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Abstract 
Voltage-gated sodium channels (VGSCs) enable generation and spread of action 

potentials in electrically excitable cells and tissues of all metazoans, from jellyfish to 

humans. The functional, pore-forming α-subunit of eukaryotic VGSCs is formed from a 

large polypeptide chain of ~2000 amino acids (~260 kDa), comprising four homologous 

domains. In humans, VGSC loss-of-function mutations are associated with various 

neuronal, cardiac, and skeletal muscle disorders characterized by a decrease or 

complete loss of tissue excitability. Similarly, permanent excitability loss due to acute 

tissue injuries (e.g. stroke, spinal cord injury, heart attack) could lead to long-term 

disability and death. Whilst an increase in sodium current through stable gene transfer 

could improve such conditions, eukaryotic VGSC genes are too large (>6 kbp) to be 

efficiently delivered to cells by existing viral vectors. In contrast, prokaryotic voltage-

gated sodium channels (BacNav) consist of four identical subunits, individually 

transcribed and translated from single genes of only ~800 bp in size. Therefore, it is 

plausible that small BacNav genes can be efficiently packaged into viral vectors, either 

alone or with other ion channel genes, and used to stably introduce or modify electrical 

excitability of primary human cells. The objective of this thesis is thus to develop the 

methodology to screen, optimize, and assess BacNav channels as potential substitutes 

for eukaryotic VGSCs. Specifically, we sought to utilize engineered BacNav to create de 

novo excitable human tissues and to rescue impaired action potential conduction in vitro.  

First, by using a monoclonal HEK293 line stably expressing the potassium 

channel Kir2.1 and gap junction channel Cx43, we were able to select, among various 

BacNav orthologs and variants, the channel NavRosD G217A that yielded action 



 

 

v 

potential propagation with highest maximum capture rate. Lentiviral transduction of each 

of the three channels (NavRosD G217A, Kir2.1, and Cx43) into human fibroblasts 

yielded robust expression and expected electrical properties as confirmed by patch 

clamp recordings. By co-expressing all three channels, we were able for the first time to 

stably convert human fibroblasts into electrically excitable and actively conducting cells. 

However, the conduction velocity of engineered fibroblast tissue was low, largely due to 

the slow activation kinetics of NavRosD channel. 

In order to improve the conduction properties of engineered fibroblasts, we 

shifted our focus to NavSheP channel, currently the fastest known BacNav ortholog. Due 

to the overly hyperpolarized voltage dependency of the wild-type NavSheP channel, we 

generated a library of NavSheP mutants exhibiting a wide range of shifts in voltage-

dependent activation and inactivation and, with the guidance from computational 

modeling, identified three mutants that yielded ~2.5-fold increases in conduction velocity 

compared to NavRosD G217A. Importantly, we demonstrated that engineered fibroblasts 

retained stable functional properties despite extensive expansion or differentiation into 

myofibroblasts and exhibited strong viability while supporting AP propagation in 3D 

settings. Furthermore, in an in vitro model of interstitial fibrosis, engineered excitable and 

actively-conducting fibroblasts rescued impaired cardiac conduction to healthy level. 

These results strongly suggested that engineered fibroblasts could be used as a robust 

source for potential cell-based therapies for cardiac diseases.  

In addition to the generation of excitable fibroblasts, BacNav channels could also 

serve as potential substitutes for impaired VGSC in various excitable tissue disorders. 

The channel NavSheP D60A (ShePA) was chosen for direct expression in mammalian 
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excitable tissues as it yielded fastest conduction in previous studies. By performing 

codon optimization and adding appropriate endoplasmic-reticulum export signal, we 

were able to significantly improve membrane expression of ShePA channels. Expression 

of ShePA in excitable HEK293 tissue (Ex293) rescued impaired conduction upon 

membrane depolarization and decoupling. Furthermore, cultures of neonatal rat 

ventricular myocytes (NRVMs) transduced with ShePA virus exhibited enhanced 

conduction properties and increased resistance to conduction failure in an in vitro model 

of regional ischemia. Lastly, ShePA expression in highly-arrhythmogenic cardiomyocyte-

fibroblast co-cultures led to significant reduction in incidence of reentry. Taken together, 

these results demonstrated the potential applications of engineered BacNav channels for 

cardiac gene therapies. 

In summary, this dissertation presents the first experimental evidences 

supporting the use of prokaryotic sodium channels for the induction, control, and rescue 

of mammalian tissue excitability. The encouraging in vitro results shown in these studies 

will stimulate the development of BacNav-based therapies for the treatment of cardiac 

diseases. Furthermore, the experimental methodology developed in this work will serve 

as a useful framework for the screening, optimization, and assessment of engineered 

BacNav for specific therapeutic applications.  
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1. Introduction 
Voltage-gated sodium channels (VGSCs) exist in all animal organisms and govern 

processes fundamental to life including neuronal communication, muscle contractions, or 

hormonal release [1]. In electrically excitable tissues, VGSCs enable firing and spread of 

action potentials and their loss-of-function mutations [2] cause a variety of neuronal [3-6], 

cardiac [7, 8], and skeletal muscle [9, 10] disorders. Similarly, acute tissue injuries 

resulting in permanent excitability loss (e.g. stroke, spinal cord injury, heart attack) are 

associated with long-term disability and death. In addition to excitable tissues, the VGSCs 

are expressed in many unexcitable cells including macrophages, microglia, and islet β 

cells, where they play important roles in phagocytosis, migration, insulin secretion and 

other cellular processes [11]. The ion-conducting α-subunits of mammalian VGSCs 

comprises of four structurally homologous domains, each consisting of approximately 300 

amino acids [12]. These four domains are simultaneously transcribed and translated from 

a single, relatively large (>6kb) gene. This large gene size precludes stable and efficient 

expression of mammalian VGSCs in primary cells, a strategy that could potentially lead to 

new remedies for impaired tissue excitability.  

The recent discovery of a large bacterial voltage-gated sodium channel family 

(BacNav) has provided novel insights into the structure and biophysical properties of 

eukaryotic VGSCs [13-17]. Hundreds of BacNav orthologs have been identified in 

terrestrial and marine halophilic bacteria, playing various roles in ion homeostasis, cell 

division, and motility [18]. In contrast to their eukaryotic counterparts, BacNav channels 

are homotetrameric [13], consisting of four identical subunits, individually transcribed and 

translated from single genes of only ~900 bp in size. While the small size of BacNav 

facilitates their overexpression and purification for crystallography studies [19], it is 
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plausible that BacNav genes could be efficiently packaged into viral vectors, either alone 

or with other ion channel genes, and used to stably introduce or modify electrical 

excitability in mammalian tissues. Furthermore, utilization of BacNav orthologs with diverse 

biophysical properties [13-16, 20, 21], combined with targeted channel mutations and 

mathematical modeling, may allow custom engineering of cellular electrophysiological 

phenotypes tailored to specific tissue types, diseases, and individuals. 

In this thesis we present a versatile BacNav-based platform for the efficient 

generation of de novo excitable human tissues and recovery of impaired tissue 

excitability. Using electrophysiological and genetic engineering techniques, we 

developed a method to stably convert unexcitable primary human fibroblasts into 

electrically excitable cells capable of action potential conduction. The 

electrophysiological phenotype of such actively conducting fibroblasts was robust under 

various challenges and further customized by combining site-directed mutagenesis and 

computational modeling. We also showed that in an in vitro model of heart tissue with 

interstitial fibrosis, engineered fibroblasts successfully recovered impaired action 

potential conduction. Moreover, direct expression of specific BacNav mutant channels in 

mammalian excitable tissues enhanced their excitability and prevented loss of action 

potential conduction in conditions when endogenous Na+ channels failed to activate.   

In Chapter 2 of this thesis, we first provide background information on the basis 

of electrical excitability and action potential propagation, with an emphasis on cardiac 

system. At the heart of mammalian tissue excitability and conduction, voltage-gated 

sodium channels are discussed in details, together with the functional consequences of 

VGSC dysfunctions and the limitations in current gene therapies involving exogenous 

expression of these channels. We then introduce prokaryotic sodium channels as 
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potential substitutes for VGSCs, providing detailed descriptions on the structural features 

and gating mechanisms of these channels, which are important for understanding the 

rationales of various channel modifications presented in subsequent chapters of the 

thesis. We also describe the relevant techniques and tools central to examining the 

electrophysiological characteristics of engineered cells and tissues. Lastly, we discuss 

the current state of cardiac cell-based therapies, highlighting the pros and cons of 

current approaches and proposing the use of genetically engineered excitable fibroblasts 

as a promising alternative.  

In Chapter 3, we developed an experimental method for the screening and 

utilizing of BacNav in the generation of stable electrically excitable and actively 

conducting primary human cells. Specifically, HEK293 cells monoclonally-derived for the 

inward-rectifier potassium channel Kir2.1 and gap junction channel Cx43 were used as 

the screening platform for action potential propagation upon transfection of various 

BacNav orthologs and variants. These preliminary results allowed us to not only identify 

the BacNav channel that yielded most desired conduction properties when co-expressed 

with Kir2.1 and Cx43 but also derive criteria for different BacNav biophysical parameters 

to achieve successful AP propagation. We then generated lentiviral constructs to enable 

robust and stable expression of these channels in human fibroblasts and characterized 

the functions of each channel using patch clamp recordings, fluorescence recovery after 

photobleaching, and immunostaining. Lastly, using lentiviral transduction of all three 

channels, we demonstrated for the first time stable de novo generation of electrically 

excitable and actively-conducting human fibroblasts. 

In Chapter 4, we aimed to develop a combined computational and experimental 

framework for customizing the electrophysiological characteristics of engineered 
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fibroblasts, with an emphasis on improving conduction properties. We performed 

mutagenesis to generate a library of BacNav mutants exhibiting a wide range of 

biophysical properties and utilized computational models to predict their effects on AP 

shape and conduction of engineered cells. This combined platform allowed us to identify 

BacNav mutants that yielded 2.5-fold increases in conduction velocity compared to the 

previous version. In addition, the presence of fluorescence reporters in our multi-

cistronic lentiviral constructs also enabled us to explore further fine-tuning of fibroblast 

electrical properties using fluorescence cytometry. Furthermore, we examined the 

robustness and stability of engineered excitability across different human cell types and 

under various physiological challenges including continuous expansion and induced 

conversion into myofibroblasts. Lastly, we performed proof-of-concept in vitro studies to 

evaluate potential therapeutic benefits of engineered fibroblasts. In particular, using 

tissue engineering techniques developed in our group, we generated 3D tissue patches 

of engineered fibroblasts and examined their capability to support AP propagation. 

Furthermore, we utilized micro-patterning technique to generate an in vitro cardiac “zig-

zag” model mimicking interstitial fibrosis and assessed the effects of engineered 

fibroblasts on cardiac conduction during co-cultures. The results from this Chapter 

provided encouraging evidences that engineered fibroblasts could be used as a robust 

source for potential cell-based therapies for cardiac diseases.  

The studies in Chapter 5, on the other hand, sought to establish BacNav 

channels as potential candidates for gene therapies involving VGSC dysfunctions. We 

first looked to maximize BacNav expression level in human cells via codon optimization 

and improvement of membrane trafficking of these channels. Using optical mapping, we 

then examined whether BacNav expression could rescue impaired conduction of 
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excitable HEK293 tissue under different pathological conditions, including membrane 

depolarization via elevated extracellular potassium and decreased intercellular coupling 

via addition of gap junction decouplers. We further assessed the therapeutic effects of 

BacNav expression in monolayers of neonatal rat ventricular myocytes (NRVMs) under 

both normal and simulated pathological conditions. Specifically, we examined whether 

BacNav expression could increase the resistance to conduction failure of cardiomyocyte 

culture in an in vitro model of regional ischemia. Moreover, we generated highly 

arrhythmogenic cardiomyocyte-fibroblast co-cultures by mixing these two cell types at 

pre-defined ratio and evaluated the effects of BacNav expression on the inducibility of 

reentry in the co-cultures. The results from these studies demonstrated the potential 

applications of BacNav channels for cardiac gene therapies.  

Finally, in Chapter 6, we summarize our findings and highlight their significance 

and in Chapter 7, we discuss potential future applications of this work, including in vivo 

BacNav-based therapies for atrial fibrillation, in vivo testing of engineered fibroblasts in 

implanted tissues for myocardial infarction, generation of de novo biological 

pacemakers, and conversion of BacNav into calcium-selective channels as substitutes 

for impaired voltage-gated calcium channels. 

Taken together, we present in this dissertation a versatile BacNav-based platform 

for the efficient generation of de novo excitable human tissues and recovery of impaired 

tissue excitability. Using electrophysiological and genetic engineering techniques, we 

developed a method to stably convert unexcitable primary human fibroblasts into 

electrically excitable cells capable of action potential conduction. The 

electrophysiological phenotype of such actively conducting fibroblasts was robust under 

various challenges and further customized by combining site-directed mutagenesis and 
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computational modeling. We also showed that in an in vitro model of cardiac tissue with 

interstitial fibrosis, engineered fibroblasts successfully recovered impaired action 

potential conduction. Moreover, direct expression of optimized BacNav channels in 

mammalian excitable tissues enhanced their excitability, prevented loss of action 

potential conduction, and reduced incidence of reentry under various pathological 

conditions. These results paved the ways for future applications of BacNav channels as 

potential cell- and gene-based therapies for cardiac diseases.  
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2. Background 
2.1 Principles of electrical excitability and impulse propagation  

2.1.1 Ion channels and membrane excitability 

The development of lipid bilayer enveloping primitive replicating life-forms started 

more than 3 billion years ago to provide a diffusion barrier separating the intracellular 

components from extracellular environment [22]. The appearance of the lipid membrane 

was accompanied by the development of transmembrane proteins to permit the 

exchange of ions and small organic molecules across cell membrane while retaining 

essential macromolecules in the cytoplasm. Ionophoric transmembrane proteins are 

traditionally classified into two groups: 1) ion transporters (or pumps) which requires 

energy from various sources to actively move ions against their electrochemical 

gradients and  2) ion channels which bear gated aqueous pores to permit high rate of ion 

passage via passive diffusion down these gradients [23]. The opening and closing of 

most ion channels are regulated (or gated) by various types of signals, including 

membrane voltage [24], ligand binding [25], intracellular molecules [26], light [27, 28], 

mechanical stimuli [29], and temperature [30]. Due to the selective ion permeability and 

variety of gating mechanisms, ion channels are involved in many essential biological 

roles, from chemiosmosis and motility in prokaryotes [31, 32] to electrical transmission, 

muscle contraction, trans-epithelial transport, T-lymphocyte activation, and hormonal 

secretion in mammalian cells [33-35].  

Since ions are charge carriers, ion channels play pivotal roles in regulating 

membrane potential (Vm) – the voltage difference across cell membrane. At rest, the 

balance among different ion channels and transporters sets up a relatively stable 

baseline Vm value, called resting membrane potential (RMP or Vrest). In eukaryotes, RMP 
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varies among different cell types, with more hyperpolarized (negative) values often 

characteristic of electrically excitable cells, including neurons, myocytes, endocrine cells, 

as well as some plant cells. When the membrane potential of an excitable cell becomes 

depolarized above a defined threshold upon receiving a stimulus of sufficient strength, 

this triggers the activation of a cascade of voltage-gated ion channels, resulting in fast 

rising of Vm (depolarization), followed by a falling phase (repolarization) back to resting 

state [36, 37]. This consistent, short-lasting fluctuation in membrane voltage (called 

“action potential”) is the basis of membrane excitability, allowing drastic but transient 

changes in intracellular ionic concentrations required for various cellular processes such 

as contraction, neurotransmitter release, and hormone secretion. Moreover, cell-to-cell 

propagation of action potentials also underlies rapid electrical transmission in neuronal 

and cardiac networks [36, 38].  

2.1.2 Cardiac ion channels and action potential 

The electrical properties of cardiomyocytes are highly dependent upon the 

composition and expression levels of their membrane ion channels.  In the absence of 

external stimuli, the membrane potential of a single cardiomyocyte is related to the sum 

of all ionic currents flowing through its ion channels and transporters (Iion) via the 

equation  𝑑𝑑𝑉𝑉𝑚𝑚
𝑑𝑑𝑑𝑑

= − 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖
𝐶𝐶𝑚𝑚

, where Cm is the total membrane capacitance of the cardiomyocyte 

[39]. The major ionic currents contributing to various phases of cardiac APs are listed in 

Table 2.1. 
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Table 2.1. Membrane currents that generate the cardiac action potential [40] 

 

 

The heart is electrically heterogeneous in the sense that cardiomyocytes in 

different regions of the heart display distinct action potential (AP) characteristics. In 

particular, pacemaker cells in the sinoatrial (SA) and atrioventricular nodes exhibit 

significantly different APs compared to those in working myocytes from atria, ventricles, 

or Purkinje fibers. Generally, AP of a non-pacemaker cardiomyocyte can be divided into 

five different phases (Figure 2.1A). At resting state (phase 4), the sum of ionic currents is 

effectively zero, resulting in a relatively stable membrane potential of around -80 to -

90mV. This Vrest is determined primarily by the inward rectifier potassium current (IK1), 

which is mainly mediated by the members of the Kir2.x subfamily [41]. When the cell’s 
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membrane potential is depolarized to a defined threshold via an external stimulus or an 

influx of current from adjacent cells, voltage-gated sodium channels (Nav1.5) become 

activated and the rapid inward sodium current (INa) induces the fast rising of membrane 

potential during phase 0. The maximum rate of change of Vm, also known as maximum 

upstroke velocity (𝑑𝑑𝑉𝑉𝑚𝑚
𝑑𝑑𝑑𝑑

)𝑚𝑚𝑚𝑚𝑚𝑚, is proportional to the cell’s maximum sodium conductance 

and commonly used to indicate time of activation [39]. Following the inactivation of 

sodium channels, transient outward potassium current (Ito) activates to briefly repolarize 

Vm, creating a notch in the AP (phase 1). However, Ito inactivates rapidly and Vm enters 

an extended plateau (phase 2), determined by the balance of slow inward current from 

the L-type calcium channels (ICa,L), and combined outward currents from various 

potassium channels (IKATP, IKr, IKs, IKur, and IK1). The composition of outward currents 

present during the plateau phase is highly species-specific, which contributes to notable 

differences in AP shape and duration [42]. Calcium influx through L-type calcium 

channels during this phase also induces release of intracellular calcium from 

sarcoplasmic reticulum (SR) via calcium-induced calcium release mechanisms and 

triggers activation of contractile elements via excitation-contraction coupling [43]. Finally, 

L-type calcium channels inactivate and membrane potential is rapidly repolarized by 

outward potassium currents (phase 3) back to the resting value at phase 4.  

Unlike working cardiomyocytes, the APs of pacemaker cells are generated 

spontaneously with no true resting potential (Figure 2.1B). Phase 4, called diastolic 

depolarization, is characterized by slow depolarization from the most negative Vm value 

(termed “maximum diastolic potential”, MDP). Diastolic depolarization is primarily 

contributed by the “funny” current generated from HCN channels, the only known 

hyperpolarization-activated channels in the heart [44]. As Vm is depolarized to a certain 
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threshold, L-type calcium channels activate to give rise to the faster upstroke phase 

(phase 0). The rate of rise of Vm during this phase, however, is still significantly lower 

compared to that of working cardiomyocytes, as ICa,L exhibits slower gating kinetics than 

INa. After Vm depolarizes to its peak voltage, combined outward currents from delayed-

rectifier potassium channels act to repolarize the cell (phase 3, repolarization) back to its 

MDP. Together, the dynamic opening and closing of the constituent membrane ion 

channels ensure that pacemaker APs continue in a spontaneous and rhythmic manner, 

a mechanism known as “membrane voltage clock” [45]. Recently, extensive evidences 

have been found that suggest the presence of another clock, present at the sub-

sarcolemmal level, which is also essential in the spontaneous initiation of cardiac 

impulses in pacemaker cells. This so-called “intracellular calcium clock” [46, 47] is 

maintained and regulated by various components of the sarcoplasmic reticulum 

responsible for intracellular calcium oscillations, including both the Ca2+ pumps (sarco-

endoplasmic reticulum Ca2+/ATPase - SERCA) and Ca2+ release channels (ryanodine 

receptors RyRs) (Figure 2.1B).  
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Figure 2.1. Action potential waveforms and underlying ionic currents. (A) Phases of action 
potential in human ventricular myocytes and the contribution of constituent ionic currents 
throughout the course of the AP. Adapted from [48]. (B) Representative AP of pacemaker cells 
from rabbit sinoatrial node and the interplay between membrane clock and calcium clock. MDP, 
maximum diastolic potential; DD, diastolic potential; LCR, local calcium releases; SERCA, sarco-
endoplasmic reticulum ATPase. Adapted from [49] 

 

2.1.3 Cardiac conduction system and impulse propagation 

In normal human heart, action potentials are generated by a small group of 

pacemaker cells in the sinoatrial node at an intrinsic rate of approximately 70-80 pulses 

per minute before spreading throughout the atria at a conduction velocity of ~ 80-100 

cm/s (Figure 2.2A [50]). Propagation of APs is significantly delayed at the atrioventricular 

node due to the slow conduction of this region (~ 2-5 cm/s), allowing atrial depolarization 

and contraction to complete before ventricular activation. From the AV node, AP 

propagates very rapidly (100-400 cm/s) along a specialized conduction system, 

comprising of the bundle of His, left and right bundle branches, and Purkinje fibers, 

allowing rapid depolarization and contraction of ventricular myocytes throughout both 

ventricles for efficient pumping of blood. It is worth noting that cardiomyocytes along the 
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conduction system are capable of spontaneous AP generation at different rates; 

however, SAN cells set the activation frequency of the entire heart due to having the 

fastest intrinsic rate. Under pathological conditions, conduction failure at certain area 

along the pathway could lead to independent pacing of the downstream region. 

