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Abstract 
Excess cardiac myofibroblasts in fibrotic heart diseases as well as cell-based 

therapies involving implantation of stem cells or genetically engineered somatic cells in 

the heart may all lead to a situation where a cardiomyocyte becomes electrically coupled 

to an unexcitable cell. In these settings, electrotonic loading of cardiomyocytes by 

unexcitable cells can affect cardiac action potential generation, propagation, and 

repolarization depending on the properties of both cardiomyocytes and unexcitable cells. 

The objective of this dissertation was to advance our understanding of the electrical 

interactions between cardiomyocytes and unexcitable cells using a variety of 

electrophysiological, molecular, and cell culture techniques. 

First, we utilized aligned cardiomyocyte monolayers covered with unexcitable 

cardiac fibroblasts or human embryonic kidney-293 (HEK) cells that expressed similar 

levels of the gap junction protein connexin-45. These cells weakly coupled to 

cardiomyocytes and marginally slowed cardiac conduction only at high coverage density, 

while producing no other measurable electrophysiological changes in cardiomyocytes. In 

contrast, unexcitable HEK cells genetically engineered to stably express the more 

conductive connexin-43 channels (Cx43 HEK) strongly coupled to cardiomyocytes, 

depolarized cardiac resting membrane potential, significantly slowed impulse 

propagation, decreased maximum capture rate, and increased action potential duration 

(APD) at high coverage density. None of the studied unexcitable cells significantly 

altered conduction velocity anisotropy ratio or the relatively low incidence of pacemaking 

activity of cardiac monolayers at any coverage density. 
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Next, we utilized individual micropatterned cell pairs consisting of a 

cardiomyocyte and an unexcitable Cx43 HEK cell with or without stably overexpressed 

inward rectifier potassium channels (Kir2.1+Cx43 HEK). By systematically varying the 

relative sizes of micropatterned cells, we showed that Cx43 HEK cells significantly 

depolarized cardiomyocytes, reduced maximum upstroke velocity and action potential 

amplitude, prolonged APD, and modulated beating rate as a function of HEK:CM area 

ratio. In contrast, in cell pairs formed between cardiomyocytes and Kir2.1+Cx43 HEK 

cells we observed significant reduction in cardiomyocyte action potential amplitude, 

duration, and maximum upstroke velocity, but no change in other measured parameters. 

Finally, we utilized a hybrid dynamic clamp setting consisting of a live 

micropatterned cardiomyocyte coupled in real time to a virtual model of capacitive and/or 

ionic current components of Cx43 HEK or Kir2.1+Cx43 HEK cells. We found that 

coupling of cardiomyocytes to the ionic current components of Cx43 HEK or 

Kir2.1+Cx43 HEK cells was sufficient to reproduce the dependence of cardiomyocyte 

maximal diastolic potential and pacemaking behavior on HEK:CM area ratio observed in 

micropatterned cell pairs, but did not replicate the observed changes in action potential 

upstroke or duration. The pure capacitance model with no ionic current, on the other 

hand, significantly decreased cardiomyocyte maximum upstroke velocity and prolonged 

cardiomyocyte APD as function of HEK:CM area ratio without affecting maximal diastolic 

potential or pacemaking behavior. When the unexcitable cell model containing both 

capacitive and ionic currents was connected to cardiomyocytes, all changes in action 

potential shape observed in micropatterned cell pairs were accurately reproduced.  
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These studies describe how coupling of unexcitable cells to cardiomyocytes can 

alter cardiomyocyte electrophysiological properties dependent on the unexcitable cell 

connexin isoform expression, ion channel expression, and cell size. This knowledge is 

expected to aid in the design of safe and efficient cell and gene therapies for myocardial 

infarction, fibrotic heart disease, and cardiac arrhythmias.  
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1. Introduction 
Over 8.5 million Americans have survived a myocardial infarction and over 

785,000 new infarctions occur each year [1]. In a promising new therapy to restore 

contractile function to ventricular tissue damaged by infarction, stem cells or immature 

muscle cells are delivered into the scarred region by intracoronary or intramyocardial 

injection [2-7]. While these therapies have been shown to improve ventricular function 

and reduce infarct scar size in clinical trials [8-10], patients injected with skeletal 

myoblasts or bone marrow derived stem cells experienced increased incidence of 

arrhythmias in some studies as a result of the implanted cells [11, 12]. 

Besides infarction therapy, exogenously added unexcitable cells have been 

proposed as a therapy for various arrhythmias by altering the cardiac 

electrophysiological substrate through gap junctional coupling [13-19]. For example, 

human mesenchymal stem cells engineered to express the pacemaking channel HCN2 

have been demonstrated in canine hearts as a potential therapy for bradyarrhythmia 

[14], a condition which necessitates the implantation of 418,000 pacemakers in the 

United States each year [1]. On the other hand, fibroblast cell grafts modified to express 

the potassium channels Kv1.3 or Kir2.1 were shown to prolong the effect refractory 

period when transplanted into pig hearts and were proposed as a tachyarrhythmia 

therapy [19]. 

In addition to exogenously added cells, virtually every cardiomyocyte in the 

healthy heart contacts one or more unexcitable fibroblast [20]. Fibroblast presence is 

increased as a result of cardiac fibrosis, which is associated with several 

cardiomyopathies and is characterized by excessive proliferation of cardiac fibroblasts 

and deposition of interstitial collagen [21].  Regions rich with fibroblasts and deposited 
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collagen have been shown to adversely affect impulse conduction by causing delayed 

activations [22], blocking conduction [23], and anchoring reentrant waves [24]. Besides 

excessive matrix deposition in different pathologies, unexcitable cardiac fibroblasts could 

also modify the electrophysiological substrate of the heart by direct electrotonic coupling 

with surrounding cardiomyocytes [20]. Fibroblasts are suggested to electrically couple to 

cardiomyocytes through gap junctions in the fibroblast-rich sinoatrial node [25] or when 

differentiated to myofibroblasts in the scar resulting from myocardial infarction [26]. 

In general, the ability of unexcitable cells exogenously added as a part of cell 

therapies or endogenously present due to fibrotic heart disease to electrotonically affect 

cardiac action potential generation and propagation depends on their coupling strength 

with cardiomyocytes as well as the size and cell membrane properties of both 

cardiomyocytes and unexcitable cells. However, studying the dependence of 

cardiomyocyte electrical function on unexcitable cell properties in vivo is difficult due to 

the complex geometry of the heart, low reproducibility of experimental conditions, and 

limited access to interacting cells. Many of these difficulties can be overcome with the 

use of in vitro coculture systems. Monolayers of isolated neonatal rat cardiomyocytes 

mixed or covered with fibroblasts [27, 28], myofibroblasts [29, 30], skeletal myoblasts 

[31], or mesenchymal stem cells [32] showed that these cells can slow conduction, 

induce pacemaking, or promote the formation of reentrant waves dependent on the ratio 

of myocytes to nonmyocytes. 

Despite the important results obtained from traditional in vitro coculture systems, 

the interpretation of these studies is made difficult by the random shapes and sizes of 

the involved cells, the presence of multiple contacts of varying length between 

cardiomyocytes and nonmyocytes, and the wide variety of passive electrical properties 
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of the studied nonmyocytes. To overcome these obstacles, in this dissertation we used 

cell micropatterning techniques to enable precise control over cell geometry in a variety 

of in vitro coculture settings, genetic engineering to create monoclonal unexcitable cell 

lines with uniform electrical properties, and several analytical methods including optical 

mapping, whole cell patch clamping, and real-time dynamic clamping to evaluate 

cardiomyocyte electrophysiology. These experiments allowed us to answer questions we 

asked about the role of unexcitable cell connexin isoform expression, cell size, resting 

potential, and ionic vs. capacitive current in determining cardiomyocyte action potential 

propagation, action potential shape, and pacemaking behavior. 

First, in Chapter 3 we wanted to isolate the electrotonic loading effect of 

unexcitable cells from any short- or long-range conductor effect and study the changes 

in action potential propagation. To achieve this goal we recorded action potential 

propagation in aligned confluent cardiomyocyte monolayers covered with unexcitable 

cells. We found greater conduction slowing in monolayers covered with human 

embryonic kidney-293 (HEK) cells expressing connexin-43 gap junctions (Cx43 HEK) 

than from fibroblasts or HEK cells expressing the lower conductance connexin-45 

isoform (Cx45 HEK). No increase was observed in the proportion of cultures with 

pacemaking activity with any cell type or density of electrotonic loading. 

Then, in Chapter 4 we wanted to isolate and study the effect of unexcitable cell 

size on cardiomyocyte action potential shape while leaving coupling conductance 

constant. To accomplish this goal we micropatterned pairs of coupled cells with defined 

geometry and cell contact length. We found that increasing the relative size of 

depolarized Cx43 HEK cells increased cardiomyocyte maximal diastolic potential, 

reduced maximum upstroke velocity, prolonged cardiac action potential duration (APD), 
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and induced pacemaking activity in cardiomyocytes. In contrast, increasing the relative 

size of hyperpolarized Kir2.1+Cx43 HEK cells reduced cardiomyocyte maximum 

upstroke velocity and shortened cardiac APD, but did not change the other measured 

parameters. 

Next, in Chapter 5 we aimed to dissect the roles of unexcitable cell capacitance 

and membrane ionic currents in shaping the cardiomyocyte action potential. To 

accomplish this objective we used real-time experimental interface software to connect 

cardiomyocytes to model unexcitable cells. We determined that ionic current models 

alone were sufficient to reproduce the dependence of cardiomyocyte maximal diastolic 

potential and pacemaking, but not maximum upstroke velocity or APD, on HEK:CM area 

ratio observed in cell pairs. On the other hand, connecting cardiomyocytes to the pure 

capacitance model decreased maximum upstroke velocity and increased APD, but did 

not affect maximal diastolic potential or pacemaking. Only when we connected 

cardiomyocytes to the model combining ionic currents and capacitive currents were all 

changes in action potential shape observed in micropatterned cell pairs reproduced. 

Finally, in Chapter 6 we summarize our findings and in Chapter 7 we offer some 

future applications of these studies.  

With these studies we have shown that electrical loading of cardiomyocytes with 

unexcitable cells can significantly alter cardiomyocyte action potential propagation and 

shape in a manner that depends on the level and isoform of connexin expression by the 

unexcitable cells, the unexcitable cell size, and the unexcitable cell ion channel 

expression. This knowledge is expected to aid in the design of safe and novel therapies 

for myocardial infarction, fibrotic heart disease, and cardiac arrhythmias.
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2. Background 

2.1 Cardiac electrical function 

2.1.1 The cardiac action potential 

Normal cardiac function is dependent on the excitation of individual 

cardiomyocytes in a process of rising and falling cell membrane potential known as the 

action potential. The unstimulated single cardiomyocyte membrane potential (Vm) is 

related to the ionic current (Iion) by the equation  where Cm is the 

cardiomyocyte membrane capacitance. Iion is the sum of all ionic currents flowing 

through the various sodium, potassium, calcium, chloride, and other ion channels and 

transporters in the membrane which open and close in a coordinated fashion to shape 

the action potential [33]. 

The cardiac action potential is typically divided into phases numbered 0 to 4 [34] 

(Figure 2.1). In phase 4, the cardiomyocyte is at rest with polarized membrane potential 

maintained primarily by the IK1, inward rectifier potassium current. In pacemaking cells, 

the funny current If is the main current causing initial depolarization during this phase 

[35]. When the membrane potential of a myocardial cell is depolarized to the threshold 

for action potential generation by an influx of current from adjacent cells or an external 

stimulus, the inward sodium current INa drives a rapid rise in membrane potential during 

phase 0 of the action potential. In a single cell, the maximum rate of action potential rise 

(dvm/dtmax) scaled by cell capacitance is equal in magnitude to the peak inward ionic 

current, which is almost entirely sodium current, and is often used as a measure of the 

time of cell activation [33, 36]. As sodium channels inactivate, the outward potassium 

current Ito quickly activates during phase 1 to create a notch at the action potential peak.  
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Figure 2.1. Phases of the action potential. The phases of the cardiac action potential are 
typically numbered from rest (4) to upstroke (0), notch (1), plateau (2), repolarization (3), and 
back to rest (4).  

 

During phase 2 the action potential plateau is maintained by the balance of inward L-

type calcium current ICa,L and outward potassium currents. The influx of calcium through 

the L-type calcium channels induces the release of calcium stores from the sarcoplasmic 

reticulum into the intracellular space (calcium induced calcium release) and initiates cell 

contraction during the calcium transient (excitation-contraction coupling). Human, rabbit, 

and guinea pig action potentials have long plateau phases while rat action potentials 

typically lack this phase [37]. Finally, during action potential phase 3, as the L-type Ca 

current is inactivated, the outward potassium currents IKs, IKr, and IK1 cause the cell to 

rapidly repolarize bringing the cardiomyocyte back to the rest phase 4. Other currents 

through electrogenic Na+-Ca2+ exchanger and Na+-K+ ATPase additionally contribute to 

phase 2 and 4 of the action potential. 

2.1.2 Action potential propagation 

The action potential propagates from cell to cell by the flow of ions through 

intercellular gap junctions and extracellular space. Gap junctions are composed of  

0

1 2

3

44
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Figure 2.2. Major ionic currents during the action potential. The major ionic currents (INa, ICa,L, 
INaCa, IKs, IKr, IK1, INaK) and the free myoplasmic calcium concentration ([Ca2+]i) are shown during 
the ventricular action potential (top) simulated with the LRd model. Adapted from Rudy [38]. 

 

proteins called connexins which are numbered based on molecular weight [39]. Six 

connexins combine to form a structure known as a hemichannel or connexon which 

docks with its counterpart in adjacent cell membranes to form an intercellular pore [40]. 

Connexin-43, connexin-45, and connexin-40, the three main isoforms found in the heart, 

differ in their open channel conductance and localization within the heart. Connexin-43 is 

overwhelmingly the most abundant cardiac connexin, with atrial, ventricular, and distal 

conduction system expression [41-45], and has open channel conductance of 60 – 120 

pS [46-48]. Connexin-40 is primarily expressed in atrial myocytes, the atrioventricular 

node, and the conduction system [45, 49, 50] and has open conductance of 175 – 210 
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pS [51], while connexin-45 is expressed throughout the conduction system and in the 

sinoatrial node [52-55] with open conductance of only 30 – 40 pS [56, 57]. Additionally, 

heterotypic and heteromeric channels comprised of combinations of different connexin 

protein isoforms can form in with open channel conductance intermediate to the 

homotypic values [47]. 

Gap junction distribution shifts from uniformly spaced around the entire cell 

perimeter in neonatal cells [58] to primarily at cell ends in adult myocytes [59]. Gap 

junctions contribute high resistance to conduction over a small distance leading to the 

discontinuous nature of cardiac action potential propagation.  

During action potential propagation, the maximum upstroke velocity is no longer 

simply proportional to the peak inward sodium current as is the case in a single cell. In a 

multicellular environment some of the inward current generated during depolarization is 

diverted to charging downstream cells, reducing the magnitude of the maximum rate of 

action potential rise and causing it to occur before the moment of peak sodium current 

[60-62]. In the continuous model of action potential propagation, lower upstroke velocity 

is associated with slower conduction. But when the discrete nature of cardiac 

architecture due to gap junctions is taken into account this relationship no longer holds 

and maximum upstroke velocity increases while conduction velocity decreases as cells 

become partially uncoupled [63]. This leads to directional differences dvm/dtmax, with 

larger values occurring in the more uncoupled transverse direction [64]. However, 

dvm/dtmax is independent of the direction of propagation in anisotropic neonatal rat 

ventricular myocyte monolayers [65], primarily due to their smaller cell size [66].  

Slowed propagation is associated with arrhythmogenesis due to smaller 

wavelength of excitation and reduced safety factor. Conduction can be slowed by  
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Figure 2.3. Conduction slowing due to reduced membrane excitability and reduced 
intercellular coupling. (A) Conduction can be slowed by reduction of membrane excitability to 
about 1/3 of the normal value before block occurs. (B) Over 200-fold reduction in conduction 
velocity can be realized due to reduced intercellular coupling before conduction fails. Adapted 
from Shaw and Rudy [63]. 

  

reduced membrane excitability, reduced cell-to-cell coupling, increased extracellular 

resistance, positive wavefront curvature, or by changes in tissue geometry. Reduction in 

membrane excitability, primarily determined by the availability of sodium channels, can 

slow conduction velocity to approximately one third of the value in normal 

cardiomyocytes before conduction fails [63, 67] (Figure 2.3A). In addition to sodium 

current, the L-type calcium current plays a minor role in supporting conduction when 

sodium availability is severely depressed [63]. In contrast, reduced cell-to-cell coupling 

can cause conduction velocity to fall by 200-fold before conduction fails (Figure 2.3B). In 

this scenario, the L-type calcium current plays a critical role in supporting conduction in 

poorly coupled cells by providing a voltage gradient to drive the electrotonic flow of ions 

across gap junctions during the action potential plateau. Tissue structure can also 

contribute to slowed conduction and conduction block in situations where there is a 

mismatch between the depolarizing current source and downstream tissue sink [68]. 

A B
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2.1.3 Cell culture model systems 

Cultured cardiac cell monolayers obtained from suspensions of enzymatically 

isolated cells offer several advantages over whole-heart or explanted tissue 

preparations. They represent a simplified well-controlled model of cardiac tissue without 

the potential disruptions in conduction from connective tissue and blood vessels while 

still maintaining the basic electrophysiological properties of the heart and easy access to 

cells. In addition, they lack the potential for cellular injury that occurs during tissue 

explantation and their single cell thickness eliminates the confounding influence from 

varying tissue depth during electrical or optical recordings [69]. These advantages make 

cardiac cell monolayers useful for studies of conduction [70] and mechanisms of 

arrhythmia formation [32, 71-73]. However, the only species currently available for 

monolayer studies are cells from embryonic chick hearts or neonatal rat or mouse 

hearts. A mouse atrial cell line, HL-1, also exists [74] and has been used in monolayer 

studies, but the reported conduction velocities in these cultures are below 3 cm/s [27].  

Another benefit of cardiac cell monolayers is that they can be cocultured with 

another cell type in a controlled fashion to investigate the structural and functional 

interactions between the two cell types in a well-defined setting. In this setting, the effect 

on cardiac conduction from coculture with myofibroblasts [29], fibroblasts [27, 75], 

skeletal myoblasts [31], mesenchymal stem cells [32], and genetically modified 

fibroblasts [76] has been studied. 

The alignment of cardiac cell monolayers can be controlled by microabrasion or 

micropatterning of extracellular matrix proteins [70] to approximate the tissue anisotropy 

in the heart. Fibronectin micropatterning also has been used to analyze the myofibrillar 

architecture in single cardiomyocytes constrained to different shapes [77] and to study 
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the expression of connexin and cadherin proteins at the cell border in heterotypic cell 

pairs of defined size and shape [78]. 

 

2.2 Techniques for assessing electrophysiological function 

2.2.1 Optical imaging of action potential propagation 

The development of fast fluorescent probes sensitive to changes in cell 

membrane potential [79] has led to optical techniques for assessing the propagation of 

electrical excitation with high spatial and temporal resolution known as optical mapping. 

Optical mapping of cell monolayers presents unique challenges compared to whole-

heart mapping due to the presence of only a single cell layer as a source of optical 

signal [80]. In macroscopic optical mapping these difficulties are overcome by optical 

arrangements utilizing a single high numerical aperture lens [81], tandem lens design 

[82], or, most efficiently, by image transfer without a lens in contact fluorescence imaging 

mode [73] (Figure 2.4). Single lens solutions may suffer from vignetting effects while 

tandem lens designs increase the number of glass-air interfaces. Contact fluorescence 

imaging with optical fiber couplers offers high numerical aperture (~0.5) with constant 1X 

magnification [80], but has limited flexibility in using different emission filters. 

Illumination of a tissue sample can occur from the opposite side of the detector in 

trans-illumination mode or through the same path as light collection in epi-illumination 

mode. When using contact fluorescence imaging, only trans-illumination is possible. 

Light sources typically include xenon arc lamps, quartz-tungsten halogen lamps, and, 

most recently, ultra-bright LEDs [83]. Care must be taken to limit the illumination 

intensity as monolayers are susceptible to phototoxicity from dye photobleaching. 
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Figure 2.4. Optical solutions for monolayer optical mapping. Low magnification mapping of 
cardiac monolayers can be accomplished by use of (A) a single high numerical aperture lens, (B) 
tandem lens assembly, or (C) contact fluorescence imaging. Adapted from Entcheva and Bien 
[80]. 

 

 Different detector technologies offer tradeoffs in terms of temporal resolution, 

spatial resolution, and sensitivity [84]. Photodiode arrays provide good sensitivity and 

temporal resolution at the expense of spatial resolution and are a common choice for 

monolayer optical mapping. While CCD cameras offer improved spatial resolution, their 

poor sensitivity limits their use to whole-heart mapping applications. However, newer 

CCD cameras with on-chip electron multiplication (EMCCD) help overcome this 

limitation. Finally, CMOS cameras with large well depth pixels have very high temporal 

and spatial resolution with sufficient sensitivity to detect the small fractional change in 

fluorescence from voltage sensitive dyes in monolayer applications, although these 

cameras usually come at a high price. 

