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Abstract 
 

A better understanding of structural and functional interactions between 

cardiac and non-cardiac cells is essential to better address the sequelae of 

cardiac disease and improve the potential cellular implantation therapies.  First, 

an in vitro model was established to investigate the probability that 

electromechanical junctions form between cardiac and non-cardiac cells.  Soft 

lithography techniques were used to create abutting-trapezoid shaped protein 

islands that supported the formation of isolated cell pairs with a defined cell-cell 

contact interface.  After assessing connexin 43 and N-cadherin expression, 

higher chances for functional coupling with host cardiomyocytes exist for 

mesenchymal stem cells (MSC), followed by skeletal myoblasts (SKM), and 

finally cardiac fibroblasts (CF).   

 Second, we studied the effect resulting from factors secreted by (1) donor 

cells (SKMs or MSCs) and (2) cardiac fibroblasts on the electrophysiological 

properties (EP) of 2-D cardiac networks in vitro.  Specifically, we conditioned a 

defined serum-free media (control media) for 24 hours in the presence of non-

cardiac cells and assessed electrophysiological properties.  Our results indicate 

that (1) that paracrine factors secreted by cardiac fibroblasts could contribute to 

the progression of fibrotic cardiac disease, (2) that there may be a crosstalk 

mechanism between CFs and cardiomyocytes that prevents this paracrine action 

to occur in a healthy heart, which could be exploited for possible future cardiac 

therapies, and finally (3) that protection of cardiomyocytes from the negative 
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paracrine action of CFs in a post-infarcted heart may be another possible 

mechanism of how donor cells used in cardiomyoplasty improve cardiac function 

without cellular engraftment.   

In summary, this research represents one of the steps towards the 

ultimate design of safe and effective therapies for the restoration of heart function 

after myocardial infarction. 
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1.  Introduction 

The limited regenerative potential of the heart via cell proliferation1 or stem 

cell recruitment2 is insufficient to compensate for myocyte loss after an acute 

myocardial infarction (MI).  As a result, increased workload on the surviving 

myocardium often leads to congestive heart failure, a condition in which the 

weakened heart is unable to pump enough blood to the other organs of the 

body3.  Recently it was reported that approximately 865,000 Americans per year 

suffer a myocardial infarction and 20% of these patients progress to heart 

failure4.  Congestive heart failure afflicts nearly 5.2 million patients, with a 

staggering estimated treatment cost of $33 billion in 2007.   

In general, the process of healing and remodeling after a myocardial 

infarction involves a number of cell types, primarily endogenous cardiac 

fibroblasts. This remodeling process is a major determinant of future cardiac 

function and of potential progression to congestive heart failure4. Although 

current treatment methods are well established in clinical practice, the high 

mortality and frequent progression to chronic heart disease that occur in spite of 

these interventions suggest the need for better post-infarction treatment3.  In light 

of the limited efficacy of current therapies, cellular cardiomyoplasty, the 

transplantation of exogenous cells into the damaged heart, is proposed to 

improve compromised heart function5. 

Despite initial clinical success6,7, the latest results of double-blind 

randomized placebo-controlled trials of cellular cardiomyoplasty have been less 
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encouraging8-11. One of the major recognized hurdles is the difficulty in 

systematically assessing both indirect (paracrine) and direct (electrical and 

mechanical coupling) interactions between the implanted donor cells and host 

cardiomyocytes inside the 3-D, geometrically complex heart in situ12. 

Understanding and controlling these interactions is however, one of the main 

prerequisites for design of therapies that would provide safe, efficient, and long-

sustained repair of post-infarction cardiac damage.  

In general, while the interactions between exogenous and endogenous 

non-myocytes and cardiomyocytes are recognized as important for cardiac 

function in health and disease, and for cell therapies, currently there are a limited 

number of well-controlled in vitro model systems that are able to systematically 

address the nature and functional consequences of these interactions.  An 

obstacle to this effort is that the standard, mixed cell co-cultures still lack control 

over geometry, distribution, and type (homo- or heterotypic) of formed 

intercellular contacts, rendering the interpretation of the obtained results difficult.    

Therefore, the objective of this thesis was to establish a well-controlled, 

experimental framework for systematic evaluation of the interactions between 

non-cardiac and cardiac cells in vitro. In particular, we focused on developing: (1) 

a reproducible, well-defined single cell pair setting to study structural interactions 

between cardiac and non-cardiac cell pairs, and (2) a set of well-defined in vitro 

studies to elucidate the effect of paracrine actions from different non-cardiac cells 

on the cellular and tissue scale electrophysiological function of cardiomyocytes. 

2 
 



Using these developed tools, we studied the formation of electrical and 

mechanical junctions between neonatal rat ventricular cardiomyocytes and donor 

cells currently used in cellular therapy (skeletal myoblasts (SKM) and 

mesenchymal stem cells (MSC)), as well as cardiac fibroblasts (CF), because of 

their increased presence and crucial roles in post-infarction healing and 

remodeling. In addition, we systematically investigated the paracrine effects from 

these three non-cardiac cell types on electrical propagation in 2-D cardiac 

networks. 

The organization of this thesis follows as described.  Chapter 2 provides 

background on (1) cardiac physiology, specifically the structure and composition 

of the myocardium with a focus on electrical and mechanical coupling and (2) 

cardiac electrophysiology, specifically the ionic bases of action potential, cellular 

excitability, and electrical propagation.  The background further explores cardiac 

pathology with an emphasis on infarction, disease progression, and resulting 

electrical remodeling.  Current therapies, their limitations, and the need for novel 

therapeutic options are then discussed.  Cellular cardiomyoplasty, as an 

emerging treatment option, is covered in detail, including discussion of the 

preliminary clinical success, the cell types used, the need for optimization, and 

the potential for arrhythmia induction as a result of cell transplantation.   

 Chapter 3 describes the experimental methods for each aim of the thesis.  

Included are the isolation and culture techniques for neonatal rat ventricular 

cardiomyocytes, neonatal rat cardiac fibroblasts, rat skeletal myoblasts, and rat 
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mesenchymal stem cells.  Also described are the micropatterning methods used 

to establish the in vitro model system for assessing the structural interactions 

between cardiac and non-cardiac cells.  Further described are the various 

analytical techniques used to evaluate the micropatterned and standard cardiac 

cultures, including immunostaining, quantification of staining, apoptosis 

detection, protein quantification, and RT-PCR.  At the end, methods for 

electrophysiological studies are described including macroscopic optical mapping 

of cell membrane potentials to study electrical propagation in cardiac cultures, 

intracellular recordings using sharp microelectrodes, and monodomain 

simulations of electrical propagation in a computational cardiac fiber.  

  Chapter 4 describes the in vitro model established to systematically study 

the structural interactions between cardiac and non-cardiac cells, in particular 

MSCs, SKMs, and CFs.  Specifically, we used microcontact printing to create two 

abutting trapezoid-shaped protein islands that supported the formation of isolated 

cell pairs with a defined cell-cell contact interface.  To optimize the efficiency of 

cell pair formation, we (1) determined, for each cell type, the trapezoid 

dimensions that yielded the most efficient single cell attachment and spreading, 

(2) the order of cell seeding and the cell seeding density that allowed for the most 

single cells to attach to only one trapezoid, (3) the seeding density and medium 

best suited for attachment of the second cell type, and (4) the optimal protein 

substrate.  The probability of electrical (gap junctions) and mechanical 

(cadherins) connections between cells in a pair was evaluated by 
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immunostaining. 

Chapter 5 describes the effect of paracrine factor conditioned media from 

donor cells (MSCs and SKMs) and cardiac fibroblasts (CFs) on the 

electromechanical function of the 2-dimensional cardiac networks. Initially, the 

effect of paracrine factors from donor cells on electrical propagation in 

cardiomyocytes is described. Then, the novel dose-dependent effects of the 

paracrine factors of cardiac fibroblasts on electrical propagation and single cell 

electrophysiological properties of cardiomyocytes is shown. Further described, 

are mechanistic studies on the potential causes of these paracrine effects 

including the presence of apoptosis, cell hypertrophy, fibroblast proliferation, gap 

junction expression and phosphorylation, as well as the changes in gene 

expression of a number of ion channels and of the contractile apparatus. 

Computer modeling is further used to relate measured gene expression changes 

to observed electrophysiological properties. Finally, we demonstrate that when 

cardiomyocytes are in the presence of (1) cardiac fibroblasts and (2) donor cells 

(MSCs and SKMs), the negative paracrine action of cardiac fibroblasts is 

inhibited.  

 Chapter 6 summarizes the results of the present work and suggests future 

directions.  
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2. Background 

 An understanding of the intricacies of cardiac physiology is necessary to 

address the many and varied sequelae of cardiac injury and disease. The two 

major determinants of heart function are (1) propagation of electrical impulses 

and (2) coordinated mechanical contraction.  The electrical activity of the 

myocardium controls the mechanical pumping of the heart, such that pathological 

changes in the electrical properties of the myocardium can lead to disorganized 

or diminished mechanical activity which can be lethal.  Therefore, to start 

addressing the unresolved problems facing the treatment of cardiac injury and 

disease, this research has focused on investigating the direct and indirect effects 

that resident and exogenous non-myocytes may have on the electrical properties 

of cardiomyocytes. 

 

2.1 Cardiac physiology 

2.1.1 Cardiac structure and cellular composition 

 The myocardium is composed of cardiomyocytes, accounting for 20-40% 

of the total cardiac cell population, and several non-myocyte cell types, such as 

fibroblasts and endothelial cells13,14.  Although the cardiomyocytes only account 

for 20-40% of the cells, they comprise 80-90% of the cardiac volume.   

Cardiomyocytes are identified morphologically by their elongated, rod-shaped 

appearance14,15, and ultrastructrally by the presence of oriented myofilaments 
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with sarcomeres and z-lines (the contractile apparatus), abundant mitochondria, 

and specialized intercellular connections16-19. 

 The electrical and mechanical (contractile) functions of the heart are 

primarily a consequence of its complex anisotropic syncytial structure15-17. The 

myocardium is composed of distinct parallel layers of myocardial and collagen 

fibers, meaning that it is both mechanically and electrically anisotropic20.  

Myocardial electrical propagation is anisotropic, with the spread of current being 

fastest along the long axis of the fiber21-25.  Furthermore, the anisotropic fiber 

orientation is also an important determinant of mechanical stress and strain26-28 

and, consequently, of tissue perfusion and oxygen consumption29.  The delicate 

architecture of the myocardium is known to be altered in various cardiac disease 

states including ischemia and hypertrophy23,30-32. 

2.1.2. Cardiac cell coupling 

Adult cardiac myocytes electromechanically connect via three types of 

junctions, gap junctions, adherens junctions, and desmosomes, localized at 

specialized sites called intercalated disks (Figure 2.1). The intercalated disks 

connect myocytes in an end-to-end fashion, providing intercellular adhesion and 

allowing for the cell-to-cell passage of ions and other small molecules33.  

7 
 



 

Figure 2.1. Electromechanical junctions. Junctions are represented connecting two adjacent 
cells. Figure modified from Kimbal et al34. 

 
Neonatal rat cardiomyocytes also connect through the same three types of 

junctions; however, their junctions are distributed throughout the membrane 

without any specific spatial concentration as they do not possess intercalated 

disks35-37.  Although spatially distributed, neonatal rat cardiomyocytes still 

assemble and co-localize the mechanical and electrical junctions in vivo and in 

vitro38,39. 

2.1.2.1 Mechanical coupling 

The two main types of mechanical junctions in cardiac cells are adherens 

junctions and desmosomes.   

Adherens junctions are comprised of two major protein groups, cadherins 

and catenins.  Adherens junctions link the actin cytoskeletons of neighboring 

cells.  Extracellularly cadherins form homophilic connections between 

neighboring cells, and intracellularly cadherins connect to the actin cytoskeleton 
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via catenin linker proteins40.  In cardiac cells, N-cadherin and α, β, and γ catenin 

(also known as plakoglobin) mediate the homophilic cell-cell adhesion34,40,41. 

Deleting N-cadherin specifically in the myocardium results in embryonic lethality, 

demonstrating its importance in heart formation42.  Consequently, to better 

understand the role of N-cadherin in formed myocardium, an inducible deletion 

specific to the myocardium has been developed using a Cre-Lox system.  

Deletion of the N-cadherin gene resulted in the disorganization of the intercalated 

disk, the disassembly of adherens junctions and desmosomes and a decrease in 

the gap junction protein connexin 43 (Cx43)42.  When further studied, this 

decrease in Cx43 reduced the ventricular conduction velocity as determined by 

optical mapping of electrical propagation43. Therefore, abolishing N-cadherin 

affects not only the mechanical coupling but also the electrical coupling and the 

functional electrophysiology of the myocardium.  

Desmosomes mediate cell connectivity through desmosomal cadherins, 

which differ from the cadherins in adherens junctions because they attach to 

intermediate filaments as opposed to actin filaments.  Desmoplakin is both 

unique and abundant to desmosomes and therefore a target when investigating 

the role of desmosomes44.  Complete deletion of desmoplakin resulted in lethality 

due to loss of tissue integrity; heterozygous deletion resulted in major defects in 

the heart which were also lethal45. 

Studies on the role of these mechanical junctions have illustrated the 

paramount importance of mechanical coupling in maintaining the structural 
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integrity of the myocardium.  Furthermore, the possible links between mechanical 

and electrical coupling were demonstrated in a number of studies.  In some cell 

types, including cardiac fibroblasts46, applied mechanical forces can depolarize 

the cell membrane via a nonspecific cationic influx mediated by stretch activated 

channels.  In excitable cells, a similar process can trigger an action potential47 via 

an increase in intracellular calcium (mechano-electric feedback).  Therefore, 

even if electrical connectivity between cardiomyocytes and non-myocytes is 

absent, action potentials may propagate in the heart by transmission of passive 

or active stretch mediated by the non-myocytes.  In support of this notion, 

Ogawa’s group recently demonstrated that skeletal myotubes can mechanically 

communicate with cardiomyocytes and cause stretch induced cardiac 

arrhythmias despite the absence of detectable electrical connectivity between the 

two cell types48.    

2.1.2.2 Electrical coupling 

Electrical coupling and intercellular cytosolic communication in the heart 

are provided by gap junctions which enable the propagation of the action 

potential leading to ventricular contraction49.  Gap junctions form when two 

hemichannels, known as connexons, connect via their extracellular loops, 

forming an aqueous pore.  Connexons are comprised of six subunits of proteins 

known as connexins.  The aqueous pore allows for the direct exchange of ions 

and metabolites up to 1kDa in molecular mass and 8-14 angstroms in diameter50.  

Connexin 43 is the most abundant connexin, found predominately in the 
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ventricles.  Connexin 40 is expressed in embryonic cardiomyocytes and in the 

atria and conduction system.  Connexin 45 is found in the Purkinje fibers, 

conduction system and, to a lesser degree, in the atria and ventricles37,51.  

Cultured rat neonatal ventricular myocytes have been shown to retain typical 

features of native neonatal myocardium with regard to their connexin composition 

and are viewed as a good model system for studying changes in connexin 

expression and function37,52. 

The primary connexin found in neonatal rat ventricular myocytes is 

connexin 43, a phosphoprotein.  Phosphorylation is regarded as the primary 

mechanism for regulating several aspects of connexin physiology, including the 

function of gap junctions, the trafficking of connexin proteins from the Golgi 

apparatus to the plasma membrane, the aggregation of the connexon channels 

in the membrane, the prevention of connexon diffusion through the plasma 

membrane, and the gating of the junctions and degradation of the proteins53.  

More specifically, phosphorylation at certain sites, specifically serine and 

threonine residues, is critical for the functionality of the gap junction52,54.  In 

neonatal rat ventricular cardiomyocytes, connexin 43 is predominantly 

phosphorylated52,54.  Furthermore, it is well documented that connexin 43 has a 

very rapid rate of turnover, with a half life of 1.9 hours52.  Connexin expression 

and phosphorylation can be altered by the matrix proteins, to which the cells are 

attached, the presence of stretch, and growth factors 55,56.  It has been shown 

that the loss of gap junction expression does not affect the organization and 
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expression of adherens junctions or desmosomes, still allowing for mechanical 

coupling within the heart57.  However, the absence of gap junctions is not without 

its consequences.  Studies of a myocardial specific connexin 43 knockout mouse 

demonstrated that while the deletion was not lethal, the expression of other 

connexin types only partially compensated for the functional loss58.  Intercellular 

communication was virtually absent, as assessed by dye coupling; junctional 

conductance was greatly reduced compared to that found with normal Cx 43 

expression58.  Furthermore, cardiomyocytes from the knock-out mice were 

isolated and micropatterned in 1-dimensional strands, and propagation was 

assessed.  Conduction velocity (CV) in the strands containing cells from the Cx 

43 knockout was 2.1 cm/s, compared with 52 cm/s in strands of normal cells and 

48 cm/s in strands of cells heterozygous for the Cx 43 deletion59.  Propagation in 

the knock-out cardiomyocytes was stable but discontinuous, with simultaneous 

excitation within cells and a mean conduction delay reflecting a greater than 20 

fold increase in conduction time across the gap junctions59.  This work 

demonstrates the necessity of functional gap junctions for normal myocardial 

performance. 

2.1.3 Cardiac electrophysiology (EP) 

2.1.3.1 The action potential  

The cardiac action potential (AP) is driven by the opening and closing of 

voltage gated ion channels which mainly alter the membrane permeability to 

sodium, potassium and calcium. There are two main types of action potentials, 
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fast and slow response.  The fast response action potential occurs in normal 

atrial, ventricular, and Purkinje cells, while the slow response action potential 

occurs in the sinoatrial node, atrioventricular node and pacemaker cells.  

 In particular, the ventricular action potential contains 5 phases (P0-P4, 

Figure 2.2).  During phase 0 the cardiac cell’s membrane potential is brought to 

threshold by the activation of an adjacent cell or external stimulus.  This 

produces a large and rapid flux of sodium ions to enter the cell causing a rapid 

depolarization seen as the upstroke of the AP.  Phase 1 immediately follows 

phase 0 and is characterized by an early repolarization that occurs primarily 

because of the activation of the transient outward potassium current Ito, resulting 

in an efflux of potassium ions.  Phase 2 is the long plateau phase, representing a 

balance between inward and outward currents.  Calcium ions flow inward through 

the L-type calcium channel, and the delayed rectifier potassium channels allow 

potassium ions to flow out60.  In rat cardiomyocytes there is no significant plateau 

phase.  When the outward flow of potassium ions exceeds the inward flow of 

calcium ions, the final repolarization begins, and this is the start of Phase 361.  

This new outward flow of potassium ions is due to three potassium channels: Ito, 

IK (IKR and IKS), the delayed rectifier channels, and IK1, the inward rectifier 

channel.  In fetal mice and rats, IK is the major repolarizing current.  Postnatally, 

however, IK is rapidly replaced by Ito, and this explains the short rat action 

potential duration61.  Ito and IK are responsible for the initiation of the final 

repolarization.  IK1 channels are responsible for the rate of late repolarization, 
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because the conductance of these channels increase with decreasing membrane 

voltage and thus accelerates during repolarization61.  Phase 4 (rest) restores the 

ionic balance which was altered during the AP.  Excess sodium ions are excreted 

by the Na+, K+-ATPase, which pumps out three Na+ ions and intakes two K+ ions.  

Excess calcium is eliminated by the Na+/Ca+2 exchanger which pumps in three 

Na+ ions for every one Ca+2 ion that is pumped out of the cell.  Calcium is also 

eliminated from the cell by the ATP-driven Ca+2 pump60.  The resting membrane 

potential during phase 4 is mainly determined by the conductance of the inwardly 

rectifying potassium channel (IK1).  The resting membrane potentials in humans, 

adult, and neonatal rat ventricular cardiomyocytes are -90, -80, and -70mV, 

respectively61. 
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Figure 2.2. Action potential and ion channels. This figure describes the relationship between the 
action potential and the individual ion channels, depicting when each ion channel functions during 
the AP.  The phases of the AP are denoted by P0-P4. This figure is modified from Marban62. 
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2.1.3.2 Action potential propagation 

Action potential propagation is enabled by the flow of current from a 

depolarized cell to its less depolarized neighbor, which is subsequently 

depolarized and serves to further perpetuate the propagation. The main 

parameters that affect propagation in cardiac tissue are cellular excitability, 

intercellular coupling, cell shape and size, and tissue architecture and cellular 

composition (i.e. size and distribution of intracellular and extracellular space and 

gap junctions, and the presence and distribution of non-myocytes).   

2.1.3.2.1 Cellular excitability 

The sodium current allows for cellular excitability, resulting in the fast 

upstroke of the action potential and enabling the active (non-decremental) 

propagation63.  Cellular excitability can be reduced by downregulating the 

expression of the channel or inactivating the channel.  Complete chemical block 

of the sodium channel, mimicking the downregulation or absence of the channel, 

has been shown in some studies to result in complete conduction block64,65, while 

in other studies it resulted in a conduction velocity slowing by 70% of the control 

value66.  In this scenario, the remaining slow propagation was supported by L-

type Ca current, such that block of both Na and Ca currents yielded complete 

conduction block66.  Inactivation of the sodium channel can be done by: (1) 

depolarizing the resting membrane potential to decrease the availability of 

sodium current, (2) lowering the specific membrane resistance to the point that 

the channels are non-functional, or (3) mutating the channel gene in a way that 
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reduces or diminishes its function67,68.  Mutations in the sodium channel occur in 

disease states such as Brugada syndrome, isolated cardiac conduction disorder 

(ICCD) and sick sinus syndrome69, leading to slowed propagation or arrhythmias.  

These results demonstrate the importance of a functional sodium channel for 

normal cardiac action potential generation and propagation. 