In cardiac network, action potentials propagate via gap junctions located at the 

interface of neighboring cells (Figure 2.2B) [51]. Each gap junction channel formed 

between two adjacent cells consists of two hemichannels named connexons, each 

contributed by one cell. Each connexon is a hexamer formed by six subunits called 

connexins. More than 20 connexin isoforms have been identified, each named according 

to their molecular mass in kDa. Structurally, the isoforms are well conserved, bearing 

four transmembrane domains with both N- and C- termini located at the cytoplasmic 

side. However, members of the connexin family exhibit a wide range of biophysical 

properties. There are three main connexin isoforms in the human heart (Cx40, Cx43, 

and Cx45), differing in their single channel (unitary) conductance, expression level, and 

spatial distribution [39, 52]. Connexin-43 is the most predominant cardiac isoform in 

atria, ventricles, and the specific ventricular conduction system but not the SA and AV 

nodes. They exhibit single channel conductance of 60-120 pS [52-54], with variation in 

reported values attributed to cell’s phosphorylation state [54, 55]. Connexin-40 on the 

other hand is mainly found in the atria and the ventricular conduction system, with high 

unitary conductance of 175-210 pS [56]. The predominant isoform in the SA node is 

connexin-45, which is also expressed throughout the conduction system, bearing the 

lowest single channel conductance (30-40 pS) [57, 58]. In addition, intermediate channel 

conductance could be observed in heterotypic and heteromeric channels, obtained via 

combination of different connexin isoforms (Figure 2.2B) [52]. In cardiac development, 



 

14 

gap junctions have been found to undergo drastic re-distribution, from being uniformly 

expressed throughout the cell surface during neonatal stage [59, 60] to being mainly 

localized at the intercalated disks in adult myocytes [61, 62].  

 

 

Figure 2.2. Basis of action potential propagation in cardiac system. (A) Conduction system of 
the heart. The colored representative APs at each region along the conduction system are shown 
to reflect the sequence of activation and the differences in AP waveforms. Adapted from [50]. (B) 
Structure of gap junction channels formed between membranes of two adjacent cells. Each channel 
is formed from two hemichannels (connexons). Connexon is comprised of six connexin subunits. 
Channels of intermediate properties can be generated via different combinations of connexins or 
connexons. (C) Structure of a connexin subunit. The four transmembrane segments (M1-M4), two 
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extracellular loops (E1 and E2), and the intracellular amino and carboxyl termini are highlighted. B 
and C are adapted from [51].  

 

The simplest model for AP propagation is a linear and continuous cable of 

excitable elements, described by the following reaction-diffusion equation [39]: 

𝐶𝐶𝑚𝑚 ∙
𝜕𝜕𝑉𝑉𝑚𝑚
𝜕𝜕𝜕𝜕

+ 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 = �
𝑎𝑎

2𝑟𝑟𝑖𝑖
� ∙
𝜕𝜕2𝑉𝑉𝑚𝑚
𝜕𝜕𝜕𝜕2

 

where a is the cable radius and ri is the axial resistance per unit length. Under the space-

clamp conditions of a single cell, Vm is constant in space; therefore, the equation 

reduces to the expression shown in the previous section. As the model assumes 

continuous diffusivity of the cable, ri thus corresponds to a combined value from both 

gap junctional and cytoplasmic resistances. In such an electrical continuum, conduction 

velocity is proportional to the square root of maximum upstroke velocity (𝑑𝑑𝑉𝑉𝑚𝑚
𝑑𝑑𝑑𝑑

)𝑚𝑚𝑚𝑚𝑚𝑚 and is 

inversely proportional to the square root of the axial resistance ri. In other words, the 

speed of impulse propagation is highly dependent on membrane excitability of individual 

cells making up the excitable network and the strength of intercellular coupling within the 

network (Figure 2.3). Other important factors of cardiac AP propagation include tissue 

geometry, wavefront curvature, and the extracellular space [63, 64].  

For AP propagation to succeed, the depolarizing current provided by the excited 

cell (source) must be sufficient to bring the membrane potential of its neighboring 

unexcited cells (sink) to their excitation threshold. This condition can be mathematically 

expressed in term of the “safety factor” (SF), which is defined as the ratio of charge 

generated (for depolarization of cell in question and its “downstream” cells) to charge 

consumed (from the “upstream” cells) during an excitation cycle of a single cell in the 

tissue [65]. For propagation to be sustained, SF must be greater than 1. Conversely, any 
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source-sink mismatch would result in conduction failure as SF falls below 1. Examination 

of SF using mathematical simulation provided insights into how membrane excitability 

and intercellular coupling affect conduction slowing very differently [65]. Specifically, as 

excitability decreases (due to lower sodium channel availability), both CV and SF reduce 

monotonically and an abrupt conduction failure occurs when SF falls below 1 (Figure 

2.3A). The minimum CV prior to conduction block is ~30% of control value, suggesting 

that very slow conduction cannot be achieved via reducing membrane excitability, 

consistent with experimental data. In contrast, progressively decreased intercellular 

coupling could bring CV down to as low as ~0.5% of control value (Figure 2.3B). This is 

because as cells become decoupled, individual cells are subjected to lower electrotonic 

load from downstream cells, which results in an initial “paradoxical” increase in SF. 

These simulation results suggest that conduction slowing via decoupling has a 

significantly higher margin of safety compared to via reducing excitability.  

 

 

Figure 2.3. Effects of reduced membrane excitability and reduced intercellular coupling on 
conduction velocity and safety factor. (A) Reduction of sodium channel conductance results in 
conduction failure at about 1/3 of the normal CV value, as safety factor falls below 1. (B) Safety 
factor exhibits a biphasic response to reduction in intercellular coupling, allowing conduction to slow 
down by over 200 times before conduction block occurs. Adapted from [63].  
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2.2 Voltage-gated sodium channel channelopathies and 
therapies  

2.2.1 Introduction to VGSC structure and function 

Voltage-gated sodium channels (VGSCs, or Navs) are critical for the generation 

and propagation of action potentials in electrically excitable cells and are required for 

muscle contraction, neuronal firing, and neuroendocrinal hormone release [1]. Slight 

depolarization of the cell membrane triggers the rapid activation of Nav channels to 

facilitate sodium influx, initiating the rising phase of action potential. Furthermore, Navs 

are also expressed and play major roles in many unexcitable cell types including 

astrocytes, macrophages, and cancer cells [11]. Each Nav channel consists of a 

functional pore-forming α subunit. This subunit is usually associated with one or more 

auxiliary β subunits that play multiple roles in channel function including modulation of 

gating kinetics and voltage-dependence [12]. To date there are nine known and 

functionally characterized α subunits of mammalian Nav (Nav1.1-Nav1.9), each 

containing approximately 2000 amino acids and consisting of four structurally 

homologous transmembrane domains (DI-DIV) (Figure 2.4) [12]. Each of these four 

domains shares the similar structure as many voltage-gated ion channel members [66] 

and consists of six transmembrane helical segments (S1-S6). Segments S1-S4 form the 

voltage-sensing domain (VSD), with S4 segment containing positively charged amino 

acid residues at every third position that act as gating charges, moving vertically across 

the membrane to trigger channel activation in response to membrane depolarization. 

Segments S5-S6 form the pore domain (PD), which contains a hairpin-like P loop that 

lines the narrow extracellular part of the pore and the selectivity filter (SF) that defines 

the ion selectivity properties of the channel. The intracellular end of the S6 helix marks 



 

18 

the inner exit of the pore, and is often regarded as the “activation gate”. The four 

transmembrane domains are linked with intracellular loops that also play roles in channel 

regulation, most notably the III-IV loop that acts as channel fast “inactivation gate” [67-

69].    

 

Figure 2.4. Mammalian voltage-gated sodium channel structure. The pore-forming α subunit 
consists of four homologous domains (DI-DIV), each comprised of six transmembrane segments 
(S1-S6). An auxiliary subunit (β1) is shown to interact with the P loop of the DIV domain of α subunit. 
Red and yellow circles indicate the inner and outer key selectivity residues respectively. 

 

2.2.2 VGSC channelopathies 

Due to the critical roles of Nav channels in action potential initiation in excitable 

tissues, mutations that decrease or abolish the current through these channels lead to a 

reduction or complete loss of tissue excitability [2] yielding various neuronal [3-6], 

cardiac [7, 8], and skeletal muscle [9, 10] diseases (Table 2.2). Among the neuronal Nav 

isoforms, homozygous nonsense mutations in different exons of the SCN9A gene have 

been associated with congenital insensitivity to pain (CIP) [70, 71] and the loss of sense 

of smell (anosmia) [3]. Intriguingly, loss of pain perception due to mutation of another 
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PNS isoform (Nav1.9) was a result of increased (rather than reduced) activity of these 

channels [72, 73]. Loss-of-function mutations in the prevalent isoforms in the CNS 

(Nav1.1, Nav1.2, Nav1.3, and Nav1.6), on the other hand, are linked with various types of 

epilepsy [4, 74, 75]. In particular, impaired Nav1.1 is the main cause of both Dravet 

syndrome (DS) [76] and severe idiopathic generalized epilepsy of infancy [77, 78], while 

Nav1.2 mutations are mainly linked with benign familial neonatal-infantile seizures that 

disappear in adulthood and some cases of DS [5, 79, 80]. Furthermore, a non-sense 

mutation in the SCN2A gene has been discovered in a whole-exome sequencing study 

for autism spectrum disorders [6], while truncation mutations of Nav1.6 were shown to 

result in both ataxia and cognitive deficits [81].  

In myocytes, VGSCs play important roles in AP generation required for muscle 

contraction and impulse propagation. Loss-of-function mutations in the skeletal muscle 

isoform Nav1.4 account for 30% cases of hypokalemic periodic paralysis. These 

mutations lead to reduced excitability of the myocytes via enhanced channel inactivation, 

rendering muscle unable to be depolarized by signals from the CNS to contract 

efficiently, especially in hypokalemic condition [9, 82]. On the other hand, loss-of-

function mutations in the cardiac isoform Nav1.5 have long been associated with 

Brugada syndrome type 1 (BrS1), the most common BrS genotype [7]. These mutations 

lead to either impaired membrane trafficking of Nav1.5 or altered gating properties, 

resulting in reduced current density and subsequent arrhythmias. The repolarization 

disorder hypothesis suggests that stronger Ito level in epicardium than endocardium [83] 

makes the former more susceptible to the effects of reduced INa, resulting in transmural 

dispersion of repolarization and development of a vulnerable window across the 

transmural wall, potentially triggering ventricular tachycardia and/or ventricular fibrillation 
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(VT/VF) [84, 85]. In contrast, the depolarization disorder hypothesis attributes the 

pathogenesis of BrS to conduction delay, especially in the right ventricular outflow tract 

(RVOT), as a result of reduced INa [86, 87]. Interestingly, recent studies have suggested 

that Nav1.8 modulates Nav1.5 activity via co-association on the plasma membrane, and 

loss-of-function mutations of the neuronal isoform also led to reduced Nav1.5 current in 

various cases of BrS [8, 88].  

In addition to mutations that affect channel trafficking and gating properties, 

reduced sodium current and tissue excitability could also be a consequence of altered 

extracellular environment or channel remodeling during various pathological conditions 

such as ischemia and myocardial infarction [89, 90]. The ability to reconstitute sodium 

current via exogenous expression of functional Navs thus holds significant therapeutic 

potential. 

 

Table 2.2. Mammalian voltage-gated sodium channels and loss-of-function 
channelopathies 

Gene Channel Tissue expression Channelopathies 

SCN1A Nav1.1 CNS, PNS Dravet syndrome, Severe idiopathic 
generalized epilepsy of infancy 

SCN2A Nav1.2 CNS, PNS Benign familial neonatal-infantile seizures, 
Autism spectrum disorders 

SCN3A Nav1.3 CNS, PNS Epilepsy 

SCN4A Nav1.4 Skeletal muscle Hypokalemic periodic paralysis 

SCN5A Nav1.5 Cardiac muscle Brugada syndrome type 1 

SCN8A Nav1.6 CNS, PNS Epilepsy, Ataxia 

SCN9A Nav1.7 PNS Congenital insensitivity to pain, Anosmia 

SCN10A Nav1.8 PNS Brugada syndrome 

SCN11A Nav1.9 PNS  

CNS, central nervous system. PNS, peripheral nervous system. 
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2.2.3 VGSCs as targets for gene therapies 

Despite the important roles of VGSC dysfunctions in various excitability 

disorders, gene therapies involving exogenous expression of these channels have been 

limited to several studies from Michael Rosen group demonstrating the therapeutic 

effects of Nav1.4 delivery in animal models of myocardial infarction and 

reperfusion/ischemia [91-97]. The skeletal muscle isoform Nav1.4 was chosen as this 

channel exhibits more depolarized inactivation properties than the cardiac Nav1.5 

channel, rendering the former more effective in depolarized myocardium, characteristic 

of border zone of healing or healed myocardial infarcts [98]. This notion was first 

illustrated under in vitro hyperkalemic conditions, whereby transduction of neonatal rat 

ventricular myocyte culture with Nav1.4 adenovirus helped ameliorate conduction 

slowing due to membrane depolarization and inactivation of endogenous Nav1.5 [91]. 

These in vitro results were further corroborated in subsequent studies using Nav1.4 

adenoviral delivery in the epicardial border zone (EBZ) of canine myocardial infarct [92, 

95]. Expression of Nav1.4 was shown to enhance maximum upstroke velocity in the 

depolarized EBZ and suppress inducibility of ventricular tachycardia/fibrillation. These 

anti-arrhythmic effects were attributed to increases in longitudinal CV and upstroke 

associated with enhanced sodium current [93]. Injection of Nav1.4 adenovirus into 

mouse left ventricular wall in a murine model of ischemia and reperfusion arrhythmias 

was also shown to preserve conduction and suppress incidence and duration of 

ischemia/reperfusion-induced ventricular tachycardia [94]. Furthermore, co-expression of 

Nav1.4 and HCN2 channels in canine left-bundle branch generated robust and stable 
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pacemaker activity following ablation of atrioventricular node [99], illustrating yet another 

potential therapeutic application of this sodium channel. 

Despite these promising results, the beneficial effects associated with Nav1.4 

expression diminished rapidly over the course of several weeks, due to the transient 

nature of adenoviral expression. For clinical applicability, other viral delivery systems 

such as lentivirus and adeno-associated virus are desired for stable gene expression; 

however, packaging of the large mammalian VGSC genes (>6kb) in these viral vectors is 

technically challenging without further modifications [100-102]. 

2.3 Prokaryotic sodium channels as model for VGSCs  

2.3.1 Introduction to prokaryotic sodium channels 

The recent discovery of a large bacterial Nav superfamily has provided various 

insights into the structures and functions of VSGC [13-17]. Unlike their mammalian 

counterparts, BacNavs are homotetrameric, consisting of four identical subunits of ~280 

amino acids that co-assemble into a functional channel. The simple homotetrameric 

structure of BacNav has facilitated studies on the channel crystal structures in different 

conformational states [16, 21, 103, 104], providing insights in the structure-function 

relationships of mammalian Navs [103, 105, 106]. Besides their important roles in X-ray 

crystallographic studies, BacNav channels have also been suggested to hold potential 

therapeutic benefits, due to their similarity to mammalian Navs in ion selectivity and 

pharmacological profile [13, 107]. The popular NaChBac channel has been utilized as a 

means to increase the intrinsic excitability in neurons [108-111]. In addition, a recent 

study suggested the use of another BacNav ortholog, NavMs, as a tool for rational design 

and screening of human drugs [112]. Notably, the small gene size of BacNavs (~800-900 

bp) is significantly easier to package in viral vectors, suggesting their therapeutic 
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potentials in replacing or supplementing impaired mammalian VGSCs in hypo-excitable 

tissues. Furthermore, BacNavs could also be co-packaged with other ion channel genes 

in multi-cistronic viral vectors thus paving the way for engineering of more complex 

electrophysiological phenotypes in primary cells. One example is the generation of 

electrically excitable, actively conducting tissues from unexcitable cell sources, as we 

previously described in our proof-of-concept studies with HEK293 cell lines [113-115]. 

This approach, if successfully applied to more clinically relevant primary cells, could 

have important implications in the treatment of disorders that involve significant loss of 

excitable cells and subsequent replacement with unexcitable tissues (scars) including 

spinal cord injury and myocardial infarction.   

2.3.2 Structure of prokaryotic sodium channels 

Crystallographic studies of mammalian VGSCs have long been hindered by its 

biochemical complexity, including the large pore-forming α subunits (> 2000 amino 

acids), the interactions with auxiliary β subunits, and extensive post-translational 

modifications [116]. In contrast, the simple homotetrameric architecture of BacNavs and 

the lack of auxiliary subunits and post translational modifications facilitate the 

overexpression and purification of these channels for crystallization. Since the first 

BacNav structure was resolved in 2011 [16], various structural studies of BacNav 

orthologs, mutants, and chimeras at different gating states have been determined [16, 

21, 103-105, 112, 117-123] (Table 2.3).  
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Table 2.3. Summary of BacNav structures determined to date. Adapted from [124], with 
recent structure 5HVX added. 

 

 

In general, each BacNav subunit contains an N-terminal domain (S1N), a C-

terminal domain (CTD), and six transmembrane segments (S1-S6) that resemble the 

architecture of a single mammalian Nav transmembrane domain (Figure 2.5A). The first 

four transmembrane segments (S1-S4) form the voltage-sensing domain (VSD) while 

S5-S6 form the pore-lining domain (PD) (Figure 2.5B). These two domains are coupled 

via the S4-S5 linker, which provides the mechanism to opening/closing of the pore in 

response to changes in membrane voltage. BacNav structure also displays the domain-

interlocking quaternary arrangement common for other voltage-gated ion channels, 

whereby the VSD of each subunit intersects with the PD of an adjacent subunit, 

suggesting potential mechanisms for cooperativity among four subunits during gating 

[19]. Going inward from the extracellular side, the BacNav pore consists of an external 

vestibule, a selectivity filter (SF), an expansive water-filled central cavity, and a narrow 
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intracellular (activation) gate (Figure 2.5C). The selectivity filter is flanked between the 

P1 and P2 helices in a helix-loop-helix motif. Sodium conduction of BacNav is achieved 

via a multi-ion mechanism, whereby four glutamic acid residues of the selectivity filter 

(TLESW) serve as a high-field-strength (HFS) site that favors conduction of small 

cations whereas the adjacent backbone carbonyls (TLESW) form the central and inner 

coordination sites [125]. Selected ions then pass through the central cavity to the 

intracellular gate, which opens or closes in response to slight rotations of a single 

residue in the middle of S6 that faces directly toward the S4-S5 linker [126]. Beneath this 

intracellular gate is the CTD, comprising of a neck region and a distal coiled-coil domain 

(Figure 2.5D), which has been suggested to play various roles in channel assembly, 

stability, and gating [122, 127-131]. The CTD sequences are highly diverse among the 

BacNav superfamily, and are suggested to be responsible for the vast diversity of voltage 

dependencies of gating among different BacNav orthologs [122]. Notably, the recent 

study by Sula et al. provides the first complete crystallographic structure of a BacNav 

ortholog (NavMs) with all three functional domains intact (VSD, PD, and CTD, Figure 

2.5E) [123].  
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Figure 2.5. Structure of prokaryotic sodium channel. (A) One BacNav subunit shows similar 
architecture compared to each transmembrane domain of eukaryotic VGSCs. Transmembrane 
segments S1-S4 form the voltage-sensing domain (VSD), with the four gating charges on segment 
S4 shown. Transmembrane segments S5-S6 form the pore domain (PD), with the key residues of 
the selectivity filter indicated as yellow and red dots. Below S6 lies the C-terminal domain (CTD). 
(B) Transmembrane segments S1-S6 of one NavAb subunit are shown to highlight their key 
features and spatial arrangements. Adapted from [124]. (C) Ribbon representation highlights 
different regions along the NavAb pore. The activation gate is closed in this configuration. Only two 
subunits are shown for clarity. Adapted from [124]. (D) The CTD of BacNav consists of the neck 
region connecting the activation gate to the distal coiled-coil region, which plays important role in 
the formation and stability of the tetrameric structure. Adapted from [127]. (E) Cartoon 
representation of the first BacNav (NavMs) structure determined with all functional domains intact. 
One of the four subunits are colored: VSD (blue), S4-S5 linker (green), PD (yellow), and CTD (red). 
Three sodium ions are shown in purple passing through the selectivity filter into the central pore. 
Adapted from [123].  
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2.3.3 Gating mechanism of prokaryotic sodium channels  

Similar to other voltage-gated ion channels, the S4 helix of BacNav VSD contains 

positively-charged arginine residues (“gating charges”) interspaced between every two 

hydrophobic residues in a highly conserved RxxRxxRxxR motif, which allows the VSD to 

detect and respond the small changes in membrane voltage. The sliding movement of 

the S4 segment during channel activation/inactivation is guided via interactions between 

the gating charges (R1-R4) with the negatively-charged side chains of the extracellular 

and intracellular negative clusters (ENC and INC) on segments S1-S3 (Figure 2.6A) [16]. 