2.2.2 Whole-cell patch clamp 

While optical mapping allows indirect measurements of cardiomyocyte 

membrane voltage through voltage sensitive dyes, whole-cell patch clamp is a technique 

for directly measuring cell membrane currents and voltages through a single electrode in 
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electrical contact with the cell interior [85]. In this technique a glass microelectrode is 

brought in contact with the cell surface and suction is applied to form a seal with 

resistance greater than 1 GΩ. A pathway for ion flow between the electrode solution and 

the cell cytoplasm is opened by the application of additional suction to rupture the 

membrane. Patch electrodes are typically fabricated to have tip resistances in the range 

1-5 MΩ. The pipette resistance plus the access resistance to the cell interior is known as 

the series resistance and is kept at least two orders of magnitude below the cell 

membrane resistance [86] to avoid errors due to the voltage drop across the series 

resistance.  

The patch pipette filling solution is generally designed to mimic the intracellular 

ionic composition. Of particular importance is the Ca2+ concentration which is known to 

be in the nM range in normal rat cardiomyocytes at rest [87]. EGTA is commonly added 

as a buffer in pipette solutions at a concentration of 10 mM which when combined with 1 

mM Ca2+ yields a calculated free Ca2+ concentration of 25 nM [88]. 

Once access to the cell interior has been established, either voltage or current 

can be clamped while the other parameter freely varies. In voltage clamp mode, the 

current response to a sequence of voltage pulses is measured in order to assess 

channel activation, inactivation, or tail currents. In current clamp mode, the membrane 

voltage during an action potential is measured in response to current injected to reach 

threshold potential. 

2.2.3 Dynamic clamp 

One recent modification of the patch clamp technique is the use of specialized 

amplifiers and software to measure the cell membrane potential in a whole-cell patch 

clamp mode, make calculations based on the voltage, and inject current into the cell in 
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real-time. This method, called dynamic clamp, has been used to simulate coupling of a 

pair of real ventricular myocytes [89, 90] or sinoatrial node cells [91], or a Purkinje cell to 

a ventricular cell [92]. It also has been used to connect a real cell to a model cell to study 

action potential changes in isolated ventricular myocytes coupled to an RC circuit [93] or 

to study synchronization and pacemaking in atrial, ventricular, and nodal cells coupled to 

a sinoatrial node cell model [94-97]. In addition to connecting a real cell to a single 

model cell, others have used this technique to simulate the insertion of a real cell into a 

linear cell strand [98] or an anisotropic two-dimensional sheet [99].  

The software required to implement these types of studies was released as a 

free, open source, Linux-based package called the Real Time eXperimental Interface 

(RTXI) [100]. This software package previously was used to insert varying amounts of 

the transient outward potassium current (Ito) into canine ventricular myocytes [101] and 

to “anthropomorphize” the mouse action potential [102]. 

 

2.3 Unexcitable cells and the heart 

2.3.1 Unexcitable cells in the healthy and diseased heart 

Cardiomyocytes occupy about 75% of the normal myocardial volume [103], but 

the majority of cells in the heart by number are non-muscular including fibroblasts, 

endothelial cells, pericytes, smooth muscle cells, and macrophages [104]. Fibroblasts 

are the most numerous of the non-muscular cells, and in the healthy heart virtually every 

cardiomyocyte touches one or more fibroblast [20]. Fibroblasts lack the required ion 

channels to form an action potential and are considered unexcitable cells. Their main 

function is to maintain extracellular matrix homeostasis through highly regulated 

synthesis and degradation of collagens (mainly type I and III) [105]. During cardiac 
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disease, these processes often swing in favor of collagen production, leading to cardiac 

fibrosis. Cardiac fibrosis can take two general forms. In replacement fibrosis, cardiac 

fibroblasts proliferate and move into areas of myocyte death, fill up the vacated space, 

and deposit extracellular matrix proteins, eventually forming a fibrous scar [21]. This type 

of fibrosis is commonly associated with an acute focal injury such as myocardial 

infarction, but is also found in patients with hypertrophic cardiomyopathy and severe 

hypertensive heart failure [21]. Reactive fibrosis, on the other hand, involves a diffuse 

increase in collagen deposition by fibroblasts and fibroblast proliferation in the interstitial 

space between cardiomyocytes, unrelated to focal injury [21]. This type of fibrosis is 

often associated with hypertrophic and dilated cardiomyopathy.  

External stress as a result of tissue injury from cardiac infarction or different 

cardiomyopathies can cause fibroblasts to differentiate into myofibroblasts, a smooth-

muscle like phenotype characterized by the expression of smooth muscle α-actin. The 

source of myofibroblasts may be either circulating fibrocytes or resident cardiac 

fibroblasts, and they persist after the injury in regions of cardiac fibrosis [106]. 

In diseased hearts, tissue regions rich with fibroblasts and deposited collagen 

have been shown to adversely affect impulse conduction by causing delayed activations 

[22], blocking conduction [23], and anchoring reentrant waves [24].  

2.3.2 Unexcitable cells for use in cardiac cell therapies 

A number of unexcitable cells have been proposed for use in therapies for infarct 

repair therapy including skeletal myoblasts, bone marrow derived stem cells, endothelial 

progenitor cells, embryonic stem cells, and cardiac stem cells [4, 107]. It has been 

shown that implantation of electrically unexcitable cells or immature cardiogenic cells for 

treatment of heart infarction and failure (e.g., different types of mesenchymal stem cells, 
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embryonic stem cell derived cardiomyocytes) could lead to increased incidence of 

arrhythmias [11, 32, 108-110]. 

In addition to infarct repair, injection of genetically engineered unexcitable 

somatic cells has been suggested as an anti-arrhythmia therapy. Genetically modified 

unexcitable cells (NIH-3T3 fibroblasts) were added to cardiomyocytes in vitro and 

injected in the heart in vivo with the goal of altering cardiac electrophysiological 

properties for potential treatment of cardiac arrhythmias. In particular, coculture of 

cardiomyocytes with Kv1.3 expressing fibroblasts reduced the frequency of spontaneous 

beating and increased the effective refractory period, although no detailed 

electrophysiological measurements were performed [19]. Transplantation of Kv1.3 and 

Kir2.1 expressing fibroblasts into pig hearts similarly prolonged the effective refractory 

period [19]. Finally, HEK-293 cells expressing Kir2.1 were shown to hyperpolarize 

cardiomyocytes in vitro and decrease the rate of their spontaneous beating [111] while 

HEK-293 cells expressing Nav1.5 synchronized cardiac clusters [112]. 

Recently, mesenchymal stem cells have been engineered to express the HCN2 

gene encoding the cardiac pacemaker current (If) and suggested for use as bioartificial 

pacemakers. At significantly negative membrane potentials, these cells generate inward 

currents that depolarize their membrane and through gap junctions supply inward 

currents to cardiomyocytes yielding their repetitive activation [18] (Figure 2.5). When 

implanted into dog ventricles, these cells were able to pace the heart in an autonomically 

responsive fashion for periods of several weeks [15]. 

2.3.3 Membrane currents in unexcitable cells 

Rat cardiac fibroblasts express a number of potassium currents, including 

transient outward currents (Ito) [113], fast and slow delayed rectifier currents (IKf and IKs)  
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Figure 2.5. Pacemaker function in cardiomyoyctes cocultured with mesenchymal stem 
cells (MSCs). Spontaneous electrical activity in neonatal rat ventricular myocytes cocultured for 4 
to 5 days with human MSCs transfected with (A) eGFP alone or (B) eGFP and the HCN2 
pacemaking current. Adapted from Potapova et al. [15]. 

  

[113], and inward rectifier currents (IK1) [114, 115]. In particular, the inward rectifier 

current and one of its main molecular correlates, Kir2.1, are responsible for regulating 

the fibroblast resting membrane potential and membrane resistance at rest. Importantly, 

myofibroblasts have been shown to have larger inwardly rectifying current density than 

fibroblasts and to express Kir subunits not expressed in fibroblasts, and thus to have 

more hyperpolarized resting membrane potential than fibroblasts [114, 115]. In addition, 

differences have been reported between atrial and ventricular fibroblasts in gene 

expression, morphology, and growth factor response [116]. While no electrophysiological 

A
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studies were performed, these results suggest that membrane current expression in 

fibroblasts could also depend on the region of the heart. 

Similarly, bone marrow-derived mesenchymal stem cells have been shown to 

express a number of outward potassium currents, but no fast sodium current or inward 

rectifier currents [117]. In particular, human mesenchymal stem cells express a Ca2+ 

activated potassium current conducted by MaxiK channels and express Kv4.2 and Kv4.3 

subunits. A small number of cells also express L-type Ca2+ channels [117]. 

2.3.4 Coupling between cardiomyocytes and unexcitable cells 

Electrically unexcitable cells within cardiac tissue may directly alter cardiac 

propagation by acting as anatomical obstacles when uncoupled with cardiomyocytes. In 

addition, when coupled to cardiomyocytes they can act as a passive electrotonic load or 

as short- or long-range conductors [20]. 

The existence and functional significance of fibroblast- or myofibroblast-

cardiomyocyte coupling in vitro and in vivo is still a matter of debate. Some groups have 

reported that myofibroblasts can form connexin-43 or connexin-45 gap junctions [27, 29, 

118-120] with cardiomyocytes in vitro. As a result, myofibroblasts reduced the rate of 

depolarization by acting as current sinks [121], decreased conduction velocity by 

depolarizing cardiomyocytes [29] (Figure 2.6), increased conduction velocity by acting as 

short-range conductors [28], electrotonically bridged narrow gaps between 

cardiomyocytes [119, 122], or increased the frequency of spontaneous activity [30]. 

However, others have found no evidence of fibroblast structural or functional coupling 

with cardiomyocytes [123, 124] and thus no effect on cardiac conduction [76, 125, 126] 

or action potential shape [118]. Modeling studies have shown that fibroblast coupling can  
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Figure 2.6. Modulation of conduction velocity and maximum upstroke velocity by 
myofibroblast coverage. Connexin-43 expressing myofibroblasts (A) slowed conduction velocity 
(θ) and (B) decreased maximum upstroke velocity (dV/dtmax) when cultured on top of neonatal rat 
cardiomyocyte strands. Adapted from Miragoli et al. [29]. 

  

alter cardiomyocyte APD depending on coupling strength and fibroblast resting 

membrane potential [127, 128]. 

 In vivo, studies by de Maziere et al. showed that fibroblasts and cardiomyocytes 

in the rabbit sinoatrial node are physically separated by the basement membrane and 

are unable to form gap junctions [129], but more recent studies by Camelliti et al. 

suggest that heterocelluar gap junctions in the same setting are formed primarily through 

connexin-45 [25]. In another study, Camelliti et al. observed connexin-45 expressing 

fibroblasts infiltrating the ventricular infarct zone immediately after injury being replaced 

by connexin-43 expressing fibroblasts as the scar matured [26]. Currently, no functional 

coupling of cardiomyocytes with fibroblasts or myofibroblasts has been demonstrated in 

vivo.  

On the other hand, there is general agreement that mesenchymal stem cells can 

express connexin-43 and connexin-45 [17] and couple with cardiomyocytes via 
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functional gap junctions both in vitro and in vivo [130, 131]. The recently discovered 

population of cardiac stem cells in the native heart also expresses connexin-43 [4]. In 

contrast, there is general agreement that skeletal myoblasts are not able to electrically 

couple [125, 132, 133], although a study by Reinecke et al. has shown that they can 

express connexin-43 and functionally couple with neonatal rat ventricular myocytes in 

vitro [134]. This property may however be transient as no connexin-43 has been 

detected when these cells fuse and mature into skeletal myofibers [135]. 

 

2.4 Electrophysiological effects of coupling between different 
excitable cells 

Besides recent studies on electrical interactions of cardiomyocytes with 

unexcitable cells, a large body of previous work has been devoted to understanding 

coupling between different types of excitable cells such as those at the Purkinje-

ventricular junction, where the specialized cells of the Purkinje fibers initiate propagation 

in ventricular cells. Conduction delay or block occurs at these junctions due to the 

electrical load imposed by the large ventricular mass on the smaller Purkinje fibers [136], 

the high-resistance barrier created by sparse gap junction distribution [137], and 

differences in plateau ion currents [92]. Purkinje myocytes have longer APD and faster 

upstrokes than ventricular cells, while cells at the transition have action potentials of 

similar duration to ventricular cells and a two phase upstroke. The first phase, initiated 

by the depolarizing current from Purkinje cells, is slowed due to the load exerted by 

ventricular cells, while the second phase occurs after ventricular excitation removes the 

load and contributes additional electrotonic depolarizing current [138]. 
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Another extensively studied area of heterotypic excitable cell coupling is in the 

atrium where pacemaker cells of the sinoatrial node connect to myocytes of the atrial 

wall and septum. The spontaneously depolarizing pacemaker cells with slow upstrokes 

can induce action potentials in the relatively hyperpolarized atrial myocytes under 

appropriate coupling conditions [94]. As the distance from the pacemaker source is 

increased atrial cells have progressively larger upstroke velocity and more 

hyperpolarized minimum diastolic potential [139].
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3. Electrotonic Loading of Anisotropic Cardiac 
Monolayers by Unexcitable Cells 

3.1 Rationale 

In general, the ability of unexcitable cells to electrotonically affect cardiac action 

potential generation and propagation depends on their coupling strength with 

cardiomyocytes as well as the size and cell membrane properties of both 

cardiomyocytes and unexcitable cells. This chapter explores how the strength of 

unexcitable cell-cardiomyocyte coupling can alter macroscopic cardiac action potential 

conduction.  

The level of coupling between cardiomyocytes and electrically unexcitable cells is 

expected to have profound effects on cardiac conduction. Due to their relatively 

depolarized resting potential unexcitable cells weakly coupled to cardiomyocytes may 

speed up conduction by moderately increasing the myocyte resting potential to 

effectively decrease excitation threshold, or when well-coupled, may slow cardiac 

conduction by further increasing the cardiomyocyte resting potential to inactivate sodium 

gates [29]. In addition, through their primarily potassium ion currents [117, 140] 

unexcitable cells coupled to cardiomyocytes could also alter the time course of cardiac 

repolarization and the resulting restitution properties. Finally, through the effective 

increase of cardiac cell membrane area (capacitance), coupled unexcitable cells would 

decrease the density of cardiac excitatory currents and slow down charging and 

discharging of the cardiac cell membrane, thus slowing conduction and further affecting 

the shape of the cardiac action potential. 

To better elucidate the effects of electrotonic loading by unexcitable cells on 

electrical properties of cardiac tissue, we utilized a well-controlled coculture setting 
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involving anisotropic cardiac monolayers covered with different primary and genetically 

engineered unexcitable cells (e.g., cardiac fibroblasts, wild type human embryonic 

kidney 293 cells (HEK-293), and monoclonal HEK-293 cells stably expressing connexin-

43 (Cx43 HEK) or connexin-45 (Cx45 HEK)). We chose to use HEK-293 cells because 

of their mammalian origin, low endogenous expression of ionic currents, and suitability 

for creating stable monoclonal lines with relatively uniform properties that can be 

indefinitely propagated and used to perform reproducible studies. These studies 

provided, for the first time, insight into the role that expression level and isoforms of 

connexin in unexcitable cells play in cardiac conduction velocity, velocity anisotropy 

ratio, action potential duration, maximum pacing rate yielding capture, and incidence of 

pacemaking activity. 

3.2 Methods 

All animals were treated according to protocols approved by the Duke University 

Institutional Animal Care and Use Committee.  

3.2.1 Fabrication of microgrooved substrate for cell alignment 

Parallel polydimethylsiloxane (PDMS) microgrooves were prepared using soft 

lithography techniques by modifying our previously described methods (Figure 3.1A) 

[70]. Briefly, silicon wafers were UV-ozone cleaned and a 3 µm thick layer of photoresist 

(SU-8 2, Microchem) was spin-coated onto the wafer. After a soft-baking process, a 

glass photomask with 6 µm thick chromium lines spaced 6 µm apart was placed over the 

wafer and exposed to UV light. Following post-exposure baking, the uncrosslinked 

photoresist was washed away with a developer, leaving the desired 6 µm wide, 3 µm 

deep lines on the wafer. This master wafer was silanized overnight to prevent unwanted 

adhesiveness of PDMS during further processing. PDMS was spin-coated onto the  
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Figure 3.1. Schematic of microfabrication and cell culture procedures. (A) Soft lithography 
microfabrication technique to create 6 µm wide, 3 µm deep PDMS parallel microgrooves. (B) 
Confluent aligned culture of cardiomyocytes on fibronectin coated microgrooves and subsequent 
coculture with cardiac fibroblasts, control HEK-293 cells, connexin-45 transfected HEK-293 cells, 
or connexin-43 transfected HEK-293 cells. See text for further details. 

 

wafer, cured for two hours at 80ºC, peeled off, and cut with a 21 mm diameter circular 

punch to yield a 200 µm thick substrate with the 3 µm deep microgroove pattern cast 

into its top surface (Figure 3.1A). After UV-ozone cleaning, the PDMS microgrooves 

were coated with fibronectin (25 µg/mL) for two hours followed by plating of cardiac cells. 

3.2.2 Cell Culture 

3.2.2.1 Neonatal rat ventricular cells 

Cardiac cells were isolated from the ventricles of 2-3 day old Sprague-Dawley 

rats by enzymatic digestion with trypsin and collagenase, as previously described [70]. 

Two one hour differential preplatings were used to remove faster-attaching non-

myocytes. The remaining cells enriched with cardiomyocytes were resuspended in 

DMEM/F-12 media (Gibco) supplemented with 10% calf serum (Colorado Serum 

Company), 10% horse serum (Hyclone), and penicillin/streptomycin (Gibco) and plated 

at a density of 2.2x105 cells/cm2 on fibronectin-coated PDMS microgrooves, resulting in 
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a confluent, uniformly aligned cardiac cell monolayer (Figure 3.1B). To limit endogenous 

non-myocyte overgrowth, cardiac cultures were exposed for 2 minutes to 1000 rads of 

gamma radiation from a 137Cs source the day after seeding. After 2 days of culture, the 

cardiac cell media was changed to a DMEM/F-12 (Gibco) based, serum-free defined 

media containing 50 U/mL penicillin, 50 µg/mL streptomycin, 2 µg/mL L-thyroxine, 0.1 

µg/mL insulin, 0.5 µg/mL transferrin, 2.5 µg/mL ascorbic acid, 1 nM lithium chloride, and 

1nM sodium selenite (Sigma) [78]. Flasks of cardiac non-myocytes obtained during 

either of the two preplating steps or from the cells usually discarded after collagenase 

digestion were cultured in M199 (Gibco) supplemented with 10% FBS, 1% HEPES, 

nonessential amino acids, glucose, L-glutamine, vitamin B12, and penicillin G. After 5 

days of growth, these non-myocytes were characterized for their cellular composition by 

immunostaining and used for loading coculture experiments with cardiomyocytes. 

3.2.2.2 Genetically engineered human embryonic kidney 293 cells 

To assess the role of connexin isoform in electrotonic loading of cardiomyocytes 

by unexcitable cells, we expressed connexin-43 or connexin-45 and different fluorescent 

reporters in human embryonic kidney (HEK) 293 cells (ATCC, CRL-1573), as previously 

described [141]. Specifically, the rat connexin-43 gene (GJA1) was cloned from neonatal 

rat cardiac myocytes using primers based upon the published rat connexin-43 sequence 

(PubMed NM_012567) and the amplified PCR product was inserted into a cloning vector 

and validated by DNA sequencing. Plasmids containing either mCherry [142] and the rat 

connexin-43 gene separated by an IRES sequence, mOrange and the mouse connexin-

45 gene (kindly provided by Dr. Eric Beyer, University of Chicago) also separated by an 

IRES sequence, or a fluorescent gene alone (mCherry or eGFP) were transformed into 

bacteria and 3 µg of isolated plasmid DNA was conjugated to GenJet (SignaGen Labs) 
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reagent and used to transfect HEK-293 cells. Positively transfected cells were identified 

by mCherry, mOrange, or eGFP expression and selected using puromycin. Stable 

monoclonal cell lines (Cx43 HEK or Cx45 HEK) were isolated from the polyclonal 

population and cultured in DMEM (Gibco) supplemented with 10% FBS and 

penicillin/streptomycin. In several monoclonal Cx45 HEK lines, expression of connexin-

45 protein was assessed by Western blot analysis and the monoclonal line with 

connexin-45 expression similar to that of fibroblasts was used in all presented studies. In 

addition, all structural and functional studies with wild-type, eGFP, and mCherry HEK-

293 cells (i.e., cells not transfected with connexin genes) yielded similar results and were 

pooled together into a control HEK group. 