2.1.3.2.2 Intercellular coupling 

Although gap junction distribution in the cell membrane affects impulse 

propagation to a small extent70, the degree of gap-junctional coupling is the main 

determinant of impulse propagation.  Excessive gap junction decoupling71 and 

the presence of passively conducting regions72 can both yield extreme slowing of 

impulse propagation, conduction block, and, ultimately, cardiac arrhythmias.  

Experimentally, neonatal rat cardiomyocytes treated with 20 μmol/L of palmitoleic 

acid, a powerful gap junction uncoupler, had a conduction velocity of only 0.9 

cm/s compared with 47.2 cm/s in controls, a slowing of 98% of the control 

value66.  While severe gap junction uncoupling may initiate arrhythmic 

propagation, moderate uncoupling is thought to be a way to safely reduce the 

propagation by limiting current loss to non-depolarized areas69.     

Gap junctions may also occur between cardiomyocytes and non-

myocytes, where the local current produces an electrotonic action potential with a 

slower upstroke in the non-myocyte73.  The non-myocyte is thought to only be 

able to consume the current, not contribute to further propagation, and thus 

slowing is seen74.  It has been shown that both fibroblasts and mesenchymal 
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stem cells may connect with cardiomyocytes, primarily via connexin 45 and 43, 

respectively 72,75,76.   

2.1.3.2.3 Cell shape and size 

Theoretical and experimental studies have demonstrated that cardiac cell 

shape and size affect action potential propagation.  Cell shape, and in particular 

its elongation, affect the ratio of longitudinal to transverse velocity (i.e. anisotropy 

ratio)77. Cell size has been shown to be more important, or at least as important, 

as the gap junction distribution for determining the transverse vs. longitudinal 

propagation velocity.  Computer models have shown that a shift from small cell 

size to large cell size produced an increase in transverse propagation velocity 

and no significant change in longitudinal velocity, thereby altering this ratio70. 

2.1.3.2.4 Tissue architecture and cellular composition 

Cardiac tissue is anisotropic with cells that are elongated, oriented in one 

direction, and grouped in fibers and sheets. Propagation is fastest in the 

longitudinal (along the fibers) direction which has the lowest number of gap 

junctions per unit length of tissue63.  Similarly, propagation in the transverse 

(perpendicular to fibers) direction is the slowest due to the highest number of gap 

junctions per unit tissue length. Tissue architecture also includes interstitial 

(extracellular) space and non-myocytes.  Denser interstitial space (higher cell 

packing density) leads to propagation slowing due to increased resistance to 

extracellular current flow. The presence of non-myocytes (predominantly 

fibroblasts) either as current obstacles or sinks also yields conduction slowing.    
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2.2  Cardiac pathology  

2.2.1 Myocardial Infarction, the healing process, and subsequent heart failure 

2.2.1.1 Myocardial infarction 

 In 2007, it was reported that approximately eight million Americans 

survived a myocardial infarction (MI) and that 865,000 individuals suffer a new or 

recurrent MI each year4.  Myocardial infarction predominantly results from 

occluded blood flow to the coronary arteries supplying the heart, resulting in a 

deficiency in the metabolic needs of the heart.  This deficiency leads to necrosis 

of the myocardium and initiates the healing response known as cardiac 

remodeling. Remodeling often leads to subsequent disease progression, 

primarily heart failure78.  

2.2.1.2 The healing process  

Post-infarct myocardial healing occurs in three stages.  In the rat, the 

inflammatory/necrosis phase occurs 3 hours after the initial occlusion and lasts 

for up to 5 days.  The proliferative/fibrosis phase occurs from days 5-14, and the 

maturation phase takes place on days14-28 after infarction79,80.  The exact 

duration of each phase is debated and differs for each species79,80. This healing 

process, known as cardiac remodeling, affects both the cardiomyocytes and the 

interstitial cells, preserving but also diminishing cardiac function.     

Cardiac remodeling has been characterized as a change in the size, 
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shape and function of the heart, specifically involving structural rearrangements 

including cardiomyocyte hypertrophy, cardiac fibroblast proliferation, replacement 

fibrosis and possible cell death.  Remodeling occurs when there is ischemia, 

followed by stretch due to pressure overload and stress from scar formation as 

well as increased plasma levels of hormones or vasoactive peptides81. 

Furthermore, remodeling is modulated by unknown signaling mechanisms that 

relate the amount of damage after an infarct to recovery by compensatory 

hypertrophy.  The principle cell mediators of remodeling are cardiac fibroblasts, 

which produce matrix metalloproteinases (MMPs) to break down existing matrix, 

secrete fibrillar collagen, and release soluble factors including cytokines and 

growth factors. 

2.2.1.2.1 Fibrosis 

There are two forms of fibrosis: reactive fibrosis and replacement fibrosis.  

Reactive fibrosis is an increase in collagen deposition from interstitial resident 

fibroblasts and occurs unrelated to injury82.  This type of fibrosis is commonly 

seen in atrial fibrillation, both hypertrophic and dilated cardiomyopathies, 

myocarditis, inflammatory diseases and Chagas disease81.   

Replacement fibrosis primarily occurs in response to an acute myocardial 

injury, mainly myocardial infarction, but can also be present in hypertrophic 

cardiomyopathy and heart failure.  Replacement fibrosis is denoted by a 

proliferation of cardiac fibroblasts (in the area of myocyte death), an 

accumulation of fibrillar collagen and an increase in the expression of MMPs and 
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soluble factors, specifically TGF-β, angiotensin II, endothelin-1, and TNF-α82,83.  

The accumulation of collagen acts as a physical detriment by (1) stiffening the 

ventricular walls, therefore impeding contraction and relaxation, (2) reducing 

capillary density, therefore decreasing oxygen delivery and (3) possibly serving 

as a physical barrier, interrupting the normal electrical propagation within the 

heart82.  The increased levels of MMPs disrupt the original matrix which elicits an 

inflammatory response leading to further fibroblast infiltration, proliferation and 

differentiation, eventually leading to the deposition of new extracellular matrix 

(ECM) and scar formation83.  The soluble factors released act in an autocrine and 

paracrine fashion to regulate hypertrophy, fibroblast proliferation and ECM 

turnover.  Specific soluble factors include TGF-β, which stimulates remodeling, 

and angiotensin II, which stimulates collagen synthesis and reduces collagen 

degradation.  Endothelin-1 is another soluble factor which also stimulates 

collagen production causes cardiac hypertrophy and was recently linked to the 

increased expression of inflammatory cytokines82,84.  

2.2.1.2.2 Hypertrophy 

Fibrosis and pathological hypertrophy are frequently observed in 

conjunction with one another.  During hypertrophy, myocyte sarcomeres 

reorganize, with the parallel addition of new sarcomeres, and the cell enlarges81.  

Pathological hypertrophy is in response to stress signals, neurohormonal 

activation, aortic stenosis, inflammation, or cardiac injury, including MI, and is 

classically characterized by phenotypic change reverting back to fetal gene 
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expression.  Specific gene changes observed include the selective upregulation 

of β-myosin heavy chain (MHC) and downregulation of α-MHC81,85-87.  This 

response has been simulated in culture with the addition of the α1-adrenergic 

agonist, norepinephrine86.   Of great interest is the recent evidence that the 

upregulation of β-MHC predominantly occurs in hypertrophic myocytes clustered 

close to or in areas of fibrosis, whereas in the absence of fibrosis no upregulation 

is noted85.  This finding is supported by other models in which there was 

hypertrophy, but no substantial fibrosis, created by volume overload or 

subpressor doses of angiotensin II, and in which no up regulation of β-MHC was 

observed88-90.  In addition, a recent murine model with a genetic mutation of 

SCN5A developed fibrosis but not hypertrophy, and an increase in the 

expression of β-MHC was seen91.   

2.2.1.3 Heart failure  

Heart failure affects 5.2 million people, and 20% of individuals who have 

survived a myocardial infarction have progressed to heart failure4.  Heart failure 

treatment is estimated to cost a staggering $33.2 billion in 2007.  In general, the 

manner in which the ventricle heals and remodels after a MI is a major 

determinant of future cardiac function and the risk of progression to heart 

failure4,92.  

Heart failure is characterized by ventricular dilation, thinning of the left 

ventricular wall, a reduction in left ventricular ejection fraction (to less than 35%), 

increased systemic vascular resistance and activation of compensatory 
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neuroendocrine systems93.  Heart failure results from increased fibrosis and 

maladaptive hypertrophy.  Maladaptive hypertrophy is associated with 

angiotensin II, TNF-α, and excess catecholamines which activate pathways that 

can lead to increased cardiac fibrosis and apoptosis94,95.  The expression of 

these cytokines plays an important role in disease progression, not only affecting 

cardiomyocytes but also influencing structural remodeling and endothelial 

functioning84,96.  

2.2.2 Cardiac electrophysiology in disease  

2.2.2.1 Electrophysiological changes in acute myocardial infarction 

An acute MI results in electrophysiological changes in the myocardium 

that are seen within the first 30 minutes after onset.  It is important to note that 

these changes occur in an inhomogeneous manner over the entire infarct 

area97,98. An overview of the EP changes caused by acute infarction can be 

found in Figure 2.3. 
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Table 2.1. Electrophysiological changes in cardiac disease. This chart summarizes of the 
electrophysiological changes that occur in MI and congestive heart failure (CHF).  This chart is 
modified from Nattel et al99. 

 

In particular, after two to three minutes the resting membrane potential of 

cardiomyocytes depolarizes in close association with a rise in extracellular 

potassium.  This rise is due to increased potassium ion efflux and decreased 

influx as well as reduced blood flow, which allows the excess ions to build up in 

the extracellular space.  As a consequence, cellular excitability is initially 

increased, because the threshold potential remains the same but the resting 

membrane potential is depolarizing and thus less current is needed to reach 

threshold100.  Excitability subsequently decreases because of the inactivation of 

the sodium channel due to the depolarization of the resting membrane potential.  

After 15-20 minutes the cells may temporarily regain excitability due to a large 

release of catecholamines or the opening of collateral circulation which can 

cause a small decrease in extracellular potassium.  However, after 30 minutes 
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the cells become depolarized above threshold and excitability is completely 

blocked.   

The action potential duration, on the other hand, is initially slightly 

prolonged but rapidly shortens while the effective refractory period (ERP) 

remains long, thus creating the state of post-repolarization refractoriness.  The 

initial prolonged APD is thought to occur due to a drop in local temperature, a 

reduction in IK1 due to intracellular acidosis, and an acute inhibition of Ito (51% 

reduction)101.  The subsequent rapid shortening of the APD is caused by an 

increase in outward currents carried either by potassium or chloride ions, 

although potassium is known to be more significant.  ATP dependent outward 

potassium channels (IK,ATP) that are not active in healthy myocardium are 

activated under hypoxic conditions.  After 10 minutes of occlusion, the APD and 

ERP may alternate with semi-normal to short durations followed by periods of 

complete unresponsiveness.   

 Conduction velocity parameters are adversely affected due to the 

decrease in cellular excitability. Furthermore, an increase in extracellular 

resistance, due to extracellular volume loss associated with increased collateral 

vessels and cell swelling, additionally contributes to early conduction velocity 

slowing.  In addition, after 15-20 minutes, intercellular resistance becomes 

increased due to disruption of the gap junctions brought about by intracellular 

acidosis and increased intracellular calcium concentrations.  This results in a 

marked decrease of conduction velocity to 50% of the normal values.  In addition, 
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ischemia causes an increase in unphosphorylated Cx43 (~3 times in 20 min)102, 

with increased levels of unphosphorylated Cx43 being correlated with diminished 

functional recovery after reperfusion103.  

2.2.2.2 Structural and electrophysiological changes in the subacute infarct border 

zone 

 The infarct border zone is a heterogeneous area of intermediately injured, 

potentially salvageable tissue at the periphery of the infarct104.  This area is prone 

to ventricular tachyarrhythmias by day five after infarction.  Resident 

cardiomyocytes attempt to compensate for the compromised cardiac function by 

undergoing drastic remodeling of cell-to-cell and cell-to-matrix interactions.  After 

48 hours, the presence of desmosomes and adherens junctions decrease from 

the lateral ends of cardiomyocytes that have lost connections to neighboring cells 

that have died from ischemia.  At the same time, gap junctions redistribute from 

the longitudinal ends of cardiomyocytes and localize in a more disordered 

fashion around the membrane105.  At day three, integrins begin to cluster at the 

ends of myocytes that have lost contact with dying myocytes, in areas where 

partial ECM remains, thereby enhancing the attachment of cells to the matrix and 

supporting contractile function.  The contractile force of surviving myocytes 

causes the formation of cell processes.  Cell processes from neighboring 

myocytes can connect, and the mechanical junctions and integrins formed during 

this remodeling are thought to mechanically connect the cytoskeleton of the 

remaining cardiomyocytes with the scar.  Furthermore, the presence of 
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desmosomes and adherens junctions at these new intercellular connections 

provides a favorable environment for recreating gap junctions.  There are 

conflicting reports about the significance of the changes seen in gap junctions 

during remodeling, including uncoupling, downregulation, and lateralization 

(redistribution around the entire perimeter of the cell membrane).  Some studies 

argue that these changes contribute to arrhythmia generation102 and spatially 

coincide with the common central pathway of reentrant ventricular 

tachycardias105, while other studies argue that uncoupling stabilizes against 

ventricular tachycardia106.   

Border zone myocytes have been shown to have short APDs with reduced 

upstroke amplitudes and upstroke velocities, similar to the APs observed in the 

acute MI phase101.  Furthermore, cardiomyocytes in the border zone exhibit 

depolarized resting membrane potentials107.  Electrical remodeling of border 

zone cells involves decreased L-type Ca2+ currents and a loss of Ito108. 

2.2.2.3 Structural and electrophysiological changes in the healing infarct border 

zone 

 Several weeks into healing of the infarction, the propensity for ventricular 

arrhythmias persists.  Within the border zone, the increased probability of an 

arrhythmia is due, not only to heterogeneous gap junction uncoupling, but also to 

an increased number of interstitial fibroblasts and collagen deposition.  In a 

canine model, these structural changes also caused disruption and remodeling of 

intercellular junctions in the adjoining myocardium, including decreasing the gap 
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junction density per intercalated disk, slowing heterogeneous propagation and 

causing irregular electrical activity, all of which increase the risk of 

arrhythmogenesis109. 

 Action potentials of border zone myocytes continue to be shortened by 

day 14 post-infarction101,107.  By two months after infarction, APs appear normal, 

although conduction of the wavefront continues to be abnormal107.  Specifically, 

as studied in canine infarcts, repolarization of normal, border zone, and infarct 

zone cardiomyocytes is nonuniform101.  The functional refractory period of infarct 

zone and border zone cells is often longer than the entire time course of 

repolarization of the normal myocardium.  This prolonged refractoriness is 

thought to be due to slowed recovery of INa or delayed deactivation of outward K+ 

currents.  Ca2+ current densities begin, but do not fully recover to, those of 

normal myocytes by 2 months108. ICa,L continues to show slowed recovery from 

inactivation.  Furthermore, during remodeling there is an increased regional 

expression of T-type Ca2+ currents.  In terms of the Ito current, it begins to 

reemerge by 14 days post-infarction and is returned to normal by 2 months108. 

2.2.2.4 Electrophysiology in heart failure 

 Sudden death, generally resulting from arrhythmias, is responsible for the 

mortality of half of patients suffering from heart failure.  Besides an increase in 

the heart size, most of these arrhythmias are brought about by altered ion-

channel, ion-transport, and connexin function, which yield slowing of conduction 

velocity.  In particular, cell-to-cell coupling is decreased due to a decrease in 
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Cx43 expression and phosphorylation.  In some studies, sodium channel 

expression has also been found to decrease110-113, resulting in slower AP 

upstroke, while other studies claim no consistent changes in the upstroke114.  For 

instance, in canine115 and human116 myocardium, peak sodium current density 

was found to be unchanged.  Abnormalities that do occur in sodium channel 

inactivation produce a large late inward sodium current, resulting in APD 

prolongation and early afterdepolarizations117. 

There is also a discrepancy over the changes in expression of IK1, where 

seven studies show a decrease of channel expression in heart failure115,118-122, 

while two other studies do not123,124.  Furthermore, three studies showed mRNA 

to be unchanged and two found it to be decreased99.  One of the studies that 

found a decrease in mRNA found no change in protein expression99.  Therefore, 

the role of IK1 in heart failure remains unclear.  

Heart failure also causes major changes in calcium handling125,126; 

however, again there are varied results for what changes occur in the L-type 

calcium channel.  Several studies have found a decrease, whereas others have 

found no change.  It has been shown that the membrane density of calcium 

channels is reduced, but channel phosphorylation has been shown to be 

increased which raises the channel open probability to compensate for the 

reduction in density127,128. The most consistent change in ion channel function 

among different studies is the decrease in Ito99,114.  Kv4.3, the gene that encodes 

for one of the Ito channel subunits, has been shown to be downregulated, and 
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protein studies were consistent with the mRNA changes.  Altered Ito is thought to 

be partially responsible for the prolonged APD seen with heart failure.   

 

2.3 Current therapies 

2.3.1 Myocardial infarction 

In individuals who have suffered an MI, the rapid restoration of tissue 

perfusion via reperfusion therapies is critical to salvage as much of the ischemic 

myocardium as possible.  There are three main clinical interventions for early 

reperfusion of the infarcted heart: (1) fibrinolytic therapy, (2) percutaneous 

coronary intervention (PCI) (includes percutaneous transluminal coronary 

angioplasty (PTCA) and stenting), and (3) coronary artery bypass graft surgery 

(CABG)129.  The choice of treatment is made based on the level of severity of the 

infarction, the amount of time elapsed since the onset of symptoms, patient 

history, and possible complications.  Fibrinolytic therapy (the local injection of 

pharmaceuticals that dissolve blood clots) is most often initiated for patients who 

present early (less than 3 hours after the onset of symptoms) and when there 

may be a delay in receiving surgical intervention.  PCI, on the other hand, is 

suitable for nearly 90% of all patients suffering from an MI.  Mortality benefit with 

PCI exists when treatment is performed within the first 60 minutes after MI; 

mortality increases significantly with each 15-minute delay in the time between 

arrival at the hospital and restoration of blood flow.  Although most evaluations of 
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PCI have been in patients who are eligible to receive fibrinolytic therapy, 

considerable experience supports the value of PCI for patients who may not be 

candidates for fibrinolytic therapy because of an increased risk of bleeding.  

Finally, emergent or urgent CABG is reserved for situations in which other 

interventions (e.g. PCI) have failed, when the patient is hemodynamically 

unstable, and in the setting of significant coronary artery disease.   

2.3.2 Heart failure 

Current therapies for remodeling and heart failure focus on mitigating 

mechanical stresses by targeting different processes that occur during 

remodeling130,131.  This is primarily done with pharmacological agents including 

nitrates, angiotensin converting enzymes (ACE) inhibitors, diuretic agents, 

calcium antagonists, alpha- and beta-adrenergic blocking agents, 

antithrombotics, statins and digoxin93,96. 

In addition, a variety of novel therapeutic approaches are currently being 

developed, which include (1) increasing angiogenesis by targeting the loss of 

small arteries and capillaries, (2) limiting the proliferation of non-myocytes and 

controlling the extracellular matrix turnover96, (3) directing metabolic and 

oxidative pathways93, (4) regulating the TNF-α pathway by specifically targeting 

downstream molecules such as NF-kappaB93, (5) regulating the TGF-β pathway 

and downstream effectors such as connective tissue growth factor132, (6) using 

endothelin receptor antagonists132, (7) surgical restraint devices to physically limit 

dilation133, (8) bi-ventricular pacemakers to improve contraction, decrease 
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regurgitation and reverse remodeling133, and (9) cellular cardiomyoplasty (i.e., 

the implantation of exogenous cells in the heart to improve compromised cardiac 

function)96,132. 

 

2.4 Cellular cardiomyoplasty 

 To date, almost 800 MI or heart failure patients world wide have received 

cellular therapy, albeit all as a part of relatively small clinical trials.  Currently 

there are two main cell types in clinical use: (1) autologous skeletal myoblasts 

and (2) autologous adult stem cells from the blood or bone marrow. The clinical 

studies have enrolled a similar number of patients that have been treated with 

each of these two cell types.  Furthermore, a similar number of patients have 

been treated by direct intramyocardial cellular transplantation as compared to 

percutaneous catheter based delivery134.   

 The findings from these clinical studies suggest that cellular 

cardiomyoplasty could be efficacious in patients with acute MI or chronic 

ischemic cardiomyopathy or heart failure; however, most trials only have a short 

term follow up.  The longest trial using skeletal myoblasts (Myoblast Autologous 

Grafting in Ischemic Cardiomyopathy, MAGIC)) had a 24 month follow-up and 

found that myocardial viability was increased throughout the follow-up period, 

while the heart failure class was improved at 1 year but declined at 2 years135.  

The longest trial using bone marrow derived stem cells had a 44 month follow-up, 

where at three months regional wall motion and thickening was improved and 
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anginal episodes were reduced. However, ejection fraction was not different at 3 

or 6 months after treatment, while at long term follow up, two patients had died 

and one had required CABG114.  In general, the questionable functional 

improvements in the present studies await justification in large scale, double-

blind, randomized, placebo-controlled trials with long term follow-up.  

Importantly, despite the studies in these 800 patients, we still do not 

understand the mechanism of observed functional improvement, whether the 

implanted cells directly integrate with the host tissue, or how to improve donor 

cell survival and sustain tissue repair114.  Optimization of cellular therapy cannot 

progress without the mechanistic insights described above.  This optimization is 

a prerequisite for the therapy to become safe, effective, and widely accepted as 

well as to surpass the short and long term outcomes of current pharmacological 

and surgical treatments.   