These two charge clusters are separated by the hydrophobic constriction site (HCS) 

which seals the voltage sensor to prevent leakage of water and ions through the 

membrane [132].  

The proposed gating mechanism of BacNav is described in Figure 2.6B [106]. At 

rest, the intracellular gate of the channel is closed while the selectivity filter is open. As 

membrane potential is depolarized, change in electric field across the membrane 

induces an “outward” movement of the S4 segment, which then triggers a 

conformational change in the S4-S5 linker. This in turn shifts the positions of S5 and S6 

helices, inducing a bend in the middle of S6 (hinge), which leads to opening of the 

intracellular gate [103]. In many BacNav orthologs, this “hinge” corresponds to a glycine 

residue, which facilitates channel opening due to its flexibility [15]. Channel inactivation 

then follows as the S6 segments and P loops move towards the central axis of the pore, 

closing both the intracellular gate and selectivity filter [21, 117]. As membrane 

repolarizes, S4 segment moves back to the inward position and SF reopens at the 

resting state. It has been suggested that the CTD, in particular the neck region, plays 

important roles in channel opening and inactivation [122, 127]. The neck region is 
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relatively ordered at rest, but becomes disordered following opening of the intracellular 

gate; thus, the flexibility and composition of this region could determine the stability of 

channel’s open state versus resting state [106, 122].  

 

Figure 2.6. Gating mechanisms of prokaryotic sodium channels. (A) Cartoon representation 
of NavAb voltage-sensing domains showing electrostatic interactions between the four arginine 
gating charges (R1-R4) on S4 with residues of the extracellular and intracellular negative clusters 
(ENC and INC) on segments S1-S3. These interactions play critical roles in the movement of the 
S4 segment during channel gating. The hydrophobic constriction site (HCS) is situated between 
the ENC and INC. Adapted from [132]. (B) Schematic diagram of proposed gating mechanisms of 
BacNav based on crystallographic studies showing three states (closed, open, and inactivated). 
Only two subunits are shown for clarity. Shown in cyan are the VSD, with positive signs indicating 
gating charges R1-R4, red negative signs indicating the INC, and magenta negative signs 
indicating the ENC. Shown in green is the PD, with selectivity filter highlighted in red and activation 
gate in yellow. Below this gate is the neck region of the CTD (white), which links the gate to the 
distal coiled-coil region (gray). Channel opening is associated with the upward sliding of the S4 
segment, a conformational change of the S4-S5 linker (orange), a bending in the “hinge” (purple) 
of the S6 segment, the widening of the activation gate, and the relaxing of the neck region. Adapted 
from [106].   
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2.4 Techniques for examining electrophysiological properties of 
engineered cells  

2.4.1 Direct measurement of membrane current and voltage 

Sharp electrode recording technique was invented almost 70 years ago to enable 

direct measurement of membrane voltage [133, 134]. In this configuration, the cell 

membrane is punctured by a very narrow glass micropipette (~ 10-100 nm in diameter), 

allowing direct electrical connection between the cytoplasm and the pipette solution. 

With one electrode immersed in the extracellular (bath) solution and another in contact 

with the cytosol (via pipette solution), direct measurement of the voltage difference 

across the membrane (i.e. Vm) can be made. The small tip size of the micropipette helps 

minimize the washout of the cytoplasm by pipette solution; however, it also creates a 

very high pipette resistance (~ 15-150 MΩ), which can be compensated by using highly 

conductive pipette solution (~ 3 M KCl) [135].   

While sharp electrode recording provides a fast and direct way to measure 

membrane potential, its high pipette resistance makes it unsuitable for voltage clamp 

studies, which require current injection and instantaneous current feedback from the 

same electrode to hold membrane voltage at pre-defined values. This is solved by the 

use of larger pipette tip (~1µm in diameter, 1-5 MΩ in resistance) in the patch clamp 

technique [136, 137]. Since larger pipette opening accelerates wash-out of the cytosol, 

patch clamp pipette is typically filled with solution mimicking the cytoplasmic ionic 

compositions [135]. For experiments designed to measure currents from specific ion 

channels, concentrations of individual ions in the bath and pipette solutions can also be 

adjusted to minimize any undesired currents. It is also more challenging to puncture cell 

membrane with the large patch clamp pipette; therefore, direct contact between cytosol 
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and pipette solution is induced by the formation of a giga-seal (>1 GΩ) between the 

pipette and cell surface, followed by application of suction to rupture the membrane 

patch in-between. This configuration is called whole-cell patch clamp, which enables 

direct measurement of currents flowing through the entire cell membrane. The cell under 

whole-cell voltage clamp mode can be subjected to sequences of voltage pulses with 

pre-defined strength and duration so that various properties (e.g. activation, inactivation, 

and recovery) of the ion channel(s) of interest can be assessed.  

Other patch clamp configurations also exist for measuring currents through only 

a small patch of membrane, including cell-attached, inside-out excised patch, and 

outside-out excised patch modes [136, 137]. Since the recorded currents originate from 

only a small number of ion channels, these configurations are particularly useful for 

analysis of single channel activity. As the current flowing through single channels is very 

small (few pA), this requires the formation of much higher resistance seal (up to 

hundreds of GΩ) between the pipette and membrane patch to minimize leak current.  

2.4.2 Optical assessment of membrane potential  

While patch clamp technique enables direct measurement of membrane current 

and voltage, it is limited to studies on single cell level. Assessment of impulse 

propagation in excitable tissues requires simultaneous recordings throughout the 

multicellular network. The discovery of voltage-sensitive dyes – molecular probes that 

attach to cell membrane and display changes in fluorescence signal in response to 

changes in membrane potential [138, 139], paved the ways for mapping of AP 

propagation in excitable tissues with high spatial and temporal resolutions. Among the 

most popular dyes are RH-421 and di-4-ANEPPS, which exhibit large signal-to-noise 

ratios (SNR), fast response times in the scale of microseconds, and linear relationships 



 

31 

between their spectroscopic properties and transmembrane potential within the 

physiological range of voltages [140]. During optical mapping experiment, tissue pre-

stained with voltage-sensitive dyes is illuminated with excitation light of appropriate 

wavelength and emitted light is passed through an emission filter to the photodetector. 

For low-magnification macroscopic mapping of cell monolayers, contact fluorescence 

imaging (CFI) with optical fiber couplers provides high numerical aperture to achieve 

sufficient SNR from even a thin cell layer [141, 142]. This configuration relies on trans-

illumination, whereby tissue sample is illuminated with excitation light from the opposite 

side of the detector, typically in the form of photodiode array (PDA). For high-

magnification microscopic mapping, epifluorescence microscope can be used, whereby 

the sample is epi-illuminated.  

Despite having numerous advantages, voltage-sensitive dyes suffer from cell 

toxicity and ubiquitous staining, making it unsuitable for studies that includes chronic 

monitoring of tissue properties or those requiring selective tracking of specific cell types. 

These limitations can be overcome by the use of genetically-encoded voltage indicators 

(GEVIs) [143, 144]. The most common class of GEVI comprises of two functional 

components: a voltage-sensitive element (either in the form of entire voltage-gated ion 

channel [145, 146] or isolated voltage-sensing domain [147]) and a reporter element 

(either as single fluorescent protein [148-150] or as FRET pair [151, 152]). Change in 

membrane voltage induces structural rearrangement of the voltage-sensitive element, 

which then effects change in fluorescence signal of the linked reporter. The more 

recently developed class of GEVI based on microbial opsins, on the other hand, relies 

on the intrinsic voltage sensitivity of its Schiff-base protonation site and thus does not 

require fluorescent reporter [153, 154] except when a FRET pair is involved [155-157]. 
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Driving GEVI-encoding genes under tissue-specific promoters enables tracking electrical 

activity of only cell types of interest, while viral delivery allows stable expression of GEVI 

for long-term in vivo examination.  

2.4.3 Ion channel expression in heterologous systems 

Electrophysiological studies of ion channel activity and impulse propagation in 

primary excitable cells and tissues suffer from several limitations including 

heterogeneous cell population with high variability in properties between individual cells 

and different batches, limited cell growth, and confounding effects from the diversity of 

endogenous ion channels. These disadvantages can be overcome by the use of 

heterologous expression systems such as human embryonic kidney cells 293 (HEK293), 

Chinese hamster ovary cells (CHO), COS, and Hela cells [158, 159]. In particular, 

HEK293 is a popular choice in electrophysiological studies due to their simple culturing 

conditions, unlimited proliferation that enables derivation of monoclonal lines with 

uniform properties, subjection to high transfection efficiency and patch clamp success 

rate, and very weak expression of endogenous currents [113, 160]. However, the use of 

immortalized cells is not suitable for clinically oriented applications due to their 

tumorigenicity. Easily-accessed, unexcitable, and proliferative primary cells such as 

dermal fibroblasts on the other hand represent a more clinically relevant system [161]. 

Exogenous gene expression in primary cells, however, requires the use of recombinant 

viruses due to inefficiency of non-viral transfection in these cell types. Among viral-

delivery systems, adenovirus is ideal for transient expression [162, 163], while 

transduction with lentivirus and retrovirus allows permanent expression via integration of 

the transgenes into host genome [164, 165]. Choice of promoter should also be taken 

into consideration depending on the desired strength of expression and cell type [166]. 



 

33 

Identification and selection of positively-expressing cells can be facilitated by co-

expression with genes encoding fluorescent reporters or antibiotic resistance in multi-

cistronic plasmids via the use of internal ribosome entry site (IRES) [167, 168] or viral 2A 

peptides [169, 170].  

2.5 Cell therapies for cardiac diseases  

2.5.1 Stem-cell based therapies 

Every year approximately 1 million people in the US suffer a myocardial 

infarction, and those that survive are likely to join nearly 6 million people living with 

congestive heart failure [171]. For more than 20 years, different types of stem cells have 

been actively pursued as a therapy for post-infarction disease. The first study was 

reported in 1998 on the use of transplanted skeletal myoblasts in cryo-infarcted 

myocardium [172]. Despite showing improvement in cardiac function, these cells were 

unable to differentiate into cardiomyocytes and electrically couple with host myocytes, 

raising risks of arrhythmia [173]. Successful regeneration of cardiomyocytes in vivo was 

first observed using bone marrow-derived mono-nuclear cells (BMMNCs) [174], which 

prompted several clinical trials with mixed results [175-177]. Also found in bone marrow 

are mesenchymal stem cells (MSCs), which have the advantage of immunomodulatory 

characteristics that potentially opens doors for the use of allogeneic MSCs. Moreover, 

MSCs derived from adipose tissue showed even greater immunosuppressive effects 

when co-cultured with immune cells, suggesting they could become a more attractive 

option than bone marrow-derived MSCs [178]. Both in vitro and in animal models, MSCs 

were shown to successfully differentiate into cardiomyogenic cells [179, 180], especially 

under hypoxic conditions of infarction [181]. Early clinical trials using MSCs injection 

showed improved left-ventricular ejection fraction (LVEF) in patients post myocardial 
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infarction [182, 183]; however, more studies are required to examine the long-term 

benefits of these cells. For the past decade, increasing evidences have been presented 

to support the presence of cardiac stem cells (CSCs), including ckit+ cells, sca1+ cells, 

and cardiosphere-derived cells, which display higher efficiency in cardiomyocyte 

differentiation compared to other cell types [184, 185]. Despite some success in clinical 

trials, these cells require costly ex vivo expansion [186] and have shown non-specific 

differentiation into cells of other lineages [187].  

Successful derivations of functional cardiomyocytes from human embryonic stem 

cells (hESCs) [188] and induced-pluripotent stem cells (iPSCs) [189] [190] have initiated 

large numbers of studies focusing on optimizing these differentiation processes. The 

main advantage of pluripotent stem cells is their unlimited proliferative capacity that 

allows the generation of significant numbers of cardiomyocytes; however, they also face 

formidable challenges including the inability to: 1) obtain homogeneous cardiomyocyte 

populations with a specific functional phenotype (e.g. atrial, ventricular, nodal), 2) 

promote advanced cardiomyocyte maturation in vitro, and 3) control the proliferation and 

differentiation of implanted cells in vivo. Together, these limitations can render 

pluripotent stem cell-based cardiac therapies not only inefficient [191, 192], but also 

tumorigenic [193] and arrhythmogenic [194-197]. 

2.5.2 Direct reprogramming of cardiac fibroblasts 

Following the successes in molecular reprogramming from somatic cells into 

induced pluripotent stem cells, a second generation of reprogramming was developed 

that involves direct conversion from one somatic cells to another [198]. In 2010, 

Srivastava group reported the in vitro direct reprogramming of mouse cardiac and 

dermal fibroblasts into induced cardiomyocyte-like cells (iCMs) using co-expression of 
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three transcription factors: Gata4, Mef2c, and Tbx5 (GMT) [199]. Since the biggest 

advantage of the direct reprogramming approach is the ability to directly convert resident 

cardiac fibroblasts into cardiomyocytes, this first report was quickly followed by three 

studies in 2012 showing in vivo delivery of the GMT cocktail into the mouse infarct heart 

to convert non-myocytes into iCMs [200-202]. Notably, the addition of the transcription 

factor Hand2 to the original GMT mixture was shown to enhance in vitro cardiac 

reprogramming efficiency and improve function of iCMs in vivo [200]. However, unlike in 

the mouse system, neither GMT nor GHMT mixture was found to be sufficient for 

successful cardiac reprogramming of human fibroblasts. By adding MESP1 and MYOCD 

to the GMT cocktail, Wada et al. showed reprogramming of human cardiac fibroblasts 

(both neonatal and adult) into cardiac-like cells exhibiting calcium oscillations without 

spontaneous contractility [203]. Similarly, Fu et al. reported that, in addition to GMT, 

ESRRG and MESP1 induced global expression of cardiac genes in human fibroblasts, 

while MYOCD and ZFPM2 further enhanced reprogramming and maturity of iCMs [204]. 

Besides the use of transcription factors, direct cardiac reprogramming from 

fibroblasts could be achieved using a combination of microRNAs (miR-1, miR-133, miR-

208, and miR-499), as demonstrated by Jayawardena and colleagues in vitro and in 

murine model of infarction [205, 206]. Two of these microRNAs (miR-1 and miR-133), 

when combined with transcription factors, were sufficient to facilitate activation of cardiac 

markers in human cardiac and dermal fibroblasts in vitro [207]. Remarkably, a recent 

study by Cao et al. showed that human fibroblasts could be converted into 

cardiomyocyte-like cells via treatment with a mixture of nine small compounds [208].  

Despite these promising results, direct cardiac reprogramming is currently 

inefficient and difficult to reproduce [209], with reprogrammed cells, including human 
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fibroblasts, show only limited to no functionality despite several weeks of culture [203, 

207, 210]. Even if the issues with low reprogramming efficiency and lack of functional 

phenotype were resolved, remaining challenges with respect to immature phenotype and 

heterogeneity of the reprogrammed cells would still need to be addressed. 

2.5.3 Genetic engineering of unexcitable cells 

In addition to de novo generation of cardiomyocyte-like cells, cardiac cell-based 

therapies could rely upon genetic engineering of non-cardiac cells with customized 

electrical properties to rescue impaired cardiac conduction and prevent associated risk 

of arrhythmias. In particular, genetically engineered fibroblasts expressing different 

potassium channels (Kv1.3 and Kir2.1) injected into pig right ventricle were shown to 

prolong effective refractory period and prevent induced ventricular arrhythmias [211]. On 

the other hand, overexpression of Cx43 in engineered cells has been employed to 

passively bridge short (< 1mm) conduction gaps between cardiomyocytes in vitro [212] 

[213] and enhance coupling between implanted cells and host myocytes in vivo [194, 

214]. However, bridging of larger gaps required active conduction using electrically 

excitable cells, as demonstrated by previously published studies from our group [113, 

114, 161]. Particularly, HEK293 cells expressing Nav1.5, Kir2.1, and Cx43 (Ex293) were 

shown to electrically couple with neonatal rat ventricular myocytes (NRVMs) [113, 114] 

and rescue conduction failure within cm-sized gaps within both 2D monolayers and 3D 

engineered tissues [113]. Moreover, engineered excitable fibroblasts expressing 

selected set of ion channels were shown to rescue cardiac conduction in an in vitro 

model of interstitial fibrosis [161] and reduce inducibility of complex reentry arrhythmias 

[215], supporting potential therapeutic benefits of this approach.  
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3. Generation of Electrically Excitable and Actively 
Conducting Human Fibroblasts 
3.1 Rationale 

Although cardiac action potential shape is governed by the activity of various 

membrane channels, pumps, exchangers, and intracellular Ca2+-dependent mechanisms 

[39, 40, 48, 216], our view is that engineered excitable cells should conceptually 

correspond to simplified computational models of cardiomyocytes (e.g. Noble [217], 

Fenton-Karma [218, 219]) where only a few currents are used to approximate complex 

cardiac membrane dynamics [220]. Importantly, unlike in native cardiomyocytes, in 

engineered cells all dominant ionic currents (i.e. those expressed by lentiviruses) are 

known and can be directly measured and used to construct realistic computational 

models with a quantitative correspondence to experimental studies. To illustrate this 

concept, in our recent studies [113-115, 221, 222], we utilized non-viral expression of 

inward rectifier K+ channel, Kir2.1, mammalian Na+ channel, Nav1.5, and gap junctional 

protein, connexin-43 (Cx43), combined with antibiotic selection, to generate stable 

HEK293 lines (termed "Ex293") capable of active action potential conduction. Since non-

viral gene delivery is mostly transient and largely inefficient in primary cells, the use of 

lentiviruses or adeno-associated viruses (AAVs) is required for stable overexpression of 

selected ion channel genes to confer electrical excitability in these cells. However, 

because the SCN5A gene encoding mammalian Nav1.5 channel is too large (~ 6.1kb) to 

package into a high-titer lentivirus or AAV, this precludes its stable and efficient 

expression in primary cells.  

The recent discovery of a large bacterial voltage-gated sodium channel family 

(BacNav) has provided novel insights into the structure and biophysical properties of 
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eukaryotic VGSCs [13-17, 20, 21, 32, 103, 104, 117, 131, 223]. In contrast to their 

eukaryotic counterparts, BacNav [13] consist of four identical domains, individually 

transcribed and translated from single genes of only ~900 bp in size; hence it is 

plausible that BacNav genes could be efficiently packaged into viral vectors with other 

ion channel genes for stable expression in primary cells. In this chapter, we sought to 

explore the potential use of BacNav in the generation of stable electrically excitable and 

actively conducting primary cells. Specifically, using a monoclonal line of HEK293 cells 

stably expressing potassium Kir2.1 channel and connexin-43 (Cx43), we screened for 

different bacterial sodium channel (BacNav) orthologs and variants that could yield action 

potential (AP) propagation in transfected cell monolayers. Based on these results, we 

utilized lentiviral transduction of selected BacNav channel, Kir2.1, and Cx43 to create 

actively conducting human fibroblasts. Whole-cell patch clamp recordings were 

performed to characterize Kir2.1 and BacNav current properties and AP characteristics 

of engineered cells, while macroscopic optical mapping of membrane voltage was used 

to assess impulse conduction in multicellular networks. We hypothesized that lentiviral 

transduction of Kir2.1 and selected BacNav channels could induce membrane excitability 

in human fibroblasts, while co-transduction of Cx43 lentivirus could further enable 

intercellular coupling and AP propagation in engineered fibroblast networks. 