3.2.2.3 Loading of cardiomyocytes with electrically unexcitable cells 

Neonatal rat ventricular non-myocytes or different types of genetically engineered 

HEK-293 cells were detached from plates by trypsinization and seeded on top of 5-day 

old confluent cardiac monolayers at densities between 2.2x104 and 1.1x105 cells/cm2. 

Experiments were performed after 2 days of coculture in non-myocyte growth media 

(Figure 3.1B). 

3.2.3 Optical mapping of action potential propagation 

Electrical propagation in 2-day old cocultures (7 days after cardiac cell seeding) 

was optically mapped in contact fluorescence mode [70, 73] using a bundle of 504 

hexagonally arranged optical fibers (RedShirtImaging) providing a spatial resolution of 

750 μm in a 19.5 mm field of view. Cocultured monolayers were assessed from 24 

different cell isolations with at least two control monolayers (no cells added on top) 

mapped from each isolation. In total, 204 monolayers were mapped from four different 

groups: no cells added (N = 57), fibroblasts added (N = 94), control HEK cells added (N 
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= 16), Cx43 HEK cells added (N = 18), and Cx45 HEK cells added (N = 19). For optical 

mapping [70, 72, 143], the cocultures were incubated for five minutes with a voltage 

sensitive dye (di-4 ANEPPS, 15 μM) at room temperature, placed in a heated recording 

chamber, perfused with Tyrode’s solution, and illuminated with green excitation light 

(520±30 nm). The recorded red fluorescence (>590 nm) was transferred through the 

fiber optic bundle, converted to voltage using photodiodes, amplified, sampled at 2.4 

kHz, and stored on a PC. Electrical stimulation, light exposure, and data acquisition were 

synchronized using custom LabView software. Before the onset of pacing, all 

monolayers were checked for the presence of spontaneous activity. An XYZ-

micropositioned bipolar point platinum electrode was then lowered to within a millimeter 

of the cell culture surface and used to locally stimulate the center of the monolayer. After 

the threshold voltage was determined (usually 4-7 V for 10 ms pulses), 1.2 x threshold 

stimuli were applied at a 2 Hz pacing rate for 1 min. The pacing rate was then increased 

every minute in steps of 0.5 Hz, and transmembrane potentials were recorded at the end 

of each step. Maximum capture rate was defined as the maximum rate at which a 1:1 

response of monolayers was maintained for at least 30 seconds of pacing.  

Data analysis was performed using custom MATLAB software as previously 

described [70, 144]. Local conduction velocities were calculated using the activation time 

for each optical fiber relative to those of neighboring fibers [144]. Longitudinal (LCV) and 

transverse conduction velocities (TCV) were determined at the long and short axes of 

elliptical isochrones excluding recording channels within 1.5 mm of the pacing site. 

Anisotropy ratio was defined as the ratio of longitudinal to transverse conduction 

velocity. Action potential duration (APD) was measured at 80% repolarization [70]. 
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3.2.4 Immunostaining 

Cells were fixed in 2% paraformaldehyde, permeabilized in a 1% solution of 

Triton-X in PBS, and blocked in a 5:1 mixture of 1% BSA and chicken serum [70]. 

Primary antibodies (1 hour at room temperature in PBS) used were: anti-sarcomeric α-

actinin (Sigma, mouse monoclonal), anti-vimentin (Sigma, mouse monoclonal), anti-

connexin-43 (Zymed, rabbit polyclonal), anti-connexin-43 (Millipore, mouse monoclonal), 

anti-connexin-45 (kindly provided by Prof. Thomas Steinberg, Washington University, St. 

Louis, rabbit polyclonal), anti-connexin-40 (Zymed, rabbit polyclonal), anti-von 

Willebrand factor (Abcam, rabbit polyclonal), and anti-smooth muscle α-actin (Abcam, 

rabbit polyclonal). Secondary antibodies (Alexa Fluor 488, chicken anti-rabbit and Alexa 

Fluor 594, chicken anti-mouse) were applied in PBS for 1 hour at room temperature. 

Filamentous actin was visualized with FITC-conjugated phalloidin (Sigma) and nuclei 

were counterstained with DAPI (Sigma). Images were acquired with a CCD camera 

(SensiCam QE, Cooke) attached to an inverted fluorescence microscope (Nikon 

TE2000) or with a confocal microscope (Zeiss LSM 510). 

3.2.5 Quantifying the loading cell area coverage 

Cardiac monolayers with ventricular non-myocytes added on top were fixed 

immediately after optical mapping and immunostained for vimentin. Similarly, the live 

fluorescence images of eGFP, mCherry, or mOrange HEK-293 cells on top of cardiac 

monolayers were obtained immediately before optical mapping. For each monolayer, at 

least three images were acquired from random locations at 10X magnification. From the 

acquired images of vimentin, eGFP, mOrange, or mCherry fluorescence, the total 

fluorescent area coverage was determined by counting the number of fluorescent pixels 

above a predetermined threshold. The reported percent coverage by cells added on top 
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of the cardiomyocytes was then obtained by normalizing the measured fluorescence 

coverage in loaded cultures with that measured in separate, fully confluent monolayers 

made of the same loading cells. 

3.2.6 Western blot analysis 

Total whole cell protein extracts were assessed using western blot analysis, as 

described in our previous studies [145, 146]. Briefly, protein lysates from approximately 

5 million cells per sample were run on an SDS gel, transferred, blocked, incubated 

overnight at 4°C in primary antibody (anti-connexin-43, Zymed; anti-connexin-45, Santa 

Cruz; anti-β-tubulin, Abcam), probed with a horseradish peroxidase-conjugated 

secondary antibody (Jackson Laboratories) for 1 hour at room temperature, incubated in 

a chemiluminescence solution, and detected on a radiographic film. The intensities of 

connexin-43 or connexin-45 bands were measured relative to those of β-tubulin using 

ImageQuant TL software (Amersham Biosciences). 

3.2.7 Fluorescence recovery after photobleaching 

Fluorescence recovery after photobleaching (FRAP) was used to evaluate 

functional coupling between different cell types similar to previously described studies 

[147, 148]. In this method, fluorescence in a photobleached cell is recovered by passage 

of the dye from surrounding cells through functional gap junctions, and the speed and 

level of the recovery reveal the degree of cell coupling. For FRAP analysis, 

cardiomyocytes were co-seeded at a 15:1 ratio with diI-labeled (Molecular Probes, 2 µM, 

30 minutes at 37°C) unexcitable loading cells. After 2 days, the cocultures were stained 

with Calcein AM (Molecular Probes, 0.5 µM, 20 minutes at 37°C), washed with PBS, and 

imaged with an upright confocal microscope (Zeiss LSM 510). Individual diI-labeled cells 

surrounded by cardiomyocytes were identified by red color and photo-bleached with a 
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488 nm Argon laser to remove calcein fluorescence from the target cell. Calcein 

fluorescence recovery in bleached cells was monitored by acquiring an image every 12 

seconds for at least 5 minutes after bleaching. To verify that dye transfer occurred 

through gap junctions, the gap junction blocker palmitoleic acid (40 µM, Fluka) was 

added to selected cocultures. Custom MATLAB software was used to analyze the 

images and plot the recovery time course after first normalizing the recorded 

fluorescence to the values immediately before and after bleaching and then correcting 

for the gradual bleaching of the entire field during image acquisitions [147]. 

3.2.8 Intracellular recordings 

Cardiomyocyte resting membrane potentials were measured using previously 

described methods [145] in confluent cardiac monolayers either without unexcitable cells 

on top (control) or with high coverage (75-100%) of fibroblasts, Cx43 HEK, or Cx45 HEK 

cells. Briefly, sharp microelectrodes were fabricated using a P-97 micropipette puller 

(Sutter instruments) to obtain tip resistances between 50 and 100 MΩ. Coverslips were 

placed into a temperature controlled (30ºC) chamber mounted onto an inverted 

microscope (Nikon Eclipse TE2000) and perfused with Tyrode’s solution. 

Cardiomyocytes were distinguished by specific morphology and/or lack of fluorescence 

and were impaled through small gaps between unexcitable cells. After the establishment 

of stable intracellular impalement, resting membrane potential was recorded. Signals 

were sampled at 20 kHz and low-pass filtered at 4.5 kHz using a 4-pole Butterworth filter 

in the Multiclamp 700B amplifier (Axon Instruments, Inc.). Membrane voltage recordings 

were digitized using a NIDAQ-MX interface (National Instruments) and analyzed using 

WinWCP software (John Dempster, University of Strathclyde). Only the resting 

potentials that were continuously stable for more than 1 min were used in data analysis. 
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3.2.9 Statistics 

Data were expressed as a mean ± SD and analyzed using an ANOVA followed 

by Tukey's multiple comparison test. Data were considered statistically significant when 

p < 0.05. 

 

3.3 Results 

3.3.1 Characterization of neonatal rat ventricular non-myocytes 

After 5 days of growth in tissue culture flasks, ventricular non-myocytes were 

trypsinized, cultured for an additional 3 days on fibronectin-coated coverslips, and 

immunostained for vimentin, smooth muscle α-actin, von Willebrand factor, and 

sarcomeric α-actinin. The confluent cultures of non-myocytes strongly and uniformly 

expressed vimentin (Figure 3.2A), but only a very small percentage of cells (<0.01%) 

expressed smooth muscle α-actin (Figure 3.2B). In addition, no von Willebrand factor 

(Figure 3.2C), or sarcomeric α-actinin (Figure 3.2D) positive cells were observed. Based 

on these immunostainings, the obtained non-myocyte population was essentially free of 

smooth muscle cells, endothelial cells, and cardiomyocytes, and was composed 

primarily of cardiac fibroblasts. Furthermore, the sparse positive staining for smooth 

muscle α-actin also indicated that the vast majority of fibroblasts did not adopt the 

myofibroblast phenotype.  

3.3.2 Structural assessment of fibroblast-cardiomyocyte cocultures 

To ensure the reproducibility of aligned cardiac monolayer cultures, all 

microgrooved PDMS substrates were cast from the same silicon wafer (Figure 3.1A and 

3A). After 1-2 days of culture, cardiac cells aligned along the direction of the fibronectin 

coated microgrooves and formed confluent, uniformly aligned monolayers (Figure 3.3B).  
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Figure 3.2. Phenotype of cultured neonatal rat ventricular non-myocytes. (A) Cardiac non-
myocytes isolated by differential preplating and cultured on fibronectin coated coverslips strongly 
and uniformly expressed vimentin. (B) Smooth muscle α-actin (α-SMA) positive staining was only 
occasionally observed (arrow), Inset: positive control staining in adult rat aortic smooth muscle 
cells (Cell Aplications Inc, CA). (C) No von Willebrand factor (VWF) positive cells were observed, 
indicating the absence of endothelial cells. Inset: positive control staining in human aortic 
endothelial cells (Cambrex, Walkersville, MD). (D) No sarcomeric α-actinin positive cells were 
observed, indicating the absence of cardiomyocytes. Inset: positive control staining in 
cardiomyocytes aligned on PDMS microgrooves. These results indicated that the isolated non-
myocytes represented a virtually pure population of cardiac fibroblasts devoid of other cardiac 
cells including myofibroblasts.  

 

Endogenous fibroblast overgrowth was limited by gamma irradiation and the use of 

serum-free media after culture day 2. Gamma irradiation and the use of serum-free 

medium did not change the conduction velocity, APD, maximum capture rate, or 

incidence of spontaneous activity in the treated monolayers relative to non-treated 

controls (data not shown). Endogenous fibroblasts tended to elongate and co-align with 

surrounding cardiomyocytes (Figure 3.3B). In contrast, exogenously added fibroblasts 

attached and oriented in a random fashion on top of the cardiac monolayers regardless 

of the number of added cells (Figure 3.3C-E). The added fibroblasts did not adopt the 

myofibroblast phenotype after 48 hours of coculture, remaining vimentin positive and  
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Figure 3.3. Culture of cardiac fibroblasts on top of confluent cardiac monolayers. (A) 
Scanning electron micrograph of the silicon wafer used to create the PDMS microgrooved 
substrates for aligned cardiomyocyte growth. (B-E) Confluent aligned cardiomyocytes on PDMS 
microgrooves with (B) zero, (C) 2.2x104, (D) 6.6x104, or (E) 11.0x104 cardiac fibroblasts per cm2 
added on top. (F) Fibroblasts on top of cardiac monolayers remained vimentin positive and 
smooth muscle α-actin negative. (G) The percent of fibroblast coverage area was linearly 
proportional to number of added fibroblasts.  

 

smooth muscle α-actin negative (Figure 3.3F). Increasing the number of added 

fibroblasts yielded a linearly proportional increase in their coverage area (Figure 3.3G). 

Specifically, while endogenous fibroblasts occupied a relatively small area (13.2±6.6%) 

of the monolayer, the addition of exogenous fibroblasts was systematically varied to 

yield total fibroblast coverage (endogenous+exogenous) between 2% and 90% (Figure 

3.3G). 

3.3.3 Changes in cardiac conduction due to electrotonic loading with 
cardiac fibroblasts 

The effect of cardiac fibroblast electrotonic loading on the electrophysiological 

properties of cardiomyocytes was assessed by optical mapping. To ensure a high 

degree of structural and functional homogeneity in the monolayers, cultures were 

inspected prior to optical mapping experiments by a light microscope and subsequently  
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Figure 3.4. Effect of fibroblast electrotonic loading on cardiac electrophysiological 
parameters. (A) Representative isochrone maps and action potential traces from monolayers 
with 8%, 40%, and 80% fibroblast coverage stimulated in the center at 2 Hz pacing rate. Note 
decreased distance between successive isochrones lines (i.e., conduction slowing) with 
increased fibroblast coverage. Circles in isochrone maps represent optical recording sites. (B) 
Measured electrophysiological parameters as a function of fibroblast coverage. The monolayers 
were separated into six bins based on the percent of fibroblast coverage: 0-15% (N = 32 
monolayers), 15-30% (N = 24), 30-45% (N = 23), 45-60% (N = 31), 60-75% (N = 17), and 75-
100% (N = 11). *, significant difference from the first bin (0-15% coverage).  
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by immunostaining to confirm the absence of relatively large (>100x100 µm2) acellular 

regions. For all degrees of fibroblast loading, point pacing at 2 Hz yielded uniform 

anisotropic propagation with smooth elliptical isochrones (Figure 3.4A). As the fibroblast 

coverage area increased from 9.0±3.3% (0-15% range) to 81.3±4.8% (75-100% range), 

conduction velocity in loaded monolayers decreased from 27.8±5.2 cm/s to 20.9±6.6 

cm/s in the longitudinal direction (Figure 3.4B) and from 13.3±3.3 cm/s to 8.8±2.7 cm/s 

in the transverse direction (Figure 3.4C) yielding no significant change in anisotropy ratio 

(mean=2.21, p=0.34, Figure 3.4D). In both the transverse and longitudinal directions, 

only when considerable monolayer area (>60%) was covered by fibroblasts did action 

potential propagation slow to a significant degree compared to the control (Figure 

3.4B&C). Regardless of the percent fibroblast coverage, no significant effect from 

fibroblast loading was observed on cardiac APD (Figure 3.4E), maximum capture rate 

(Figure 3.4F), or the presence of spontaneous contractile activity, which in average was 

found in a relatively low fraction of all cell cultures (11.6±2.7%, Figure 3.4G). 

3.3.4 Changes in cardiac conduction due to electrotonic loading with HEK-
293 cells 

Due to the relatively small effect on cardiac impulse propagation from fibroblast 

electrotonic loading, we aimed to further clarify the role of connexin isoform by using the 

same experimental setting to investigate the loading effects from: 1) control HEK cells, 

2) connexin-43 overexpressing HEK-293 cells (Cx43 HEK) and 3) connexin-45 

overexpressing HEK-293 cells (Cx45 HEK) (Figure 3.5A1-3). In particular, while 

electrotonic loading of cardiac monolayers with control HEK cells exerted no effect on 

cardiac conduction (green bars in Figure 3.5B&C), loading with Cx43 HEK cells at 25-

50% coverage reduced LCV, TCV, and maximum capture rate to 73.4±13.9% (Figure  
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Figure 3.5. Effect of control HEK, Cx45 HEK, and Cx43 HEK cell loading on cardiac 
electrophysiological parameters. (A1-A3) Live fluorescent images of anisotropic cardiac 
monolayers were covered with (A1) eGFP transfected control HEK cells (35-50% coverage, N = 
16), mCherry and connexin-43 (Cx43) transfected HEK-293 cells at (A2) medium (25-50%, N = 
13) and (A3) high (75-100%, N = 5) density coverage, or mOrange and connexin-45 (Cx45) 
transfected HEK-293 cells at medium (25-50%, N = 10) and high (75-100%, N = 9) density 
coverage (not shown). (B-F) Comparison of electrophysiological parameters for low and high 
coverage loading by cardiac fibroblasts (yellow), Cx45 HEK cells (blue), and Cx43 HEK cells (red) 
relative to loading by control HEK cells (green) and no loading (black). *, significant difference 
from the not loaded and control HEK loaded monolayers. #, significant difference from the same 
coverage fibroblast loaded monolayers.  

 

3.5B), 65.2±14.3% (Figure 3.5C), and 62.7±23.9% (Figure 3.5F) of the respective values 

measured in control (unloaded) cardiac cultures. In comparison, neither cardiac 

fibroblasts nor Cx45 HEK cells covering the same cardiac monolayer area (25-50%) 

exerted significant effect on conduction velocity (Figure 3.5B&C). When the coverage 

density of Cx43 HEK cells was increased to 75-100%, LCV, TCV, and maximum capture 
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rate were further decreased to 28.5±10.9% (Figure 3.5B), 29.0±11.8% (Figure 3.5C), 

and 25.2±8.4% (Figure 3.5F) of the respective values measured in control (unloaded) 

cardiac cultures, while APD was increased to 182.8±38.0% of the control value (Figure 

3.5E). At high coverage densities (75-100%), Cx45 HEK and fibroblast loading yielded 

similar levels of longitudinal and transverse conduction slowing (in average to 

69.1±20.0% and 65.4±18.2%, respectively, of control) which were less than the slowing 

induced by same coverage Cx43 HEK loading (Figure 3.5B&C). In contrast to Cx43 HEK 

loading, neither Cx45 HEK nor fibroblast loading affected cardiac APD (Figure 3.5E), 

and the only effect on maximum capture rate was found from the Cx45 HEK loading at 

75-100% coverage (Figure 3.5F). For all cell types and degrees of loading, no significant 

effect was found on velocity anisotropy ratio (Figure 3.5D) or percent of spontaneously 

active cultures (Figure 3.5G). 

3.3.5 Expression of connexin-43 in unexcitable cells and cardiomyocytes 

In order to understand the observed functional differences in cardiac propagation 

from loading with different unexcitable cell types, we first performed immunostaining and 

western blot analyses to assess the distribution and quantify the expression of the major 

ventricular gap junction protein connexin-43. Cardiac fibroblasts taken from either of the 

two preplates or from the collagenase digestion discard, control HEK cells, and Cx45 

HEK cells (not shown) were found to exhibit no detectable presence of connexin-43 

junctions when grown in monocultures (Figure 3.6A1&B1) or cocultures with 

cardiomyocytes (Figure 3.6A2&B2). In contrast, Cx43 HEK cells formed abundant gap 

junctions at their cell borders when cultured alone (Figure 3.6C1) or in contact with 

cardiomyocytes (Figure 3.6C2). Consistent with these findings, western blot analysis 

(Figure 3.6D) revealed negligible levels of connexin-43 protein expression in cardiac  
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Figure 3.6. Connexin-43 expression in unexcitable loading cells and cardiomyocytes. (A1-
C1) Immunostaining for connexin-43 gap junctions in cultures of cardiac fibroblasts (A1), control 
HEK cells (B1), and Cx43 HEK cells (C1). (A2-C2) Immunostaining for connexin-43 gap junctions 
in cocultures of cardiomyocytes with cardiac fibroblasts (A2), control HEK cells (B2), or Cx43 
HEK cells (C2). White and yellow arrows in C2 denote heterocellular and homocellular junctions, 
respectively, in Cx43 HEK cells. No connexin-43 junctions were observed in fibroblasts, smooth 
muscle α-actin (α-SMA) positive non-myocytes, or control HEK cells. (D) An example of a 
connexin-43 (Cx43) Western blot for different unexcitable cells and cardiomyocytes. (E) 
Corresponding semiquantiatative analysis of Cx43 expression relative to that of β-tubulin. *, 
significant difference from cardiomyocytes.  