2.4.1 Optimization of cell source 

 One of the crucial prerequisites for successful cellular transplantation 

therapy is the use of an appropriate cell source. It is recognized that different 

cells may be specifically suited for different disease states and delivery 

methods135, but a number of questions remain to be answered even for the two 

cell types currently in clinical use. Specifically, it is still not clear if implanted 

skeletal myoblasts are capable of functionally coupling with host heart tissue136-

139.  Furthermore, it has been recently shown both in vitro140 and in vivo136 that 

skeletal myoblasts cannot transdifferentiate to a cardiac phenotype; however, 
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fusion may be possible141.  Mesenchymal stem cells142,143, on the other hand, can 

functionally couple amongst themselves and with cardiac cells75, but the 

efficiency of differentiation into cardiomyocytes remains poor144,145.  Thus, 

understanding how these or possible future donor cell types, such as resident 

cardiac progenitor cells, interact with cardiac cells, and how these interactions 

may be controlled and improved, is expected to allow for the development of a 

safer and more effective therapy for post-infarct treatment. 

2.4.2 Cardiac fibroblasts and donor cells 

This thesis is focused on examining the structural interactions between 

donor and host cardiac cells as well as the paracrine effects of donor cells on 

electromechanical coupling and propagation within the cardiac network.  The 

specific donor cell types studied are those predominately used in clinical trials, 

namely, skeletal myoblasts and adult mesenchymal stem cells. Their interactions 

with cardiomyocytes are compared to those of a predominant cell type already 

present in the infarct scar, cardiac fibroblasts146.  

2.4.2.1 Cardiac fibroblasts (CF) 

 Cardiac fibroblasts are the predominant non-myocyte cell type in the 

heart, comprising two thirds of the non-myocyte cell population83.  They are 

structurally arranged in sheets and strands running parallel to the 

cardiomyocytes82.  The classical view is that cardiac fibroblasts produce collagen 

and serve an important role in mechanical function, while acting as a non-

excitable insulator to electrical conduction.  However, this view has recently been 
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challenged.  In vivo, cardiomyocytes were shown to structurally couple with 

fibroblasts in the rabbit sinoatrial node, while direct proof of functional coupling is 

still missing. These findings have not been confirmed in other regions of the 

heart, including the ventricles.  In vitro, functional coupling of cardiomyocytes and 

cardiac fibroblasts has been also documented72.  In these studies, cardiac 

fibroblasts from neonatal rat ventricles were shown to (1) support passive 

electrical propagation within the cardiac strand over distances of up to 300μm 

and (2) impose an electrical load on the cardiomyocytes, depolarizing the 

myocytes resting potential, inactivating the sodium current, and therefore 

reducing the conduction velocity147,148.  The coupling between two fibroblasts 

may be through connexin 40 junctions, while connexin 45 (and possibly connexin 

43) junctions provide coupling with cardiomyocytes. Yet, other in vitro studies do 

not support coupling and propagation between cardiomyocytes and fibroblasts149. 

External stress, as well as the presence of TGF-β, which is upregulated 

under pathological circumstances, cause cardiac fibroblasts to convert to 

myofibroblasts.  Myofibroblasts, classically identified by an increased expression 

of smooth muscle alpha actin, are only a product of certain disease pathologies 

and are not found in normal healthy cardiac tissue, with the exception of the 

heart valve leaflets82.  It has been reported that fibroblasts in culture can exhibit 

behavior similar to myofibroblasts66. 

2.4.2.2 Skeletal myoblasts (SKM) 

 Skeletal myoblasts are precursor cells to skeletal muscle and are used in 
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cellular cardiomyoplasty because they are highly resistant to ischemia, proliferate 

after injury, and, when implanted, orient against the lines of cardiac stress to 

prevent thinning and dilation of the injured region150-152.  As precursor cells, 

skeletal myoblasts express the transcription factors MyoD and Myf5, while 

terminally differentiated multinuclear myotubes express myogenin and MRF4153.  

To mechanically connect, myoblasts express M-cadherin as well as N-cadherin.  

M-cadherin is part of the myogenic program and may provide a trigger for 

terminal muscle differentiation154.   

2.4.2.2.1 Coupling of skeletal myoblast with cardiomyocytes 

In vitro it has been observed that rat skeletal myoblasts couple with adult 

and neonatal cardiomyocytes via connexin 43 and N-cadherin155. Although these 

proteins are downregulated when myoblasts fuse forming myotubes, the 

myotubes were found to contract synchronously with cardiomyocytes and stop 

contracting when a gap junction inhibitor was added155. In yet another study, 

culturing skeletal myoblasts with cardiomyocytes upregulated gap junction 

communication between the two cell types156.  In contrast, a study by Abraham et 

al. reported that SKMs were electrically isolated from cardiomyocytes causing a 

high occurrence of reentrant arrhythmias157. Similarly, recent in vitro studies 

showed that myoblasts cannot passively conduct electrical activity between the 

cardiomyocytes149. Skeletal myoblasts have been reported to express connexin 

43 and 45 but not 40; however, there is much controversy over their ability to 

express connexin 43136.  Mature skeletal myotubes, on the other hand, are not 
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believed to express significant amounts of connexins158 and are shown not to 

couple with cardiomyocytes in vivo.  To improve functional coupling between 

skeletal myoblasts and cardiomyocytes, a few groups have transfected skeletal 

myoblasts to overexpress connexin 43157,159.   

The results from in vivo studies are also controversial. One study reported 

that 4 days after implantation, the expression of cardiac specific markers in 

myoblasts was upregulated which facilitated their coupling with host 

cardiomyocytes160. However, another study found no cardiac specific markers, 

connexin 43, or N-cadherin upregulation in skeletal myoblasts up to12 weeks 

after implantation, suggesting no functional integration within the heart136.  Yet 

other in vivo studies demonstrated integration of SKMs in the heart via gap 

junctions (detected by immunostaining)161,162, while others showed no existence 

of functional coupling136,137,163.   

2.4.2.3 Mesenchymal stem cells (MSC) 

 Mesenchymal stem cells reside in the bone marrow and contain a mixed 

cell population positive for the cell surface marker CD90 (cluster of 

differentiation-90) and negative for CD45, which separates them from the 

hematopoietic stem cells also residing within the bone marrow.  MSCs are 

advantageous because, unlike hematopoietic stem cells145, they are thought to 

be capable of differentiating to cardiomyocytes and possibly endothelial and 

smooth muscle cells164.  MSCs express N-cadherin and connexins 40, 43, and 

45.  Furthermore, MSCs electrically couple with each other via connexin 40 and 
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43, and they connect with adult and neonatal cardiomyocytes via connexin 43 

75,158,165.  They were also recently shown to be able to passively propagate 

electrical activity between the neonatal rat cardiomyocytes in vitro.  

2.4.3 Possible complications: arrhythmia induction 

 One of the recognized risks of present and future cell therapies for heart 

disease is the arrhythmogenic potential of implanted cells. In particular, an 

increased risk of ventricular arrhythmias was initially demonstrated with injected 

skeletal myoblasts, presumably due to their inability to electrically couple with 

host cardiac cells. However, very recent findings from the MAGIC trial reported 

that the time to first ventricular arrhythmia was not different among the groups 

that received high, low, or no dose of SKMs135 pointing to the method of cell 

delivery, rather than the cells themselves, as the cause of arrhythmia generation. 

In support of this notion, other studies suggest that direct intramyocardial 

injection, but not intracoronary infusion, of bone marrow cells also induces 

ventricular arrhythmias166.  In adult rats, both methods of delivery have been 

shown to yield comparable improvements in cardiac function; however, the 

frequency of premature ventricular contractions was markedly increased in the 

group that received direct cell injection.  Histological analysis of the injection sites 

revealed isolated pools of only donor cells, perhaps acting as a physical barrier 

to impulse propagation.   

 In general, the implant that consists of unexcitable donor cells represents 

a passive electrical load that can slow or block impulse propagation in cardiac 
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tissue and in turn increase the risk of arrhythmia induction.  These results stress 

the need for systematic studies of structural and functional integration of different 

donor cells within the host cardiac network. 
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3. Materials and methods 

3.1 Cell isolation 

3.1.1 Cardiomyocytes 

Primary cultures of neonatal rat cardiomyocytes were obtained by 

enzymatic digestion of ventricles from two day old neonatal Sprague-Dawley rats 

(Charles River), based on previously described methods167.  The ventricles were 

excised, diced and incubated in trypsin (US Biological, cat# 22715; 614,000 

USP/g) at a concentration of 0.7mg/ml in Hank’s Balanced Salt Solution (HBSS; 

Gibco, cat#14170-112) for 16 hours at 4˚C with mechanical shaking at 70rpm.  

Following this trypsin digestion, the tissue fragments were rinsed in warm 

medium for 4 min at 37˚C and 80 rpm and then subjected to a series of digestion 

steps in collagenase type 2 (1mg/ml HBSS; Worthington, cat#LS004177; 

248U/mg) at 37˚C.  The first digestate was discarded, and three subsequent 

digestions of 2 min each were performed under mechanical shaking at 90, 100, 

and 110 rpm, respectively.  The enzyme solution containing the cells was 

transferred to a centrifuge tube, quenched with an equal volume of HBSS, and 

kept on ice.  The cells were then centrifuged at 1000 rpm for 8 min. The cell 

pellet was resuspended in ice cold HBSS and filtered through a cell strainer 

(40µm pores). The cells were centrifuged again at 750 rpm for 5min, and the 

pellet was resuspended in seeding cardiac media comprised of DMEM/F12 

(Gibco, cat#11330-032), 10% calf serum (Colorado Serum Company, cat#1334), 

10% horse serum (Hyclone, cat#SH30074.03HI) and 50,000U penicillin/50,000µg 
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streptomycin (Gibco, cat# 15140-122).  To enrich the myocyte population, cells 

were preplated twice for 45 minutes each in a T175 flask to remove the faster 

adhering non-myocytes (i.e., predominantly fibroblasts).  Cells that remained 

unattached after the second preplating were then seeded as cardiac monolayers. 

Viability was assessed by Trypan Blue (Gibco, cat#15250-061) exclusion. Cell 

yield was approximately 4.0x106 viable cells per heart.  

3.1.2 Cardiac fibroblasts 

Cardiac fibroblasts (CF) were recovered from the cardiomyocyte isolation 

during the preplating steps.  Following trypsinization (0.25% Trypsin/EDTA, 

Gibco, cat# 25200-072) and replating, an almost pure population of cardiac 

fibroblasts was obtained, as assessed by positive staining for vimentin (Sigma, 

cat#V6630) and only occasional positive staining for CD31 (endothelial cells) and 

sarcomeric α-actin (cardiomyocytes).  For all studies, CFs were used only at 

passage 1. 

3.1.3 Adult rat mesenchymal stem cells 

Adult rat mesenchymal stem cells (MSC) were isolated from the bone 

marrow of male Sprague-Dawley rats based on previously described methods168. 

Briefly, 3 month males of approximately 180g in weight were anesthetized with 

isofluorane and then given a lethal intraperitoneal injection of sodium 

pentobarbital at 200mg/kg. Immediately after death, using aseptic technique, the 

skin of the hindlimbs was incised, and the femur and tibia were dissected from 

the surrounding muscle and connective tissue. Using bone clippers, the ends of 

the bones were cut away to expose the marrow cavity, and whole bone marrow 
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was flushed from the cavity with 10ml MSC growth medium [alpha-MEM (Gibco, 

cat#12561-056), 20% FBS (Hyclone, cat# SH30071.03HI), and 50,000U 

penicillin/50,000µg streptomycin]. A ficoll gradient (Ficoll-Paque Plus, GE 

Healthcare, cat#17-1440-02) was used to separate the mononuclear cells from 

the remainder of the bone marrow by centrifugation at 2100 rpm for 20 min at 

4°C. The resultant cloudy layer at the ficoll-medium interface, containing the 

mononuclear cells, was aspirated and transferred to a new conical tube. The 

cells were washed twice with PBS by centrifugation at 1000 rpm at 4°C for 5 min 

each.  The final cell pellet was resuspended in 10ml warm MSC growth medium 

and plated in a 100mm diameter Petri dish. Only the MSCs adhered to the dish, 

and the unattached mononuclear cells were discarded with the first medium 

change on culture day two. The medium was replenished every two days until 

confluent colonies of MSCs developed. The colonies were then trypsinized using 

0.25% trypsin and replated in tissue culture flasks. The presence of 

mesenchymal stem cells was confirmed by ubiquitous positive staining for CD90 

(anti-mouse CDw90, Chemicon, cat# CBL1500) and absence of staining for the 

hematopoietic stem cell marker CD45 (anti-rat CD45, Chemicon, cat#CBL1502). 

Cultures resulted in approximately 95% purity, with minimal fibroblast presence, 

confirmed by negative staining for vimentin.  Cells were used at passage 3-6, 

never frozen. 

3.1.4 Skeletal myoblasts 

Adult rat skeletal myoblasts were obtained from the hindlimb soleus 

muscle of female Sprague-Dawley rats using previously published methods169. 
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Briefly, rats were anesthetized with isofluorane and then given a lethal 

intraperitoneal injection of sodium pentobarbital at 200mg/kg. Immediately after 

death, using aseptic technique, the skin of the hindlimbs was incised and the 

soleus muscle was isolated from the surrounding muscle and fascia. A biopsy of 

the soleus muscle was transferred to warm myoblast growth medium [DMEM 

(Gibco, cat# 11950), 20% FBS, and 50μg/mL gentamicin (Gibco, cat# 15750-

060)]. The muscle was then minced with sharp scissors into pieces of 

approximately 1mm3 which were transferred to a 100mm diameter Petri dish. 

After two days, the tissue pieces were triturated, and half of the culture medium 

was replenished. Myoblasts subsequently migrated from the tissue and adhered 

to the dish after 10 days. Myoblasts were cultured at below 70% confluence to 

prevent myotube formation, and myogenic phenotype was confirmed by positive 

staining for desmin (Abcam, cat#ab859) and MyoD (Santa Cruz, cat#sc-31940).  

Cultures resulted in approximately ninety percent purity.  Cells were used at 

passage 3-6. 

 

3.2 Monolayers 

Confluent, isotropic cardiomyocyte monolayers were cultured in 12-well 

dishes (BD Falcon, cat#62406-165). Specifically, cardiomyocytes obtained after 

the second preplating step were seeded at a concentration of 0.8x106 cells per 

coverslip in cardiac seeding media onto 22 mm diameter fibronectin-coated aclar 

coverslips (Electron Microscopy Sciences, cat#50425-25). Coverslips were 
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prepared by coating with fibronectin solution (25µg/ml sterile deionized water; 

Becton-Dickinson, cat#356008) for 2 hrs at 37°C.  Cells were allowed to adhere 

overnight, and unattached cells were discarded after a wash with phosphate 

buffered saline (PBS; Gibco, cat#14190-144).  Forty-eight hours after seeding, 

the seeding media was switched with a serum-free maintenance media170  

[DMEM/F12 supplemented with 2µg/ml L-thyroxine (Sigma, cat#T-0397), 

0.1ug/ml insulin (Sigma, cat#I-1882), 0.5µg/ml transferrin (Gibco, cat#11105-

012). 2.5µg/ml ascorbic acid (Sigma, cat#A-5960), 1nM lithium chloride (Sigma, 

cat#L-4408), 1nM sodium selenite (Sigma, cat# S-5261) and 50,000U 

penicillin/50,000µg streptomycin] which was used for the remainder of the culture 

time. 

3.2.1 Media concentration  

Concentration studies on cardiac monolayers involved concentrating 

fibroblast conditioned media 10-fold using a centrifugal filtering device 

(Centriprep Ultracel YM-3, 3,000MW cutoff; Millipore, cat#4320). Per 

manufacturer’s instructions, media samples were centrifuged at 3000xg once for 

65 min and twice for 10 min. The filtered supernatant was discarded and the 10-

fold concentrated conditioned media was collected and re-diluted 10-fold in fresh 

control cardiac media. 

 

3.3 Micropatterning 

Poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning) (PDMS) 
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stamps and corresponding protein micropatterns containing single- or two-

trapezoid islands were prepared from photomasks generated in AutoCAD 

(Autodesk) as previously described171.  Specifically, photoresist (SU810; 

Microchem) was coated by spin-coating onto a silicon wafer (Wafer World, cat# 

1182) at 10µm thickness and subsequently soft-baked. The coated wafers were 

covered by photomask, exposed to UV light to crosslink the photoresist, and 

subsequently post-baked. Propylene glycol monomethyl ether acetate (PGMEA, 

Sigma, cat# 537543) was used to dissolve the uncrosslinked photoresist, 

producing the desired pattern on the silicon wafer (master wafer).  

 Specific details of this microfabrication process are listed in Table 3.1.  

Table 3.1. Microfabriation parameters for fabrication of silicon masters. 

Spin 
Speed 
(rpm) 

Soft Bake 
Temp  
(°C) 

Soft Bake 
Time 
 (min) 

UV 
Exposure 

Time 
(sec) 

Post Bake 
Temp  
(°C) 

Post Bake 
Time  
(min) 

PGMEA Wash 
Time  
(min) 

3000 65/95 2/5 20 65/95 1/2 4 
 

These master wafers were then silanized ((Tridecafluoro-1,2,2-

tetrahydrooctyl)-1-trichlorosilane, United Chemical Technologies, cat#T2492-KG) 

overnight to prevent unwanted adhesion of PDMS during further processing. 

PDMS stamps were cast against the microfabricated wafers and cured overnight 

at 60°C. The stamps were then peeled off of the wafer, cleaned by sonication in 

70% ethanol for 60 min, and then coated for one hour at 37°C with the protein 

solution: 50µg/ml fibronectin or 200µg/ml collagen type IV (Sigma, cat#C5533). 

The protein coated stamps were rinsed in sterile water, dried under pressurized 

nitrogen, and pressed against 22mm diameter PDMS-coated glass coverslips 
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(VWR, cat#48380-080) to transfer the protein pattern. The PDMS-coated 

coverslips were prepared by spin-coating PDMS prepolymer onto the coverslips 

at 3000 rpm for 30 sec, baking overnight at 60°C and then surface treating with 

UV light for 8 min to improve PDMS hydrophilicity and facilitate protein transfer 

during stamping. Unstamped areas of the coverslip were coated with 0.2% w/v 

Pluronic F-127 (Molecular Probes, cat#P-6867) to prevent cell adhesion.  

 

3.4 Analytical methods 

3.4.1 Immunostaining 

Cultures were washed three times with PBS and then fixed in a 1:1 v/v 

solution of methanol and acetone for 2 min at room temperature followed by 3 

additional PBS washes.  The cells were permeabilized with 0.5% v/v Triton X-100 

(Sigma, cat#X-100) in PBS for 30 min at room temperature, and blocked for 30 

min at room temperature in a 1:5 v/v solution of chicken serum (Sigma, 

cat#C5405) and 1% w/v bovine serum albumin (BSA; Sigma, cat#A2153) in PBS. 

After another 3 PBS washes, cells were incubated with primary antibody diluted 

in PBS at 4˚C overnight. The cells were then washed three times in 0.1% Triton 

X-100 in PBS and incubated with secondary antibody diluted in PBS. 4',6-

diamidino-2-phenylindole dihydrochloride (DAPI) or YOYO-1 were used for 

visualization of the nuclei. The fluorescent conjugated dyes as well as the 

nuclear dyes were applied to cells with the secondary antibody.  All dilutions and 

sources are given in Table 3.2.  Following the secondary antibody incubation, 
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cells were washed 3 times with PBS and the coverslips were mounted onto glass 

slides using Fluoromount-G (Electron Microscopy Sciences, cat#17984-25). Cells 

were visualized by fluorescence microscopy on an inverted microscope (Nikon 

TE2000-U). Images were captured with a CCD camera (Sensicam QE, Cooke 

Corp.) and IPLab (Scanalytics Inc.) image acquisition software.   

Table 3.2. Antibodies and dilutions used for immunostaining. 

Primary Antibody Dilution Source 
Anti-sarcomeric alpha actinin (mouse) 1:100 Sigma, cat#A7811 
Anti-connexin-43 (rabbit) 1:100 Zymed, cat#71-0700 
Anti-connexin-43 non-phosphorylated 
(mouse) 

1:100 Zymed, cat#13-8300 

Anti-vimentin (mouse) 1:1000 Sigma, cat#V6630 
Anti-pan cadherin (rabbit) 1:100 Sigma, cat#C3678 
Anti-desmin (rabbit) 1:100 Abcam, cat#ab859 
Anti-MyoD (mouse) 1:100 Santa Cruz, cat#sc31940 
Anti-CD31 (mouse) 1:100 Abcam, cat#ab24590 
Anti-CD45 (mouse) 1:100 Chemicon, cat#CBL1502 
Anti-CD90 (mouse) 1:100 Chemicon, cat#CBL1500 

Secondary Antibody Dilution Source 
Alexa Fluor® 488 anti-mouse IgG 1:200 Molecular Probes, cat#A21200 
Alexa Fluor® 488 anti-rabbit IgG 1:200 Molecular Probes, cat#A21441 
Alexa Fluor® 594 anti-mouse IgG 1:200 Molecular Probes, cat#A21201 
Alexa Fluor® 594 anti-rabbit IgG 1:200 Molecular Probes, cat#A21442 
Alexa Fluor® 365 anti-mouse IgG 1:100 Molecular Probes, cat#A11045 

Fluorescent Dyes Dilution Source 
DAPI 1:100 Sigma, cat#D9542 
Wheat Germ Agglutinin conjugated to 
Alexa Fluor® 594 

5ug/ml Molecular Probes, cat#W11262 

YOYO-1 1:10,000 Molecular Probes, cat#Y3601 
Phalloidin-FITC 1:100 Sigma, cat#P5282 
 
3.4.1.1 Quantification of immunostaining  

3.4.1.1.1 Quantifying the number and distribution of cells attached to trapezoid-

shaped fibronectin islands   

The microfabrication process was planned such that the individual frames 

containing single trapezoids or trapezoid pairs (Figure 4.2) were sized to fit within 
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a single image acquired at 10X magnification. These images were acquired at 

same orientation using a fluorescent microscope. Custom Matlab software was  

designed in collaboration with Nima Badie (a graduate student in Dr. Bursac’s 

laboratory) to assess the number and distribution of cells on the trapezoid islands 

(Figures 4.3 & 4.4) Specifically, based on known positions and dimensions of 

trapezoid islands in the image, the number of cells on each island was counted 

by automatically detecting the stained nuclei within the trapezoid area. 

