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Abstract 
Disruption of coordinated impulse propagation in the heart as a result of fibrosis 

or myocardial infarction can create an asynchronous substrate with poor conduction and 

impaired contractility. This can ultimately lead to cardiac failure and make the heart more 

vulnerable to life-threatening arrhythmias and sudden cardiac death. The transplantation 

of exogenous cells into the diseased myocardium, “cardiac cell therapy,” has been 

proposed as a treatment option to improve compromised cardiac function. Clinical trials 

of stem cell-based cardiac therapy have shown promising results, but also raised 

concerns about our inability to predict or control the fate of implanted cells and the 

electrical consequences of their interactions with host cardiomyocytes. Alternatively, 

genetically engineered somatic cells could be implanted to selectively and safely modify 

the cardiac electrical substrate, but their unexcitable nature makes them incapable of 

electrically repairing large conduction defects. The objective of this thesis was thus to 

develop a methodology to generate actively conducting excitable cells from an 

unexcitable somatic cell source and to demonstrate their utility for studies of basic 

electrophysiology and cardiac cell therapy. 

First, based on the principles of cardiac action potential propagation, we applied 

genetic engineering techniques to convert human unexcitable cells (HEK-293) into an 

autonomous source of excitable and conducting cells by the stable forced expression of 

only three genes encoding an inward rectifier potassium (Kir2.1), a fast sodium (Nav1.5), 

and a gap junction (Cx43) channel. Systematic pharmacological and electrical pacing 

studies in these cells revealed the individual contributions of each expressed channel to 

action potential shape and propagation speed. Conduction slowing and instability of 
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induced arrhythmic activity was shown to be governed by specific mechanisms of INa 

inhibition by TTX, lidocaine, or flecainide. Furthermore, expression of the Nav1.5 A1924T 

mutant sodium channel or Cav3.3 T-type calcium channel was utilized to study the 

specific roles of these channels in action potential conduction and demonstrate that 

genetic modifications of the engineered excitable cells in this platform allow quantitative 

correlations between single-cell patch clamp data and tissue-level function. 

We further performed proof-of-concept experiments to show that networks of 

biosynthetic excitable cells can successfully repair large conduction defects within 

primary excitable tissue cultures. Specifically, genetically engineered excitable cells 

supported active action potential propagation between neonatal rat ventricular myocytes 

(NRVMs) separated by at least 2.5 cm in 2-dimensional and 1.3 cm in 3-dimensional 

cocultures. Using elastic films with micropatterned zig-zag NRVM networks that 

mimicked the tortuous conduction patterns observed in cardiac fibrosis, we showed that 

electrical resynchronization of cardiomyocyte activation by application of engineered 

excitable cells improved transverse conduction by 370% and increased cardiac twitch 

force amplitude by 64%. This demonstrated that despite being noncontractile, 

engineered excitable cells could potentially improve both the electrical and mechanical 

function of diseased myocardial tissue.  

Lastly, we investigated how activation and repolarization gradients at the 

interface between cardiomyocytes and other excitable cells influence the vulnerability to 

conduction block. Microscopic optical mapping of action potential propagation was used 

to quantify dispersion of repolarization (DOR) in micropatterned heterocellular strands in 

which either well-coupled or poorly-coupled engineered excitable cells with a short 
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action potential duration (APD), seamlessly interfaced with NRVMs that had a 

significantly longer APD. The resulting electrical gradients originating from the underlying 

heterogeneity in intercellular coupling and APD dispersion were further manipulated by 

the application of barium chloride (BaCl2) to selectively prolong APD in the engineered 

cells. We measured how the parameters of DOR affected the vulnerable time window 

(VW) of conduction block and found a strong linear correlation between the size of the 

repolarization gradient and VW. Reduction of DOR by BaCl2 significantly reduced VW 

and showed that VW correlated directly with dispersion height but not width. Conversely, 

at larger DOR, VW was inversely correlated with the dispersion width but independent of 

the dispersion height. In addition, despite their similar APDs, poorly-coupled excitable 

cells were found to significantly increase the maximum repolarization gradient and VW 

compared to well-coupled excitable cells, but only at larger DOR. 

In summary, this thesis presents the novel concept of genetically engineering 

membrane excitability and impulse conduction in previously unexcitable somatic cells. 

This biosynthetic excitable cell platform is expected to enable studies of ion channel 

function in a reproducible tissue-level setting, promote the integration of theoretical and 

experimental studies of action potential propagation, and stimulate the development of 

novel gene and cell-based therapies for myocardial infarction and cardiac arrhythmias. 
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1 

1. Introduction 
Nearly 1 million Americans suffer a myocardial infarction every year and 5.8 

million people are living with congestive heart failure [1]. Additionally, 4 million people in 

the U.S. have different forms of persistent or reoccurring cardiac arrhythmias and about 

462,000 people die annually from arrhythmia-related death [1]. Thus, despite the 

ongoing efforts to improve failing heart function and to understand, predict, and eliminate 

cardiac arrhythmias, there still exists a significant need to develop more effective 

treatments for heart disease. Over fifteen years ago the implantation of exogenous stem 

cells into the myocardium (“cardiac cell therapy”) was proposed for the prevention and 

treatment of heart failure [2-3]. Similarly, cell therapies using genetically manipulated 

somatic and stem cells or endogenous fibroblasts have been recently proposed as 

potential treatment for cardiac arrhythmias [4-7]. 

Clinical trials of stem cell therapy for myocardial infarction and heart failure have 

demonstrated encouraging but mixed results [8-10]. For example, the injection of 

skeletal myoblasts into patients following myocardial infarction has been shown to 

improve ventricular function, but also increase the incidence of life-threatening 

arrhythmias [11-13]. While the field is rapidly advancing, concerns have been raised 

about our ability to control and inability to predict the potential therapeutic mechanisms 

and arrhythmic consequences of cell-based cardiac therapies [14-16]. One of the main 

obstacles preventing further progress is the limited ability to directly access and study 

the interactions between implanted donor cells and host cardiomyocytes in situ. 

Specifically, understanding how a mismatch in the electrical properties of donor and host 

cells affects cardiac function becomes increasingly important with the proposed use of 
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pluripotent-derived or directly-reprogrammed cardiogenic cells, as these cells are both 

electrically excitable and able to couple to host cardiomyocytes.  

Stem cells have also been proposed for the treatment of cardiac electrical 

abnormalities including sinus node dysfunction. In particular, left ventricular implantation 

of mesenchymal stem cells (MSCs) genetically engineered to express the pacemaking 

HCN2 ion channel, was shown to induce localized pacemaking activity that was partially 

sensitive to autonomic regulation [17]. These results demonstrated that genetically 

modified unexcitable stem cells, when coupled to host cardiomyocytes, can alter the 

electrical function of the heart [18-19]. While the use of stem cells for the treatment of 

cardiac electrical disorders is promising, it is also highly dependent on our ability to 

control their differentiation fate in vivo. The use of genetically engineered somatic cells, 

on the other hand, may offer a more controlled platform for the development of cell 

therapies for heart disease. For example, unexcitable fibroblasts genetically engineered 

to express either the Kir2.1 or Kv1.3 potassium channel were recently implanted into pig 

hearts to increase cardiomyocyte effective refractory period (ERP) and reduce the 

incidence of arrhythmias [7].    

Similarly, unexcitable cells engineered to express gap junctions [20-21] or 

sodium channels [22] have been used to electrically connect cardiomyocytes and repair 

cardiac conduction block in vitro. However, since these cells were unexcitable, their 

ability to bridge conduction gaps between cardiomyocytes was limited to only a few 

hundred microns. In contrast, if somatic cells were engineered to be electrically excitable 

and conducting, that would enable: 1) the development of more efficient cardiac cell 

therapies and 2) the creation of novel heterologous expression systems with the 

capacity to systematically study how specific ion channels and their mutations can 
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influence action potential shape and conduction. Previous heterologous expression 

systems have been limited to the use of single cells to investigate channel structure-

function relationships and link specific channel mutations found in patients to associated 

diseases such as cardiac arrhythmias or epilepsy [23]. Typically, the potential 

implications of these single cell studies for the observed tissue- or organ-level function 

are only speculated, often through the use of tissue-specific computational models [24-

25].   

Thus, the work described here is motivated by: 1) the lack of well-controlled 

experimental model systems that allow us to dissect the specific roles of ion channels, 

pumps, or their mutations on cardiac impulse conduction and arrhythmias and 2) the 

need to develop genetically engineered somatic cells with electrical properties that are 

specifically tailored for the treatment of different cardiac arrhythmias or post-infarction 

disease. In this thesis, we established a novel methodology to generate de novo 

excitable tissues from an unexcitable cell source using a minimal set of genetic 

manipulations. We further applied these engineered cells to investigate the specific roles 

of ionic currents in action potential propagation and explored their potential to safely 

restore compromised cardiac electrical and mechanical function. These studies 

represent a first step towards the future design of engineered excitable cell-based 

therapies for heart disease.   

Chapter 2 of this thesis provides background information on the molecular 

mechanisms that govern membrane excitability and influence the initiation and 

conduction of cardiac action potentials; it also describes relevant techniques for the 

assessment of cell and tissue electrical properties. The ionic basis for the electrical 

heterogeneity of the heart and conditions leading to slow and/or arrhythmic conduction in 
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heart disease are presented. Current cardiac cell therapy approaches and their 

limitations are then discussed with an emphasis on recently proposed somatic cell 

therapies for cardiac arrhythmias. Lastly, we explained the design and utility of in vitro 

cardiac cell culture systems and heterocellular assays relevant for the studies described 

in the following chapters. 

In Chapter 3, we first identified a basic set of channels required for membrane 

depolarization, repolarization, and electrical propagation based on the mechanisms 

allowing initiation and propagation of action potentials in mammalian heart tissue [26-

27]. Specifically, we genetically engineered unexcitable human cells in a step-wise 

manner to express combinations of three genes encoding: the inward-rectifier potassium 

channel (Kir2.1 or IRK1, gene KCNJ2) [28], the pore-forming α-subunit of the fast 

voltage-gated cardiac sodium channel (Nav1.5 or hH1, gene SCN5A) [29], and the 

connexin-43 gap junction (Cx43, gene GJA1) [30]. Selective pharmacological and pacing 

protocols were used to quantify the specific roles of the three expressed channels in 

action potential shape and propagation, as well as conduction block and stability of 

induced spiral activity. Furthermore, expression of mutated sodium channels or T-type 

calcium channels was utilized to demonstrate that electrical modifications of this cell 

platform enable quantitative correlations between single-cell patch clamp data and 

tissue-level function. 

In Chapter 4, we further examined whether genetically engineered excitable cells 

could repair large (centimeter-sized) electrical conduction defects and enhance the 

mechanical function of primary cardiac tissue cultures based on the rationale that 

electrically resynchronized cardiomyocytes would generate enhanced contractile output. 

For these studies, we developed a micropatterned 2-D cell coculture platform that 
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mimicked the slow, tortuous conduction patterns observed in fibrotic hearts [31-32]. This 

coculture system allowed the assessment of both the cardiac electrical and mechanical 

function in the presence of engineered excitable cells. We found that the application of 

noncontractile, engineered excitable cells improved cardiac conduction velocity and 

contractile force amplitude. In addition, in vitro optical mapping of action potential 

propagation demonstrated that 2-D or 3-D "grafts" of engineered excitable cells actively 

conducted electrical activity over centimeter-sized distances to bridge isolated groups of 

cardiomyocytes. 

The studies shown in Chapter 5 examined how activation and repolarization 

gradients at the interface between cardiomyocytes and other excitable cells influence the 

vulnerability to conduction block during premature stimulation. This setting is relevant to 

the safety of cardiac cell therapies as well as to the roles that electrical heterogeneities 

in the heart may play in arrhythmia induction [33-34].  Specifically, we microfabricated 

thin strands in which cardiomyocytes bordered well- or poorly-coupled engineered 

excitable cells with relatively short action potential duration. The electrical gradients that 

emerged from underlying heterogeneities in intercellular coupling or action potential 

restitution profiles were further manipulated by specific ion channel blockers and studied 

for their role in the generation of unidirectional block during premature stimulation. From 

these studies, we quantified how spatial dispersion of repolarization affects the 

vulnerable time window of conduction block and found a strong linear correlation 

between the size of the repolarization gradient and the vulnerable time window. In 

addition, despite their similar action potential durations, poorly-coupled excitable cells 

were found to significantly increase the maximum repolarization gradient and vulnerable 

time window compared to well-coupled excitable cells.  
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Finally, in Chapter 6 we summarize our findings and in Chapter 7, we discuss the 

potential applications of this work to future electrophysiological and cardiac cell therapy 

studies.  

Taken together, these studies demonstrate that unexcitable somatic cells can be 

genetically altered to stably acquire properties of electrical excitability and conduction. 

These engineered excitable cells are able to actively repair large cardiac conduction 

gaps and, by resynchronization of cardiac electrical activity, improve cardiac contractile 

function. Furthermore, our microscale studies of action potential conduction using 

patterned cocultures of engineered excitable cells and cardiomyocytes allowed us to 

systematically quantify the effect that dispersion of repolarization has on vulnerability to 

unidirectional block in cardiac tissue. Overall, the developed methodologies and 

knowledge gained from this thesis is expected to foster studies of ion channel function in 

a reproducible tissue-level setting, promote the integration of theoretical and 

experimental studies of basic electrophysiology, and stimulate the development of novel 

gene and cell-based therapies for myocardial infarction and cardiac arrhythmias.   
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2. Background 

2.1 Membrane excitability 

While all cells express membrane-bound ion channels that regulate the passage 

of charged particles (ions) into and out of the cell, some cells have a unique complement 

of ion channels that render their membrane electrically “excitable” [35]. As a result, these 

excitable cells have the ability to sense, respond to, and transmit electrical signals, 

forming a biological foundation for numerous physiological processes including neural 

transmission, muscle activation, sensory signaling, and hormonal activation [36]. 

Excitable cells are classically identified by their hyperpolarized (negative) resting 

membrane potential which is established and maintained by the existence of 

transmembrane electrochemical gradients as well as by the selective permeability and 

activity of multiple ion channels, transporters, and pumps [37]. When the membrane of 

an excitable cell receives a stimulus of sufficient strength (i.e. above a defined 

threshold), the opening of voltage-gated ion channels begins a cascade of channel 

activations that results in a transient rising (depolarization) and falling (repolarization) of 

the membrane potential before it returns to rest. This all-or-none membrane voltage 

fluctuation is the important electrical signal that allows excitable cells to communicate 

and/or to transiently alter their functional state (e.g. contract, secrete, etc.) and it is 

called an action potential.   

2.2 The cardiac action potential 

Action potentials (APs) generated and propagated within the heart by cardiac 

muscle cells (cardiomyocytes) exhibit distinct properties in different regions of the heart 

with important implications for cardiac function and disease.  Specifically, the adult 

ventricular action potential can be divided into five different phases (Figure 2.1).  
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The resting membrane potential (phase 4) is set and maintained primarily by the 

inward rectifier potassium current, IK1, generated through Kir2.x (e.g. Kir2.1, Kir2.2 and 

Kir2.3) ion channels [38] and the activity of sodium-potassium pumps (Na+-K+ ATPase) 

[39]. When the cell’s transmembrane voltage (Vm) is depolarized by an external stimulus 

or through the influx of depolarizing current from neighboring cells and reaches a 

stimulus threshold, a rapid influx of sodium current (INa) occurs as voltage-gated sodium 

channels (Nav1.5) fully activate. INa drives the upstroke (phase 0) of the AP and its 

maximum rate of rise or maximum upstroke velocity, , is proportional to a single 

cell’s maximum sodium conductance [40].  

Following upstroke, inactivation of sodium channels and activation of the 

transient outward potassium current (Ito) creates a notch in the action potential (phase 

1).  Inward calcium current (ICa) from L-type voltage-gated calcium channels extends the 

depolarized action potential plateau (phase 2) and triggers a calcium-dependent release 

of intracellular calcium stores from the sarcoplasmic reticulum. This sequence of events 

activates the cell’s contractile elements through the well-studied process of excitation-

contraction coupling  [41]. Finally, the combined activation of several different outward 

potassium currents (including IKr, IKs, and IK1) eventually repolarizes the membrane 

potential (phase 3) back to its resting state (phase 4). Species-specific expression of 

repolarizing potassium currents contribute to the differences observed in the AP shape 

and duration in various animals. For example, under physiological conditions, Ito has not 

been detected in guinea pig [42] or rabbit [43] ventricular myocytes while rat ventricular 

myocytes lack significant IKr and IKs [44]. In cardiac pacemaker cells, phase 4 also 

includes the subsequent activation of the “funny” current, If, which depolarizes the 

potential back up to threshold to initiate repetitive action potential firing. Mathematically, 
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temporal changes in cardiomyocyte transmembrane voltage (Vm) are represented using 

the expression  , where Cm is the cell membrane capacitance and Iion is the 

sum of all ionic currents across the membrane as ion channels open and close during 

the AP [40]. 

 

 

Figure 2.1. Phases and currents of the ventricular action potential. (A) The ventricular action 
potential (AP) can be divided into five distinct phases including rest (4), upstroke (0), notch (1), 
plateau (2), and repolarization (3). Activation profiles of main ionic currents contributing to the 
action potential are shown below the AP waveform. Inward currents are indicated as downward 
dark areas while outward currents are in the upward direction. (B) Detailed information on the 
major ionic currents of the action potential, divided into inward and outward currents, and 
indicating phase of activation, channel clone name and channel gene name. Boxes in (A) and (B) 
around INa and IK1 are to highlight these currents due to their importance in this thesis. (A) was 
adapted from Nerbonne, J.M. [45] while (B) was modified from Grant, A.O. [27]. 
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2.3 Propagation of the cardiac action potential 

During the AP, inward depolarizing current flows into neighboring cardiac cells 

via intercellular channels called gap junctions and triggers the induction and propagation 

of downstream APs. The normal intercellular electrical coupling permits the rapid spread 

of action potentials throughout cardiac tissue [40]. Gap junction structure (Figure 2.2A) 

consists of two hemichannels (a connexon) that each contain six subunits (or 

connexins). These connexins are named according to their theoretical molecular weight 

(in kDa) and the main connexin isoforms in the heart include connexin-40, connexin-45, 

and connexin-43 [46]. Connexins differ in their functional properties (e.g. conductance, 

sensitivity to pH) and their spatial distribution in the heart [47]. Connexin-43 is the 

dominant connexin isoform in both the ventricles and atria, connexin-45 is the main 

isoform present in the sinoatrial node, and connexin-40 is found in the atria and 

conduction system (e.g. AV node, Purkinje fibers). Upon cell-cell contact, connexon 

hemichannels in adjacent cells coalign, connect and undergo a conformational shift to 

create a permeable intercellular pore (the gap junction channel). The gap junction pore 

permits the intercellular transfer of ions and small molecules (<1,000 daltons in size) [48-

49]. Gap junction gating and permeability is controlled by protein phosphorylation [50], 

intracellular calcium concentration [51], and pH [52]. 

Cardiac AP propagation is discontinuous; APs move faster within a cell than 

between two cells due to the lower resistivity of cytoplasm relative to gap junctional 

resistance (Figure 2.2B1) [53]. The number of gap junctions per unit length of tissue (as 

determined by the size and geometry of individual cells), rather than the gap junctional 

distribution in cell membrane, is the main determinant of how fast impulses propagate in 

the heart [54]. When intercellular coupling is reduced, the speed at which the impulse is 
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transferred to the next cell also decreases (Figure 2.2B2). AP propagation is sustained 

in interconnected cells when the amount of depolarizing current (the source) is of 

sufficient magnitude to activate the unexcited (but excitable) cells ahead (the load) of the 

propagating AP wavefront. Therefore, AP conduction depends on membrane excitability 

(the depolarizing INa source current), the ability to transfer the depolarizing current 

through intercellular gap junctions, and geometrical relationships between activated 

(upstream) and to-be-activated (downstream load) tissue regions. In addition, the 

volume and distribution of extracellular space is yet another important modulator of 

cardiac conduction [55-56].  

The ability of cardiac tissue to sustain AP propagation can be quantified in 

computer models using an expression known as the safety factor (SF) of conduction 

which compares the balance between upstream current entering one cell and 

requirements for that cell’s activation of itself and the next downstream cell. Simulations 

by Shaw and Rudy have shown that as intercellular coupling is reduced, conduction 

velocity (CV) decreases as expected, but SF initially increases due to reduced source 

charge dissipation (i.e. smaller load) [57]. At significantly reduced cell coupling, the 

conduction also becomes dependent on inward calcium currents that generate an action 

potential plateau. This plateau potential provides a necessary voltage difference 

between the activated and downstream cells and, despite a long intercellular conduction 

delay, ensures a sufficient flow of current that will activate the downstream cell. With 

further reduction in coupling, SF is reduced (below 1) and conduction eventually fails 

(Figure 2.2C1). Reduction of membrane excitability (INa), on the other hand (Figure 

2.2C2), causes conduction failure at higher velocities indicating that reduction of CV by 

uncoupling is inherently safer than that caused by reduction of INa [57].  
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Figure 2.2. Gap junctions affect the speed and safety of cardiac conduction. (A) Six 
connexins form one connexon hemichannel in a cell membrane. When hemichannels connect in 
adjacent cells, a conformational shift opens the gap junction pore. (B1) Computer simulated AP 
propagation between two cells shows slightly faster conduction within cells (from sites 1 and 2) 
than between cells (from sites 2 and 3). Traces of the AP upstrokes from each site are shown 
during propagation. (B2) When coupling is reduced tenfold (a reduction in junctional conductance, 
gj), conduction slows significantly between cells (note the longer time delay in the AP upstroke 
from site 2 to site 3). (C1&2) Computational models of cardiac conduction velocity (CV) and 
safety factor (SF) shows that a greater reduction in CV before failure (SF < 1) can be achieved 
through intercellular decoupling than by reduction in membrane excitability. (A) adapted from Sohl 
and Willecke [58]. (B1&2) modified from Rohr, S. [53] and (C1&2) from Shaw and Rudy [57].  
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2.4 Rate dependence of action potential properties in the heart - 
cardiac restitution 
 

Action potential duration (APD) and conduction velocity (CV) are dynamic 

properties of cardiomyocytes that are influenced by the time elapsed since repolarization 

of the preceding action potential. The diastolic interval (DI) is the time interval between 

the preceding AP repolarization and the initiation of the next AP. The functional 

relationship between DI and APD or CV is known as restitution [59]. Mechanistically, 

restitution occurs because some of the membrane currents that govern APD and 

influence CV (e.g. INa and ICa) display time-dependent recovery of ion channel availability 

[60]. If the cell is stimulated prior to the time needed for full channel recovery, the 

amount of current generated is reduced and this can decrease both APD and CV. 

Restitution is an important physiological mechanism because APD shortening during an 

increase in heart rate prevents conduction block and maintains the DI required to allow 

ventricular filling and coronary flow [61].  

Restitution can be measured in excitable tissue by progressively increasing the 

stimulus frequency (known as dynamic or steady-state restitution) [62] or by delivering a 

premature stimulus (S2) after a train of stimuli (S1) at a fixed interpulse interval (known 

as S1S2 restitution) [63]. The S1S1 interpulse interval is called the basic cycle length 

(BCL) while the time interval between the last S1 stimulus and the prematurely delivered 

S2 stimulus is known as the S1S2 interval. As shown in Figure 2.3, reducing the DI 

between action potentials shortens APD and eventually reduces CV. Plotting APD or CV 

versus DI (restitution curves) yields the cell’s rate-dependent restitution profile (Figure 

2.3B&C). It has been shown that when the slope of the APD restitution curve is greater 

than one, oscillations in APD called alternans can develop [64-65]. Furthermore, 
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dynamic instability of the AP wavelength due to a steep APD restitution slope has also 

been shown to promote the onset of ventricular fibrillation [66]. Therefore, drugs that 

flatten the APD restitution slope have been proposed as potential antiarrhythmic 

therapies [67]. 

 

 

Figure 2.3. S1S2 pacing and resulting APD and CV restitution profiles. (A) During the S1S2 
restitution protocol, a train of S1 stimuli are delivered at a constant rate followed by introduction of 
a premature S2 stimulus at progressively decreasing diastolic intervals (DI). (B) APD restitution 
curve shows progressive decrease in APD as DI is reduced. (C) CV restitution curve shows 
reduction of CV at short diastolic intervals. Image adapted from Qu et al. [68]. 

 

2.5 Mechanisms of slow conduction in the diseased myocardium 

As previously discussed, CV slowing can occur when cardiomyocyte coupling or 

depolarizing current is reduced, either in a stationary fashion (due to presence of 

partially decoupled or poorly excitable tissue regions) or dynamically (due to premature 

excitation or positive wavefront curvature) [69]. Frequently, slow conduction in the heart 

is the result of various cardiac pathologies. Acute ischemia [70], tachycardia [71], and 

electrical remodeling [72-73] within the diseased myocardium can lead to reduction of 

INa. Ischemia also promotes rapid cell uncoupling as gap junctions close in response to 

elevated intracellular Ca2+ concentration and acidification [74]. CV slowing due to 

connexin remodeling occurs in ventricular hypertrophy [75] and congestive heart failure 

A B C
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[76]. Aside from alterations in channel expression, structural changes in the cellular and 

extracellular composition of the heart can lead to impaired conduction. Fibroblast 

proliferation and interstitial collagen deposition following myocardial trauma create zones 

of conduction block or slowing, which electrically uncouple the normally synchronized 

electromechanical activity of the heart. In the case of severely fibrotic hearts, slow and 

tortuous “zig-zag” paths of cardiomyocyte activation have been observed (Figure 2.4) 

[31-32].  

 

Figure 2.4. Tortuous “zig-zag” conduction in fibrotic myocardial tissue. (A) Multi-site 
microelectrode recording of cell activation yields a map of “zig-zag” action potential propagation 
tracts within human papillary tissue isolated from a severely infarcted left ventricle. (B) 
Photomicrograph image of representative tissue section taken from the infarcted papillary muscle 
shows a dense core of fibrosis (dark central area) and outer ring of subendocardial tissue (bright 
area). (C) Close-up of section in square of (B) shows fragmented bundles of surviving myocytes 
(bright area) with interspersed fibrosis (dark areas) leading to tortuous cardiac networks. (D) 
Optical mapping images (taken at 2 ms intervals, shown from left to right and from top to bottom) 
of transmembrane voltage in canine atrial tissue with age-related fibrosis demonstrate tortuous 
“zig-zag” cardiac activation (highlighted using black arrows) upon premature extracellular 
stimulation. (A-C) modified from de Bakker et al. [31] and (D) adapted from Koura et al. [32]. 

 



 

16 

2.6 Formation of conduction block and reentry in cardiac tissue 

Unexcitable fibrotic tissue, specific cardiac anatomical features (e.g. tissue 

branching, expansions, sharp changes in fiber directions), and refractory excitable 

cardiac tissue (i.e. not recovered from previous AP), can all become structural or 

functional obstacles to a propagating AP wavefront [77-78]. During conditions of normal 

excitability, the wavefront that breaks at these obstacles is likely to unite again as it 

passes the obstacle (Figure 2.5A). However, under conditions of lowered excitability, the 

wave breaks but does not immediately reform (Figure 2.5B). Instead, the two arms of the 

split wave may drift away from the obstacle or site of wavebreak to become free-moving 

waves [79].  

The path and behavior of these free-moving waves depends on the excitability of 

the tissue and the size of the obstacle [80]. For relatively sharp or large obstacles, these 

waves may drift away at sufficient distance to begin to curl into regions of unexcited (but 

excitable) tissue beyond the obstacle. A current source-sink mismatch slows the wave 

front near the obstacle relative to the wave tail away from the obstacle, precipitating 

wave rotation and formation of a spiral (Figure 2.5C) with a moving core. This core either 

anchors at the obstacle forming anatomical reentry or freely drifts in the tissue forming 

functional reentry [79]. Modification of membrane excitability or repolarization by 

pharmacological agents can lead to changes in the stability and trajectory of a spiral 

wave [78, 81]. Formation of spiral waves is characteristic of other excitable substrates 

including reaction-diffusion chemical reactions [82]. 
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Figure 2.5. Wavebreak and initiation of spiral reentry. (A&B) A propagating action potential 
wavefront (WF, dark line) encounters an unexcitable obstacle (dark shape, panel 1) and 
wavebreak occurs (panel 2). Under conditions of normal excitability, the WF reforms and 
continues (A, panels 3 and 4). Under conditions of reduced excitability, the WF splits into 
wavelets that pivot around phase singularity (PS) points (B, panels 3 and 4). (C) The PS point of 
a spiral wave (occurs where the reentry’s activation front (black line) intersects its repolarization 
front (red line). Black arrows indicate direction of outward excitation while dotted circles show 
spiral wave (outer circle) and PS (inner circle) trajectories. (A&B) modified from Jalife, J. [83] and 
(C) modified from Comtois et al. [78].  

 

2.7 Electrical heterogeneity of the heart 

The normal heart contains electrical heterogeneities that arise from variations in 

ion channel expression among regionally distinct populations of cardiac cells. Figure 2.6 

shows the distinct AP waveforms produced by cells in different areas of the heart [26]. 

These differences do not typically lead to arrhythmia in the healthy heart; in fact, they 

help guide the unidirectional path of excitation throughout the myocardium and 

contribute to important heart functions (e.g. pacemaking or efficient patterns of 

mechanical contraction) [84-85].  
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Figure 2.6. Electrical heterogeneity of the heart. Regional differences in the activation and 
shape of cardiac action potentials. Image modified from Nerbonne and Kass [26]. 

 

During different pathologies (e.g. ischemia, myocardial infarction [73], congenital 

or metabolic disorders [86-87]) and pharmaceutical usage [88], changes in the spatial 

distribution or local gradients in functional heterogeneity in the heart can also become 

potential sources of conduction block and arrhythmia [34, 89]. For example, changes in 

the intrinsic transmural dispersion of repolarization (TDR) of the ventricular myocardium 

(between the endo-, midmyo- and epi-cardial tissue layers) have been widely studied for 

their roles in conduction block, arrhythmogenesis, and sudden cardiac death [33]. TDR 

amplification due to increased non-uniformity of conduction velocity and/or action 

potential duration has been shown to increase the vulnerability to unidirectional 

conduction block when an AP wavefront encounters refractory tissue [90-92].    

Mechanistically, when a propagating AP enters a region of tissue that had a 

prolonged refractoriness after propagation of a previous AP (e.g. due to longer action 

potential duration), conduction in this region will slow according to local restitution 
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properties. While slowed conduction will provide more time for the downstream tissue to 

recover its excitability, if this recovery is not sufficient, the propagating wave will block 

[61]. In addition to conduction block at a tissue region with altered ion channel or gap 

junctional properties, AP conduction can also be blocked in homogeneous tissues 

(generated using computational models) under specific restitution conditions and/or use 

of variable (short-long-short-long) pacing protocols [93-94].  

2.8 Techniques to study electrophysiological function 

A number of different techniques have been developed to express and study ion 

channels in single cells and record action potential propagation at the tissue and organ 

levels. These methods have advanced our understanding of the role ion channels play in 

cardiac electrical function.  