 

fibroblasts and control HEK cells. In contrast, Cx43 HEK cells expressed connexin-43 at 

levels that were similar to those measured in neonatal rat cardiomyocytes (Figure 3.6E).  
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3.3.6 Functional coupling by FRAP analysis 

In addition to structural assessment of gap junction coupling by immunostaining 

and western blot analysis, fluorescence recovery after photobleaching (FRAP) was used 

to assess and compare the functional coupling of different unexcitable cell types and 

cardiomyocytes. Individual cardiomyocytes, fibroblasts, or HEK-293 cells were 

photobleached and monitored for the recovery of green (calcein) fluorescence in 

different mono- and coculture settings (Figure 3.7A). The fluorescence recovery was 

comparable in cardiomyocytes only, Cx43 HEK cells only, and Cx43 HEK cells 

surrounded by cardiomyocytes, and found to be considerably slower in cardiac 

fibroblasts, Cx45 HEK cells, or control HEK cells surrounded by cardiomyocytes (Figure 

3.7B). Specifically, five minutes after photobleaching, Cx43 HEK cells and 

cardiomyocytes recovered their fluorescence to levels 2.9-4.0 fold higher than those 

measured in cardiac fibroblasts and Cx45 HEK cells and 6.4-6.8 fold higher than in 

control HEK cells in similar settings (Figure 3.7C). In the presence of the gap junction 

blocker palmitoleic acid (Figure 3.7A, third row), the small degree of post-bleaching 

recovery in fibroblasts (and Cx45 HEK cells, not shown) surrounded by cardiomyocytes 

was completely abolished (Figure 3.7B&C), confirming that these cells were coupled to 

cardiomyocytes through functional gap junctions and that no nonspecific leakage of 

calcein dye into the photobleached cells contributed to the observed fluorescence 

recovery. 

To demonstrate that cells in our experiments were closely apposed and that the 

fluorescence recovery measured in FRAP experiments was a result of intercellular dye 

transfer through gap junctions and not of nonspecific leakage, we performed additional 

dye transfer experiments in cardiomyocytes. Here, after the FRAP experiment, live cell  
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Figure 3.7. Analysis of functional gap junctional coupling by FRAP. An individual cell was 
photobleached with a 488 nm laser, and monitored for recovery of calcein dye (green) 
fluorescence using a confocal microscope. (A) Each row shows fluorescence before, immediately 
after, and 3 minutes after photobleaching in: cardiac monocultures (N = 5), cardiac-fibroblast 
cocultures (N = 7), cardiac-fibroblast cocultures with 40 µM palmitoleic acid added (N = 7), 
cardiac-control HEK cocultures (N = 3), cardiac-Cx43 HEK cocultures (N = 3), Cx43 HEK-293 
monocultures (N = 5), and cardiac-Cx45 HEK cocultures (N = 16). Arrows point to photobleached 
cells. Dil staining (red) in cocultures was used to distinguish loading cells from cardiomyocytes. 
(B) Averaged time courses of fluorescence recovery for each of the settings shown in A. Note no 
recovery in the presence of palmitoleic acid. (C) Percent fluorescence recovery 5 min after 
bleaching. *, significant difference from cardiac-cardiac group. #, significant difference from the 
same group in the presence of palmitoleic acid.  
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membranes were stained using rhodamine-conjugated wheat germ agglutinin (WGA, 

Invitrogen) (Figure 3.8A). Note that although in Figure 3.8B-E (similar to Figure 3.7A) 

cells may not appear closely apposed to each other, they are abutting each other as 

shown by WGA staining in Figure 3.8A. The cells were stained with calcein before 

photobleaching (Figure 3.8B) and the cell of interest was photobleached with the 

confocal laser (Figure 3.8C). Three minutes later fluorescence in this cell was 

significantly recovered (Figure 3.8D). Palmitoleic acid was then added to the culture 

media to block gap junctional dye transfer and the photobleaching was repeated on the 

same cell. Under these conditions, no fluorescence recovery was observed after 5 

minutes (Figure 3.8E), which was confirmed by plotting the corresponding recovery time 

course (Figure 3.8F). If nonspecific leakage of calcein dye was present, fluorescence 

recovery would occur regardless of the blockage of gap junctions. The above 

experiments demonstrate that the cells in our FRAP experiments were closely apposed 

and that any fluorescence recovery was the result of intercellular dye transfer through 

gap junctions. 

3.3.7 Expression of connexin-45 and connexin-40 in unexcitable cells and 
cardiomyocytes 

To further elucidate the roles of other connexin isoforms in the measured 

electrotonic effects, we assessed and compared the expression of the cardiac gap 

junction proteins connexin-45 and connexin-40 in cardiomyocytes and unexcitable cells. 

Connexin-45 antibodies used for these studies [149] were selected based on their 

positive immunostaining and immunoblotting of Cx45 HEK cells and negative 

immunostaining and immunoblotting of Cx43 HEK cells. Immunostaining of confluent 

monolayers revealed connexin-45 expression between adjacent cardiomyocytes (Figure  
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Figure 3.8. Fluorescence recovery in cardiomyocytes with and without palmitoleic acid. (A) 
WGA fluorescence showed that the cell membranes were closely opposed after photobleaching. 
White arrow indicates the bleached cell. (B) Calcein fluorescence before photobleaching. (C) 
Calcein fluorescence immediately after photobleaching. (D) Calcein fluorescence recovery 3 
minutes after photobleaching. (E) Calcein fluorescence recovery 3 minutes after the same cell 
was photobleached in the presence of the gap junction blocker palmitoleic acid. (F) Time course 
of fluorescence recovery in the photobleached cardiomyocyte without (black squares) and with 
(grey squares) palmitoleic acid. 

 

3.9A1), fibroblasts (Figure 3.9A2), and Cx45 HEK cells (Figure 3.9A3), but not control 

HEK (Figure 3.9A4) or Cx43 HEK cells (not shown). Furthermore, no positive 

immunostaining for connexin-40 was found in cardiomyocytes or fibroblasts (not shown).  
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Figure 3.9. Connexin-45 expression in unexcitable loading cells and cardiomyocytes. (A1-
4) Immunostaining for connexin-45 (Cx45) gap junctions in cultures of cardiomyocytes and 
loading cells. Note the expression of Cx45 gap junctions in cardiomyocytes, fibroblasts, and Cx45 
HEK cells (arrows), but not in control HEK cells. (B) An example of a connexin-45 Western blot. 
(C) Corresponding semiquantiatative analysis of Cx45 expression relative to that of β-tubulin. *, 
significant difference from control HEK cells.  

 

Consistent with immunostainings, western blot analysis showed that cardiomyocytes, 

fibroblasts, and Cx45 HEK cells exhibited significantly higher connexin-45 expression 

than control HEK cells (Figure 3.9B). In particular, the expression level of connexin-45 
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relative to β-tubulin in fibroblasts was 2.9 times higher than in control HEK cells and 1.4 

times lower than in cardiomyocytes, while connexin-45 expression in Cx45 HEK cells 

was slightly but not significantly higher than that of fibroblasts (Figure 3.9C). 

 

Figure 3.10. Cardiomyocyte resting membrane potential under different loading 
conditions. Cardiac resting potential is shown from control monolayers with no cells added (N = 
14), as well as from monolayers covered 75-100% with fibroblasts (N = 13), Cx45 HEK cells (N = 
10), or Cx43 HEK cells (N = 7). *, significant difference from control monolayers. 

 

3.3.8 Changes in cardiomyocyte resting membrane potential due to 
electrotonic loading 

To further understand how electrotonic loading by different unexcitable cells 

alters cardiac propagation, we measured the cardiomyocyte resting potential in confluent 

monolayers under different loading conditions (Figure 3.10). Consistent with our 

previous studies [145], control cardiomyocytes without added unexcitable cells exhibited 

an average resting potential of -71.6±4.9 mV. When Cx43 HEK cells were added at a 

high coverage density (75-100%), cardiomyocyte resting potential modestly but 
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fibroblasts or Cx45 HEK cells caused only a subtle cardiac depolarization (-68.8±2.3 mV 

and -68.0±2.7 mV, respectively) without reaching statistical significance. 

 

 3.4 Discussion 

In this study, we assessed the effects of electrotonic loading by different 

unexcitable cells on impulse conduction in anisotropic confluent neonatal rat cardiac 

monolayers. Through the combined use of genetic engineering techniques, structural 

assays (immunostaining, immunoblotting), and functional assays (FRAP, optical 

mapping, sharp microelectrode recordings) we demonstrated that the 

electrophysiological function of cardiomyocytes loaded by unexcitable cells strongly 

depends on the type and expression level of gap junction proteins. In particular, cardiac 

fibroblasts and HEK-293 cells that expressed similar levels of connexin-45, but no 

detectable amount of connexin-43 or connexin-40, marginally slowed cardiac conduction 

only at high coverage density, while producing no other measured electrophysiological 

changes in cardiomyocytes. In contrast, HEK-293 cells expressing connexin-43 at a 

level comparable to that of cardiomyocytes strongly coupled to cardiomyocytes, 

depolarized cardiac resting membrane potential, significantly slowed impulse 

propagation, decreased maximum capture rate, and increased action potential duration 

at high coverage density. None of the studied unexcitable cells significantly altered 

conduction velocity anisotropy ratio or the relatively low incidence of spontaneous 

activity of cardiac monolayers at any coverage density. 
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3.4.1 Fibroblast phenotype and weak gap junctional coupling of non-
myocytes 

In the current study, non-myocytes from the ventricles of neonatal rats cultured 

on plastic coverslips (Figure 3.2A) or on top of cardiomyocytes (Figure 3.3F) were found 

to strongly express vimentin and only co-express the contractile protein smooth muscle 

α-actin in a few cells per coverslip (Figure 3.2B). Therefore, the studied non-myocytes 

were referred to throughout the text as cardiac fibroblasts rather than myofibroblasts, the 

smooth muscle-like cells found in hypertensive [150] or post-infarction [151] disease. 

Several studies have shown that cultured fibroblasts can also adopt the myofibroblast 

phenotype by growth on a rigid substrate [29], application of force [152], exposure to 

TGF-β1 [153], or culture in perceived hyperoxic conditions [154]. Our study, however, 

suggests that growth of neonatal rat ventricular fibroblasts on a rigid substrate or on 

cardiomyocytes is not sufficient for induction of the myofibroblast phenotype, but rather 

that certain conditions in the cell isolation and culture procedure determine the ability of 

these cells in vitro to either maintain their in vivo phenotype or become myofibroblasts. 

Importantly, several different structural and functional assays in this study (Figures 3.4-

3.7) consistently supported the finding that neonatal rat cardiac fibroblasts exhibited 

relatively weak electrical coupling with cardiomyocytes in vitro. 

In particular, connexin-43 gap junctions were not observed between fibroblasts 

and cardiomyocytes or between abutting fibroblasts (Figure 3.6A1&A2) in 

immunostainings, a finding that was further confirmed by western blot analysis (Figure 

3.6D&E). However, FRAP experiments revealed that despite the absence of connexin-

43 expression, fibroblasts still exhibited limited intercellular communication with 

cardiomyocytes, which was abolished in the presence of the gap junction blocker 

palmitoleic acid (Figure 3.7). Additional western blot and immunostaining analyses 
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revealed expression of connexin-45 (Figure 3.9), but not connexin-40 (not shown), in 

cardiac fibroblasts and myocytes. Since connexin-30.2 junctions, if present, have a 

relatively small conductance [155], it was concluded that connexin-45 was the dominant 

connexin isoform expressed in fibroblasts which enabled their coupling with 

cardiomyocytes causing the relatively weak electrotonic loading of monolayers. This 

conclusion was further supported by the finding that HEK-293 cells engineered to 

express connexin-45 at a level similar to that of fibroblasts (Figure 3.9), 1) functionally 

coupled to cardiomyocytes at a level similar to that of fibroblasts (Figure 3.7), and 2) 

produced comparable effects on resting membrane potential and impulse conduction in 

loaded cardiac monolayers to those produced by fibroblasts (Figures 3.5&3.9). 

3.4.2 Conduction slowing induced by electrotonic loading in aligned 
cardiomyocyte monolayers  

In contrast to cardiac fibroblasts and Cx45 HEK cells, Cx43 HEK cells were 

found to express high levels of connexin-43 (Figure 3.6C1,D,E), negligible levels of 

connexin-45 (Figure 3.9A4,B,C), and to strongly couple among themselves and with 

cardiomyocytes (Figure 3.7 and 6C2). As a result of stronger coupling [127, 156, 157] 

electrotonic loading by Cx43 HEK cells depolarized cardiac resting potential (Figure 

3.10) and slowed cardiac conduction more than loading by cardiac fibroblasts or Cx45 

HEK cells at equal coverage (Figure 3.5B&C). Based on the expression of specific 

connexin isoforms, fibroblasts and Cx45 HEK cells were expected to electrically couple 

with cardiomyocytes via homotypic Cx45 and heterotypic or heteromeric Cx45/Cx43 gap 

junctions [47], while Cx43 HEK cells and cardiomyocytes were expected to couple 

through predominantly homotypic Cx43 junctions as well as Cx43/Cx45 junctions. Under 

a simplifying assumption of similar fibroblast and HEK-293 cell membrane properties, a 
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recent modeling study by Jacqumet et al. [127] allows for speculation about the 

magnitude of coupling conductance between different unexcitable cells and 

cardiomyocytes in this study. To match the percent longitudinal conduction slowing at 

40% cell coverage found in our experiments to the same level of slowing at 40% 

coverage in the model [127], the average fibroblast-cardiomyocyte or Cx45 HEK-

cardiomyocyte coupling conductance would have to be 10 nS (i.e. an equivalent of 285 

Cx45/Cx45 [56] or 180 Cx45/Cx43 [158] open gap junction channels) while the Cx43 

HEK-cardiomyocyte coupling conductance would have to be >80 nS (i.e. an equivalent 

of >890 Cx43/Cx43 [48] or >1440 Cx43/Cx45 open gap junction channels). Therefore, 

the strong electrotonic effect observed from Cx43 HEK cells compared to other 

unexcitable cells in this study was likely a result of both the expression of the more 

conductive connexin isoform and the higher number of gap junction channels that 

formed between these cells and cardiomyocytes. 

On the other hand, factors other than coupling strength including loading cell 

size, resting potential, and the presence of different ion currents remain to be studied in 

detail as they are also expected to play important roles in the interactions between 

cardiomyocytes and unexcitable cells [127, 128, 157]. In this study, two different 

unexcitable cell types (Cx45 HEK cells and fibroblasts) which coupled to cardiomyocytes 

with similar strengths produced similar changes in cardiac conduction (Fig. 5B-G), 

suggesting that coupling strength (at least for relatively low levels of coupling) was the 

major determinant of the observed electrotonic effects. 

 Importantly, at the highest coverage densities of Cx43 HEK cells (>95%) the 

conduction velocity was decreased to as low as 22% of that in unloaded controls without 

causing conduction block. Previous computational and experimental studies have shown 
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that complete block or inactivation of sodium current in cardiomyocytes can only slow 

conduction velocity to about 33% of the normal value [63, 67, 159]. Regarding the 

modest resting potential depolarization of cardiomyocytes loaded by Cx43 HEK cells 

(Figure 3.10), the excessive conduction slowing in the loaded monolayers was likely 

caused, to a smaller extent, by partial inactivation of sodium channels in depolarized 

cardiomyocytes (i.e. resistive loading effect), and, to a much larger extent, by slower 

charging of effectively larger cardiomyocyte membrane area (i.e. capacitive loading 

effect). Conceivably, in a 3-dimensional tissue environment, the larger portion of the 

cardiac cell membrane available for contact with other cells may further exacerbate the 

loading effects. In general, with regard to the potential for conduction slowing, the effect 

of strong electrotonic loading of cardiomyocytes by unexcitable cells appears 

intermediate between the effects of reduced excitability and reduced coupling [63, 67]. 

3.4.3 APD prolongation in monolayers electrotonically loaded by 
unexcitable cells 

In the present study, we also assessed APD, maximum capture rate, and velocity 

anisotropy ratio in cardiac monolayers loaded with unexcitable cells (Figures 3.4E-G and 

3.5E-G). In particular, 75-100% coverage with Cx43 HEK cells yielded significant action 

potential prolongation and decrease in maximum capture rate. This prolongation of the 

short rat action potential likely occurred because relatively strong coupling current from 

the depolarized Cx43 HEK cells slowed down the repolarization of the cardiac 

membrane potential to its resting value [127, 157]. In contrast, weaker coupling with 

cardiac fibroblasts or Cx45 HEK cells exerted no measurable effect on cardiac APD, 

likely because the resulting electrotonic currents were insufficient to significantly affect 

the relatively large repolarization current of the triangularly shaped rat action potential. In 
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contrast, cardiac action potentials with a prominent plateau phase are expected to 

undergo a major APD change even as a result of weak coupling with loading cells 

because a small plateau current (large input resistance) renders the plateau duration 

highly sensitive to electrotonic currents of any magnitude [128]. In addition, we also 

found that, for all degrees of electrotonic loading by different unexcitable cells, 

longitudinal and transverse conduction in cardiac monolayers were slowed to the same 

degree, yielding no change in velocity anisotropy ratio (Figures 3.4D&3.5D). The 

increased cardiac APD and unchanged velocity anisotropy ratio found for strong 

electrotonic loading in our experiments are consistent with recent computational studies 

in a microstructural model of anisotropic canine atrial monolayers [156]. 

3.4.4 Absence of increased spontaneous activity in loaded monolayers 

Finally, despite the significant slowing of conduction velocity, strong electrotonic 

loading by Cx43 HEK cells in our study did not increase the incidence of spontaneous 

activity in cardiac monolayers (Figure 3.5G). In general, the ability of cardiomyocytes 

electrotonically loaded with unexcitable cells to successfully generate and launch 

spontaneous action potentials will depend on a number of factors including: 1) coupling 

resistance between cardiomyocytes and unexcitable cells, 2) unexcitable cell properties 

(e.g. cell size, resting potential, input resistance at subthreshold voltages, etc.), 3) 

cardiomyocyte properties (e.g. cell size, resting potential, input resistance at 

subthreshold voltages, duration of plateau phase, Na-Ca exchanger activity [160], etc.), 

and 4) geometrical loading conditions surrounding a potential focal source (e.g. 

dimensionality of cardiac network (1D, 2D, or 3D), vicinity to tissue expansions or 

narrowings, etc.). In particular, while strong electrotonic loading by depolarized 

unexcitable cells could favor spontaneous activity through depolarization of the cardiac 
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resting potential to near-threshold values (resistive loading), it could also suppress 

spontaneous activity by increasing the membrane area needed to be activated both at 

and around the focal source (capacitive loading). Therefore, the complex interplay 

between resistive and capacitive loading effects will determine the occurrence and 

incidence of spontaneous activity. For example, while a large number of conditions in 

loaded anisotropic cardiac monolayers explored in this study and in a computational 

study by Jacquemet et al. [127] resulted in only a few mV depolarization of cardiac 

resting potential and no change in the incidence of spontaneous activity, myofibroblast 

loading in 1D cardiac strands in a study by Miragoli et al. yielded cardiomyocyte 

depolarization by as much as 30 mV and spontaneous activity in virtually all cell cultures 

[30]. Assuming that electrical properties of cardiomyocytes were similar in the two 

experimental studies, these major differences in cardiac resistive loading suggest that 

the myofibroblasts in the studies by MIragoli et al. had a significantly lower input 

resistance at subthreshold voltages compared to the Cx43 HEK cells used in this study. 

In addition, paracrine and juxtacrine interactions between loading cells and 

cardiomyocytes may independently affect the conduction and incidence of spontaneous 

activity. 

3.5 Summary and Conclusions 

In conclusion, this study shows that electrical coupling of cardiomyocytes with 

unexcitable cells can alter anisotropic action potential propagation in a fashion that 

significantly depends on the level and isoform of connexin expression by the unexcitable 

cells. Specifically, the expression of connexin-45, but not connexin-43 or connexin-40, 

as found in smooth muscle α-actin negative neonatal rat ventricular fibroblasts, or as 

engineered in HEK-293 cells, was associated with only a weak effect on cardiac impulse 
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conduction. In contrast, the presence of functional connexin-43 gap junctions in 

unexcitable Cx43 HEK cells at levels comparable to those in cardiomyocytes caused 

significant conduction slowing and increase of action potential duration, both of which 

could increase the propensity for conduction block and arrhythmia induction in vivo. It is, 

however, important to note that the triangular action potential shape, presence of 

specific ion channels, relatively small membrane area (capacitance), uniform membrane 

distribution of gap junctions, and expression of specific connexin isoforms [161] 

characteristic of neonatal rat ventricular myocytes may limit the relevance of these 

findings for cardiomyocytes of other species and ages. Nevertheless, this study 

represents a step towards enhanced understanding of the potential electrotonic effects 

of various unexcitable cells on cardiac tissue function, which in the future is expected to 

aid the design of novel antiarrhythmic therapies [2] in fibrotic and other heart diseases. 
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4. The Influence of Unexcitable Cell Size on the Cardiac 
Action Potential 

4.1 Rationale 

In general, the electrotonic loading effects from unexcitable cells coupled with 

cardiomyocytes will depend not only on the coupling strength studied in Chapter 3, but 

also on unexcitable cell size, input resistance, and resting potential. These 

characteristics are expected to be different in fibroblasts found in the healthy heart, 

myofibroblasts recruited to sites of injury, and other unexcitable or excitable cell types 

used for cell therapy applications. 