Subsequently, the number of pixels in each stained image with a light intensity 

greater than 10% of the maximum light intensity was summed in each trapezoid 

to calculate the area covered by the cells. For single trapezoid islands, a cell was 

included in the total count if its area covered between 70% and 130% of the 

trapezoid area.  For two-trapezoid islands, the number and positions of nuclei 

within trapezoids as well as position of the cell-covered area where used to 

classify different outcomes of cell seeding (Figure 4.4). 

3.4.1.1.2 Evaluating the efficiency and distribution of junction proteins in cell pairs 

The number of cells containing a particular distribution of connexin-43 or 

N-cadherin was manually counted and expressed as a percentage of total 

trapezoid islands available for cell attachment. 

3.4.1.1.3 Quantifying average number of nuclei/coverslip, total fibroblast 

area/area of coverslip, and number of apoptotic nuclei/total nuclei   

Ten non-overlapping images were randomly acquired per each coverslip 

at a magnification of 20x and used for analysis. The data was averaged among 
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images, and the results were expressed per coverslip by scaling up with the ratio 

of the coverslip/image area. Normal (stained by DAPI) and apoptotic (stained by 

TUNEL method, see 3.4.2) nuclei were automatically counted using the 

segmentation analysis in IP Lab.  Similarly, segmentation analysis was used to 

select and measure vimentin positive area (used to label fibroblasts) and 

obtained results were normalized by the total number of nuclei per image.   

3.4.1.1.4 Quantifying phosphorylated and unphosphorylated connexin-43 area 

per nuclei   

Custom Matlab software was designed to assess the area ratio of 

phosphorylated (PO4) and unphosphorylated (UnPO4) connexin-43 (Cx43) 

staining.  The number of image pixels with an intensity greater than 90% of the 

maximum image pixel intensity were counted and divided by the number of nuclei 

per image, approximating the area of PO4-Cx43 and UnP04-Cx43 per cell. Data 

from ten images per coverslip were averaged and the ratio of UnPO4 to PO4 

connexin areas was calculated and reported.   

3.4.2 Apoptosis detection 

Apoptotic cells were detected using a commercially available fluorescence 

kit (ApopTag Plus Fluorescein In Situ Apoptosis Detection Kit; Chemicon, 

cat#S7110) based on the TUNEL method, which detects and labels the free 3’-

OH ends of DNA strand breaks in apoptotic nuclei.  According to manufacturer’s 

protocol, cells were fixed in 1% PFA solution after washing with PBS.  

Digoxigenin-labeled nucleotides in reaction buffer and terminal deoxynucleotidyl 

transferase enzyme (TdT) were applied to the cultures for one hour at 37ºC to 
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catalyze the template-independent addition of nucleotide triphosphates to the 3’-

OH ends of double-stranded or single-stranded DNA.  After termination of the 

reaction, fluorescein-labeled anti-digoxigenin antibodies were applied to visualize 

the nucleotides added to DNA free ends.  Cells were counter-stained with DAPI, 

mounted onto glass slides with Fluoromount G, and visualized using 

fluorescence microscopy.  Images were captured with a CCD camera and IPLab 

software.  The number of apoptotic nuclei that stained intensely green was 

expressed relative to total number of nuclei stained by DAPI.     

3.4.3 Protein quantification 

 Total protein of cellular extracts (cardiac monolayers) was measured using 

a standard Bradford colorimetric assay (Bio-Rad, cat#500-0006) and measuring 

absorbance at 595nm with a spectrophotometer (Smartspec Plus; BioRad). 

3.4.4 TaqMan RT-PCR 

Total RNA was isolated from monolayer cultures using an RNeasy Mini Kit 

(Qiagen, cat#74104) per the manufacturer’s instructions. Briefly, 3 monolayer 

cultures per experimental group were lysed and pooled in a highly denaturing 

guanidine isothiocyanate (GITC)-buffer supplemented with β-mercaptoethanol. 

Samples were homogenized using a QIAshredder spin column (Qiagen, 

cat#79654).  Ethanol was added and the mixture was applied to an RNeasy mini 

column, which binds all RNA molecules larger than 200 nucleotides.  To 

decrease DNA contamination, samples were incubated with RNase-free DNase I 

(Qiagen, cat#79254). The total RNA bound to the column was then eluted with 

RNase-free water and stored at -20°C until use. Quantity of total RNA and 
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A260/A280 ratio for nucleic acid purity were measured with a spectrophotometer 

(Smartspec Plus; BioRad).  All samples used had an A260/A280 ratio of 1.9 or 

greater. 

RT-PCR primers and probes were custom designed and validated by Dr. 

Hyung-Suk Kim, director of the Gene Expression Laboratory at the University of 

North Carolina, Chapel Hill.  The sequences of the primers and probes are listed 

in Table 3.3.  The TaqMan probes (PE Applied Biosystems) were labeled at the 

5' end with the fluorescent reporter dye FAM (6-carboxy-fluorescien) and at the 3' 

end with the quencher dye TAMRA (6-carboxy-tetramethyl-rhodamine).  One-

step RT-PCR was done using a single buffer system that enables RT and PCR 

amplification to occur without interruption. TaqMan PCR assays for each sample 

for each gene were performed in triplicate in 96-well optical plates (PE Applied 

Biosystems, cat#4309849) on an ABI Prism 7300 Sequence Detection system 

(PE Applied Biosystems). For each 30µl reaction, 50ng/10µl template was added 

to 15µl 2X Universal PCR Master Mix (PE Applied Biosystems, cat#4324018), 

3µl DEPC water, 0.1µl reverse transcriptase (50U/µl; SuperScript III Reverse 

Transcriptase; Invitrogen, cat#18080-093), 0.5µl forward primer (0.1µg/µl), 0.5µl 

reverse primer (0.1µg/µl), and 1µl TaqMan probe (20µM).  PCR reaction steps 

were run at 48ºC for 30 min, followed by 95ºC for 10 min, and finally 40 cycles of 

95ºC for 15 sec and 60ºC for 1 min.  

All TaqMan PCR data were captured using Sequence Detection Software 

(SDS version 1.6; PE Applied Biosystems). For every sample, an amplification 

plot was generated and from this plot a threshold cycle (Ct), value was 
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calculated, representing the PCR cycle number at which the fluorescence was 

detectable above a selected threshold.   

 
 
Table 3.3. TaqMan primers and probes for rat genes. 
 
Gene  Type     Sequence (5’-3’)  
18S  Forward AGA AAC GGC TAC CAC ATC CA 
  Reverse CTC GAA AGA GTC CTG TAT TGT 
  Probe  f AG GCA GCA GGC GCG CAA ATT AC q 
 
Connexin43 Forward AAG TGA AAG AGA GGT GCC CA 
  Reverse GTG GAG TAG GCT TGG ACC T 
  Probe  f TCC AGA AGC TTC CCC AAG GCA CTC q 
 
Connexin45 Forward CCT TTC ACT TGG AAT ACA CCA T 
  Reverse CAG TGT ACT GGA TTT GAT CTG G 
  Probe  f CTC CCC CAG GCT ATA ACA TTG CTG q 
 
KIR2.1  Forward GTG TCT GAG GTC AAC AGC TT 
  Reverse GAA ACC ATA GCC GAT GGT TG 
  Probe  f CGG CTG CCT TCC TCT TCT CCA TTG A q 
 
KCND3 Forward CTC AGC ACC ATC CAC ATC CA 
  Reverse CAG TCC GAC GTC TGC TTT CA 
  Probe  f AGT GAG CAG CCC TCC CTC ACC AC q 
 
SCN5A Forward GTG GTC ATC CTC TCC ATT GT 
  Reverse AGA CGG ATG ACC CGG AAG A 
  Probe  f CAC TGT CCT CTC CGA CAT CAT CCA G q 
 
αMHC  Forward AGC TCA GTC AGG CCA ATA GA 
  Reverse TGG GTG TCC TTC AAG TGG GC 
  Probe  f CGT TCT TCA AGT GCT TCT GGG CCT CT q 
 
βMHC  Forward AGC TCA GTC ATG CCA ACC GC 
  Reverse TGA GTG TCC TTC AGC AAA CT 
  Probe  f AGG CTC TTC ACT TGT TTC TGG GCC TC 
 
f, Reporter dye(FAM:6-carboxyfluorescein); q, Quencher dye(TAMRA:6-
carboxytetramethyl1-rhodamine) 
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The data was quantified, by comparing the signal of the target transcript of 

the treated group with that of the control group, both relative to an internal 

control, 18S.  The internal control, 18S, was not affected by the treatment and 

therefore had similar expression for both the control and treatment groups.  The 

2-ΔΔCt method was used and is the preferred method for determining the effect of 

a treatment on the expression relative to the control group172.  To calculate the 

fold difference between the treatment and control groups, first the Ct values of 

the replicates are averaged.  Then ΔCt was calculated, where the internal control 

is subtracted from the sample groups, ΔCt,sample= ((Avg sample Ct) – (Avg 18S 

Ct)).  Then ΔΔCt is calculated, where the control group is subtracted from the 

treatment group, ΔΔCt=( ΔCt,treatment- ΔCt,control).  It is important to note that the Ct 

value is determined from the log-linear plot of signal versus cycle number and 

thus is an exponential term; therefore, it must be converted to the linear form by 

the 2-ΔΔCt calculation172.  This final calculation yields the fold change in the 

expression of the target gene in the treatment group relative to the control group.   

 

3.5 Electrophysiological assessment 

3.5.1 Optical mapping of membrane potentials 

Optical recordings were performed on seven day (or otherwise, if 

specified) confluent monolayer cultures using previously described methods171.  

Specifically, monolayer cultures were stained with the voltage-sensitive dye di-4-

ANNEPS (16µM; Molecular Probes, cat#D-1199) for 5 min at room temperature 
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and then placed in a custom-designed temperature-controlled chamber (Dagan 

Corp.) and gravity perfused with 37˚C oxygenated Tyrode’s solution (in mmol/L: 

135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 5 HEPES, 5 glucose). A 

point stimulus (1.2x threshold, 10ms duration) was delivered at a rate of 2Hz by a 

bipolar platinum point electrode positioned ~1mm above the monolayer surface 

at the center of the culture and connected to a Grass stimulator.  Cultures were 

illuminated with green light (520±30 nm) by a tungsten light source, and emission 

responses were filtered through a 0.1mm thick coverglass (Fisher Scientific, 

cat#35X50-1) coated with 3 layers of red photosensitive resin (PSCRed, Brewer 

Scientific) to provide long-pass emission filtering with a cutoff wavelength of 

approximately 590nm. A tightly packed bundle of 504 optical fibers (750µm in 

diameter) arranged in a 19mm diameter hexagonal array (RedShirt Imaging) was 

placed under the chamber to collect the emission signals. Optical fibers were 

directly coupled to individual photodiodes (modified WuTech H469-V) which 

served to convert optical signals to voltage. The voltage signals were amplified 

by a two stage amplifier, and sampled, digitized, and stored on a PC at a rate of 

up to 20kHz using a fast 14-bit A/D card (Microstar Laboratories, 

cat#DAP5400a). A second A/D card (Microstar Laboratories, cat#DAP840) 

synchronized with DAP5400a served for the control of the stimulus, shutter, and 

other digital signals. Data acquisition and display, and stimulus timing were 

controlled using custom designed LabView 7.1 software (National Instruments) 

written by James Scull (a graduate student in Dr. Bursac’s laboratory). 
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3.5.2 Optical mapping data analysis 

Data analysis of optical recordings was performed in MATLAB and C++ 

using a custom software package written by Nima Badie. Briefly, signals from the 

504 recording sites were detrended by fitting and subtracting a 3rd order 

polynomial and then filtered using a combination of Savitzky-Golay and low-pass 

temporal filters to maintain action potential upstroke integrity while removing the 

noise from the repolarization phase of the action potential. Local activation times 

were determined as times of the maximal action potential upstroke and used to 

construct isochrone maps and calculate conduction velocities during point 

pacing.  Action potential duration, APD80, was defined as the interval from 

activation time to 80% repolarization of the action potential.  

3.5.3 Patch clamping 

Patch clamp recordings were performed in collaboration with Robert 

Kirkton (a graduate student in Dr. Bursac’s laboratory) to assess the shape of 

cardiac action potentials in control and treatment monolayer cultures. Sharp 

microelectrodes were fabricated from standard wall borosilicate glass capillary 

tubes (Sutter BF 100-50-10, Sutter Instruments) using a P-97 Sutter micropipette 

puller to generate electrodes with tip resistances between 50 and 80 MΩ when 

backfilled with 3M KCl.  The electrodes were connected to the headstage of a 

Multiclamp 700B amplifier (Axon Instruments, Inc.) using a silver chloride wire 

embedded within the micropipette holder.  A reference silver chloride wire was 

connected to the bath chamber through an agar bridge.  Cultures were placed on 

an inverted microscope (Nikon Eclipse TE2000) and perfused with warm (37oC) 
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Tyrode’s solution. 

Electrode potential offset and capacitance were neutralized prior to cell 

impalement. Upon the impalement and after the resting potential has stabilized, a 

bipolar point electrode (10 ms, 1.2xthreshold pulses) was used to elicit electrical 

propagation from a monolayer periphery at 2-4 Hz pacing rate. Action potentials 

were recorded in cells positioned at least 3 mm away from the stimulus site using 

the current mode of the Multiclamp 700B amplifier. Recordings were sampled at 

20 kHz, digitized using a BNC-2090 adaptor and NIDAQ-MX computer interface 

(National Instruments Corporation, Austin, TX), and low-pass filtered at 4.5 KHz 

using a Butterworth filter. Data was analyzed using WinWCP software (John 

Dempster, University of Strathclyde) to derive membrane resting potential, 

maximum depolarization slope of action potential, and action potential duration at 

80% of repolarization. 

 

3.6 Computational Modeling 

Two different cell membrane models were used in the simulations. 

Computational modeling for the first model was done in collaboration with Sarah 

Roberts (a graduate student in Dr. Craig Henriquez’s laboratory).  A single 1 cm 

long cardiac fiber was modeled as a one-dimensional continuous monodomain 

discretized into 100 nodes.  Current flow at each node was described by the 

following equation:  
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where Cm is the membrane capacitance (set to 1 μF/cm2), Iion is the sum of ionic 

currents (μA/cm2), Vm is transmembrane voltage (mV), β is surface-to-volume 

ratio (set to 2000cm-1), σi is the longitudinal conductivity (set to match control 

experimental conduction velocity), and Is is stimulus current (μA/cm3).  The 

equation (1) was solved using no flux boundary conditions and a semi-implicit 

Crank Nicolson scheme with a fixed time step of 0.001 ms. After 0.5 s was 

allowed for the fiber to reach the steady state, pacing was applied at the leftmost 

node (0 cm) to elicit propagating action potentials. 

For the control case, a modified Luo-Rudy dynamic membrane model173 

was used to describe Iion, where the time-independent potassium current (IK1) 

was reduced, consequently decreasing the resting membrane potential to match 

what was observed experimentally (–70 mV).  For the fibroblast-conditioned 

case, we eliminated Ito, reduced INa by 3.8-fold and reduced IK1 6.6-fold, 

representative of the gene expression changes seen experimentally.  

Computational modeling for the second model was performed in 

collaboration with Nima Badie. A single 1 cm long cardiac fiber was modeled as a 

one-dimensional discrete monodomain consisting of 100 cells, 4 nodes per cell. 

Current flow at each node was described by the above equation (1), except the 

longitudinal conductivity was replaced with an effective intracellular and gap 

junctional conductivity. 

For the control case, a modified Pandit membrane model174 was 

implemented to describe Iion, tuned to mimic neonatal experimental data in terms 

of action potential duration, conduction velocity, and maximum action potential 
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upstroke. First, the maximum conductivity of the sodium channel was increased 

by 25% to achieve 140 V/s, close to what was commonly observed in our 

previous patch-clamp studies. Increasing the sodium conductivity resulted in an 

increase in conduction velocity, which was countered by increasing the gap 

junction resistance 9-fold to result in the experimentally observed conduction 

velocity of 20 cm/s. Finally, the maximum conductivity of the transient outward 

potassium current was reduced to 6% of its default value to increase the action 

potential duration to the experimentally observed 100 ms. Again, for the 

fibroblast-conditioned case, we eliminated Ito, reduced INa by 3.8-fold and 

reduced IK1 6.6-fold, representative of the gene expression changes seen 

experimentally. 

For both models, activation time was defined as a time of 20% of action 

potential depolarization. Conduction velocities were calculated using the distance 

and difference in activation time between nodes at 0.45 and 0.65 cm. The action 

potential duration (APD80) was calculated at the center node as the interval 

between activation time and time of 80% repolarization.  

 
 
3.7 Statistical analysis 

 Data was expressed as a mean ± SD and analyzed using a rank sum 

analysis; a one, standard, or paired t-test; or a one-way ANOVA using S-Plus.  

Differences were considered statistically significant when p<0.05. 
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4. An in vitro model system to study the structural 

interactions between cardiac and non-cardiac cells 

Unfortunately, a major hurdle in evaluating the effectiveness of cellular 

cardiomyoplasty as an emerging therapy is the inability to systematically assess 

the structural and functional integration of donor cells at the sites of contact 

inside the three-dimensional, structurally complex heart in vivo or in situ 12.  

Although potentially useful, studies of host-donor interactions in standard cell co-

cultures still involve the presence of cell-cell contacts with random geometry, 

distribution, and both homotypic and heterotypic pair formation, which would 

render the interpretation of the obtained results difficult.  This problem may be 

addressed by using in vitro models with simplified geometry, where functional 

integration between donor and host cells can be systematically studied at the 

cellular and cell-network level41.   

 Therefore, in this chapter we developed a novel in vitro model system that 

can be used to systematically study the structural interactions between different 

non-cardiac cell types in contact with cardiac cells; one that enables a fair 

comparison, because the cells are under identical geometric constraints.  

Specifically, we used microcontact printing to create two abutting trapezoid-

shaped protein islands that supported the formation of individual cell pairs with a 

defined cell-cell contact interface.  To optimize the efficiency of cell pair 

formation, we first determined, for each cell type, the trapezoid dimensions that 

yielded the most efficient single cell attachment and spreading. Next, using two-
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trapezoid protein islands, we determined the order of cell seeding and the cell 

seeding density that allowed for the most single cells to attach to only one 

trapezoid, leaving the other trapezoid available for the attachment of a second 

cell type.  Subsequently, the seeding density and medium best suited for 

attachment of the second cell type were determined.  Finally, efficiency of cell 

pair formation was assessed for different protein substrates, and the presence of 

electrical (gap junctions) and mechanical (cadherins) connections between cells 

in a pair was evaluated by immunostaining. 

 

4.1 Experimental procedures 

4.1.1 Cell types 

All cells types used were isolated according to the methods listed in 

Chapter 3.1.  The host cells used were neonatal rat ventricular cardiomyocytes, 

and the non-cardiac cells were adult rat skeletal myoblasts (SKM), adult rat 

mesenchymal stem cells (MSC), and neonatal rat cardiac fibroblasts (CF).  

(Figure 4.1)   

4.1.2 Culture and assessment of single cells 

Patterns for single trapezoid islands, grouped in repeat units (Figure 

4.2.A), were drawn using AutoCAD. The height (H) and the bottom base (B) of 

the trapezoids were varied between 30 and 60μm in steps of 5μm, while the 

length of the top base was fixed at 15μm (Fig 4.2.A).  Photomasks were 

manufactured by printing chromium on glass, and standard soft lithography 
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techniques (Chapter 3.3) were used to microfabricate a negative master wafer 

with trapezoid features (Figure 4.2.B).  PDMS molds were subsequently cast 

against the master wafer and used for microcontract printing (stamping) (Figure 

4.2.C) of fibronectin onto 22mm diameter PDMS-coated glass coverslips.  Prior 

to stamping, the PDMS-coated glass coverslips were exposed to UV light for 8 

min to increase the surface hydrophilicity and augment protein transfer during 

stamping.  The total number of repeat units (i.e., fibronectin trapezoids with 

specific dimensions) amounted to 160 per coverslip, or approximately 8,000 

pairs.  

Stamped coverslips were seeded with 75x103 cells in 2ml of cell-specific 

medium and washed the next morning to remove unattached cells.  After 48 

hours, the cultures were fixed and immunostained (Chapter 3.4.1) with markers 

that allowed for the assessment of the total cell area (i.e., that stained the entire 

volume of the cell): sarcomeric α-actinin for cardiomyocytes, vimentin for cardiac 

fibroblasts and F-actin for both skeletal myoblasts and mesenchymal stem cells. 