2.8.1 Heterologous expression of ion channels 

The structure and function of hundreds of ion channels have been studied using 

heterologous cell-based expression systems (e.g. HEK-293 cells) [95]. In this setting, the 

genetic material required to induce the functional expression of the channel is delivered 

into a cell using either non-viral (e.g. plasmid transfection) or viral (e.g. adeno-, retro-, or 

lentiviral transduction) methods [96]. Channel expression can either be transient or 

permanent (“stable”) if the genetic material is integrated into the host cell’s genome. 

Non-viral plasmid transfection can induce both transient and stable expression while 

viral delivery methods differ in their ability to induce permanent expression (e.g. 

adenoviruses offer only transient expression while retro- and lentiviruses yield 

integrated, permanent expression) [97]. Incorporation of genes encoding fluorescent 

proteins (e.g. GFP) or antibiotic resistance (e.g. Pac for puromycin resistance) within the 

delivered genetic construct facilitates the identification and selection of positively-
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expressing cells for analysis [98]. The heterologous expression of ion channels has 

enabled focused studies (i.e. in an unexcitable cell that lacks strong endogenous 

channel expression) of channel biophysics through methods such as patch clamp 

electrophysiology.  

2.8.2 Patch clamp electrophysiology 

Patch clamp recording enables direct measurement of a cell’s membrane voltage 

and current [99]. A glass microelectrode, fabricated to have a relatively small opening 

(typical tip resistance of 1-5 MΩ) is filled with a conductive solution that resembles the 

cell’s intracellular milieu but also may contain other ions and drugs to enhance or inhibit 

channel function. During recording, the electrode is connected to a patch clamp amplifier 

and carefully lowered onto the cell membrane. Application of suction draws the 

membrane into the electrode tip to form a high resistance (> 1 GΩ) seal. An additional 

suction or voltage pulse is applied to rupture the internalized membrane patch and allow 

direct access of the electrode to the cell interior. This configuration is called whole-cell 

patch clamp [100]. The resistance of the pipette combined with resistance to the interior 

of the cell (access resistance) creates a "series resistance" that must be sufficiently less 

than the cell membrane resistance to reduce errors during recording [101]. Upon 

achieving a stable whole-cell patch clamp configuration, the cell’s membrane voltage or 

current is fixed (clamped) while other membrane properties are measured. For example, 

during voltage clamp mode, a series of voltage pulses can be used to study the activity 

(currents) of specific ion channels. Similarly, changes in membrane potential can be 

studied during current clamp mode. 
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2.8.3 Optical mapping of transmembrane potentials and [Ca2+]i transients 

Optical mapping is a technique that utilizes fluorescent probes and optical 

recording devices (e.g. cameras or photodiode arrays) to measure the spread of action 

potentials or intracellular calcium transients with high spatial and temporal resolution 

[102]. Fluorescent probes are loaded onto the cells and either embedded within the 

membrane (e.g. voltage-sensitive dyes [103]) or are retained in the cytosol (e.g. calcium-

sensitive dyes [104]). Changes in the fluorescence emission of the probes reflect 

changes in either membrane potential or intracellular calcium concentration. Recording 

these changes in multicellular preparations of cardiac cells requires sufficient illumination 

for excitation and efficient collection of emitted light to yield a high signal-to-noise ratio 

[105]. Macroscopic optical mapping using contact fluorescence imaging and optical 

fibers provides a high numerical aperture (~ 0.5) which enhances light collection [106]. 

Optical mapping of cardiac cocultures has been previously done at the microscopic [107] 

and macroscopic levels [108-109] to allow use of varied magnification and spatial 

resolution. 

2.9 Cardiac cell therapies 

The limited regenerative potential of cardiac tissue via cell proliferation [110] or 

stem cell recruitment [111] is insufficient to compensate for myocyte loss after acute 

myocardial infarction (920,000 cases a year in the United States [112]). Due to myocyte 

loss, the workload on the surviving healthy myocardium is increased and this may 

ultimately lead to congestive heart failure (CHF), a condition that currently afflicts 5.8 

million people [112] and is often associated with life-threatening arrhythmias. In light of 

the limited efficacy of current therapies for heart failure, the transplantation of exogenous 

cells into the damaged heart has been proposed as a new method to improve 
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compromised heart function [113]. This approach has also been extended into 

applications that manipulate cardiomyocyte electrical function for antiarrhythmic or 

pacemaking therapies [4]. 

2.9.1 Stem cell-based therapies for myocardial regeneration 

Over fifteen years ago, the transplantation of stem cells into the heart was 

proposed as a strategy to decrease or restore the loss of myocytes that occurs with  

myocardial infarction and other cardiac pathologies, thereby preventing or reversing 

heart failure [2, 114]. The severity and prevalence of heart failure, combined with 

exciting preclinical data, prompted a number of clinical trials that yielded mixed, but 

encouraging results. Varying stem cell types (skeletal myoblasts [115-116], bone 

marrow-derived cells [117-118], peripheral blood-derived cells [119-120], cardiosphere-

derived cells [121], and c-kit positive cardiac stem cells [122]) have already been used in 

clinical trials, and several others are under consideration for future studies. Continued 

progress in the field is expected to arise from the recent discovery that adult human 

fibroblasts can be genetically reprogrammed to attain embryonic stem cell-like properties 

(induced pluripotent stem cells, iPSCs [123-124]). This has led to the development of 

strategies to reprogram autologous somatic cells back to a pluripotent state, followed by 

cardiogenic differentiation and implantation [125]. While promising, the use of stem cell-

based therapies has both tumorigenic and arrhythmogenic risks associated with 

pluripotency and electrophysiological heterogeneity, respectively [14, 126-127]. 

2.9.2 Genetically engineered cell-based cardiac therapies 

An alternative approach to traditional stem cell-based cardiac therapies is the 

use of genetically engineered unexcitable cells to exert a specific electrical influence on 

cardiomyocytes. Proof-of-concept experiments have shown a potential for future 
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therapeutic applications that include passive bridging of small conduction gaps [20, 22, 

128] (Figure 2.7A), as well as influence on AP automaticity [17, 19, 129] (Figure 2.7B) 

and local cell repolarization [7, 130]. For example, HEK-293 cells expressing Kir2.1 

channels were shown to hyperpolarize cardiomyocyte resting membrane potential and 

reduce the rate of spontaneous AP firing in vitro [129]. Recently, HEK-293, HeLa, and 

mesenchymal stem cells (MSCs) were genetically engineered to express HCN channels, 

known to generate the cardiac pacemaker current (If), and used to induce cardiac 

automaticity in vitro [17, 19]. When implanted into canine left ventricle, HCN2-expressing 

MSC cells were shown to autonomically influence cardiac pacing for several weeks [17]. 

In addition to triggering cardiac activation, genetically engineered cells have also 

been used to modify cardiac repolarization. Yankelson et al. showed that fibroblasts 

(NIH-3T3 cells), genetically engineered to express Kir2.1 and Kv1.3, prolonged the 

cardiac effective refractory period and terminated ventricular tachycardia upon 

implantation into a pig heart [7]. Numerous studies have shown that the arrhythmic 

consequences of cell therapy may be attributed to poor coupling between the donor cells 

and host cardiomyocytes, thereby creating obstacles to conduction [108, 131]. Genetic 

engineering of Cx43 overexpression in skeletal myoblasts [108, 132] and dermal 

fibroblasts [133-134] enabled coupling to cardiac cells and was shown to reduce the 

arrhythmic consequence of skeletal myoblast implantation in vivo [108]. Additional 

studies involving the overexpression of gap junctions in HEK-293 [20], HeLa [21], and 

cardiac fibroblasts [21] have all shown that well-coupled unexcitable cells can passively 

bridge short (hundreds of microns) electrical gaps between cardiomyocytes. 
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Figure 2.7. Genetically engineered unexcitable cells repair short conduction gaps and 
induce AP automaticity in cardiac cocultures. (A1) Microscopic optical mapping of [Ca2+]i 
propagation along a micropatterned strand of neonatal rat ventricular myocytes (NRVMs, stained 
red) shows fast conduction across the strand (traces from recording sites 1-3). (A2) Unexcitable 
wild-type HEK-293 cells inserted between the NRVMs block conduction. (A3) HEK-293 cells 
engineered to express Cx43 (green) passively restore conduction (activation of site 1 and 3 while 
2 shows no activity due to lack of strong [Ca2+]i in HEK-293 cells). (B1) AP recorded from isolated 
canine ventricular cell (right panel) following stimulation. (B2) After three days of coculture with 
HeLa cells engineered to express Cx43 and HCN2, the cardiomyocytes generate spontaneous 
AP activity. (A1-3) adapted from Klinger and Bursac [20] and (B1&2) adapted from Valiunas et al. 
[19]. 

 

2.10 Genetic targets for engineering excitability and conduction 

Manipulation of membrane excitability and conduction in HEK-293 cells was 

explored in this thesis by stable heterologous expression (section 2.8.1) of the cardiac 

sodium channel (Nav1.5), inward rectifying potassium channel (Kir2.1), and gap junction 

connexin-43 (Cx43). These genetic targets were selected based upon their critical roles 

in cardiac AP initiation and propagation as previously described.  

The alpha subunit of human Nav1.5 is encoded by the SCN5a gene. SCN5a 

contains a 6051 nucleotide reading frame that generates a ~ 260 kDa glycosylated pore-

forming channel [29]. The Nav1.5 α subunit protein is composed of four homologous 
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domains with six transmembrane segments in each domain [135] (Figure 2.8). The 

mechanism of Nav1.5 selectivity and activity is determined by the unique amino acid 

composition within and between these transmembrane regions [136]. Channel 

expression and function is also be regulated by coassembly with channel beta subunits 

as well as interactions with cytoskeletal proteins and enzymes [137]. Numerous of 

studies have identified and studied Nav1.5 mutations associated with cardiac disorders 

(e.g. long QT syndrome, Brugada syndrome, cardiac conduction disease, idiopathic 

ventricular fibrillation) using heterologous ion channel expression [135, 138]. 

 

 

 

Figure 2.8. Schematic of Nav1.5 α-subunit protein structure. The pore-forming α subunit of 
Nav1.5 consists of four homologous domains (DI-DIV) each with six transmembrane segments 
(S1-S6). Each S4 “voltage sensor” segment (darkened) contains positively-charged lysine and 
arginine residues. Intersegment loops alternate between extracellular and intracellular position. 
The S5-S6 loops are thought to form the channel pore [135]. The N- and C- terminal ends as well 
as all interdomain linkers are located intracellularly. Shown is the A1924T mutation (alanine 
replaced with threonine) in the cytoplasmic C-terminal tail. This mutation affects channel 
activation and has been linked to Brugada syndrome [139]. Image modified from Rook et al. 
[139]. 
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Kir2.1 inward rectifier potassium channels are tetramers, formed by the 

coassembly of four individual subunits that each have two transmembrane segments 

[140]. Human Kir2.1 channels (encoded by 1284 nucleotides in the KCNJ2 gene) have a 

molecular weight of ~ 48 kDa and biochemistry studies in rat heart extracts have shown 

that the successful trafficking of the Kir2.1 channel to the membrane is regulated by 

several protein interactions (e.g. with SAP97, CASK, and Mint1) [141-142]. Mutations 

that inhibit these interactions and consequently, Kir2.1 trafficking, are known to cause 

the skeletal and cardiac muscle disease, Anderson-Tawil syndrome [143]. Moreover, 

channel mutations that enhance the outward component of the Kir2.1 inward-rectifying 

current (IK1) function have been linked to a novel form of the cardiac arrhythmia, short 

QT syndrome (SQT3) [144]. The inward rectification (i.e. stronger inward than outward 

current flow) of IK1 is controlled by intracellular channel pore block by cytosolic [Mg2+] 

and a type of organic cation called polyamines [145].  

Expression of the connexin-43 (Cx43) gap junction is encoded by the GJA1 gene 

(coding region of 1149 nucleotides in the rat isoform). Each connexin is composed of 

four transmembrane regions and assembles into a 6 connexin unit called a connexon 

whose structure and function was described earlier. Heterologous Cx43 expression in 

HEK-293 and HeLa cell lines has been useful in studying transjunctional conductance in 

wild-type, mutated, and heterotypic channels using patch clamp recordings [146-147]. 

2.11 In vitro cell platforms for the study of cardiac cell therapy 

While in situ functional studies are the most relevant for testing the potential 

clinical consequences of cardiac cell therapies, they have inherent limitations, including: 

1) large variability in the injury site, transplantation procedure, and 3D heart tissue 

microstructure and function among test subjects, 2) difficulty in identifying and accessing 



 

27 

implanted cells more than a few hundred microns below the heart surface, and 3) 

random spatial and geometrical relationships between implanted cells and host 

cardiomyocytes and non-myocytes. Because of these limitations, in situ functional 

studies can, in general, assess only a small number of heterocellular interactions in 

poorly controlled and non-reproducible conditions. Alternatively, cell cocultures reduce 

the complexity of native 3-dimensional tissues and enable studies of host-donor cell 

interactions in a well-controlled and fully accessible in vitro environment [148]. Using this 

approach, the effects of myofibroblasts [149], fibroblasts [150-151], skeletal myoblasts 

[108], mesenchymal stem cells [109], and genetically modified fibroblasts [130] on 

cardiac conduction have been studied. 

Of specific interest for cardiac electrophysiology research is different cell 

micropatterning techniques that can provide reproducible placement of one or more cell 

types to predetermined regions on the substrate [152-153]. In micropatterned cell 

cultures, the use of programmed electrical stimulation and simultaneous monitoring of 

electrical activity and underlying cellular structure (through the use of optical methods) 

enables unambiguous assessment of the fate of propagating electrical waves in 

relationship to tissue structure and cellular content. Micropatterned cardiac cell cultures 

combined with optical mapping of membrane potentials and intercellular calcium 

transients have been used in the last decade for cellular and cell-network studies of 

electrical conduction [152, 154-155] and reentrant or triggered arrhythmias [156-159]. 
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3. Creation and Characterization of Genetically 
Engineered Excitable Cells 

3.1 Rationale 

All cells express ion channels in their membranes, but cells with a significantly 

polarized membrane that can undergo a transient all-or-none membrane depolarization 

(action potential) are classified as “excitable cells” [35]. The coordinated function of ion 

channels in excitable cells governs the generation and propagation of action potentials 

which enable fundamental life processes such as the rapid transfer of information in 

nerves [160] and the synchronized pumping of the heart [40]. For this reason, genetic or 

acquired alterations in ion channel function or irreversible loss of excitable cells through 

injury or disease (e.g. stroke or heart attack) are often life-threatening [1, 161].  

Numerous ion channels (wild-type or mutated) have been studied in single cell 

heterologous expression systems to investigate channel structure-function relationships 

and link specific channel mutations found in patients to associated diseases such as 

cardiac arrhythmias or epilepsy [23]. Typically, the potential implications of these single 

cell studies for the observed tissue- or organ-level function are only speculated, often 

through the use of tissue-specific computational models [24-25]. Similarly, experimental 

studies of action potential conduction in primary excitable tissues and cell cultures are 

often limited by low reproducibility, heterogeneous structure and function, diverse and 

often unknown complement of endogenous channels, and non-specific action of applied 

pharmaceuticals. We therefore set out to develop and validate a simplified, well-defined, 

and reproducible excitable tissue system that would enable direct quantitative studies of 

the roles that specific ion channels play in action potential initiation and conduction. 
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While extensive electrophysiological research over the last century [35, 162] has 

revealed that the initiation, shape, and transfer of action potentials in excitable cells are 

regulated by an extraordinarily diverse set of ion channels, pumps, and exchangers, the 

classic Hodgkin and Huxley bioelectric model of a giant squid axon [163] and other 

simplified models of biological excitable media [164-165] suggest that only a few 

membrane channels are sufficient to sustain cellular excitability and action potential 

conduction. Based on these theoretical concepts, we hypothesized that a small number 

of targeted genetic manipulations could transform unexcitable somatic cells into an 

electrically-active tissue capable of generating and propagating action potentials.  

Specifically, we considered a minimum set of channel genes which, upon stable 

expression in unexcitable cells, would yield: 1) significant hyperpolarization of membrane 

potential, 2) electrical induction of an all-or-none action potential response, and 3) robust 

intercellular electrical coupling to support uniform and fast action potential conduction 

over arbitrarily long distances. To mechanistically investigate how these specific genetic 

modifications would influence membrane excitability and impulse conduction, the 

controlled expression of ion channels and/or gap junctions within a homogenous cell 

source was required.   

Although primary cells such as cardiac fibroblasts, skeletal myoblasts as well as 

embryonic and bone marrow-derived mesenchymal stem cells would be readily available 

for use, they are known to represent heterotypic cell populations with varying and 

incompletely defined ionic properties [166-167]. Therefore, the ability to systematically 

manipulate the expression of specific ion channels within these cells may be confounded 

by the heterogeneous presence and regulation of endogenous channels or accessory 

proteins and the potential that cells acquire undesirable differentiation fates [168]. In 
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addition, these cells are often difficult to harvest and maintain as a uniform cell source 

with consistent and continued proliferation, morphology, and protein expression, 

characteristics vital for the reproducible and well-controlled in vitro studies of this thesis.  

On the other hand, the widely-studied human embryonic kidney 293 (HEK-293) 

immortalized cell line [169-170] represents a generic model of electrically unexcitable 

cells with few experimentally well-defined and weakly expressed endogenous currents 

[171-174]. Their morphological uniformity, simple adherent culturing conditions (including 

repetitive freeze-thawing), monoclonal selection capability, successful use in patch 

clamp studies, and compliance to genetic manipulation, make these cells well-suited for 

electrophysiological studies [95]. Therefore, HEK-293 cells were chosen as an 

unexcitable mammalian cell source and were genetically manipulated to express single 

or multiple channels including the human cardiac sodium channel Nav1.5 (hH1), the 

human inward rectifying potassium channel (Kir2.1), and/or the rat connexin-43 gap 

junction protein. These channels were selected based upon their critical roles in setting 

and maintaining the hyperpolarized cardiomyocyte resting membrane potential, initiating 

the action potential upstroke, and propagating intercellular excitation in the heart [40]. 

The successful transfection, expression, and analysis of individually expressed Kir2.1 

[129], Nav1.5 [175], or Cx43 [146], in the HEK-293 cell line has been previously 

published.  

We hypothesized that, when expressed together, these three channels (Kir2.1, 

Nav1.5, and Cx43) would transform unexcitable cells into electrically-active cells capable 

of assembling into an engineered excitable tissue that generates and conducts action 

potentials. In this chapter, we present the results of experiments designed to thoroughly 

characterize the electrophysiological properties of these novel, genetically engineered 
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cells, including pharmacological manipulations to establish the roles of each of the 

expressed channels in membrane excitability and impulse conduction. Furthermore, we 

investigated whether these cells could be used to generate biosynthetic excitable 3-

dimensional tissues. We also demonstrate, through the additional expression of a 

voltage-gated calcium channel or by the alternative expression of a clinically-relevant 

cardiac sodium channel mutation, that these engineered cells can be further modified to 

alter the shape and speed of action potential conduction.  

3.2 Methods 

3.2.1 Cloning of rat connexin-43 gene (GJA1) 

Total RNA was extracted and purified from 3 million isolated neonatal rat 

ventricular myocytes (Qiagen RNeasy Kit). Reverse transcription with oligo(dT) primers 

was performed to synthesize first-strand cDNA (Bioline cDNA Synthesis Kit). The cDNA 

was used as the template in a standard taq polymerase PCR reaction. PCR primers 

were designed based upon the published coding sequence for rat Connexin 43 (NCBI 

Accession # NM_012567) and incorporated a Kozak RBS binding sequence 

(GCCGCCACC) as well as a restriction enzyme recognition sequence to facilitate 

plasmid subcloning. The primers used to amplify rat connexin-43 were: forward 5’-

AATATGCGGCCGCCACCATGGGTGACTGGAG-3’ and reverse 5’-

TTAAATCTCCAGGTCATCAGGCC-3’. The amplified PCR product was separated on a 

1% agarose gel, and a DNA band of approximately 1150bp was extracted and ligated 

into the Invitrogen pCR4-TOPO TA cloning vector.  After transformation into DH5α E. 

coli cells, clones were amplified, and purified DNA was sequenced (Duke DNA Analysis 

Facility) to verify successful Cx43 PCR results. The amplified PCR product was then 

inserted into the pCMV-IRES-mOrange expression plasmid for HEK-293 transfection. 
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Expression of the plasmid was confirmed by fluorescence microscopy of the cells while 

connexin-43 protein expression, localization, and function were confirmed by western 

blotting, immunostaining, and fluorescence recovery after photobleaching (FRAP) or 

dual whole cell studies, respectively. 

3.2.2 Generation of genetically engineered HEK-293 cell lines 

The human SCN5A, KCNJ2, and rat GJA1 cDNAs were subcloned into a 

bicistronic expression vector (pCMV5(CuO)-IRES-GFP, qBiogene) which enabled the 

expression of the ion channel or gap junction and a separate fluorescent reporter via the 

same strong cytomegalovirus (CMV5) mammalian promoter. Thus, translation of the 

embedded channel gene was expressed along with a specific unconjugated fluorescent 

protein through a secondary translation site provided by an internal ribosomal entry 

sequence (IRES) located between the channel gene and the fluorescent reporter gene. 

The bicistronic plasmid design was chosen to reduce any functional impact on channel 

biosynthesis, membrane trafficking, and/or gating that could occur when ion channels 

are directly fused to fluorescent proteins [176]. In addition, the plasmid enables the 

selection of stable cells that have integrated the plasmid into their genomic DNA due to 

the incorporation of the Pac gene which confers resistance to the antibiotic puromycin. 

Thus, through the inclusion of puromycin in the cell culture media, only cells that have 

incorporated the transfected plasmid into their host genomic material (thereby constantly 

expressing the channel, fluorescent reporter, and antibiotic resistance genes encoded in 

the integrated plasmid DNA) will survive. In order to achieve uniform channel expression 

among all cells, single cells were isolated from each polyclonal transfected line to create 

genetically identical subpopulations of monoclonal lines for analysis and consistent 

experimentation.   
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The cDNA for SCN5A and KCNJ2 were kindly provided by Dr. Augustus Grant 

(Duke University Medical Center) and Dr. Roselle Abraham (Johns Hopkins University), 

respectively. The genes encoding mCherry and mOrange [177] were used to replace 

GFP in the KCNJ2 and GJA1 plasmids, respectively. Therefore, cells expressing the 

SCN5A cardiac sodium channel gene (encoding the channel protein known as “Nav1.5” 

or “hH1”) fluoresce green (the Nav1.5-IRES-GFP plasmid), cells expressing the Kir2.1 

potassium channel fluoresce red (the Kir2.1-IRES-mCherry plasmid), and those cells 

expressing Cx43 fluoresce orange (the Cx43-IRES-mOrange plasmid). Cells that were 

transfected with multiple plasmids therefore had multiple fluorescent proteins (Figure 

3.1). This system was useful for assessing the presence and expression level of different 

channels in HEK-293 cells based on their specific fluorescence and intensity, as well as 

for identifying these engineered cells within cell cocultures. 
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Figure 3.1. Genetically engineered HEK-293 cell lines. Wild-type HEK-293 cells were cultured 
and transfected with plasmids encoding an ion channel (Kir2.1 or hH1) or gap junction (Cx43) and 
a distinct fluorescent reporter (Cx43-IRES-mOrange, hH1-IRES-GFP, or Kir2.1-IRES-mCherry). 
Stable single channel expressing lines were used for subsequent transfections to generate 
double channel and triple channel monoclonal lines as shown above. Scale bars = 100µm.   

 

Plasmid construction was confirmed by DNA sequencing and restriction 

analyses. HEK-293 cells (ATCC, CRL-1573) were cultured in low glucose DMEM 

(Gibco) containing 10% FBS (Hyclone) and 1% penicillin-streptomycin solution (Gibco) 

at 37ºC and 5% CO2. Single plasmid liposomal transfections were performed using 

GenJet reagent (SignaGen Labs) and stable polyclonal cell lines were established using 

puromycin selection (1.5 μg/mL) or by FACS (Duke Flow Cytometry Center). Monoclonal 

cell lines were made by isolating single cells within 96 well plates. The triple channel Ex-

293 line was established by three successive single plasmid (Kir2.1, Nav1.5, and then 
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Cx43) transfections with monoclonal isolation and expression analysis performed prior to 

each transfection (Figure 3.2). 

Further genetic modification to the Ex-293 cell line included transfection of a 

plasmid encoding the human CACNA1I (α1I) T-type voltage-gated calcium channel (also 

known as Cav3.3) and a gene conferring resistance to the antibiotic neomycin. The 

plasmid was provided by Dr. Edward Perez-Reyes (UVA) [178]. Upon transfection into 

Ex-293 cells, the cells were selected for three weeks with 2.0 mg/mL G418 to create 

stable polyclonal cell lines which were then isolated to derive individual monoclonal 

lines. These lines, named “ExCa-293” to indicate addition of Ca2+ current,  were further 

characterized for potential prolongation of the action potential duration as well as 

pacemaking potential by electrophysiological analysis.  

To examine the changes in action potential shape and conduction that would 

result from the expression of a known SCN5A mutation instead of the wild-type Nav1.5 

channel, a monoclonal Kir2.1+Cx43 HEK-293 line was established (Figure 3.1) and then 

transfected with a plasmid encoding the known Brugada syndrome SCN5A mutation, 

A1924T (provided by Drs. Walter Chazin and Svetlana Stepanovic, Vanderbilt). The 

A1924T plasmid was ligated within the pCGI bicistronic vector (i.e. GFP-IRES-A1924T). 

A1924T expressing HEK-293 cells were identified by GFP fluorescence and a 

monoclonal A1924T+Kir2.1+Cx43 HEK-293 cell line was derived for further 

characterization. 

 



 

36 

 

Figure 3.2. Experimental approach for genetically engineering excitable cells. (A) 
Unexcitable wild-type HEK-293 cells were transfected with the Kir2.1-IRES-mCherry plasmid and 
monoclonal lines were derived from cells that exhibited high mCherry fluorescence intensity.  (B) 
Subsequently, the Nav1.5-IRES-GFP plasmid was transfected into a Kir2.1 HEK-293 monoclonal 
cell line and monoclonal lines were derived that expressed both mCherry and GFP. (C) Finally, 
the Cx43-IRES-mOrange plasmid was transfected into a Kir2.1+Nav1.5 HEK-293 monoclonal cell 
line to derive Kir2.1+Nav1.5+Cx43 HEK-293 monoclonal lines with strong mOrange fluorescence 
in addition to mCherry and GFP. The electrophysiological properties of these monoclonal cell 
lines were characterized after each subsequent transfection. Cells were selected by puromycin 
resistance, fluorescent cell sorting, and monoclonal isolation 
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3.2.3 Whole-cell membrane current recording 

HEK-293 cells were gently trypsinized (0.05% Trypsin EDTA, Gibco) and seeded 

onto clean glass coverslips. After three hours of incubation, the coverslips were 

transferred to a room temperature perfusion chamber on the stage of an inverted 

fluorescence microscope (Nikon TE2000). Patch pipettes were fabricated from 

borosilicate glass capillary tubes (WPI, Schott #8250, PG52151-4) pulled to generate 

electrodes with tip resistances of 0.8-1.8 MΩ (for hH1) or 1.5-3.5 MΩ (for Kir2.1, AP, 

current or dual clamp) when filled with internal patch solutions. All recordings (at room 

temperature) were performed using the Multiclamp 700B amplifier (Axon Instruments) 

and digitized with a NIDAQ-MX computer interface (National Instruments). Pulse 

protocols and current responses were generated, recorded, and analyzed with the 

WinWCP software package (John Dempster, University of Strathclyde). Whole cell 

currents were filtered at 10 kHz and digitized at 40 kHz. Series resistance (up to 80%) 

and cell capacitance compensation were applied using the amplifier settings. Liquid 

junction potential was not corrected.  

The internal patch and external bath solutions, voltage protocols, and analytical 

methods for recording whole-cell sodium currents (INa) from Nav1.5 expressing HEK-293 

cells were used as previously published [175, 179]. Briefly, cells were superfused (1-2 

mL/min) with an external bath solution containing (in mM): 130 NaCl, 4 KCl, 1 CaCl2, 5 

MgCl2, 5 HEPES, and 5 glucose; pH 7.4 adjusted with NaOH.  Patch pipettes filled with 

an internal solution consisting of (in mM): 130 CsCl, 1 MgCl2, 5 MgATP, 10 BAPTA, and 

10 HEPES; pH adjusted to 7.2 with CsOH.  Fast activation of the hH1 (SCN5A) cardiac 

sodium channel inward current was determined through application of 40 ms 

depolarizing voltage steps (from -80 to +40mV at 5mV increments) from a -100 mV 
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holding potential and 1400 ms interval.  Inactivation kinetics were measured by applying 

500 ms prepulses to the cells from -130 to -40 mV steps at 5 mV increments.  Each step 

was then followed by a 20 ms test pulse at -20 mV to determine channel inactivation.  

Steady-state activation and inactivation kinetics were fit with a nonlinear regression 

curve and Boltzmann functions to determine V1/2 and slope (k).   

The solutions and protocols for recording Kir2.1 currents (IK1) were used in 

accordance with those described by de Boer et al. [129]. Specifically, the internal pipette 

solution for recording both IK1 and HEK-293 IV characteristics consisted of (in mM): 125 

K+ gluconate, 10 KCl, 5 HEPES, 5 EGTA, 2 MgCl2, 0.6 CaCl2, and 4 Na2ATP adjusted 

to pH 7.2 with KOH and 270-280 mOsm with glucose. The external bath solution 

(Tyrode’s solution) consisted of (in mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 

HEPES, 0.33 NaH2PO4, and 5 Glucose adjusted to pH 7.2 with NaOH and 300 - 320 

mOsm with glucose. Currents from control and Kir2.1 expressing HEK-293 cells were 

measured by clamping an individual cell at a -40mV holding potential and applying 1 

second voltage pulses from -130 to 60mV steps at 10mV increments. 

3.2.4 Whole-cell membrane voltage and AP voltage clamp recording 

Membrane potential was recorded during patch clamp analysis in current clamp 

mode (no holding current) at room temperature. Then, 1 ms depolarizing current steps 

(from 0.5 nA to 2 nA in 0.1 nA increments) were applied to the cell in an attempt to elicit 

an all-or-none action potential response. Extracellular bath solution (Tyrode’s) consisted 

of (in mM) 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 MgCl2, 0.33 NaH2PO4, 5 HEPES, and 5 

glucose (pH 7.4). The membrane current during the course of action potential was 

assessed using the action potential (AP) clamp technique [180-181] in which a 

previously recorded action potential waveform (measured in an excitable Ex-293 
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monolayer at 35ºC with a sharp electrode) was used as the stimulus protocol in whole-

cell voltage-clamp mode. Recorded currents in the presence of 1 mM barium chloride 

(Sigma) or 5 µM tetrodotoxin (TTX, Sigma) reflected respective contributions of INa and 

IK1 to the action potential waveform.   