We found in Chapter 3 that loading cardiomyocyte monolayers with connexin-45 

expressing fibroblasts or with connexin-43 expressing HEK-293 cells only modestly 

depolarized cardiomyocytes and did not induce spontaneous activity at any coverage 

density despite significant slowing of conduction velocity. Similarly, computational 

modeling studies did not observe significant cardiomyocyte depolarization or induction of 

spontaneous activity when coupled to fibroblasts [127, 128, 157]. However, previous 

studies looking at the effect of unexcitable cell electrotonic loading on cardiomyocyte 

conduction have found that myofibroblasts expressing connexin-43 slowed conduction 

velocity and induced spontaneous activity in loaded cardiomyocyte strands by increasing 

cardiac maximum diastolic potential from -80mV to above -50mV [29]. Additionally, 

human MSCs, HeLa cells, and HEK-293 cells transfected to express HCN2 current were 

shown to induce cardiomyocyte spontaneous activity in cell pairs while only depolarizing 

the canine ventricular myocytes from -75 mV to -65 mV [18]. Differences in membrane 

capacitance, ion current expression, and resting potential between the various 

unexcitable cells could explain the discrepancies in these results. No previous study has 
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examined the dependence of these unexcitable cell properties on cell size and how they 

may alter the cardiomyocyte action potential shape. 

While the monolayer model used in Chapter 3 enabled us to derive macroscopic 

loading effects on anisotropic cardiac conduction, this system is difficult to use to further 

study the specific effects of unexcitable cell membrane properties and cell size on the 

electrical properties of loaded cardiomyocytes. This is primarily due to the inability to 

control unexcitable cell size and unexcitable cell – cardiomyocyte contact area in the 

monolayer setting. In addition, measuring coupling conductance between loading cells 

and cardiomyocytes and performing intracellular action potential recordings from 

cardiomyocytes densely covered with unexcitable cells is technically difficult. We 

therefore studied electrotonic loading of cardiomyocytes by unexcitable cells using 

individual micropatterned cell pairs consisting of a cardiomyocyte and a HEK-293 cell 

while maintaining the coupling strength between cells constant and varying: 1) the ratio 

of HEK-293 cell to cardiomyocyte cell area, and 2) the resting potential of the HEK-293 

cell. HEK-293 cell resting potential was changed by expressing the inwardly rectifying 

current IK1, while varying the area of HEK-293 cells allowed us to control their input 

resistance and capacitance. Whole-cell patch clamp studies in this system were 

performed to enhance our understanding of the role of unexcitable cell properties in 

electrotonic loading of cardiomyocytes. 

 

4.2 Methods 

4.2.1 Cell Pair Micropatterning  

Fibronectin micropatterns in the shape of single rectangular islands or pairs of 

rectangular islands were prepared using microcontact printing techniques as previously 
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described [70]. Briefly, a silicon wafer was coated with a 3 µm thick layer of photoresist 

(SU-8 2; Microchem, Newton, MA), exposed to UV light through a photomask (chromium 

on soda-lime glass; Advance Reproductions, North Andover, MA), and washed with a 

developer to remove uncrosslinked photoresist. Poly(dimethylsiloxane) (PDMS) stamps 

were cast against the wafer, coated with fibronectin solution (15 µg/mL; Sigma, St. 

Louis, MO), and used to transfer the desired fibronectin patterns to 22-mm diameter 

glass coverslips coated with PDMS. Unstamped areas of the coverslips were coated 

with a solution of pluronic F-127 (0.2%; Invitrogen, Carlsbad, CA) to block cell adhesion 

in unwanted areas.  

Dimensions of single rectangular islands printed on the photomask were varied 

from 10x20 µm2 to 30x54 µm2. For pairs of islands, the dimensions of one island was 

held constant at 30x30 µm2 while the other was varied from 20x10 µm2 to 20x36 µm2. 

The contact length between the islands was held constant at 20 µm. The patterns were 

arranged such that approximately 5000 island pairs fit within a single coverslip. 

4.2.2 Cell culture 

4.2.2.1 Neonatal rat ventricular myocytes 

All animals were treated according to protocols approved by the Duke University 

Institutional Animal Care and Use Committee. Cardiac cells were isolated from the 

ventricles of 2 day old Sprague-Dawley rats by enzymatic digestion with trypsin and 

collagenase as previously described [70]. The isolated cell population was enriched in 

cardiomyocytes using two one-hour differential preplating steps to remove faster 

attaching non-myocytes. The remaining cells were resuspended in DMEM/F-12 media 

(Gibco, Carlsbad, CA) and supplemented with 10% calf serum and 10% horse serum. 
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4.2.2.2 Genetically engineered human embryonic kidney 293 cells 

Selected ion channel and gap junction proteins were stably expressed in human 

embryonic kidney 293 (HEK) cells (ATCC, CRL-1573). The rat connexin-43 gene (GJA1) 

was cloned from neonatal rat cardiomyocytes using primers based upon the published 

rat connexin-43 sequence (PubMed NM_012567) and subcloned into a plasmid 

following the fluorescent protein mCherry [142] and an IRES sequence. The human 

Kir2.1 gene was subcloned into a plasmid following the fluorescent protein eGFP and an 

IRES sequence. The plasmids were transformed into bacteria and 3 µg of isolated 

plasmid DNA was conjugated to GenJet (SignaGen Labs) reagent and used to transfect 

HEK cells.  

For connexin-43 expressing cells, wild type HEK cells transfected with the 

connexin-43 plasmid were identified by mCherry expression and selected using 

puromycin. A stable monoclonal cell line (Cx43 HEK) was isolated from the polyclonal 

population. For cells coexpressing connexin-43 and Kir2.1, Cx43 HEK monoclonal cells 

were transfected with the Kir2.1 plasmid, identified by eGFP expression, and selected 

using G418. A stable monoclonal cell line (Kir2.1+Cx43 HEK) was isolated from the 

polyclonal population. All HEK cell lines were cultured in DMEM (Gibco) supplemented 

with 10% FBS and penicillin/streptomycin. 

4.2.2.3 Cell pair seeding 

Suspended cardiomyocytes were plated at a density of 10x103 cells/cm2 on 

PDMS coated glass coverslips stamped with fibronectin island pair patterns (Figure 4.1). 

After two days of culture the cardiac seeding media was replaced with maintenance 

media containing M199 (Gibco) supplemented with 2% horse serum, HEPES (10 mM),  
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Figure 4.1. Creation of heterotypic cell pairs. Soft lithography and microcontact printing 
techniques were used to stamp fibronectin on a PDMS substrate with a pattern of repeated cell 
pair islands. After seeding neonatal rat ventricular cardiomyocytes, single cardiomyocytes (CMs) 
were cultured alone for 5 days. HEK-293 cells transfected to express connexin-43 (Cx43 HEKs, 
red) or Kir2.1 and connexin-43 (Kir2.1+Cx43 HEKs, green) were added to the single CM cultures 
and allowed to attach and form heterotypic pairs. After 24 hours of coculture electrophysiological 
experiments were performed. 

 

MEM nonessential amino acids, GlutaMAX (2 mM; Invitrogen), vitamin B12 (2 ug/mL), 

and penicillin-G (20 U/mL). Media was exchanged every other day. 

After 5 or 6 days of cardiomyocyte culture, HEK cells were trypsinized, 

resuspended in HEK cell culture media, and plated at a density of 2x103 cells/cm2 on 

coverslips already containing cardiomyocytes on island pair patterns. For single cell 

experiments, HEK cells or cardiomyocytes were plated on PDMS coated glass 

coverslips stamped with fibronectin single island patterns. 

4.2.3 Cell area measurement 

Immediately before electrophysiological recordings, an image was acquired of 

the single cell or cell pair to be analyzed. In all experiments mCherry or eGFP 

fluorescence was used to distinguish HEK cells from cardiomyocytes. We used custom 
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MATLAB software to trace the cell border and determine the area covered by the cells 

and the HEK to cardiomyocyte (HEK:CM) area ratio.  

4.2.4 Electrophysiological recordings 

Electrophysiological recordings were performed 24 hours after HEK cell seeding 

(cardiomyocyte culture day 6 or 7). Coverslips with adherent cells were transferred to an 

experimental chamber perfused with Tyrode’s solution containing (in mmol/L): 135 NaCl, 

5.4 KCl, 1.8 CaCl2, 5 HEPES, 5 glucose, 1 MgCl2, and 0.33 sodium phosphate. Patch 

pipettes were fabricated using a microelectrode puller (Sutter Instrument, Novato, CA) 

and fire-polished to generate electrodes with tip resistances of 1-3 MΩ when filled with 

(in mmol/L): 140 KCl, 10 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 2 MgCl2, and 5 MgATP 

and adjusted to pH 7.2 with KOH and 270-280 mOsm with glucose. Whole-cell voltage- 

and current-clamp measurements were performed with a Multiclamp 700B amplifier 

(Axon Instruments, Sunnyvale, CA), digitized at 20 kHz with a PCI-6221 acquisition card 

(National Instruments), and controlled by the WinWCP software package (Dr. John 

Dempster, University of Strathclyde).  

4.2.4.1 Steady-state current-voltage relationships 

Currents from micropatterned HEK cells or cardiomyocytes were recorded in 

whole-cell voltage clamp mode at room temperature, filtered using a low-pass Bessel 

filter with 8 kHz cutoff frequency, and saved to a PC. The membrane voltage of 

individual cells was stepped from a holding potential of -40 mV to a test potential of -120 

mV to 40 mV in 3 s long 10 mV steps. The average current during the final 100 ms of 

each voltage step was used to construct steady-state current-voltage (I-V) relationships. 

Input resistance was determined from the slope of a 6th order polynomial fit to the I-V 
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curve at the resting potential. Resting potential was obtained by briefly switching to 

current clamp mode after membrane breakthrough. 

4.2.4.2 Action potential recordings 

Voltage signals in micropatterned cardiomyocytes were recorded in whole-cell 

current clamp mode at 35°C, filtered using a low-pass Bessel filter with 10 kHz cutoff 

frequency, and saved to a PC. In cells with no pacemaking activity, action potentials 

were elicited by applying a 10 ms current pulse at 1.1x threshold amplitude. In 

spontaneously active cells, action potentials were recorded without the application of 

stimulus current. The recordings were analyzed with custom MATLAB software to 

determine maximal diastolic potential, maximum upstroke velocity, action potential 

duration at 80% and 30% repolarization (APD80 and APD30, respectively), action 

potential amplitude, and, if spontaneously active, spontaneous beating rate. 

Electrophysiological measurements were plotted as a function of HEK:CM area ratio and 

in selected cases fit with a first or fourth order polynomial or with a Boltzmann function of 

the form 
 /

 to determine the area ratio (x1/2) at which the change in 

the measured parameter was half of the total change, the parameter value at infinite 

area ratio (y∞), and the slope (b). 

4.2.4.3 Dual patch clamp 

Gap junction current in cardiomyocyte – HEK cell pairs was measured using dual 

whole-cell voltage clamp recordings. The cardiomyocyte was held at 0 mV while the 

HEK cell was stepped to -20 mV and +20 mV for 4 seconds. Steady-state gap junction 

conductance was determined by dividing the junctional current by the applied voltage 

difference after correcting for series resistance [162]. Switching to dual current clamp 
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mode enabled measurement of membrane voltage in both cells during a cardiomyocyte 

action potential elicited by a current pulse applied to the cardiomyocyte. 

4.2.5 Video recordings of cardiomyocyte beating 

To further assess pacemaking activity in cell pairs, a CCD camera (Pixelfly; 

Cooke Corporation, Romulus, MI) was used to capture videos (22.2 frames per second) 

of spontaneously beating cardiomyocytes. Average beating rate was determined from 

the number of beats in a 30 second recording. 

4.2.6 Immunostaining 

Cells were fixed in methanol-acetone, permeabilized in a 1% solution of Triton-X 

in PBS, and blocked in a 5:1 mixture of 1% BSA and chicken serum [70]. Primary 

antibodies (1 hour at room temperature in PBS) used were: anti-sarcomeric α-actinin 

(Sigma, mouse monoclonal) and anti-connexin-43 (Zymed, rabbit polyclonal). Secondary 

antibodies (Alexa Fluor 488, chicken anti-rabbit and Alexa Fluor 594, chicken anti-

mouse) were applied in PBS for 1 hour at room temperature. Nuclei were counterstained 

with DAPI (Sigma). Images were acquired with a CCD camera (SensiCam QE, Cooke) 

attached to an inverted fluorescence microscope (Nikon TE2000). 

4.2.7 Statistics 

Data were divided into bins based on cell area or HEK:CM area ratio and were 

expressed as mean ± standard error. Differences between bins were analyzed using an 

ANOVA followed by Tukey's multiple comparison test. In cases where there was no 

dependence on area ratio, data were combined regardless of area ratio and compared 

to the single cardiomyocyte bin with a t-test. Differences between fit parameters were 

analyzed with a t-test. Data were considered statistically significant when p < 0.05. 
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4.3 Results 

4.3.1 Characterization of single cell electrophysiological properties 

Whole-cell membrane currents were measured in micropatterned Cx43 HEK 

cells (Figure 4.2A), Kir2.1+Cx43 HEK cells (Figure 4.2B), and cardiomyocytes (Figure 

4.2C) with cell area varied from 250 µm2 to 1050 µm2. After dividing the cells into bins 

based on cell area (250-450 µm2, 450-650 µm2, 650-850 µm2, and 850-1050 µm2), 

average steady-state current-voltage relationships were constructed for each cell type 

and cell area. 

 

 

Figure 4.2. Representative whole-cell membrane currents. Currents were measured with 
whole-cell patch clamp in response to voltage commands from -120 mV to 30 mV in 10 mV 
increments in micropatterned (A) Cx43 HEK cells, (B) Kir2.1+Cx43 HEK cells, and (C) 
cardiomyocytes.  

 

For all cell types, input resistance measured at the resting potential significantly 

decreased with increasing cell area (Figure 4.3A). As cell area increased from 250-450 

µm2 to 650-850 µm2, input resistance decreased from 1.92±0.36 GΩ, 4.52±0.53 GΩ, and 

0.649±0.22 GΩ to 0.433±0.17 GΩ, 0.951±0.34 GΩ, and 0.107±0.017 GΩ in  
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Figure 4.3. Dependence of cell membrane properties on cell size. (A) Input resistance in 
Cx43 HEK cells, Kir2.1+Cx43 HEK cells, and cardiomyocytes decreased significantly with 
increasing cell area while (B) capacitance increased linearly with cell area in all three cell types, 
which were pooled to construct a single plot. (C) Membrane time constant at rest. (D) Resting 
membrane potential did not depend on cell area in any of the cell types studied.  

 

cardiomyocytes, Cx43 HEK cells, and Kir2.1+Cx43 HEK cells, respectively. The patch 

seal resistance was routinely greater than 20 GΩ.  

All cell types exhibited a similar dependence of membrane capacitance on cell 

area and were pooled together for analysis. Within the range of cell areas considered in 

this study, membrane capacitance increased linearly with cell area with a slope of 3.55 

µF/cm2 (Figure 4.3B). Membrane time constant at rest (Figure 4.3C) was calculated from  
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Figure 4.4. Dependence of current-voltage relationships on cell size. Steady-state current-
voltage relationships were constructed from whole-cell patch clamp recordings for cells with 
micropatterned area between 250-450 µm2 (black), 450-650 µm2 (light grey), 650-850 µm2 (dark 
grey), and 850-1050 µm2 (white) in (A) Cx43 HEKs (N = 23), (B) Kir2.1+Cx43 HEKs (N = 19), and 
(C) cardiomyocytes (N = 10, no 850-1050 µm2 bin). Current per unit capacitance was also plotted 
in (D) Cx43 HEKs, (E) Kir2.1+Cx43 HEKs, and (F) cardiomyocytes.  

 

the product of the input resistance at rest and the cell capacitance (τ = RC) and found to 

have a decreasing trend with increasing in cell area. Resting membrane potential in 

each cell type was found to be independent of cell area (Figure 4.3D). The average 

resting membrane potential in cardiomyocytes, Cx43 HEK cells, and Kir2.1+Cx43 HEK 

cells was -71.7±0.6 mV, -26.5±1.9 mV, and -72.7±0.8 mV, respectively. 

Whole-cell currents in Cx43 HEK cells (Figure 4.4A) exhibited modest outward 

current rectification while Kir2.1+Cx43 HEK cells (Figure 4.4B) and cardiomyocytes 

(Figure 4.4C) exhibited inward current rectification characteristic of IK1 current. Inward 
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and outward current magnitude increased with cell area. Unexpectedly, this increase did 

not scale linearly with cell area. Rather, cells with larger area exhibited disproportionally 

larger currents (Figure 4.4D-F), suggesting an increased membrane ion channel density 

with cell size. No significant difference in any electrophysiological parameter was found 

in single cardiomyocytes vs. those cultured in the vicinity of HEK cells, suggesting an 

absence of paracrine effects of HEK cells on cardiomyocyte electrical properties, similar 

to our previous findings [75, 163]. 

4.3.2 Formation of heterotypic cell pairs 

After optimization of cardiomyocyte and HEK seeding densities, heterotypic 

cardiomyocyte – HEK pairs formed on approximately 1% of available fibronectin islands. 

The HEK:CM area ratio in micropatterned cell pairs ranged from 0.4 to 2.0 (Figure 4.5), 

with individual cell areas that were in the range of those studied in patterned single cells. 

A 20 µm long, 1 µm wide micropatterned gap between two rectangular fibronectin 

islands was used to confine the site of contact between cardiomyocytes and HEK cells 

to the region of the gap resulting in a relatively reproducible length of cell contact of 

19.6±1.3 µm. 

4.3.3 Gap junction coupling in cell pairs 

After optimizing the creation of heterotypic cell pairs with reproducible contact 

length we investigated the ability of these cells to structurally and functionally connect 

through gap junctions. Immunostaining of cell pairs showed the formation of connexin-43 

gap junctions at the cell border between HEK cells and cardiomyocytes (Figure 4.6A), as 

well as significant internalization of connexin-43 within both cell types. This finding is 

consistent with our previous immunostaining studies of connexin-43 in heterotypic cell 

pairs [78]. 
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Figure 4.5. Modulation of HEK:CM area ratio. HEK:CM area ratio, as assessed from bright-field 
images taken immediately before patch clamp experiments, was varied from 0.4 to 2.0 using cell 
micropatterning. Electrophysiological recordings from cell pairs were compared to recordings 
from single cardiomyocytes (area ratio = 0.0). HEK cells were identified by live mCherry 
fluorescence (red overlay in images shown here). 

 

We have previously shown the existence of functional gap junctional coupling 

between cardiomyocytes and Cx43 HEK cells using fluorescence recovery after 

photobleaching [75]. In the current study we further characterized gap junctional 

coupling in individual cell pairs using dual whole-cell patch clamp (Figure 4.6B). Applying 

a 20 mV voltage gradient across the cell border created a junctional current measured 

through the cardiomyocyte patch electrode (Figure 4.6C). Coupling conductance in  
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Figure 4.6. Gap junction coupling in cell pairs. (A) Connexin-43 (green) immunostaining 
resulted in a punctate fluorescence pattern (white arrows) at the shared cell border between a 
sarcomeric alpha-actinin positive cardiomyocyte (red) and a HEK cell (identified by blue DAPI 
stained nucleus), indicating the presence of gap junctions. (B) Dual patch clamp recordings from 
heterotypic cell pairs revealed strong gap junction coupling demonstrated by (C) the current 
measured through the cardiomyocyte patch pipette when a voltage pulse was applied to the HEK 
cell in voltage clamp mode and the HEK membrane potential following the cardiomyocyte action 
potential when a current stimulus was applied to the cardiomyocyte in current camp mode. The 
average coupling conductance in all heterotypic cell pairs was 68.9±9.7 nS. 
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heterotypic cell pairs did not differ significantly between cardiomyocyte – Cx43 HEK 

pairs and cardiomyocyte – Kir2.1+Cx43 HEK pairs and was on average 68.9±9.7 nS. 

4.3.4 Changes in cardiomyocyte action potential shape 

Next, we investigated how the input resistance and capacitance of HEK cells with 

different area altered the action potential shape of cardiomyocytes in heterotypic cell 

pairs. Action potentials were recorded from cardiomyocyte – Cx43 HEK cell pairs (Figure 

4.7A&B) and cardiomyocyte – Kir2.1+Cx43 HEK cell pairs (Figure 4.7C&D) and changes 

in action potential parameters were plotted against corresponding HEK:CM area ratios. 

4.3.4.1 Maximal diastolic potential 

In cardiomyocyte – Cx43 HEK cell pairs, maximal diastolic potential of 

cardiomyocytes exhibited a sigmoidal dependence on HEK:CM area ratio with 

cardiomyocyte potential significantly depolarizing from -71.7±0.6 mV in single 

cardiomyocytes to -35.1±1.3 mV in pairs with area ratio 2.00±0.01. This dependence 

was fitted with a Boltzmann function with half maximum increase occurring at a HEK:CM 

area ratio of 1.43±0.06 (Figure 4.8A). In contrast, cardiomyocyte maximal diastolic 

potential in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs did not significantly change 

relative to that of single cardiomyocytes, remaining on average -70.1±0.8 mV. 