All coverslips were co-stained with DAPI for nuclear detection. Images of 

different repeat units (Figure 4.2.C) in the coverslip were acquired using a 

fluorescent microscope and IP Lab software. The total number of trapezoid 

islands with a single spread cell (to >70% of the trapezoid area) was determined 

for each (H, B) pair and for each cell type using custom Matlab software (Chapter 

3.4.1.2).  The histograms of cell attachment as a function of the trapezoid area 

and elongation ratio (H/B) were constructed from the obtained cell counts.  (N=3 

isolations, with 3 coverslips from each isolation for each cell type.) 
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4.1.3 Culture and assessment of cell pairs 

 Based on the optimization of single trapezoid dimensions, symmetric two-

trapezoid fibronectin islands (Figure 4.2.F) were created with bottom bases of 

35μm, heights of 45μm, and cell-to-cell contact interface of 10μm using the 

above described methods (Figure 4.2.D&E).   

Simultaneous seeding of cardiac and non-cardiac cells was avoided, 

because the cells have very different attachment rates (ex. CF and MSC attach 

within 1 hr, while cardiomyocytes take up to 6 hrs) and this would 

disproportionately favor the attachment of non-myocytes. Furthermore, the co-

seeding of both cell types would result in a higher seeding density and therefore 

favor the attachment of multiple, rather than single, cells to each trapezoid within 

a pair, as verified experimentally (Figure 4.4).  Therefore, for each cell type, we 

determined the optimal seeding density that yielded a most efficient single cell 

attachment to only one trapezoid, with the other trapezoid available for the 

attachment of a second cell type.  Specifically, cells were seeded overnight on 

the two-trapezoid islands and cultured for 48h in serum-free defined medium 

(Chapter 3.2).  The serum-free medium was used to limit both the cell 

proliferation and spreading across the two trapezoids.  Four seeding densities 

were tested: 30x103, 50x103, 75x103, and 100x103 (N=3 coverslips for each 

seeding density and each cell type; total of 48 coverslips).  

Furthermore, cardiomyocytes (30x103 per coverslip) were seeded 

overnight, and 48 hours later non-cardiac cells (either CFs, MSCs, or SKMs) 

were seeded overnight.  After an additional 48h, the cultures were assessed for 
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the formation of homo- and heterotypic cell pairs by immunostaining. The 

efficiency of the pair formation for each cell type was determined as a function of 

cell medium type (either defined or cell-specific) and cell seeding density (either 

30x103, 50x103, 75x103, or 100x103 cells per coverslip) (N=3 coverslips for each 

cell type at each seeding density for each media type; total of 96 coverslips). 

Furthermore, the efficiency of cell pair formation on fibronectin (50μg/mL) versus 

collagen IV (200μg/mL) islands was also assessed for different cell types using a 

seeding density of 30x103 for both cardiac and non-cardiac cells.   

To determine if electrical and mechanical connections can form between 

cardiac and/or non-cardiac cells, obtained cell pairs were immunoassayed for the 

junction proteins connexin 43 and N-cadherin. For each type of a cell pair, the 

probability of the junction formation was quantified by dividing the number of 

pairs expressing the protein by the total number of pairs formed on the coverslip.  

In addition, the distribution of protein expression was classified as either 

occurring at the cell-cell interface, or diffusely, throughout the cell and not at the 

interface. 

 

4.2 Results 

4.2.1 Single island optimization 

 The total number of single cells spread on trapezoids with given 

dimensions (H and B in microns) is shown in Figure 4.3.A1-A4. The (H,B (μm)) 

combinations that yielded the highest efficiency of single cell attachment and 
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spreading were (30,30) for cardiomyocytes, (45,35) for CFs, (45,35 and 55,45) 

for MSCs, and (35,35) for SKMs. Based on all the obtained results, single 

trapezoid-shaped cells were most efficiently formed for trapezoid areas of 650-

980μm2 for cardiomyocytes and SKMs, 980-1640μm2 for CFs and 1640-1970μm2 

for MSCs (Figure 4.3.B1), and for trapezoid elongation ratios of 1.2-1.6 for all cell 

types (Figure 4.3.B2). 

4.2.2 Cell pair design 

 To maximize the opportunity for the formation of heterotypic cell pairs 

consisting of a cardiac and a non-cardiac cell, we micropatterned coverslips with 

asymmetric two-trapezoid fibronectin islands, where each trapezoid had optimal 

dimensions for a specific cell type. In addition, we fabricated symmetric 

fibronectin islands (made of two identical trapezoids) with dimensions that 

yielded the highest attachment and spreading when summed over all of the cell 

types (i.e., (H,B (μm))=(45,35)). In preliminary studies, the percent of heterotypic 

pair formation for all non-cardiac cell types was found to be larger in the 

symmetric compared to the asymmetric patterns. Therefore, the symmetric 

islands were adopted for all of the subsequent cell pair studies. In addition, the 

cell-contact interface (trapezoid top base) was decreased to 10μm to minimize 

the cell spreading over the both trapezoids. 

4.2.3 Cell seeding order and density 

 In another set of preliminary studies (not shown), the efficiency of 

heterotypic cell pair formation was compared between the simultaneous and 

sequential seeding of cardiac cells and a non-cardiac cell type. Compared to 

64 
 



sequential, the simultaneous seeding yielded less heterotypic cell pairs, due to 

significantly slower attachment of cardiac compared to non-cardiac cells and 

consequent dominance of homotypic non-cardiac cell pairs. Therefore, all 

subsequent cell pair studies were performed using the sequential cell seeding 

which was optimized as follows. Each cell type was seeded at different densities 

(on symmetric two-trapezoid fibronectin islands) followed by counting of: (1) 

single cells that spread on only one trapezoid of the two-trapezoid island, (2) 

single cells that spanned both trapezoids, (3) homotypic cell pairs, (4) multiple 

cells that spread on the two-trapezoid island, and (5) empty two-trapezoid (Figure 

4.4). The desired outcome for sequential cell seeding was cell spreading on only 

one trapezoid, with the other trapezoid available for attachment of a second cell 

type (i.e. the outcome (1)). Seeding of cardiomyocytes yielded a higher 

occurrence of (1) than seeding of any non-cardiac cell type, all of which, 

conversely, had a higher occurrence of single cells that spanned both trapezoids 

(the outcome (2)). Therefore, for all subsequent studies, cardiomyocytes were 

seeded first, followed by non-cardiac cells.  In addition, the lowest seeding 

density of 30x103 cardiomyocytes per coverslip yielded the highest occurrence of 

(1) of 17% and was therefore adopted as optimal. In general, higher seeding 

densities of all cell types produced fewer empty islands and more multiple cell 

attachments and homotypic cell pairs (Figure 4.4).  

4.2.4 Non-cardiac cell seeding density and medium 

 Media (serum-free vs. cell-specific) and non-cardiac cell seeding density 

were independently varied to determine the optimal conditions for heterotypic cell 
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pair formation.  No significant improvement in heterotypic cell pair formation was 

observed (Figure 4.5) with increased non-cardiac cell seeding density or the use 

of cell-specific media (Chapter 3.1.2-3.1.4).  Therefore, a seeding density of 

30x103 non-cardiac cells per coverslip was chosen for all subsequent 

experiments. The only significant finding in these experiments was that cell-

specific media increased the number of islands with multiple non-cardiac cells 

(not shown), most likely due to serum induced increases in non-cardiac cell 

proliferation. 

4.2.5 Effect of adhesion protein on formation of cell pairs 

 As shown in Figure 4.6.A, the formation of cardiac homotypic pairs was 

more frequent on fibronectin than collagen IV islands. In contrast, the formation 

of homotypic SKM pairs (Figure 4.6.B) was favored on collagen IV, while no 

statistically significant dependence on attachment protein was found for the 

formation of CF and MSCs homotypic pairs. There was also no significant 

difference in the formation of heterotypic cell pairs on the two proteins (Fig 

4.6.C).  Since higher total numbers of cell pairs were formed on fibronectin than 

collagen IV islands (Figure 4.6.D), all of the subsequent studies of the expression 

of junction proteins were conducted using fibronectin. 

4.2.6 Expression of junction proteins  

Connexin-43 and N-cadherin expressions were assessed to respectively 

determine the possibility of electrical and mechanical coupling.  As expected, 

homotypic cardiac pairs yielded distinct connexin 43 and N-cadherin junctions, 

exclusively in cell-cell contacts (Figure 4.7A,C). Most of these contacts formed 
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longitudinally, although the transverse contacts were also formed (Table 4.1).  In 

contrast, connexin 43 and N-cadherin staining when present in MSC and SKM 

cells was mainly diffuse throughout the cell and absent from the cell-cell 

interface, both in homotypic (Figure 4.7.C) and in heterotypic (Figure 4.7.A,B) cell 

pairs. Cardiac fibroblasts on the other hand, had hardly detectable expression of 

connexin 43 and N-cadherin (examples of no protein expression, far right Figure 

4.7.A,B).   

 A summary of the expression efficiency of junctional proteins and their 

distribution within homotypic and heterotypic cell pairs is shown in Tables 4.1 & 

4.2. 

Table 4.1. Percent of homotypic pairs expressing connexin 43/N-cadherin 

 Cardiac-
Cardiac 

MSC-MSC SKM-
SKM 

CF-CF 

Transverse cell-
cell contact 

16.8 ± 4.0/* 
15.9 ± 8.4* 

2.6 ±  2.3/* 
4.5 ± 2.2 

0.0/* 
0.0 

0.8 ± 0.8/ 
1.4 ± 1.0 

Longitudinal cell-
cell contact 

79.5 ± 5.4/   
81.4 ± 12.2 

11.0 ±  1.4/ 
7.4 ± 2.0 

8.5 ±  2.6/ 
1.3 ± 0.9 

2.7 ±  1.8/ 
3.0 ± 2.2 

Diffuse 0.0/ 
0.0 

39.9 ±  1.6/ 
29.9 ± 9.1 

73.8 ± 5.5/ 
13.4 ± 3.6 

14.2 ± 3.5/ 
20.3 ± 0.4 

Top is connexin 43, bottom is N-cadherin expression.   
* Significantly different from longitudinal protein expression.  Further significance is discussed in 
the text. 
 
Table 4.2. Percent of heterotypic pairs expressing connexin 43/N-cadherin 

 Cardiac-MSC Cardiac-SKM Cardiac-CF 

Transverse cell-cell 
contact 

2.8 ± 1.5/* 
4.4 ± 1.9* 

2.5 ± 2.4/* 
4.0 ± 1.8 

3.6 ± 0.4/ 
0.0* 

Longitudinal cell-cell 
contact 

36.4 ± 8.8/ 
35.2 ± 6.9 

19.6 ± 6.6/ 
14.8 ±  0.3 

6.0 ± 2.1/ 
7.3 ± 3.9 

Diffuse 51.6 ± 2.8/ 
 41.3 ± 5.9 

69.7 ± 5.2/ 
72.3 ± 10.9 

66.3 ± 5.0/ 
85.7 ± 1.0 

Top is connexin 43, bottom is N-cadherin expression.   
* Significantly different from longitudinal protein expression. Further significance is discussed in 
the text. 
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Importantly, the junctional distribution within the cell pairs shown in tables 

4.1 and 4.2 was not found to significantly change with longer time in culture (i.e., 

between 2 and 4 days after seeding of donor cells).  

For most pair types, both Cx43 and N-cadherin expression was found to 

be greater in the longitudinal compared to transverse direction.  This 

phenomenon was not as robustly seen with N-cadherin expression, where fewer 

pairs saw an increase in longitudinal pair expression.   

Interestingly, total Cx43 expression (at the membrane or diffusely) was 

significantly higher in both homotypic SKM and MSC pairs than in CF pairs but 

not significantly different when compared to each other.  For N-cadherin, total 

expression was significantly higher in homotypic MSC pairs compared to 

homotypic pairs of CFs or SKMs.   

However, the expression of both Cx43 and N-cadherin seen at the cell-cell 

interface in heterotypic cardiac-MSC pairs was significantly higher than that in 

cardiac-SKM pairs, followed by cardiac-CF pairs.  

In general, diffuse expression of Cx43 staining was significantly increased 

in heterotypic compared to homotypic pairs. In particular diffuse expression of 

Cx43 was higher in MSC and CF heterotypic pairs than homotypic pairs. 

Similarly expression of N-cadherin was higher in SKM and CF heterotypic than 

homotypic pairs.  However, the majority of this diffuse staining in heterotypic 

pairs occurred in the cardiac cells, with the exception of cardiac-MSC pairs.             
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4.3 Discussion 

One of the major hurdles to further elucidate the mechanisms of observed 

functional improvement in cellular cardiomyoplasty is the complex 3-D tissue 

environment which limits in situ or in vivo studies of the fate of injected donor 

cells.  In particular, the probability of donor cells to integrate with host 

cardiomyocytes in vivo may vary with the route of donor cell delivery, the delivery 

site, the distribution of non-cardiomyocyte cell types, as well as the presence of 

systemic and local neurohumoral influences. These factors prevent a meaningful 

in situ comparison of the intrinsic potential of different donor cell types to 

electromechanically connect and integrate with host cardiomyocytes.   

In contrast, the use of micropatterned in vitro model systems for studies of 

host-donor cell interactions offers a number of advantages including: (1) 

independent control over geometry and placement of the individual cells in 

culture, (2) reproducibility of the cell microenvironment, (3) an absence of injured 

regions that arise from cell injection or tissue dissection, (4) no interference from 

neurohumoral compensatory feedbacks, and (5) the ability to systematically 

condition cultured cells (e.g. by different media formulations, drugs, growth 

factors, gene vectors, stretch, or electrical stimulation) over a period of days and 

perhaps weeks.   

Therefore, in this study an in vitro model system was established to allow 

for the reproducible placement of non-cardiac cells in contact with 

cardiomyocytes such that their structural and functional interactions can be 
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systematically assessed under well-controlled conditions.  In particular, the use 

of micropatterned cell pairs in this system grants the same probability to different 

donor cells to come into geometrically similar contact with a cardiomyocyte or 

another donor cell, while the resulting cell interactions can be readily assessed 

by immunostaining.  Studies in such in vitro systems are expected to 

complement studies in situ, and by enhancing our understanding of the host-

donor cell interactions, yield improvements in future cell therapies for heart 

disease.  

4.3.1 Optimization of micropatterned cell pair model system  

We took a systematic approach to optimize the efficiency of heterotypic 

cell pair formation for different non-cardiac cell types. While different cells 

preferred to adhere and spread to different trapezoid areas (Figure 4.3.B1), 

elongated cell shape (with an elongation ratio of 1.2-1.6, Figure 4.3.B2 ) was 

favored across all studied cell types. Seeding of 30x103 cardiac cells per 22 mm 

diameter coverslip, followed after 48h by seeding of 30x103 non-cardiac cells in 

serum-free medium yielded maximum and comparable efficiencies of cell pair 

formation for all cell types.  Similar two-trapezoid islands were created in agarose 

microwells and were used to study cell to cell adhesion without affecting other 

microenviornmental factors175.   The use of a relatively small number of cardiac 

and non-cardiac cells per coverslip in our system may allow for similar cell pair 

studies with lower yielding cells (e.g. resident cardiac progenitors, early passage 

or non-virally transfected and selected primary cells, ventricular cells from 

neonatal knockout mice, atrial cells, etc.).   
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We also explored the effect of collagen IV and fibronectin on cell pair 

formation. Previous studies have shown that neonatal cardiomyocytes efficiently 

adhere to both of these proteins while MSCs adhere strongest to fibronectin, 

followed by collagen IV and laminin176.  In contrast, SKMs prefer to bind to 

collagen type IV or laminin over fibronectin154, while cardiac fibroblasts adhere 

stronger to fibronectin than to collagen IV (albeit with similar affinity)177. 

 Despite the described differences in cell adhesion to ECM proteins, no 

difference in heterotypic cell pair formation efficiency was observed between 

different non-cardiac cell types (Figure 6.C). However, the type of matrix protein 

did affect the number of formed homotypic cell pairs, with more homotypic 

cardiac cell pairs forming on fibronectin (Figure 6.A). This finding is consistent 

with better adhesion of cardiomyocytes to fibronectin than on collagen in our 

cultures and in studies by others178,179.  While these results demonstrate the 

ability of ECM proteins to modulate only homotypic pair formation, it is possible 

that abutting trapezoids, each made of a different protein (using the sophisticated 

methods of Tien et al.180) would also affect formation efficiency of heterotypic cell 

pairs.  

4.3.2 Interactions between skeletal myoblasts and cardiomyocytes 

 As described in Chapter 2.4.2.2.1, it remains controversial if skeletal 

myoblasts can functionally couple with cardiomyocytes both in vitro and in vivo. 

While most of the previous in vitro studies tested for the presence or functionality 

of the electrical junctions between SKMs and cardiomyocytes, a study by Stagg 
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et al.181 has also evaluated the actual frequency of occurrence of electrical 

coupling.  Specifically, after 48 hours of culture, 22% of the wild type C2C12 SKMs 

and 48% of the Cx-43 transfected C2C12 SKMs in contact with adult 

cardiomyocytes have been shown to exhibit functional electrical coupling.  

Simultaneously, as derived from Cx-43 immunostaining, gap junctions were 

undetectable between wild type SKMs and cardiomyocytes and were only 

occasionally detected between the Cx-43 transfected SKMs and cardiomyocytes.  

This study therefore demonstrated two important findings: (1) that compared to 

gap junction immunostaining, dual whole cell patch clamping is a more sensitive 

method to evaluate electrical coupling between the cells, and (2) that not all of 

the cells in contact electrically couple or show positive staining for Cx43.181 

We, on the other hand, utilized reproducible geometry of individual 

micropatterned cell pairs to accurately evaluate the frequency of formation of 

both electrical and mechanical junctions (by immunostaining for connexin 43 and 

N-cadherin) between cardiomyocytes and primary adult rat SKMs. Unlike random 

formation of cell pairs in standard co-cultures, this method provided identical 

conditions for the formation of intercellular contacts and the occurrence of 

junctions between the cells. In addition, this culture setting allowed us to 

unambiguously classify the different distributions of observed junctional proteins 

based on their position within the cell pairs. The obtained results could be directly 

compared with those collected under identical conditions in the surrounding 

cardiac and SKM homotypic pairs, as well as in the cell pairs obtained using 

other non-cardiac cells (CF, MSC).  
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Similar to studies by Stagg et al., when using the standard co-culture 

system (1:1 seeding ratio, 48h culture), we were not able to detect with certainty 

any presence of Cx-43 at the border between SKM and neonatal cardiac cells 

(not shown).  In contrast, using the well-controlled micropatterned cell pair 

system, we found that 8.5%, or 0.9% of homotypic, and 22.1%, or 18.8% of 

heterotypic, cells express Cx-43 or N-Cadherin, respectively, at the border 

between the cells.  This increase in expression when SKMs are in contact with 

cardiomyocytes is in agreement with studies by Formigli et al who showed that 

cardiomyocytes co-cultured with SKMs upregulate electromechanical protein 

expression in SKMs156,182.  

However, the predominant pattern of connexin-43 and N-cadherin 

expression in both homo- and heterotypic SKM pairs was found to be diffuse. 

Although a significant increase in N-cadherin diffuse expression was observed in 

heterotypic compared to homotypic SKM pairs, the majority of the diffuse pattern 

occurred in cardiac cells rather than SKMs. Considering that homotypic cardiac 

pairs do not express diffuse connexin-43 or N-cadherin, and that Cx43 staining is 

also absent in single cardiac cells (not shown), the appearance of diffuse junction 

expression in cardiomyocytes appeared as a direct consequence of the SKM 

presence.   

4.3.3 Interactions between mesenchymal stem cells and cardiomyocytes  

 It has been previously demonstrated that mesenchymal stem cells can 

express connexin 43183,184 and N-cadherin185 and electrically couple with isolated 

canine ventricular myocytes in vitro75. In addition, MSCs seeded over 100-400µm 
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wide gaps within cardiomyocyte cultures were able to passively conduct electrical 

impulses with velocities that increased over 7 days of culture due to an increase 

in the Cx43 expression in MSCs149,165. When mixed (in ratios higher than 1:10) 

and co-cultured with cardiac cells, MSCs led to the occurrence of reentrant 

arrhythmias, presumably due to passive loading of cardiac cells.  

While the potential of MSCs to couple with cardiomyocytes has been 

established by immunostaining and functional studies, the frequency of 

successful coupling and spatial distribution of formed junctions have not yet been 

assessed. Similar to studies in random co-cultures of cardiac cells and SKMs, 

random co-cultures (1:1 seeding ratio, after 48h) of MSCs and cardiac cells could 

not provide definite conclusions about the ability of these cells to form homo- and 

heterotypic electrical and mechanical junctions. However, from the individual 

micropatterned cell pairs, we found that 13.6%, or 11.9% of homotypic, and 

39.2%, or 39.5% of heterotypic, pairs respectively express Cx-43 or N-cadherin 

at the border between the cells.  Interestingly, as in SKM-cardiac pairs, junction 

protein expression is increased at the contact between an MSC and a 

cardiomyocyte compared to homotypic MSC pairs. This is in agreement with  

studies by Beeres et al.149 and by Pijnappels et al.165 who showed that 

cardiomyocytes cultured with MSCs caused upregulated electromechanical 

protein expression in MSCs. In addition, similar to studies with SKMs, diffuse 

protein expression, also dominant in homotypic MSCs pairs, was further 

upregulated in the presence of cardiomyocytes in heterotypic pairs (Tables 4.1 & 

4.2), supporting the hypothesis that cardiac cells may upregulate total 
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electromechanical protein expression in MSCs and that MSCs may induce a 

diffuse gap junction pattern in cardiomyocytes. 