3.2 Methods 

3.2.1 Screening of prokaryotic sodium channels 

The prokaryotic sodium channels tested in our preliminary screening include 

those previously expressed in heterologous expression system and functionally 

characterized via patch clamp recordings, namely BacNav channels from Bacillus 

halodurans (NaChBac) [13, 15, 17], Shewanella putrefaciens (NavSheP) [15], 
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Roseobacter denitrificans (NavRosD) [15], Bacillus licheniformis (NavBacL) [15], 

Silicibacter pomeroyi (NavSilP) [14], Arcobacter butzleri (NavAb) [16, 117], and 

Magnetococcus marinus (NavMs) [112]. In addition, we also chose to study variants of 

these wild-type channels bearing mutations at the critical “glycine hinge” that were 

previously showed to have significant effects on channel’s gating kinetics, namely: 

NaChBac G219A, NavBacL A214G, and NavRosD G217A23. Each BacNav channel of 

interest is first subcloned into the mammalian expression vector pCMV5(CuO)-IRES-

GFP (QBiogene) behind the CMV5, a variant of the strong cytomegalovirus (CMV) 

promoter (Figure 3.1). GFP co-expression allowed identification of transfected cells. 

Confluent monolayers of monoclonally-derived HEK293 cells stably expressing Kir2.1 

and Cx43 (Kir2.1/Cx43 HEK293) were transiently transfected with each BacNav-

expressing plasmid using Lipofectamine 2000 transfection reagent (Life Technologies) 

and their ability to generate and propagate action potentials is examined in optical 

mapping and patch clamp experiments 24 hours after transfection (Figure 3.1). The 

BacNav channel that yields the most favorable action potential conduction characteristics 

in transfected monolayer is selected for lentiviral design and further characterization in 

primary human cells.  

 

Figure 3.1. Preliminary screening of BacNav variants for AP propagation. Selected BacNav 
channels were subcloned into pCMV5-IRES-GFP plasmid before subsequent transfection into 
monoclonal HEK293 cells expressing Kir2.1 and Cx43. Optical mapping and patch clamp 
recordings were performed to characterize resulting electrical and conduction properties. 
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3.2.2 Lentivirus production 

Efficient and stable overexpression of individual ion channels in primary human 

cells is achieved using lentiviral transduction. Lentiviral plasmids were constructed from 

the pRRL-CMV vector (a gift from Dr. Inder Verma, Salk Institute).  BacNav channel 

(NavRosD G217A or NavSheP mutant, without a stop codon) was ligated with eGFP-

Kir2.1 (Kir2.1 fused with eGFP at the N-terminus) via the self-cleaving viral P2A 

peptide[224] before being subcloned into pRRL-CMV to create the bi-cistronic lentiviral 

plasmid pRRL-CMV-BacNav-P2A-eGFP-Kir2.1. To enhance gap junction expression in 

engineered cells, Cx43 [113] was linked with mCherry via P2A, and subcloned into the 

pRRL-CMV lentiviral plasmid (pRRL-CMV-Cx43-P2A-mCherry). In the main text, 

BacNav-Kir2.1 and Cx43 lentiviruses refer to pRRL-CMV-BacNav-P2A-eGFP-Kir2.1 and 

pRRL-CMV-Cx43-P2A-mCherry virus, respectively. Other lentiviral constructs used in 

the study were pRRL-CMV-BacNav-P2A-Kir2.1-T2A-eGFP, pRRL-CMV-Kir2.1-T2A-

mOrange, and pRRL-CMV-BacNav-T2A-eGFP. High-titer lentiviruses were produced 

using second generation lentiviral packaging system. Briefly, 293FT cells (Life 

Technologies, R700-07) were co-transfected with lentiviral plasmid, packaging plasmid 

psPAX2, and envelope plasmid pMD2.G (10:5:2 mass ratios) using Lipofectamine 2000 

(Life Technologies). Supernatant containing lentiviral particles was collected 72 hours 

after transfection, centrifuged (500xg, 10 minutes) and filtered through 0.45 μm cellulose 

acetate filter (Corning) to remove cell debris before combined with Lenti-X Concentrator 

(Clontech) at 3:1 volume ratio for overnight incubation at 40C. Concentrated lentiviral 

particles were harvested following 45-min centrifugation (1,500xg, 40C) and 

resuspended in 1/10 to 1/100 of the original volume in DMEM. Plasmids psPAX2 and 

pMD2.G were obtained from Didier Trono (Addgene plasmids #12260 and #12259).  
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3.2.3 Generation of engineered human fibroblasts 

Primary adult human dermal fibroblasts (HDFs, Gibco, C-013-5C) were co-

transduced with BacNav-Kir2.1 and Cx43 lentiviruses at a density of 104 cells/cm2 in 

fibroblast basal medium (ATCC, PCS-201-030). Five days after lentiviral transduction, 

GFP+/mCherry+ cells were sorted by fluorescence-activated cell sorting (FACS), replated 

in fibroblast growth medium (basal medium supplemented with fibroblast low-serum 

growth kit, ATCC, PCS-201-041), and assessed with patch clamp recordings and optical 

mapping at 1 week and 4 weeks after sorting. Conversion of HDFs into myofibroblasts 

was induced by adding TGF-β (10 ng/ml) into culture media for 5 days. Similar lentiviral 

transduction protocol was repeated in human ventricular fibroblasts (HVFs, Lonza, CC-

2904), human astrocytes (HAs, Lonza, CC-2565), and HEK293 cells (ATCC, CRL-1573). 

3.2.4 Isotropic and anisotropic monolayers of HDFs 

E-HDFs were seeded onto 22-mm-diameter Aclar (Electron Microscopy 

Sciences) coverslips coated with fibronectin (Sigma, 15 μg/ml, 30 min) at a density of 

5x104 cells/cm2 to form isotropic monolayers. Anisotropic E-HDF monolayers were 

formed on Aclar coverslips microcontact-printed with a pattern of parallel fibronectin lines 

(10μm width, 10μm spacing) as previously described [212]. Cells were cultured for 24 

hours to become confluent and form intercellular junctions followed by optical mapping 

of action potential propagation and immunostaining. 

3.2.5 Immunostaining and image analyses 

Cell monolayers or tissue patches were fixed in 2% paraformaldehyde (PFA, 15 

min), permeabilized in 0.5% Triton-X (30 min), and blocked in a 5:1 solution of 1% BSA 

and chicken serum (30 min). The following primary antibodies (1-hour incubation) were 

used: anti-sarcomeric α-actinin (Sigma, a7811, 1:200), anti-connexin-43 (Life 



 

42 

Technologies, 71-0700, 1:100), anti-vimentin (Sigma, v6630, 1:500), anti-smooth-

muscle-actin (Sigma, a2547, 1:200), anti-GFAP (BD Biosciences, 561483, 1:100), and 

anti-Ki67 (Abcam, ab15580, 1:200). Secondary antibodies (1-hour incubation) included: 

Alexa488 (Life Technologies, A-21200 or A-21441, 1:200), Alexa594 (Life Technologies, 

A-21201 or A-21442, 1:200), Alexa647 (Life Technologies, A-21463, 1:200), Alexa488-

conjugated phalloidin (Life Technologies, A12379, 1:300), and DAPI (Sigma, 1:300). All 

immunostaining steps were performed at room temperature. Fluorescence images were 

acquired using inverted fluorescence (Nikon TE2000) or confocal (Leica SP5) 

microscope, and processed with ImageJ software. 

3.2.6 Fluorescence recovery after photobleaching (FRAP) 

Functional coupling in wild-type and Cx43 expressing HDFs was assessed using 

fluorescence recovery after photobleaching (FRAP) [225, 226] as previously described 

[221]. Briefly, confluent HDF monolayers were stained with Calcein AM dye (Molecular 

Probes, 0.5μM in DMEM) for 20 minutes at 37oC, washed with PBS, and immersed 

again in fresh media. The target cell was photobleached with a 488 nm Argon laser, and 

subsequently imaged every 15s for 6min using an upright confocal microscope (Zeiss, 

LSM 510). The level of fluorescence in the target cell was normalized to the 

fluorescence level in remote unbleached cells, and plot as a function of time post-

photobleaching. 

3.2.7 Whole-cell patch clamp recordings 

Cells were briefly trypsinized, plated onto poly-L-lysine-coated glass coverslips 

and left to attach for five hours. Cells were then transferred to a patch-clamp chamber 

perfused with Tyrode’s solution containing (in mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 

0.33 NaH2PO4, 5 HEPES, and 5 glucose. Patch pipettes were fabricated with tip 
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resistances of 1-2 MΩ when filled with pipette solution consisting of (in mM): 140 KCl, 10 

NaCl, 1 CaCl2, 2 MgCl2, 10 EGTA, 10 HEPES, and 5 MgATP. Whole-cell voltage-clamp 

and current-clamp recordings were acquired at room temperature (25oC) and 37oC, 

respectively, using the Multiclamp 700B amplifier (Axon Instruments), filtered with a 10-

kHz Bessel filter, digitized at 40 kHz, and analyzed using WinWCP software (John 

Dempster, University of Strathclyde). To measure BacNav activation properties, 

membrane voltage was stepped from a holding potential of -100 mV to varying 500-ms 

test potentials (-50 to 60 mV, increments of 10 mV). Inactivation of BacNav was derived 

from peak currents measured at 0 mV after varying 3-s prepulse potentials (-160 to -30 

mV, increments of 10 mV).  For the channels with more hyperpolarized activation and 

inactivation (NavSheP WT and D60E), holding voltage for steady-state activation protocol 

was set at -160mV, while steady-state inactivation protocol included prepulse potentials 

from -180mV to -30mV. Steady-state IK1–V curve was constructed from the current 

responses to varying 1-s test potentials (-130 to 50 mV, increments of 10 mV) from a 

holding potential of -40 mV. Action potentials were elicited by injecting a 1-ms current 

pulse at 1.1x threshold amplitude.  

3.2.8 Optical mapping of action potential propagation 

Cell monolayers or zig-zag cultures were optically mapped with a 20-mm 

diameter hexagonal array of 504 optical fibers (Redshirt Imaging), as previously 

described[113, 212, 227].  Briefly, cultures were stained with a voltage-sensitive dye (Di-

4-ANEPPS, 10 μM) for 5 min at room temperature, transferred to a recording chamber 

filled with Tyrode’s solution at 37oC, and illuminated by a tungsten light source (250W, λ 

= 520 ± 30 nm). Red fluorescence signals (λ > 590 nm) were collected by the optical 

fiber array, converted to voltage signals by photodiodes, and obtained at a 2.4-kHz 
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sampling rate with a 750-μm spatial resolution. Action potential propagation was 

triggered by a 10-ms, 1.2 x threshold, 1-Hz stimulus from either a bipolar point electrode 

(in isotropic or anisotropic monolayers of E-HDFs), or a line electrode (in the zig-zag 

cultures in Chapter 4). Generation of isochrone maps and calculation of conduction 

velocity (CV), AP duration at 80% repolarization (APD80), and impulse wavelength (WL) 

were performed using custom MATLAB software, as previously described [228, 229]. 

3.2.9 Statistical analysis 

All data are presented as mean ± s.e.m. and statistical significance was 

determined by one-way ANOVA, followed by Tukey’s post hoc test to calculate P values. 

Statistical significance was defined as ^P<0.05, #P<0.01, and *P<0.0001.   

3.3 Results 

3.3.1 Screening of BacNav channels in monoclonal Kir2.1/Cx43 HEK293 
cells 

Preliminary optical mapping results showed that, among the various BacNav 

orthologs and variants tested, only NaChBac, NaChBac G219A, and NavRosD G217A  

were capable of inducing action potential propagation when transiently expressed in 

Kir2.1/Cx43 HEK293 cells, at conduction velocities (CVs) of 3.9 ± 1.9, 4.8 ± 1.2, and 3.5 

± 1.4 cm/s, respectively (Figure 3.2, A and B). The maximum capture rates (MCRs) of 

NaChBac (0.43 ± 0.03 Hz) and NaChBac G219A (0.23 ± 0.03 Hz), however, were much 

lower compared to that of NavRosD G217A (1.13 ± 0.13 Hz) (Figure 3.2C). Voltage 

clamp recordings revealed the highly hyperpolarized shifts in steady-state inactivation of 

NavBacL, NavBacL A214G, NavMs, NavAb, and NavSheP (Figure 3.2D), which limited 

sodium channels availability for APs generation in transfected cells. In contrast, NavSilP 

showed a highly depolarized activation threshold and also failed to trigger AP firing 
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(Figure 3.2E). Interestingly, compared to its G217A variant, the wild-type NavRosD 

channel showed very low current density (Figure 3.2F) and was unable to generate APs 

in transfected cells. Thus, the NavRosD G217A channel was selected for further 

characterization in primary human cells due to its ability to induce action potential 

propagation with the highest MCR when co-expressed with Kir2.1 and Cx43. 

 

 

Figure 3.2. Screening of AP propagation in Kir2.1+Cx43 HEK293 cells transfected with 
BacNav variants. (A-C) AP propagation was supported in HEK293 monolayers expressing 
NavRosD G217A, NaChBac wt, and NaChBac G219A (A) at relatively similar CV (B) but very low 
MCR for the latter two channels (C). (D-F) BacNav channels failed to support propagation of AP 
either due to hyperpolarized voltage-dependent inactivation (D), highly depolarized activation 
threshold (E), or low current density (F). Inactivation and activation curves in D and E were shown 
as Boltzmann fits based on their V1/2 and slope factor values derived from patch clamp.  

 

3.3.2 Characterization of Kir2.1 expression 

Transduction of HDF cells with the pRRL-CMV-Kir2.1-T2A-mOrange lentivirus 

yielded robust mOrange expression (Figure 3.3A). Applying voltage steps from -130 mV 

to 50 mV elicited strong time-independent, inwardly-rectifying IK1 current responses in 
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transduced cells (Figure 3.3B). In contrast, wild-type HDFs exhibited very small 

endogenous potassium currents with a slight outward rectification at positive potentials 

(Figure 3.3C). HDFs expressing Kir2.1 displayed the anticipated inward-rectifying 

current-voltage (IV) relationship of IK1 (Figure 3.3D). Importantly, expression of Kir2.1 

also shifted the resting membrane potential from a depolarized potential of -23.3±2.9 mV  

in wild-type HDFs (n=5) to a hyperpolarized potential of -78.4±0.2 mV in transduced 

HDFs (n=6), which is closer to resting potentials found in excitable cells such as rat 

ventricular myocytes [230] as well as the engineered Ex293 cells [113] (Figure 3.3E). 

 

 

Figure 3.3. Characterization of Kir2.1-mOrange lentivirus in HDFs. (A) Strong Kir2.1 
expression in HDFs indicated by mOrange signal. (B and C) Voltage-clamp recording of IK1 in HDFs 
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transduced with Kir2.1 virus (B) but not in wild-type cells (C). (D) Stead-state I-V curves in 
transduced and wild-type HDFs (n = 8-10 cells). Recorded at 250C. (E) Kir2.1 expression 
significantly hyperpolarized resting membrane potential of transduced HDFs compared to wild-type 
cells. *P<0.001 vs wild-type HDFs.   
  

3.3.3 Characterization of NavRosD G217A expression 

Similarly, strong eGFP expression could be observed in HDFs transduced with 

the pRRL-CMV-NavRosD G217A-T2A-eGFP (Figure 3.4A). Stepping membrane voltage 

of transduced HDFs to varying potentials (-50 mV to 60mV) from a holding potential of -

100 mV produced voltage-dependent inward currents with rapid activation and slower 

inactivation characteristic of voltage-gated sodium channels (Figure 3.4B), with peak 

current of -198.3±4.8 pA/pF at 0 mV. In contrast, similar voltage-clamp protocol resulted 

in only a small, time-independent endogenous current in wild-type HDFs (Figure 3.4C). 

The steady-state activation and inactivation curves of NavRosD current expressed in 

HDF cells were fit to a Boltzmann function to assess the voltage dependence of 

activation and inactivation (Figure 3.4D). The half-activation (V1/2,m) and half-inactivation 

(V1/2,h) voltages were found to be -16.5±0.2 mV and -78.2±0.4 mV, respectively and were 

similar to the values previously reported in transfected HEK293 cells [15]. In comparison, 

the mammalian Nav1.5 channel displayed a lower threshold for activation, with V1/2,m  of 

32.5±0.1 mV. However, Nav1.5 also exhibited more hyperpolarized inactivation, with 

V1/2,h of -87.4±0.4 mV, suggesting lower channel availability at any given membrane 

potential (Figure 3.4D). These values are in good agreement with previously published 

data in Ex293 cells [113]. Notably, NavRosD G217A exhibited significantly slower 

activation and inactivation kinetics compared to Nav1.5. At +10 mV voltage step, the time 

constants of activation and inactivation were 22±1.5 ms and 217±21 ms for NavRosD 

G217A, whereas these values were 1.2±0.6 ms and 2.5±0.7 ms for Nav1.5 (Figure 3.4, E 
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and F). These discrepancies in gating kinetics of expressed sodium channels could have 

significant implications on action potential properties in engineered cells.  

 

 

Figure 3.4. Characterization of NavRosD G217A expression in HDFs. (A) Robust transduction 
efficiency of pRRL-CMV-NavRosD G217A-T2A-eGFP in HDF cells indicated by eGFP expression. 
(B and C) Transduced HDFs exhibited strong inward current (B) and characteristic peak INa-V curve 
(C). (D) Voltage dependences of activation and steady-state inactivation of NavRosD G217A and 
Nav1.5. (E and F) At 10-mV voltage step, NavRosD G217A displayed significantly higher time 
constants of activation (E) and inactivation (F) compared to Nav1.5. All data were recorded at 250C. 
    

3.3.4 Assessment of membrane excitability in engineered cells expressing 
Kir2.1 and NavRosD G217A. 

We created the bi-cistronic lentivirus pRRL-CMV-NavRosD G217A-P2A-eGFP-

Kir2.1 that could produce both Na+ and K+ currents, giving transduced cells the ability to 

fire APs. Strong membrane-bound eGFP signals could be observed in transduced 

HDFs, suggesting robust membrane expression of Kir2.1 channels (Figure 3.5A). 

Transduced HDFs became electrically excitable, whereby injection of 1-ms current 

pulses of increasing amplitude elicited reproducible firing of an “all-or-none” action 



 

49 

potentials (Figure 3.5B). Similar results were obtained for mouse and rat fibroblasts (not 

shown) and other human cells (human ventricular fibroblasts and HEK293s), confirming 

the robustness of the developed methodology across different species and cell types. 

Specifically, upon lentiviral transduction, all the cells hyperpolarized to similar resting 

membrane potentials: -76.1±0.8 mV, -77.6±0.9 mV, and -77.6±0.7 mV for HDF, HVF, 

and HEK293 respectively, suggesting strong Kir2.1 expression (Figure 3.5C). When 

electrically stimulated, transduced cells fired APs with similar upstroke velocities: 

22.4±3.4, 18.0±4.7, and 19.3±1.4 V/s in HDF, HVF, and HEK293 respectively (Figure 

3.5D). However, transduced HVFs exhibited notably longer action potential duration 

(APD80, 386±41 ms) compared to transduced HDFs (178±11 ms) and HEK293 (169±10 

ms) (Figure 3.5E). The difference in APD80 could be attributed to the different levels of 

endogenous outward currents, which play major roles in the early repolarization phase of 

AP. Relatively slow AP upstroke and longer AP duration were expected regarding that 

the bacterial NavRosD channel has significantly slower gating kinetics compared to the 

mammalian Nav1.5 channel (Figure 3.4, E and F).  
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Figure 3.5. Membrane excitability of engineered cells co-expressing NavRosD G217A and 
eGFP-Kir2.1. (A) Strong expression of membrane-bound eGFP in HDFs. (B) All-or-none action 
potential response in E-HDFs induced by current pulses (Im) of increasing amplitude. (C-E) Resting 
membrane potentials (RMP, C), AP upstroke velocities (D), and APD80 (E) of different human cell 
types transduced with pRRL-CMV-NavRosD G217A-P2A-eGFP-Kir2.1 lentivirus. Data recorded at 
370C. n = 3-6 cells. *P<0.001. 

 

3.3.5 Characterization of Cx43 expression and AP propagation in 
engineered HDF monolayers. 

To electrically couple HDFs, we transduced them with the pRRL-CMV-Cx43-

P2A-mCherry lentivirus. Overexpression of Cx43 resulted in the robust formation of 

Cx43-mediated gap junctions between neighboring HDF cells, as revealed by 

immunostaining (Figure 3.6, A and B). Functional studies with fluorescence recovery 

after photobleaching (FRAP) showed that Cx43 expression significantly enhanced 

intercellular coupling between transduced cells compared to wild-type HDFs (Figure 

3.5C). However, FRAP experiment in neonatal rat ventricular myocytes (NRVMs) 
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showed faster fluorescence recovery (recovery time constant of 81±15 sec vs. 99±7 sec 

in Cx43-expressing HDFs), suggesting slightly higher intercellular coupling in NRVMs 

(Figure 3.5D).  