4.3.4.2 Maximum upstroke velocity 

While increasing HEK:CM area ratio caused cardiomyocyte depolarization only in 

cardiomyocyte – Cx43 HEK cell pairs, we observed a sigmoidal decrease in maximum 

upstroke velocity in both cardiomyocyte – Cx43 HEK cell pairs and cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs (Figure 4.8B). Maximum upstroke velocity decreased from 

138.3±10.2 V/s in single cardiomyocytes to 2.2±1.0 V/s and 7.2±1.6 V/s in 

cardiomyocyte – Cx43 HEK cell pairs with HEK:CM area ratio 1.71±0.09 and  
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Figure 4.7. Representative action potentials from single cardiomyocytes and heterotypic 
cell pairs. Action potential (A) rest, duration, and (B) upstroke measured from a single 
cardiomyocyte (black) and from cardiomyocyte – Cx43 HEK cell pairs with HEK:CM area ratio 
0.65 (dark grey) and 1.04 (light grey). Action potential (C) rest, duration, and (D) upstroke 
measured from a single cardiomyocyte (black) and from cardiomyocyte – Kir2.1+Cx43 HEK cell 
pairs with HEK:CM area ratio 1.01 (dark grey) and 1.33 (light grey). 

 

cardiomyocyte – Kir2.1+Cx43 HEK cell pairs with area ratio 1.90±0.05, respectively. 

From the Boltzmann fits, the HEK:CM area ratio of half maximum upstroke velocity of 

0.58±0.02 in cardiomyocyte – Cx43 HEK cell pairs was significantly smaller than the  
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Figure 4.8. Dependence of cardiomyocyte action potential shape on HEK:CM area ratio. 
Action potentials were measured in single cardiomyocytes (N = 38, dark grey diamonds), 
cardiomyocyte – Cx43 HEK cell pairs (N = 21, black circles), and cardiomyocyte – Kir2.1+Cx43 
HEK cell pairs (N = 23, light grey squares) and the dependence of cardiomyocyte (A) maximal 
diastolic potential, (B) maximum upstroke velocity, (C) action potential amplitude, and (D) APD80 
on HEK:CM area ratio in the two types of cell pairs was determined. *, significant difference from 
the single cardiomyocyte bin. 

 

value of 1.03±0.05 in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs, revealing the higher 

sensitivity of cardiac upstroke to coupling with Cx43 HEK vs. Kir2.1+Cx43 HEK cells. No 

action potential could be elicited in any cell pair with HEK:CM area ratio above 2.0. 
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4.3.4.3 Action potential amplitude 

Coupling to HEK cells through gap junctions significantly decreased 

cardiomyocyte action potential amplitude in both cardiomyocyte – Cx43 HEK cell pairs 

and cardiomyocyte – Kir2.1+Cx43 HEK cell pairs (Figure 4.8C). Action potential 

amplitude decreased from 111.3±1.2 mV in single cardiomyocytes to 54.0±6.9 mV and 

86.4±0.7 mV in cardiomyocyte – Cx43 HEK cell pairs with HEK:CM area ratio 1.71±0.09 

and cardiomyocyte – Kir2.1+Cx43 HEK cell pairs with area ratio 1.90±0.05, respectively. 

The slope of the linear fit to the data was significantly more negative for cardiomyocyte – 

Cx43 HEK cell pairs (-32.5±2.2 mV) than cardiomyocyte – Kir2.1+Cx43 HEK cell pairs (-

13.0±8.9 mV). Both decrease in action potential peak (Figure 4.7A) and depolarization of 

maximal diastolic potential (Figure 4.8A) contributed to the decrease in action potential 

amplitude in cardiomyocyte – Cx43 HEK cell pairs, while the only a decrease in action 

potential peak (Figure 4.7C) led to the amplitude decrease in cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs. 

4.3.4.4 Action potential duration 

APD80 was significantly prolonged in cardiomyocyte – Cx43 HEK cell pairs, 

increasing from 130.1±7.9 ms in single cardiomyocytes to 230.5±24.1 ms in pairs with a 

HEK:CM area ratio of 1.71±0.09 (Figure 4.8D). In contrast, APD80 in cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs was significantly shortened to 97.3±7.6 ms in pairs with a 

HEK:CM area ratio of 1.90±0.05. Furthermore, the Boltzmann fit parameters of b = 

0.11±0.04 and y∞ = 226.1±8.8 ms for cardiomyocyte – Cx43 HEK cell pairs were 

significantly different from the fit parameters for cardiomyocyte – Kir2.1+Cx43 HEK cell 

pairs of b = -0.21±0.09 and y∞ = 97.3±5.3 ms. Additionally, the action potential in 

cardiomyocytes paired with HEK cells adopted a more triangular shape, reflected in the  
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Figure 4.9. Change of APD ratio in cell pairs. The ratio of APD30 to APD80 as measured in 
single cardiomyocytes, Kir2.1 +Cx43 HEK cell pairs, and Cx43 HEK cell pairs regardless of 
HEK:CM area ratio. *, significant difference from the single cardiomyocyte bin. 

 

shift in the ratio of APD30 to APD80, which did not depend on HEK:CM area ratio, from 

0.58±0.03 in single cardiomyocytes to 0.51±0.04 in cardiomyocyte – Kir2.1+Cx43 HEK 

cell pairs and further decreasing to 0.40±0.01 in cardiomyocyte – Cx43 HEK cell pairs 

(Figure 4.9). 

4.3.5 Cardiomyocyte spontaneous beating induced by HEK cell coupling 

In addition to changes in action potential shape, we investigated the dependence 

of cardiomyocyte spontaneous beating on HEK:CM area ratio. From combined 

assessment by patch clamp measurements or video recordings, we observed 

spontaneous activity in only 2 of 38 (5.3%) single cardiomyocytes and in 0 of 20 

cardiomyocyte – Kir2.1+Cx43 HEK cell pairs. In contrast, we observed spontaneous 

beating in 25 of 50 (50%) cardiomyocyte – Cx43 HEK cell pairs with all 25  
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Figure 4.10. Pacemaking in heterotypic cell pairs. (A) Pacemaking was observed in 
cardiomyocyte – Cx43 HEK cell pairs with HEK:CM area ratio above 1.08 but below 1.94. (B) The 
average spontaneous rate in cardiomyocyte – Cx43 HEK cell pairs (N = 50, black circles) 
depended on HEK:CM area ratio in a biphasic manner. No spontaneous beating occurred in any 
cardiomyocyte – Kir2.1+Cx43 HEK cell pairs (N = 23, light grey squares).  *, significant difference 
from the single cardiomyocyte bin. 

 

spontaneously active pairs having HEK:CM area ratio between 1.08 and 1.94 (Figure 

4.10A). In these spontaneously active cell pairs the average rate of spontaneous beating 

depended on HEK:CM area ratio in a biphasic manner with a peak beating rate of 

1.29±0.13 Hz in cardiomyocyte – Cx43 HEK cell pairs with HEK:CM area ratio 1.26±0.04 

(Figure 4.10B). Finally, the gap junction blocker carbenoxolone stopped beating in all 

spontaneously active cell pairs to which it was applied (10/10), indicating the necessity 

of gap junction coupling for induction of cardiomyocyte spontaneous beating. 
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4.4 Discussion 

In this chapter we examined the ability of unexcitable cell size and resting 

potential to modulate cardiomyocyte action potential shape and the occurrence of 

spontaneous activity in well-coupled heterotypic pairs of cardiomyocytes and HEK cells. 

Using cell micropatterning techniques to systematically vary the relative sizes of HEK 

cells and cardiomyocytes (Figure 4.5) and genetic engineering to express gap junctions 

and specific ion channels, we created a well-controlled experimental setting to show for 

the first time how the size and membrane properties of unexcitable cells coupled to 

cardiomyocytes profoundly and distinctly affect cardiac action potential properties. In 

particular, we demonstrated that in coupled cardiomyocyte – HEK pairs, relative 

increase in the size of HEK cells expressing only endogenous membrane currents 

yielded significant depolarization of maximal diastolic potential, reduction of maximum 

upstroke velocity and action potential amplitude, prolongation of action potential 

duration, and induction of spontaneous beating in cardiomyocytes. In contrast, in 

coupled cell pairs formed between cardiomyocytes and HEK cells stably expressing the 

inward rectifier potassium channel (Kir2.1), an increase in HEK cell size yielded 

reduction in cardiomyocyte action potential amplitude and maximum upstroke velocity 

and action potential duration, but no change in cardiomyocyte maximal diastolic potential 

or occurrence of spontaneous beating.  

4.4.1 Choice of unexcitable cell type 

We chose HEK cells as the unexcitable cell type for the described studies 

because they are permissive to the stable expression of exogenous ion channel and gap 

junction proteins and were able to occupy a large range of micropatterned cell areas 

(Figure 4.5). Two monoclonal cell lines were selected: 1) Cx43 HEKs because their  
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Figure 4.11. Steady-state current-voltage relationships in fibroblasts and HEK cells. Whole-
cell membrane currents measured in Cx43 HEK cells (black circles) and fibroblasts (light grey 
squares) of similar average sizes showing the two cell types have similar inward current 
magnitudes and resting potentials.  

 

depolarized resting potential of -26.5 mV falls in the range of those reported for bone 

marrow-derived mesenchymal stem cells (MSCs) [117, 130] and skeletal myoblasts 

[164] used in cell therapies for infarct repair and cardiac fibroblasts (Figure 4.11) [120] 

and myofibroblasts [115] that have been recently proposed to electrically couple with 

cardiomyocytes, and 2) Kir2.1+Cx43 HEKs because their resting membrane potential of 

-72.7 mV is similar to that of genetically modified cells proposed for cell therapies for 

tachyarrhythmias [19, 111]. Besides differences in resting potential, these two cell lines 

had different chord conductance properties (Figure 4.12) which along with controlling 

HEK:CM area ratio allowed us to systematically explore the role of a wide range of 

passive loading regimes on cardiomyocyte action potential properties. 
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Figure 4.12. Dependence of chord conductance on cell size in different cell types. Chord 
conductance was calculated at potentials of -70 mV (black), -60 mV (light grey), and -50 mV (dark 
grey) and was plotted vs. cell area in (A) Cx43 HEK cells, (B) Kir2.1+Cx43 HEK cells, and (C) 
cardiomyocytes.  

 

4.4.2 Dependence of HEK cell electrophysiological properties on cell size 

Varying the size of individual HEK cells or cardiomyocytes, caused no significant 

change in their resting membrane potentials (Figure 4.3D), while the cell capacitance 

was found to vary linearly with patterned cell area (Figure 4.3B). The obtained slope of 

3.55 µF/cm2 differed from the typically reported specific membrane capacitance values 

of ~ 1.1 µF/cm2 [165] of because the method of tracing the cell border in a two-

dimensional bright field image used here to assess cell area only measures the bottom 

surface area of the patterned cell and does not account for the top and sides of the cell.  

Membrane ionic currents in all three cell types also increased with cell area 

(Figure 4.4A-C), however this increase was steeper than linear (Figure 4.4D-F). As a 

consequence, resting input resistances disproportionately decreased with cell area in all 

cell types (Figure 4.3A). For example, in Cx43 HEK cells, resting input resistance 

decreased 8-fold (from 4.5 GΩ to 0.53 GΩ) as cell area increased only 3-fold (from 250-

450 µm2 to 850-1050 µm2). These measured values for input resistance were consistent 
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with those previously reported for unpatterned (1 GΩ – 5 GΩ [166, 167]) and fused giant 

(< 1 GΩ [167]) HEK cells. 

4.4.3 Relevance of strong heterotypic cell coupling to cell therapies 

Forced expression of Cx43 in HEK cells in conjunction with controlled length of 

their contact with cardiomyocytes yielded strong heterocellular gap junctional coupling 

with a reproducible conductance of 68.9±9.7 nS that was significantly larger than the 

resting input conductances of micropatterned HEK cells (0.22 – 19.6 nS). In general, the 

level of electrical coupling studied here is most relevant to therapies that would utilize 

unexcitable cells genetically modified to overexpress connexin proteins. However, 

modeling studies of cardiomyocyte loading by fibroblasts have suggested that for 

coupling conductances above 8 nS, the loading effects on all cardiac 

electrophysiological properties remain constant [127]. Although this saturation effect will 

depend on the unexcitable cell and cardiomyocyte input resistances, the relevance of 

this study may extend to genetically unmodified unexcitable cells that couple with 

conductance large enough to enter the saturation regime, such as MSCs (9 nS [18]). 

4.4.4 Depolarization of cardiomyocyte resting potential by coupling with 
Cx43 HEK cells 

A relatively sharp and significant depolarization of cardiomyocyte resting 

potential was observed with increase in the HEK:CM area ratio (Figure 4.8A) in 

cardiomyocytes coupled to Cx43 HEK cell pairs with relatively depolarized intrinsic 

resting potential (Figure 4.3D). This depolarization occurred as Cx43 HEK input 

resistance decreased relative to cardiomyocyte input resistance (Figure 4.3A). Although 

input resistance in Kir2.1+Cx43 HEK cells also decreased with increase in their area 
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(Figure 4.3A), they did not depolarize cardiomyocytes due to the similar resting 

potentials of the two cell types (Figure 4.3D). 

4.4.5 Reduction of cardiomyocyte maximum upstroke velocity caused by 
coupling with HEK cells 

The increase of cardiac maximal diastolic potential in cell pairs was associated 

with significant decrease in cardiomyocyte maximum upstroke velocity to 2% of the 

value in single cardiomyocytes (Figure 4.8B). We showed in Chapter 3 that electrotonic 

loading of aligned cardiomyocyte monolayers with Cx43 HEK cells at 95% coverage 

density only modestly depolarized cardiomyocytes to -65 mV but greatly slowed 

conduction velocity to 22% of the control value [75]. Consistent with these results, in 

cardiomyocyte – Cx43 HEK cell pairs cardiac resting potential of -65mV (at HEK:CM 

area ratio of 1.1) corresponded to maximum upstroke velocity value of only 5.8% of that 

measured in single cardiomyocytes. 

In addition, we observed reduction in maximum upstroke velocity to 5.2% of the 

single cardiomyocyte value in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs in which 

there was no cardiomyocyte depolarization (Figure 4.8B). This suggested that the 

capacitive loading by the unexcitable cell may additionally contribute to the loss of 

cardiac upstroke velocity in both types of studied heterotypic pairs. 

4.4.6 Changes in cardiomyocyte repolarization caused by HEK cell 
coupling 

 In this study, Cx43 HEK and Kir2.1+Cx43 HEK cells also exerted distinct effects 

on cardiomyocyte action potential duration in cardiomyocyte – HEK pairs. More 

depolarized Cx43 HEK cells prolonged APD80 by 177% while hyperpolarized 

Kir2.1+Cx43 HEK cells shortened APD80 by 74.8% at the largest HEK:CM area ratios 

(Figure 4.8D). Previous modeling studies [127, 157] of weakly coupled cells suggest that 
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depolarized Cx43 HEKs would provide an electrotonic current opposing repolarization 

during the action potential tail while hyperpolarized Kir2.1+Cx43 HEKs would act 

oppositely to quicken repolarization. However, in the strongly coupled cells studied here, 

membrane potentials of the two cells are expected to closely follow each other and the 

primary effect on cardiomyocyte APD is expected to occur due to repolarizing current 

provided through Kir2.1 channels or endogenous HEK channels as well as HEK 

capacitance that would act to slow repolarization, both of which will be investigated in 

Chapter 5. 

4.4.7 Induction of cardiomyocyte pacemaking due to Cx43 HEK cell 
coupling 

Finally, pacemaking activity in cardiomyocyte - Cx43 HEK cell pairs was 

observed only when HEK:CM area ratio was between 1.08 and 1.94. Several factors 

likely contributed to the presence of spontaneous activity in cardiomyocytes in this 

setting. The occurrence of spontaneous beating is favored by cardiomyocyte 

depolarization toward action potential threshold due to coupling with increasingly larger 

Cx43 HEK cells. Spontaneous activity is, on the other hand, suppressed by the 

inactivation of excitatory sodium channels at more depolarized, sub-threshold potentials. 

In the range of HEK:CM area ratios for which pacemaking activity was observed, the 

factors encouraging spontaneous activity outweighed the inhibitory factors.  

Significantly, pacemaking in these pairs was induced and modulated solely by 

changing the HEK:CM area ratio and did not require the additional expression of any 

exogenous pacemaker currents. Conceivably, the pacemaking activity in these cell pairs 

was driven by the inward current delivered to cardiomyocytes by Cx43 HEK cells 

through gap junction channels. Previously, Miragoli et al. showed that pacemaking in 
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cardiomyocytes depolarized by coupling to myofibroblasts was reproduced by injecting a 

constant current into the cardiomyocyte [30]. The mechanism for pacemaking in 

depolarized cardiomyocytes may be connected to the sodium-calcium exchanger current 

(INaCa), which was responsible for driving pacemaking in modeling studies of 

cardiomyocytes depolarized by reduction of IK1 [160]. 

In the two-dimensional monolayer setting of Chapter 3, where the highest 

attainable HEK:CM area ratio was 1.0, we observed no increase in the proportion of 

spontaneously active cultures due to loading with Cx43 HEK cells. The cell pair 

experiments in this chapter showed that HEK:CM area ratio of at least 1.08 was required 

for the initiation of spontaneous depolarizations. An even higher area ratio may be 

required in monolayers to successfully launch propagation.  

4.4.8 Limitations 

Cells considered for therapies to treat the damaged heart often have large size, 

such as MSCs (55.2 pF [117] compared to the maximum HEK capacitance studied here 

of 31.0 pF). However, in adult cardiomyocytes it is expected that capacitance and IK1 

expression are also much larger than in the neonatal myocytes studied here [168], so 

the loading effects on cardiac electrophysiological parameters may be different in the 

adult heart. In the adult heart setting, the most easily observed effect would be expected 

on maximum upstroke velocity since that change occurred at the smallest HEK:CM area 

ratios. 

In addition to the ratio of individual cell sizes, the actual electrical load exerted by 

non-myocytes on cardiomyocytes in the native three-dimensional environment will 

depend on the strength of non-myocyte – cardiomyocyte gap junction coupling, number 

of non-myocytes coupled per myocyte, and pattern of non-myocyte engraftment relative 
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to the direction of propagating waves [78]. Here we focused on the role of relative cell 

size in a well-controlled in vitro setting designed to eliminate the contribution from other 

factors.  

4.5 Summary and Conclusions 

In summary, in these experiments we systematically varied the HEK cell to 

cardiomyocyte area ratio in coupled cell pairs and demonstrated the dependence of 

cardiomyocyte action potential shape and pacemaking activity on HEK cell size and 

resting potential. Importantly we showed that Cx43 HEK cells expressing only 

endogenous membrane currents could depolarize cardiomyocytes, reduce maximum 

upstroke velocity, prolong APD80, and induce spontaneous beating as a function of 

relative cell size. These studies suggest that cell therapies for the heart utilizing large, 

depolarized stem cells that can couple to cardiomycytes could slow action potential 

conduction, change repolarization patterns, or act as a source of ectopic beats. We also 

showed that HEK cells overexpressing the Kir2.1 potassium current with resting potential 

almost identical to cardiomyocytes significantly lowered maximum upstroke and reduced 

APD80 as a function of relative cell size, suggesting that cell therapies which aim to 

suppress tachyarrhythmias with Kir2.1 expressing cells may induce other proarrhythmic 

changes to the cardiac substrate.  
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5. Use of Dynamic Clamp to Dissect the Effects of 
Unexcitable Cell Capacitance and Ionic Currents on the 
Cardiac Action Potential 

5.1 Rationale 

In Chapter 4 we showed that unexcitable cells with different size and membrane 

ionic currents when strongly coupled to cardiomyocytes can modulate cardiac action 

potential shape and the occurrence of spontaneous beating. In these studies, both the 

unexcitable cell ionic currents and cell capacitance increased as a function of cell size, 

and both were likely to contribute to the observed outcomes. The goal of this chapter 

was to further dissect the individual contributions of unexcitable cell ionic and capacitive 

currents to the observed changes in cardiomyocyte action potential properties. To 

accomplish this goal we utilized a dynamic clamp setting representing a hybrid between 

a computer model and live cell. Specifically, real-time experimental interface software 

was used to connect a patch-clamped neonatal rat ventricular myocyte to an unexcitable 

cell model consisting of only membrane ionic current, only membrane capacitance, or 

combined ionic current and capacitance. We varied unexcitable cell size in the model by 

scaling membrane current and/or capacitance according to the nonlinear relationships 

determined experimentally in Chapter 4, and compared the changes in action potentials 

from cardiomyocytes connected to the models to those observed in cell pairs. These 

experiments both helped verify the results from Chapter 4 and revealed the distinct roles 

of unexcitable cell membrane currents and capacitance in altering action potential 

shape. 
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5.2 Methods 

5.2.1 Cell culture 

Cardiomyocytes were obtained from the ventricles of 2 day old Sprague-Dawley 

rats as described in Chapter 4. Briefly, cardiac cells were isolated by enzymatic 

digestion with trypsin and collagenase, enriched in cardiomyocytes using two one-hour 

differential preplating steps, and resuspended in media. We seeded cardiomyocytes on 

single-cell fibronectin islands and exchanged media according to the same protocol 

described in Chapter 4. Electrophysiological recordings on micropatterned single 

cardiomyocytes were performed at culture day 6 or 7.  