3.2.5 Dual whole-cell patch clamp recording 

HEK-293 cell pairs formed in sparsely plated 2-day cultures were used for dual 

whole-cell measurement of gap junctional conductance at room temperature, as 

previously described [182].  Patch electrodes with resistance of 1.5-3.5 MΩ were filled 

with a CsCl containing solution to block endogenous potassium currents. Each cell in the 

pair was clamped by a separate patch electrode to a 0 mV holding potential. A 20 mV 

depolarizing (8 seconds long) pulse was then applied to one of the two cells. Gap 

junctional conductance (gj) was then calculated by dividing the resulting junctional 

current by the transjunctional voltage step (+20 mV) after accounting for the 

uncompensated series resistance in each electrode [183-184].  

3.2.6 Sharp intracellular recording 

Sharp microelectrodes were fabricated from standard wall borosilicate glass 

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

micropipette puller to generate electrodes with tip resistances between 60 and 100 MΩ 

when backfilled with 3M KCl as previously described [185]. The electrodes were 

connected to the headstage of a Multiclamp 700B amplifier (Axon Instruments, Inc.) 

using a silver chloride wire embedded within the micropipette holder. A reference silver 

chloride wire was connected to the bath chamber through an agar bridge. Coverslips 

seeded with HEK-293 cells were grown to confluence and then placed into a 

temperature controlled (35ºC) perfusion chamber mounted onto an inverted microscope 
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(Nikon Eclipse TE2000) and perfused with warm Tyrode’s solution consisting of (mM) 

135 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 MgCl2, 0.33 NaH2PO4, 5 HEPES, and 5 glucose; pH 

was adjusted to 7.4 with NaOH. Resting membrane potentials and action potentials were 

recorded from cardiomyocyte cells after the establishment of stable intracellular 

impalement. Data was sampled at 20 kHz and low-pass filtered at 4.5 kHz using a 4-pole 

Butterworth filter. The induction and capture of action potentials was performed using a 

point stimulus bipolar electrode source placed on top of the cells 0.6 cm away from the 

recording electrode. A Grass Stimulator (Grass Technologies) delivered 1 ms 

depolarizing stimuli at pacing rates from 0.2 - 30 Hz to elicit action potential responses 

and to determine maximum capture rate. Electrode potential offset and capacitance was 

neutralized prior to impalement using the Multiclamp 700B amplifier (Axon Instruments).  

Membrane voltage recordings were digitized using a BNC-2090 adaptor and NIDAQ-MX 

computer interface (National Instruments Corporation, Austin, TX). Signals were 

recorded and analyzed using WinWCP and WinChart software (supplied by Dr. John 

Dempster, University of Strathclyde). Analysis of resting membrane potential and AP 

dynamics including action potential duration (APD) at 80% repolarization, action 

potential amplitude, and maximum upstroke velocity (dVm/dt) were determined using a 

custom-made MATLAB program as previously described [185]. 

3.2.7 Western blot analysis 

Total whole-cell protein extracts were isolated from approximately 5 million cells 

per sample using 1 mL of RIPA Buffer (Sigma, St. Louis, MO) supplemented with 

protease and phosphatase inhibitors (Calbiochem, La Jolla, CA). Protein lysates were 

solubilized for 1 hour at 4ºC on a nutating mixer and soluble fractions were collected 

after a 10 minute centrifugation at 13,000 rpm. Protein quantification was performed 



 

41 

using a Bio-Rad protein assay dye (Bio-Rad, Hercules, CA) and resulting sample 

absorption at 595 nm. After dilution in 1x protein loading buffer containing SDS, 10 µg of 

total protein from each sample was separated on a 10% Tris-HCl 1.0 mm Criterion Gel 

(Bio-Rad) for 1 hour at 200 V. The resolved proteins were transferred to a nitrocellulose 

membrane (Bio-Rad) at 30 V for 18 hours at 4ºC. The membrane was blocked with 5% 

dry milk dissolved in Tris-buffered saline with 0.1% Tween (TBST) for 1 hour at room 

temperature. Primary antibodies, diluted in 5% milk in TBST and applied to the 

membrane for an overnight incubation at 4ºC on a rocking platform, included anti-

connexin-43 (diluted 1:300, Zymed 71-0700, Carlsbad, CA) and anti-β-tubulin (diluted 

1:10,000, Abcam ab6046, Cambridge, MA). After washing four times for 10 minutes 

each with TBST, the membrane was probed with a horseradish peroxidase (HRP)-

conjugated anti-rabbit secondary antibody (1:20,000, Jackson Laboratories, West Grove, 

PA) for 1 hour at room temperature with agitation. The membrane was washed again as 

previously described and labeled proteins were visualized following the two minute 

incubation with a chemiluminescent substrate (SuperSignal West Pico, Pierce, Rockford, 

IL).  

3.2.8 Fluorescence recovery after photobleaching (FRAP) 

Functional intercellular coupling was investigated using fluorescence recovery 

after photobleaching (FRAP) [186], as described in our previous publication [187]. In this 

method, fluorescence in a photobleached cell can be recovered by passage of the 

fluorescent dye from surrounding cells through functional gap junctions; the speed and 

level of the recovery reveal the degree of cell coupling. For FRAP analysis, HEK-293 

cells were loaded with the fluorescent Calcein AM dye (Molecular Probes, 0.5 µM diluted 

in DMEM, 20 minutes at 37°C), washed with PBS, exchanged to complete growth 
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media, and imaged / bleached with an upright confocal microscope (Zeiss LSM 510).  

Individual cells within multicellular networks were photo-bleached with a 488 nm Argon 

laser to remove Calcein fluorescence from the target cell. Calcein fluorescence recovery 

in the bleached cells was monitored by acquiring an image every 10 seconds for at least 

6 minutes after bleaching. The time course of recovery of Calcein fluorescence in the 

target cell (by inflow from the adjacent cells) was fit by an exponential curve using 

custom MATLAB software. This software application 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 [188]. The calculated recovery rate 

constant [188-189] for each sample was normalized by the number of cells in direct 

contact with the target cell. To verify that dye transfer occurred through gap junctions, 

the gap junction blocker palmitoleic acid (500 µM, Fluka) was added to selected cultures 

after establishing functional dye recovery.  

3.2.9 Fabrication of 2-dimensional HEK-293 cell networks 

Isotropic excitable HEK-293 monolayers were made by plating 2.5x105 cells onto 

fibronectin-coated (15 µg/mL, Sigma) Aclar® (Electron Microscopy Sciences) coverslips 

(21 mm diameter) and culturing to confluence. The fibronectin was diluted in PBS and 

coverslips were coated for one hour at room temperature. Anisotropic HEK-293 

monolayers were made by culturing the cells on fibronectin-coated (15 µg/mL) 

microgrooved films (1 μm Gradient Diffraction Aclar, Edmund Industrial Optics). Thin cell 

strands were created by microcontact-printing fibronectin lines for directed cell 

attachment [20]. Briefly, silicon wafers were coated with a 10 µm-thick layer of 

photoresist (SU-8 10, Microchem), exposed to UV light through a photomask, and 
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developed to produce a negative of the desired pattern. Casted polydimethylsiloxane 

(PDMS) replicas (stamps) were then used to transfer the 150 μm-wide, 10 mm-long, 

fibronectin parallel lines (spaced 300 μm apart) onto 22 mm diameter PDMS-coated 

coverslips. Unstamped areas were coated with 0.2% w/v Pluronic F-127 (Molecular 

Probes) to prevent cell attachment and bridging between adjacent lines. 

3.2.10 Fabrication of 3-dimensional excitable HEK-293 biosynthetic tissues 

Fibrin-based hydrogel solution was made using bovine fibrinogen (2 mg/mL, 

Sigma), bovine thrombin (0.4 U/mg fibrinogen, Sigma), and Matrigel (10% v/v, Becton 

Dickenson), as previously described  [190]. 3-D tissue cords were fabricated by casting 

7x106 cells/mL hydrogel solution inside a 2.5 cm-long silicon half-tube with two Velcro® 

felts pinned at the tube ends. The Velcro® served to anchor the hydrogel and by 

establishing passive tension during cell-mediated gel compaction, facilitated cell 

spreading and contact. Aminocaproic acid (1 mg/mL, Sigma) was added to the culture 

medium to prevent degradation of fibrin by serum plasmin. With time in culture, the 

excitable HEK-293 cells (“Ex-293 cells”) spread and aligned as identified by 

fluorescence imaging for GFP, mCherry, and mOrange. 

3.2.11 Optical mapping of action potential propagation 

Optical mapping of impulse propagation in confluent HEK-293 cell monolayers 

(isotropic or anisotropic), micropatterned HEK-293 cell strands, and 3-D excitable HEK-

293 biosynthetic tissue constructs was performed using voltage sensitive dyes that 

change fluorescence proportionally to transmembrane voltage. The photodiode 

recording system used has 504 optical fibers arranged into a 20 mm diameter hexagonal 

bundle (Redshirt Imaging), a 50 µs time resolution, and a tunable spatial resolution 

between 12.5 µm (60X objective, micromapping) and 750 µm (1X, macromapping 
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contact mode), as previously described [191]. For the experiments, cell cultures were 

placed in a thermo-regulated chamber after a 5 minute room temperature staining with 

the voltage sensitive dye Di-4 ANEPPS (10 µM, Molecular Probes), illuminated with 

green excitation light (520±20 nm) during a controlled stimulus application, and 

fluorescence was recorded in the red spectrum (>590 nm) according to the dye 

emission. Recorded fluorescence was converted to voltage using photodiodes and then 

signals were amplified and stored in a computer for MATLAB analysis. Light shutter 

control, data acquisition, and electrical stimulation were synchronized using LabView. 

Tissue bundles were pinned to a thin PDMS membrane placed inside the recording 

chamber to minimize bundle movement. A bipolar point electrode or platinum field 

electrode was used to stimulate the cultures at 1.2x threshold to initiate impulse 

propagation or simultaneously depolarize the entire culture, respectively. The 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 (The Mathworks) software as previously described [192]. Local 

conduction velocities were calculated using the activation time for each optical fiber 

relative to those of neighboring fibers [152]. Longitudinal and transverse conduction 

velocities were determined at the long and short axes of elliptical isochrones, excluding 

recording channels within 1.5 mm from the pacing site. Anisotropy ratio was defined as 

the ratio of longitudinal to transverse conduction velocity. Action potential duration was 

measured at 80% repolarization. 
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Figure 3.3. Setup for optical mapping of action potential propagation in macroscopic 
mode. (A) Tyrode’s solution was perfused through a temperature-controlled chamber housing the 
coverslip with cells. Fluorescence from cells stained with potentiometric dyes was simultaneously 
recorded by a 504-channel optical fiber array, digitized, stored, and analyzed on a PC. Field “F” 
and point “P” stimuli were applied using Grass stimulators. (B) Top view of chamber showing 
hexagonal optical fiber array and stimulus electrodes. Image modified from Badie et al. [192]. 
 

 

3.2.12 Studies of spiral activity 

Spiral waves were induced by rapid (25 - 30 Hz) burst pacing from the edge of a 

cell monolayer and optically mapped [193]. For anchored (anatomical) spiral wave 

studies, a 1.6 mm circular obstacle was punched out from the center of a coverslip prior 

to cell seeding. Spiral rotational rate was calculated by averaging activation rate from 

multiple sites at the coverslip periphery. Phase map and singularity analyses (with 15 ms 

time delay) were used to track the tip trajectory of drifting spiral waves [193-194]. During 

perfusion of channel inhibitors, rotational rate, wave unpinning, and changes in spiral 

wave path length were documented [81] until termination of reentrant activity. 
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3.2.13 Pharmacological studies 

Tetrodotoxin (TTX, Sigma), barium chloride (BaCl2, Alfa Aesar), and palmitoleic 

acid (PA, Sigma) were added to extracellular bath solution during patch clamp or optical 

mapping (1 Hz, 1.2x threshold stimulation in monolayers) recordings to selectively inhibit 

INa [29], IK1 [28], and gap junctional coupling [195-196], respectively. Recordings with 

lidocaine (50 µM, Sigma) or flecainide (10 µM, Sigma) [197] were performed during 40 

pulses at 10 Hz stimulation. All recordings using pharmacological modulation were 

started 5 minutes after drug application. 

3.2.14 Immunostaining, histology, and image acquisition 

HEK-293 cells were immunostained for Cx43 expression as previously described 

[187]. Briefly, cells were fixed and dehydrated in a solution of methanol:acetone (50:50) 

for 2 minutes at room temperature, washed 3 times with PBS, permeabilized in a 0.5% 

solution of Triton-X (Triton X-100 diluted in PBS) for 15 minutes at room temperature, 

and then blocked in a solution of 1% bovine serum albumin (BSA, Sigma) and chicken 

serum (Gibco) in a 5:1 ratio for one hour at room temperature. A primary antibody 

specific for anti-connexin-43 (Zymed/Invitrogen, rabbit polyclonal), was applied overnight 

at 4oC. Secondary antibodies, including Alexa Fluor 488 (chicken anti-rabbit) were 

applied for 1 hour at room temperature. Nuclei were counterstained with DAPI (Sigma). 

All fluorescent images were acquired, pseudocolored, and processed using IPLab 

(BioVision Technologies) as previously described [187] using a CCD camera (Cooke 

SensiCam QE). For histological analysis, tissue bundles were fixed in 4% PFA 

overnight, paraffin-embedded, cut into 5 µm thick transverse and longitudinal sections, 

stained with hematoxylin & eosin (DUMC Department of Pathology), and imaged using 

an inverted microscope (Nikon TE2000) and NIS-Elements software.   
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3.2.15 Statistical Analysis 

Optical and electrophysiological signals were analyzed using WinWCP (provided 

by Dr. John Dempster, University of Strathclyde), custom-made MATLAB (The 

Mathworks) software applications, and Prism (Graphpad) software. Data are presented 

as mean ± s.e.m. and were evaluated for statistical significance using linear regression 

or an analysis of variance, ANOVA (one-way, alpha factor of 0.05) followed by Tukey’s 

post-hoc test for multiple comparisons. Statistical significance was defined as ^P<0.05, 

#P<0.01, or *P<0.001. 

3.3 Results 

3.3.1 Characterization of Kir2.1 expression in HEK-293 cells 

Prior to transfection with the Kir2.1-IRES-mCherry plasmid, the resting potential 

of wild-type HEK-293 cells was measured using sharp intracellular recordings.  Like 

most unexcitable cells [36], wild-type (wt) HEK-293 cells (Figure 3.4A1) were found to 

have a relatively depolarized resting membrane potential of -24.42±0.81 mV (N = 10) 

(Figure 3.4A2). Upon stable overexpression of the Kir2.1-IRES-mCherry plasmid in 

HEK-293 cells by liposomal transfection, positively transfected cells were identified and 

selected for bright mCherry fluorescence (Figure 3.4B1).  Intracellular recordings of 

membrane potential in these cells reported a significant hyperpolarization of the resting 

membrane potential (Figure 3.4B2). Application of 1 mM barium chloride (BaCl2), an 

inhibitor of Kir2.1 channels [28], resulted in depolarization of the resting membrane 

potential that eventually, upon significant channel block, reset the membrane potential 

near values measured in wt HEK-293 cells. Transfected cells were selected with 1.5 

μg/mL puromycin and monoclonal cell lines were generated by expanding single cells in 

isolation. One stable monoclonal Kir2.1-expressing HEK-293 cell line was selected for 
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further studies based on its bright mCherry fluorescence and significantly hyperpolarized 

resting membrane potential (-78.35±0.87 mV, N = 22) similar to that observed in rat 

ventricular myocytes [198].  This engineered cell line (Kir2.1 HEK-293) was used for 

additional transfections to generate monoclonal lines expressing two or all three 

plasmids (Kir2.1+Nav1.5 HEK-293 and Kir2.1+Nav1.5+Cx43 HEK-293, respectively). All 

of these Kir2.1-expressing cell lines retained a significantly hyperpolarized resting 

potential as compared to the wild-type HEK-293 cells (Figure 3.4C). 

 

Figure 3.4. Expression of Kir2.1 in HEK-293 cells induces membrane hyperpolarization. 
(A1-A2) Wild-type (wt) HEK-293 cells have few endogenous membrane currents and a relatively 
depolarized resting membrane potential (-24.4±0.8 mV). (B1-B2) Expression of the inwardly 
rectifying potassium channel plasmid, Kir2.1-IRES-mCherry, resulted in bright mCherry 
fluorescence within the cells (B1) and a significant hyperpolarization of the resting membrane 
potential (-78.4±0.9mV) that could be reversed with high dose application of the Kir2.1 channel 
blocker, barium chloride (B2). (C) Kir2.1 expression in all of the genetically engineered HEK-293 
monoclonal cell lines yielded significant (*P<0.001) hyperpolarization of resting membrane 
potential (RMP) as compared to wild-type (wt) HEK-293 cells. Error bars denote mean±s.e.m.; N 
= 10-22 cells.  
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The hyperpolarizing shift in membrane potential upon expression of the Kir2.1-

IRES-mCherry plasmid was a result of the inwardly rectifying potassium current (IK1) 

mediated by the Kir2.1 channel. Whole-cell patch clamp recordings of untransfected (wt 

HEK-293) and stable genetically engineered monoclonal HEK-293 cells expressing 

Kir2.1 confirmed the existence of robust IK1 in the cells transfected with the Kir2.1-IRES-

mCherry plasmid (Figure 3.5A&B). For example, current elicited at a -100 mV step from 

a -40 mV holding potential in the monoclonal Kir2.1 HEK-293 cell line generated a large 

inward current (Figure 3.5A) with a magnitude of -125 ± 3.56 pA/pF (N = 7). In contrast, 

untransfected HEK-293 cells exhibited a small endogenous current with slight outward 

rectification at positive potentials (Figure 3.5A&C), and yielded -2.84 ± 1.12 pA/pF (N = 

6) of current elicited at a -100 mV step from a -40 mV holding potential. The average cell 

capacitance of untransfected and transfected HEK-293 cells was not significantly 

different and amounted to 20.4 ± 0.7 pF. The current-voltage (IV) characteristics of the 

average current measured in the engineered Kir2.1-expressing HEK-293 monoclonal 

cell lines (Figure 3.5B) reflected anticipated IK1 kinetics, and yielded consistency in 

expression level as one might expect from genetically identical monoclonal cells. 
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3.6A-D). The INa current measured in the monoclonal Kir2.1+Nav1.5 cell line also showed 

cardiac-specific sensitivity to block by tetrodotoxin [29] (TTX) (Figure 3.6C) and 

characteristic voltage-dependent steady-state activation and inactivation properties [29] 

(Figure 3.6E). Specifically, the V1/2 and slope of activation was -32.9±0.7 mV and 7.1±0.4 

(N = 6) while the V1/2 and slope of inactivation was -86.1±1.0 mV and 5.6±0.2 (N = 6). 

 

 

Figure 3.6. Patch clamp analysis of INa and IK1 in Kir2.1+Nav1.5 monoclonal HEK-293 cells. 
(A-D) Representative recordings of INa activation (A), inactivation (B), and TTX block (C) in 
monoclonal Kir2.1+Nav1.5 HEK-293 cells. (D) Peak INa-V curves obtained from Kir2.1+Nav1.5 
(black squares, N = 6) and wild-type HEK-293 (white circles, n = 6) cells. (E) Voltage dependence 
of INa steady-state activation (black squares, N = 6) and inactivation (white squares, N = 6). (F) 
Kir2.1+Nav1.5 HEK-293 cells maintained robust BaCl2-sensitive IK1. Activation of INa also occurred 
at the end of several IK1 test pulses (insets). 
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Examination of IK1 following the addition of INa in the Kir2.1+Nav1.5 monoclonal 

HEK-293 cell line confirmed the stability and strength of this barium-sensitive current in 

the coexpressing channel line (Figure 3.5B & Figure 3.6F). We also observed the 

presence of INa activation during the patch clamp analysis of IK1 kinetics at the transition 

from some of the hyperpolarizing to depolarizing test potential steps (Figure 3.6F, 

insets). The input resistance and capacitance of these novel engineered cells amounted 

to (22.2±3.0 MΩ, N = 15) and (20.4±0.7 pF, N = 35), respectively. 

Interestingly, during patch clamp analysis of INa, we noted a correlation between 

the level of GFP fluorescence and the magnitude of INa (Figure 3.7) among the isolated 

monoclonal cell populations. Since both genes in the plasmid (GFP and the SCN5A 

sodium channel) are transcribed by the same promoter, it is likely that the level of 

expression of each will correlate; however, these proteins are not expected to be 

expressed in a fixed stoichiometric ratio because they are translated separately as a 

result of the bicistronic plasmid structure and IRES sequence. For this project, we 

selected a monoclonal cell line (the “Kir2.1+Nav1.5 HEK-293” line) with the largest INa 

and, consequently, most robust GFP expression. 
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Figure 3.7. Correspondence of GFP fluorescence intensity and INa magnitude in 
monoclonal Nav1.5 expressing HEK-293 cell lines. (A-B) Transfection of the Nav1.5-IRES-GFP 
plasmid into HEK-293 cells and monoclonal selection yielded lines exhibiting a range of GFP 
fluorescence intensity.  (C) INa amplitude was shown to correlate with GFP expression level in the 
monoclonal Nav1.5 HEK-293 cell lines.  

 

3.3.3 Expression of IK1 and INa enables action potential generation 

 By using whole-cell patch clamp recordings, we further demonstrated that 

unexcitable HEK293 cells genetically engineered to express both IK1 and INa acquired the 

property of membrane excitability wherein on reaching an excitation threshold by current 

injection, they reproducibly fired an ‘all-or-none’ action potential (AP) (Figure 3.8A) with 

duration at 80% repolarization (APD80) of 20.9±1.1 ms, amplitude of 93.3±1.1 mV, and 
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27). To dissect the contributions of IK1 and INa to an AP time-course in these cells, we 

utilized the AP clamp technique [199] (Figure 3.8B). As expected from the IK1 current-

voltage relationship recording in Kir2.1+Nav1.5 monoclonal cells (Figure 3.5B), outward 

potassium current activated above the resting potential during the AP upstroke in an 

attempt to maintain membrane hyperpolarization and also during the AP plateau (when 

the membrane potential fell below -25 mV) to bring the cell back to rest. Endogenous 

HEK-293 voltage-gated outward currents [200] likely contributed to repolarization earlier 

in the AP plateau phase at depolarized potentials (Figure 3.5C). Inward INa activated only 

during the AP upstroke followed by rapid inactivation (Figure 3.8B). Selective inhibition 

of IK1 by barium chloride (BaCl2) or INa by tetrodotoxin (TTX) was used to confirm the 

roles these currents play in the initiation and repolarization of the action potential within 

the engineered excitable cells (Figure 3.8B, lower panels).  

 

Figure 3.8. Coexpression of IK1 and INa enables membrane excitability and action potential 
generation in engineered monoclonal Kir2.1+Nav1.5 HEK-293 cells. (A) Current pulses (inset) 
induced an all-or-none action potential (AP) response in Kir2.1+Nav1.5 but not Kir2.1 HEK-293 
cells. (B) AP clamp recordings in Kir2.1+Nav1.5 HEK-293 cells along with selective channel 
inhibition revealed the individual contributions of INa and IK1 to the AP. 

A B

0 nA

0 nA

0 nA

0.
5 n

A

5 ms

+ 1mM BaCl2

+ 5 µM TTX
Im

5 ms25
 m

V
Vm

0 mV

Im

Im

-75 mV

25
 m

V

5 ms

5 ms0.
5 

nA

Vm

Vm

Kir2.1 HEK-293 

Kir2.1+Nav1.5 HEK-293 

20
m

V

10 ms

Im

0 mV

-76 mV

-75 mV

0 mV

20
 m

V

10 ms

1 
nA

4 ms
0 nA

Im



 

55 

3.3.4 Cx43 expression enables rapid action potential propagation 

We further tested if the excitable Kir2.1+Nav1.5 HEK-293 cells can support active 

electrical conduction when cultured in confluent 2-D (monolayer) cell networks. Optical 

mapping of transmembrane voltage in these cultures, however, revealed either 

uncoordinated aperiodic electrical activity caused by slowly-moving and colliding 

excitation waves (Figure 3.9A-C) or slow AP conduction (5.6 ± 0.2 cm/s, N = 4; Figure 

3.9D). The observed “fibrillatory” activity (Figure 3.9A&B) could be terminated by a 

strong electric shock but reoccurred either spontaneously (Figure 3.9C) or during rapid 

pacing at rates above 10 Hz (not shown). The slow or unorganized AP propagation 

observed in the Kir2.1+Nav1.5 HEK-293 cells was likely supported by weak intercellular 

coupling (Figure 3.10D-F) that originated from the endogenous expression of gap 

junction proteins other than connexin-43 (Figure 3.10A&B) [187, 201-202]. Therefore, to 

enable rapid and uniform AP propagation in the Kir2.1+Nav1.5 HEK-293 cells, we stably 

transfected the Kir2.1+Nav1.5 monoclonal line with a plasmid encoding Cx43-IRES-

mOrange (Figure 3.2C). 

From these polyclonal cells, we derived "Kir2.1+Nav1.5+Cx43 HEK-293" 

monoclonal cell lines with bright mOrange fluorescence and abundant expression of 

Cx43 gap junctions at cell-cell interfaces (Figure 3.10A). Western blot analysis confirmed 

Cx43 protein expression after transfection and demonstrated lack of Cx43 expression in 

wt HEK-293 cells (Figure 3.10B). One of these excitable and well-coupled 

Kir2.1+Nav1.5+Cx43 HEK-293 monoclonal lines was named “Excitable-293” (Ex-293). 

Functional intercellular coupling in Ex-293 cells was dramatically enhanced compared to 

endogenous HEK-293 coupling, as demonstrated by dual whole-cell patch-clamping 

[182] (Figure 3.10C) and fluorescence recovery after photobleaching (FRAP) [187-188] 
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(Figure 3.10D-F). The average gap junctional conductance in Ex-293 cell pairs 

(134.1±14.0 nS, N = 12), was comparable to that measured in isolated pairs of neonatal 

rat [201] or adult canine [203] cardiomyocytes.  

 

 

Figure 3.9. Kir2.1+Nav1.5 HEK-293 cell monolayers exhibit asynchronous electrical activity 
and/or slow conduction. (A) At the start of recording, confluent isotropic monolayers of 
monoclonal Kir2.1+Nav1.5 cells often exhibited high-frequency unorganized electrical activity 
caused by numerous, slowly moving, splitting and colliding waves. Shown is one instant of 
optically recorded transmembrane voltage. Color bar indicates percent action potential amplitude 
(% APA). Different sites in the monolayer (e.g. 1 and 2) activated at different rates (bottom panel), 
demonstrating the lack of spatial synchrony in activation. Red stars denote the time at which the 
transmembrane voltage frame (top panel) was taken. (B) Map of dominant activation frequencies 
shows asynchronous “fibrillatory” activity. (C) Application of a strong extracellular field shock 
resulted in either transient cessation of activity followed by spontaneous reactivation (top panel) 
or successful termination of all unorganized activity (bottom panel). (D) Low frequency (<10 Hz) 
point stimulation (white pulse sign) from the center of a quiescent monolayer yielded uniform but 
slow conduction (5.6±0.2 cm/s). Shown is a color-coded map of cell activation with white 
isochrone lines drawn at every 8 ms.  
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Figure 3.10. Expression of Connexin-43 (Cx43) gap junctions in Kir2.1+Nav1.5 HEK-293 
cells enhances intercellular coupling. (A) Following stable Cx43 overexpression, the derived 
Kir2.1+Nav1.5+Cx43 HEK-293 cells formed abundant intercellular Cx43 gap junctions (green), 
which were not detected in wt HEK-293 cells (inset). (B) Western blot analysis shows lack of 
detectable Cx43 in wt HEK-293 while Cx43 transfected HEK-293 express the Cx43 protein. Beta-
tubulin was used as a loading control. (C) Two abutting Ex-293 cells (labeled 1 and 2) were 
individually voltage-clamped in whole-cell mode. Initially, both cells were held at 0 mV. Cell 1 was 
then depolarized by a 20 mV voltage step (Vm 1) while Cell 2 remained clamped at 0 mV (Vm 2), 
eliciting a current response Im 1 (in Cell 1) and a transjunctional current response Im 2 (in Cell 2).  
Block of gap junctional coupling by the application of 500 μM palmitoleic acid (PA) abolished the 
flow of transjunctional current. Measured average gap junctional conductance in Ex-293 cell pairs 
was 134.1±14.0 nS (N = 15). (D) Representative recordings of fluorescence recovery after 
photobleaching (FRAP) in monoclonal HEK-293 cell lines. Confluent monolayers of Kir2.1+Nav1.5 
or Kir2.1+Nav1.5+Cx43 (“Ex-293”) cells were loaded with Calcein dye (green) and single cells 
(indicated by white arrows) were selectively photobleached using a confocal microscope and 
Argon laser. (E) FRAP demonstrated significantly increased functional coupling in monoclonal 
Kir2.1+Nav1.5+Cx43 (“Ex-293”) cells (green, recovery rate κ = 0.42±0.08 min-1, N = 7) compared 
to wt HEK-293 (black, κ = 0.06±0.02 min-1, N = 6) and Kir2.1+Nav1.5 HEK-293 (red, κ = 
0.05±0.01 min-1, N = 5) cells (P < 0.001). Gap junctional blocker palmitoleic acid (PA) inhibited 
cell-cell coupling and fluorescence recovery (blue, κ = 0.011±0.004 min-1, N = 6). (F) Total 
florescence recovery in the monoclonal HEK-293 lines six minutes after photobleaching.  