 

Figure 3.6. Characterization of connexin-43 expression in HDFs. (A and B) Robust staining of 
Cx43 at cell-to-cell borders was evident in HDF monolayers transduced with Cx43 lentivirus (A) but 
not in wild-type HDFs (B). (C and D) Cx43-expressing HDFs showed significantly faster 
fluorescence recovery compared to wild-type HDFs (C), albeit at slightly slower rate than CMs (D). 
*P<0.001 vs wild-type HDF.  

 

To further assess whether HDFs expressing all three channels could support 

active electrical conduction, HDFs were co-transduced with pRRL-CMV-NavRosD 

G217A-P2A-Kir2.1-T2A-eGFP and pRRL-CMV-Cx43-P2A-mCherry lentiviruses and 

double-sorted for both fluorescence reporters. Selected HDFs displayed robust eGFP 

and mCherry expression and were cultured to form confluent isotropic (Figure 3.7, A and 
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C) or anisotropic monolayers (Figure 3.7, B and D). When electrically stimulated, 

isotropic monolayers of engineered cells supported continuous action potential 

propagation at an average conduction velocity (CV) of 3.63±0.23 cm s-1 (n = 5) (Figure 

3.7, F and H). In anisotropic monolayers, CVs were 2.07±0.19 cm s-1 (n=5) and 

3.86±0.14 cm s-1 (n = 5) in the transverse and longitudinal direction, respectively, 

yielding a longitudinal-to-transverse anisotropy ratio of 1.84±0.16 (n = 5) (Figure 3.7, G 

and H). This demonstrates the ability of engineered HDFs to form anisotropic cultures 

with geometrically defined orientation, as previously shown under the same settings for 

rat ventricular myocytes [141] and engineered excitable HEK293 cells [113].  

   

 

Figure 3.7. Action potential propagation in isotropic and anisotropic monolayers of 
engineered HDFs. (A and B) Representative images of Vimentin+ engineered HDFs in isotropic 
(A) or anisotropic (B) monolayers. (C and D) Strong, ubiquitous co-expression of eGFP (left) and 
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mCherry (right) in isotropic (C) and anisotropic (D) Engineered HDF monolayers co-transduced 
with pRRL-CMV-BacNav-P2A-Kir2.1-T2A-eGFP and pRRL-CMV-Cx43-P2A-mCherry lentiviruses. 
(E) Mixed culture of HDFs transduced with pRRL-CMV-BacNav-P2A-Kir2.1-T2A-eGFP and HDFs 
transduced with pRRL-CMV-Cx43-P2A-mCherry virus shown as a control to demonstrate no cross-
talk between read and green channels. (F and G) Representative isochrones maps in isotropic (E) 
and anisotropic (F) monolayers of engineered HDFs expressing NavRosD G217A, Kir2.1, and 
Cx43. (H) Conduction velocities in engineered HDF monolayers. Scale bars, 100 µm (A-E). 

 

3.4 Discussion 

3.4.1 Generation of electrically excitable primary cells via stable gene 
expression  

Early works by Hodgkin and Huxley in giant squid axon suggested that the 

adequate expression of one voltage-gated sodium channel and one potassium channel 

would be sufficient to induce action potential generation in excitable cells [36]. Based on 

this concept, various studies sought to confer electrical excitability in unexcitable cells by 

expressing different combinations of Nav and K+ channels. The early study by Hsu et al. 

showed that transient co-expression of neuronal IIA sodium channel (Nav1.2) and 

Drosophila Shaker H4 transient potassium channel could induce action potential 

generation in Chinese hamster ovary (CHO) cells [231], but only under additional 

current-clamp hyperpolarization to allow activation of Nav channels. In cardiomyocytes, 

strong expression of the inward-rectifier potassium channel Kir2.1 maintains resting 

membrane potential at a hyperpolarized level, ensuring adequate sodium channel 

availability for activation upon stimulation. We previously utilized a non-viral and step-

wise expression of inward rectifier K+ channel Kir2.1, mammalian Na+ channel Nav1.5, 

and gap junctional protein connexin-43 (Cx43), combined with antibiotic selection, to 

generate a stable HEK293 line (Ex293) capable of active action potential conduction 

[113]. Following on this work, Park et al., also combined expression of Kir2.1 and Nav1.3 
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channels to generate a HEK293 line capable of spontaneously generating action 

potentials [232].  

The engineered excitable cells from these proof-of-concept studies, albeit useful 

as tools for basic electrophysiology studies in vitro, lack the clinical relevance of primary 

cells. Building on our biosynthetic excitable HEK293 study, Hou et al. used adenoviruses 

to express the same 3 channels (Kir2.1, Nav1.5, and Cx43) to generate actively 

conducting neonatal rat cardiac myofibroblasts [215]; however, adenoviral delivery 

yielded only a transient rather than stable gene expression, making that approach 

inadequate for potential therapeutic use. Here we demonstrated that, by substituting the 

gene encoding the Nav1.5 channel (SCN5A) with the much smaller BacNav genes, we 

were able to generate multi-cistronic lentiviruses containing all the ion channels required 

for electrical excitability in the transduced cells. This eliminates the need for using cell 

lines and multiple transfection and antibiotic selection steps, and ensures that the genes 

will be stably, rather than transiently, expressed to allow engineering of excitability in 

primary cells.  

3.4.2 Role of Cx43 in action potential propagation  

Previous reports showed that dermal fibroblasts express various connexin 

isoforms, including Cx43, Cx45, and Cx40 [233, 234]. In particular, notable expression of 

Cx43 in HDFs was confirmed with RT-PCR and immunostaining [233] and these 

channels were proposed to play important roles in the proliferation, migration, and 

differentiation of dermal fibroblasts [234]. However, the level of endogenous intercellular 

coupling is significantly lower than in cardiac tissues, as evident by the slow 

fluorescence recovery during FRAP studies (Figure 3.6, C and D). Our immunostaining 

assay also failed to detect any Cx43-based gap junction formation in wild type HDF 
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monolayers (Figure 3.6B). Since previous studies on connexin expression in dermal 

fibroblasts were focused on the skin repair process, it is plausible that our inability to 

observe Cx43 expression was due to the absence of wound healing environment. In 

fact, Coutinho et al. showed that expression patterns of various connexin isoforms in 

mouse dermis and epidermis layers were highly dynamic in response to wounding, with 

Cx43 expressed at low level until 2-4 days post-wounding but dramatically upregulated 

at the wound edge by day 4 [235].  

Due to the low intercellular coupling in native HDF tissues, no AP propagation 

could be obtained in HDF monolayers transduced with only the pRRL-CMV-NavRosD 

G217A-P2A-Kir2.1-T2A-eGFP lentivirus (data not shown). Co-transduction with pRRL-

CMV-Cx43-P2A-mCherry significantly augmented Cx43-based gap junction formation 

and intercellular coupling and facilitated action potential propagation in transduced HDF 

monolayers (Figure 3.7). However, the recorded CVs were significantly lower compared 

to normal cardiac conduction, which could be attributed to the slow activation kinetics of 

NavRosD G217A compared to Nav1.5 (Figure 3.4E) and to slightly inferior intercellular 

coupling compared to native cardiomyocytes, as suggested by FRAP studies (Figure 

3.6F).  

3.4.3 Effects of BacNav biophysical properties on AP and conduction 
properties in engineered cells  

The use of a monoclonal HEK293 line stably expressing Kir2.1 and Cx43 allowed 

us to compare the ability of different BacNav orthologs and variants to induce action 

potential propagation based solely on channel properties. While monoclonal Kir2.1 

expression ensures all tested BacNav channels were subjected to the similar RMP, 

monoclonal Cx43 expression helped maintain uniform intercellular coupling. Different 
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aspects of channel biophysical properties were critical for successful action potential 

propagation in the engineered cells. In particular, voltage dependency of inactivation 

determined the percentage of channels at resting membrane potential available for 

activation. Our patch clamp results showed that of the seven BacNav orthologs tested, 

five displayed highly hyperpolarized inactivation curve that would correspond to 

insignificant channel availability at RMP of ~ -78mV (Figure 3.2D). Patch clamp 

recordings showed that cells transfected with these channels failed to elicit AP upon 

stimulus (not shown). A recent review by Vien et al. suggests that the prevalence of 

BacNav orthologs with hyperpolarized gating characteristics might be a direct result of 

the very negative membrane potentials displayed by marine bacterial species [18]. 

Equally important was voltage dependency of activation, which directly relates to the 

threshold voltage of AP. The NavSilP [14] and NavAe [122] channels showed very 

positive activation curves; the latter in particular prevented scientists from measuring its 

current in its wild-type state via patch clamp recordings. One can anticipate that such 

channels would not confer electrical excitability in engineered cells. Moreover, due to the 

coupling of activation and inactivation in BacNav [17], there exists a range of voltage 

within which BacNav could elicit APs. Of the orthologs tested, only NavRosD and 

NaChBac satisfied these conditions. 

Another important determinant for AP properties of engineered cells is BacNav 

gating kinetics, i.e. how fast the channel opens, closes, and recovers from inactivation. 

The NaChBac channel and its G219A variant displayed very slow recovery from 

inactivation, which resulted in low MCR in optical mapping studies (Figure 3.2C). 

Previous study by Cho et al. employing co-expression of NaChBac, Kir2.1, and HCN1 

channels in HEK293 cells resulted in spontaneous AP firing with prolonged APD and 
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very slow frequency (~ 3 bpm) could be a direct result of the slow inactivation and 

recovery kinetics of NaChBac [236]. The NavRosD G217A channel was selected for 

further characterization in primary cells due to its ability to support AP propagation at the 

fastest pacing rate. However, its inherent slow activation kinetics was likely the main 

reason for the slow upstroke velocity in engineered HDFs and a main contributor for the 

observed slow CVs. This would present a major obstacle for potential uses of these cells 

in envisioned therapeutic applications. Therefore, in Chapter 4, we sought to explore 

additional BacNav orthologs with significantly faster kinetics than NavRosD to generate 

excitable fibroblasts (E-Fibs) with faster conduction properties. 

3.5 Summary and Implications 

In conclusion, the studies described in this chapter demonstrated the first 

successful generation of electrically excitable and actively conducting primary human 

fibroblasts via stable lentiviral expression. We developed an experimental platform to 

screen for BacNav channels that gave rise to most desirable AP and conduction 

properties. We showed that co-expression of NavRosD G217A and Kir2.1 channels was 

sufficient to confer electrical excitability in various primary cell types, while additional 

expression of the gap junction protein Cx43 was required to enhance intercellular 

coupling and induce AP propagation in engineered fibroblast networks. Despite the slow 

conduction observed in engineered fibroblast cultures, the experimental framework 

described in this chapter will benefit further studies that seek to improve the electrical 

properties of engineered cells for potential cardiac cell-based therapies. 

Our preliminary optical mapping results showed that many of the tested BacNav 

orthologs were incapable of supporting AP propagation in Kir2.1+Cx43 HEK239 cells, 

due either to hyperpolarized inactivation (NavSheP, NavMs, and NavBacL) or high 
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activation threshold (NavAb and NavSilP). Since previous mutagenesis studies have 

revealed various well-conserved residues in BacNav to play critical roles in the voltage-

dependent channel gating, it was conceivable that specific mutations could shift voltage 

dependencies of activation or inactivation to the desired direction, enabling mutant 

BacNav channels to support AP firing and propagation in engineered cells. In particular, 

our results revealed that slow conduction in engineered fibroblast monolayers was 

largely attributed to the intrinsic slow activation kinetics of the NavRosD channel, which 

suggested strategy where BacNav orthologs with faster kinetics such as NavSheP or 

NavMs could be mutated to operate within the desired range of voltages. Thus, in the 

next thesis chapter, we sought to explore faster BacNav orthologs in order to improve the 

conduction properties of engineered fibroblasts and test their potential application in 

rescuing impaired cardiac conduction.    
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4. Development of Experimental and Computational 
Platforms for the Rational Design of Therapeutic 
Fibroblasts with Customized Electrical Properties 

4.1 Rationale 

The diversity of the BacNav superfamily [13-16, 20, 21, 32, 103, 104, 131], 

combined with new insights from emerging mutagenesis studies offers a possibility for 

the rational design and generation of engineered cells with custom electrophysiological 

phenotypes. Towards this goal, we set to develop a computational framework to predict 

how BacNav channels with experimentally determined biophysical properties would 

affect AP shape and conduction of engineered cells. Here we describe the application of 

this platform to further improve the conduction properties of engineered HDFs developed 

in Chapter 3. For these studies, we decided to replace NavRosD G217A with NavSheP, 

an ortholog with the fastest reported activation and inactivation kinetics [15]. The wild-

type NavSheP channel has a highly hyperpolarized voltage dependency of inactivation 

that hinders its ability to fire action potential when co-expressed with the Kir2.1 channel 

(data not shown). However, a previous study on the voltage-sensing domain (VSD) of 

the NaChBac channel suggested that replacing the negatively charged residues (E43 

and D60) of the extracellular negative charge cluster (ENC) with a positively charged 

amino acid (lysine) could significantly shift its activation and inactivation curves to more 

depolarized voltage ranges [237]. Sequence alignment shows that these two residues 

are highly conserved among many BacNav orthologs including NavSheP (Figure 4.1). 

Therefore, we hypothesized that similar mutations will also right-shift voltage-dependent 

gating of NavSheP, enabling it to initiate AP in engineered cells. Moreover, we decided 

to test all standard amino acids as E43 and D60 substitutes in an attempt to obtain 
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mutant libraries exhibiting a wide range of shifts in activation and inactivation voltage 

dependence and use the developed computational framework to predict the effects of 

each mutant on AP shape and conduction properties. If successful, this approach would 

enable modeling-guided customization of engineered cell phenotypes and, eventually, 

the development of cardiac therapies tailored for a particular heart region or even a 

patient. However, a prerequisite for therapeutic utility of this approach would be the 

ability of engineered cells to maintain their electrophysiological phenotype in the setting 

of tissue repair where fibroblast proliferation and differentiation into smooth muscle actin 

(SMA) expressing myofibroblasts are expected [238-240]. Since this approach utilizes 

the overexpression of defined set of ion channels rather than the reprogramming of an 

entire transcriptome, we hypothesized that the electrical properties of the engineered 

cells would remain robust despite various perturbations.  

Engineered fibroblasts (E-Fibs) were expanded for up to 4 weeks, or exposed to 

10 ng/ml TGF-β to differentiate into myofibroblasts before being examined for potential 

changes in electrophysiological properties. Proof-of-concept in vitro studies were then 

performed to evaluate potential therapeutic actions of E-Fibs. These include tests of 

whether: 1) E-Fibs can improve impaired conduction in an in vitro model of fibrotic 

myocardium and 2) 3D tissue patches made from E-Fibs can conduct APs. 
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Figure 4.1. Homology of different BacNav orthologs. Residues E43 and D60 are indicated by 
green and red arrows respectively. The main regions labeled are: S1-S6 transmembrane helices, 
S4/S5 linker, P1 and P2 pore helices, and selectivity filter (SF). The BacNav orthologs listed have 
been previously characterized either structurally or functionally: NaChBac (Bacillus halodurans), 
NavSheP (Shewanella putrefaciens), NavRosD (Roseobacter denitrificans), NavBacL (Bacillus 
licheniformis), NavBp (Bacillus pseudofirmus), NavSilP (Silicibacter pomeroyi), NavSulP 
(Sulfitobacter pontiacus), NavPz (Paracoccus zeaxanthinifaciens), NavAb1 (Alcanivorax 
borkumensis), NavAb (Arcobacter butzleri), NavMs (Magnetococcus marinus), NavCt 
(Caldalkalibacillus thermarum), NavAe (Alkalilimnicola ehrlichii), and NavRh (Rickettsiales sp.) 

 

4.2 Methods 

4.2.1 Overall schematics  

The general scheme of designing engineered fibroblasts with a desired 

electrophysiological phenotype is described in Figure 4.2A. A BacNav ortholog such as 
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wild-type NavSheP is selected for genetic manipulation. Site-directed mutagenesis at 

specific residues (e.g. D60 or E43) is performed to alter voltage-dependence properties 

of the channel (e.g. shift the wild-type inactivation curve towards more depolarized 

voltages, Figure 4.2B). Each mutant is then transfected into a HEK293 cell line stably 

expressing Kir2.1 (Figure 4.2C) and patch clamp recordings are performed (Figure 4.2D) 

to derive the biophysical properties of the Kir2.1 and mutant BacNav currents. 

Subsequently, obtained patch clamp results are incorporated into a computational core 

conductor model to simulate action potential conduction (Figure 4.2E). BacNav mutants 

with desired simulated electrophysiological properties (e.g. fastest conduction velocity) 

are then inserted into multicistronic lentivirus pRRL-CMV-BacNav-P2A-eGFP-Kir2.1 and 

co-transduced with pRRL-CMV-Cx43-P2A-mcherry in various primary human cell types 

(Figure 4.2F). Fluorescence-activated cell sorting (FACS) is employed to select for 

double-positive engineered fibroblasts (Figure 4.2G) and to further fine-tune the 

electrical properties of sorted cells.  
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Figure 4.2. Schematics of the design and generation of E-Fibs with customized 
electrophysiological phenotypes. Image in (A) from the RCSB PDB (www.rcsb.org) of PDB ID 
4BGN [104]. 

 

4.2.2 Generation and screening of NavSheP mutant libraries 

Libraries of SheP(D60X) and SheP(E43X) mutants were generated using 

Quikchange II XL Site-Directed Mutagenesis Kit (Agilent Technologies), per 

manufacturer’s instructions. All the primers used are listed in Table 4.1. Each gene was 

subcloned into the mammalian expression vector pCMV5(CuO)-IRES-GFP (Qbiogene), 

and transfected into HEK293 cells stably expressing Kir2.1 using Lipofectamine 2000 

transfection reagent (Life Technologies). GFP fluorescence was usually detected after 

12 hours, and cells were patch-clamped 24 hours after transfection to derive action 

potential parameters. 
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Table 4.1. List of mutagenesis primers used to create NavSheP E43X and D60X libraries 
(designed by QuikChange® Primer Design Program). 

 

 

4.2.3 Fabrication of 3D HDF tissue constructs 

To generate HDF tissue constructs (“patches”), 7 × 7 mm2 polydimethylsiloxane 

(PDMS, Dow Corning) molds were microfabricated as previously described [241]. For 

each patch, 6.25 × 105 E-HDFs in 60 μl 1× media (DMEM, 10% horse serum, 2% 

chicken embryo extract) were mixed with 25 μl fibrinogen (10 mg/ml), 12.5 μl Matrigel, 
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25 μl 2× media (2× DMEM, 20% horse serum, 4% chicken embryo extract), and 2.5 μl 

thrombin. Cell/hydrogel mixture was incubated in PDMS molds containing a Cerex® 

frame for 1 hour at 37 °C. After gel polymerization, E-HDF patches were cultured at 

37 °C in HDF medium supplemented with 1mg/ml aminocaproic acid (Sigma) to prevent 

fibrin degradation. Aligned HDF patches (Fig. 6c) were obtained by applying ramp 

stretch (1% per day over 5 days) [242] in a custom-made bioreactor. Optical mapping 

and immunostaining were performed at culture day 7.  

4.2.4 Micro-patterned “Zig-zag” cultures 

All animals were treated in accordance with protocols approved by the Duke 

University Institutional Animal Care and Use Committee (IACUC). Neonatal rat 

cardiomyocytes were enzymatically dissociated from ventricles of 2-day-old Sprague-

Dawley rats and enriched using differential pre-plating [227]. Zig-zag cultures were 

generated as previously described[114]. Briefly, Aclar coverslips (22-mm diameter) were 

coated with 5 μg/ml collagen I (rat tail, BD Biosciences) for 30 min, rinsed with PBS, then 

micro-contact printed with a zig-zag network of fibronectin (100-μm-wide lines spaced 

100 μm apart, and connected by 100-μm-wide transverse bridges staggered every 6 

mm). Cardiomyocytes were seeded at a density of 2 x 105 cells/cm2 in DMEM/F-12 

medium (Gibco, 11320-033) supplemented with 10% calf serum and 10% horse serum, 

followed by a switch to 5% FBS media at culture day 2. The following day, E-HDFs were 

added to the cardiomyocyte zig-zag cultures at a density of 2.5 x 104 cells/cm2. On day 

5, co-cultured monolayers were assessed for AP propagation by optical mapping and 

subsequently fixed for immunostaining. 
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4.2.5 Computational modeling 

Experimentally derived modeling parameters are listed in Table 4.2. The action 

potential generation in HEK293 cells co-expressing Kir2.1 and BacNav channels was 

simulated using the Hodgkin-Huxley formalism [243] and the following differential 

equation: 

 dV
dt

= − 1
Cm

 (INa(V, t) + IK1(V) + Iendo(V) − Istim(V, t)) (i) 

where V is the cell transmembrane potential, Cm is the total membrane 

capacitance, INa is the BacNav channel current, IK1 is the inward-rectifier potassium 

current, Iendo is the endogenous background current, and Istim is the stimulus current. 