4.3.4 Interactions between cardiac fibroblasts and cardiomyocytes 

 Whether cardiac fibroblasts electrically connect with cardiomyocytes in 

vitro or in vivo remains controversial. While, Gaudesius et al.72 showed that 

neonatal rat cardiac fibroblasts can couple via connexin 43 and 45 and 

electrotonically bridge the thin gaps (<300µm) between the neonatal rat 

cardiomyocytes in culture; Beeres et al.149 found no conduction or connexin 

expression in a similar experimental setting. Rook et al.73 and Laird et al.186 also 

observed electrotonic interactions between cardiomyocytes and fibroblasts 

despite only a few Cx43-positive spots at cardiomyocyte-fibroblast interfaces, 

while Oyamada et al.187 showed that few Cx43-positive spots between 

cardiomyocytes and fibroblasts yielded no intercellular dye transfer. Our studies 

(by Luke McSpadden, a graduate student in Dr. Bursac’s laboratory) showed that 

a confluent layer of fibroblasts grown on the top of a confluent cardiomyocyte 

monolayer has no effect on cardiomyocyte electrical propagation, suggesting no 

functional coupling between the two cell types.  While earlier studies by de 

Maziere et al.188 showed the absence of robust gap junction coupling between 

cardiomyocytes and fibroblasts in rabbit sinoatrial node, recent studies by Kohl’s 

group in similar settings found fibroblast-cardiomyocyte coupling via Cx-4583. 

Furthermore, no positive gap junction staining between fibroblasts and 

cardiomyocytes has yet been reported in ventricles. 

 In our studies, we assessed not only the presence, but also the actual 
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frequency, of Cx-43 and N-cadherin expression between cardiac fibroblasts and 

cardiomyocytes. In general, expression of Cx43 and N-cadherin at the 

membrane was lower for CF homotypic and heterotypic pairs compared to the 

other cell types, with only 3.9%, 4% of homotypic pairs, and 9.6%, 7.3% of 

heterotypic pairs, respectively expressing Cx43 or N-cadherin.  Diffuse 

expression was increased significantly for both connexin 43 and N-cadherin in 

heterotypic pairs (Table 4.2); however, the diffuse pattern was predominately 

located in the cardiac cell.   

In general, unlike cardiac cells, all of the non-cardiac cell types in 

heterotypic and homotypic cell pairs predominantly exhibited the diffuse rather 

than cell contact-specific staining for Cx-43 and N-cadherin. Importantly, the 

limited presence of junctional proteins at the sites of cell contacts in homotypic 

pairs appeared to be upregulated in heterotypic pairs in the presence of abutting 

cardiac cells. Conversely, the presence of SKM and CFs next to cardiomyocytes 

upregulated the expression of diffuse gap junctional staining, predominately in 

only cardiac cells; however, with MSCs the diffuse gap junctional staining was 

observed frequently in both cells.   

At the moment, it is questionable if the observed diffuse patterns of Cx-43 

would be supportive of electrical propagation or diffusion of small molecules 

between the cells, as is characteristic of functional gap junctions present in cell-

cell contacts. This diffuse staining may label the internalized Cx43 proteins inside 

the cell and/or gap junctional hemi-channels at the unapposed cell membrane, as 

suggested by John et al.189,190.  With extended time of co-culture (from 2 to 4 

76 
 



days), a small shift from diffuse to cell contact-specific Cx43 distribution was 

observed, but only in connexin 43 expression and only in homotypic pairs.  

Assuming that most of these proteins are not electrically functional, it appears 

that higher chances for functional coupling with host cardiomyocytes exist for 

MSCs, followed by SKMs, and finally CFs.   

Furthermore, it was found that connexin 43 was more efficiently expressed 

in longitudinal than transverse cell borders, most likely due to a higher probability 

of junctional formation at the sites of longer cell-cell contact.  In the border zone, 

after a myocardial infarction, it is well established that connexin 43 is 

redistributed around the cell membrane101, similar to the connexin 43 expression 

seen in our cultures with neonatal rat cardiomyocytes.  If, based on this finding, 

transplanted cells were to connect more readily through side-to-side rather than 

end-to-end connections with cardiomyocytes, then transverse conduction may be 

favored over longitudinal.  This conduction pattern would, overall, yield a 

decrease in functional anisotropy and possibly increased the propensity for 

arrhythmias.  Therefore, it remains questionable if electrical coupling between 

donor cells and cardiomyocytes would be safe and advantageous for functional 

improvement in heart disease.  To better understand if the observed differences 

in transverse and longitudinal gap junctional distribution translate into differences 

in functional coupling between the cells, further studies using membrane 

impermeable dye transfer191 or voltage clamping192 are needed to elucidate 

answers. 
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4.3.5 Limitations of the methodology and potential solutions 

 One of the limitations of this methodology is the use of immunostaining, 

which may be insensitive to small junctions made of few protein molecules181. 

However, the ability to also perform functional studies in micropatterned cell pairs 

(e.g., using Lucifer Yellow dye transfer191 or dual whole cell voltage clamp 

recordings192) can overcome this sensitivity limit. Furthermore, the presence of 

homotypic cardiac pairs next to non-cardiac pairs, serves as a common positive 

control for the quality and uniformity of the immunostaining across single and 

multiple coverslips, as well as different cell types.  The ability to image individual 

single pairs with needed (and recordable) light exposure, and without saturation, 

represent means to also quantify junctional protein expression (as total 

fluorescence intensity) relative to that of homotypic cardiac controls.  

Another limitation of the method is the relatively low efficiency of 

heterotypic cell pair formation (~1% of all fibronectin islands, Figure 5C). 

However, considering that 8,000 identical two-trapezoid islands are fabricated 

per 22 mm coverslip, it is expected that at least 80 heterotypic cell pairs would be 

formed per coverslip, thus allowing for a statistically meaningful data analysis. 

One of the potential approaches to increase the efficiency of heterotypic pair 

formation is the fabrication of a thin 1-2µm gap between the two trapezoid 

islands. This gap may prevent initial spanning of single cells across both 

trapezoids (present in a large number of islands, Figure 4), thus increasing the 

desired formation of “singles” (Figure 4) and enabling the initial seeding with 

either cardiac or non-cardiac cells. It is expected that with time in culture, this gap 
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would be filled by the two spreading cells, thus allowing for more efficient cell pair 

formation with a better defined line of contact.       

4.3.6 Future applications 

 This in vitro model system allows for: (1) detailed monitoring of cell 

adhesion and migration183, spreading193, proliferation194, and cell cycle 

signaling193,195 within homotypic and heterotypic cell pairs, and (2) controlled 

studies of cellular responses in the presence of systematically altered 

microenvironments including hypoxia, acidosis, or the presence of different 

inflammatory factors196,197.  This system could also be used as a high throughput 

test bed to evaluate the effects of new pharmaceuticals on cell-cell interactions.  

We are, however, more interested in using this model to systematically study if 

different growth factors and genetic manipulations can promote the formation of 

electromechanical junctions between host cardiomyocytes and different donor 

cells.  For example, it has been shown that vascular endothelial growth factor 

(VEGF) can upregulate the expression of Cx-43 between cardiomyocytes, 

resulting in faster impulse propagation55,56.  While growth factors such as VEGF, 

IGF-1, bFGF, and BMP2 are shown to yield better functional outcomes in cellular 

cardiomyoplasty, partly due to their anti-apoptotic, angiogenic, or mitogenic 

effects, it would be interesting to examine if these factors can also alter the 

potential of different donor cells to couple and functionally integrate with host 

cardiomyocytes. It is possible that the control of host-donor cell coupling may 

eventually allow us to affect the differentiation fate of donor cells. 

 In conclusion, the research described in this chapter has established a 
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model system that allows for systematic comparisons of homotypic or heterotypic 

pairs made of different cell types with a variety of potential interdisciplinary 

applications.  Specifically, the studies of cardiac and non-cardiac cell pairs in this 

system are expected to lead to a better understanding of the possible 

mechanisms of cardiac improvement in future cell therapies for heart disease.  
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Figure 4.1. Cell types used for single cell and cell pair studies.  (A) Neonatal rat ventricular 
cardiomyocytes isolated from two day old pups. Red, sarcomeric α-actinin; green, connexin 43; 
blue, nuclei. Note uniform membrane distribution of gap junctions characteristic of neonatal 
cardiomyocytes and presence of cross-striations. (B) Adult skeletal myoblasts (SKM) isolated 
from the hindlimb soleus muscle of female rats. Red, MyoD; green, desmin; blue, nuclei. (C) 
Neonatal rat cardiac fibroblasts (CF) obtained from the cardiomyocyte isolation.  Red, vimentin; 
blue, nuclei.  (D) Adult mesenchymal stem cells (MSC) isolated from the bone marrow of three 
month old male rats. Red, CD90; blue nuclei. Inset, negative staining for hematopoietic marker 
CD45. 
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Figure 4.2. Micropatterning of protein islands for single cell and cell pair studies. (A,D) AutoCAD 
patterns for fabrication of single cell and cell pair islands, respectively. These patterns were used 
to fabricate chromium-on-glass photomasks. (B,E) Master silicon wafers were made from 
photomasks using standard soft lithography techniques. Dark and light areas are photoresist and 
silicon wafer, respectively. These master wafers were used to cast PDMS stamps. (C,F) 
Resulting fibronectin islands (red) were obtained by PDMS stamping. Obtained protein 
micropatterns were subsequently used for cell culture. 
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Figure 4.3. Efficiency of single cell patterning as a function of trapezoid dimensions. The 
patterning efficiency for each trapezoid dimension (height and bottom base of trapezoid) is 
represented with the percent efficiency of successfully patterned single cells per coverslip. Dark 
red is the most favored dimension and white the least favored. Examples of patterned cells are to 
the right. A1) cardiomyocytes, (red, sarcomeric α-actinin), A2) cardiac fibroblasts (red, vimentin), 
A3) skeletal myoblasts (red, F-Actin), and A4) mesenchymal stem cells (red, F-Actin). In all 
insets, nuclei are stained blue. (N=3 isolations, 9 coverslips total per cell type) B) Frequency of 
successful cell patterning as a function of trapezoid area (B1) and elongation (B2). H, height; B, 
base. The trapezoid area in mm2 is calculated as H*(B+15)/2. 
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Figure 4.4. Patterning efficiency on two-trapezoid islands as a function of cell seeding density. A) 
Cardiomyocytes, B) CFs, C) SKMs, D) MSCs. Legends denote cell seeding density per coverslip 
in thousands. Pictures underneath the x-axis describe a particular cell distribution outcome on the 
two-trapezoid island. Note that single cardiomyocytes preferred to attach to only one side of the 
island (A), while non-cardiac cells preferred to span both trapezoids (B-D). Five hundred pairs 
were counted for each coverslip (N=3), as a representative distribution.  (*) 30K seeded 
cardiomyocytes per coverslip yielded significantly higher efficiency of “Singles” formation than any 
other seeding density.   
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Figure 4.5. Efficiency of cell pair formation as a function of culture media and non-cardiac cell 
seeding density. Forty eight hours after cardiac cell seeding, non-cardiac cells were seeded at 
varying cell densities (listed in thousands per coverslip in the legend) in defined (serum free) or 
cell-specific (containing 10-20% serum) media. After an additional 48hrs, the number of formed 
homotypic and heterotypic cell pairs per total number of analyzed trapezoids (two hundred and 
fifty per coverslip, N=3 coverslips) was counted for SKMs (A,B), MSCs (C,D), and CFs (E,F) . 
Note that non-cardiac seeding density or different media did not significantly affect heterotypic 
pair formation.  
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Figure 4.6. Efficiency of cell pair formation on fibronectin and collagen IV. (A) Homotypic cardiac 
cell pairs form more efficiently on fibronectin. (B) Homotypic non-cardiac cell pairs form more 
efficiently on collagen IV. (C) Heterotypic cell pairs form with comparable efficiency on fibronectin 
and collagen IV, for all non-cardiac cell types. (D) Sum of all the cell pairs for each protein.  Note 
fibronection has more pairs for each cell type. (*) Significantly different between fibronectin and 
collagen IV. (#) Significantly different from fibroblast and MSC on FN. (^) Significantly different 
from fibroblast on FN. 
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Figure 4.7. Junctional protein expression in cell pairs. A) Examples 
of connexin 43 expression (green) within different cell pairs. Note 
four distinct patterns of junction protein expression in cell pairs: 
transverse, longitudinal, diffuse, or absent. Red, wheat germ 
agglutinin (membrane stain); blue, cardiac specific sarcomeric α-
actinin; green, nuclei. B) Examples of N-cadherin expression (green) 
within different cell pairs. Red, sarcomeric α-actinin; blue, nuclei. 
Increased contrast in insets demonstrates presence of cell-to-cell 
contact, verifying pair formation. C) Selected non-cardiac pairs 
forming connexin 43 junctions (green). Red, wheat germ agglutinin; 
green nuclei. C=cardiac, N=non-cardiac. Arrows indicate protein 
expression. Scale bar=25µm.
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Figure 4.7. Junctional protein expression in cell pairs. A) Examples 
of connexin 43 expression (green) within different cell pairs. Note 
four distinct patterns of junction protein expression in cell pairs: 
transverse, longitudinal, diffuse, or absent. Red, wheat germ 
agglutinin (membrane stain); blue, cardiac specific sarcomeric α-
actinin; green, nuclei. B) Examples of N-cadherin expression (green) 
within different cell pairs. Red, sarcomeric α-actinin; blue, nuclei. 
Increased contrast in insets demonstrates presence of cell-to-cell 
contact, verifying pair formation. C) Selected non-cardiac pairs 
forming connexin 43 junctions (green). Red, wheat germ agglutinin; 
green nuclei. C=cardiac, N=non-cardiac. Arrows indicate protein 
expression. Scale bar=25µm.
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5. Effects of non-cardiomyocyte paracrine factors on the 

electrical propagation in cardiomyocytes   

Cellular cardiomyoplasty is thought to cause improvements in post-

infarction cardiac function by: (1) limiting pathologic remodeling of the infarct 

region, (2) enhancing myocardial revascularization, and/or (3) direct structural 

and functional integration of exogenous donor cells with the host 

cardiomyocytes5,198.  Given the limited regenerative potential of the myocardium 

itself, functionally significant regeneration of the heart tissue requires the 

presence of new cells, suggesting that engraftment may be responsible for the 

improved cardiac function150,199,200. However, previous studies suggest that 

skeletal myotubes do not integrate within the heart136 and that mesenchymal 

stem cells rarely differentiate into or fuse with cardiac cells144,145.  Nonetheless, 

despite poor donor cell integration or cardiomyogenic differentiation, improved 

function has repeatedly been reported.  

Therefore, it is likely that even in the absence of direct contact with host 

cells, donor cells still affect host cardiomyocytes through significant paracrine 

signaling.  If these paracrine factors alone (without presence of donor cells) could 

still augment cardiac function, this would advocate for the development of non-

cellular therapies that could safely enhance myocardial function without the risks 

associated with cellular transplantation.  

Furthermore, because of the increased presence of cardiac fibroblasts in 
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response to cardiac injury and disease, the effect of fibroblast paracrine factors 

on cardiomyocyte function may significantly contribute to cardiac disease.  It is 

well known that cardiac fibroblasts produce trophic factors that contribute to 

pathological cardiac hypertophy associated with myocardial infarction201,202, 

primarily increased cell size and reorganization of the contractile proteins.  

However, the roles that paracrine factors secreted by cardiac fibroblasts play in 

cardiomyocyte electrophysiology and, in particular, in cardiac electrical 

propagation have not yet been explored.  Similar to our studies examining the 

potential for cellular coupling between cardiac and non-cardiac cells (Chapter 4), 

the role of non-cardiac paracrine factors affecting cardiomyocyte function is 

difficult to assess in situ or in vivo. The reasons for this difficulty include the many 

confounding factors that would make interpretation of the obtained results 

difficult, including the presence of multiple cell types and their paracrine factors, 

ever changing concentrations of neurohumoral factors, and the “washing” effect 

of the surrounding capillaries.   

 Therefore, this chapter describes the results of experiments used to study 

the intrinsic roles that factors secreted by (1) donor cells (SKMs or MSCs) and 

(2) cardiac fibroblasts play in electrophysiological properties (EP) of the 2-D 

cardiac networks in vitro.  Specifically, we conditioned a defined serum-free 

media (control media) for 24 hours in the presence of non-cardiac cells.  Cardiac 

monolayers where then incubated in the conditioned medium for 24 hours, and 

their electrophysiological properties were assessed by optically recording cell 
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membrane potentials. While no changes in cardiac EP were caused by donor cell 

(SKM or MSC) conditioning, a remarkable slowing of conduction velocity and 

prolongation of the action potential duration resulted from cardiac fibroblast 

conditioning.  Therefore, this work further focused on better understanding the 

mechanisms through which the observed paracrine effects were manifest.   

In particular, we first assessed if the observed effects were dose-

dependent. Then we studied if these effects resulted from fibroblast-induced 

depletion of some unknown factors from the control medium or from newly 

secreted fibroblast paracrine factors.  We further investigated if paracrine effects 

stem from changes other than potential changes in single cell 

electrophysiological properties, including changes in cell size, fibroblast 

proliferation, or cellular apoptosis. Then we assessed (1) the expression of genes 

coding for selected ion channels, (2) cardiac action potentials, using sharp 

microelectrodes, and (3) gap junctional presence and distribution.  We also 

studied the effect of medium conditioned by CFs in the presence of cardiac cells 

and found that this medium does not deteriorate cardiac EP. Finally, we explored 

if donor cells, when in the presence of cardiomyocytes, could protect the 

cardiomyocytes from the factors secreted by the CFs.     

 

5.1 Experimental Procedure 

5.1.1 Cell types used to condition neonatal rat cardiomyocytes 

Different cell types were isolated according to the methods listed in 
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Chapter 3.1.  Non-myocytes used for conditioning included donor cells (adult rat 

skeletal myoblasts (SKM) and adult rat mesenchymal stem cells (MSC)) and 

neonatal rat cardiac fibroblasts.   

5.1.2 Studies of conditioning of cardiac monolayers by different non-cardiac cell 

types 

Non-cardiac cells (passages 3-6 SKMs, passage 3-6 MSCs, and passage 

1 CF) were cultured to confluence in their respective media (Chapter 3.1.1-3.1.4), 

washed thoroughly with PBS, and allowed to condition the control medium. The 

conditioned media was subsequently filtered through a 0.22µm filter to remove 

any cellular debris, and added to six day old confluent cardiac monolayers 

previously cultured in control media.  After 24h, conditioned and control (7 days 

cultured in control media) cardiac monolayers were compared using 

immunostaining and optical mapping of membrane potentials as well as other 

assays described in Chapter 3.4.  

 5.1.3 Studies of the sustainability and recovery of the observed CF paracrine 

effects 

Conditioning of cardiac cultures was also done for 48 hours (by adding 

new CF conditioned medium every 24h) to assess if the observed effects were 

transient or sustained after prolonged conditioning. In addition, after 24h of 

conditioning, cardiac cultures were incubated in control medium for an additional  

24h to assess if the observed effects could be reversed after the removal of the 

CF factors. 
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5.1.4 Dose dependence and medium depletion studies  

CF conditioned media was diluted with control media to 50% or 25% of the 

original concentration.  This media was applied to cardiac cultures to examine if 

the observed effects were dose dependent. Cardiac monolayers were also 

exposed for 24h to CF conditioned medium which was concentrated 10-fold and 

diluted back to the original concentration with fresh control medium (Chapter 

3.2.1). This experiment served to examine if depletion of some unknown factors 

from control medium during conditioning was responsible for the observed 

effects.   

5.1.5 Shared media cultures of cardiac monolayers and non-cardiac cells 

Coverslips with cardiac monolayers were surrounded by a confluent layer 

of a non-cardiac cell type, allowing sharing of media but no physical contact 

between the non-cardiac and cardiac cells.  Specifically, three sterile 27G 

needles (Becton Dickinson, cat#305109) were separated by equal spacing and 

fixed in the center of a 60mm diameter Petri dish (Becton Dickinson, cat#353002) 

to immobilize a non-adherent mock coverslip (22 mm aclar coverslip coated with 

Pluronic 127). Non-cardiac cells were seeded at a density of 3.5x105 cells / 2.8 

ml media to obtain the same concentration of conditioned factors (by using the 

same number of cells per volume of media)  as is in regular CF conditioning 

experiments. Mock coverslips were replaced by 6 day old cardiac monolayer 

coverslips and incubated for 24h in either control media (to study conditioning of 

cardiac monolayers by surrounding non-cardiac cells) or CF conditioned media 

(to study the ability of surrounding donor cells to prevent the effects of added CF 
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conditioned media).  Dishes with cardiac monolayers, but without surrounding 

cells, incubated for 24h either in control or CF conditioned media served as 

controls.   

5.1.6 Structural and functional assessments 

Qualitative (Chapter 3.41) and quantitative immunostaining (Chapter 

3.4.1.2), apoptosis staining (Chapter 3.4.2), RT-PCR (Chapter 3.4.3), optical 

mapping (Chapter 3.5.1), sharp microelectrode recordings (Chapter 3.5.2), and 

computer simulations (Chapter 3.6.1) were performed according to the methods 

listed.  Briefly, tissue scale electrophysiological assessment was done by optical 

mapping with voltage-sensitive dyes to determine the conduction velocity (CV), 

action potential duration at 80% of repolarization (APD80), and maximum capture 

rate (MCR); whereas sharp microelectrode recordings were performed to assess 

the resting membrane potential (RMP).  Cardiac cultures were then 

immunostained for sarcomeric α-actinin (to assess general cell appearance), 

vimentin (to assess for the presence of fibroblasts), and both phosphorylated and 

unphosphorylated connexin 43 (to assess cellular connectivity).  Apoptosis 

staining was performed in cardiac and non-cardiac cultures to determine if 24h 

incubation in CF conditioned and control media, respectively, resulted in cell 

death.  Quantitative qRT-PCR was performed on control and CF conditioned 

cardiac cultures to assess the gene expression of Cx-43, Cx-45, SCN5A (INa 

channel), KCNJ2 (IK1 channel), KCND3 (Ito channel), α-MHC and β-MHC.  