 

Optical mapping of transmembrane voltage and action potential propagation in 

Ex-293 monolayers revealed that the enhancement of intercellular coupling by 

overexpression of Cx43 eliminated the asynchronous or slow action potential 

propagation seen previously in the Kir2.1+Nav1.5 cell line. We observed no spontaneous 
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3.3.5 Influence of cell geometry on AP conduction in Ex-293 cell networks 

The dependence of conduction velocity (CV) in Ex-293 monolayers on the spatial 

distribution of gap junctions was then explored by utilizing topographical and biochemical 

cues (microgrooved and micropatterned substrates [20]) to elongate and align Ex-293 

cells within confluent anisotropic networks and thin strands (Figure 3.12). As expected, 

action potential conduction was found to be faster along (longitudinal velocity of 31.6±1.8 

cm/s, N = 5) and slower across (transverse velocity of 20.6±1.1 cm/s, N = 5) the aligned 

cells (Figure 3.12B), as compared to non-aligned cells (conduction velocity of 23.3±0.6 

cm/s, N = 39; Figure 3.12A), due to the directional differences in the number of gap 

junctions (and cell-cell contacts) per unit length [40]. This demonstrates that Ex-293 cells 

can be patterned to take a geometrically defined orientation to yield anisotropic cultures 

with a longitudinal/transverse CV anisotropy ratio of 1.5±0.1. The Ex-293 cells also 

adhered to thin (150 μm wide) micropatterned parallel lines of fibronectin stamped onto 

coverslips. Microscopic optical mapping of these “Ex-293 cell strands” during electrical 

stimulation demonstrated that successful action potential propagation could be achieved 

and analyzed at the cellular scale (Figure 3.12C), thus extending the utility of this novel 

cell platform. Furthermore, it was noticed that within the cell strands, the Ex-293 cells 

moderately aligned along the strand axis and therefore had higher conduction velocities 

(25.2±1.1, N = 9) than that of isotropic Ex-293 monolayers (23.3±0.6, N = 39). Electrical 

properties of the Ex-293 cell line are summarized in Table 3.1. 
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Figure 3.12. Action potential propagation in anisotropic, isotropic, and micropatterned Ex-
293 cell networks. (A) Point stimulation (pulse sign) in isotropic monolayers with randomly 
oriented Ex-293 cells yielded a circular propagation pattern as shown by a frame of 
transmembrane voltage during 25 Hz stimulation (blue to red denotes rest to peak of action 
potential) and by the corresponding isochrone map of activation (isochrone lines labeled in ms). 
(B) In comparison, Ex-293 cells grown on a substrate containing parallel microgrooves elongated 
and aligned along the grooves (red arrow, top panel) to form anisotropic monolayers. Point 
stimulation in these cell networks yielded faster action potential propagation along rather than 
across the aligned cells, thus creating an elliptical activation pattern. (C) Ex-293 cells within 150 
μm wide micropatterned strands preferentially aligned along the strand and exhibited faster action 
potential propagation than cells in isotropic monolayers. Propagation in strands was recorded at 
20x magnification. Small circles in propagation maps denote 504 optical recordings sites.  
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Table 3.1 Biophysical properties of the Ex-293 cell line 

 

3.3.6 Electrical conduction in Ex-293 networks is distinctly regulated by the 
activity of specific channels 

We further characterized how expressed ion channels contribute to action 

potential conduction in Ex-293 monolayers by using specific channel blockers. At the 

cellular level (assessed by sharp microelectrode recordings), gradual inhibition of IK1 by 

increasing doses of BaCl2 significantly increased AP duration (APD80, Figure 3.13A&D), 

depolarized RMP (Figure 3.13B), and decreased the AP upstroke velocity (Figure 

3.13C), confirming the important role of IK1 in the AP repolarization, maintenance of 

RMP, and through the maintenance of RMP, regulation of INa availability and AP 

upstroke. Gradual inhibition of INa by Increasing doses of TTX, on the other hand, 

significantly decreased the AP upstroke velocity and amplitude (Figure 3.13E&G), had 

no significant effect on RMP (Figure 3.13F), and decreased APD80 (Figure 3.13H) 

confirming the prominent role of INa in AP depolarization, and through the opposing 

action to IK1, regulation of AP duration.  

Input resistance (MΩ)* 15 22.2 ± 3.0 Isotropic monolayers:

Capacitance (pF) 35 20.4 ± 0.7 APD80 (ms) 39 28.5± 0.7
IK1 (pA/pF) at -100 mV 9 -120.1 ± 11.2 CV (cm/s) 39 23.3± 0.6

INa (pA/pF) at -20 mV 6 -728.9 ± 17.3 Max capture rate (Hz) 10 26.5± 0.6

INa activation V1/2  (mV) 6 -32.9 ± 0.7 Anisotropic monolayers:

INa activation slope 6 7.1 ± 0.4 APD80 (ms) 5 22.3± 2.1

INa inactivation V1/2  (mV) 6 -86.1 ± 1.0 Longitudinal CV (LCV, cm/s) 5 31.6± 1.8

INa inactivation slope 6 5.6 ± 0.2 Transverse CV (TCV, cm/s) 5 20.6± 1.1

RMP (mV) 27 -74.2 ± 0.7 CV anisotropy ratio (LCV/TCV) 5 1.5± 0.1

AP amplitude (mV) 27 93.3 ± 1.1 Micropatterned strands:

APD80 (ms)** 27 20.9 ± 1.1 APD80 (ms) 9 24.9± 2.5

(dVm/dt)max (V/s)*** 27 150.6 ± 6.1 CV (cm/s) 9 25.2± 1.1
AP peak (mV) 27 19.0 ± 1.0

Property measured         N mean ± s.e.m.     Property measured        N mean ± s.e.m.

*Input resistance measured at rest; **APD80, Action potential duration measured at 80% repolarization 
***(dVm/dt)max (V/s), maximum upstroke velocity 

Single cell electrophysiology:                            Multicellular optical mapping:



 

62 

 

Figure 3.13. Dose-dependent effects of IK1 and INa inhibition on the shape of propagated 
action potentials in Ex-293 cells. Ex-293 monolayers were paced at 1 Hz stimulation rate and 
action potentials of individual cells were recorded by sharp microelectrodes. (A-D) Inhibition of IK1 
by increasing doses of BaCl2 prolonged AP duration at 80% repolarization (APD80, A and D), 
depolarized resting membrane potential (RMP, B), and decreased maximum upstroke velocity 
((dVm/dt)max, C). (E-H) Inhibition of INa by increasing doses of TTX decreased AP amplitude and 
(dVm/dt)max (E and G), yielded no significant change in RMP (F), and decreased APD80 (H). Error 
bars denote mean±s.e.m.; N = 7–20; *P < 0.001; #P < 0.01; ^P < 0.05 vs. corresponding drug-free 
values. 

 

At the tissue level (assessed by macroscopic optical mapping of transmembrane 

potentials), inhibition of Kir2.1, Nav1.5, or Cx43 channels by increasing doses of BaCl2, 

TTX, or palmitoleic acid (PA), respectively, yielded gradual slowing of propagation 

(Figure 3.14A-C) until conduction failure, confirming the critical roles of all expressed 

channels in action potential conduction. Similarly, reduction of INa by stimulation at 

progressively increasing rates [179], yielded decrease in both CV and APD80 (Figure 

3.14D) thereby revealing how the recovery kinetics of Nav1.5 channels govern steady-

state rate dependence of action potential conduction. Furthermore, specific modulations 

of Nav1.5 channel activity by tetrodotoxin, lidocaine, or flecainide [197, 204] showed 

distinct effects on CV and APD80 in Ex-293 monolayers during steady 10 Hz stimulation 
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(Figure 3.14E). The APD80 and CV in drug-free control monolayers remained relatively 

unaffected by the stimulation. Application of 50 µM lidocaine yielded a reduction of 

APD80 and CV to values that remained stable during the 10 Hz stimulation (linear 

regression, P = 0.94 and 0.43 for APD80 and CV, respectively). In contrast, application of 

10 µM flecainide yielded not only an initial reduction of APD80 and CV, but also a rapid, 

use-dependent decrease in APD80 and CV during consecutive stimulus pulses (linear 

regression, P < 0.0001 for both APD80 and CV), until conduction block eventually 

occurred. These results support the fact that lidocaine (Class Ib antiarrhythmic drug) 

preferentially blocks inactivated sodium channels while flecainide (Class Ic 

antiarrhythmic drug) exhibits use-dependent block of open sodium channels [197]. 

Application of 5 μM tetrodotoxin resulted in an initial use-dependent reduction of CV and 

slight decrease in APD80 followed by a steady level of CV inhibition and APD80 reduction. 

Altogether, these experiments suggest the potential of using Ex-293 monolayers as a 

drug-screening platform to identify specific ion channel modulators and further evaluate 

their mechanism of channel inhibition by analysis of drug-induced changes in action 

potential shape and propagation.  
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Figure 3.14. Effects of channel inhibition on action potential conduction in Ex-293 
monolayers. (A-C) Dose-dependent effects of specific channel blockers on conduction velocity 
(CV, red) and AP duration (APD80, blue) in optically mapped Ex-293 monolayers during 1 Hz 
stimulation (N = 5-7). Highest doses shown are before conduction blocks occurred. (D) Effect of 
increased stimulation rate on CV and APD80. The rate was increased in 1 min steps and data 
from all recording sites was averaged during the last 2 seconds of each step (N = 5 monolayers). 
(E) Effect of Nav1.5 channel inhibitors tetrodotoxin, lidocaine, and flecainide on APD80 and CV 
during 10 Hz stimulation (N = 3-5). Error bars in (E) are removed for enhanced clarity of trend. 
Error bars in (A-D) denote mean±s.e.m.; *P < 0.001; #P < 0.01; ^P < 0.05 vs. corresponding drug-
free values.  
 

3.3.7 Induction and termination of spiral reentry in Ex-293 monolayers 

In addition to pacing-driven action potential propagation, confluent Ex-293 

monolayers were also found to support self-sustained stationary (anchored to a small 

acellular obstacle) or freely drifting spiral waves, as is characteristic of various excitable 

media [205] including cardiac tissue [206] (see section 2.6). Prior to cell seeding, a small 

hole (1.6 mm in diameter) was punched out from the center of an Aclar® coverslip. After 

fibronectin coating and cell seeding, monolayers were formed with an acellular obstacle 

in the middle (Figure 3.15A). During point stimulation from the edge of the coverslip, the 

action potential wavefront split and meandered around the acellular obstacle. Rapid 

pacing (> 25 Hz) led to the eventual development of unidirectional block along one arm 
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of the split wavefront, enabling the other to rotate around the obstacle and trigger 

reentrant activity. These single or multi-arm spiral waves remained fixed onto the 

acellular central obstacle (Figure 3.15B). Interestingly, reentry was also induced in Ex-

293 monolayer cultures that had no observable anatomical obstacles. These freely 

drifting spiral waves (single or multiple) were generated in both anisotropic and isotropic 

Ex-293 monolayers (Figure 3.15C). The average rotation rates of single anchored and 

freely drifting spirals were 13.8 ± 1.1 Hz (N = 5) and 18.8 ± 1.6 Hz (N = 4), respectively. 

These spiral waves could be terminated by application of a strong (20-40 V) field shock. 

Interestingly, “secondary source” excitations were also observed originating from the 

anatomical obstacle during field shock stimulus [207]. 

 

 

Figure 3.15. Induction of spiral reentry within Ex-293 monolayers. (A) Coverslips with a 1.6 
mm punched central hole were used to generate monolayers with an acellular obstacle. (B) Short 
bursts of rapid point stimulation (> 25 Hz) from the monolayer periphery yielded formation of 
single or multiple spiral waves that anchored to the central obstacle (white circle) and rotated at 
the rates shown. (C) In the absence of a central obstacle, rapid point bursts from the monolayer 
periphery occasionally caused the formation of single (left panel, shown in an anisotropic 
monolayer) or multiple (right panel, shown in an isotropic monolayer) freely drifting spiral waves. 
Drift trajectories (overlaid lines) of individual spiral tips (labeled by numbers) were tracked using 
phase map analysis and shown over a period of approximately 400 ms. Phase map colors denote 
different phases of the action potential with red color showing the action potential wave front.  
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Aside from spiral wave termination by extracellular field shock, we examined how 

pharmacological inhibition of specific channels would affect the rotational rate and 

stability of anatomically fixed spiral waves generated in Ex-293 monolayers (Figure 

3.16). The application of increasing dosages of different inhibitors of INa (tetrodotoxin, 

lidocaine, and flecainide, Figure 3.16A), BaCl2 (to block IK1 Figure 3.16B), or the gap 

junctional uncouplers palmitoleic acid (Figure 3.16C) or carbenoxolone (Figure 3.16D), 

all slowed the rotational rate (Figure 3.16E) and eventually terminated electrical activity 

in Ex-293 monolayers through different mechanisms. Specifically, the inhibition of INa 

yielded spiral wave instability prior to termination. During perfusion of TTX, lidocaine, or 

flecainide, the spiral rotational rate was slowed by increased spiral tip meandering due to 

multiple detachments from the central obstacle. Spiral activity was eventually terminated 

(as captured in bottom two frames of Figure 3.16A) by permanent detachment of the 

spiral, followed by spiral drift and annihilation against the monolayer boundary (at the 

end of the tracked tip trajectory, Figure 3.16A). The inhibition of IK1 by BaCl2, on the 

other hand, yielded an increase in APD and spiral wavelength which eventually resulted 

in closure of the excitable gap and spiral termination (Figure 3.16B). Finally, gap 

junctional uncoupling by palmitoleic acid or carbenoxolone generated localized 

conduction blocks that first occurred at the spiral periphery and then moved towards its 

tip, eventually yielding termination of the rotating wave (Figure 3.16C&D) 
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Figure 3.16. Pharmacological manipulation of anatomical spiral wave dynamics. (A-D) 
Anchored single spiral waves in Ex-293 monolayers containing an acellular central obstacle 
(white circles) were first established (control) and then exposed to drugs that selectively inhibit INa 
(A), IK1 (B), or intercellular coupling (C&D). The application of each blocker slowed spiral rotation, 
with BaCl2 also causing an increase in action potential duration (as evidenced by an increase in 
spiral wave width). Higher doses of the three compounds eventually terminated the spiral activity. 
White lines denote spiral tip trajectories tracked for 2 seconds. Frames in (A-D) show color-coded 
optically recorded transmembrane voltage (blue to red denote rest to peak of action potential) 
while small circles within these frames denote 504 optical recording sites. (E) Resulting decrease 
in rotational rate after drug application. 

 

3.3.8 Ex-293 cells form 3-dimensional biosynthetic excitable tissues   

To demonstrate our ability to generate de novo functional excitable tissues, we 

cultured Ex-293 cells within fibrin-based hydrogel constructs (Figure 3.17A) [190]. For 
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example, using elastomeric molds and Velcro® anchors, we created cm-sized 3-D “tissue 

cords.” The Ex-293 cells in tissue cords compacted the hydrogel, aligned along the 

direction of passive tension imposed by the two Velcro® anchors (Figure 3.17B&C), and 

electrically coupled to form 3-D engineered tissues that supported uniform action 

potential propagation (Figure 3.17D) with an average CV and APD80 of 18.1±1.7 cm/s 

and 33.5±1.2 ms, respectively (N = 7).  

 

 

Figure 3.17. Ex-293 cells form 3-D biosynthetic excitable tissues. (A) Examples of 3-D tissue-
engineered constructs made using Ex-293 cells and hydrogel. (B) Longitudinal and transverse 
histological sections of 4 week-old Ex-293 tissue cord stained with hematoxylin and eosin (H&E). 
(C) Ex-293 cells under passive tension inside the tissue cord align longitudinally. (D) Point pacing 
at the periphery of an Ex-293 cord (pulse sign) elicited rapid and uniform action potential 
propagation during optical mapping. Isochrones of cell activation (white lines) are labeled in 
milliseconds. Small black circles denote optical recording sites. 
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3.3.9 Characterization of Nav1.5 A1924T mutation expressed in Kir2.1+Cx43 
HEK-293 cells 

We also utilized engineered HEK-293 cells to examine the specific influence that 

mutated sodium channels would have upon multi-cellular action propagation. 

Specifically, a bicistronic plasmid encoding the A1924T (alanine to threonine substitution 

at amino acid 1924, see Figure 2.8) mutant SCN5A gene and GFP was transfected into 

a monoclonal Kir2.1+Cx43 HEK-293 cell line generated as previously described (Figure 

3.1). Positively transfected cells were GFP-sorted by FACS analysis and isolated to 

derive a monoclonal A1924T+Kir2.1+Cx43 HEK-293 cell line.  

Whole-cell patch clamp recordings revealed that the peak current density (pA/pF) 

of INa in the monoclonal A1924T+Kir2.1+Cx43 cell line (-206.95±17.67 pA/pF) was 3.52x 

(71.6%) smaller than that of the Ex-293 cell line (-728.92±17.28 pA/pF, Figure 3.18A). 

Furthermore, peak INa of the mutant A1924T Nav1.5 was shifted to more hyperpolarized 

test potentials (-30 mV vs. -20mV in Ex-293 cells). Analysis of steady-state sodium 

channel kinetics revealed a -9.49±1.56 mV shift in the V1/2 of activation in the A1924T 

expressing cells as compared to Ex-293 (Figure 3.18B) while there was no significant 

difference in channel availability (Figure 3.18C). These results were consistent with 

those previously published [139].  

 To examine whether the alternate expression of the A1924T mutant in 

Kir2.1+Cx43 cells affected the expression or function of Kir2.1, patch clamp recordings 

of IK1 were performed and compared to those in Ex-293 cells. No significant changes in 

the magnitude or current-voltage profile of IK1 were observed (Figure 3.18D) and 

consequently, the resting membrane potentials in the A1924T cells (75.3±0.78 mV, N = 

5) was comparable to that of Ex-293 cells (-74.2±0.7 mV, N = 27, Figure 3.18E). 
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 Macroscopic optical mapping of transmembrane potential in confluent 

monolayers of A1924T+Kir2.1+Cx43 monoclonal cells showed rapid and uniform action 

potential propagation upon stimulation similar to that seen in Ex-293 monolayers. Action 

potential conduction velocity in the A1924T monolayers (23.1±0.4 cm/s, N = 4) was not 

significantly different from that recorded in Ex-293 monolayers (23.3±0.6, N = 39), while 

their APD80 (46.9±2.3 ms, N = 4) was significantly longer (P<0.001) compared to that of 

Ex-293 monolayers (Figure 3.18F). Therefore, despite a -71.6% reduction in peak INa, 

the monoclonal A1924T-expressing excitable cells propagated action potentials at the 

same speed as that recorded in Ex-293 cells. 
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Figure 3.18. Electrophysiological analysis of A1924T Nav1.5 mutation expressed in 
Kir2.1+Cx43 HEK-293 cells compared to Ex-293 cells. (A-C) Whole-cell patch clamp 
recordings of INa current-voltage relationship (A), steady-state activation (B), and steady-state 
inactivation (C) of monoclonal A1924T+Kir2.1+Cx43 HEK-293 cells versus Ex-293 cells. (D) 
Current-voltage plot of IK1. (E) Comparison of measured resting membrane potential. (F) 
Conduction velocity and action potential duration (at 80% repolarization) recorded during optical 
mapping of action potential propagation in cell monolayers. Data shown as mean±s.e.m., *P < 
0.001 compared to Ex-293. 
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3.3.10 Prolongation of Ex-293 action potential duration by Cav3.3 
overexpression and biological pacemaker activity 

To demonstrate that the relatively short (as compared to a cardiac action 

potential) action potential duration (APD) of the Ex-293 cell line (28.5±0.7 ms) could be 

extended to longer durations, we chose to additionally overexpress a voltage-gated 

calcium channel in these cells since inward calcium current (through L-type channels) 

plays a pivotal role in the plateau phase of the cardiac action potential [27] (see section 

2.2). However, the alpha subunit of L-type calcium channels requires coexpression of 

beta subunits to be functional in heterologous expression systems [208]. We therefore 

chose to express the alpha subunit of T-type calcium channels because they are 

sufficient for functional channel expression in HEK-293 cells and reflect the properties of 

native T-type calcium current (ICa,T) [209]. Specifically, we transfected a plasmid 

encoding the CACNA1I (α1I) gene for the Cav3.3 T-type voltage-gated calcium channels 

into the Ex-293 cells and isolated monoclonal Ex-293+Cav3.3 HEK-293 cell lines to 

characterize the effect of ICa,T on the action potential shape and conduction . The 

resulting ICa,T expressing Ex-293 cell lines all showed significant prolongation of the 

action potential duration compared to Ex-293 cells. These lines also displayed a large 

range (100 to 500 ms) of action potential durations which was likely attributed to the 

variation in their levels of Cav3.3 expression.  

One monoclonal Ex-293+Cav3.3 line (named "ExCa-293") was selected for 

further studies based on its stability of action potential duration during steady pacing and 

its similarity to the APD observed in our neonatal rat ventricular myocyte cultures. 

Compared to Ex-293 cells, the expression of the Cav3.3 channels in the ExCa-293 cells 

yielded a significant prolongation of APD80 (to 159.1±19.2 ms, N = 5) and slowing of CV 

(to 10.9±0.7 cm/s, N = 5; Figure 3.19A).  
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Action potential clamp studies were then performed to reveal the inward and 

outward currents activated during the ExCa-293 action potential versus those previously 

recorded in Ex-293 cells (Figure 3.19B&C). During the applied action potential clamp 

(using the action potential shape of Ex-293 cells), the ExCa-293 cells exhibit a sustained 

inward current indicative of the addition of ICa,T in these cells (Figure 3.19B). For a more 

accurate response of this current during the prolonged ExCa-293 action potential, an 

ExCa-293 action potential measured during sharp microelectrode recording of an ExCa-

293 cell in a monolayer paced at 1 Hz was used as the voltage clamp (Figure 3.19C). 

The prolonged plateau phase of the action potential correlates to the sustained inward 

current generated by addition of Cav3.3. Inhibition of ICa,T by 10 mM Nickel Chloride 

(NiCl2) [210] eliminates the inward current elicited during the action potential clamp 

(Figure 3.19C, bottom panel). In fact, in individual ExCa-293 cells within a 1 Hz paced 

cell monolayer, NiCl2 inhibition of Ca2+ current decreased the action potential duration to 

that measured in the Ex-293 cells (Figure 3.19D). Washing off the NiCl2-containing 

Tyrode’s solution during steady 1 Hz pacing shows recovery of the ExCa-293 APD to 

original levels (Figure 3.19E). 
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Figure 3.19. Expression of Cav3.3 T-type calcium channel in Ex-293 cells. The additional 
expression of Cav3.3 in Ex-293 cells yielded a monoclonal Ex-293+Cav3.3 (“ExCa-293”) cell line. 
(A) Optical mapping of action potential propagation in monolayers of one ExCa-293 monoclonal 
line showed significantly prolonged APD80 and decreased CV compared to Ex-293 cells (N = 5 for 
ExCa-293, N = 39 for Ex-293). Data are shown as mean±s.e.m.; *P < 0.001 compared to Ex-293. 
(B) Application of Ex-293 action potential voltage clamp shows existence of new inward current 
(ICa,T) in the ExCa-293 cells (bottom panel). (C) Use of ExCa-293 action potential for AP voltage 
clamp shows profile of inward current during the prolonged ExCa-293 AP as well as sensitivity to 
block by high dose of nickel chloride (bottom panel). (D) Nickel chloride inhibition of Cav3.3 during 
single AP stimulation recorded via sharp microelectrode in ExCa-293 cell demonstrates role of 
ICa,T in prolonging ExCa-293 action potential duration. (E) Sharp intracellular recordings of ExCa-
293 action potential during steady 1 Hz pacing of ExCa-293 monolayer after application of 10 mM 
NiCl2 (“Before washing”) and then after removal of NiCl2 through perfusion of normal Tyrode’s 
bath solution (“washing”) recorded at times shown above traces. 
 
 

Interestingly, upon membrane depolarization via application of barium chloride 

(IK1 inhibition), single ExC-293 cells and ExC-293 cell monolayers demonstrated 

spontaneous pacemaking activity (Figure 3.20). During optical mapping of 

transmembrane voltage, multiple foci of activation were observed and inhibition of INa by 

large doses (15 µM) of TTX did not terminate the spontaneous activity suggesting 

calcium current sustained pacemaking. Furthermore, TTX application reduced 

conduction velocity by -63.7% indicative of the role of INa in conduction speed and the 
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potential of calcium currents to sustain slow propagation during INa reduction [57]. 

Inhibition of ICa,T by perfusion of 0.5 mM NiCl2 gradually reduced the amplitude of the 

spontaneous action potentials until all electrical activity stopped (data not shown). 

 

 
Figure 3.20. Spontaneous action potential generation in ExC-293 cells. (A) Upon membrane 
depolarization by barium chloride (BaCl2) inhibition of IK1, spontaneous action potential generation 
occurred in engineered ExC-293 cells within a monolayer as recorded by intracellular sharp 
microelectrodes. (B) Close-up of spontaneously generated action potentials recorded in a single 
ExC-293 cell during whole-cell patch clamp recording after BaCl2 perfusion. Dashed line indicates 
0 mV level. Note longer action potential durations in both recordings due to BaCl2 IK1 inhibition.  

 

3.4 Discussion 

This study demonstrates that the stable forced expression of only three 

membrane channels is sufficient to allow de novo generation of actively conducting 

excitable tissues from unexcitable somatic cells. Specifically, through a step-wise 

experimental approach (Figure 3.21), we showed that genetic engineering of: 1) 

significant membrane polarization by introduction of Kir2.1 channels, 2) rapid 

depolarization capacity by introduction of Nav1.5 channels, and 3) robust intercellular 

coupling by overexpression of Cx43 gap junctions, synergistically enabled electrical 

excitability and conduction in HEK-293 cells.  
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Figure 3.21. Stable co-expression of three genes confers impulse conduction in 
unexcitable cells.  (A&B) Wild-type (wt) HEK-293 cells (A) like most unexcitable cells, have a 
relatively depolarized resting potential (B). Scale bar, 10 μm. (C&D) Stable expression of Kir2.1-
IRES-mCherry (C) introduces inward-rectifier potassium current in the cell yielding membrane 
hyperpolarization (D). (E&F) Coexpression of Nav1.5-IRES-GFP (E) introduces fast sodium 
current that allows firing of regenerative action potentials upon stimulation (F). (G&H) The 
additional expression of Cx43-IRES-mOrange (G) enhances cell-cell coupling and enables fast 
and uniform action potential propagation (H) in multicellular tissues. θ, velocity of action potential 
propagation. 
 

3.4.1 Genetic engineering of membrane excitability in unexcitable cells 

We show here for the first time that unexcitable cells can be genetically modified 

to generate stable excitable cells with fast and uniform action potential propagation. 

Previously, Hsu et al. [211] transiently expressed voltage-gated sodium (Nav1.2) and 

potassium (Shaker H4) channels in CHO cells, but because the average resting 

membrane potential (RMP) of these cells was -26.8 mV, APs could be induced only 
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under current-clamp hyperpolarization. Voltage-gated sodium channels (such as Nav1.2 

or Nav1.5 which we used) require a hyperpolarized RMP in order to be fully available for 

activation upon membrane depolarization and initiate a regenerative action potential [26-

27].  In addition, a hyperpolarized RMP, as a natural state of excitable cells, has been 

shown to distinctly affect the expression level and kinetics of ion channels [204, 212]. 

Unlike the studies by Hsu et al., we overexpressed Kir2.1 because of its ability to 

reset and maintain a significantly more negative resting membrane potential (Figure 3.4) 

compared to the wild-type HEK-293 cells. These stable cell lines exhibited robust 

barium-sensitive inward-rectifier potassium current, IK1 (Figure 3.5 and Figure 3.6F), and 

hyperpolarized RMP values (Figure 3.4) similar to those of primary excitable cells [35]. 

The ability of this channel to reset the HEK-293 membrane potential was expected and 

our results were comparable to those previously published using this approach [129, 

181, 212]. The more negative resting potential of the Kir2.1 HEK-293 cell line enabled 

unmanipulated removal of sodium channel inactivation (as opposed to using forced 

external current-clamp hyperpolarization by Hsu et al. [211]) once we overexpressed 

Nav1.5. Thus, in our Kir2.1+Nav1.5 HEK-293 cells, action potentials were generated by a 

depolarizing stimulus, much like primary excitable cells.  

The genetic engineering of HEK-293 cells that fire action potentials upon 

stimulation has been previously shown by Cho et al. [213]. They transiently expressed 

Kir2.1 and a slow bacterial sodium channel (NaChBac) in HEK-293 cells to yield slow 

rising and long action potentials in 5 out of 31 tested cells. Our stable transfections and 

monoclonal selection process enabled us to create a uniformly excitable cell population 

since all cells were derived from a single isolated excitable Kir2.1+Nav1.5 HEK-293 cell. 

Thus, all of the cells from this line exhibited membrane excitability with reproducible 
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characteristics. Furthermore, our utilization of a much faster mammalian voltage-gated 

sodium channel (Nav1.5) generated action potentials with a much more rapid upstroke 

velocity (150.6±6.1 V/s). We also are the first group to extend the creation of a totally 

autonomous engineered excitable cell to the generation of multicellular excitable 

networks to test action potential conduction. 

3.4.2 Enhanced action potential conduction through Cx43 expression 

While individual Kir2.1+Nav1.5 HEK-293 monoclonal cells exhibited the potential 

to fire regenerative action potentials, the spread of these action potentials in multicellular 

preparations of these cells was asynchronous and slow (Figure 3.9). FRAP results 

showed that these cells had some endogenous levels of cell coupling. Valiunas et al.  

[19] reported that HEK-293 cells endogenously express Cx43, but provided no 

experimental data or reference to support this statement. However, a study by de Boer 

et al. [129] showed through western blot analyses that the HEK-293 cells used in their 

experiments had low levels of Cx43 expression. As shown here, we were unable to 

detect any endogenous Cx43 expression in our HEK-293 cells by immunostaining 

(Figure  3.10A) or western blot analysis (Figure 3.10B) which is consistent with 

published results from our lab and by others [128, 187, 189, 201] and may indicate either 

variability in the HEK-293 cell lines used and/or the detection strength of the gap 

junctional assays utilized. Moreover, a mRNA microarray analysis of HEK-293 cells 

performed by one of the developers of the cell line, Dr. Gerry Shaw (U. of Florida), also 

reports that HEK-293 cells lack significant expression of the gene for Cx43 (GJA1), but 

do express Cx31.1 (gene GJB5) and low levels of Cx45 (GJA7) [214]. The expression of 

Cx45 in HEK-293 cells has been reported by Butterweck et al. [202] but was not 

detected by our group [187]. 
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Rapid and uniform action potential conduction could only be achieved in our 

Kir2.1+Nav1.5 HEK-293 cell line through the additional expression of Cx43. Thus, 

successful intercellular propagation required more junctional conductance than that 

present endogenously in wild-type HEK-293 cells. Toyofuku et al. performed dual whole-

cell patch clamp recordings on pairs of wild-type HEK-293 cells and measured a total 

transjunctional conductance of < 20 pS [146]. Here we show that by the additional 

expression of Cx43 gap junctions, junctional conductance between the Ex-293 cells was 

significantly increased to 134.1±14 nS (N = 12), and by decreasing intercellular 

conduction delay, supported relatively fast and uniform action potential propagation.  

Despite expressing large whole-cell sodium currents (average peak amplitude of 

-728.9±17.3 ), recorded conduction velocities (averaging 22.5 cm/s) were relatively low 

compared to human ventricular tissue [215]. This can partially be explained by 

examining sodium channel availability at the measured -74.2 mV resting potential in 

these cells.  While sodium currents close to -15 nA in amplitude can be generated during 

patch clamp recording when holding the membrane potential at -100 mV and applying a 

voltage step to -20 mV, the same response from a holding potential closer to the actual 

resting potential of the excitable HEK-293 cells, -75 mV, yields only -1.9 nA (an 87.3% 

reduction in current) due to the dramatic reduction in channel availability (an increase in 

the fraction of inactivated channels) at this more depolarized potential. The size of HEK-

293 cells is also significantly smaller than that of adult ventricular myocytes (capacitance 

of 20.4 pF vs.167 pF [216] ) which will additionally decrease the conduction velocity. 

Finally, the lower than expected upstroke and conduction velocities may also be 

attributed to the strong expression of Kir2.1 which will both directly oppose efforts to 

locally depolarize the membrane and increase the downstream load during propagation. 
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3.4.3 Use of the Ex-293 cell platform for basic electrophysiology studies 

Traditional patch clamp methods measure the activity of membrane bound 

channels within a single isolated cell [100]. Using this approach, membrane currents can 

be directly characterized for such properties as time or voltage-dependent function, 

pharmacological sensitivity, or the effect that the expression of channel subunits, 

alternative isoforms, or genetic mutations have upon the channel activity. The 

biosynthetic excitable cell platform described in this study can be additionally utilized as 

a tissue-scale heterologous expression system to directly investigate not only specific 

channel activity in single cells, but also action potential conduction in multicellular 

networks fabricated from these same cells. Since Ex-293 cells can generate 

autonomous, actively propagating tissues, we were able to correlate single cell studies 

of channel expression to multicellular studies of tissue-level electrophysiology. 