Based on the similarities between BacNav and mammalian Cav channels [13, 244], the 

BacNav conductance was modeled as a simple product of activation and inactivation 

gating variables and INa was expressed using the following equation: 

 INa(V, t) = G�Na ∗ m(V, t) ∗ h(V, t) ∗ (V − ENa) (ii) 

where G�Na is the maximum conductance of the BacNav channel, m and h are the 

first-order activation and inactivation gating variables, respectively, and ENa is the sodium 

Nernst potential given in Table 4.2. Mathematical model of human Nav1.5 was adopted 

from a previous model of human ventricular tissue [245] with a slightly modified 

inactivation time constant to better fit voltage clamp recordings in Nav1.5-expressing 

HEK293 cells.  

From the voltage-clamp activation and inactivation protocols, the steady-state 

values of the gating variables as a function of V were plotted and fit to the Boltzmann 

equation [243] to derive the midpoint voltage and slope factor listed in Table 4.3: 

 m∞ = 1

1+exp�
𝑉𝑉1/2−V
Slope �

    h∞ = 1

1+exp�
V−𝑉𝑉1/2
Slope �

 (iii) 
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The initial and late phases of INa traces for each clamp potential were fit as single 

exponentials to derive time constants of activation (τm) and inactivation (τh) as functions 

of V. The τm and τh at V=+20 mV are listed in Table 4.3. 

Voltage-clamp recordings of inward-rectifying potassium current were used to fit 

steady-state IK1 values to a time-independent Nygren et al. [246] model as follows: 

 IK1 = G�K1
V−EK

1+e0.08754�V−EK−18.87� (iv) 

where G�K1 is the maximum conductance of the Kir2.1 channel and EK is the 

potassium Nernst potential given in Table 4.2.  

Finally, the endogenous background current of wild-type HEK293 or HDF cells, 

Iendo  (in pA), was fit by a time-independent linear equation: 

 Iendo = 2.6V + 12.3 (for HEK293) or Iendo = 0.53V + 17.5 (for HDF) (v) 

where V is given in millivolts. Simulations of single-cell action potentials for 

different BacNav mutants were performed using constant G�K1 and G�Na values (measured 

by patch-clamp in a monoclonal HEK293 line expressing Kir2.1, Cx43, and NavSheP 

D60A, Table 4.2) to allow direct comparisons of how kinetic properties of BacNav on their 

own affect action potential characteristics (upstroke velocity, APD80, and threshold 

potential). As the whole-cell voltage clamp recordings were performed at 25oC, to model 

action potential generation at 37oC, we scaled up EK and ENa from Table 4.2 by 310.15oK 

/ 298.15oK and further scaled INa, IK1, and Iendo using Q values of 2.7, 1.8, and 2.1, 

respectively. 

To simulate action potential propagation in HEK293 cells expressing different 

BacNav mutants, we applied a continuous cable equation discretized using forward Euler’s 

method [65, 247, 248] as follows: 
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 vm(i + 1, j) = vm(i, j) + aΔt
2Ricm

�vm(i,j+1)−2vm(i,j)+vm(i,j−1)
Δx2

� − Δt
cm
∑ Jion(i, j) (vi) 

where Δt and Δx are the time (index i) and space (index j) discretization steps, 

respectively, cm is the specific membrane capacitance, a is the cable radius, Ri is the 

intracellular resistivity, and Jion = JNa + JK1 + Jendo  is the total ionic current density (in 

pA/cm2), calculated by dividing the total ionic current (INa + IK1 + Iendo) from equation (i) 

with total membrane surface area. The Ri value was adopted to simulate the mean 

conduction velocity (CV) measured in optically mapped monolayers of a monoclonal 

HEK293 line expressing Kir2.1, Cx43, and NavSheP D60A. All simulations were performed 

with the identical model parameters given in Table 4.2 and distinct kinetic properties 

measured in different BacNav mutants (adjusted to 37oC as described above).  

The total length of the simulated cable was 0.72 cm (i.e., 300 nodes). First 3 

nodes in the cable were stimulated by current injection (1.2 x threshold) at 1 Hz rate and 

activation time at each node was determined as the time of maximum upstroke velocity 

of propagated AP. Inverse slope of activation time vs. distance line fit in the central 0.24 

cm of the cable was used to calculate conduction velocity. 

 
Table 4.2. Computational modeling parameters. 

Ionic concentrations  

Intracellular Na+ concentration 10.7 mM 

Extracellular Na+ concentration 135.3 mM 

Intracellular K+ concentration 120 mM 

Extracellular K+ concentration 5.4 mM 

Membrane properties  

Total membrane surface area (A) 2134 μm2 

Total membrane capacitance (Cm) 22 pF 

BacNav maximum conductance (G�Na)  81.51 nS 
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Kir2.1 maximum total conductance (G�K1) 87.93 nS 

Resting membrane potential (Vrest) -80.1 mV 

Sodium Nernst potential (ENa) at 370C 67.8 mV 

Potassium Nernst potential (EK) at 370C -82.8 mV 

Core-conductor model parameters  

Time step (Δt) 0.0025 ms 

Space step (Δx) 24 μm 

Cable radius 10.0 μm 

Cable length 0.72 cm 

Specific membrane capacitance (cm) 1.031 μF/cm2 

Intracellular resistivity (Ri) 1.48 kΩ.cm 

Cell membrane properties (A, Cm, G�Na, G�K1, Vrest, ENa, and EK) used in the model were mean 
experimental values derived from whole-cell voltage-clamp recordings in a monoclonal 
HEK293 line expressing Kir2.1, Cx43, and NavSheP D60A. Extracellular Na+ and K+ 
concentrations used in the model were the same as used in the bath solution during patch 
clamp and optical mapping experiments. Intracellular Na+ and K+ concentrations in the model 
were derived using Nernst equation, extracellular Na+ and K+ concentrations and ENa and 
EK, respectively. Specific membrane capacitance (cm) used in the model was obtained by 
dividing mean cell membrane capacitance (Cm) with mean estimated cell membrane surface 
area (A). Intracellular resistivity (Ri) was adjusted to exactly simulate the mean conduction 
velocity (21.04 cm/s) recorded by optical mapping in confluent isotropic monolayers of the 
above-mentioned monoclonal HEK293 line expressing Kir2.1, Cx43, and NavSheP D60A. 
 

4.2.6 Statistical analysis 

All data are presented as mean ± s.e.m. and statistical significance was 

determined by one-way ANOVA, followed by Tukey’s post hoc test to calculate P values. 

Statistical significance was defined as ^P<0.05, #P<0.01, and *P<0.0001.   

4.3 Results 

4.3.1 Creation and characterization of NavSheP D60 and E43 mutant 
libraries 

We created a library of NavSheP mutants where either D60 or E43 residue was 

substituted with other standard proteinogenic amino acids. These NavSheP mutants 
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were transiently expressed in a monoclonal HEK293 line stably expressing Kir2.1. 

Resulting sodium current was recorded by whole-cell voltage clamp and its steady-state 

voltage dependence and kinetics of gating were analyzed. The E43 mutants exhibited 

highly depolarized voltage-dependence of activation, with V1/2,m ranging from -2.5 to 25.1 

mV (Table 4.3). As discussed in section 3.4.3, highly right-shifted activation curve would 

result in higher threshold required for action potential initiation in engineered cells and 

delay or inhibit impulse conduction across the cell network. We therefore focused on 

detailed characterization of D60 mutants, which exhibited a wide range of steady-state 

and kinetic parameters (Figure 4.3 and Table 4.3). As expected, the charge of amino 

acid side chain in the substitute residue showed significant effects on the steady-state 

activation and inactivation curves, with acidic groups (wild-type NavSheP and D60E) 

displaying highly hyperpolarized curves while basic groups (D60K, D60R and D60H) 

undergoing significant depolarization (Figure 4.3, C-F). Large depolarization shifts were 

also observed for substitute amino acids with aromatic side chains (D60W, D60Y, and 

particularly, D60F) (Figure 4.3, C-F). The electrostatic interactions between the D60 

residue and the positively charged residues of the voltage-sensing module S4 facilitates 

channel opening [237, 249]; therefore, disrupting these interactions by D60 substitution 

with positively charged amino acids or those with large side chains is expected to raise 

the depolarization energy needed to activate the channel and right-shift activation curve. 

The NavSheP D60 mutants predominantly exhibited fast activation and inactivation 

kinetics compared to the NavRosD channel (Figure 4.3, A and B and Table 4.3); 

however, channel gating was significantly slowed down for substitute amino acids with 

aromatic side chains, suggesting that size of the amino acid at this residue may also 

play critical roles in channel gating kinetics. 
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Figure 4.3. Electrophysiological properties of NavSheP D60 mutants. (A,B) Time constants of 
activation (τm, A) and inactivation (τh, B) measured at -20mV for WT and D60E mutant, and at 
+20mV for other mutants. (C,D) Mid-points (V1/2) of activation (C) and inactivation (D) curves of 
NavSheP mutants exhibit different depolarization shifts relative to the V1/2 of the wild-type (WT) 
channel. (E,F) V1/2 of activation (E) and inactivation (F) as a function of the pH at isoelectric point 
of amino acid at residue 60. Color-coding into groups is based on the characteristics of the 
respective amino acid side chains at residue 60. Recordings were performed at 250C (n = 4-10). 
Table S1 shows a complete list of all activation and inactivation parameters. 

 

Table 4.3. Biophysical properties of BacNav mutants. 

 Activation Inactivation 
Channel V1/2 (mV) k (mV) τ (ms) V1/2 (mV) k (mV) τ (ms) 

SheP WT -36.7 8.1 1.6 -139.5 8.9 31.7 
D60E -39.6 7.4 2.0 -132.9 9.5 27.8 
D60A -7.6 7.1 3 -76.1 9 42.4 
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D60I -9.5 6.8 19.2 -80.6 7.8 54 
D60L 0.9 7.3 6.2 -81.9 10.1 57.3 
D60V 14.2 8.2 4 -84.6 10.4 70.5 
D60C -6.5 7.3 7 -91.7 9.2 46.3 
D60M -8.1 7.6 6.2 -87.1 8.6 44.5 
D60N -9.3 6.2 4.2 -80.8 9.8 38.6 
D60Q 0.5 7.7 5.2 -75.8 8.5 38.2 
D60S -5.5 7 2.4 -84.6 8.6 34.9 
D60T -1.8 6.8 6.2 -83.6 8.2 34.3 
D60F 30.4 8.9 28.8 -55.4 8.6 193 
D60W 8.9 11 11.4 -81.2 9.7 104.5 
D60Y 1 8.7 16.5 -77.5 8.9 61.9 
D60G -1.5 6.6 7.5 -84.2 9.4 54.6 
D60P 11.3 7.5 4 -71.4 10.5 51.6 
D60H 4.3 6.9 9.3 -69 8 43.6 
D60K 8.3 7.5 7.7 -63.4 7.5 44.3 
D60R 8.4 6.4 4.8 -52.8 7.2 56.4 
E43A 0.3 8.2 3.5 -57.7 13.2 53.1 
E43L 2.9 8.2 2.4 -87.3 7.5 92 
E43V 10 8.3 4 -106.4 10.5 40.2 
E43N 0 8.2 2.6 -61.3 15.8 58.2 
E43Q 25.1 9.2 2.5 -44.1 15.5 82.9 
E43S 5.5 10 4.5 -58.7 14 23.6 
E43T -2.5 7.6 2.7 -68.8 4.5 51.8 
E43H 16.7 11.3 4.4 -69.9 14.6 53.9 
E43K 12.8 10.5 3 -50.3 11.2 24.1 

RosD G217A -16.6 10.5 17.5 -78.2 9.8 260.2 
Activation and inactivation time constants were measured at +20mV clamp potential. Recordings 
were performed at 250C. Data shown are mean values (n = 4-10). k, slow factor. τ, time constant. 
 

4.3.2 Computational modeling 

Based on the recorded parameters from whole-cell voltage clamp experiments, 

we applied computational modeling to infer AP upstroke, threshold, duration, and 

conduction velocity that would result from the same expression level of different 

NavSheP D60 mutants in an electrically coupled, Kir2.1 HEK293 line (Figure 4.4). 

NavSheP current was simulated using the Hodgkin-Huxley formalism [243] and the 
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steady-state Kir2.1 current was fit to a time-independent Nygren et al. [246] model. The 

simulated current traces and voltage-dependence of NavSheP mutant channel showed 

good fits with voltage clamp recordings (Figure 4.4, A and B). Similarly, simulated total 

steady-state currents from Kir2.1 and endogenous channels also agreed well with 

experimental data (Figure 4.4, C and D). Single-cell action potential simulation showed 

significantly improved AP upstroke and shortened APD80 when NavRosD G217A was 

replaced by most NavSheP D60 mutants (Figure 4.4, E and G). As predicted, NavSheP 

D60E failed to trigger AP initiation due to its hyperpolarized voltage dependence of 

inactivation similar to NavSheP WT. In addition, the slow activation and inactivation 

kinetics of NavSheP D60F resulted in low AP upstroke and long APD80 similar to 

NavRosD G217A. Simulated action potential propagation with different D60 mutants 

revealed a wide range of conduction velocity values, ranging from 4.4 cm/s (D60F) to 

21.3 cm/s (D60A) (Figure 4.4H). Three mutants that yielded the highest CVs (D60A, 

D60S, and D60N) were selected for testing in human primary cells. 
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Figure 4.4. Computational modeling of engineered cells electrophysiology. (A) 
Representative whole-cell voltage clamp recording of NavSheP D60A current in engineered 
HEK293s and the corresponding computational traces. (B) Experimental (n = 8) and modeling peak 
INa – V curves. Cell membrane was held at -80mV before stepping the voltage from -30 to 60mV in 
10mV increments. (C) Representative whole-cell voltage clamp recording of IK current in 
engineered HEK293s and the corresponding computational traces. (D) Experimental (n = 21) and 
modeling steady-state IK – V curves. Cell membrane was held at -40mV before stepping the voltage 
from -90 to 50mV in 10mV increments. (E-H) AP initiation and conduction characteristics of BacNav 
mutant expressing engineered HEK293s obtained by computational modeling: upstroke velocity 
(E), action potential threshold (F), APD80 (G), and conduction velocity (H). For modeling in E-H, 
parameters derived from voltage-clamp measurements at 250C where scaled for the temperature 
of 370C. Highly hyperpolarized inactivation of WT and D60E channels prevented AP initiation. 
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4.3.3 Improvement of electrical properties of engineered cells with NavSheP 
D60 mutants 

NavSheP D60X-Kir2.1 lentiviruses were constructed for the three selected D60 

mutants (D60A, D60N, and D60S). Viral transduction yielded sodium currents in 

engineered cells with 3-7 times faster activation and 3-5 times faster inactivation kinetics 

than those measured for NavRosD G217A channel (Figure 4.5, A and B). Consistent 

with simulation results, engineered cells transduced with NavSheP D60X-Kir2.1 viruses 

exhibited significantly improved AP upstroke velocity (118±16, 95±13, and 95±13 V/s for 

D60A, D60N, and D60S, respectively) and shortened AP duration (81±6, 75±5, and 

71±6 ms for D60A, D60N, and D60S, respectively) compared to cells transduced with 

NavRosD G217A-Kir2.1 virus (41±7 V/s and 286±49 ms, respectively) (Figure 4.5, D and 

E). Shorter AP durations exhibited by engineered fibroblasts expressing NavSheP D60X-

Kir2.1 viruses were evident from the representative AP traces shown in Figure 4.5C. 

Sharper AP upstrokes also resulted in a significant 2.5-fold improvement in CV (9.7±0.2, 

9.7±0.1, and 8.9±0.2 cm/s for D60A, D60N, and D60S, respectively) when NavSheP 

D60X-Kir2.1 viruses were co-transduced with Cx43 in HDFs, compared to use of 

NavRosD G217A (3.9±0.1 cm/s) (Figure 4.5, F and G), demonstrating the utility of 

combined BacNav mutagenesis and computational modeling for generation of 

customized electrophysiological phenotypes in primary human fibroblasts. 
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Figure 4.5. Customization of E-Fib phenotype with mutagenesis. (A and B) Time constants of 
activation (A) and inactivation (B) of selected NavSheP D60X mutants compared to NavRosD 
G217A (RosDm), recorded in E-HEK293 cells at 25oC (n = 5 per group). (C) Representative AP 
traces when Kir2.1 HEK293s were transfected with NavSheP mutants or NavRosD G217A. (D and 
E) NavSheP mutants give rise to APs with shorter duration (D; n = 8-12) and faster upstroke (E; n 
= 8-12) than NavRosD G217A (n = 5 for D and E). (F) When co-transduced with Cx43 lentivirus in 
anisotropic E-HDF monolayers, NavSheP D60X-Kir2.1 lentiviruses result in faster CV than 
NavRosD G217A-Kir2.1 lentivirus (n = 5-10). (G) Representative isochrone map of AP conduction 
in an electrically stimulated anisotropic monolayer of E-HDFs stably co-expressing Kir2.1, NavSheP 
D60N, and Cx43. *P<0.001 vs. RosD G217A (D to F). All electrophysiological data obtained at 
370C unless otherwise specified. 

 

4.3.4 Fine-tuning of E-Fib electrical properties using FACS 

The use of fluorescence reporters in multi-cistronic lentiviruses (e.g. pRRL-CMV-

SheP D60N-P2A-eGFP-Kir2.1) allowed us to further vary INaSheP and IK1 levels in 
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engineered HDFs (E-HDFs) based on their eGFP expression. Using FACS, we sorted 

the E-HDFs into 3 populations corresponding to low, medium, and high GFP levels. 

Voltage clamp recordings showed gradual increases in both IK1 (Figure 4.6A) and INaSheP 

(Figure 4.6B) with higher GFP intensities. However, the relationship between GFP level 

and current density is not linear, with GFP intensity values for the low, medium, and high 

groups averaging 33, 120, and 665, respectively (not shown), while corresponding peak 

INa current densities averaging -33, -89, and -223 pA/pF (Figure 4.6B). At least 2 factors 

could contribute to this lack of a linear relationship. Firstly, unlike GFP, ion channels are 

also subjected to multiple trafficking steps before becoming functional channels on the 

plasma membrane. Secondly, since the plasma membrane is a more restricted space 

compared to the cytoplasm, the number of functional membrane-bound ion channels 

could become saturated at a lower viral concentration compared to that of cytoplasmic 

GFP. 

Differences in IK1 and INaSheP current densities between the 3 groups also resulted 

in changes in action potential shape (Figure 4.6C) and parameters (Figure 4.6, D-H). 

Higher GFP expression corresponded to a higher upstroke velocity in engineered cells 

(66±3, 100±6, and 169±12 V/s for low, medium, and high groups, respectively; Figure 

4.6E), which also led to faster action potential propagation in monolayers (CV of 7.9±0.4, 

9.0±0.3, and 10.8±0.3 cm/s for low, medium, and high groups, respectively; Figure 

4.6H). The increase in IK1 associated with higher GFP level hyperpolarized the cell 

resting membrane potential (-76.4±0.7, -77.3±0.4, and -78.0±0.5 mV for low, medium, 

and high groups, respectively; Figure 4.6D), without reaching statistical significance 

(P=0.15 by one-way ANOVA). The changes in AP duration were harder to predict due to 

the opposing effects of INaSheP and IK1 on the “plateau phase” of the AP. In this case, we 
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only observed statistically significant increase between the low (75±6 ms) and high 

(111±11 ms) groups (Figure 4.6F). 

Furthermore, since E-HDFs were also transduced with pRRL-CMV-Cx43-P2A-

mCherry lentivirus, sorting cells based on mCherry fluorescence level allowed us to vary 

Cx43 expression and gap junctional coupling of engineered cells. Optical mapping 

revealed that E-HDFs with higher mCherry/Cx43 expression supported faster AP 

propagation (CV of 3.8±0.6, 6.7±0.4, and 9.2±0.3 cm/s for low, medium, and high 

mCherry level, respectively; Figure 4.6I). However, contrary to eGFP sorting, mCherry 

sorting had no effect on APD80 (not shown), indicating that current densities of 

expressed channels were the main determinants of AP duration. Collectively, these 

results demonstrated the ability to further fine-tune electrical properties of E-Fibs based 

on the transduction levels of the two lentiviruses. 