5.2.2 Action potential recordings with real-time current injection 

Coverslips with micropatterned single cardiomyocytes were placed in a chamber 

perfused with 35°C Tyrode’s solution containing (in mmol/L): 135 NaCl, 5.4 KCl, 1.8 

CaCl2, 5 HEPES, 5 glucose, 1 MgCl2, and 0.33 sodium phosphate. Patch pipettes were 

fabricated using a microelectrode puller (Sutter Instrument, Novato, CA) and fire-

polished to generate electrodes with tip resistances of 1-3 MΩ when filled with (in 

mmol/L): 140 KCl, 10 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 2 MgCl2, and 5 MgATP and 

adjusted to pH 7.2 with KOH and 270-280 mOsm with glucose. A Multiclamp 700B 

amplifier (Axon Instruments, Sunnyvale, CA) enabled whole-cell current-clamp 

measurements. 

We used the free, open source Real Time eXperimental Interface [100] (RTXI, 

rtxi.org) software package to enable real-time monitoring of cardiomyocyte membrane 

potential and injection of current through a single patch pipette. The RTXI software 

interfaced with a PCIE-6251 acquisition card (National Instruments) with drivers from the 

Comedi project (comedi.org). The acquired voltage signals were digitized and current 
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was injected at a real-time rate of 20 kHz. Custom written RTXI plugins modeled the 

coupling of an unexcitable cell of varying size through a gap junction to the 

micropatterned cardiomyocyte. 

Action potentials in cardiomyocytes were elicited by stimulating with a 10 ms 

current pulse at 1.1x threshold. After recording action potentials from a cardiomyocyte 

with no model connected, various unexcitable cell models were connected and action 

potentials were recorded as model parameters and model type were varied. If the 

connection of an unexcitable cell model induced spontaneous depolarizations, action 

potentials were recorded without the application of stimulus current. The recordings were 

analyzed with custom MATLAB software to determine maximum diastolic potential, 

maximum upstroke velocity, APD at 80% repolarization and 30% repolarization, action 

potential amplitude, and, if spontaneously active, spontaneous beating rate, as 

described in the previous chapter. Maximum upstroke velocity and APD measured with 

models connected were normalized to the values measured in the corresponding single 

cardiomyocyte with no model connected. For comparison, the same parameters 

measured in cell pairs in Chapter 4 were normalized to the average single 

cardiomyocyte values. Electrophysiological measurements were plotted as a function of 

HEK:CM area ratio and in selected cases fit with a fourth order polynomial or with a 

Boltzmann function of the form 
 /

 to determine the area ratio (x1/2) 

at which the change in the measured parameter was half of the total change, the 

parameter value at infinite area ratio (y∞), and the slope (b). 
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Figure 5.1. Unexcitable cell models. Neonatal rat ventricular myocytes were connected via real-
time interface software to unexcitable cell models consisting of (A) capacitance alone, (B) 
membrane current alone, or (C) combined membrane current and capacitance. Unexcitable cells 
of different sizes were modeled by scaling unexcitable membrane current (Im) and unexcitable cell 
capacitance (Cm) values based on the experimentally determined dependence of these 
parameters on cell size. Gap junction conductance (Gj) remained constant at 68.9 nS, the value 
measured in dual patch clamp experiments on cardiomyocyte – HEK cell pairs.  

 

5.2.3 Unexcitable cell models 

We utilized three unexcitable cell models in this study: a capacitance model, a 

steady-state ionic current model, and a combined capacitance and current model. The 

capacitance model (Figure 5.1A) represented an idealized cell contributing only 

capacitive and no membrane ionic currents. Conversely, the ionic current model (Figure 

5.1B) represented an idealized cell contributing only membrane ionic currents and no 

capacitance. The combined model (Figure 5.1C) represented a more realistic 

unexcitable cell with both capacitive and ionic currents present that was the closest 

approximation to the experimental setting in chapter 4. In each case, a gap junction with 

conductance Gj connected the model unexcitable cell to the micropatterned 

cardiomyocyte. 

The unexcitable cell – gap junction combination was represented by two 

separate modules in RTXI. The gap junction module was governed by the equation 

 where Vu was the unexcitable cell membrane potential, Vcm was the 

Vm

Gj Iapp

Iion
Cm

Gj
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cardiomyocyte membrane potential measured through the patch pipette, and Igj was the 

gap junction current injected into the cardiomyocyte. The unexcitable cell module was 

governed by the equation . Forward Euler time stepping with dt = 25 

µs was used to numerically solve the differential equation relating current and voltage. In 

the current model Cm = 0 and in the capacitive model Iion = 0. 

We derived the model parameter values from whole-cell patch clamp 

experiments performed in Chapter 4. The steady-state I-V curves previously constructed 

for Cx43 HEK cells (Figure 4.4A) and Kir2.1+Cx43 HEK cells (Figure 4.4B) of different 

size provided the I-V relationships for the model ionic currents (Iion). Models utilizing the 

Cx43 HEK I-V relationships were referred to as endogenous HEK current models while 

models utilizing the Kir2.1+Cx43 HEK I-V relationships were referred to as Kir2.1 HEK 

current models. A sixth order polynomial fit to each of the eight I-V curves (two cell 

types, four cell sizes each) gave the membrane currents as a continuous function of 

voltage. For all models, gap junction conductance (Gj,) remained constant at 68.9 nS, 

i.e., the average value measured in heterotypic HEK – cardiomyocyte pairs using dual 

whole-cell patch clamp recordings (Figure 4.6). 

The model cell size was varied by adjusting the capacitance and/or the 

membrane I-V curve according to the relationships established between these 

parameters and cell size in Chapter 4 (Figure 4.3B & Figure 4.4A&B). We measured 

cardiomyocyte cell area by tracing the cell border in a bright-field image taken 

immediately before patch clamp experiments as described in Chapter 4. This allowed 

the calculation of HEK:CM area ratio for each model cell we connected to the 

cardiomyocyte. By patching cardiomyocytes of different sizes connected to model cells 
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of different sizes, we varied HEK:CM area ratio over the same range seen in Chapter 4 

with cell pairs, approximately 0.4 – 2.0. 

5.2.4 Statistics 

Data were divided into bins based on model HEK:CM area ratio and were 

expressed as a mean ± standard error. Differences between the single cardiomyocyte 

bin and model bins were analyzed using an ANOVA followed by Tukey's multiple 

comparison test. Differences between fit parameters were analyzed with a t-test. Data 

were considered statistically significant when p < 0.05. 

 

5.3 Results 

5.3.1 Dynamic clamp studies using endogenous current and combined 
models of a Cx43 HEK cell 

The loading effects of endogenous HEK currents alone or combined with 

membrane capacitance were studied using the ionic current (Figure 5.1B) and 

capacitance (Figure 5.1C) models, respectively, and comparing the obtained results to 

those measured in cardiomyocyte – Cx43 HEK cell pairs. We found that both the 

endogenous current model and the combined model altered action potential rest and 

duration (Figure 5.2A) as well as upstroke (Figure 5.2B).  

Specifically, the use of the endogenous current model of the Cx43 HEK cell was 

sufficient to reproduce the sigmoidal dependence of cardiomyocyte maximal diastolic 

potential on HEK:CM area ratio (Figure 5.3A), which was fit using Boltzmann function. 

The endogenous current model depolarized cardiomyocyte maximal diastolic potential 

with Boltzmann fit parameters of x1/2 = 1.35±0.11 and b = 0.34±0.08, which were not 

significantly different from those obtained using combined model (x1/2 = 1.39±0.03 and b  
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Figure 5.2. Representative action potentials from cardiomyocytes connected to the 
endogenous HEK current and combined models. Action potentials recorded from a single 
cardiomyocyte (black), a cardiomyocyte connected to the endogenous current model (dark grey), 
and a cardiomyocyte connected to the combined model with endogenous current (light grey) 
showing the changes in (A) cardiomyocyte rest and action potential duration and (B) action 
potential upstroke.  

 

= 0.21±0.03) or in cardiomyocyte – Cx43 HEK cell pairs (x1/2 = 1.43±0.06 and b = 

0.20±0.06).  

Although both the current model and the combined model caused similar 

patterns of cardiomyocyte resting potential depolarization, they differently reduced 

cardiomyocyte maximum upstroke velocity with increase in HEK:CM area (Figure 5.3B). 

The Boltzmann fit of normalized upstroke velocity for the endogeneous current model 

was significantly shifted toward higher HEK:CM area ratios (x1/2 = 0.79±0.05) when 

compared to that for cardiomyocyte – Cx43 HEK cell pairs (x1/2 = 0.58±0.02). In contrast, 

the combined model closely mimicked the effect of cell size on cardiomyocyte maximum 

upstroke velocity with x1/2 = 0.63±0.01. Neither of the models significantly changed the 

Boltzmann slope parameter from the value in cell pairs of -0.12±0.02. 
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Figure 5.3. Dependence of action potential shape on HEK:CM area ratio in cardiomyocytes 
connected to the endogenous HEK current model and combined model. Action potentials 
were recorded from cardiomyocytes connected to the endogenous HEK current model (N = 34, 
dark grey circles), and cardiomyocytes connected to the combined model (N = 34, white circles) 
and were compared to action potentials recorded from cardiomyocyte – Cx43 HEK cell pairs (N = 
21, black circles) and single cardiomyocytes (N = 38, dark grey diamonds). (A) Maximal diastolic 
potential, (B) normalized maximum upstroke velocity, (C) normalized APD80, and (D) average 
spontaneous beating rate were plotted against HEK:CM area ratio. *, significant difference from 
the cardiomyocyte – Cx43 HEK bin with equivalent HEK:CM area ratio. 

 

Furthermore, resulting cardiomyocyte APD80 significantly differed when using the 

endogenous current model vs. the combined model (Figure 5.3C). The use of the 

endogenous current model caused normalized cardiomyocyte APD80 to shorten with fit 

parameters x1/2 = 0.47±0.2, b = -0.18±0.13, and y∞ = 54.3±10.8% in stark contrast to the  
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Figure 5.4. Beat-to-beat variation in spontaneously active cardiomyocytes. The beat-to-beat 
variation in spontaneously active cardiomyocytes did not vary between cardiomyocyte – Cx43 
HEK cell pairs (black bar) and cardiomyocytes connected to the endogenous current model or 
combined model (grey bar).  

 

APD80 prolongation with significantly different fit parameters x1/2 = 0.84±0.05, b = 

0.11±0.04, and y∞ = 173.7±7.0% seen in cardiomyocyte – Cx43 HEK cell pairs. On the 

other hand, connecting cardiomyocytes to the combined model closely reproduced the 

APD80 prolongation seen in cardiomyocyte – Cx43 HEK cell pairs with fit parameters of 

x1/2 = 0.87±0.04, b = 0.11±0.04, and y∞ = 171.4±6.0% that were not significantly different 

from those in cell pairs. The combined model also reproduced the more triangular action 

potential seen in micropatterned cell pairs as quantified by the decline in APD30:APD80 

ratio from 0.58±0.03 in single cardiomyocytes to 0.42±0.02 in cardiomyocytes connected 

to the combined model which was not significantly different from the ratio of 0.43±0.03 

observed in cardiomyocyte – Cx43 HEK cell pairs. 

The use of the endogenous current model or the combined model also 

reproduced the biphasic dependence of pacemaking rate on HEK:CM area ratio (Figure 
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5.3D). The peak rates of spontaneous beating in cardiomyocytes connected to the 

endogenous current model (1.37±0.23 Hz) and the combined model (1.08±0.05 Hz) 

were not significantly different from the peak rate in cardiomyocyte – Cx43 HEK cell 

pairs (1.29±0.13 Hz). In addition, there was no significant difference in the fourth order 

polynomial fit parameters of spontaneous rate vs. HEK:CM area ratio between the two 

models and cell pairs. 

In all spontaneously active cardiomyocytes there was significant variation in the 

beat-to-beat interval. This variation, quantified by the ratio of standard deviation of the 

interval to mean interval, amounted in average to 0.29±0.04, did not depend on HEK:CM 

area ratio, and was not significantly different between cardiomyocyte – Cx43 HEK cell 

pairs and cardiomyocytes connected to either of the two Cx43 HEK cell models (Figure 

5.4). 

5.3.2 Dynamic clamp with current and combined models of Kir2.1+Cx43 
HEK cells 

Next, using the dynamic clamp setting we investigated how Kir2.1 current 

expressed in HEK cells affects cardiac action potential by either using the current model 

(Figure 5.1B) or the combined model (Figure 5.1C) and compared the obtained results 

with those measured in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs. The two models 

were found to exert distinct effects on both action potential duration (Figure 5.5A) and 

upstroke (Figure 5.5B). Using either the Kir2.1 current model or the combined model, no 

significant change in maximal diastolic potential at different HEK:CM ratios was found 

relative to single cardiomyocytes (Figure 5.6A), in agreement with the findings in 

cardiomyocyte – Kir2.1+Cx43 HEK cell pairs. 
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Figure 5.5. Representative action potentials from cardiomyocytes connected to the Kir2.1 
HEK current and combined models. Action potentials recorded from a single cardiomyocyte 
(black), a cardiomyocyte connected to the Kir2.1 current model (dark grey), and a cardiomyocyte 
connected to the combined model with Kir2.1 current (light grey) showing the changes in (A) 
cardiomyocyte action potential duration and (B) action potential upstroke.  

 

While neither the Kir2.1 current model nor the combined model significantly 

changed cardiomyocyte maximal diastolic potential, only the combined model containing 

both capacitive and Kir2.1 current matched the sigmoidal decrease in maximum 

upstroke velocity caused by increase in HEK:CM area ratio found in cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs (Figure 5.6B). In particular, with the combined model 

connected, the maximum upstroke velocity decreased with Boltzmann function fit 

parameters of x1/2 = 1.00±0.02 and b = -0.21±0.02 which were not significantly different 

from the parameters of x1/2 = 1.03±0.05 and b = -0.20±0.05 in cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs. In contrast, applying the Kir2.1 current model yielded an 

increase in normalized maximum upstroke velocity with fit parameters of x1/2 = 1.05 and 

b = 0.20±0.29.  
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Figure 5.6. Dependence of action potential shape on HEK:CM area ratio in cardiomyocytes 
connected to the Kir2.1 HEK current model and combined model. Action potentials were 
recorded from cardiomyocytes connected to the Kir2.1 HEK current model (N = 19, dark grey 
squares), and cardiomyocytes connected to the combined model (N = 34, white squares) and 
were compared to action potentials recorded from cardiomyocyte – Kir2.1+Cx43 HEK cell pairs 
(N = 21, light grey squares) and single cardiomyocytes (N = 38, dark grey diamonds). (A) 
Maximal diastolic potential, (B) normalized maximum upstroke velocity, (C) normalized APD80, 
and (D) average spontaneous beating rate were plotted against HEK:CM area ratio. *, significant 
difference from the cardiomyocyte – Kir2.1+Cx43 HEK bin with equivalent HEK:CM area ratio.  

 

Additionally, the application the of Kir2.1 current model decreased cardiomyocyte 

APD80 with Boltzmann function fit parameter y∞ = 35.9±1.7% (Figure 5.6C), a 

significantly greater reduction than found in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs 

where y∞ = 74.8±4.2%. In contrast, the use of combined model accurately reproduced 
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the trend seen in experimental cell pairs with y∞ = 76.4±4.6%. Neither model significantly 

altered the parameters x1/2 or b from the values of 0.86±0.13 and 0.21±0.09, 

respectively, observed in cell pairs. In addition, the combined model reduced 

APD30:APD80 ratio to 0.50±0.04, a ratio not significantly different from 0.49±0.03 

measured in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs. 

Similar to studies in cardiomyocyte-Kir2.1+Cx43 HEK cell pairs, the application of 

the Kir2.1 current models or combined models did not induce pacemaking activity in any 

of the cardiomyocytes studied (Figure 5.6D). 

5.3.3 Capacitance model 

Finally, we dissected the influence of unexcitable cell capacitance from that of 

membrane currents on cardiac action potential shape by applying dynamic clamp with 

the capacitance only model (Figure 5.1A). This pure capacitive loading significantly 

altered cardiac action potential shape including its duration (Figure 5.7A) and upstroke 

(Figure 5.7B). As expected, no change in maximal diastolic potential was found relative 

to that measured in single cardiomyocytes (Figure 5.8A). On the other hand, normalized 

maximum upstroke velocity exhibited a sigmoidal decrease with HEK:CM area ratio 

(Figure 5.8B). The area ratio at which upstroke velocity decreased by half of the total 

change was 0.79±0.06, a value intermediate to and significantly different from those 

found in cardiomyocyte – Cx43 HEK cell pairs (x1/2 = 0.58±0.02) and cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs (x1/2 = 1.03±0.05). The fit parameter of b = -0.21±0.06 was 

not significantly different from the same parameter measured in either type of cell pair. 

In addition to the decrease in maximum upstroke velocity, applying capacitance 

models corresponding to increased HEK:CM area ratio resulted in significant 

prolongation of APD80 (Figure 5.8C), with fit parameters x1/2 = 0.42±0.13, b = 0.17±0.1,  
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Figure 5.7. Representative action potentials from cardiomyocytes connected to the 
capacitance model. Action potentials recorded from a single cardiomyocyte (black), a 
cardiomyocyte connected to the capacitance model with HEK:CM area ratio 1.06 (dark grey), and 
a cardiomyocyte connected to the capacitance model with HEK:CM area ratio 1.49 (light grey) 
showing the changes in (A) cardiomyocyte action potential duration and (B) action potential 
upstroke. Stimulus current threshold increased with increasing area ratio (not shown).  

 

and y∞ = 250.2±31.7%. While the application of the capacitance models significantly 

prolonged APD80 in cardiomyocytes, it did not change the ratio of APD30:APD80 (Figure 

5.9). Finally, this application of pure capacitive current via dynamic clamp did not induce 

spontaneous activity in any of the cardiomyocytes studied (Figure 5.8D). 

 

5.4 Discussion 

In this chapter we further explored the role of unexcitable cell size in modulating 

cardiomyocyte action potential shape by separating the effect of increasing unexcitable 

cell capacitance from that of increasing unexcitable cell ionic current. To accomplish this 

goal, we utilized a dynamic clamp setup to monitor cardiomyocyte membrane potential in  

0

-80

0

-80

A B

100 ms

Istim Istim

5 ms

Capacitance Model

Single CM
Area Ratio = 1.06
Area Ratio = 1.49



 

95 

 

Figure 5.8. Dependence of action potential shape on HEK:CM area ratio in cardiomyocytes 
connected to the capacitance model. Action potentials were recorded from cardiomyocytes 
connected to the capacitance model (N = 52, white circles) and were compared to action 
potentials recorded from cardiomyocyte – Cx43 HEK cell pairs (N = 21, black circles), 
cardiomyocyte – Kir2.1+Cx43 HEK cell pairs (N = 23, light grey squares), and single 
cardiomyocytes (N = 38, dark grey diamonds). (A) Maximal diastolic potential, (B) normalized 
maximum upstroke velocity, (C) normalized APD80, and (D) average spontaneous beating rate 
were plotted against HEK:CM area ratio. *, significant difference from the cardiomyocyte – Cx43 
HEK bin with equivalent HEK:CM area ratio. #, significant difference from the cardiomyocyte – 
Kir2.1+Cx43 HEK bin with equivalent HEK:CM area ratio.  

 

real time and simultaneously inject junctional current caused by coupling with an 

unexcitable virtual cell model consisting of capacitance alone (Figure 5.1A), ionic current 

alone (Figure 5.1B), or combined capacitance and ionic current (Figure 5.1C). To 
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simulate unexcitable cells of different sizes, model parameters were varied according to 

the relationship between cell size and either capacitance (Figure 4.3B) or ionic current 

(Figure 4.4A&B) established in Chapter 4. We found that the pure ionic current models 

of HEK cells (both endogenous and Kir2.1) were sufficient to reproduce the dependence 

of cardiomyocyte maximum diastolic potential and pacemaking behavior on HEK:CM 

area ratio observed in micropatterned cell pairs, but did not replicate the observed 

changes in action potential upstroke or duration. The pure capacitance model (with no 

ionic current), on the other hand, significantly decreased cardiomyocyte maximum 

upstroke velocity and prolonged cardiomyocyte APD80 as function of HEK:CM area ratio 

without affecting maximal diastolic potential and pacemaking behavior. When the 

unexcitable cell model containing both capacitive and ionic current was connected to 

cardiomyocytes, all changes in action potential shape observed in micropatterned cell 

pairs were accurately reproduced.  