For example, in this study we have isolated the role that individual ionic currents 

(IK1 and INa) as well as intercellular coupling have in the generation and conduction of 

action potentials in Ex-293 cell networks. Electrical propagation between Ex-293 cells 

displayed a remarkable homogeneity and repeatability due to the uniform nature of the 

monoclonally derived cells. Furthermore, these cells can be geometrically patterned, 

frozen and rethawed, passaged > 50 times, cultured for 1 to at least 12 days in 

monolayers, and still retain their electrically excitable properties. Aside from the Ex-293 

cell line we developed, the commercially available HL-1 cell line may represent another 

excitable cell line suitable for in vitro electrophysiology studies [217]. This line was 

derived from mouse atrial cardiomyocyte tumor cells and therefore, was not a genetically 

engineered excitable cell line. Thus, the currents expressed in HL-1 cells are more 

complex and not controlled or as well understood as those introduced selectively in an 
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engineered excitable cell platform. Moreover, HL-1 cells exhibit slow (~ 3 cm/s) and 

mostly calcium-current dependent  propagation and require a special, commercially 

available media formulation for their maintenance [150]. 

3.4.4 Use of the Ex-293 cell platform for anti-arrhythmic drug screening 

Some well-known antiarrhythmic drugs such as quinidine, classified as a Class 

1a antiarrhythmic drug and thus a sodium channel blocker, modulate numerous 

membrane currents other than INa including: Ito [218], IKur [219], INaK [220], and calcium 

release channels [221]. Due to their complex interaction with various channels, many 

anti-arrhythmic therapies can have both pro- and anti-arrhythmic effects [222] that can 

not be adequately predicted during single cell experiments [223] but become 

dangerously apparent during subsequent clinical trials [224]. Therefore, despite the 

existence of cell-based platforms for identifying and characterizing antiarrhythmic drugs 

[225], the exact molecular mechanisms of many antiarrhythmic drugs are still undefined 

[226].  

Cell-based platforms currently used for cardiac drug-screening can be either 

overly simplified (i.e. heterologous overexpression of a single membrane current) or 

overly complex (i.e. heterogeneous primary cells containing hundreds of endogenous 

channel types) to render meaningful and definitive results. Thus, for studies of the pro- 

and anti-arrhythmic potential of therapies, we believe one should utilize a controlled 

experimental substrate with the ability to demonstrate conduction slowing and 

arrhythmogenesis. However, the action of candidate antiarrhythmic drugs is often 

characterized in single cell studies [225] without the ability to account for the important 

roles of cell geometry, intercellular coupling, and tissue structure in arrhythmogenesis. 

The Ex-293 cell platform, on the other hand, may enable reproducible pharmacological 
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testing in a tissue setting that supports both changes in action potential conduction 

(Figure 3.14) and arrhythmic activity (Figures 3.15 and 3.16) in the form of self-

sustaining spiral wave activity. Stationary and drifting spiral waves have been previously 

established as the main drivers of reentrant tachyarrhythmias in cardiac tissue [206].  

In this study, we examined how two known Na+ current modulators and class I 

antiarrhythmic agents, flecainide and lidocaine, affect action potential conduction and 

spiral wave activity in Ex-293 monolayers. While both drugs inhibit INa, lidocaine 

preferentially blocks inactivated sodium channels whereas flecainide exhibits greater 

use-dependent block of open sodium channels [197]. During 10 Hz excitation in Ex-293 

monolayers, application of 50 µM lidocaine resulted in stable conduction slowing with a 

negligible effect on action potential duration while 10 µM flecainide yielded a rapid, use-

dependent decrease of both conduction velocity and action potential duration, eventually 

resulting in the complete  conduction block (Figure 3.14). Despite different dynamic 

effects on action potential conduction, both drugs slowed the rotation of anchored spiral 

waves by inducing spiral tip meandering, eventually yielding detachment, drift, and 

annihilation of the spiral wave at the monolayer boundary (Figure 3.16). Spiral drift in 

structurally or functionally heterogeneous myocardium with decreased cell excitability, 

however, can lead to wave breakup and fibrillation [79] which may explain the potential 

pro-arrhythmic action of these two drugs in certain cardiac diseases [227-228]. 

3.4.5 Use of the Ex-293 cell platform for channelopathy analysis 

Hundreds of ion channel mutations have been clinically identified and replicated 

for expression analysis studies in single cells. Electrophysiological and biochemical 

methods are typically used in these cells to help determine why the observed changes in 

channel function, localization, or structure may contribute to known channelopathies in 
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vivo [23]. Thus, an experimental gap exists between single cell studies of channel 

dynamics and clinical phenomena. Currently, the correlation between mutated ion 

channels and the resulting alterations in tissue electrophysiology is often made using 

computational models [229], as recently demonstrated for mutations in the two ion 

channel genes used in our system, KCNJ2 [230] and SCN5A [175].  

We hypothesized that engineered excitable cells could be used as a platform for 

correlating ion channel biophysics at the cellular scale to action potential conduction at 

the tissue scale. To test this theory, we generated a stable monoclonal Kir2.1+Cx43 

expression HEK-293 cell line (Figure 3.1). This line could then be used for further 

additions of ion channels which would serve as depolarizing currents, such as sodium or 

calcium channels, to yield new engineered excitable cell lines. For example, in this 

study, we chose to express a previously studied [139, 231] and clinically-relevant 

(Brugada Syndrome channelopathy [232]) SCN5A mutation (A1924T) known to cause a 

hyperpolarizing shift in steady-state INa activation, to see if changes in sodium channel 

kinetics are predictive of changes in action potential conduction as compared to our 

previous results in Ex-293 cells.  

The results of this study demonstrate that even with a -71.6% in peak INa 

compared to Ex-293 cells, the monoclonal A1924T+Kir2.1+Cx43 HEK-293 cell line was 

able to propagates action potentials at the same velocity. By showing that these two 

lines had the same resting potential, we eliminated the possibility that sodium channel 

availability (a function of membrane potential) differed between these two excitable cell 

lines. Thus, the ability of the A1924T-expressing line to match the conduction velocity of 

the Ex-293 cells could be directly attributed to the -9.5 mV shift in steady-state channel 

activation. This hyperpolarizing shift in activation enables a higher fraction of A1924T 
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Nav1.5 channels to activate upon depolarization than would occur if the channels did not 

have this mutation. This would result in larger initial inward current and likely a higher 

upstroke velocity in the action potential in the mutant channel expressing cells than 

would be in the wild-type expressing cells if the channels were expressed at the same 

level in each cell type.  

Based on the lower peak INa of the A1924T expressing cell line (compared to Ex-

293 cells), we assume that these cells have lower expression of this ion channel plasmid 

resulting in a substantially lower number of total sodium channels expressed on the 

membrane. However, this would need to be further verified by RNA analysis to show that 

the level of A1924T SCN5A RNA is less than that of the SCN5A expressed in Ex-293 

cells. Assuming that fewer functional sodium channels are expressed in the mutant 

excitable cell line, these results indicate that with increased channel expression (to 

better match the 15.5 nA peak INa of the Ex-293 cells, for example), these cells could 

generate an excitable cell platform with a much faster action potential conduction 

velocity than that of the Ex-293 cells. 

3.4.6 Introduction of Ca2+ currents in the Ex-293 cell platform 

In addition to studying mutated forms of already expressed channels in the Ex-

293 cells (i.e. the A1924T mutant), we have also shown that action potential shape and 

conduction of Ex-293 cells can be modified by the addition of new currents. For 

example, we chose to specifically prolong the action potential duration of the Ex-293 

cells through the expression of a voltage-gated T-type calcium channel (Cav3.3).  

The derived monoclonal Ex-293+Cav3.3 cell lines exhibited significantly longer action 

potential durations as compared to Ex-293 cells (Figure 3.19A). Prolongation of the APD 

was anticipated based on the role of calcium currents in the plateau phase of the cardiac 
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action potential [27, 233] and was studied through the use of action potential clamp and 

pharmacological inhibition of Cav3.3 by NiCl2 (Figure 3.19B-E). However, the Cav3.3+Ex-

293 lines often exhibited variability in the duration of action potentials elicited even within 

the same cell during constant rate stimulation indicating potentially irregular endogenous 

calcium-handling processes and susceptibility to calcium overload.  

HEK-293 cells have been shown to lack major isoforms of the sodium-calcium 

exchanger (NCX) pumps [234-235] which have a significant role in regulating 

intracellular calcium levels. Furthermore, the high input resistance at positive membrane 

potentials in Ex-293 cells was expected to make the action potential duration of these 

cells very sensitive to the addition of any inward currents during repolarization. This is in 

contrast to cardiac myocytes where additional repolarizing potassium currents (e.g. IKr, 

IKs) ensure stable repolarization despite the presence of inward Ca2+ currents. For the 

studies shown in Figure 3.19, a monoclonal ExCa-293 line was chosen that had the 

most uniform and reproducible action potential duration during 1 Hz steady pacing.  

Significant slowing of action potential conduction in the ExCa-293 cells was also 

observed as compared to the Ex-293 cells (Figure 3.19A). While we did not examine 

whether there was any down-regulation of INa or Cx43 (i.e. a reduction in excitability or 

cellular coupling) in the ExCa-293 cells, the observed CV slowing could result from 

either calcium-induced inhibition [51, 236] or dephosphorylation [50] of gap junctions 

during the influx of calcium into the ExCa-293 cells upon stimulation. Inability of these 

cells to quickly remove calcium (due to the lack of NCX exchanger as previously 

mentioned) suggests that calcium overload may be inhibiting intercellular coupling and 

slowing conduction.  
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Interestingly, we discovered that upon membrane depolarization due to barium 

chloride inhibition of IK1, the ExCa-293 cells spontaneously generated action potentials 

(Figure 3.20). “T-type” calcium channels have a low activation threshold (near -60 mV) 

compared to L-type calcium channels (activation near -30 mV) and therefore function at 

potentials closer to resting potential [27]. The T-type calcium current is known to play an 

important role in generating spontaneous activity in the sinoatrial node cells where the 

main expressed isoform of the T-type calcium channel is Cav3.1 (gene CACNA1G) [237-

238]. The Cav3.3 isoform has a faster deactivation (closing) kinetics than Cav3.1 and has 

been linked to tonic burst firing of thalamic neurons [239-240]. Important to our findings, 

the overexpression of Cav3.3 has been shown to similarly induce spontaneous action 

potential generation in excitable NG108-15 (neuroblastoma-glioma hybrid) cells [241]. 

Our results suggest that further modifications of the ExCa-293 cells that yield a less 

hyperpolarized resting membrane potential (e.g. less expression of IK1) or controlled 

fluctuations in membrane depolarization by the overexpression of HCN 

(hyperpolarization-activated cyclic nucleotide-gated) channels which are responsible for 

Ih or If (the “funny current”) found in pacemaking cells [242] may result in the first 

completely engineered and autonomous biological pacemaking cell line. Moreover, the 

utilization of HCN channels could enable beta-adrenergic regulation of pacemaker rate 

(via cAMP modulation of HCN channel kinetics [243]) which would better mimic the 

endogenous rate control mechanisms of natural pacemaker cells. 

3.5 Summary and Implications 

In the studies described in this chapter, we demonstrated the design and 

validation of a heterologous expression system that enables direct and quantitative 

comparison of channel activity in single cells to action potential spread in multicellular 
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networks fabricated from these same cells. Based on the fundamental theoretical 

concepts of cell membrane excitability established by Hodgkin, Huxley and others, we 

designed a study to introduce critical components of action potential generation and 

propagation into the unexcitable human HEK-293 cell line by stable expression of only 3 

select membrane channels (Kir2.1, Nav1.5 and Cx43). We show in a step-wise manner 

how the addition of each channel contributes to the development of electrical excitability 

and connectivity in these biosynthetic “Ex-293” cells and characterize the dynamics of 

action potential propagation in 2-D and 3-D cell networks.  

In general, biosynthetic excitable tissues as a well-defined, reproducible, and 

versatile platform, could complement studies in primary excitable cells by helping to 

elucidate the distinct roles that specific ion channels and gap junctions, their mutations 

[143, 244-246], auxiliary subunits [247], or accessory proteins [248] play in tissue-level 

electrophysiology. For example, in this study we have isolated and quantified the role of 

Nav1.5 in action potential conduction during control conditions as well as 

pharmacological and rate-dependent challenges. The expression of the A1924T sodium 

channel mutation demonstrated the potential that similar studies may help bridge the 

gap between single cell and organ level studies of different channelopathies. 

Furthermore, the additional expression of Cav3.3 in Ex-293 cells shows that these cells 

are capable of further electrical modifications and highlight the potential of genetically 

engineering an autonomous biological pacemaker cell line.  

The ability to efficiently manipulate the gene expression and spatial organization 

of engineered excitable cells within biosynthetic tissues can further allow for well-

controlled experiments to validate and advance existing theoretical and computational 

models of action potential conduction as well as facilitate the design of robust and 
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reproducible cell-based biosensors [249]. In addition, we believe that the described 

strategy for the generation of de novo excitable tissues from unexcitable somatic cells 

will also stimulate the development of new cell-based therapies for excitable tissue 

repair. We test the potential of this cell therapy approach in the next chapter of this 

thesis. 
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4. Engineered Excitable Cells Repair Conduction 
Defects and Improve Contractile Function in Cardiac 
Cocultures 

4.1 Rationale 

Every year almost 1 million people in the United States suffer a myocardial 

infarction, and those who survive may eventually join the nearly 5.8 million people living 

with congestive heart failure [1]. Stem cell therapies are being actively pursued as a 

promising approach for improving cardiac function after infarction. The ongoing clinical 

trials using adult muscle- or bone marrow-derived stem cells have reported moderate, 

and often transient, improvements in heart function [8, 251], mainly attributable to the 

paracrine action of implanted cells. Future progress in the field is expected to arise from 

the use of pluripotent stem cell-derived cardiogenic cells [252-255] that can generate 

large numbers of cardiomyocytes to directly augment heart function through 

electromechanical coupling with host cells. 

While promising, therapies using cardiogenic stem cells may be: 1) tumorigenic 

(if a fraction of implanted cells retain pluripotency [256]), 2) arrhythmogenic (if the 

implanted cells create localized structural and functional heterogeneities within the host 

myocardium [256]), and 3) inefficient (if the implanted cells are functionally immature 

[257-258]). In particular, arrhythmias could result from host-donor mismatch in: 1) cell 

size, shape, and alignment, 2) gap junction number, type, and distribution, 3) membrane 

electrical properties including both excitability and refractoriness, 4) intracellular Ca2+ 

handling, 5) automaticity, and 6) paracrine actions [14]. For example, several studies 

have shown that human and mouse embryonic stem cell-derived cardiomyocytes are 

functionally heterogeneous, spontaneously active, have rudimentary Ca2+ handling [258-



 

90 

260], and propagate action potentials at velocities of only a few cm/s [126-127, 261-263]. 

Even if genetically improved before implantation [264], these immature cells would likely 

continue to heterogeneously differentiate and proliferate in vivo. Thus, the described 

arrhythmogenic and tumorigenic risks could be both unpredictable and sustained.  

In light of these current limitations and concerns, we investigated whether 

genetically engineered somatic cells could serve as a promising alternative or 

complement to current stem cell-based cardiac cell therapies. Previously, Gepstein et al. 

stably expressed a potassium channel (Kv1.3) in non-myocytes (NIH-3T3 or HEK-293 

cells) and used these cells to locally alter cardiac conduction in vitro and in vivo [7, 130]. 

Although these cells had a stable and relatively uniform phenotype, they remained 

unexcitable and thus are likely to impede cardiac conduction and contraction for graft 

sizes larger than a few hundred microns [20, 149]. Nevertheless, these studies suggest 

that the implantation of somatic cells with genetically engineered electrical properties is a 

promising strategy for improving compromised electrical function in the heart [7, 265].  

Our results from Chapter 3 demonstrate that it is possible to genetically engineer 

membrane excitability and impulse conduction in previously unexcitable human somatic 

cells using the forced expression of two ion channels and a gap junctional protein. The 

studies in Chapter 3 were focused on exploring the electrophysiological properties of 

these novel engineered cell lines with respect to the roles that specific membrane 

currents have upon the shape and speed of propagating action potentials. In this chapter 

we explore whether these engineered cells are capable of electrically coupling to primary 

neonatal rat ventricular myocytes (NRVMs) and repairing conduction abnormalities in 

primary cardiac cell cultures.  
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Furthermore, although these engineered excitable cells are non-contractile, we 

rationalized that, through their coupling with cardiomyocytes, they could also 

synchronize cardiac contractions and additionally enhance cardiac mechanical function. 

Thus, we examined the potential of engineered excitable cells to augment compromised 

contractile function in novel "zig-zag" cultures of cardiomyoyctes micropatterned on a 

thin, elastomeric substrate. The “zig-zag” geometry of cardiomyocyte patterns was 

specifically chosen to mimic the highly anisotropic action potential spread observed 

within the infarct border zone which consists of longitudinally coupled and transversely 

decoupled cardiac fibers (see section 2.5 and Figure 2.4) [32, 266-267]. The use of this 

culture system permitted us to both evaluate electrical activity of cells via optical 

mapping and measure cardiac contractile function using a standard force transducer.  

4.2 Methods  

4.2.1 Cell culture 

4.2.1.1 Neonatal rat ventricular myocytes 

All animals were treated in accordance with protocols approved by the Duke 

University Institutional Animal Care and Use Committee (IACUC). Cardiac cells were 

isolated from 2 day old neonatal rat ventricles by enzymatic digestion with trypsin and 

collagenase, as previously described [20, 192]. A highly-enriched cardiomyocyte 

suspension was generated following two one-hour differential preplatings used to 

remove faster-attaching non-cardiomyocytes (e.g. cardiac fibroblasts). Freshly isolated 

cardiomyocytes were then seeded in 2-D monolayer networks or 3-D biosynthetic 

tissues as described in more detail later in this section. The neonatal rat ventricular 

myocytes (NRVMs) were initially seeded and cultured in cardiac growth media that 

consisted of DMEM/F12+Glutamax (Gibco) supplemented with 1% HEPES, nonessential 
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amino acids, glucose, vitamin B12, and penicillin G (all Gibco) in addition to 10% horse 

serum (Hyclone) and 10% calf serum (Colorado Serum Company). Bromodeoxyuridine 

(BrdU, Sigma) (100 µM) was added to the culture media at the time of cell seeding to 

inhibit fibroblast proliferation. BrdU was removed 24 hours after cell seeding during cell 

washing and media exchange with NRVM-HEK culture media (DMEM low glucose 

supplemented with 5% fetal bovine serum (FBS, Hyclone), 50 units/mL penicillin (Gibco), 

and 50 µg/mL streptomycin (Gibco). All cells were incubated in 5% CO2 and at 37°C. 

4.2.1.2 Genetically engineered HEK-293 cells 

Similar to studies performed in Chapter 3, the genetically engineered HEK-293 

cells were cultured in low glucose DMEM (Gibco #11885) supplemented with 10% FBS 

(Hyclone, heat inactivated) and a 1% penicillin-streptomycin solution (Gibco, 100 

units/mL penicillin and 100 µg/mL streptomycin). HEK-293 cells were not cultured in the 

presence of BrdU. All cells were incubated in 5% CO2 and at 37°C. 

4.2.2 Fabrication of 2-dimensional “S” shape and island NRVM/HEK 
cocultures 

Two-millimeter thick polydimethylsiloxane (PDMS) membranes (stencils) were 

used to create a cell coculture in which two distant NRVM islands were connected by a 

2.5 cm-long “S”-shaped HEK-293 cell "bridge” (Figure 4.1A). The PDMS stencil 

contained a central “S”-shaped track separated by thin (~1 mm) PDMS walls from 

peripheral 5-mm diameter holes located at each end of the track. The stencil was 

adhered on top of a 22 mm-diameter fibronectin-coated coverslip. Freshly isolated 

NRVMs were resuspended in cardiac growth media (see section 4.2.1.1) supplemented 

with 100 µM BrdU and seeded within the two island PDMS wells while HEK-293 cells 

(wild-type or Ex-293) were seeded in HEK-293 growth media (see section 4.2.1.2) within 



 

93 

the S-shaped well. The next day, the stencil and unattached cells were removed and 

media was changed to NRVM-HEK culture media (low glucose DMEM supplemented 

with 5% FBS). Within 4 days, the HEK-293 cells proliferated and spread towards the 

NRVMs, creating a confluent heterocellular interface. Similarly, the central island 

cocultures were made using a ~1 cm-diameter, 1 mm-wide PDMS ring with HEK-293 

cells seeded inside and NRVMs seeded around the ring. The ring was removed the 

following day to allow HEK-293 outgrowth and the formation of a confluent interface with 

NRVMs. The cocultures were then used for optical mapping of action potential 

propagation. 

 

Figure 4.1. Experimental setup of the “S” shape HEK-293 cellular bridge to study electrical 
reconnection of isolated NRVM cell islands. (A) Polydimethylsiloxane (PDMS) stencils were 
fabricated to allow simultaneous but separate cell seeding of neonatal rat ventricular myocytes 
(NRVMs) and wild-type HEK-293 or engineered Ex-293 cells. NRVMs were seeded in isolated 
islands located at the ends of a ~2.5 cm-long “S”-shaped track that was seeded with wt HEK-293 
or Ex-293 cells. (B&C) Point stimulation was applied to one of the peripheral NRVM islands 
during optical mapping of transmembrane potential in which underlying hexagonal 504 
photodiode array (B, outlined by yellow-dotted line) recorded action potential propagation via 
changes in Di-4 ANNEPS fluorescence emission (>590 nm wavelength) during green light 
excitation (C, 520±20 nm wavelength). 
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4.2.3 Fabrication of 3-dimensional NRVM/Ex-293 tissue cords 

Fibrin-based hydrogel solution was made using bovine fibrinogen (2 mg/mL, 

Sigma), bovine thrombin (0.4 units/mg fibrinogen, Sigma), and Matrigel (10% v/v, Becton 

Dickinson), as previously described [190]. Three-dimensional tissue cords were 

fabricated by casting 7x106 cells/mL hydrogel solution inside a 2.5 cm long silicon half-

tube with two Velcro® felts pinned at the tube ends. The Velcro® served to anchor the 

hydrogel and by establishing passive tension during cell-mediated gel compaction, 

facilitated cell spreading and contact. To create an NRVM tissue cord with a central Ex-

293 bridge, 3 tips of a multichannel pipette were used to simultaneously inject Ex-

293/hydrogel solution in the middle and NRVM/hydrogel solutions at the two ends of the 

silicon half-tube. Aminocaproic acid (1 mg/mL, Sigma) was added to the culture medium 

to prevent degradation of fibrin by serum plasmin. With time in culture, NRVMs and Ex-

293 cells spread, aligned, and coupled while maintaining distinct spatial boundaries as 

identified by fluorescence imaging for GFP, mCherry, and mOrange. The coculture 

tissue bundles were then optically mapped with voltage and calcium sensitive dyes. 

4.2.4 Fabrication of tortuous (“zig-zag”) cell patterns on elastomeric thin 
films  

Punched Aclar® coverslips (Electron Microscopy Services, 25 mm-diameter) 

were cleaned in ethanol, dried, and coated with a thin layer (~ 30-35 μm thick) of PDMS 

using a photoresist spinner (Headway Research) at 4000 RPM for 1 minute. After curing 

for 2 hours at 80°C, the spun PDMS film was scored into a rectangular strip (20 x 12.5 

mm) and two narrow (2 mm-wide, 1 mm-tall) PDMS blocks (anchors) were glued (using 
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uncured PDMS) to the opposite ends of each film to provide holders for force testing and 

prevent the films from rolling when lifted from the substrate (Figure 4.2A&C).  

Soft photolithography was used to fabricate elastomeric PDMS stamps for the 

micropatterning of a zig-zag pattern of fibronectin lines (100 μm-wide parallel lines 

spaced 100 μm apart and connected by staggered 100 μm-wide bridges spaced 6 mm 

apart) (Figure 4.2B). This cell pattern created a uniform longitudinal path (along the 

parallel strands) and tortuous transverse path (along strands and across staggered 

bridges to adjacent strands) of conduction yielding a highly anisotropic propagation of 

action potentials (i.e. rapid longitudinal conduction with extremely slow transverse 

conduction).  

To generate the zig-zag Ex-293/NRVM cocultures, the PDMS films were 

exposed to UV/ozone for 8 minutes and then coated for 30 minutes with 5 μg/mL 

Collagen I (rat tail, BD Biosciences, suspended in 0.02 N acetic acid) at room 

temperature followed by multiple rinses in PBS. The zig-zag PDMS stamps were coated 

with 30 μg/mL fibronectin for 1 hour at room temperature and microcontact-printed onto 

the collagen-coated films. Then, the films were rinsed once in PBS, placed into a 6 well 

plate, and freshly isolated NRVMs were seeded at a density of 1.9 x 103 cells per mm2 in 

cardiac cell culture media. Eighteen hours later, the cultures were washed twice with 

PBS to remove unattached NRVMs and fresh cardiac cell media was added. The next 

day (culture day 2), the cells were rinsed again and the media was changed to cardiac 

media supplemented with 2% FBS. On culture day 4, excitable HEK-293 (“Ex-293”) cells 

were gently dissociated with non-enzymatic CellStripper™ solution (Mediatech, Inc.) for 

10 minutes at 37°C and resuspended in HEK-293 growth media. Ex-293 cells were then 

plated onto some of the NRVM zig-zag patterns at a density of 0.7 x 103 cells per mm2 
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and cultured in HEK-293 growth media. The NRVM zig-zag networks that did not have 

Ex-293 cells added on top were used as NRVM monoculture control samples. The next 

day, the cultures were rinsed twice in PBS, the media was exchanged, and the 

rectangular thin film was carefully lifted and released from the Aclar® substrate using 

forceps and the PDMS anchors for support. The following day (culture day 6), the control 

zig-zag monocultures and NRVM+Ex-293 cocultures were assessed for action potential 

propagation and active force generation using our previously published methods [268].  

 

 

Figure 4.2. Fabrication of thin films with tortuous cardiac networks. (A) A 25 mm Aclar® 

coverslip coated with a ~35 µm-thick coating of PDMS was scored along an overlaid template 
using a scalpel to yield a rectangular elastic thin film that was peeled off the Aclar® coverslip after 
cell culture and prior to force testing. (B) Tortuous zig-zag photomask created for soft 
photolithography and cell micropatterning. (C) PDMS thin film 4 days after fibronectin stamping of 
zig-zag micropattern and NRVM seeding (lines on film). PDMS anchors (yellow arrows) provided 
structural support during transport and force testing. Inset shows detail of tortuous path (blue 
dashed line) along adjacent cell strands. (D) Phase contrast image of NRVMs showing close-up 
of bridging and spacing in zig-zag pattern. 

 

4.2.5 Immunostaining, tissue bundle histology, and image acquisition 

Ex-293 and NRVM cell cocultures were fixed and permeabilized in a solution of 

2% paraformaldehyde (PFA, diluted in PBS) and 1% Triton-X (Sigma, Triton-X100 

diluted in PBS) for 4 minutes at room temperature (RT), placed into a solution of 2% 

PFA for an additional 10 minutes at RT, and then blocked in a solution of 1% bovine 
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serum albumin (BSA, Sigma) and chicken serum (Gibco) in a 5:1 ratio for one hour at 

RT. Primary antibodies, including anti-sarcomeric α-actinin (Sigma, EA-53 mouse 

monoclonal) and anti-connexin-43 (Zymed, rabbit polyclonal), were applied overnight at 

4oC. Secondary antibodies, including Alexa Fluor 488 (chicken anti-rabbit), Alexa Fluor 

594 (chicken anti-mouse), or FITC conjugated anti-green fluorescent protein (α-GFP) 

were applied for 1 hour at room temperature. Nuclei were counterstained with 4',6-

diamidino-2-phenylindole (DAPI, Sigma). All fluorescent images were acquired, 

pseudocolored, and processed using IPLab (BioVision Technologies) using a CCD 

camera (Cooke SensiCam QE).  

4.2.6 Optical mapping of impulse propagation in NRVM/HEK-293 cocultures 

2-D cell cocultures, 3-D tissue constructs, and tortuous path thin films were 

stained with a voltage-sensitive dye, Di-4 ANEPPS (10 µM, 5-7 min), or a nonratiometric 

Ca2+-sensitive dye, X-Rhod-1 (3 µM, 45 min). Transmembrane voltage and intracellular 

Ca2+ concentration, [Ca2+]i, were optically mapped with 504 optical fibers arranged into a 

20 mm-diameter hexagonal bundle (Redshirt Imaging), as previously described [187]. 

Fluorescence signals were converted to voltage by photodiodes and acquired at a 2.4 

kHz sampling rate with macroscopic spatial resolution of 750 µm. An XYZ-

micropositioned platinum point electrode was used to initiate electrical conduction at 

1.2x threshold in the 2-D and 3-D cocultures. Line electrodes were used to stimulate (at 

1.2x threshold) either the longitudinal end or the transverse edge of the zig-zag cell 

patterns to create planar activation waves. Data was processed, displayed, and 

analyzed using custom-made MATLAB software. Longitudinal, transverse, and average 

conduction velocity and average action potential duration at 80% repolarization (APD80) 

were derived as previously described in section 3.2.11 and elsewhere [192-193].  
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4.2.7 Analysis of force generation in zig-zag cell cultures 

Mechanical force testing utilized a custom-made setup [269] (Figure 4.3A) in 

which the zig-zag cell patterns on thin films were bathed in HEK-293 growth media 

within a heated 37°C chamber. One end of the film was pinned to a stationary PDMS 

ledge in the chamber while the other was pinned onto a floating PDMS platform that was 

secured to a sensitive force transducer (provided by Dr. Robert Dennis, UNC Chapel 

Hill). The force transducer was mounted onto a motorized linear actuator (Thorlabs, Inc.) 

that could stretch the suspended film in 0.1 mm increments. The films were stretched to 

6% of their initial length (measured using a digital camera (Imagesource) mounted 

above the setup and ImageJ (NIH)) and stimulated at 20V with a line electrode (parallel 

platinum wires) positioned either at the longitudinal or transverse edge of the zig-zag 

pattern (Figure 4.3B). Stretching the films to +6% was found to be optimal for measuring 

reproducible active force generation. Generated forces were recorded using a DAM50 

amplifier (World Precision Instruments) and a custom Labview (National Instruments) 

acquisition program. MATLAB was used to analyze the amplitude and duration of 

generated force traces following longitudinal or transverse stimulation. 
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Cx43 in HEK-293 significantly improves this coupling to levels similar to those seen 

between adjacent NRVMs [187]. 

