMTx-4, but this increase was reduced when caveolae were reduced by M!CD and no 

significant increase was observed in cells lacking caveolae due to deletion of caveolin-3. In 

observation of membrane ultrastructure by electronmicroscopy and membrane area by 

lipophilic dye, caveolae were observed to contribute membrane material to the sarcolemma 

during stretch. The stretch-dependent recruitment of material by caveolae is implicated as a 

mechanism for slowing conduction via increasing cardiomyocyte membrane capacitance, with 

observable effects in both multicellular preparations and in intact hearts. 

 

The multicellular preparation is used to investigate the electrophysiological role of the 

desmosomal protein desmoplakin in Chapter 4. Desmoplakin is a component of the 

mechanoelectric coupling complex found at the intercalated disc. In studies of Cre 

recombinase-mediated knockdown of the protein, desmoplakin was found to be important in 

maintaining junctions necessary for conduction, its loss resulting in conduction block. Loss of 

uniform coupling, attributed to a role of desmoplakin in localizing connexin, also generated 

increased variation of beat rate.   

 

 In summary, the multicellular preparations here are useful in studying emergent 

mechanoelectric feedback phenomena that require physiologic morphology, coupling and 

stretch of populations of cardiomyocytes, on a spatial scale reflecting human physiology. In 

addition to identifying caveolae- and desmosomal-mediated electrophysiological phenomena, 
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these preparations hold promise in furthering understanding of multicellular 

electrophysiology. 
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