Finally, computational simulations using both the dynamic Luo-Rudy model and 

the Pandit rat model were used to relate ion channel gene expression changes 
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with electrophysiological changes found by intracellular recordings and optical 

mapping. 

 

5.2 Results 

5.2.1 Donor-conditioned media does not affect electrical propagation in cardiac 

monolayers  

 As derived from apoptosis staining, no increase in cell death in non-

cardiac cell cultures was found during 24h exposure to serum-free control media 

compared to respective cell-specific media (not shown).  Media conditioned for 

24h by SKMs and MSCs produced no apparent difference in cell morphology or 

gap junction coupling, as assessed by staining for sarcomeric α-actinin and 

connexin 43 (data not shown).  In addition, no statistical differences between 

conditioned and control cultures were found for any of the electrophysiological 

parameters obtained from optical mapping (Figure 5.1) 

5.2.2 Cardiac fibroblast conditioned media adversely affects electrical 

propagation in cardiac monolayers 

 In contrast to donor cell conditioning, addition of cardiac fibroblast 

conditioned media to cardiac monolayers yielded significant slowing of electrical 

propagation (Figure 5.2.A) and widening of the action potentials (Figure 5.2.B). 

(In initial studies, fibroblasts were also conditioned with serum-free 

unsupplemented αMEM, and the same effects as with defined medium were 

seen.)  Specifically, conduction velocities (CVs, Figure 5.2.C1) and maximum 
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capture rates (MCRs, Figure 5.2.C3) in conditioned cultures were decreased to 

48.3% and 36.3% of the control values, respectively, while action potential 

durations (APDs, Figure 5.2. C2) increased to 218.9% of those measured in 

control cultures. Prolonged exposure to CF paracrine factors from 24 to 48h 

induced no additional changes in measured elecrophysiological properties 

(Figure 5.3.C1-3). The addition of fresh control medium after 24 h of conditioning 

resulted in complete reversal of APD and MCR changes, but only a partial 

reversal of CV to a level 78.1% of that measured in control cultures.   

5.2.3 CF conditioned media effects are dose dependent and not the result of 

fibroblast induced media depletion 

 In general, the cardiac electrophysiological effects observed using pure 

CF conditioned medium were progressively lessened by diluting the pure 

conditioned media with the control medium (Figure 5.3). Specifically, diluting the 

CF conditioned medium by 2- and 4-fold caused the measured 

electrophysiological parameters to approach those found in the control 

monolayers. In addition, the media that was concentrated 10-fold and then 

diluted 10-fold with fresh control medium exerted a similar electrophysiological 

effect on cardiac monolayers as CF conditioned medium (comparison between 

100% Cond and 10X Conc groups in Figure 5.3). This confirmed that CF 

secreted paracrine factors, rather than the depletion of the control medium by 

cardiac fibroblasts during conditioning, was the cause of the observed 

electrophysiological changes.  
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5.2.4 CF conditioned media does not affect apoptosis and fibroblast proliferation 

in cardiac monolayers but slightly increases the cardiac cell size   

We further investigated if the observed paracrine effects originated from 

changes other than possible changes in single cell electrophysiological 

properties. While no increase in the number of fibroblasts (as assessed by 

vimentin positive area, Figure 5.4.A1-3) or apoptotic cells (Figure 5.4.C1-3) were 

found in CF conditioned vs. control monolayers, the cardiac cell size assessed as 

the amount of protein per nucleus was slightly, but significantly, increased due to 

the CF conditioning  (Figure 5.4.B1-3). 

5.2.5 CF conditioned cardiomyocytes have an altered gene expression   

Furthermore, we quantified the expression of major rat ion channel genes 

that could possibly cause the changes in tissue-scale electrophysiology observed 

by optical mapping. As shown in Figure 5.5.A, the expression of fast sodium (INa) 

channel (SCN5A) and the inward rectifying potassium (IK1) channel (KCNJ2) 

genes were respectively decreased by 3.8 and 6.6 fold relative to control. 

Furthermore, the transient outward potassium (Ito) channel gene (KCND3, Kv4.3) 

expression in CF conditioned cultures was downregulated to undetectable levels. 

We also quantified the expression of genes coding the major rat ventricular gap 

junction proteins (Cx-43 and Cx-45) and found no difference between 

conditioned and control monolayers.  Finally, qRT-PCR revealed that in CF 

conditioned cultures, α-MHC and β-MHC (markers of cell dedifferentiation and 

pathological hypertrophy in rats) were respectively changed, 2.2 fold decrease 

96 
 



(p=0.08) and 17.4 fold increase, compared to control cultures.  

5.2.6 CF conditioned cultures have a lower resting membrane potential 

Since the performed optical recordings give fluorescence intensity values 

proportional to membrane voltage, but not the absolute values of membrane 

potential, we used sharp glass microelectrodes to measure the resting 

membrane potentials (RMP) in cells from conditioned and control monolayers.  

Characteristic action potentials recorded from spontaneously beating cells 

(Figure 5.5.B1) revealed significant RMP depolarization in conditioned cultures (-

47.8mV vs. -70.6mV, Figure 5.5.B2) and apparent loss of action potential 

upstroke.  

5.2.7 Intercellular connectivity is unchanged in CF conditioned cultures 

 To assess if comparable expression of connexin genes in conditioned and 

control cultures (Figure 5.5) translated to no change in cellular expression of 

connexin-43 protein, we quantified the amount of total (unphosphorylated + 

phosphorylated) (Figure 5.6.A1-3) and unphosphorylated (UnPO4,) connexin 43, 

(Figure 5.6.B1-3) using immunostaining with phosphorylation sensitive 

antibodies. The total area of positive staining per nucleus for total connexin 43 

was found to be comparable in conditioned (1.77±0.66X μm2/nucleus) and 

control (1.60±1 μm2/nucleus) monolayers (Figure 5.6.A3). Conversely, the total 

area per nucleus for UnPO4 connexin 43 was found to be significantly larger in 

conditioned (0.04±0.02 μm2/nucleus) versus control (0.02±0.01 μm2/nucleus) 

monolayers (Figure 5.6.B3). Importantly, despite the differences between the 

groups, the amounts of UnPO4 connexin 43 in both conditioned and control 
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cultures were virtually negligible relative to the total amount of connexin 43 

(Figure 5.6.C1-C3).  

5.2.8 Computational modeling based on gene expression and connectivity 

analysis correlates with electrophysiological measurements  

 Electrical propagation was simulated in a computational fiber using the 

Luo-Rudy dynamic (LRd) and Pandit (P) ionic cell models. For control fibers, LRd 

model was adjusted to raise the RMP to the experimentally found -70mV, by 

decreasing IK1 to 10% of the original value (Figure 5.7.A1), while the P model 

was adjusted to increase the APD to the experimentally found 100 mV by 

decreasing Ito to 6% of the original value (Figure 5.7.B1). Intercellular 

conductances in both LRd and P fibers were adjusted to yield control conduction 

velocities at 2Hz pacing rate. Observed changes in gene expression were 

directly translated for conditioned fibers as changes in the corresponding ion 

currents (Figure 5.7.A1&B1). Fiber conductivities in control and conditioned 

cases were maintained the same. Both models successfully captured the 

experimentally measured decrease in conduction velocity. While the conditioned 

LRd fiber exhibited a slight RMP depolarization and no significant change in 

APD80 (Figure 5.7.A2-3), the P model exhibited no change in RMP but significant 

APD prolongation with no AP repolarization (Figure 5.7.B2-3). Thus, among the 

two models, all of the experimentally observed electrophysiological changes 

could be qualitatively reproduced in computational cardiac fibers based on the 

measured changes in gene expression.   
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5.2.9 Cardiac fibroblasts cultured in the presence of cardiomyocytes have no 

effect on cardiac electrical propagation   

To explore if the CFs can secrete cardiac-damaging factors in the 

presence of cardiomyocytes, the shared media cultures (5.1.5) with cardiac 

monolayers surrounded by CFs were studied (Figure 5.8.A1).   Interestingly, the 

presence of cardiomyocytes during CF conditioning prevented the CF paracrine 

effects, yielding the cardiac electrophysiological properties significantly different 

from regular CF conditioned cultures but comparable to the control cultures 

(Figure 5.8.A2-A4). These results suggested that cardiomyocytes secrete their 

own factors that prevent secretion of damaging paracrine factors by fibroblasts. 

To assess if these protective cardiac factors are regularly expressed in cardiac 

conditioned media or only in the presence of cardiac fibroblasts, we applied 

cardiac conditioned media to CFs and after 24h of CF conditioning, applied this 

medium to separate cardiac monolayers for 24 hours (Figure 5.8.B1).  

Interestingly, CF conditioning in the presence of cardiac conditioned medium 

only, still exhibited damaging effects to cardiac cultures (Figure 5.8.D2-4).  This 

indicates that cardiac conditioned media does not prevent fibroblasts from 

secreting deleterious factors; the actual co-presence of cardiomyocytes and 

fibroblasts is needed to prevent this effect. 

5.2.10 Paracrine factors from donor cells protect the cardiomyocytes from the 

effects of the CF conditioned media 

The same shared medium co-cultures were used to examine if the 

presence of MSCs or SKMs surrounding the cardiac monolayer could prevent the 
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paracrine effects of the applied CF conditioned medium (Figure 5.9.A1). As 

shown in Figure 5.9.A2-4, all measured electrophysiological properties were 

unchanged relative to control co-cultures, but significantly different from cardiac 

cultures exposed to CF conditioned medium without the presence of MSCs or 

SKMs. These results demonstrate that the presence of MSCs and SKMs can 

protect cardiomyocytes from the deleterious effects of CF conditioned media.   

 

5.3 Discussion 

In this chapter, we discovered that serum-free defined media conditioned 

for only 24h by cardiac fibroblasts can exert significant detrimental effects on the 

electrophysiological properties of cardiac cells after only 24h of exposure.  These 

effects appear to be dose dependent, stable for at least 48h, almost fully 

recoverable 24h after removal of conditioned media, and induced by unknown 

factors secreted by cardiac fibroblasts.  In addition, these effects are prevented if 

the fibroblast conditioning occurs in the presence of cardiomyocytes, or if the CF 

conditioned media is added to cardiomyocytes cultured in the presence of 

skeletal myoblasts or mesenchymal stem cells. The observed detrimental effects 

are mainly caused by downregulation of specific cardiac ion channel genes 

(SC5NA, KCNJ2, and KCDN3) rather than decreased intercellular coupling, 

increased apoptosis, or fibroblasts proliferation. Finally, these 

electrophysiological changes are associated with an increase in cardiac cell size 

and upregulation of β-MHC gene expression (i.e. hallmarks of pathological 
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hypertrophy in rats). 

Previous studies have shown that fibroblast conditioned media increased 

cardiomyocyte cell surface area and protein content203, upregulated α-smooth 

muscle actin expression after 24 hours, and caused cardiac cells to stop 

contracting after 72 hours. Another study found that cardiac fibroblast 

conditioned media increased rather than decreased the spontaneous beating 

rate of cardiomyocytes204.  These findings are consistent with our study, where 

the presence and rate of spontaneous cardiac contractions increased during 24 

hours of exposure to CF conditioned media (not shown).  Furthermore, 

consistent with all of the other studies, we observed a significant increase in the 

amount of cellular protein (an index of cell size) in the conditioned group (Figure 

5.4.B1-B3).  Currently, to our knowledge, there is only one study that examined 

the effects of fibroblast paracrine factors on electrophysiological properties of 

cardiomyocytes.  Guo et al. demonstrated that subconfluent cardiomyocytes, 

when co-cultured with non-myocytes (primarily fibroblasts) or exposed to non-

myocyte conditioned medium, exhibit prolonged APD25 due to a 42% decrease in 

Ito (Kv4.2) density201. Our findings of significant downregulation of the Ito subunit 

Kv4.3 and APD prolongation are in general agreement with those by Guo et al.   

5.3.1 The effects of CF conditioned media on cardiac electrophysiological 

properties 

Based on our qRT-PCR analysis, CF paracrine factors have resulted in 

altered expression of several cardiac ion channel genes.  Specifically, we 
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observed a downregulation of SCN5A, the fast sodium channel, by 3.8 fold and 

of KCNJ2, IK1, an inward rectifying potassium channel, by 6.6 fold.  Furthermore, 

KCND3, the transient outward potassium current, was detected in the control 

samples and downregulated to undetectable levels in the conditioned samples.  

As expected from IK1 downregulation, the RMP in conditioned cardiomyocytes 

was significantly depolarized compared to that of unconditioned cells (Figure 

5.5.B1-2).  The combination of decreased cell excitability (due to downregulation 

of INa gene expression) and sodium current availability (due to sodium channel 

inactivation at depolarized RMPs induced by IK1 decrease) synergistically 

contributed to observed conduction slowing, despite no changes in intercellular 

coupling (Figure 5.6). Furthermore, prolongation of APD and the consequential 

decrease of MCR in conditioned cultures (Figure 5.2) were most likely caused by 

the significant downregulation of Ito, a major repolarizing current in rats.  Although 

the decrease in Ito alone could account for the extent of the observed APD 

prolongation205, the changes in L-type Ca current and the Na-Ca exchanger as 

potential contributors cannot be excluded. Furthermore, results obtained using 

computational simulations (Figure 5.7) were in general agreement with the 

experimentally obtained findings.  

5.3.2 The effects of CF conditioned media on the expression of genes related to 

cardiac contractile function 

We also examined the expression of genes related to cardiac contractile 

function. Significant upregulation of β-MHC as found in CF conditioned cardiac 
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cultures is considered a hallmark of pathological hypertrophy and heart failure in 

rats.  Recently, upregulation of β-MHC in a mouse model has been shown to 

occur predominately in cardiomyocytes neighboring the localized regions of 

fibrosis85.  One of the explanations for this finding, which is consistent with our 

results, is that locally secreted paracrine factors from fibrotic regions induced 

upregulation of β-MHC in surrounding cardiomyocytes.  

5.3.3 Paracrine factors from cardiac fibroblasts cultured in the presence of 

cardiomyocytes have no effect on cardiac electrical propagation 

Interestingly, CF media conditioned in the presence of cardiomyocytes did 

not exert any deleterious effect on cardiac monolayers, i.e., these effects were 

only observed when the medium was conditioned by the pure CF cultures.  

Importantly, the CF conditioning of media previously conditioned by 

cardiomyocytes still exerted the observed negative effects. This indicates that 

cardiomyocytes must be in the physical presence of fibroblasts (and probably at 

a specific proportion) in order to eliminate the deleterious paracrine action by 

CFs.   

Previous studies in fibroblast-cardiac co-cultures, as compared to 

relatively pure cardiac cultures, have shown an increase in the cardiomyocyte 

size, ANP, and BNP expression, all are signs of pathological hypertrophy206.  

When conditioned media from the co-cultures was applied onto the pure myocyte 

culture, the same effects seen in the co-culture were induced in the pure myocyte 

culture206. Furthermore, CFs in close apposition with adult myocytes have been 
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shown to induce hibernation-like dedifferentiation of the myocytes207. In contrast, 

other studies demonstrated beneficial effects of CFs when co-cultured with 

cardiomyocytes including the role of CFs in the protection of cardiomyocytes 

from hypothermic injury208.  Yet another study demonstrated that CFs could 

metabolize thyroid hormones, protecting the myocardium from high and 

potentially cardiotoxic thyroid hormone levels.   

Based on our findings (Figure 5.8), we speculate that there may exist a 

balanced paracrine cross-talk between the cardiomyocytes and the cardiac 

fibroblasts. Specifically, if the CFs produce damaging substance X, the 

cardiomyocytes respond to X and then produce protective substance Y.  This 

substance Y then interferes with substance X by either (1) blocking the 

production of X, (2) binding with X to form an inactive complex, or (3) 

upregulating another biochemical pathway that shifts CFs away from the 

production of X.  Based on the results that cardiac conditioned media does not 

prevent CF secretion of damaging factors, we favor the hypothesis that protective 

cardiac factor Y is only secreted or upregulated upon exposure to damaging CF 

factor X and is not constitutively produced at effective levels.  Therefore, we 

speculate that cardiomyocytes must be “activated” by the CF conditioned media 

and act on neighboring CFs for this protective cross-talk scenario to occur.  

Importantly, in this scenario, a physiological cellular mixture of 

cardiomyocytes and CFs in the healthy heart is balanced, such that the existence 

of an efficient cross-talk between cardiomyocytes and CFs prevents any 
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damaging CF paracrine action on cardiomyocytes. However, if the number of 

fibroblasts is locally increased and/or number of cardiomyocytes is locally 

decreased, such as in fibrosis or infarction, the lack of protective factors from 

cardiomyocytes allows for increased secretion of damaging factors from 

fibroblasts which in turn negatively affects the surrounding cardiomyocytes. We 

can further speculate that this or a similar mechanism may contribute to altered 

electrophysiological properties of the cardiomyocytes in infarct border zones or 

fibrotic tissue which can ultimately increase the susceptibility to lethal 

arrhythmias.   

5.3.4 Paracrine factors from donor cells protect the cardiomyocytes from the 

effects of the CF conditioned media 

Intriguingly, we also found that cardiomyocytes cultured in the presence of 

donor cells (both MSCs and SKMs), were protected from the deleterious effects 

of the cardiac fibroblast conditioned media.  Several studies have demonstrated 

the effect of paracrine factors secreted from stem cells in promoting functional 

cardiac improvement168,209,210, supplying cardioprotective effects211 and 

stimulating angiogenesis210 within the infarct region.  In our system, effects from 

donor-conditioned media were not observed on control cultures; however, in the 

presence of CF conditioned media, the donor cells may have become “activated” 

to secrete cardioprotective factors, or they may have metabolized the deleterious 

factors in the CF conditioned media.  At this point, the mechanism for the 

observed effects is unclear.   
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Related to this finding, it has been previously shown that there is a 

dramatic increase in soluble factors released from mesenchymal stem cells 

exposed to hypoxic conditions compared to normoxic conditions212, 

demonstrating that the cells become “activated” under stress and secrete more 

soluble factors.  This same effect has been demonstrated with skeletal myoblasts 

where they have been shown to secrete vascular endothelial growth factor 

(VEGF) under apoptotic conditions213.     

5.3.5 Possible soluble factors in CF conditioned media 

In previous studies, media conditioned by fibroblasts was found to contain 

significantly elevated levels of VEGF, GFO/KC, MCP-1, leptin, MIP-1a, IL-6, IL-

10, IL-12p70, IL-17, TNF-α, TGF-β and RANTES214.  Studies by Luke 

McSpadden (a graduate student in Dr. Bursac laboratory) have shown that 

culture media supplemented with IL-6 and TNF-α had no significant effects on 

cardiac EP properties (unpublished data).  Another study has found that 

endothelin (ET) from fibroblast conditioned media was responsible for the 

observed increase in beating rate in the cardiac cultures204.  Endothelin has been 

shown to have positive inotropic effects on cardiomyocytes, but also has a 

pathophysiological role as it is produced in response to ischemia in the heart 204.   

Other studies have also shown that by blocking the cardiac ET-A receptor with 

an antagonist, the effect of cardiac fibroblast conditioned media such as 

increased cell size and protein content can be significantly blocked203.  It was 

noted that the angiotensin-II receptor antagonists and regitin (an α-adrenergic 
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receptor antagonist) did not block the effects from the CF conditioned media; 

however, the effects were partially inhibited by pertusis toxin and the protein 

kinase C (PKC) inhibitor, staurosporine203.  Furthermore, endothelin was shown 

to decrease the transient outward current, Ito (Kv4.3), in Xenopus oocytes by 

60%215.   

We speculate that endothelin may be a good candidate to investigate as a 

cardiac fibroblast secreted paracrine factor deleterious to cardiomyocytes, 

because it has a demonstrated effect on electrical properties.  Furthermore, 

endothelin-1 has been shown to upregulate β-MHC, and this effect is also 

observed in our conditioned cardiac cultures.  On the other hand, identifying the 

known or unknown cardiomyocyte factors that prevent the negative paracrine 

effects of CFs may be of paramount importance as it can suggest potential 

pharmacological targets for the treatment of related cardiac diseases (e.g. 

fibrosis, infarction, failure, and different cardiomyopathies). 

5.3.6 Clinical implications 

 It is well established that uncoordinated electrical function in the 

myocardium leads to inefficient ejection (low ejection fraction) and impaired 

myocardial contraction and function.  The electrophysiological effects from CF 

conditioned media on cardiomyocytes mirror the electrophysiological picture 

seen in several cardiac disease states, including post-myocardial infarction, 

fibrosis and hypertrophy, and heart failure.  Downregulation of the ion channels 

(Ito, IK1 and INa) observed in our study, correlates with those found in acute 
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myocardial infarctions, healed myocardial infarctions, and chronic heart 

failure99,106.  Decreased connexin expression and significant connexin 

unphosphorylation are also seen in these diseased states99,106 but are not 

observed with our CF conditioned media.  While a statistically significant increase 

in unphosphorylated connexin 43 in CF conditioned cultures was observed 

compared to control, the effects on electrical propagation are likely negligible due 

to the overall low amount of unphosphorylated connexin.  Importantly, APD 

prolongation and decreased conduction velocity are seen in our studies and are 

both well established in the aforementioned diseased states.  Increased APD has 

been associated with arrhythmia formation and the development of early and 

delayed afterdepolarizations, while decreased conduction velocity is regularly 

associated with reentry81.    