To evaluate whether the excitable Ex-293 cell line is capable of supporting 

electrical conduction to and from isolated cardiomyocyte populations separated by an 

arbitrary distance, we designed a 2-dimensional “S” shape coculture (as described in 

section 4.2.2). In this setting, two isolated islands of NRVMs were bridged by a 2.5 cm-

long “S” shaped track of either wild-type HEK-293 (control) or genetically engineered 

and excitable Ex-293 cells (Figure 4.4B). Extracellular point stimulation in one of the 

remote NRVM islands induced impulse conduction that was blocked at the entrance to 

the unexcitable wild-type HEK-293 bridge. However, in cocultures in which the “S” 

shaped bridge was composed of the excitable Ex-293 cells, the stimulated cardiac action 

potential propagated through the 2.5 cm-long Ex-293 cellular bridge and eventually into 

the distal NRVM island (Figure 4.4B&C). Thus, the Ex-293 cells electrically reconnect 

isolated cardiomyocytes over relatively long distances. Importantly, the Ex-293 cell 

bridge supported stable electrical conduction between the NRVMs at all possible NRVM 

stimulation rates (up to 7 Hz, data not shown). 
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Figure 4.4. Ex-293 cells couple to and bridge large conduction gaps between isolated 
NRVMs. (A) 2-D cocultures of neonatal rat ventricular myocytes, NRVMs (red), and Ex-293 cells 
(unstained) exhibited abundant heterocellular (white arrows) and homocellular (yellow arrows) 
Cx43 gap junctions (green). (B) Two isolated NRVM regions (islands) connected by a 2.5 cm-long 
“S”-shaped bridge made of either wt HEK-293 (control) or Ex-293 cells. Action potential 
propagation initiated at one NRVM island (pulse sign) is blocked at the entrance to the wild-type 
HEK-293 bridge (middle panel), but seamlessly continued through the Ex-293 bridge into the 
remote NRVM island (right panel). (C) Isovoltage frames showing time sequence of impulse 
conduction from NRVM island through Ex-293 bridge. Small black circles in (B&C) denote 504 
optical recording sites. 

 

We also constructed cardiac tissue cultures in which a large central island (~ 1 

cm in diameter) was filled with control or genetically engineered HEK-293 cells as a 

simplified in vitro model of cardiac cell therapy. In this setting, stimulation of the NRVM 

culture containing a central “graft” of control HEK-293 cells resulted in cardiac 

conduction block and propagation around this unexcitable obstacle (Figure 4.5A1). 

When the central region was seeded with Ex-293 cells, induced action potentials rapidly 

propagated through the Ex-293 graft and into the NRVMs (Figure 4.5B1). Thus, the Ex-

293 graft restored fast and uniform action potential propagation in the cardiac culture. As 

shown by the activation maps presented in Figure 4.5B2, AP propagation speed in Ex-

293 cells was similar to that of the surrounding NRVMs. 



 

102 

 

Figure 4.5. Ex-293 cells restore fast and uniform electrical conduction within compromised 
cardiac 2-D networks. A circular (1 cm in diameter) central acellular gap within NRVM 
monolayers was filled with a "tissue graft" made of either wild-type (wt) HEK-293 (A) or Ex-293 
cells (B). (A) Upon point stimulation (pulse sign) in the NRVM region, action potential propagation 
traveled around rather than through the unexcitable wt HEK-293 graft. (B) In contrast, the use of 
the excitable Ex-293 graft enabled smooth and direct propagation through the entire monolayer. 
Note shorter action potential duration of the Ex-293 cells compared to the NRVMs as evidenced 
by the shorter wave width (at t = 57 ms) and faster repolarization (at t = 76 ms) in the graft area. 
The Ex-293 grafts seamlessly restored conduction within NRVM cultures at all stimulation rates 
that could be sustained by NRVMs (not shown). Small black circles in images denote optical 
recording sites.  

 

4.3.2 Restoration of conduction by Ex-293 cells in 3-D engineered cardiac 
tissues 

 To examine whether the electrical resynchronization of cardiomyocytes by Ex-

293 cells at the 2-dimensional level extends to a 3-dimensional (3-D) tissue level, we 

created a coculture setting in which two ends of a 3-D tissue cord seeded with NRVMs  

were connected via a 1.3 cm-long central Ex-293 tissue bridge (Figure 4.6A). Optical 

mapping of transmembrane voltage (Figure 4.6B, top panels) demonstrated that action 

potentials generated within the proximal NRVM tissue section by point stimulation were 

able to propagate through the central Ex-293 tissue bridge and continue into the distal 

NRVM tissue section, thereby proving that engineered Ex-293 tissue can electrically 

bridge conduction gaps within 3-D cardiac tissues.  
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Since the Ex-293 cells only express relatively weak endogenous calcium currents 

[174], they do not support detectable generation or propagation of Ca2+ transients. As 

shown from recordings with the calcium-sensitive dye, X-Rhod-1, excitation of a 

peripheral NRVM tissue region at one end of the cord shows activation and spread of 

calcium activity away from the stimulus site and towards the Ex-293 tissue bridge where 

the signal disappears. Action potential propagation through the Ex-293 tissue bridge 

(Figure 4.6B top panels) eventually triggers electrical activation of the distal NRVM 

tissue region where observation of the intracellular calcium transient reemerges as it 

propagates to the end of the cord (Figure 4.6B, bottom panels).   

 

 

Figure 4.6. Ex-293 cells enable electrical conduction over large cardiac conduction gaps in 
3-D engineered tissue. (A) A cocultured 3-D tissue cord with peripheral NRVM regions 
connected by a 1.3 cm-long central Ex-293 bridge (superimposed composite images of phase 
contrast and mCherry fluorescence). Optical recording array is placed underneath the cord 
(bottom panel). (B) Stimulation of proximal NRVM region (left panel) generated a wave of 
transmembrane voltage (Vm) that spread (as shown by white arrow) through the Ex-293 tissue 
bridge into the distal NRVM region (top frames). NRVM (but not Ex-293) excitation also yielded 
generation of intracellular calcium ([Ca2+]i) transients (bottom frames). Frames show color-coded 
Vm or [Ca2+]i optically recorded at times shown above (blue to red indicate baseline to peak 
signal, respectively).  
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4.3.3 Ex-293 cells improve transverse electrical conduction and force of 
contraction in “zig-zag” cardiomyocyte cultures 

Since the Ex-293 cells were able to electrically couple and reconnect isolated 

regions of cardiac tissue, we hypothesized that restoration of continuous cardiac 

conduction would also result in enhanced cardiac contractile function, despite the fact 

that Ex-293 cells are non-contractile. Therefore, we designed a model of the infarct 

border zone in the form of a “zig-zag” 2-D network of NRVMs (Figure 4.2C&D and Figure 

4.7A1&2). In these cultures, action potential propagation was highly anisotropic. 

Specifically, longitudinal line stimulation (perpendicular to continuous NRVM strands, 

Figure 4.7A3) resulted in rapid action potential conduction (velocity of 27.7±2.0 cm/s, N 

= 4) while transverse line stimulation (parallel to NRVM strands, Figure 4.7A4) resulted 

in very slow conduction (2.7±0.3 cm/s, N = 4) as activation occurred tortuously through 

the zig-zag patterned cells. The effective ratio of longitudinal to transverse conduction 

(anisotropy ratio) was 11.9±1.66 (N = 4). 

When added onto the zig-zag NRVM culture, the Ex-293 cells (identified by 

GFP+ staining) adhered to the NRVMs and bridged the acellular spaces between the 

NRVM strands (Figure 4.7B1&2). While longitudinal conduction velocity in the 

NRVM+Ex-293 cocultures remained similar to that in the control NRVM monocultures  

(Figures 4.7B3 and 4.9A), transverse conduction velocity significantly increased (to 

12.7±1.2 cm/s, Figures 4.7B4 and 4.9A), showing that Ex-293 cells electrically coupled 

to NRVMs and increased the transverse connectivity between the adjacent NRVM 

strands. This increase in the transverse conduction velocity also decreased the effective 

anisotropy ratio to 2.2±0.36 (N = 3 for all).  
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Figure 4.7. Seeding of Ex-293 cells within NRVM zig-zag networks improves transverse 
electrical conduction. (A1&A2) Micropatterned zig-zag NRVM networks on thin films stained for 
sarcomeric alpha actinin. (A3&A4) Upon extracellular line stimulation, the zig-zag NRVM cultures 
exhibit high anisotropic conduction with relatively rapid longitudinal conduction (A3, along the 
NRVM strands) and extremely slow transverse conduction (A4, across the NRVM strands and 
bridges) during optical mapping. Note slower time scale in the activation map of (B4). (B1&B2) 
Addition of Ex-293 cells (stained for GFP) onto the zig-zag NRVM cultures resulted in the 
formation of new Ex-293 mediated cellular bridges between the NRVM strands. (B3&B4) 
Stimulation of the zig-zag NRVM+Ex-293 coculture network yielded similar longitudinal 
conduction but much faster transverse electrical conduction compared to the NRVM monoculture 
control. Pulse sign indicates position of line electrode. 

 

Using this same culture system, we further tested whether the electrical 

improvement due to Ex-293 addition also resulted in increased contractile force 

generation. In control NRVM cultures, longitudinal stimulation produced contractile 

forces (twitches) with approximately twice higher amplitude (71.3±3.0 µN vs. 36.1±4.7 

µN, N = 8) and twice shorter duration (216.9±8.1 ms vs. 420.6±21.1 ms, N = 8) as 

shown in Figures 4.8A and 4.9B. When Ex-293 cells were added to the zig-zag NRVM 

cultures, longitudinal stimulation was found to yield contractile forces similar to those of 

control cultures (Figures 4.8B and 4.9B). Transverse stimulation, on the other hand, 

yielded a 63.7% increase in the twitch amplitude compared to the NRVM controls 
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(59.1±7.6 µN, N = 4 vs. 36.1±4.7 µN, N = 8) and 23.8% decrease in the twitch duration 

(Figures 4.8B and 4.9B). Taken together, these proof-of-principle studies showed that 

despite being non-contractile, Ex-293 cells successfully improved not only the electrical 

but also the mechanical function of the cardiomyocyte networks. 

 

 

 

Figure 4.8. Seeding of Ex-293 cells within NRVM zig-zag networks improves mechanical 
force output. (A) Representative example of mechanical force testing of NRVM contractile force 
upon longitudinal or transverse line stimulation in control zig-zag NRVM cell networks upon thin 
elastic films. Note the decrease in force output in transverse stimulation compared to longitudinal. 
(B) Representative example of mechanical force testing of thin elastic films seeded with a zig-zag 
NRVM cell network containing interspersed Ex-293 cells. Note that force amplitudes and 
durations in the NRVM+Ex-293 networks were higher and shorter in the transverse direction 
compared to NRVM control. 
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Figure 4.9. Average conduction velocity and maximum force amplitude resulting from 
longitudinal or transverse stimulation in zig-zag NRVM control and zig-zag NRVM+Ex-293 
networks. (A) Optical mapping of longitudinal and transverse action potential propagation shows 
highly anisotropic conduction and improved transverse conduction velocity in NRVM+Ex-293 
networks. *P<0.001 compared to control transverse conduction. (B) Active force generation upon 
longitudinal or transverse stimulation in zig-zag NRVM control and zig-zag NRVM+Ex-293 cell 
networks shows enhanced transverse force output after addition of Ex-293 cells. ^P<0.05 
compared to control transverse stimulated force output. Unpaired t-tests, N = 3-8. 

4.4 Discussion 

4.4.1 Coupling of genetically engineered cells to cardiomyocytes in vitro 

In Chapter 3, we showed that Ex-293 cells strongly express Cx43 gap junctions 

at contacts with other Ex-293 cells, (Figure 3.10A) and electrically couple with a large 

transjunctional conductance of 134 nS (Figure 3.10C). In this chapter we show that the 

Ex-293 cells also form Cx43 gap junctions with neonatal rat ventricular myocytes 

(NRVMs) in vitro (Figure 4.4A). We have shown in previous studies using an 

independent Cx43-expressing HEK-293 line that these heterocellular gap junctions are 

functional [187] and support heterocellular transjunctional conductances of 68.9±9.7 nS 

[271]. Although HEK-293 cells express small amounts of endogeneous gap junction 

connexins [202, 214] and have weak intercellular coupling (Figure 3.10E), de Boer et al. 
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[129] and Valiunas et al. [19] have shown that HEK-293 cells expressing Kir2.1 [129] or 

HCN2 [19] channels could establish a sufficient level of functional coupling with 

cardiomyocytes to alter their electrical properties. These studies indicate that the weak 

endogenous coupling of HEK-293 cells may be adequate for altering local loading 

conditions on cardiomyocytes during applications of cell-based modification of 

repolarization or pacemaker function. However, to electrically bridge large tissue gaps by 

active action potential conduction, engineered cells must have high levels of intercellular 

coupling.     

It is clear from numerous in vitro [108, 272] and in vivo [131, 273] studies that 

cell-based therapies for myocardial regeneration require the use of a cell source 

expressing sufficient levels of either endogenous [274-275] or genetically engineered 

exogenous [132, 276] gap junctions to enable functional electrical integration into the 

host tissue and reduction of proarrhythmic potential. However, it should also be noted 

that well-coupled, but electrically immature or unexcitable cells, may be proarrhythmic 

during cell therapy as well [14, 109]. Thus, understanding the roles that intercellular 

coupling and membrane currents in donor cells have on cardiac function upon 

implantation is critically important. To that end, we believe that the use of genetically 

engineered cells and well-controlled in vitro cell coculture platforms [277], such as those 

demonstrated here, will help guide the rational design of safe and effective cardiac cell 

therapies.    

4.4.2 Engineered excitable cells restore compromised cardiac conduction 
and demonstrate potential for cardiac cell therapy 

In our previous coculture studies, unexcitable HEK-293 cells genetically 

engineered to express only connexin-43 (Cx43), were shown to slow cardiac conduction 
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when loaded upon NRVM monolayers [187] but were also capable of passively bridging 

electrical activity between NRVMs over distances of up to a few hundred microns [20]. 

Hofshi et al. showed that HEK-293 cells genetically engineered to express the cardiac 

sodium channel (Nav1.5), but not any exogenous gap junctions, passively 

resynchronized contractions between cardiomyocyte populations separated by up to 

several hundred microns [22]. Here, we show that a HEK-293 cell line (the Ex-293 line), 

genetically engineered to express Cx43 in addition to Kir2.1 and Nav1.5 ion channels, 

not only electrically couples to NRVMs, but most importantly, seamlessly and actively 

bridges cardiac electrical propagation between cardiomyocyte regions in both 2-D 

(Figure 4.4B&C and Figure 4.5B1&B2) and 3-D (Figure 4.6) cell cultures over arbitrarily 

long distances (at least on the centimeter-scale). 

These proof-of-concept studies suggest that somatic cells with genetically-

engineered excitability, when implanted into the diseased myocardium, may 

resynchronize electrical activity and potentially decrease the incidence of conduction 

blocks and arrhythmias. This approach (the implantation of stem cells or somatic cells 

with genetically engineered electrical properties) has been previously proposed as a 

potential strategy to improve compromised electrical function in the heart [5, 132, 278-

279]. For example, unexcitable cells with engineered potassium channels have been 

applied to locally modify cardiac repolarization through coupling with cardiomyocytes [7]. 

However, due to their unexcitable nature, these cells would still fail to propagate over 

distances larger than a few hundred microns [20-21].  

In contrast, the use of autonomously conducting biosynthetic cells with basic 

electrical properties tailored to mimic those of the host tissue could allow functional 

repair of arbitrarily sized conduction defects. For example, we have shown here that 
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engineered excitable cells with strong intercellular coupling can bridge electrical gaps 

between isolated cardiac cell populations separated by distances of at least 2.5 cm in 2-

dimensional cell cultures and up to at least 1.3 cm in 3-dimensional biosynthetic 

engineered tissues. However, the disparity between the short action potential duration of 

the Ex-293 cells compared to that of the NRVMs in cocultures (as seen in the isovoltage 

frames of Figures 4.4C and Figure 4.5B1) may increase the potential for post-refractory 

reexcitation of Ex-293 cells by adjacent depolarized cardiomyocytes and lead to the 

initiation of reentrant waves and/or sustained arrhythmias [40]. Recently, similar 

concerns were raised about the potential dispersion of repolarization that may result 

upon implantation of Cx43-expressing skeletal myoblasts (relatively short APD) into 

human myocardial tissue [15]. Additional expression of ion channels that either prolong 

the action potential of the donor cell (e.g. use of T-type calcium channels as was 

demonstrated in Chapter 3) or increase refractoriness to match that of host myocardial 

tissue may reduce the arrhythmic potential of these engineered cell lines.  

We believe that combining the knowledge gained from proof-of-concept coculture 

studies, such as those presented here, with selective genetic engineering of clinically-

viable somatic cells, will lead to the development of novel excitable cells with electrical 

properties (action potential shape and conduction velocity) suited to match the 

implantation zone of the host myocardium. Furthermore, controlled genetic manipulation 

of the electrical properties of the donor cells may provide the opportunity to engineer 

cells for a specific therapeutic effect (e.g. reduction of arrhythmic activity or induction of 

pacemaking).  
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4.4.3 Resynchronization of cardiac conduction by engineered excitable 
cells improves cardiac contractile function  

Although the Ex-293 cells we utilized for cardiac conduction repair are non-

contractile, we hypothesized that their ability to electrically couple isolated populations of 

cardiomyocytes in cell and tissue cocultures would likely also enhance cardiac 

mechanical function by synchronizing cardiomyocyte contractions. This hypothesis was 

tested in an in vitro model of the tortuous “zig-zag” pattern of electrical conduction 

observed in highly fibrotic heart tissue [31-32]. We generated a flexible substrate for 

NRVM patterning based on a technique introduced by Feinberg et al. [280] in which 

cardiomyocytes were micropatterned (e.g. as anisotropic monolayers or parallel strands) 

on thin elastic PDMS films used only for measurements of contractile force. Interestingly, 

the average force amplitudes we measured during longitudinal stimulation (which yielded 

rapid conduction) of the zig-zag NRVM patterns (71.3 µN) were comparable to those that 

they measured in confluent anisotropic monolayers (74.2 µN).  

The effect that cell implantation would have upon the function of engineered 

cardiac tissues was not evaluated in the 2-D film setting by Feinberg et al. but was 

recently investigated by Song et al. using 3-D engineered tissues [281]. In this study, 

Song et al. injected either noncontractile cardiac fibroblasts or contractile neonatal 

mouse cardiomyocytes into 3D tissue constructs made by seeding NRVMs on collagen 

scaffolds. They showed that the addition of contractile and excitable cardiomyocytes 

improved excitation threshold and contraction amplitude of the cardiac constructs. In 

contrast, injection of unexcitable cardiac fibroblasts (shown to lack Cx43) impaired both 

electrical propagation and amplitude of contraction. Thus, as expected, increasing the 

number of contractile and excitable cells coupled to cardiac tissue enhances 

electromechanical function, while noncontractile and unexcitable cells yield deleterious 
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effects. Likewise, an in vivo study by Roell et al. [132] demonstrated that implantation of 

well-coupled excitable embryonic cardiomyocytes into an infarcted mouse heart 

enhanced electrical resynchronization of the myocardium as evidenced by increased 

conduction velocity and decreased incidence of ventricular tachycardia. The implantation 

of skeletal myoblasts, bone marrow cells, or cardiac myofibroblasts did not provide any 

therapeutic benefit likely due to lack of coupling and excitability. 

Our results demonstrate that noncontractile but excitable cells can improve both 

the electrical and mechanical function of engineered cardiac tissue with compromised 

conduction. In the zig-zag coculture assay, the Ex-293 cells did not impair longitudinal 

propagation velocity or resulting force of contraction but significantly improved the 

transverse conduction (2.7 to 12.7 cm/s) and resulting contractile output (64% increase 

in twitch amplitude). This effect could be attributed to resynchronized activation of 

adjacent NRVM strands. Thus, implantation of noncontractile excitable cells or the 

genetic modification of endogenous fibroblasts to establish direct paths of fast action 

potential conduction may both improve slow cardiac conduction and enhance 

mechanical function of the diseased myocardium. 

4.5 Summary and Implications 

These experiments demonstrate that a genetically engineered excitable cell line 

actively repairs large electrical defects within primary cardiac cultures. Furthermore, 

despite lack of contractile capacity, engineered excitable cells can resynchronize 

cardiomyocyte activation and as a result, increase overall functional output of the cardiac 

tissue. Based on these studies, we believe that the use of somatic (endogenous or 

exogenously added) cells with genetically engineered electrical properties for the 

treatment of excitable tissue disorders is a promising approach for cardiac cell therapy.  
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While our proof-of-concept experiments utilized an engineered cell line that is not 

a likely candidate for clinical use due to its uncontrolled proliferation, our approach of 

using a minimal number of genes to render unexcitable cells excitable and conductive is 

a first step in developing methods to create large quantities of engineered contact-

inhibited somatic cells with customized electrical properties. Moreover, compared to 

contractile cardiogenic cells, biosynthetic excitable non-myocytes are expected to have a 

lower metabolic demand, and thus, a higher survival rate after transplantation in the 

injured heart. These properties would enable the in vitro engineering of thicker viable 

tissue patches for tissue-engineering therapies. Implanting an engineered tissue patch 

with controlled size and geometry could offer additional therapeutic benefits compared to 

injection of individual cells, including improved cell retention, survival, and control over 

the position and orientation of implanted cells. 

For clinical applications, the highly proliferative Ex-293 cells would need to be 

replaced by a contact-inhibited, terminally differentiated, and readily accessible cell 

source; however, we believe that the proof-of-concept studies presented here 

significantly advance and support the approach of developing engineered excitable 

somatic cells for cardiac repair. The use of electrically excitable and conducting tissue 

grafts made via a minimum set of genetic modifications in autologous somatic cells with 

a differentiated phenotype (e.g. from skin, liver, or intestines) may offer a safe and 

efficient alternative (or complement) to stem cell-based cardiac therapies. Further 

development of this technology and approach may also suggest new gene therapy 

approaches to improve cardiac conduction by, for example, targeting and selectively 

altering the electrical properties of endogenous cardiac fibroblasts. 
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5. Roles of Activation and Repolarization Gradients in 
Vulnerability to Conduction Block at the Heterocellular 
Interface 

5.1 Rationale 

Electrical heterogeneities in the heart, generated by intrinsic variability in ion 

channel expression and cell distribution [26, 282], establish local dispersions of action 

potential repolarization that, in normal intact tissue, is insufficient to cause conduction 

block and arrhythmia [283-284]. These electrical heterogeneities have been well-studied 

across the ventricular wall (transmural dispersion of repolarization, TDR) wherein 

populations of midmyocardial cells (“M” cells) with low IKs expression [285] and 

enhanced late INa density [286] have a longer action potential duration (APD) than the 

surrounding endo- or epicardial tissue layers. In addition, cardiac electrical 

heterogeneities exist between the left and right ventricles [287-288], across the 

epicardium [289], at connections between Purkinje fibers and ventricular myocytes (i.e. 

PV junctions [290]), and as a result of heterocellular electrical interactions that may arise 

either endogenously (e.g. fibroblast-myocyte [291]) or through the implantation of 

exogenous cells during cardiac cell therapies (e.g. mesenchymal stem cells [292] or 

genetically engineered fibroblasts [7]).  

When these cardiac electrical heterogeneities are amplified by, for example, the 

presence of inherited ion channel mutations [90], pharmacological intervention [88], or 

ion channel and/or gap junction remodeling during cardiac pathologies (e.g. ischemia, 

myocardial infarction [73]), dispersion of repolarization (DOR) increases. The increased 

DOR in conjunction with the presence of premature beats (e.g. “modulated dispersion” 

[293]) or rapid excitation [294], has been directly linked to the development of conduction 
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block, arrhythmogenesis, and sudden cardiac death [295-297]. Thus, defining the 

conditions at which changes in the electrical heterogeneity of the heart become 

arrhythmogenic is of critical importance, but our ability to systematically study these 

conditions in situ is limited by low reproducibility of tissue microstructure and function 

among different hearts and the inability to access, identify, and study heterocellular 

interactions within the complex setting of the heart, as discussed in section 2.11.  

Experimental studies in cardiac tissue have identified some of the mechanisms 

leading to alterations in DOR. For example, optical mapping of TDR in canine ventricular 

tissue identified disproportionate prolongation of M cell APD in pacing-induced heart 

failure [298] and in a drug-induced (IKr inhibition) model of LQT2 syndrome [297]. In both 

cases, significantly increased DOR led to a higher incidence of conduction block and 

reentrant arrhythmias. However, variation in the size and distribution of M cell clusters 

within intact myocardial tissue [299-300] and technical limitations identifying and 

recording M cell activity [301-302] have yielded conflicting results. For example, although 

using similar optical recording techniques of cardiac tissue wedges, a study by Akar et 

al. [298] observed significant prolongation of M cell APD and an increased TDR in 

pacing-induced canine heart failure while Glukhov et al. [303] were unable to identify M 

cell activity and recorded a decreased TDR during end-stage human heart failure. In 

nondiseased human hearts, Glukhov et al. [303] recorded both TDR and M cell activity, 

but this finding also contradicted a report by Taggart et al. [304] that did not detect M 

cells or TDR in the intact human heart using unipolar plunge electrode recordings. 

Due to the limitations of measuring TDR within the setting of the intact heart 

computational models have been built based on a few experimental parameters such as 

APD, intercellular coupling, and AP restitution properties. While this has allowed some 
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predictions regarding the relationship between the parameters of DOR and vulnerability 

to block, these predictions appear different between different studies. For example, a 

theoretical study by Qu et al. [305] has emphasized the role of gradient height in the size 

of the vulnerable window while, Sampson and Henriquez [306] emphasized the 

important role that gradient width has on conduction block. In these studies, the 

importance of the maximum repolarization gradient itself is not clear, but this value is 

often reported in experimental studies as an important parameter for the occurrence of 

block.  

The discrepancies among and between these experimental and theoretical 

studies highlight the need for a reproducible experimental setting in which specific 

parameters of DOR can be varied and studied for their roles in the induction of block. 

This controlled setting would provide a more defined set of experimental measurements 

at tissue scale that, when incorporated into computational models, may offer insights into 

the roles that specific ionic currents play in the induction of unidirectonal conduction 

block. We therefore developed a controlled in vitro coculture assay by generating a 

heterocellular interface between our previously characterized genetically engineered 

HEK-293 cell lines and neonatal rat ventricular myocytes (NRVMs) and used this setting 

to systematically examine the roles of activation and repolarization gradients in the 

vulnerability to unidirectional conduction block.  

The use of our engineered monoclonal HEK-293 cell lines provided a 

homogenous population of cells that limited the influence of variable cell morphology, 

endogenous currents, and inconsistent channel expression on the experimental 

outcome. Furthermore, similar CVs and significantly different APDs between the 

excitable HEK-293 cells (~ 30 ms) and NRVMs (~ 160 ms) provided an intrinsic electrical 
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heterogeneity for creating and manipulating repolarization gradients. The use of two 

different excitable HEK-293 lines with the same APD but significantly different cell 

coupling and CVs enabled us to additionally study the roles of activation gradients and 

cell coupling in generation of conduction block. NRVMs were used as a model of host 

cardiac tissue because they can be readily micropatterned into confluent networks that 

are amenable for electrophysiological studies [20-21, 149, 196]. 

For our experiments, we utilized a micropatterned cell “strand” culture because it 

is geometrically the simplest, most well-controlled in vitro setting to study electrical 

propagation [277]. Since the width of the cell strand (150 µm) is smaller than the cardiac 

electrotonic space constant [307], electrical propagation along the strand is pseudo-1-

dimensional. This allows microscopic tracking of AP propagation along a distinct linear 

path (a few cells wide) without any ambiguity about the exact pattern of propagation. As 

the engineered HEK-293 cells express multiple fluorescent proteins, their location on the 

strand and sites of contact with NRVMs could be readily identified during live cell 

imaging to accurately match electrophysiological recordings with cell type and position of 

the heterocellular interface. In addition, this cell culture platform was highly reproducible 

and offered the potential to perform relatively high-throughput studies by simultaneously 

pacing and mapping multiple, closely spaced strands. 
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5.2 Methods 

5.2.1 Microcontact printing of parallel fibronectin lines 

Parallel fibronectin protein lines for directed cell attachment were prepared 

similar to previously described methods [20, 128]. Briefly, silicon wafers were coated 

with a 10 µm-thick layer of photoresist (SU-8 10, Microchem), exposed to UV light 

through a patterned photomask, and developed to produce a negative of the desired 

pattern. Polydimethylsiloxane (PDMS) was poured onto the patterned wafer, cured 

overnight at 80°C, and removed to yield PDMS stamps of the designed micropattern (10 

mm-long, 150 µm-wide parallel lines, spaced 300 µm apart connected on only one end).  

For microcontact printing of fibronectin, the stamps were sonicated in 70% ethanol for 

one hour, washed in PBS, dried, inverted with the pattern side upright and then coated 

with 30 µg/mL fibronectin (Sigma) for one hour at room temperature. The fibronectin was 

then removed by suction, the stamp was briefly dried using a nitrogen air gun, and then 

the stamp was gently pressed onto a 22 mm-diameter PDMS-coated coverslip (after 8 

minute UV ozone exposure) to transfer the fibronectin protein pattern (Figure 5.1A1). 

After one hour of microcontact printing, the stamp was removed and unstamped areas 

were coated with 0.2% w/v Pluronic F-127 (Molecular Probes) for 30 minutes to prevent 

cell growth between the patterned lines. 

5.2.2 Cell culture and seeding of micropatterned coculture strands 

We used two different monoclonal genetically engineered HEK-293 cell lines: Ex-

293 and Cx43-/Ex-293. The well-coupled Ex-293 cells, as previously described, express 

Kir2.1, Nav1.5, and Cx43. The poorly-coupled Cx43-/Ex-293 (the “Kir2.1+Nav1.5” cell line 

introduced in section 3.3.2) lack Cx43 expression. These HEK-293 cell lines were 

cultured as previously described (sections 3.2.2 and 4.2.1.2) in low glucose DMEM 
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(Gibco #11885) supplemented with 10% FBS and 1% penicillin-streptomycin solution. 

The isolation of neonatal rat ventricular myocytes (NRVMs) followed previously 

described protocols (section 4.2.1.1). Prior to cell seeding, a PDMS stencil containing a 

thin (~ 300 µm-wide) dividing wall was sterilized in 70% ethanol, thoroughly washed and 

dried, and adhered perpendicularly across the middle of the stamped fibronectin lines 

(Figure 5.1A2). The use of this thin PDMS “wall” enabled isolated but simultaneous 

seeding of NRVMs (2.0 x 103 cells per mm2) on one half of the fibronectin lines and 

engineered HEK-293 cells (0.3 x 103 cells per mm2) on the other half of the lines. 

NRVMs were seeded in media containing 100 µM bromodeoxyuridine (BrdU, Sigma), to 

prevent cardiac fibrolblast proliferation, while HEK-293 cells were not exposed to BrdU.  

Sixteen hours after cell seeding, the cultures were washed three times in NRVM-

HEK culture media (section 4.2.1.1) to remove unattached cells, and the PDMS central 

wall was removed (Figure 5.1B1&B2) to allow subsequent proliferation and migration of 

the HEK-293 cells to the NRVM interface (Figure 5.1C). The NRVM strands were 

designed to connect into a large common area (Figure 5.1C) which enabled 

synchronization of their spontaneous activity and supported cell spreading to confluence 

[308]. Homocellular micropatterned strands were made by seeding the same 

concentration of only one cell type onto the entire coverslip (no PDMS wall). 