5.4.1 Justification for the use of real-time dynamic clamp 

For the studies in this chapter, a pure experimental model could not be used to 

dissect loading effects that capacitive vs. ionic currents of unexcitable cells exert when 

coupled to cardiomyocytes. To perform these studies, we decided to apply real-time 

dynamic clamp which has been previously used to couple two real myocytes [89-92] or a 

real myocyte to a ventricular or sinoatrial node model cell [93-97], as well as to insert a 

real myocyte into a linear strand or an anisotropic sheet of model cells [98, 99]. For the 

unexcitable cell models used in this chapter we derived the dependence of HEK currents 

on cell size from experimental measurements made in Chapter 4 since currents were 

found not to scale linearly with capacitance. 
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5.4.2 Cardiomyocyte depolarization due to endogenous HEK models 

Our studies show that the use of endogenous HEK current models alone was 

sufficient to reproduce the exact levels of depolarization of cardiac resting potential 

measured in cardiomyocyte – Cx43 HEK cell pairs with increased HEK:CM area ratio. 

This depolarization of resting potential was caused by a decrease in the input resistance 

of larger HEK cells despite no change in their resting potential. The ability to explain 

these changes solely through the use of HEK ionic current models was expected 

considering the cardiomyocyte maximal diastolic potential is primarily a steady-state 

property, in which case the contribution of capacitive current would be negligible. 

Furthermore, the use of the endogenous current model alone was also sufficient to 

approximate the dependence of spontaneous pacemaking rate on HEK:CM area ratio, 

another expected finding since the resting time constant of unexcitable cells was more 

than an order of magnitude smaller than the resulting pacemaking rate.  

5.4.3 Changes in action potential upstroke induced by dynamic clamp 

On the other hand, cardiac action potential parameters that depended on 

relatively fast changes in Vm (i.e., maximum upstroke velocity and duration) showed 

significant dependence on the HEK capacitive current. Specifically, for Cx43 HEK cells, 

the normalized maximum upstroke velocity was slowed by the additive contribution of 

both HEK ionic current and capacitance. While HEK ionic currents contributed to 

upstroke slowing by increasing cardiac resting potential and inactivating sodium 

channels, the HEK capacitance diverted a fraction of the depolarization currents away 

from the cardiomyocyte. This significant contribution of capacitive loading is consistent 

with our studies in Chapter 3 where a large decrease in conduction velocity in 
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cardiomyocyte monolayers loaded with Cx43 HEK cells was accompanied with only a 

moderate depolarization of cardiac resting potential.  

Similar analysis can be applied to the changes in maximum upstroke velocity of 

cardiomyocytes connected to the Kir2.1 HEK current model and combined model. In this 

case the Kir2.1 HEK current led to an increase in maximum upstroke velocity, likely 

caused by the slight (although statistically insignificant) cardiomyocyte hyperpolarization, 

yielding an increase in sodium current. The capacitance of HEK cells was thus the sole 

contributor of the significant reduction in maximum upstroke velocity with increasing 

HEK:CM area ratio seen in cardiomyocyte – Kir2.1+Cx43 HEK cell pairs. 

Taken together, these results indicate that implantation of any well coupled 

unexcitable cells of sufficient size in the heart, including those that match cardiomyocyte 

resting potential, would be expected to reduce cardiomyocyte maximum upstroke 

velocity, locally slow conduction, and yield a pro-arrhythmic substrate. Thus, genetic 

engineering of small unexcitable cells using strong promoters to express large ionic 

currents would give the least non-specific effects caused by endogenous membrane 

properties of the transfected cells.  

5.4.4 Changes in action potential repolarization induced by dynamic clamp 

In addition to action potential upstroke, unexcitable cell capacitance played a 

significant role in cardiac action potential repolarization. During repolarization, the 

membrane potential of a single cardiomyocyte is brought back to rest by the combination 

of various outward potassium currents. When the cardiomyocyte is well-coupled with 

HEK cell, this repolarization time course is modulated by a junctional current that 

depends on the membrane potential of HEK cell relative to that of the cardiomyocyte. In 

this study, when a cardiomyocyte was connected to the endogenous HEK current model, 
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its APD80 shortened to as low as 54.2% of the single cardiomyocyte value. While strong 

coupling between the cardiomyocyte and the HEK model cell rendered their membrane 

potentials similar (Figure 4.6C), the endogenous current model still acted as a current 

sink during the action potential peak and early repolarization (opposing cardiac 

depolarization and enhancing repolarization) and as a current source during the later 

stages of repolarization (opposing cardiac repolarization) (Figure 5.2.A). As the HEK:CM 

area ratio increased, the magnitude of the repolarizing currents increased relative to 

cardiomyocyte currents (Figure 4.3D&F), and the cardiomyocyte maximal diastolic 

potential depolarized (Figure 5.3A), reducing the availability and amplitude of the cardiac 

inward currents, both of which contributed to the observed APD80 shortening. 

On the other hand, when HEK capacitance was added to the ionic current model, 

the time needed to repolarize (discharge) the combined cardiomyocyte and HEK 

capacitance was expectedly increased yielding a prolongation of cardiomyocyte APD80 

to as high as 171% of the single cardiomyocyte value, in good agreement with the 

prolongation observed in cardiomyocyte – Cx43 HEK cell pairs and in cardiac 

monolayers loaded with Cx43 HEK cells at 75-100% coverage [75].  

In contrast to the endogenous model, the Kir2.1 current model with reversal 

potential below cardiac resting potential acted as a current sink throughout the entire 

cardiac action potential due to the repolarizing action of Kir2.1 on the HEK membrane 

potential. This yielded cardiac APD80 shortening to as low as 36.0% of the single 

cardiomyocyte value. When the unexcitable cell model included capacitance in addition 

to Kir2.1 current, APD80 was shortened less, to 76.4% of the single cardiomyocyte value, 

which was in good agreement with the APD80 shortening seen in cardiomyocyte – 

Kir2.1+Cx43 HEK cell pairs. Taken together, these results show that the effect to prolong  
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Figure 5.9. Change in APD ratio in cardiomyocytes connected to unexcitable cell models. 
The ratio of APD30:APD80 in single cardiomyocytes (dark grey), cardiomyocyte – Kir2.1+Cx43 
HEK cell piars (light grey), and cardiomyocyte – Cx43 HEK cell pairs (black) compared to the 
ratio in cardiomyocytes connected to the capacitance model (dark grey with lines), the Kir2.1 HEK 
combined model (light grey with lines), and the endogenous HEK combined model (black with 
lines).  

 

or shorten cardiomyocyte APD depends on the unexcitable cell input resistance, resting 

potential, and capacitance. Consistent with previous modeling studies of unexcitable 

cells coupled to cardiomyocytes [127, 128] and dynamic clamp studies of a 

cardiomyocyte loaded by an RC circuit with battery [93], our study shows that cells with 

hyperpolarized resting potential (relative to that of cardiomyocytes) tend to shorten APD 

while cells with depolarized resting potential tend to prolong APD. In addition, we show 

here for the first time that membrane capacitance and ion currents of unexcitable cells 

represent additional independent and potent modulators of cardiomyocyte APD. 

In addition to the changes in APD80, the unexcitable cell models also altered the 

shape of the action potential as indicated by the change in APD30: APD80 ratio (Figure 

5.9). Both combined models matched the shift toward more triangular (decreased 
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APD30:APD80 ratio) action potentials observed in cell pairs while capacitance models 

alone did not significantly change APD30:APD80 ratio relative to that of single 

cardiomyocytes, indicating that the outward unexcitable cell currents present near the 

action potential peak were likely responsible for the decrease in this ratio.  

5.4.5 Variation in the cardiomyocyte pacemaking rate 

Finally, we saw the biphasic dependence of cardiomyocyte pacemaking rate on 

HEK:CM area ratio observed in cardiomyocyte – Cx43 HEK cell pairs reproduced with 

both the endogenous HEK current model and the combined model. Interestingly, the 

significant beat-to-beat variation that we observed in spontaneously active cell pairs was 

still present in cardiomyocytes coupled to the dynamic clamp models, indicating the 

source of the variation was intrinsic to the cardiomyocytes and likely not due to any 

stochastic fluctuations in HEK cell current. While beat rate is known to vary in the heart 

due to influences from the autonomic nervous system [169] and endocrine factors [170], 

in vitro studies free from these effects have still reported beat rate variability with power-

law behavior in cultures of spontaneously active neonatal rat ventricular myocytes [171]. 

Follow-up modeling studies suggested this variation was due to turnover of 

cardiomyocyte L-type calcium and delayed rectifying potassium ion channels [172]. 

When pacemaking current was increased by transfection of neonatal rat ventricular 

myocytes with HCN2 in a different study, spontaneous beating rate increased and 

became more regular [173]. Thus, the large variability in beat-to-beat interval seen in our 

study may be related to the presence of relatively small magnitude depolarizing current 

in cardiomyocytes at sub-threshold potentials which allowed intrinsic variability in cardiac 

ion channel activity to strongly modulate the time of action potential onset, and 

consequently, spontaneous beating rate. The magnitude of this depolarizing current 
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depends on both cardiac Na+ and Ca2+ channel availability (i.e., maximal diastolic 

potential) as well as junctional current supplied from the unexcitable cell. One possibility 

to increase junctional current would be to depolarize resting potential and decrease input 

resistance of the unexcitable cell. 

5.5 Summary and Conclusions 

In conclusion, studies in this chapter reveal that both endogenous or 

exogenously expressed membrane currents and capacitance (size) of the unexcitable 

cell coupled to a cardiomyocyte play independent and important roles in shaping the 

cardiac action potential which should be taken into account when designing safe and 

efficient cell therapies for cardiac arrhythmias. 
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6. Summary 
Cardiomyocytes in the human heart may electrically couple to unexcitable cells 

including exogenously added stem cells [2-7] or genetically engineered somatic cells 

[14-19] as well as endogenous cardiac fibroblasts or myofibroblasts amplified in fibrotic 

and other heart diseases [26]. In these settings, electrotonic loading of cardiomyocytes 

by unexcitable cells can affect cardiac action potential generation, propagation, and 

repolarization depending on the coupling strength as well as the size and cell membrane 

properties of both cardiomyocytes and unexcitable cells. In this dissertation we utilized a 

variety of in vitro coculture settings to study how coupling of unexcitable cells with 

cardiomyocytes affects cardiac impulse propagation, action potential shape, and 

induction of pacemaking activity.  

First, in Chapter 3, we studied how electrotonic loading of cardiomyocytes by 

unexcitable cells affects tissue-level cardiac electrical function using a multicellular 

preparation consisting of a confluent anisotropic cardiac monolayer covered with a 

controlled amount of unexcitable cells. Through the combined use of cellular and genetic 

engineering techniques, and molecular, biochemical, and functional assays we 

demonstrated that the electrophysiological function of cardiomyocytes loaded by 

unexcitable cells strongly depends on the type and expression level of gap junction 

proteins in loading cells. In particular, fibroblasts and HEK cells expressing the lower 

conductance connexin-45 isoform only exerted a moderate electrotonic loading effect on 

cardiomyocyte conduction velocity and produced no measurable change in other 

parameters while HEK cells expressing the higher conductance connexin-43 isoform 

slowed cardiomyocyte conduction velocity by a significantly greater amount, prolonged 

cardiomyocyte APD, and moderately depolarized cardiomyocyte resting potential. 
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Of particular interest, fibroblasts in our hands expressed connexin-45, but not 

smooth muscle α-actin or connexin-43, while in similar studies by Miragoli et al. cultured 

fibroblasts stained strongly for connexin-43, connexin-45, and smooth muscle α-actin 

and were termed myofibroblasts [29]. These results add to the existing controversy 

about the ability of cardiac fibroblasts and cardiomyocytes to electrically couple in vitro. 

While some groups have reported that fibroblasts express connexin-43 or connexin-45 

proteins in gap junctions with cardiomyocytes [27, 29, 118-120] and electrotonically 

bridge narrow gaps between cardiomyocytes [119, 122] or alter their impulse 

propagation and spontaneous activity [27, 29, 121], others have found no evidence of 

fibroblast connexin expression, electrical coupling with cardiomyocytes [123, 124], and 

effect on cardiac conduction [76, 125, 126] or action potential shape [118]. Differences in 

these findings can stem from a number of factors including cell species, age, donor site, 

or culture procedure. In addition to electrical coupling, an important role may be played 

by mechanical coupling between cardiomyocytes and N-cadherin expressing 

myofibroblasts [174]. However, it remains to be seen what fibroblast phenotype is 

present in vivo, the most important setting. 

Next, in Chapter 4, to further understand the mechanisms of unexcitable cell 

loading observed at the tissue scale in Chapter 3 we utilized a cell pair assay to examine 

the cellular level loading-induced changes in cardiac electrical function. Using cell 

micropatterning techniques to systematically vary the relative sizes of HEK cells and 

cardiomyocytes and genetic engineering to express gap junction and ion channel 

proteins, we were able to dissect for the first time how cardiomyocyte 

electrophysiological properties were altered by strong gap junction coupling to 

unexcitable cells of different sizes and ion channel expressions. In particular, we showed 
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that Cx43 HEK cells with only endogenous membrane currents significantly depolarized 

cardiomyocyte maximal diastolic potential, reduced maximum upstroke velocity and 

action potential amplitude, prolonged action potential duration and modulated beating 

rate as a function of HEK:CM area ratio. In contrast, in HEK cells overexpressing the 

potassium ion channel Kir2.1 and connexin-43 (Cx43+Kir2.1 HEK) reduced 

cardiomyocyte action potential amplitude and maximum upstroke velocity, but did not 

change maximal diastolic potential, action potential duration, or the occurrence of 

pacemaking activity. These results were consistent with our findings in Chapter 3 of 

conduction velocity slowing, APD prolongation, and no pacemaking activity at high Cx43 

HEK coverage density which corresponded to HEK:CM area ratio of close to 1:1. 

To further dissect how capacitive and ionic currents of unexcitable cells altered 

cardiac action potential properties in micropatterned cell pairs, in Chapter 5 we utilized a 

real-time feedback system (dynamic clamp) in which a live cardiomyocyte was coupled 

through a gap junctional resistance to specific current components of modeled Cx43 

HEK and Kir2.1+Cx43 HEK cells. To simulate unexcitable cells of different sizes, model 

parameters were varied according to the relationship between cell size and capacitance 

or ionic current established in Chapter 4. We found that endogenous and Kir2.1 HEK cell 

models that incorporated only ionic current were sufficient to reproduce the dependence 

of cardiomyocyte maximum diastolic potential and pacemaking behavior on HEK:CM 

area ratio observed in micropatterned cell pairs, but did not replicate the observed 

changes in action potential upstroke or duration. On the other hand, the capacitance 

model with no ionic current significantly decreased cardiomyocyte maximum upstroke 

velocity and prolonged cardiomyocyte APD80 as function of HEK:CM area ratio without 

affecting maximal diastolic potential and pacemaking behavior. Only when we connected 
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cardiomyocytes to HEK cell models containing both capacitive and ionic current were all 

changes in action potential shape observed in micropatterned cell pairs accurately 

reproduced. These data confirmed the strong influence of capacitive loading in the 

Chapter 3 and Chapter 4 experiments and suggested that small cells with small 

capacitive currents and strong expression of ionic currents may be the best choice to 

exert control over cardiac conduction in vivo. 

Taken together, studies in this thesis have demonstrated that electrical coupling 

of cardiomyocytes with unexcitable cells can significantly alter cardiomyocyte 

electrophysiology in a manner that depends on the level and isoform of connexin 

expression by the unexcitable cells, the unexcitable cell size, and the unexcitable cell ion 

channel expression. In the native heart, where adult cardiomyocytes are significantly 

larger and more polarized than the neonatal cells studied in this thesis, strong 

overexpression of ion channels will affect normal cardiac conduction more than the 

endogenous properties of unexcitable cells with small size. On the other hand clusters of 

well-coupled unexcitable cells with summed membrane area comparable to that of an 

adult myocyte are likely to affect cardiac electrical properties in a manner similar to the 

findings in these studies. Although not investigated in this thesis, during critical regimes 

of impulse conduction such as impaired excitability and/or coupling, even loading with 

smaller unexcitable cells may affect impulse generation and conduction. 
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7. Future Applications 
 While the experiments described in this dissertation served to advanced our 

understanding of electrical interactions between cardiomyocytes and unexcitable cells, 

they also raised numerous additional questions that could be addressed in future 

studies. 

 For instance, the cell pair setting described in Chapter 4 could be used to study 

the effect of coupling with cell types other than HEK cells on the cardiomyocyte action 

potential. It would be of particular interest to investigate the effects from coupling with 

stem cells proposed for infarct repair therapy including skeletal myoblasts, bone marrow- 

or cardiac-derived stem cells, endothelial progenitor cells, and embryonic stem cells 

[107] or cells involved in fibrotic heart disease including fibroblasts and myofibroblasts 

which may have different effects depending on their resting membrane potential and 

membrane ion channel expression. In addition, it would be of interest to study 

cardiomyocytes paired with genetically modified cells expressing ion channels (other 

than Kir2.1) including those proposed for tachyarrhythmia cell therapy such as Kv1.3 

[19] or bradyarrhythmia therapy such as HCN2 [16], or those channels involved in the 

action potential upstroke and plateau including Nav1.5 and Cav1.3. 

 The cell pair assay presented here would be of particular use for systematic 

studies of cardiomyocyte pacemaking due to the precise control over cell geometry and 

contact area offered by cell micropatterning methods and the ability to couple 

cardiomyocytes to unexcitable cell types expressing different pacemaking currents. 

While we showed in this dissertation that unexcitable cell size modulated cardiomyocyte 

pacemaking rate as a function of relative cell area, there was significant variation in the 

beat-to-beat interval, which would be undesirable in bioartificial pacemaking 



 

108 

applications. Overexpressing ion channels encoding the funny current (HCN2 and 

HCN4) or other channels involved in pacemaking including T-type calcium currents 

(Cav3.1, 3.2 or 3.3) or Na+-Ca2+ exchanger (NCX1) may allow autonomic and hormonal 

control of pacemaking rate and reduce beat rate variability.  

The above ion channel expression studies could be supplemented with dynamic 

clamp studies similar to those described in Chapter 5. To systematically investigate the 

effect of current magnitude on pacemaking rate and variability one could construct cell 

models with a series of inwardly rectifying I-V curves with progressively larger inward 

ionic current. Outward current, which may change pacemaking rate by altering the 

refractory period, could also be varied to determine the optimal combination of inward 

and outward current for pacemaking. Additionally, one could construct a more realistic 

unexcitable cell model including an accurate description of the HCN current activation 

and inactivation kinetics to explore the effect of HCN current magnitude on 

cardiomyocyte pacemaking. Finally, dynamic clamp studies could be also used to 

explore the minimum set of ion currents needed to convert a particular unexcitable cell 

into genetically engineered autonomous pacemaker.  

 An important parameter space that was left unexplored in our cell pair studies 

was the coupling strength between cardiomyocytes and unexcitable cells. While the role 

of gap junction conductance in cardiomyocytes electrotonically loaded by unexcitable 

cells has been explored in some previous modeling [127, 128] and in vitro studies [18], it 

is not clear how reduced coupling strength would affect the pacemaking behavior we 

observed in cell pairs in Chapter 4. One could possibly modulate the coupling 

conductance by micropatterning cell pairs with different contact lengths or perhaps by 

overexpressing connexin isoforms with different single channel conductances. The 
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dependence of pacemaking rate on coupling strength then could be evaluated in cell 

pairs and compared to results obtained in cardiomyocytes connected with varied 

coupling conductance to unexcitable cell models using the dynamic clamp setting. 

 In the cell pair setting used in Chapter 4 where a single cardiomyocyte was 

coupled to a single HEK cell, the HEK:CM area ratio was limited to approximately 2.0. 

Similar micropatterning methods could be used to explore situations where a single 

cardiomyocyte was surrounded by and coupled to multiple unexcitable cells. The utility 

of the cell pair setting could be further extended by studying the implications of ischemia 

or pharmacological agents on cardiomyocyte – unexcitable cell coupling. 

 Finally, we showed in Chapter 4 that HEK cells overexpressing Kir2.1 

significantly reduced cardiomyocyte maximum upstroke velocity in cell pairs despite the 

two cells having almost identical resting potentials. In Chapter 5 we showed that this was 

due to the increase in capacitance contributed by the HEK cells. This result naturally 

raises the question of how these cells would affect cardiomyocyte action potential 

propagation. Based on the known proportionality between maximum upstroke velocity 

and the square of conduction velocity [175], it is likely Kir2.1 expressing unexcitable cells 

would locally slow conduction and could encourage arrhythmia formation. This could be 

evaluated in the bilayer setting utilized in Chapter 3 where cardiomyocyte monolayers 

were covered with unexcitable cells before electrophysiological evaluation by optical 

mapping.  
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