 

 

Figure 4.6. Tuning electrical properties of E-Fibs via FACS. (A and B) Steady-state IK1-V curves 
(A; n = 8-12) and peak INa-V curve (B; n = 8-12) in three groups (blue, red, and green denoting low, 
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medium, and high eGFP expressing cells, respectively), measured at 250C. (C) Representative 
action potential traces with inset showing AP upstrokes in the three eGFP-sorted E-HDF groups. 
(D-F) Resting membrane potential (RMP, D), maximum AP upstroke velocity (E), and APD80 (F) in 
the three eGFP-sorted E-HDF groups (n = 14-18). (G and H) Representative isochrone maps of 
AP conduction in electrically stimulated anisotropic monolayers of E-HDFs (G) showing that cells 
with higher eGFP expression had faster conduction velocity (H; n = 6-10). All E-HDFs were first 
sorted for high Cx43-mCherry level to ensure strong intercellular coupling. Pulse signs indicate 
location of stimulating electrode. Circles denote 504 recording sites. (I) Conduction velocity in 
electrically stimulated monolayers of three mCherry-sorted E-HDF groups (left, middle, and right 
bars denoting low, medium, and high mCherry expressing cells, respectively; n = 5). #P<0.01 in (F); 
*P<0.001 vs. low eGFP group in (E and H) or vs. low or medium mCherry group in (I). All 
electrophysiological data obtained at 370C unless otherwise specified. 

 

Intriguingly, while we showed a 2.6-fold increase in maximal upstroke velocity 

between the low and high GFP groups, the corresponding fold increase in CV was only 

1.4. The observed change in CV was lower than predicted by the theoretical property of 

an electric continuum [39, 250-252], by which CV is proportional to square root of upstroke 

velocity. It is worth noting that for the experiment showed in Fig, NavSheP D60N, Kir2.1, 

and eGFP were all driven under the same promoter in a single lentivirus; therefore, the 3 

sorted cell populations with different levels of eGFP (low, medium, high, Figure 4.6) were 

expected to exhibit different levels of both INa and IK1. Thus, the observed increase in 

upstroke velocity in high and medium groups was associated with not only increased INa, 

but also a similarly increased IK1, which we hypothesize, blunted the CV increase that 

would have resulted from an increase in INa alone. To test this hypothesis, we modeled 

the endogenous E-HDF current (Figure 4.11D), Kir2.1 and NavSheP D60N conductances 

(G�K1 and G�Na), and coupling resistivity (Ri) to match the experimentally measured max AP 

upstroke and CV of the low group. We then scaled up with the same factor both G�K1 and 

G�Na to match measured max AP upstroke values of medium and high groups (model 1, 

Figure 4.7A). Consistent with our optical mapping results, this yielded only a modest 

increase in CV (model 1, Figure 4.7B). We then maintained the low group’s G�K1 and 
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increased only G�Na to achieve the same max AP upstroke values as in the medium and 

high groups (model 2, Figure 4.7A). In this case, CV increased considerably more (model 

2, Figure 4.7B) confirming our hypothesis that simultaneously increased IK1 was 

responsible for a lower-than-expected increase in CV. We then assessed the threshold 

current needed to elicit AP (I_thr) and found it to be substantially higher with simultaneous 

increase in IK1 and INa vs. INa only (Figure 4.7C). This revealed that increased AP threshold 

caused by increased IK1 was the mechanism for lower-than-expected increase in CV. To 

further understand how various expression levels of NavSheP D60N and Kir2.1 may affect 

E-HDF conduction, we simulated a range of G�Na and G�K1 values and derived 

corresponding I_thr, max AP upstroke, and CV. We found that I_thr is primarily sensitive to 

G�K1 rather than G�Na (Figure 4.7D), while max AP upstroke is primarily sensitive to  G�Na 

(with IK1 being ~0 at potentials of max AP upstroke; Figure 4.7E). As expected, CV is 

sensitive to both G�Na and G�K1 (Figure 4.7F). Furthermore, while varying the coupling 

resistivity (Ri) between 0.1-fold and 10-fold of its nominal value, we observed that the 

described relative effects of G�Na and G�K1 on CV remained virtually unaffected, suggesting 

that intercellular coupling strength does not influence the relative effects of varying IK1 and 

INaSheP on conduction (Figure 4.7G). Our simulation results also supported our rationale in 

section 4.3.9 that further improvement in CV of engineered cells could be achieved by 

maximizing INa while reducing IK1, e.g., by separating the two ion channels in different 

viruses such that their expression levels could be manipulated independently. 
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Figure 4.7. Computational studies of BacNav and Kir2.1 effects on E-HDF electrical 
properties. (A-C) Maximum AP upstroke velocity (A), conduction velocity (B), and threshold 
current required to elicit AP (C) in E-HDFs expressing varying levels (low, medium, and high) of 
both NavSheP D60N and Kir2.1 (model 1) or the low level of Kir2.1 and varying levels of only 
NavSheP D60N (model 2). Experimental data for AP upstroke and CV shown in Figure 4.6 E&H 
are included for comparison. (D-F) Simulated effects of varying BacNav and Kir2.1 conductance 
values (GNa and GK1) on threshold current (D), AP upstroke (E), and CV (F). Solid circles denote 
low (L), medium (M), or high (H) groups using either model 1 (M1, black circles) or model 2 (M2, 
white circles) shown in panels A-C. (G) Effects of varying intercellular resistivity, Ri (shown relative 
to nominal Ri value used in panels B and F), on CV ratios between the groups. Error bars indicate 
s.e.m. 
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4.3.5 Maintenance of robust electrical properties upon cell expansion and 
conversion into myofibroblast phenotype 

To test if engineered HDFs can maintain stable electrophysiological phenotype 

under various perturbations, we expanded them 500-fold over a 4-week period, either 

directly or after two freeze-thaw cycles. In both cases expanded E-HDFs retained 

proliferative potential evidenced by Ki-67 immunostaining (Figure 4.8A) and were 

capable of undergoing additional rounds of expansion (e.g. 100-fold, 4 passages, Figure 

4.8B). Regarding that fibroblasts differentiate into smooth muscle actin (SMA) 

expressing myofibroblasts during wound healing and tissue repair [238-240], we further 

treated the expanded cells with 10ng/ml TGF-β1 for 7 days to induce their conversion 

into myofibroblasts strongly expressing SMA (Figure 4.8, C and D). Subsequent 

electrophysiological studies revealed that despite significant cell expansion or 

myofibroblast differentiation, current densities from both Kir2.1 and NavSheP D60N 

channels remained stable (Figure 4.8, E and F). As a result, resting membrane potential, 

upstroke velocity, and AP duration displayed very minimal variations under both 

conditions (Figure 4.8, G-I), demonstrating the stability of the acquired functional E-HDF 

phenotype.  
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Figure 4.8. Stability and robustness of E-Fib phenotype. (A) E-HDFs transduced with NavSheP 
D60X-P2A-eGFP-Kir2.1 and Cx43-P2A-mCherry lentiviruses retain proliferative potential as shown 
by Ki-67 positive staining after ~100-fold expansion (B), 4 weeks post-lentiviral transduction. 
Growth curve is fit to a power function. (C,D) Conversion of smooth muscle actin (SMA)- E-HDFs 
(C) to SMA+ myofibroblasts after TGF-β treatment (D). (E-I) Steady-state IK1-V (E) and peak INa-V 
(F) curves (recorded at 250C) as well as resting membrane potential (RMP, G), APD80 (H), and AP 
upstroke velocity (I) do not differ among control, expanded, or TGF-β treated E-HDFs. (n = 5-9). 

 

Unlike classical mammalian heterologous expression systems that utilize 

immortalized cell lines, human dermal fibroblasts (HDFs) are primary cells that have 

limited expansion potential and eventually reach senescence. To fully investigate the 

proliferative capability of E-HDFs, we performed additional characterization whereby 

after initial expansion, lentiviral transduction, and fluorescence sorting, resulting E-HDFs 

were further expanded for 8 additional passages (every three days) and cells were 

counted at the end of each passage. As seen in the Figure 4.9A, with continuous 

expansion, the E-HDFs progressively slowed proliferation and became senesce around 

passage 8 (i.e., after a ~106-fold increase in cell number). Throughout the expansion, 
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action potential properties of engineered cells (assessed by patch clamping) remained 

stable (Figure 4.9, B-D).  

 

 

Figure 4.9. Stability of E-HDF phenotypes during long-term expansion. (A) Growth curve of 
E-HDFs transduced with NavSheP D60N-Kir2.1 lentivirus following initial expansion and FACS. 
Cells senesced at passage eight. (B-D) Resting membrane potential (B), maximum AP upstroke 
velocity (C), and APD80 (D) of E-HDFs at various passages throughout expansion assessed by 
patch clamp recordings (n = 8-10). 

 

4.3.6 Characterization of electrical properties in other engineered human 
cell types 

To further demonstrate the versatility of this platform, we utilized the Kir2.1-

NavSheP D60N lentivirus to stably convert human ventricular fibroblasts (HVFs), human 

astrocytes (HAs), and HEK293s into electrically excitable cells (E-HVFs, E-HAs, and E-

HEK293, respectively). Cardiac fibroblast is the predominant unexcitable cell type in the 

heart and plays important roles in physiologically and pathologically cardiac functions, 

while astrocytes are essential in the central nervous system and in the formation of glial 

scar following stroke or spinal cord injury. Strong membrane-bound eGFP expression 

allowed transduced cells to be located during patch clamp experiments (Figure 4.10). 

Consistent with results from section 3.3.4, all tested engineered cell types displayed 
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strong INaSheP and IK1, suggesting efficient transduction efficiency and membrane 

targeting of both ion channels. As a result, injection of 1-ms current stimulus of 

increasing amplitude generated reproducible firing of an “all-or-none” action potentials in 

all engineered cells (Figure 4.10).  

While wild-type HVF, HA, and HEK293 displayed depolarized resting membrane 

potentials (-26.1±4.5, -25.9±3.3, and -19.7±3.9 mV), expression of Kir2.1 channel 

induced significant hyperpolarization in all transduced cells (-77.0±0.7, -75.1±0.5, and -

79.6±0.4 mV for E-HVFs, E-HAs, and E-HEK293, respectively; Figure 4.11A). 

Expression of NavSheP D60N channel also resulted in comparable upstroke velocities 

between four groups (91±9, 79±3, 98±10 V/s for E-HVFs, E-HAs, and E-HEK293, 

respectively; Figure 4.11B). Consistent with results from Fig. 3.5A, action potential 

duration exhibited significant differences across the different cell types, with E-HVFs 

exhibiting longer APD80 (120±14 ms) than E-HEK293s (71±4 ms) and E-HAs (87±9 ms) 

(Figure 4.11C). These variations could be attributed to differences in their endogenous 

currents (Figure 4.11D) and potentially other differences in epigenetic, post-

transcriptional, and post-translational regulation of ion channel expression and function. 
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Figure 4.10. Induction of excitability in various types of unexcitable human cells. Each 
human cell type (shown in different columns) was transduced with NavSheP D60N-P2A-eGFP-
Kir2.1 lentivirus, expanded, and analyzed by voltage and current clamp recordings. Engineered 
human astrocytes (E-HAs) were labeled for Glial fibrillary Acidic Protein (GFAP), while engineered 
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human dermal fibroblasts (E-HDFs), human ventricular fibroblast (E-HVFs), and human embryonic 
kidney 293 cells (E-HEK293s) were labeled for vimentin. Scale bars: 20μm (immunostaining 
images), 100ms and 2 nA (INa and IK recordings), 25ms and 20mV (AP recordings). 

 

 

Figure 4.11. Engineered excitability in other human cell types. (A-C) RMP (A), APD80 (B), and 
AP upstroke velocity (C) in different E-Fibs (E-HVF, human ventricular fibroblasts; E-HA, human 
astrocytes) transduced with the NavSheP D60N-P2A-eGFP-Kir2.1 lentivirus (n = 6-8). (D) Steady-
state I-V curves in different wild-type (wt) Fibs (n = 4-6). ^P<0.05, #P<0.01 vs HVF group in C. All 
electrophysiological data obtained at 370C unless otherwise specified. 

 

4.3.7 Fabrication of functional 3D engineered HDF tissues 

To further assess the feasibility of creating electrically active 3D tissue constructs 

(“patches”) made from E-Fibs, we applied our established methods [241, 253, 254] to 

fabricate 3D tissue patches made of E-HDFs by casting a mixture of cells and fibrin-

based hydrogel within silicone molds containing a nylon (Cerex®) frame (Figure 4.12A). 

The Cerex frame allowed patch transfer and manipulation while the use of identical 
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PDMS mold replicas of particular size and shape ensured structural reproducibility. 

Aligned HDF patches (Figure 4.12C) were obtained by applying ramp stretch (1% per 

day over 5 days) in a custom bioreactor. After 1 week in 3D culture, E-HDFs maintained 

strong vimentin expression without any sign of cell death (Figure 4.12, B and C) and, 

similar to 2D monolayer cultures, supported uniform AP propagation at macroscopic 

spatial scale (Figure 4.12D). Furthermore, we have also developed methods for 

epicardial implantation of multiple stacked Ex293 patches (Figure 4.12, E and F). One 

week after implantation, the patches were adherent to the heart surface and viable as 

evident by robust expression of GFP (Figure 4.12, G and H). These results represent 

preliminary steps suggesting the feasibility of E-HDF tissue patch implantation for future 

cell-based therapies for cardiac infarction.   

 

 

Figure 4.12. Engineered tissue patch. (A-C) Tissue patch within Cerex frame (A) with randomly 
oriented (B) and aligned (C) actively conducting HDFs. (D) Representative isochrone map of 
action potential (AP) conduction in an electrically stimulated E-HDF patch. (E and F) Live gray-
scale (E) and fluorescence (F) images of Ex293 patch sutured (red arrows) onto a rat heart. Inset 
in F, GFP+ patch after subtraction of frame auto-fluorescence. (G) Live fluorescence imaging 7 
days post-implantation showing viable GFP+ cells against the epicardial surface (nuclei, blue). (H) 



 

89 

Immunostained cross-section showing two stacked Ex293 patches in contact with the host 
myocardium (red). 
 

4.3.8 Improvement in conduction of neonatal rat ventricular myocyte 
(NRVM) networks using engineered HDFs  

In previously published studies, our group has shown that engineered actively 

conducting HEK293 cells (Ex293) can couple with neonatal rat ventricular myocytes 

(NRVMs) [113, 114, 222] and rescue conduction failure within large, cm-sized gaps 

within both 2D monolayers and 3D engineered tissues [113]. Recently, we tested the 

potential of engineered actively conducting cells to couple to NRVMs and improve their 

electrical conduction [114]. Specifically, NRVMs were cultured into a 'zig-zag' pattern 

containing 100 µm wide and spaced parallel longitudinal tracks with transverse bridges 

staggered every 6 mm (designed to mimic tortuous conduction in cardiac interstitial 

fibrosis [255, 256]) (Figure 4.13A). In this setting, AP propagation is preserved at healthy 

level in the longitudinal direction but severely slowed down in the transverse direction as 

it has to travel along the zig-zag pathway (Figure 4.13B, top). We hypothesized that 

transverse cardiac conduction could be improved by filling the non-cardiac gaps with E-

HDFs that could electrically couple to NRVMs and actively permit AP propagation 

(Figure 4.13B, bottom). After 3 days of cardiac culture, HDFs were added on top of 

cardiomyocytes and AP conduction in co-cultured cells was optically mapped as 

previously described [114, 228]. Immunostaining showed HDF relatively well-aligned 

between strands of cardiomyocytes (Figure 4.13C).  
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Figure 4.13. In vitro model of cardiac interstitial fibrosis. (A) A zig-zag pattern of neonatal rat 
cardiomyocytes (CMs) used to simulate fast longitudinal and slow transverse AP conduction 
characteristic of cardiac tissue with interstitial fibrosis. Cells were stained with α-sarcomeric actin 
(red). (B) Schematic depicting use of E-Fibs to improve impaired conduction in an in vitro model of 
cardiac interstitial fibrosis. (C) Immunostaining showing vimentin+ E-HDFs in between strands of 
sarcomeric α-actinin (SAA)+ neonatal rat cardiomyocytes (CMs). 

 

Four HDF groups were examined: wild-type HDF, excitable but weakly coupled 

HDF (transduced with only NavSheP D60A-Kir2.1 virus without Cx43 overexpression), 

non-excitable but strongly coupled HDF (transduced with only Cx43 virus), and 

electrically excitable and actively conducting E-HDF (transduced with both viruses). We 

evaluated the effects of each HDF group on conduction velocity, AP duration, and AP 



 

91 

wavelength of the co-cultures in both longitudinal and transverse directions. As 

expected, fibrosis control group exhibited normal AP propagation in the longitudinal 

direction (23.9±1.1 cm/s, Figure 4.14A) but very slow transverse conduction (3.2±0.4 

cm/s, Figure 4.14B), compared to healthy cardiac control (23.5±0.4 and 12.6±0.3 cm/s 

for longitudinal and transverse CV respectively; Figure 4.14G). Longitudinal conduction 

was also unchanged in the presence of any HDF group, indicating there was no adverse 

paracrine effects from HDFs (Figure 4.14G). The slow transverse conduction velocity 

was fully rescued (to 12.0±0.5 cm/s) by the electrical coupling of E-HDFs and 

cardiomyocytes (Figure 4.14, F and G). In contrast, wild-type unexcitable HDFs or 

excitable NavSheP D60A+Kir2.1 HDFs coupled only by endogenous junctions (no Cx43 

overexpression) did not alter the transverse conduction (2.7±0.2 and 3.0±0.3 cm/s, 

respectively; Figure 4.14, C and D), while unexcitable HDFs with overexpressed Cx43 

yielded only a small conduction improvement (to 6.5±0.3 cm/s; Figure 4.14, E and G). All 

groups exhibited similar AP durations (Figure 4.14H); thus wavelength differences 

(Figure 4.14I) reflected the differences in CV. Importantly, these studies suggested that 

slow electrical propagation in cardiac tissues with interstitial fibrosis could be significantly 

improved if fibroblasts were engineered to actively conduct action potentials by 

becoming both excitable and robustly coupled.  
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Figure 4.14. Improvement of AP conduction by E-Fibs in a model of cardiac interstitial 
fibrosis. (A and B) Representative fast longitudinal conduction (A) and slow transverse conduction 
(B) in CM monoculture. (C and D) Slow unaltered transverse conduction in CM + wt HDF co-culture 
(C) and CM + NavShePD60A+Kir2.1 HDF co-culture (D). (E and F) Moderately and significantly 
improved transverse conduction in CM + Cx43 HDF (E) and CM + E-HDF (F) co-cultures, 
respectively. In A-F: Scale bars, 1 mm. Pulse signs indicate positions of line stimulation. Circles 
denote recording sites. (G-I) Average CV (G), APD80 (H), and impulse wavelength (WL=CVxAPD80, 
I) values during longitudinal or transverse conduction in CM-only cultures (fibrosis control), CM + 
wild-type (wt) HDF co-cultures, CM + NavSheP D60A/Kir2.1-expressing HDF co-cultures, CM + 
Cx43-expressing HDF co-cultures, CM + E-HDF co-cultures, and confluent anisotropic CM cultures 
(healthy control) (n = 5-8). *P<0.001 vs transverse CVs in fibrosis control group.  
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4.3.9 Generation of monoclonal HEK293 line with NRVM-like AP 
propagation properties  

Our results in the previous section show the obvious benefits that actively 

conducting engineered cells have upon cardiac function compared to unexcitable cells 

(Figure 4.14). Thus far, the highest CV achieved in engineered HDFs has been ~ 

11cm/s, which still leaves room for further improvements. Patch clamp results from 

previous studies suggested that all known BacNav orthologs (including NavSheP) 

exhibited slower gating kinetics than mammalian Nav channels [15, 17], which can lead 

to lower action potential upstroke and conduction velocity. We thus utilized 

computational modeling to examine whether the kinetics of NavSheP could present a 

challenge in our quest to achieve cardiac-like conduction properties in our engineered 

cells. Specifically, we replaced NavSheP D60A current with that of the cardiac Nav1.5 

channel from ten Tuscher’s model of human cardiomyocyte [245] using the same 

conductance value (𝐺𝐺𝑁𝑁𝑚𝑚�����) in both cases. As shown in Figs., the Nav1.5 channels yielded 

7% higher maximum AP upstroke, 37% lower AP threshold, 22% higher CV, and 

significantly shorter APD80 compared to NavSheP D60A channels (Figure 4.15). Of note, 

the resulting APD80 in the Nav1.5 case is in excellent agreement with our measurements 

in Ex293 cells [113], supporting the validity of the model. Simulation results also 

predicted that the CV produced by Nav1.5 channels could be achieved using NavSheP 

D60A current if the latter was increased by only 23%. 
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Figure 4.15. Simulation of NavSheP D60A and Nav1.5 effects on AP and conduction 
properties. (A-D) In a mathematical model of Kir2.1 and Cx43, Nav1.5 channel yields 7% higher 
maximum AP upstroke (A), 37% lower threshold voltage for AP generation (B), 22% higher CV (C), 
and significantly shorter APD80 (D) compared to NavSheP D60A. 