Homocellular strands (Figure 5.1D1) were utilized for analysis of APD and CV restitution 

profiles while the heterocellular strands (Figure 5.1D2) were used for analysis of APD 

dispersion and vulnerability to block during a premature stimulus. Prior to optical 

mapping (culture days 5 and 6), the strands were electrically isolated from one another 

by cutting across the junctions between the strands and the common area (Figure 5.1C, 
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right side) using a scalpel and dissecting microscope. This allowed mapping in each 

strand to be treated as an individual experiment. 

 

Figure 5.1. Cell strand micropatterning and experimental design. (A1) Microcontact printing 
of parallel fibronectin lines. (A2) Application of PDMS stencil with wall for isolated cell seeding. 
(B1&B2) PDMS wall removal on culture day 1 leaves ~ 300 µm gap between engineered HEK-
293 (GFP+, B2) and NRVMs. (C) Immunostained image shows heterocellular interface between 
HEK-293 (GFP) and NRVMs (red, sarcomeric α-actinin) as well as large NRVM cellular end-zone 
(right side of image) in strand pattern on culture day 6. (D1&D2) Experimental setup for 
micromapping (D1) homocellular strands for studies of APD and CV restitution and (D2) 
heterocellular strands for studies of APD dispersion and vulnerability to block (VW, vulnerable 
window) with or without BaCl2. Image for A1&A2 modified from Klinger and Bursac [20]. 

 

5.2.3 Immunostaining and cell imaging  

Coculture strands were fixed and immunostained with antibodies for α-GFP and 

sarcomeric α-actinin as described previously in section 4.2.5. Brightfield phase-contrast 

images and fluorescence images of live or immunostained cultures were acquired using 
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a CCD camera (SensiCam QE, Cooke) attached to an inverted microscope (Nikon 

TE2000). A 10x Plan Apo (0.45 numerical aperture, Nikon) objective was used for both 

imaging and mapping. Acquired images were used to precisely register recorded optical 

mapping signals with underlying cells (see section 5.2.5). 

5.2.4 Microscopic optical mapping of transmembrane voltage 

Transmembrane voltage propagation in the patterned cell strands was optically 

mapped on culture days 5 and 6 using a bundle of 504 hexagonally arranged optical 

fibers positioned against an image intensifier (XR5, Photonis) connected to the side port 

of an inverted microscope (Nikon TE-2000U Eclipse) (Figure 5.2). At 10x magnification, 

this yielded a single channel resolution of 75 µm and field of view of 1.95 mm. Cell 

cultures were incubated with the voltage-sensitive dye, ANNINE-6plus (5 µg/mL, 

Sensitive Dyes GbR [309]) for 5 minutes at room temperature and then transferred to a 

temperature-controlled chamber perfused with Tyrode’s solution. Illumination was 

provided by a mercury light source (130 W, Intensilight, Nikon) controlled by a fast 

electronic shutter (Optiquip). ANNINE-6plus dye was excited through a 480±50 nm 

excitation filter (Chroma) and emitted fluorescence collected through a 565 nm long-

pass emission filter (Chroma) before being amplified by the image intensifier and 

projected onto the photodiode array (PDA). The optical recordings were converted to 

voltage signals, amplified, and sampled at 2.4 kHz. Blebbistatin (5 µM, Sigma) was 

added to the Tyrode’s solution to prevent motion artifacts [310]. At the end of each 

experiment, AP shape and CV were compared to those measured at the beginning in 

each strand to ensure cell health and consistency in data. Data was discarded if this 

consistency was not maintained during the experimental recording. 
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Figure 5.2. Microscopic optical mapping setup. Cell strand cultures were incubated with a 
membrane sensitive dye (ANNINE-6plus) and transferred to a temperature-controlled chamber 
perfused with Tyrode’s solution (+5 µM Blebbistatin) on an inverted microscope. Optical signals 
emitted from cells upon electrical stimulation during 480±50 nm excitation light were recorded at 
10x magnification, amplified by an image intensifier, projected onto a 504 optical fiber photodiode 
array, and digitally converted for storage and analysis on a computer. 10x magnification yielded a 
single channel resolution of 75 µm and a 1.95 mm field of view. Image from Badie, N. [311].  

 

5.2.5 Coregistration of heterocellular strand and photodiode array  

To spatially coregister the optical mapping signals with their corresponding 

positions on the strand, brightfield and fluorescence (to identify engineered HEK-293 

cells) images were taken by a CCD camera at the end of each experiment. Based on the 

previous registration between the optical fiber positions and pixels in the CCD image, the 

acquired optical mapping signals were precisely positioned relative to the location of the 

heterocellular interface. This interface position was made to be “0 mm” on the x-axis of 

all plots shown. Negative x values refer to positions to the left of the interface (the 
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engineered cell half of the strand) while positive x values refer to positions to the right of 

the interface (the NRVM half of the strand). 

5.2.6 Pacing protocols and calculation of vulnerable window for block 

During microscopic optical mapping, two XYZ-micropositioned platinum line 

electrodes were used to initiate electrical propagation at a basic rate of 2 Hz (at 1.2x 

threshold) at either end of the strands ~ 4-5 mm away from the heterocellular interface. 

For the S1S2 pacing protocol, the cells were paced at a basic rate of 2 Hz for 15 pulses 

(S1) followed by a premature stimulus (S2) of the same amplitude. The S1S2 time 

interval was shortened until the S2 pulse failed to initiate an action potential. This pacing 

protocol was used both to construct S1S2 restitution curves of action potential duration 

and conduction velocity for each cell type (in homocellular strands) as well as to quantify 

the vulnerable window (VW) for S2 block in heterocellular strands. VW was defined as 

the time difference between maximum S1S2 interval that caused the remote block at the 

heterocellular interface and maximum S1S2 interval that caused the block at the pacing 

site at the HEK-293 end of the strand (Figure 5.3A). Pacing was performed at both the 

NRVM and the engineered HEK-293 end of each strand to assess influence of 

propagation direction on dispersion of activation, repolarization, and APD at the 

heterocellular interface. 

5.2.7 Data analysis 

Activation time (AT), action potential duration at 80% repolarization (APD), and 

repolarization time at 80% repolarization (RT), were determined using custom-made 

MATLAB software as previously described [191]. Activation and repolarization times 

were averaged among recording sites across the width of each strand and reported 

every 0.065 mm along the strand. Plots of AT versus distance along the strand (x) were 
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fit with linear or bilinear functions in MATLAB and used to calculate average conduction 

velocity (CV). Plots of APD or RT versus distance along the strand were fit with a 

sigmoidal Boltzmann function of the form 
  /

 and used to calculate 

the maximum slope (∇APDmax or ∇RTmax, in ms/mm) of the fit (  ). The height (∆y) of 

APD or RT (in ms) was reported as the 90% - 10% value of (y∞-yo), while the width (∆x) 

of APD or RT (in mm) was reported as the distance on the x axis corresponding to ∆y 

(Figure 5.3B).  

 
Figure 5.3. Representative images depicting measured parameters. (A) Plotting activation 
(red dashed line) and repolarization (blue solid line) times for the propagating S1 and S2 pulse 
along the strand distance (e.g. from Ex-293 to NRVM regions, 0 mm is heterocellular interface) 
shows changes in action potential duration (APD, difference between repolarization and 
activation time) and diastolic interval (DI, time between S1 repolarization and S2 activation). 
Vulnerable window (VW) for conduction block was measured as the difference between the time 
of S2 remote block and S2 pacing block. In this example, the S2 pulse elicited in Ex-293 blocks 
when S2 activation encounters S1 repolarization of NRVMs. (B) Boltzmann sigmoidal fit of 
changing APD or RT along the strand to determine maximum gradient of APD or RT as well as 
change in height (∆y) and width (∆x) measured between 10% and 90% of fit. 
 
 

5.2.8 Statistical Analysis 

All data were presented as mean ± s.e.m. and were evaluated for statistical 

significance using linear regression, two-tailed paired or unpaired t-tests, or an ANOVA 
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followed by Tukey’s post hoc test for multiple comparisons. Statistical significance was 

defined as ^P<0.05, #P<0.01, or *P<0.001. 

5.3 Results 

5.3.1 Rate dependence of APD and CV in homocellular strands 

To evaluate rate-dependent changes in action potential duration (APD) and 

conduction velocity (CV) within all three experimental cell populations (neonatal rat 

ventricular myocytes (NRVMs), Ex-293, and Cx43-/Ex-293) used for these studies, we 

first fabricated micropatterned homocellular strands for analysis of S1S2 restitution 

profiles (Figure 5.4) during control conditions and in the presence of 50 µM BaCl2. Under 

control conditions, as expected, the APDs of the Ex-293 (blue squares) and Cx43-/Ex-

293 (green triangles) cells were similar and significantly shorter than that of the NRVMs 

(red circles) (Figure 5.4A1). CV in the NRVMs and Ex-293 cells was similar at long S1S2 

intervals but diverged during shorter intervals when the NRVM CV began to sharply 

decrease (Figure 5.4A2). Importantly, although the APD of Ex-293 and Cx43-/Ex-293 

cells were very similar, lack of Cx43 expression in the Cx43-/Ex-293 cell line significantly 

reduced its CV (to 3.06±0.2 cm/s compared to 22.1±0.4 cm/s in Ex-293 cells). 

We have previously shown that inhibition of IK1 by BaCl2 can significantly prolong 

the APD of Ex-293 cells (Figure 3.13). Application of 50 µM BaCl2 to the homocellular 

strands significantly prolonged the APDs in Ex-293 and Cx43-/Ex-293 cells to a 

comparable level, but only slightly increased the APD in NRVMs (Figure 5.3B1). 

Simultaneously, the CV restitution curve of NRVMs was not affected by BaCl2 

application, while in both Ex-293 and Cx43-/Ex-293 strands, the CVs were decreased at 

shorter S1S2 intervals yielding conduction block at a less premature S2 pulse. 

Specifically, all conduction blocks occurred at the vicinity of the pacing site at a 
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maximum S1S2 interval for NRVM, Ex-293, and Cx43-/Ex-293 of 151.7±3.2, 43.6±1.0, 

and 56.9±1.9 ms, without, and 157.9±5.9, 146.3±1.8, and 144.1±3.4 ms, with the 

application of BaCl2, respectively. Importantly, these results demonstrated the potential 

to selectively prolong APD in the engineered excitable cells to values more similar to 

those of the NRVMs, which would yield a decreased dispersion of repolarization (DOR) 

in heterocellular strands.  

 

 

Figure 5.4. APD and CV S1S2 restitution profiles in homocellular strands. (A1&A2) APD and 
CV restitution curves in control conditions. (B1&B2) APD and CV restitution curves in the 
presence of 50 µM barium chloride (BaCl2). Fifteen S1 pulses at a 2 Hz pacing rate were followed 
by a premature S2 pulse at a given S1S2 interval. Error bars denote mean±s.e.m.; N = 5-13. 
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5.3.3 Characterization of gradients in repolarization and activation in 
heterocellular strands using microscopic optical mapping of action 
potential conduction  

Microscopic optical mapping of action potential propagation in the heterocellular 

strands revealed significant APD dispersion at the interface between HEK-293 cells and 

NRVMs (Figure 5.6A). During 2Hz electrical stimulation from the HEK-293 end of the 

strand, short action potentials that propagated in the HEK-293 cells (light blue square) 

progressively increased in duration at the heterocellular interface with NRVMs (purple 

square), and eventually attained the NRVM shape in the second half of the strand (red 

square). This significant APD dispersion illustrated the distinct difference in the 

relationship between the activation and repolarization fronts when cells were stimulated 

from either the Ex-293 (Figure 5.6B1) vs. NRVM (Figure 5.6B2) end of the strand. 

Specifically, the activation (black arrow) and repolarization (white arrow) wavefronts 

moved in the same direction as the AP traveled along an ascending APD gradient (from 

Ex-293 to NRVM) but in opposite directions along a descending APD gradient (from 

NRVM to Ex-293) due to the significantly longer repolarization time of NRVMs vs. Ex-

293 cells.  
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In order to quantify the spatial parameters (e.g. height, width, and maximum 

gradient) of the dispersion in APD and repolarization time (RT) as well as the activation 

time (AT, to derive CV) across the heterocellular interface, we applied either sigmoidal 

(for APD and RT) or linear and bilinear (for AT in Ex-293-NRVM and Cx43-/Ex-293-

NRVM strands, respectively) fits to optical mapping data of AP propagation (as 

described in section 5.2.7). Figure 5.7 shows representative spatial profiles of RT and 

AT during AP propagation across the heterocellular interface in a strand composed of 

either Ex-293 (Figure 5.7A1&A2) or Cx43-/Ex-293 (Figure 5.7B1&B2) cells and NRVMs. 

Two Hz stimulation was applied at either the engineered HEK-293 (Figure 5.7A1&B1) or 

NRVM (Figure 5.7A2&B2) end of the same strand and the profiles were shown for the 

16th propagated AP.  

As shown in Figure 5.7, AT and RT profiles were similar when recorded from 

either direction of the Ex-293-NRVM strand. Importantly, conduction proceeded linearly 

with no delay across the Ex-293-NRVM interface indicating similar CV and strong 

intercellular coupling between the two cell types. In contrast, the poorly-coupled Cx43-

/Ex-293 cells, which lack Cx43 gap junctions (Figure 3.10), displayed significantly slower 

CV (steep AT profile) compared to NRVMs, thereby creating a significant activation 

gradient at the Cx43-/Ex-293-NRVM interface (Figure 5.7B1&B2). As a result, the RT 

profiles across this interface were significantly different when the propagation was 

initiated at the Cx43-/Ex-293 vs. NRVM end of the strand.   
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Figure 5.7. Representative profiles of AP repolarization and activation times across the 
heterocellular interface. (A1&A2) AP propagation (activation time, blue diamonds) from Ex-293 
(A1) or NRVM (A2) did not alter repolarization profile (red squares, fit with sigmoidal Boltzmann 
function, red line). (B1&B2) AP propagation is slow (steeper AT profile, blue line) in the Cx43-/Ex-
293 cells compared to faster NRVMs causing the significant change in RT profile with the 
propagation direction. “0 mm” denotes the location of heterocellular interface. 

 

 Spatial profiles of APD and RT recorded during stimulation from either end of the 

strand were analyzed to determine the maximum gradient of APD and RT (∇APDmax and 

∇RTmax), the spatial height of dispersion (∆y APD and ∆y RT), and spatial width of 

dispersion (∆x APD and ∆x RT). The results from experiments in 44 strands (22 for 

Ex293-NRVM and 22 for Cx43-/Ex-293-NRVM strands) are summarized in Table 5.1. 

For all cases, the large APD difference between the HEK-293 cells and NRVMs 

generated large maximum RT gradients (~157-200 ms/mm) over a relatively short 
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distance (0.5-0.6 mm). Importantly, direction of propagation did not have any significant  

effect on the measured parameters of APD and RT dispersion. The only significant 

difference from the paired analyses within the same heterocellular strand was a 

reduction in ∇RTmax and ∆y RT at the Cx43-/Ex-293-NRVM interface when propagation 

was initiated in NRVMs. This could be attributed to AP slowing in the Cx43-/Ex-293 

region which effectively decreased the overall height and slope of the RT dispersion 

(Figure 5.7B2). 

 

Table 5.1 The effect of stimulus direction on the dispersion parameters at the  
Ex-293-NRVM and Cx43-/Ex-293-NRVM interface 

 

 

5.3.4 APD dispersion across the Ex-293-NRVM interface decreases at 
higher pacing rates 

Before determining the effect of steady-state pacing rate on APD gradients 

across the Ex-293-NRVM interface, we measured dynamic (steady-state) restitution 

profiles in homocellular Ex-293 and NRVM strands for all pacing rates that could be 

sustained in NRVMs (from 1 to 6 Hz, Figure 5.8A1&A2). From steady state pacing in Ex-

293-NRVM strands, we found that increased pacing rate reduced the maximum APD 

gradient and created nonlinear activation time profiles across the heterocellular interface 

(Figure 5.8B1&B2). These pacing rate dependent changes in APD and CV gradients 

Strand and Direction 
of Propagation

∇APDmax
(ms/mm)

Δy APD 
(ms)

Δx APD 
(mm)

∇RTmax
(ms/mm)

Δy RT 
(ms)

Δx RT 
(mm)

CV 
(cm/s) N

Ex-293 to NRVM 160.3±9.6 101.7±3.2 0.58±0.05 159.6±9.2 109.0±3.4 0.61±0.04 22.3±0.4 22
NRVM to Ex-293 156.6±9.2 99.9±3.4 0.63±0.04 156.8±9.1 107.5±5.0 0.59±0.04 22.9±0.5 22

CVHEK
(cm/s)

CVNRVM
(cm/s)

Cx43-/Ex-293 to NRVM 182.5±11.6 104.7±4.6 0.54±0.03 199.6±7.1 106.9±2.5 0.54±0.02 3.03±0.9 21.5±0.6 22
NRVM to Cx43-/Ex-293 178.3±10.5 102.0±5.7 0.55±0.03 184.4±7.9 88.9±3.2 0.49±0.02 2.92±0.9 21.9±0.6 22*#

APD is action potential duration at 80% repolarization (APD80), RT is repolarization time 
∆y is height of APD or RT dispersion, ∆x is width of APD or RT dispersion
Measured at 2 Hz paci ng after 30 prepulses, mean±s.e.m., two-tail ed paired t-tes t, #P<0.01, *P< 0.001
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resulted from the steeper APD and CV restitution profiles in NRVMs vs. Ex-293 cells 

(Figure 5.8A). Because the 2 Hz pacing rate yielded the steepest APD gradient and 

most linear activation profile, we used this rate in our subsequent experiments as the 

basic (S1) pacing rate.  

 

Figure 5.8. Effect of pacing rate on the APD and activation time gradients at the Ex-293-
NRVM interface. (A1&A2) Dynamic APD and CV restitution profile of Ex-293 and NRVM 
homocellular strands. Average of N = 6-11 (B) Increased pacing rate decreased maximum APD 
gradient due to shortening of NRVM APD. (C) Plot of activation time across the interface (“0 mm”) 
was linear at 2 Hz with nearly identical CV in NRVM and Ex-293 cells, but CV preferentially 
slowed in NRVM at increased pacing rates and altered the activation profile. Error bars denote 
mean±s.e.m.; N = 19-25. 
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5.3.5 Effect of BaCl2 on APD dispersion at the Ex-293-NRVM and Cx43-/Ex-
293-NRVM heterocellular interface 

In our previous restitution studies (Figure 5.4B1&B2), the application of 50 µm 

BaCl2 at all S1S2 intervals, including S1S2 = 500ms, selectively prolonged the 

engineered cell APD without significantly changing the CV. We therefore applied 50 µM 

BaCl2 to a subset of heterocellular strands (N = 16 for each setting) during a basic 

pacing rate of 2 Hz and measured the resulting changes in APD and RT profiles. Figure 

5.9 shows the APD dispersion profile at the Ex-293-NRVM and Cx43-/Ex-293-NRVM 

interface before (Figure 5.9A) and after the application of BaCl2 (Figure 5.9B). Table 5.2 

summarizes the measured parameters of dispersion from all tests and provides the 

statistical significance of these results. Importantly, the maximum gradient of APD 

(∇APDmax) and repolarization (∇RTmax) were significantly larger at the interface between 

the poorly-coupled Cx43-/Ex-293 cells and NRVMs compared to the well-coupled Ex-293 

cells and NRVMs. In addition, the spatial widths of dispersion (∆x APD and ∆x RT) were 

significantly smaller at the poorly-coupled interface, while spatial widths of dispersion (∆y 

APD and ∆y RT) were similar in the two cases. Thus, due to reduced coupling in Cx43-

/Ex-293 vs. Ex-293 cells, the dispersion profiles of APD and repolarization time were 

significantly steeper and narrower at the Cx43-/Ex-293-NRVM interface than at the Ex-

293-NRVM interface.  

Application of BaCl2 significantly decreased the height and maximum gradient 

and increased the width of both APD and RT dispersion. For example, with the addition 

of BaCl2 to Ex-293-NRVM strands, ∇RTmax and ∆y RT decreased by 84.1% and 69.4%, 

respectively, while ∆x RT increased by 73.0%. Interestingly, upon application of BaCl2, 
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the significant differences between the dispersion parameters of Ex-293-NRVM and 

Cx43-/Ex-293-NRVM strands were annulled. 

 

 

Figure 5.9. Reduction of APD dispersion in heterocellular strands by BaCl2 inhibition of IK1. 
(A) Under control conditions, APD dispersion is large in both heterocellular strand settings 
although the maximum slope is higher and spatial width is shorter at the Cx43-/Ex-293-NRVM 
interface (see Table 5.2). (B) Upon inhibition of IK1 by 50 µM BaCl2, APD in the engineered cells 
preferentially prolongs compared to NRVMs which reduces APD dispersion. Error bars denote 
mean±s.e.m.; N = 10. 

 

 

Table 5.2 Summary of measured dispersion parameters at the Ex-293-NRVM and 
Cx43-/Ex-293-NRVM interface in the absence or presence of BaCl2 
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Ex-293-NRVM 0 µM BaCl2 160.3±6.8 99.2±2.5 0.61±0.04 161.3±6.3 104.1±2.5 0.63±0.03 41
Cx43-/Ex-293-NRVM 0 µM BaCl2 185.4±8.7 100.8±3.9 0.52±0.02 195.9±7.0 107.1±3.8 0.53±0.02 42
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5.3.6 Relationship between activation and repolarization gradients and 
vulnerability to conduction block  

To quantify the conditions at which DOR leads to conduction block, progressively 

shorter premature stimuli (S2) were applied to a subset of Ex-293-NRVM and Cx43-/Ex-

293-NRVM strands to measure the vulnerable window for conduction block (VW, see 

section 5.2.6). Figure 5.10A shows the average VWs measured when an S1S2 

stimulation protocol was applied from the HEK-293 side of the heterocellular strands in 

the absence or presence of 50 µM BaCl2. The poorly-coupled Cx43-/Ex-293-NRVM 

strands had a significantly longer VW (153.4±1.5 ms, N = 16) than the well-coupled Ex-

293-NRVM strands (129.3±2.5 ms, N = 18). Reduction of DOR by addition of BaCl2 

significantly reduced the VW in both the Cx43-/Ex-293-NRVM and Ex-293-NRVM 

strands to comparable values (42.2±3.4 vs. 34.8±4.1 ms, respectively; N = 16 for both). 

VW value in each heterocellular strand was then plotted against the corresponding DOR 

parameters (∇RTmax, ∆y RT, and ∆x RT) recorded at 2 Hz pacing in that strand to 

determine if any correlation existed (as determined by linear regression) between VW 

and specific components of DOR. 

In all four heterocellular strand settings (Ex-293-NRVM or Cx43-/Ex-293-NRVM 

with or without BaCl2), there was a strong positive linear correlation (r2 > 0.78 and P < 

0.001, for all cases) between the maximum gradient of repolarization (∇RTmax) and VW 

(Figure 5.10B1). Comparing height of dispersion (∆y RT) vs. VW (Figure 5.10B2) 

revealed that at smaller DOR (in the presence of 50 µM BaCl2), ∆y RT positively 

correlated with VW (r2 > 0.38, P < 0.011) but not as much as in the case of ∇RTmax. At 

larger DOR (in control conditions) no statistically significant correlation (r2 < 0.20, P > 

0.15) was found between ∆y RT and VW. Comparing the spatial width of dispersion (∆x 
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RT) vs. VW (Figure 5.10B3) showed a negative correlation (r2 > 0.24, P < 0.029) at 

larger DOR and no correlation at smaller DOR. During experiments involving BaCl2-

mediated reduction of DOR, we observed that the critical ∇RTmax required for conduction 

block (i.e. the smallest maximum repolarization gradient that still precipitated block at the 

interface) was between 5.5 and 7.9 ms/mm. A summary of the linear fit analysis of DOR 

parameters vs. VW and APD parameters vs. VW are presented in Table 5.3.  

 

Figure 5.10. Relationship between vulnerable window and dispersion of repolarization in 
well-coupled and poorly-coupled heterocellular strands. (A) Vulnerable time window (VW) for 
S2 block in heterocellular strands in absence or presence of 50 µM BaCl2. Error bars denote 
mean±s.e.m., N = 16-18, unpaired t-test, *P < 0.001. (B1-B3) Relationship between VW and 
maximum repolarization gradient (B1), height of dispersion (B2), and spatial width of dispersion 
(B3). N = 16-18, linear regression fit lines shown. 
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Table 5.3 Summary of linear fit data 

 

 
Interestingly, the position of remote conduction block in the Cx43-/Ex-293-NRVM 

strand was not significantly different to the location of the maximum repolarization 

gradient near the interface (P = 0.74, N = 6). However, conduction block in the Ex-293-

NRVM strand consistently occurred after the position of maximum repolarization gradient 

and beyond the heterocellular interface. Specifically, remote block in the Ex-293-NRVM 

occurred 0.37±0.06 mm after ∇RTmax and this position was significantly different from the 

position of ∇RTmax (P = 0.0014, N = 6). We also observed that the largest S1S2 interval 

that still caused conduction block at the heterocellular interface was consistently longer 

in the Cx43-/Ex293-NRVM compared to Ex-293-NRVM strands (207.0±2.2 ms, N = 7 vs. 

158.2±2.0 ms, N = 6; respectively). This directly contributed to the increased VW in the 

poorly-coupled heterocellular strands (Figure 5.10A). We further compared in the same 

Heterocellular Strand r2
Significance 

from zero
Y-

intercept slope r2
Significance 

from zero
Y-

intercept slope N

Ex-293-NRVM 0.86 P < 0.0001 66.94 0.37 0.84 P < 0.0001 76.94 0.31 19

Cx43-/Ex-293-NRVM 0.63 P = 0.0002 128.90 0.13 0.78 P < 0.0001 126.60 0.14 18

Ex-293-NRVM
+ 50 µM BaCl2 0.75 P < 0.0001 5.75 1.03 0.81 P < 0.0001 3.31 1.07 16

Cx43-/Ex-293-NRVM 
+ 50 µM BaCl2 0.86 P < 0.0001 15.98 0.85 0.91 P < 0.0001 14.22 0.79 16

Ex-293-NRVM 0.12 n.s. - - 0.20 n.s. - - 19
Cx43-/Ex-293-NRVM 0.17 n.s. - - 0.14 n.s. - - 18

Ex-293-NRVM
+ 50 µM BaCl2 0.51 P = 0.0019 3.00 1.03 0.71 P < 0.0001 7.84 0.87 16

Cx43-/Ex-293-NRVM 
+ 50 µM BaCl2 0.69 P = 0.0002 10.50 0.91 0.38 P = 0.011 12.77 0.84 16

Ex-293-NRVM 0.55 P = 0.0002 175.90 -76.49 0.25 P = 0.029 158.80 -46.27 19
Cx43-/Ex-293-NRVM 0.58 P = 0.0006 175.10 -41.46 0.53 P = 0.0013 171.20 -33.50 18

Ex-293-NRVM
+ 50 µM BaCl2 0.01 n.s. - - 0.00 n.s. - - 16

Cx43-/Ex-293-NRVM 
+ 50 µM BaCl2 0.02 n.s. - - 0.24 n.s. - - 16

Linear regression, n.s. = slope not significantly non-zero

∇APDmax vs. VW ∇RTmax vs. VW

∆y APD vs. VW ∆y RT vs. VW

∆x APD vs. VW ∆x RT vs. VW
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strands the maximum S1S2 interval that still caused block at the pacing site at the 

NRVMs or HEK-293 cells with the maximum S1S2 that resulted in conduction block at 

the heterocellular interface during pacing from the HEK-293 end of the strand (Figure 

5.11). The S1S2 intervals for the interface and NRVM pacing site blocks were found to 

be not significantly different (paired t-test, N = 6) in the Ex-293-NRVM strands (Figure 

5.11). In contrast, the interface block in the Cx43-/Ex-293 strand occurred at much 

higher maximum S1S2 interval (207.0±2.2 ms, N = 7) than that for the NRVM pacing site 

block (155.4±1.2 ms, N = 7; Figure 5.11), demonstrating that vulnerability to conduction 

block in the heterocellular Cx43-/Ex-293-NRVM strand (when paced from the Cx43-

/HEK-293 end) was higher than the vulnerability in either of the homocellular Cx43-/Ex-

293 or NRVM strands.  

 

 

Figure 5.11. Comparison of maximum S1S2 intervals that yield block at pacing sites and 
heterocellular interface. Maximum S1S2 causing pacing site block at the HEK-293 end or 
NRVM end of the strand is compared to S1S2 interval at which S2 blocked at the heterocellular 
interface when paced from HEK-293 end of the strand. Individual strand experiments are shown 
for Cx43-/Ex-293-NRVM (green lines) and Ex-293-NRVM (blue lines) strands. N = 6-7, *P<0.001, 
unpaired t-test, comparing interface block (black dashed lines) or paired t-test, comparing Cx43-
/Ex-293-NRVM interface block to NRVM pacing site block (green dashed lines).  
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5.4 Discussion 

5.4.1 Microscale optical mapping of action potential activation and 
repolarization in micropatterned heterocellular strands 

In this chapter we systematically explored the role of activation and repolarization 

gradients in the genesis of unidirectional block in micropatterned cell strands. Previously, 

microscale conduction studies by Kleber, Rohr and others using patterned 

cardiomyocyte strands have examined the influence of strand geometry (e.g. tissue 

expansion [196, 312]  and strand branching [313]), cell coupling [196, 314], membrane 

excitability [314], and the influence of unexcitable cells (loaded onto [149] or inserted 

within [21] the strand) on action potential activation. None of these studies, however, 

examined action potential repolarization on the microscopic scale. In general, to the best 

of our knowledge, no other experimental study in cardiac tissues or tissue models has 

systematically examined the effect that the shape of activation and repolarization 

gradients have upon the vulnerability to conduction block. 

The previous studies in micropatterned cardiomyocyte strands included only 

recordings of the propagating activation wave, likely because the high magnification (40-

60x) and intense illumination needed to obtain sufficient signal-to-noise ratio (SNR) 

limited the maximum light exposure and recording time to only a few hundred 

milliseconds in order to prevent dye phototoxicity. In addition, at these high 

magnifications, artifacts resulting from cardiomyocyte contractions significantly interfere 

with the ability to accurately record the true action potential shape [315]. By using lower 

magnification (10-20x) imaging, Fast et al. recorded AP repolarization and successfully 

studied shock-induced polarization patterns in cardiomyocyte strands [316]. To increase 

the total recording time in individual strands without inducing photodamage, we 

performed optical mapping at 10x magnification using a high SNR voltage sensitive dye 
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(ANNINE-6plus [309]) and also utilized an image intensifier that further enhanced the 

SNR at any level of illumination. In addition, we used an excitation-contraction 

decoupler, Blebbistatin, to prevent potential motion artifacts during AP repolarization 

[310].  

Importantly, through the unique use of genetically engineered cells, we were able 

to manipulate and systematically investigate the influence of APD dispersion, cell 

coupling, and repolarization gradients on vulnerability to conduction block during 

premature stimulation. Specifically, at 10x magnification (1.95 mm field of view) we were 

able to observe the entire spatial distribution of APD and RT dispersion (Figure 5.7). 