 The significantly increased β-MHC gene expression observed in the 

monolayers exposed to CF paracrine factors has important implications for 

cardiac disease. Specifically, increased expression of β-MHC, a fetal-isoform in 

rat, has been observed in cardiac fibrosis, hypertrophy, and heart failure85.  It is 

thought to directly affect cardiac function by reducing myofibrillar ATPase activity. 

When upregulated in the place of α-MHC, as in the rat, it yields reduced 

shortening velocity of the cardiac myofibers85 and acts as a negative inotrope 

that reduces cardiac contractility216.  This upregulation can be reversed, as is 

seen with the regression of hypertrophy and in patients who respond favorably to 

beta-blocker therapy8,157.   
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In this work, we have established that paracrine factors from cardiac 

fibroblasts affect cardiomyocytes in a deleterious fashion.  These factors reduce 

conduction velocity and prolong APD, which may not only increase the possibility 

for arrhythmia formation, but also act to desynchronize propagated contractions 

and consequently reduce the efficiency of cardiac pumping.  Furthermore, 

specific contractile apparatus genes were altered in the cardiomyocytes exposed 

to these factors in a manner that could further decrease contractility.  Given the 

profound effects of the paracrine factors derived from cardiac fibroblasts, it is our 

hope that they can be targeted for possible future therapies for cardiac disease.     

5.3.7 Future applications 

This research established that cardiac fibroblast paracrine action can 

affect cardiomyocytes in an injurious fashion.  To better assess the underlying 

mechanisms of this action, micropatterned co-cultures of cardiomyocytes and 

fibroblasts can be used to systematically alter the localized presence of 

fibroblasts and investigate the critical mass of CFs needed for the paracrine 

effects to occur in the neighboring cardiomyocytes.  Furthermore, although 

endothelin is a good starting point to identify the CF secreted factors responsible 

for this action, a more thorough and systematic approach to fully understand the 

soluble factors and cell signaling pathways involved in cardiomyocyte-fibroblast 

interactions can be performed.  In particular, the use of DNA microarrays to 

investigate fibroblast and cardiac gene expression when cultured alone and in 

the presence of each other may offer clues of which pathways in each cell type 
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may be involved in the hypothesized cross-talk scenario.  Furthermore, when 

obtained results are combined with proteonomic array analyses, they would allow 

for efficient testing of the most suspected soluble factors in the conditioned 

media, such as inflammatory cytokines and growth factors related to fibrosis.  

This type of comprehensive assessment would not only provide a broader 

platform for the analysis of cellular interactions but also allow for comparison of 

the gene and protein expression patterns from these experimental methods to 

those obtained in other laboratories and/or in the clinic.    

In summary, our results indicate (1) that paracrine factors secreted by 

cardiac fibroblasts could contribute to the progression of fibrotic cardiac disease, 

(2) that there may be a crosstalk mechanism between CFs and cardiomyocytes 

that prevents this paracrine action from occurring in the healthy heart, which 

could be exploited for possible future cardiac therapies, and finally (3) that 

protection of cardiomyocytes from negative paracrine action of CFs in a post-

infarcted heart may be another possible mechanism of how donor cells used in 

cardiomyoplasty improve cardiac function without cellular engraftment.   
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Figure 5.1. Effect of donor cell conditioned media on electrical propagation in cardiac 
monolayers. Conduction velocity of electrical propagation (A) and action potential duration at 80% 
repolarization (B) are measured at 2 Hz pacing rate. (C) Maximum pacing rate at which 
monolayers were captured in 1:1 fashion. No statistical differences were found in donor-
conditioned culture relative to control cultures. (Cond=Conditioned) (N=6 isolations, 24 
monolayers per group) 
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Figure 5.2.  Effect of cardiac fibroblast (CF) conditioned media on electrical propagation in 
cardiac monolayers.  (A) Representative isochrone maps of control (left), CF conditioned 
(middle), and recovered (right) cardiac monolayers stimulated by a point electrode (Π) at 2Hz.  
Recovered monolayers were exposed to CF conditioned media for 24 hrs and then switched to 
control media for 24 hrs. The color bar denotes activation times in ms. Note delayed activation in 
conditioned relative to control and recovered monolayers. Circles represent optical recording 
sites. (CV = conduction velocity) (B) Optical action potential traces from respective monolayers in 
A. Note longer action potential duration (APD) in conditioned relative to control and recovered 
cultures. (C) Parameters of electrical propagation (EP). Note that another day of exposure to 
conditioned media has sustained the EP differences from control. Note also, that one day 
recovery in unconditioned media recovered APD and maximum capture rate but only partially 
recovered CV (Cond=Conditioned) (N=18 isolations, 53 monolayers for control and Cond 1 Day; 
N=4 isolations, 10 coverslips for Cond 2 Days; N=3 isolations, 10 coverslips for Recovered). (*) 
significantly different from control; (#) significantly different from 1 and 2 day conditioned cultures. 
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Figure 5.3. Effects of CF conditioned media on EP properties are dose-dependent and not the 
result of media depletion. Conditioned media (100% Cond) was diluted twice (50% Cond) and 4 
times (25% Cond) by mixing with control media (N=3 isolations, 10 coverslips per group). CF 
paracrine factors in conditioned media were concentrated 10X and diluted back to 1X using 
control media (10x Conc group, N=2 isolations, 7 coverslips).  EP parameters in (A-C) are 
reported as percent relative to unconditioned control (dashed line). (^) significantly different from 
control; (*) significantly different from 100% Cond; (#) significantly different from 50% Cond. 
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Figure 5.4.  Effect of CF conditioned media on cellular content, size, and apoptosis in cardiac 
monolayers. A) Fibroblast content in control (A1) and conditioned (A2) cultures. Red, fibroblasts 
stained for vimentin; blue, nuclei stained with DAPI (blue). B) Cell size in control (B1) and 
conditioned (B2) cultures. Red, sarcomeric α-actinin; green, connexin 43; blue, nuclei. Total 
protein divided by number of nuclei was used as an index of cell size (B3). C) Apoptosis in control 
(B1) and conditioned (B2) cultures. Green, apoptotic nuclei stained with TUNEL staining; blue, all 
nuclei stained with DAPI. The inset in C1 is a positive control. (*) significantly different from 
control. 
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Figure 5.5. Effects of CF conditioned media on cardiac gene expression and intracellular 
electrical properties. (A) Gene expression in conditioned relative to the control cultures. Cx, 
connexin; SCN5A, fast sodium channel a-subunit; KCNJ2, inward rectifier potassium current 
(Ik1);  MHC, myosin heavy chain; KCND3, the transient outward potassium current was 
downregulated to an undetectable level by conditioning. (N=3 samples, total of 9 coverslips). (B) 
Action potentials traces recorded using sharp microelectrodes. Note significant depolarization of 
resting potential (B2) due to conditioning. (N=3 isolations, 4 cells per isolation) *, significantly 
different from control. 
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Figure 5.6. Effects of CF conditioned media on the presence and phosphorylation of connexin 43 
in cardiac monolayers. A) Total (phosphorylated and unphosphorylated) gap junction staining in 
control (A1) and conditioned (A2) cultures. Green, total connexin43. Total Cx43 area per nucleus 
is quantified in A3. B) Unphosphorylated gap junction staining in control (B1) and conditioned 
(B2) monolayers. Red, unphosphorylated connexin43 (UnP04 Cx-43). Total UnP04 Cx-43 area 
per nucleus is quantified in B3. C) Merged image in control (C1) and conditioned (C2) cultures. 
The ratio of UnPO4-Cx43/ total Cx43 is quantified in C3. (N=3 coverslips per group).  
(*) significantly different from control. 
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Figure 5.7. Computational modeling of gene expression results. A) Simulations using the guinea 
pig dynamic Luo-Rudy (LRd) model. (A1) Sodium conductance (gNa), inward potassium rectifier 
current (IK1), and intercellular conductivity (si) were adjusted to match membrane resting 
potential (MRP) and conduction velocity in computational cardiac fiber and control monolayers. 
IK1,LRd and Ito,LRd are original values from LRd model. Simulation parameters for conditioned 
monolayers were adjusted relative to those for controls, based on gene (Fig. 5.5) and Cx43 
expression (Fig. 5.6) results. (A2) Action potential traces for control (solid) and conditioned 
(dashed) cardiac fibers. (A3) EP parameters obtained at central node of the fiber. Note 
significantly increased RMP and decreased CV, but only a slight change in APD80. B) 
Simulations using Pandit (P) adult rat model. (B1) Sodium conductance (gNa), transient outward 
potassium conductance (gto), and gap junction conductivity (rgap) were adjusted to match 
conduction velocities, maximum upstrokes, and APDs in computational fiber and control 
monolayers. IK1,P and Ito,P are original values from Pandit model. Simulation parameters for 
conditioned cultures were adjusted relative to those for controls, based on gene (Fig. 5.5) and 
Cx43 expression (Fig. 5.6) results. (B2) Action potential traces for control (solid) and conditioned 
(dashed) cardiac fibers. (B3) EP parameters obtained at central node of the fiber. Note 
significantly increased APD80 and decreased CV, but only a slight change of RMP. 
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Figure 5.8. Cardiomyocytes in the presence of fibroblasts secrete protective factors that prevent 
paracrine effects of fibroblasts.  (A1) Experimental groups for the first set of studies. Left, Control 
1 is a cardiac monolayer exposed to control medium. Middle, Conditioned 1 (Cond 1) is a cardiac 
monolayer exposed to CF conditioned media for 24h. Right, Treatment 1 (Tx 1) is a cardiac 
monolayer surrounded by cardiac fibroblasts (without direct contact) exposed to control media for 
24h. (A2-A4) EP parameters in Cond 1 and Tx1 groups, shown relative to Control 1 (dashed line). 
Note that unlike in the absence (Cond 1), the CF conditioning in the presence of cardiomyocytes 
(Tx 1 group) has no effect on the cardiac EP properties. (B1) Experimental groups for the second 
set of studies. Left, Control 2 is a cardiac monolayer exposed for 24h to media conditioned by 
other cardiac monolayers for 48h.  Middle, Conditioned 2 (Cond 2) is the same as Cond 1. Right, 
Treatment 2 (Tx 2) is the same as Cond 2, except that CF conditioning was done in the presence 
of media previously conditioned for 24 h by a cardiac monolayer. B2-B4) EP parameters in Cond 
2 and Tx 2 groups, shown relative to Control 2 (dashed line). Note that the CF conditioning in the 
presence of cardiac conditioned medium only (Tx 2 group), still affects the cardiac EP properties. 
(*) significantly different from Control. (#) significantly different from Conditioned. (N=4 isolations, 
12 coverslips per group) 
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Figure 5.9. Donor cells protect the cardiomyocytes from the effects of the CF conditioned media. 
(A1) Experimental groups. Left, Control is a cardiac monolayer surrounded by MSCs (MSC 
Control) or SKMs (SKM Control) exposed to control media for 24h. Middle, Conditioned (Cond) is 
a cardiac monolayer exposed to CF conditioned media for 24h. Right, Treatment group is a 
cardiac monolayer surrounded by MSCs (MSC Tx) or SKMs (SKM Tx) exposed to CF conditioned 
media for 24h. (A2-A3) EP parameters in SKM Control, Cond, MSC Tx, and SKM Tx groups, 
shown relative to MSC Control (dashed line). For both MSCs and SKMs the electrical propagation 
parameters were reported related to the MSC control (denoted by a dashed line).  Note that in the 
presence of MSCs or SKMs, cardiac EP properties are not affected by exposure to CF 
conditioned media. (*) significantly different from MSC control. (N=3 isolations, 10 coverslips per 
group) 
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6. Summary and future work 

6.1 Summary 

6.1.1 Structural interactions between non-cardiac and cardiac cells 

A better understanding of structural and functional interactions between 

cardiac and non-cardiac cells is essential to better address the sequelae of 

cardiac disease and improve the potential cellular implantation therapies.  One of 

the major hurdles to further elucidate the mechanisms of these interactions is the 

complex 3-D tissue environment which limits in situ or in vivo studies.  In 

contrast, the use of micropatterned in vitro model systems for studies of cardiac 

and non-cardiac cell interactions offers many advantages previously discussed.   

Therefore, in Chapter 4 an in vitro model system was established to allow 

for the reproducible placement of non-cardiac cells in contact with 

cardiomyocytes such that their structural and functional interactions can be 

systematically assessed in well-controlled conditions.  In particular, we used 

micropatterned abutting-trapezoid shaped protein islands to support the 

formation of isolated cell pairs with a confined area for cell-cell contact. This 

system granted the same probability to different cell types to come into contact 

with other cell types under the same geometry; the resulting cell interactions 

were readily assessed by immunostaining.    

To optimize this model we optimized the efficiency of cell pair formation.  

We determined, for each cell type, the trapezoid dimensions that yielded the 

most efficient single cell attachment and spreading.  Then we determined the 
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order of cell seeding and cell seeding density to produce the most single cells per 

two-trapezoid islands.  This was determined to be 30x103 cardiomyocytes per 

coverslip.  The minimum seeding density and medium best suited for attachment 

of all non-cardiac cell types was found to be 30x103 cells in serum free defined 

media.  Finally, the optimal protein substrate was determined to be fibronectin, 

because it trended to have more pair formation across all cell types.   

Using this well optimized in vitro model we assessed not only the 

presence but also the actual frequency and distribution patterns of Cx-43 and N-

cadherin expression between non-cardiac cells and cardiomyocytes.  In general, 

unlike cardiac cells, all of the non-cardiac cell types in heterotypic and homotypic 

cell pairs predominantly exhibited the diffuse rather than cell contact-specific 

staining for Cx-43 and N-cadherin. Importantly, the limited presence of junctional 

proteins at the sites of cell contacts in homotypic pairs appeared to be 

upregulated in heterotypic pairs in the presence of abutting cardiac cells. 

Conversely, the presence of SKM and CFs next to cardiomyocytes upregulated 

expression of diffuse gap junctional staining predominately in only cardiac cells; 

however with MSCs, the diffuse gap junctional staining was observed frequently 

in both cells.   

At the moment, it is questionable if the observed diffuse patterns of Cx-43 

would be supportive of electrical propagation or diffusion of small molecules 

between the cells; nonetheless with the obtained numbers for cell contact-

specific junctions, it appears that higher chances for functional coupling with host 

cardiomyocytes exist for MSCs, followed by SKMs, and finally CFs.   
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Furthermore it was found that connexin 43 was more efficiently expressed 

in longitudinal than transverse cell borders, most likely due to a higher probability 

of junctional formation at the sites of longer cell-cell contact.  If based on this 

finding, transplanted cells were to connect more readily side-to-side rather than 

end-to-end with cardiomyocytes, the transverse conduction may be favored in 

these connections over longitudinal, which overall would yield a decrease in 

functional anisotropy, and possibly increased propensity for arrhythmias.  

Therefore, it remains questionable, if electrical coupling between donor cells and 

cardiomyocytes would be safe and advantageous for functional improvement in 

heart disease.   

6.1.2 Paracrine factors from non-cardiomyocytes affect the electrical propagation 

in cardiomyocytes 

Given the ambiguity surrounding the activity of exogenous and 

endogenous cells recruited or injected into the injured myocardium, 

understanding the paracrine effects of these cells on surrounding cardiomyocytes 

will help to improve the safety and efficacy of current, and provide direction for, 

novel therapies for acute and chronic heart disease.   In this chapter, we 

discovered that serum-free defined media conditioned for only 24h by cardiac 

fibroblasts can exert significant detrimental effects on electrophysiological 

properties of cardiac cells after only 24h of exposure.  These effects appear to be 

dose dependent, stable for at least 48h, almost fully recoverable 24h after 

removal of conditioned media, and induced by unknown factors secreted by 

cardiac fibroblasts.  In addition, these effects are prevented if the fibroblast 
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conditioning occurs in the presence of cardiomyocytes, or if the CF conditioned 

media is added to cardiomyocytes cultured in the presence of skeletal myoblasts 

or mesenchymal stem cells. The observed detrimental effects are mainly caused 

by downregulation of specific cardiac ion channel genes (SC5NA, KCNJ2, and 

KCDN3) rather than decreased intercellular coupling, increased apoptosis, or 

fibroblasts proliferation. Finally, these electrophysiological changes are 

associated with an increase in cardiac cell size and upregulation of β-MHC gene 

expression (i.e. hallmarks of pathological hypertrophy in rats).  Currently, we 

speculate that endothelin may be a good candidate to investigate as a cardiac 

fibroblast secreted paracrine factor deleterious to cardiomyocytes, because it has 

a similar demonstrated effect on the electrical properties compared to the effect 

we have observed.   

Overall in this portion of the thesis, we have established that paracrine 

factors from cardiac fibroblasts may affect cardiomyocytes in a deleterious 

fashion.  These factors reduce conduction velocity and prolong APD, which may 

not only increase the possibility for arrhythmia formation, but also act to 

desynchronize propagated contractions and consequently reduce the efficiency 

of cardiac pumping.  Furthermore, specific contractile apparatus genes were 

altered in the cardiomyocytes exposed to these factors in a manner that could 

further decrease contractility.  Given the profound effects of the paracrine factors 

derived from cardiac fibroblasts, it is our hope that they can be targeted for 

possible future therapies for cardiac disease.     
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6.2 Future Work 

6.2.1 Structural interactions between non-cardiac cells and cardiac cells 

The developed in vitro model system allows for many interdisciplinary 

research uses ranging from controlled experiments on basic cellular processes in 

an environment of an isolated cell pair to high throughput studies of the effects of 

new pharmaceuticals on cell-cell interactions.  We are however more interested 

in using this model to systematically study if different growth factors and genetic 

manipulations can promote the formation of functional electromechanical 

junctions between host cardiomyocytes and different non-cardiac cells.   

Furthermore, we would like to better understand if the observed 

differences in transverse and longitudinal gap junctional distribution observed in 

this study translate to differences in functional coupling between the cells.  

Therefore further studies can be done using membrane impermeable dye 

transfer or voltage clamping to elucidate the answers. 

6.2.2 Paracrine factors from non-cardiomyocytes affect the electrical propagation 

in cardiomyocytes 

Future work will focus on better understanding the mechanism resulting in 

the deleterious effects from CF conditioned media on cardiac electrical 

properties.  Micropatterned co-culture studies will be performed, investigating the 

critical mass of CFs needed to produce and sustain the effect demonstrated in 

this chapter.  Furthermore, a more thorough and systematic approach to fully 

understand the mechanisms underlying the possible cross-talk between the two 
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cell types is needed.  The use of DNA microarrays would afford a better 

understanding of the fibroblast and cardiac gene expression dynamics and cell 

signaling pathways involved in their interactions, while proteonomic arrays would 

allow for efficient testing of the most suspected soluble factors in the conditioned 

media, such as inflammatory cytokines and growth factors related to fibrosis.  

This type of comprehensive assessment would not only provide a broader 

platform for analysis of cellular interactions but also allow for comparison of the 

gene and protein expression patterns from these experimental methods to those 

obtained in other laboratories and/or in the clinic.    
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Appendix I: General principles of optical mapping  

The foremost advantage of optical mapping is the fact that it allows for the 

noninvasive measurement of changes in membrane potential, obviating the need 

to impale cells with electrodes and cause injury217.  Our methodology for the 

optical mapping of cardiomyocyte membrane potentials involves three primary 

components: (1) cells stained with a voltage-sensitive dye; (2) red photoresist to 

filter the emitted fluorescent light from the cells and focus it onto a photodetector; 

and (3) a photodiode array (photodetector) to measure the emitted light217.   

 Voltage-sensitive dyes are optical indicators that are sensitive to 

membrane potential218.  So called fast-response dyes, which include di-4-

ANEPPS, are membrane-impermeant dyes that bind to the cell membrane and 

undergo a structural change, which produces an emission spectrum changes in 

response to changes in the surrounding electrical field218.  Di-4-ANEPPS, in 

particular, has the most consistent potentiometric response (10% change in 

fluorescence intensity per 100mV potential change) in a variety of cell and tissue 

types.  Di-4-ANEPPS is also advantageous in that it exhibits low toxicity and 

photobleaching219. 

Cells in a monolayer are stained indiscriminately with the dye by bath 

incubation, followed by washing. The dye molecules attach to the membrane of 

the cardiac cells and fluoresce light in direct proportion to transmembrane 

voltage. Specifically, the dyes provide information on voltage change, but the 

absolute amplitude of the signal is variable, based on differences in dye staining 

and variations in local sensitivity218.  The rapid time response of excitation and 
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emission of the electrochromic dyes, including Di-4-ANEPPS, is significantly 

faster than the most rapid change in the membrane potential (i.e. the upstroke of 

the action potential), which allows for tracking of the time course of electrical 

changes in the cells.  

Depolarization of the membrane during the rapid upstroke of the action 

potential causes the fluorescence spectrum of the bound dye to shift to the right. 

This change in the fluorescence spectrum translates a change in the magnitude 

of the fluoresced light that is passed by the optical filters to arrive at the 

photodiode array217.  The amount of light arriving at the photodiode array is 

proportional to the relative membrane potential; therefore, the photodiode array 

actually measures the relative membrane potential, not the absolute voltage. 

Nonetheless, the timing and shape of the action potential measure by optical 

mapping has been well established to closely follow that of the action potential 

recorded with a microelectrode217. 

Photodiode arrays consist of several hundred (504 channels in our 

system) individual photodiodes that convert photoexcited charge carriers into 

current flow, the magnitude of which is directly proportional to the light intensity 

reaching a single photodiode219.  This current generation is continuous, allowing 

for very high sampling rates of the action potential without compromising the 

fidelity of the recorded signal. Photodiode arrays, therefore, are useful for 

measuring the time course and morphology of the cardiac action potential219.  

With optical mapping, the time course of the membrane potential of the sample is 

registered at every recording site, allowing the observation and analysis of 

127 
 



complex propagation patterns219. 
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