This enabled recording of AP properties in engineered HEK-293 cells, NRVMs and their 

interface without moving the position of the strand. In addition, it allowed accurate 

sigmoidal fitting of the spatial distribution of APD and RT to derive the dispersion shape 

parameters including height, width, and maximum gradient (Figure 5.3B). 

5.4.2 APD dispersion across the heterocellular interface can be 
manipulated by application of rapid pacing or IK1 inhibition by BaCl2 

Experimental studies have reported maximum APD gradients from ~ 5-6 ms/mm 

across the ventricular wall [299, 317] to ~ 25 ms/mm in the crista terminalis of healthy 

canine hearts [318]. In the diseased heart, these gradients can increase dramatically 

from ~ 10 to 120 ms/mm [298, 317, 319]. Computational studies typically model normal 

APD dispersion gradients at a low range between ~ 3-10 ms/mm [305-306, 320]. 

Through the use of engineered excitable cells with a relatively short APD (~ 30 ms) that 

can be selectively prolonged by BaCl2 application, we created a platform that enabled 

controlled manipulation of APD dispersion at an engineered cell-NRVM interface. By 

altering the resulting maximum APD gradients from large values (~ 80-250 ms/mm, 
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without BaCl2) to smaller values (~ 6-50 ms/mm, with BaCl2), we were able to investigate 

vulnerability to conduction block at a wide range of gradients that pertain to healthy or 

diseased hearts as well as potential donor-host cell interactions in cardiac cell therapy. 

Interestingly, despite strong coupling between the Ex-293 cells and NRVMs, 

large maximum APD gradients (up to 253.4 ms/mm) were observed. While no 

computational studies have thus far modeled maximum APD gradients of the magnitude 

we observed (~ 160-185 mm/ms at the Ex-293-NRVM interface), it would be interesting 

to see if a computational model of Ex-293 cells well-coupled to cardiomyocytes would 

also yield these large gradients. The magnitudes of the gradients we measured were 

consistent during optical mapping at higher magnifications (20x) as well as without the 

use of the image intensifier. Combining the spatial resolution we used (75 µm at 10x 

magnification) for recording, with the fact that we were mapping only a single cell layer, 

our platform practically eliminated the spatial averaging effects that normally occur 

during optical mapping or extracellular recordings in 3-D tissues.  

Increasing steady pacing rates (from 2 to 6 Hz) in our study reduced APD 

dispersion in heterocellular Ex-293-NRVM strands (Figure 5.8B), as the NRVM APD was 

more sensitive to rate-dependent APD reduction. This was expected based on the 

steeper steady-state APD restitution in NRVMs compared to Ex-293 cells (Figure 

5.8A1). Similarly, in a theoretical study using a multicellular fiber (divided equally among 

endo-, midmyo-, and epi-cardial cells), Viswanathan et al. [321] increased pacing rate 

which preferentially reduced the M cell APD (the longest APD of the three modeled cell 

types) and decreased APD dispersion across the fiber. They attributed this result to the 

steeper APD restitution of the M cells compared to the endo- and epi-cardial cells. 
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Recently, Coronel et al. selectively perfused pinacidil (to shorten APD) and 

sotalol (to prolong APD) into adjacent regions of pig myocardium to increase the 

maximum repolarization gradient to 13.1-27.3 ms/mm [296]. We, on other hand, partially 

blocked IK1 with 50 µM BaCl2 to decrease the maximum repolarization gradient in 

heterocellular strands to 5.5-61.7 ms/mm. This BaCl2 concentration was found to 

selectively prolong the APD of excitable HEK-293s vs. NRVMs without changing the CV 

(Figure 5.4B1), and to reduce the height, increase the width, and decrease the maximum 

gradients of APD and RT dispersion (Table 5.2). High sensitivity of HEK-293 cells (vs. 

NRVMs) to BaCl2 resulted from IK1 being their only strong repolarizing current which, 

even if slightly blocked, still led to dramatic APD prolongation (Figure 3.13). Higher 

doses of BaCl2 (data not shown) yielded APD prolongation in both HEK-293s and 

NRVMs and also reduced CV, likely by depolarizing membrane potential and reducing 

INa availability.  

5.4.3 Reflection does not occur at the heterocellular interface despite steep 
gradients in repolarization 

Interestingly, despite the large and sharp gradient in repolarization as well as 

efforts to further enhance APD dispersion between the engineered cells and NRVMs 

(e.g. by applying the ICa enhancer 1 µM Bay K 8644 [312] to selectively prolong NRVM 

APD and increase ∆y APD > 300 ms, data not shown), we never observed reexcitation 

of the engineered cell region by the sustained high membrane potential of slower 

repolarizing NRVMs. The apparent backward propagation of an activation wave in heart 

tissue has been previously described as a type of reentrant arrhythmia known as 

“reflection” [322]. Recently, Auerbach et al. showed infrequent examples of reflection at 

the site of a micropatterned NRVM tissue expansion [323] which became more frequent 
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when persistent INa was increased by veratradine. Using the same concentration of 

veratradine and micropatterned expansions with the heterocellular interface (data not 

shown), we were still unable to induce reflection. In a computational model of a Purkinje 

fiber, Cabo and Barr demonstrated that reflection did not occur if the previously excited 

tissue quickly and completely recovered, but would occur if that tissue region was at a 

potential near the activation threshold [324]. Based on this theory, the large IK1 in the 

engineered cells could have prevented reflection by strongly opposing depolarizing 

currents that may be flowing back into these cells from the still unrecovered NRVMs. In 

addition, Cx43 gap junctions show voltage-dependent gating in which conductance is 

decreased at large intercellular voltage gradients [325], which may have also contributed 

to the lack of reexcitation in the Ex-293 cells . More studies will be needed to understand 

the mechanisms necessary for the induction of reflection in our experimental setting.  

5.4.4 Influence of dispersion of repolarization height, spatial width, and 
maximum gradient on vulnerability to unidirectional conduction block  

Unidirectional conduction block is an essential requirement for the initiation of 

reentrant arrhythmias [326]. Using the heterocellular strand setting, we manipulated (by 

using two distinct engineered HEK-293 lines and application of BaCl2) the height, spatial 

width, and maximum gradient of dispersion of repolarization (DOR) and measured the 

vulnerable time window (VW) for remote block of prematurely propagated action 

potentials. Of all measured dispersion parameters (for APD and RT), changes in VW 

most strongly correlated (over a full range of DOR) with changes in the maximum 

repolarization gradient (∇RTmax, Figure 5.10B1). The finding that higher ∇RTmax is 

associated with higher vulnerability to block has been previously shown in several 

experimental [298, 319, 327] and theoretical [305-306, 320] studies, but we believe that 
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this is the first time that an exact quantitative relationship between RTmax and VW over a 

wide range of DOR has been measured in an experimental setting.  

We also found significant correlation between the magnitude of VW and height of 

DOR (∆y RT), but only for smaller DOR when ∆y RT was reduced (< ~ 60 ms) by the 

addition of BaCl2 (Figure 5.10B2). In a simulated cable of ventricular myocytes, Qu et al. 

also observed positive linear correlation between ∆y RT and VW [305] for relatively 

small DOR with ∆y APD < ~ 50 ms. While they show that VW continued to linearly 

increase with increasing ∆y APD (shown from 30 to 80 ms), in our study for a ∆y APD 

larger than 100 ms (no BaCl2), the correlation between ∆y RT or ∆y APD and VW was 

lost (Table 5.3). It would be interesting to see if computational models more 

representative of our cell membrane properties and geometry would reproduce these 

findings.  

Most experimental studies have not explored how the spatial width of dispersion 

affects VW, instead focusing on changes in the maximum gradient of repolarization [298, 

319, 327]. Our study showed that VW either inversely correlated with the width of DOR 

(∆x RT) at large DOR (no BaCl2), or there was no significant correlation at small DOR 

(with BaCl2 application). In contrast, a computational study by Sampson and Henriquez 

[306] in 1-D cardiac fiber concluded that the vulnerability to conduction block increases 

with increased spatial width of dispersion. Some of the differences that could account for 

this discrepancy are that the simulated dispersion profiles were significantly larger (~ 5-

10 mm) than those measured in our study (~ 0.3-0.7 mm, with no BaCl2 and ~ 0.7-1.5 

mm with BaCl2) and the simulated ∇APDmax (~ 4.5 ms/mm) was lower than those (~ 6.8-

253 ms/mm) studied in our experiments. The study by Sampson and Henriquez also 

found that the propagated action potential was consistently blocked only after it passed 
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the location of the maximum gradient of dispersion. This finding matched what we often 

observed during remote block in the Ex-293-NRVM strands.  

Previous experimental studies in intact heart and cardiac tissue wedge 

preparations suggested that the critical minimum repolarization gradient for 

unidirectional conduction block and induction of reentry is between 3.2-12.5 ms/mm 

[294, 298, 319, 327]. Consistent with these results, we found that the critical 

repolarization gradient for conduction block in heterocellular strands was between 5.5-

7.9 ms/mm. This suggests that the dimensionality of tissue setting (pseudo-1-D vs. 3-D) 

and the underlying cause of the APD dispersion (e.g. heterocellular interface vs. ion 

channel heterogeneity) may be a lesser determinant of the vulnerability to block than the 

general shape parameters (e.g. maximum gradient) of the dispersion profile.   

5.4.5 Reduction of cell-cell coupling increases repolarization gradients and 
vulnerability to conduction block at the heterocellular interface 

Our results comparing the poorly-coupled Cx43-/Ex-293 and well-coupled Ex-293 

engineered cell lines showed that cell-cell coupling and activation gradients at large 

DOR (no BaCl2) significantly affected the shape of repolarization (Figure 5.7) and APD 

(Figure 5.9) profiles and the vulnerable window for conduction block (Figure 5.10A). This 

influence was not dependent on the height of dispersion (since both lines had the same 

APD), but rather resulted from a shortening of the dispersion width at the interface 

between the poorly-coupled cells and NRVMs. Specifically, the 15.3% decrease in 

spatial width yielded a 21.4% increase in the maximum repolarization gradient (Figure 

5.9A and Table 5.2). While a sharper and steeper gradient in Cx43-/Ex-293-NRVM vs. 

Ex-293-NRVM strands contributed to the larger VW, the downstream transfer of source 
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current (due to combination of short-lasting AP and long intercellular delay) into the 

NRVMs may have additionally increased the vulnerability to block. 

In general, reduction of gap junctional coupling is expected to decrease current 

flow between cells which effectively reduces the space constant of the tissue and 

sharpens the spatial gradients of membrane potential. In an extreme case of a 

simultaneously excited, fully decoupled heterocellular strand, the width of the 

repolarization profile would narrow down to a single intercellular junction between a 

HEK-293 cell and NRVM (assuming no capacitive coupling occurs through extracellular 

space). In a realistic case of propagation-induced repolarization gradient, the minimum 

attainable width and maximum attainable slope of the repolarization profile in a 

heterocellular strand will depend on a complex interplay between necessary cell 

membrane properties (e.g. excitability), that enable conduction at severely reduced 

coupling, and innate differences in AP shape at the heterocellular interface.  

The decreased width and increased slope of APD dispersion in heterocellular 

strands we found in the case of large DOR (no BaCl2) were, in general, consistent with 

previous experimental studies in cardiac tissue showing that altered distribution [328], 

pharmacological inhibition [317, 329], or heart failure-induced downregulation [317] of 

gap junctions, all increase gradients of APD and repolarization. For example, in a study 

by Poelzing and Rosenbaum [317], gap junctional uncoupling by 100 µM carbenoxolone 

significantly increased the maximum transmural APD gradient in canine wedge 

preparations from ~ 6 ms/mm to ~ 22 ms/mm.  

When DOR was reduced in our experiments (by BaCl2 application) to levels 

similar to those used in the Poelzing study, we found trends (Table 5.2) between lower 

height and sharper slope of the dispersion gradient in Cx43-/Ex-293-NRVM vs. Ex-293-
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NRVM strands, but these trends (as well as that of VW increase, Figure 5.10A) were not 

statistically significant. One potential explanation for this difference between the two 

studies is that uncoupling in canine wedges was uniformly applied to all cells, while in 

our study, only half of the strand with Cx43-/Ex-293 cells had decreased coupling. In 

addition, the BaCl2-induced APD prolongation was expected to lessen the effect of low 

coupling on the spread of repolarization currents (and the resulting sharpening of 

repolarization gradient) in engineered cells by providing a sustained trans-gap junctional 

voltage during long intercellular conduction delays. Similarly, more pronounced AP 

plateau due to BaCl2 treatment allowed Cx43-/Ex-293 cells to more effectively charge 

NRVMs which likely contributed to a decrease in VW to levels comparable to those 

measured in Ex-293-NRVM strands. Previous experimental and theoretical studies have 

shown that long plateau phase current decreases the likelihood of conduction block 

when cell-coupling is reduced [57] or when a propagating AP encounters an abrupt 

increase in load [312, 330].   

Finally, we found that when pacing from the Ex-293 side of the heterocellular 

strand, the maximum S1S2 interval that caused block at the interface was expectedly 

the same as the maximum S1S2 interval causing local block when pacing was 

performed at the NRVM end. However, in Cx43-/Ex-293 strands, despite the same S1S2 

interval that caused block at the NRVM end of the strand, the S1S2 interval for the 

interface block was significantly higher (Figure 5.11). This could be contributed to the 

inability of significantly decoupled Cx43-/Ex-293 cells to, during long intercellular delays, 

transfer a sufficient amount of short-lasting (short APD) and reduced (premature AP) 

charge into the larger and well-coupled NRVMs. This unfavorable current source-load 

mismatch at the Cx43-/Ex-293-NRVM interface rendered this heterocellular region more 



 

149 

vulnerable to S1S2 conduction block than would be the case for premature pacing of 

either the Cx43-/Ex-293 or NRVM tissue alone. 

5.5 Summary and Implications 

These studies show that we were able to create a reproducible in vitro cell 

platform in which gradients of repolarization and activation could be systematically 

altered by pharmacological application or use of engineered cells with different electrical 

properties (e.g. weak cell-cell coupling). This system enabled direct quantification of 

DOR parameters and how they correlate with vulnerability to conduction block at a well-

coupled or poorly-coupled heterocellular interface. Using this system we found that out 

of all the studied parameters used to characterize APD and repolarization dispersion, the 

maximum gradient of repolarization was the most predictive of how vulnerable the 

heterocellular tissue interface is to conduction block. Furthermore, cell uncoupling was 

found to significantly sharpen the dispersion gradients, but this effect was offset by 

increasing the action potential duration of the uncoupled cells.  

Interestingly, propagation from a region containing poorly-coupled cells with short 

action potentials into a region of normally-coupled cells with a significantly longer APD 

was particularly vulnerable to conduction block. This scenario could be relevant for the 

potential electrical interactions between skeletal muscle cells (that exhibit a short APD 

and low, if any, levels of coupling [331]) and cardiomyocytes, especially due to the fact 

that skeletal myoblast implantation in the heart was found to be highly arrhythmogenic 

during initial clinical trials [332]. While forcing strong electrical coupling in these cells 

using the overexpression of Cx43 may be lethal for the cells [333], genetic alterations to 

increase their AP duration could be used to offset their proarrhythmic properties. In 

general, our studies suggest that reducing APD dispersion between the donor cells and 
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cardiomyocytes (i.e. by the addition of depolarizing currents such as ICa to prolong APD 

plateau in the case of donor cells with short APD, or adding repolarizing potassium 

currents like IKr or IKs to shorten APD in donor cells with very long APD), should be the 

primary target with the most significant effect on reducing vulnerability to conduction 

block during premature stimulation. When dispersion of repolarization is greatly reduced, 

strength of intercellular coupling in the donor cell source would no longer be expected to 

play a significant role in increasing the likelihood of conduction block.  

In general, we believe that our studies using the well-controlled in vitro setting of 

a heterocellular strand are relevant to the safety of cardiac cell therapies as well as the 

roles that electrical heterogeneities in the heart may play in arrhythmia induction [33-34]. 

Thus, this experimental platform may be useful for both the rational design of novel cell, 

gene, and drug therapies for heart disease as well as studies that quantify the factors 

that can transform the normally safe intrinsic electrical heterogeneities found within the 

heart into a potentially deadly arrhythmic substrate.  
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6. Summary 
The limited regenerative potential of cardiac tissue via cell proliferation [110] or 

stem cell recruitment [111] is insufficient to compensate for myocyte loss after acute 

myocardial infarction (MI). Fibrosis and damage to excitable tissue following MI 

compromise cardiac conduction and may lead to the development of life-threatening 

arrhythmias and heart failure. In light of the limited efficacy of current therapies for heart 

failure, the transplantation of exogenous stem cells into the diseased myocardium has 

been proposed as a treatment option to improve cardiac function [113, 334-335]. Clinical 

trials of cardiac cell therapies have shown promising results but have also raised 

concerns about our lack of understanding regarding the therapeutic mechanisms and 

potential arrhythmic consequences of stem cell-based cardiac therapies [14, 16, 336].  

Alternatively, selective genetic modification of unexcitable somatic cells has been 

suggested as a method of creating engineered cell sources for cardiac therapy [6-7, 22], 

but lack of membrane excitability limits their use in applications aimed at restoring 

significantly compromised cardiac conduction. In this dissertation, we showed that 

unexcitable somatic cells can be genetically engineered to form excitable biosynthetic 

tissue and demonstrated the potential applications of this novel cell source to studies of 

electrophysiology and cardiac cell therapy.   

Specifically, through a step-wise experimental approach, we used genetic 

engineering techniques to induce membrane hyperpolarization (by expressing Kir2.1 

channels), action potential generation (by adding Nav1.5 channels), and rapid action 

potential conduction (by expressing Cx43 gap junctions) in HEK-293 cells. This process 

generated a monoclonal excitable HEK-293 cell line which we named "Ex-293." Under 

control conditions, Ex-293 cells exhibited robust intercellular coupling with a 
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conductance of 134.1 nS, resting membrane potential of -74.2 mV, and upon electrical 

excitation, they fired sharp-rising and short-lasting action potentials (with a 

depolarization slope of 150.6 V/s and duration of 20.9 ms). During 2 Hz stimulation, 2-D 

monolayers and 3-D engineered tissues made of Ex-293 cells supported action potential 

propagation with velocities that ranged between 18 and 23.3 cm/s. The addition of 

compounds (BaCl2, TTX, or palmitoleic acid) to selectively inhibit each of the three 

expressed channels slowed and eventually terminated conduction. 

We further applied rapid burst stimulation in Ex-293 monolayers with a central 

acellular obstacle and demonstrated induction and anchoring of rotating (spiral) waves. 

Inhibition of sodium current (INa) by TTX, lidocaine or flecainide in this setting caused 

pronounced drifting and unpinning of the spiral wave from the central obstacle that led to 

eventual wave termination against the edge of the monolayer. During steady 10 Hz 

stimulation, we also demonstrated different mechanisms of conduction slowing when INa 

was blocked by lidocaine (inactivated channel block) vs. flecainide (use-dependent 

channel block). Together, these results suggest the potential use of this system as a 

drug-screening platform to identify targets and modes of channel inhibition that may be 

useful for the development of antiarrhythmic therapies.  

With the expression and analysis of mutant Nav1.5 (A1924T) channels in 

engineered cells, we further showed that this cell platform can also be used to relate 

mutant channel function at the single cell level, with resulting alterations in action 

potential propagation in biosynthetic tissues generated from these same cells. 

Interestingly, despite a 71.6% decrease in peak INa current amplitude, A1924T cells 

propagated action potentials with a velocity similar to that of wild-type Ex-293 cells. 

Patch clamp analysis confirmed that this outcome was a result of enhanced excitability 
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in A1924T cells due to a hyperpolarizing shift in steady-state sodium channel activation 

[139]. We also illustrated the ability to further modify the electrical properties of Ex-293 

cells by additionally expressing a T-type calcium channel (Cav3.3), which significantly 

prolonged the action potential duration and enabled spontaneous action potential firing 

upon membrane depolarization by BaCl2. 

 Based on our ability to successfully generate biosynthetic excitable tissues, we 

created proof-of-concept experiments to demonstrate the utility of engineered excitable 

cells for cardiac cell therapy applications. Specifically, we explored whether engineered 

excitable cells can improve cardiac function using in vitro models of compromised 

cardiac conduction (i.e. large acellular gaps or slow tortuous activation paths). We 

showed that Ex-293 cells were able to electrically couple to neonatal rat ventricular 

myocytes (NRVMs) and, through active action potential propagation, seamlessly connect 

NRVM regions separated by 2.5 cm and 1.3 cm in 2-D and 3-D cocultures, respectively. 

Furthermore, using elastomeric substrates with micropatterned zig-zag networks of 

NRVMs that mimicked fibrotic heart tissue [31-32], we showed that Ex-293 cells 

electrically shunted parallel NRVM strands to speed up transverse conduction by 370%. 

This electrical resynchronization of NRVMs also enhanced the amplitude of cardiac 

twitch force by 64%, suggesting that despite being noncontractile, engineered excitable 

cells could significantly improve both the electrical and mechanical function of the 

diseased myocardium.        

 Electrophysiological interactions between engineered excitable cells and 

cardiomyocytes were further examined at the microscopic scale. Micropatterned 

coculture strands were used to create and quantify activation and repolarization 

gradients at the interface between either poorly-coupled or well-coupled engineered 
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excitable cells with a short APD (~ 30 ms) and NRVMs with a significantly longer APD (~ 

160 ms). We found that at this large dispersion of repolarization (DOR), the vulnerable 

time window (VW) for conduction block directly correlated with the maximum slope of 

dispersion. VW was also inversely correlated with the spatial width of dispersion but did 

not significantly correlate to changes in dispersion height. Furthermore, despite having 

equal APD dispersion heights, the interface between the poorly-coupled engineered 

cells and NRVMs had a steeper and narrower DOR compared to that between well-

coupled engineered cells and NRVMs. This sharper repolarization gradient, along with 

impeded transfer of source current between cells, made the poorly-coupled cell/NRVM 

interface more vulnerable to conduction block. 

We also used 50 µM BaCl2 to induce selective APD prolongation in the 

engineered cells. This significantly reduced DOR and VW for conduction block across 

the heterocellular interface. At this reduced DOR, an increase in VW better correlated 

with an increase in dispersion height than changes in spatial width. Furthermore, the 

BaCl2-induced reduction in DOR eliminated any significant difference in the VW or other 

DOR parameters that existed in the well- vs. poorly-coupled heterocellular strand 

settings. The critical maximum repolarization gradient for unidirectional block was found 

to be between 5.5 and 7.9 ms/mm, similar to the range others have measured in animal 

studies of cardiac DOR [298, 319, 327].   

In conclusion, we have shown that unexcitable somatic cells can be genetically 

engineered to create novel excitable cells and tissues with unique applications to basic 

studies of electrophysiology and cardiac cell therapy. Future studies involving the 

synthesis and characterization of excitable cells and their effect on cardiac electrical and 
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mechanical function are expected to aid the development of novel gene and cell-based 

therapies for myocardial infarction, fibrotic heart disease, and cardiac arrhythmias.
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7. Future Applications 
 While the experiments described in this dissertation advance our understanding 

of the potential applications of engineered excitable cells to basic studies of 

electrophysiology and cardiac cell therapy, they also suggest additional questions and 

applications that could be explored in future studies.  

The ability to connect a specific membrane current with tissue-level function is 

often difficult in primary excitable cells due to their complex assortment of ion channels, 

difficulty in generating reproducible and healthy cell cultures, and lack of highly specific 

pharmacological agents. Therefore, engineered excitable tissues, as a well-defined, 

reproducible, and versatile platform, could complement studies in primary excitable cells 

by helping to elucidate the distinct roles that specific ion channels and gap junctions, 

their mutations [143, 244-246], auxiliary subunits [247], or accessory proteins [248], play 

in tissue-level electrophysiology. For example, coexpression of beta subunits, known to 

assemble with the pore-forming alpha subunit of voltage-gated channels, such as 

Nav1.5, have demonstrated unique modification of channel properties during single cell 

recordings [337]. The coexpression of different Na channel beta subunits in our platform 

could also reveal their specific roles in action potential generation and propagation 

including modulation of electrical restitution properties. In addition, while we utilized 

Cx43 gap junction expression in the Ex-293 cells, it would also be interesting to express 

or coexpress other connexin isoforms (e.g. Cx40 or Cx45) to study how homotypic or 

heterotypic gap junctions affect AP propagation in different structural settings obtained 

by cell micropatterning. These controlled in vitro settings could potentially be used to 

explore why the heart has distinct regional variation in connexin expression or how 



 

157 

connexin modifications (e.g. mutations, dephosphorylation) affect electrotonic cell-cell 

interactions and arrhythmogenesis [338].  

Much of the knowledge obtained about the potential mechanisms of ion 

channelopathies comes from single-cell patch clamp data. The resulting tissue level 

phenotype is then often inferred from computer simulations that incorporate changes in 

ion channel function measured at the single-cell level. Based on the ability to induce and 

pharmacologically terminate arrhythmic activity in Ex-293 cells and to successfully 

express mutated ion channels (e.g. Nav1.5 A1924T in Chapter 3), we believe that this 

biosynthetic cell platform will not only allow direct correlation of normal and mutated 

channel biophysics with tissue level function, but also enable screening of arrhythmic 

channel mutations and testing of potential antiarrhythmic treatments (e.g. drug, gene or 

cell-based therapies). Since the Ex-293 cells are a well-defined, monoclonal cell source 

with simple geometry and only a few strong membrane currents, they may be ideally 

suited for the quantitative validation of existing, and generation of better, computational 

models of action potential conduction. Specifically, future experiments in a controlled 2-D 

or 3-D excitable tissue setting (measuring the effects of drugs, mutant channel 

expression, or tissue architecture on conduction) could be quantitatively compared 

against computational models of biosynthetic excitable cells to allow iterative 

development of more predictive computational models.  

Our studies in Chapter 3 on the expression of the Cav3.3 channel in Ex-293 cells, 

showed that the obtained ExCa-293 line had a longer action potential duration (APD). 

Thus, in the future, using this approach, it may be possible to “tune” the APD of 

engineered excitable cells to better match cardiomyocyte repolarization prior to 

implantation. Based on our findings in Chapter 5, this effect would be important for 
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reducing dispersion of repolarization and vulnerability to conduction block at the 

interface between the host and donor cells. However, the ExCa-293 cells also had lower 

conduction velocity (CV) and variable APD, which is likely the result of variable 

intracellular calcium overload and strong dependence of AP repolarization on 

endogenous currents. Future experiments could be designed to test if the 

overexpression of the Na+/Ca2+ exchanger, which is not endogenously expressed in 

HEK-293 cells [235], and/or additional potassium currents (IKr, IKs) will prevent calcium 

overload, improve CV, and stabilize APD in the ExCa-293 cells. In addition, lowering IK1 

expression in Ex-293 cells (through use of weaker promoter or dominant negative 

approaches) could provide an alternative method for APD prolongation without the 

introduction of Cav channels. 

Another interesting finding with the ExCa-293 cells in Chapter 3 was their ability 

to spontaneously fire action potentials upon membrane depolarization by BaCl2, 

presumably due to the low activation threshold of Cav3.3 channels [27]. This raises the 

possibility for the future engineering of an autonomous bioartificial pacemaker to 

overcome the current limitations of electronic pacemakers. Previous studies have shown 

that coupling an unexcitable cell expressing pacemaking ion channels (e.g. HCN2) to a 

cardiomyocyte can induce cardiac automaticity [4, 17-19] and that ventricular 

cardiomyocytes can be converted into pacemaking cells through the forced expression 

of a mutated HCN1 channel (called HCN1-∆∆∆) [339-341]. Based on these studies, 

expression of wild-type HCN2 or mutant HCN1 channels into the Ex-293 or ExCa-293 

cells could be explored as a strategy to synthesize fully-autonomous bioartificial 

pacemaking cells for the first time. The benefit of using HCN channels is their sensitivity 
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to autonomic regulation in which pacemaking rate is altered in response to endogenous 

biochemical signaling (mediated by cAMP) [242].  

 Recently, some groups have also explored the use of optogenetic approaches 

(e.g. expression of Channelrhodopsin [342]) in the development of light-driven cardiac 

pacing [343-344]. While the use of light would not directly enable autonomic control of 

pacing rate, it is still an exciting approach to generate, in a spatially and temporally 

controlled mechanism, action potentials through the direct activation of membrane 

channels rather than the traditional use of an extracellular electrode. We preliminarily 

expressed the Channelrhodopsin mutant, ChIEF, into ExCa-293 cells and applied brief 

pulses of blue light during voltage- and current-clamp recordings (Figure 7.1). Our 

results show that ChIEF activation generates inward currents in ExCa-293 cells that are 

sufficient to drive repetitive action potential firing and control action potential duration. 

Future studies using stable lines of these cells and cell micropatterning techniques may 

allow systematic studies of how the specific ion currents and geometry of the 

pacemaking region influence the initiation and propagation of the pacemaking beat. 
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Figure 7.1. Expression of the ChIEF Channelrhodopsin mutant enables light-activated 
action potential firing in ExCa-293 cells. (A1&A2) Expression of the ChIEF-tdTomato plasmid 
in an ExCa-293 cell yields tdTomato fluorescence. (B) Inward currents (top panel) activated by 
pulses of 450 nm blue light of increasing duration (bottom panel) during voltage clamp recording. 
Overlaid traces shown. (C) Action potential firing (top panel) during current clamp recording upon 
light stimulation of varying duration (bottom panel). (D) Train of action potentials triggered by 20 
ms blue light pulses delivered at 1 Hz frequency (blue arrows). The ChIEF construct was 
provided by Dr. Roger Tsien (UCSD) and characterized in Lin et al. [342].  

 

Based on our proof-of-concept cardiac cell therapy studies in Chapter 4, an 

obvious future objective would be the engineering of an excitable cell derived from a 

clinically-relevant cell source. The engineered HEK-293 lines we derived are 

immortalized and, while useful for basic electrophysiological studies, may be tumorigenic 

and therefore not suited for clinical applications. Developing engineered excitable cells 
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from a primary contact-inhibited and terminally-differentiated cell source (e.g. liver or 

dermal fibroblasts) would represent a promising route to clinical translation. However, 

unlike HEK-293 cells, primary cells are more resistant to genetic manipulations using 

non-viral methods, and would thus require viral transduction or the potential use of 

modern gene editing approaches [345-347]. One obstacle to designing and using viral 

constructs may be low packaging efficiency of larger ion channel genes required for the 

expression of delpolarizing currents (e.g. the ~ 6 kb SCN5a gene for Nav1.5, or ~ 6.5 kb 

CACNA1I gene for Cav3.3). An alternative approach may be the use of smaller, voltage-

gated bacterial sodium channels [348] or potassium channels with targeted mutations in 

their selectivity filter [349] to make them more permeable to sodium influx.  

Once a clinically-relevant excitable cell source is engineered, animal studies 

involving the injection of these cells into the diseased myocardium or implantation of a 

biosynthetic tissue-engineered patch [190] will test the utility of this promising approach 

for the treatment of different types of heart disease.   
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