  

Inspired by these modeling results, we sought to examine whether faster 

conduction could be achieved by optimizing expression levels of the existing channel 

combination (Kir2.1, NavSheP D60A, and Cx43). In order to obtain homogeneous 

expression of all channel proteins to minimize cell-to-cell variability, we utilized HEK293 

as the heterologous expression system due to its ease to be transduced and monoclonal 

selection capability as described previously [113]. Specifically, co-transduction of a 

lentivirus containing the strong CAG promoter driving NavSheP D60A and Cx43 with a 

lentivirus containing the weak PGK promoter driving Kir2.1 enabled us to obtain a 

monoclonal line of HEK293 cells (ExSheP293) with CV of 19.3±0.3 cm/s, similar to 

normal values recorded in NRVM cultures [141, 257, 258]. Moreover, ExSheP293 cells 

also showed adaptations to higher pacing rates by decreasing CV and APD80, similar to 

NRVMs (Figure 4.16, A and B). The maximum capture rate (MCR) of ExSheP293 was 
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7.3±0.4 Hz, compared to 5.7±0.7 Hz in our NRVM cultures. These results suggested that 

co-expression of Kir2.1, NavSheP D60A, and Cx43 channels at well-controlled levels is 

sufficient for the generation of engineered excitable cells with NRVM-like AP and 

conduction properties. Furthermore, unlike primary cells which exhibit limited 

proliferation capacity before senescence (Figure 4.9A), the use of immortalized HEK293 

cells also allowed us to examine the stability of the engineered electrical phenotype over 

extended time periods. Similar to the experiments in section 4.3.5, ExSheP293 cells 

were maintained in culture, passaged every 4 days, and their conduction properties were 

recorded via optical mapping every 6 passages. Our results showed that ExSheP293 

cells maintained stable CV, APD80, and MCR values beyond 20 passages (Figure 4.16, 

C-E), further confirming our conclusions from section 4.3.5 that engineered excitability 

was highly stable despite significant cell expansion.  

 



 

96 

 

Figure 4.16. Engineered cells with NRVM-like AP properties. (A and B) Dependence of APD80 
(A) and CV (B) on pacing rate in monolayers made from passage 22 E-HEK293 cells (n = 6). AP 
conduction at each pacing rate was mapped after 30s of pacing. (C-E) Optical mapping studies in 
monolayers of monoclonal E-HEK293 cells expressing NavSheP D60A, Kir2.1, and Cx43, showing 
stable APD80 (C), CV (D), and maximum capture rate (MCR, E) during 22 passages (n = 6-8). 
Properties beyond passage 22 were not examined and were presumed to remain stable. (F) 
Representative isochrones map of AP propagation during 1 Hz point stimulation in engineered cell 
monolayer. All data were obtained at 370C. 

 

4.4 Discussion 

Using a combination of genetic and electrophysiological techniques, we 

developed an experimental framework to generate a library of BacNav mutants with 

varying properties and rapidly select for the mutants that give desired action potential 

characteristics in the engineered cells. Moreover, our ability to tightly control the relative 

current densities of both INa and IK1 based on GFP level detected via FACS also allowed 
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us to derive more electrically homogenous cell populations. This homogeneity could be a 

major advantage of E-Fib method over current stem-cell-based approaches, which 

usually yield cardiomyocytes with highly heterogeneous (and thus pro-arrhythmic) 

electrophysiological properties [196, 197]. To illustrate their potential therapeutic 

applications, we showed that engineered excitable HDFs improved cardiac conduction 

within an in vitro model of cardiac interstitial fibrosis [114]. Furthermore, we were able to 

fabricate viable and electrically functional 3D tissue patches from the engineered HDFs 

that could be implanted on the surface of the heart, which is a promising preliminary step 

towards future patch therapy studies [259, 260]. 

Importantly, since the fibroblast-engineering method does not rely on changes in 

the cell epigenetic state, but on strong expression of exogenous genes, its potential 

applications should be transferrable between various cell types across different tissues, 

as illustrated in this study with studies in HDFs, human ventricular fibroblasts, and 

human astrocytes. The latter two cell types were tested because they play major roles in 

the injury and repair of cardiac [261] and nervous tissues [262], the two main sources of 

excitable cells in the human body. 

4.4.1 Advantages of E-HDFs over current cardiac cell-based therapies 

Cell-based cardiac therapies have emerged as potential solutions for diseases 

such as myocardial infarction and heart failure, due to the limited regenerative potential 

of native cardiomyocytes. The derivation of functional cardiomyocytes from human 

embryonic stem cells (hESCs) more than 15 years ago [188], as well as the discovery of 

iPSCs [189], have initiated a lot of new and exciting work. Still, translation to clinics has 

been relatively slow, in part due to limited understanding of human pluripotent stem cell 

biology and cardiogenesis. As a result, human iPSC derivation is a several-month long 
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process and protocols for cardiomyocyte differentiation are costly, require separate 

optimization for each hiPSC line, and produce a mixture of atrial, ventricular, and nodal 

cells. The hiPSC-CMs show limited proliferation and an immature phenotype 

characterized by small cell size, spontaneous activity, low excitability and contractility, 

rudimentary Ca2+ handling [192, 263, 264], and slow action potential propagation [242, 

265-269]. Lastly, the robust protocols for large animal iPSC-CM derivation do not exist, 

and thus, all pre-clinical studies in large animal models involve human CM 

xenotransplantation which is hampered by the lack of adequate immunosupression. 

These limitations may hinder their clinical translation and result in potentially inefficient 

[191, 192], arrhythmogenic [194, 196, 197, 270], and even tumorigenic [193] therapy. 

Recently, groups of Srivastava, Olson, and others have shown proof-of-concept studies 

that cardiac fibroblasts can be directly reprogrammed into cardiomyocyte-like cells in 

vitro and in vivo by the overexpression of select cardiac transcription factors and/or 

microRNAs [199-201, 205, 271, 272]. While likely non-tumorigenic, this reprogramming 

approach is currently inefficient, does not result in robust function in vitro [203, 207, 210], 

and faces similar challenges with clinical translation as outlined above. 

Ideally, however, cardiac regenerative therapies seek to employ cells that can be 

produced rapidly, in large amounts and at low cost, have stable and homogeneous 

functional phenotype, and can be repeatedly used off-the-shelf. Here we described for 

the first time efficient and stable conversion of unexcitable primary human fibroblasts 

into engineered cells capable of active action potential conduction. We propose that in 

vitro engineering of patients' own dermal fibroblasts into electrically conducting cells 

could eliminate some of the safety risks and shortcomings inherent to use of iPSCs. 

Specifically, compared to hiPSC-CMs, engineered fibroblasts would: 1) carry lower risks 



 

99 

of tumor formation by being terminally differentiated, 2) need shorter time (days rather 

than months) to produce, 3) be readily expandable in vitro to large, therapeutically 

relevant quantities [273, 274] and used off-the-shelf (section 4.3.5), 4) maintain stable 

and relatively homogeneous electrical phenotype (section 4.3.5), 5) have lower 

metabolic demand (by being non-contractile) and thus better survival after implantation, 

6) allow customization of their electrical properties via mutagenesis of the constituent ion 

channels (section 4.3.1) or control of their expression levels (section 4.3.4) to match 

electrophysiology of a particular heart region or even a patient, and 7) be readily 

produced from any primary cell types or species (section 4.3.6) to allow autologous or 

allogeneic pre-clinical transplantation studies. We demonstrated potential therapeutic 

benefits of engineered fibroblasts in an in vitro model of cardiac interstitial fibrosis, where 

they rescued impaired NRVM conduction to healthy level (section 4.3.8). Furthermore, 

engineered fibroblasts readily survived and supported action potential propagation in a 

3D culture (section 4.3.7), suggesting tissue patch implantation as a viable in vivo 

delivery method for engineered fibroblasts. Lastly, in addition to cell-based therapies, we 

propose that the same concept can be applied as a gene-based therapy whereby 

endogenous cardiac fibroblasts would be genetically engineered in situ into electrically 

conducting cells.  

4.4.2 E-HDFs rescuing cardiac conduction in an in vitro model of interstitial 
fibrosis 

The results from section 4.3.8 showed that in our in vitro model of cardiac 

interstitial fibrosis, the full recovery of transverse cardiac conduction by engineered 

fibroblasts was contingent upon the use of cells that were both excitable (transduced 

with NavSheP D60N and Kir2.1) and well-coupled (transduced with Cx43). Specifically, 



 

100 

wild-type fibroblasts without any exogenously expressed channels (unexcitable, with low 

level of endogenous coupling) showed no improvement in transverse cardiac conduction 

(Figure 4.14, C and G). Conduction was not improved even if the fibroblasts were 

rendered excitable (by transduction with NavSheP D60N and Kir2.1) while their coupling 

remained low (Figure 4.14, D and G). Improving coupling alone in engineered fibroblasts 

(by transduction with Cx43 lentivirus) without rendering them excitable, enabled 

fibroblasts to partially rescue conduction via passive/electrotonic current spread (Figure 

4.14, E and G). This is consistent with previously reported data from our group [212] and 

others [213] showing large conduction delays through well-coupled but unexcitable cells. 

Finally, only when fibroblasts were engineered to actively conduct action potentials by 

being both excitable and well-coupled (by co-expression of NavSheP, Kir2.1, and Cx43), 

they were able to fully rescue transverse cardiac conduction in this model (Figure 4.14, F 

and G). 

Different forms of cardiac fibroses, differing in size, cellular, and non-cellular 

components can result from various types of myocardial disease or injury. A recent review 

by Rog-Zielinska et al. [275] provides an in-depth discussion of different types of 

myocardial fibroses and their cellular and non-cellular components. We propose that 

engineered excitable fibroblasts could prove beneficial for improving cardiac conduction 

in small regions of interstitial or diffuse fibrosis where fibroblasts or myofibroblasts come 

in close contacts with cardiomyocytes, such as in pressure overload [276] or in the border 

zone of healing infarcts [277]. On the other hand, engineering actively conducting 

fibroblasts within a large compact scar with low cellularity may not be as effective in 

improving or rescuing conduction. Accordingly, our “zig-zag” co-cultures were intended to 

model conduction in cardiac regions with interstitial fibrosis rather than a large chronic 
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scar. It is worth noting, however, that several optical mapping studies have reported 

propagation of excitation waves into fully-transmural infarcts, raising the possibility of 

potential electrical interactions between the sparsely located cells within the scar tissue 

and surrounding cardiomyocytes [278, 279]. Of note is also a recent report by Mahoney 

et al. [280] suggesting that non-myocytes within a 30-day-old transmural scar can form 

coupled cell networks to passively conduct electrical activity through the scar region. 

Further studies are required to examine cardiomyocyte-fibroblast electrical coupling in 

diseased cardiac tissues; nevertheless, these intriguing observations suggest that the 

applicability of engineered excitable fibroblasts could potentially be extended to large 

infarct scars with low cell density.  

4.4.3 Role of APD of engineered fibroblasts 

We propose that the most beneficial, non-arrhythmogenic effects from engineered 

fibroblasts will arise when E-Fibs exhibited CV and APD values that match those of host 

cardiomyocytes. The duration of typical ventricular action potential is largely determined 

by the extent of its plateau phase, which is sustained via a balance between the inward L-

type calcium current and outward current from various voltage-gated potassium channels. 

Engineered fibroblasts on the other hand are not likely to have significant calcium currents, 

but rather, their inward current is the result of the expression of bacterial sodium channel. 

As we have previously shown [113, 115], the APD of engineered cells is determined by 

the balance among the inward INa, outward IK1, and a small endogenous current (Figure 

4.11D). Electrical coupling of engineered fibroblasts and ventricular myocytes may 

therefore generate a repolarization gradient if there is a mismatch in their electrical 

properties. Particularly, due to the general faster inactivation kinetics of INa compared to 

ICa,L, it is possible that APD in engineered cells might be lower than that of host 
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cardiomyocytes. This could be alleviated by prolonging the APD of engineered cells by 

using Na+ channel mutants or orthologs with slower kinetics (Figures 3.2 and 4.5) [14, 15] 

or potentially by decreasing IK1 separately expressed through a weaker promoter. On the 

other hand, for shorter bridges of engineered fibroblasts connecting cardiomyocytes (as 

one would envision in cases of interstitial fibrosis), such an electrical mismatch would be 

expected to be "smoothened" by electrotonic coupling between the two cell types. 

Furthermore, without the prominent Ca2+ currents, engineered fibroblasts are unlikely to 

spontaneously fire action potentials or be a source of triggered activity, which could 

potentially render them less arrhythmogenic compared to iPS-derived cardiomyocytes.  

One important determinant of AP duration in engineered cells is the composition 

and expression level of endogenous potassium channels. As discussed in sections 3.3.4 

and 4.3.6, this likely contributed to notable variations in APD80 between different 

engineered cell types (Figures 3.5 and 4.10). For those expressing insufficient level of 

endogenous potassium channels to counter the inward current from BacNav, this could 

lead to a prolonged plateau phase before membrane potential repolarizes to the activation 

threshold of Kir2.1 (~ -30mV, Figure 3.3), such as observed for ventricular fibroblasts 

(Figures 3.5 and 4.10). In such case, we propose that controlled expression of a rectifier 

potassium channel such as the hERG channel (KCNH2 gene) or the Kv1.5 channel 

(KCNA5 gene) to provide rapid (IKr) [281] or ultrarapid (IKur) K+ current [282, 283] could 

lead to faster repolarization and shorter APD. Indeed, we demonstrated the ability to 

shorten the APD80 of monoclonally-derived Kir2.1/ NavRosD G217A HEK293 cells by 

various degrees by transfecting them with hERG-mCherry plasmid and selecting for 

different mCherry levels (Figure 4.17, A and B). The hERG channel was also packageable 

in lentivirus and resulted in robust time-dependent IKr in transduced human fibroblasts 
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(Figure 4.17, C-E). Taken together, these results demonstrated our ability to alter AP 

duration in engineered cells to approximate the value of host cardiomyocytes by 

manipulating the expression level and biophysical properties of select ion channels. 

 

 

Figure 4.17. Control of action potential duration via hERG expression. (A) Three HEK293 cells 
expressing IK1, INa (NavRosD G217A) and varied levels of HERG-P2A-mCherry (low, medium, and 
high). (B) Higher hERG (IKr) expression yields shorter APD. (C) HDFs transduced with hERG-P2A-
mCherry display robust mcherry expression. (D-E) Transduced HDF shows strong outward time-
dependent current (D) and characteristic I-V relationship of hERG channel (E).  
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4.4.4 Limitations of E-HDF conduction properties and potential 
improvement 

In Chapter 3, we attributed the low CV of engineered fibroblasts expressing 

NavRosD G217A to the slow activation kinetics of this channel and the lower intercellular 

coupling compared to that of native cardiomyocytes. Here we demonstrated that when 

fibroblasts were instead engineered using relatively fast NavSheP D60 mutants, 

conduction was increased ~2.5-fold (Figure 4.5). Consistent with these results, 

computational modeling with the fixed cell-cell coupling, G�K1, and G�Na values showed a 

2.5- to 3.5-fold higher CV for NavSheP D60 mutants vs. NavRosD G217A channel 

(Figure 4.4). These results collectively suggest that the significant increase in CV 

observed in engineered fibroblasts expressing NavSheP D60 mutants was largely due to 

its faster activation kinetics compared to NavRosD G217A rather than differences in 

expression level of the constituent channels. 

Furthermore, in section 4.3.9, we demonstrated the generation of monoclonal 

HEK293 line expressing Kir2.1, NavSheP D60A, and Cx43 with CV close to value 

reported for previously published Ex293 line (~23 cm/s) [113]. Taken together, these 

results suggested that strong exogenous expression of NavSheP D60A channel, despite 

its slower kinetics and higher activation threshold, could still be used to replace Nav1.5 to 

achieve cardiac-like conduction velocity. We thus propose that CV of engineered 

fibroblasts could be further improved via strategies to maximize NavSheP expression 

and enhance intercellular coupling while reducing Kir2.1 level. Importantly, these 

experimental and computational data also suggested that, in addition to custom design 

of de novo excitable cells and tissues, BacNav channels could be exploited as 

substitutes for mammalian Nav to directly augment or rescue mammalian tissue 

excitability. This will be the focus of the following chapter. 
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4.5 Summary and Implications 

In the studies described in this chapter, we demonstrated our ability to customize 

the electrophysiological properties of engineered fibroblasts via a combination of genetic 

engineering, computational modeling, and electrophysiology. This combined 

experimental-computational framework enabled us to significantly improve the 

conduction properties in our engineered fibroblast networks (section 4.3.3). Our studies 

also revealed that maximal conduction velocity could be achieved by maximizing BacNav 

and Cx43 expressions while reducing Kir2.1 level (sections 4.3.9 and 4.4.4). In addition 

to boosting conduction velocity, APD of engineered cells (section 4.4.3) could be tailored 

to match those found in the ventricles of most animal species, minimizing risks of 

arrhythmias due to APD mismatch against host cardiomyocytes in future in vivo studies.  

Importantly, we showed that in an in vitro model of heart tissue with interstitial 

fibrosis, engineered fibroblasts successfully recovered impaired action potential 

conduction (section 4.3.8). These results, together with our data demonstrating the 

ability to generate electrically excitable human ventricular fibroblasts (section 4.3.6), 

open doors to potential gene-based therapies whereby endogenous cardiac fibroblast 

could be engineered in situ via injection of viruses coding select ion channels to improve 

impaired conduction in fibrotic cardiac tissues. On the other hand, different forms of 

cardiac fibroses, varying in size and composition can result from various types of heart 

disease or injury [275]. In situ engineering of actively conducting fibroblasts, while 

potentially beneficial in improving cardiac conduction in small regions of interstitial or 

diffuse fibrosis where these cells come in close contacts with cardiomyocytes, may not 

prove as effective in large cardiac scars with low cellularity. Alternatively, fibroblasts 

could be engineered and expanded in vitro before made into tissue patches for 
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implantation onto the myocardial surface (section 4.3.7). This cell-based approach could 

potentially bridge over much larger cardiac scars and largely benefit from the significant 

proliferative capacity of fibroblasts in vitro, the stability of engineered electrical 

phenotype (section 4.3.5), and the ability to further customize properties using flow 

cytometry (section 4.3.4).  

An important implication from the results of this chapter is the notion that cardiac-

like electrical and conduction properties could be achieved using select BacNav 

expressed at sufficient level (section 4.3.9). This suggests that direct expression of 

engineered BacNav in impaired excitable tissues with malfunctioned endogenous 

VGSCs could potentially recover excitability and conduction. These possibilities are 

explored and discussed in the following chapter.   
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5. Genetic engineering of prokaryotic sodium channel 
for improving conduction and preventing 
arrhythmogenicity in excitable tissues 

5.1 Rationale 

Our results shown in section 4.3.9 suggest that sufficiently high level of NavSheP 

D60A could be utilized in place of Nav1.5 to generate cardiac-like conduction properties. 

It is thus plausible that overexpression of the prokaryotic channels in mammalian 

excitable tissues could supplement or even substitute endogenous VGSCs to enhance 

excitability and oppose arrhythmogenic conduction slowing under pathological 

conditions. Based on the results from Chapter 4, the most efficient increase in 

conduction velocity could be achieved by maximizing NavSheP D60A current. We thus 

examined different strategies to optimize membrane expression of BacNav. To further 

examine whether expressing select BacNav channels could rescue conduction and 

decrease arrhythmogenicity in vitro, we sought to establish and study cell culture models 

with conduction slowing simulating different pathological conditions.    

Biomedical research in the past decade has witnessed major advancements in 

the development of genetic tools from microorganisms for various applications in 

mammalian systems. Prime examples are genome editing techniques based on 

transcription activator-like effectors (TALEs) [284] and Clustered regularly interspaced 

short palindromic repeats (CRISPR) associated protein 9 (Cas9) [285], and optogenetic 

tools derived from microbial opsins [28, 153, 286, 287]. Due to the large evolutionary 

gap between microorganisms and mammals, various modifications may be required to 

ensure desired function of overexpressed microbial proteins in mammalian cells. In 

particular, it has been well-established that the translational machineries in different 
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organisms exhibit very different codon usage biases [288], thus codon optimization of 

the gene of interest may be warranted to ensure efficient expression in heterologous 

system. This process could be utilized to potentially improve production of prokaryotic 

sodium channels in human cells. Furthermore, functional expression of transmembrane 

proteins also relies on their efficient targeting to the plasma membrane. In eukaryotic 

cells, the secretory pathway involved in trafficking of transmembrane proteins is a 

complex process whereby secretory cargos are transported through various 

compartments, including the endoplasmic reticulum (ER), the ER-to-Golgi intermediate 

compartment (ERGIC), the Golgi complex, and the trans-Golgi network (TGN) [289]. It is 

thus conceivable that proteins from less complex microorganisms may lack critical 

transport sequence motifs that render their membrane targeting ineffective. In this 

chapter, we sought to maximize membrane expression of engineered BacNav in 

mammalian cells via codon optimization and insertion of different mammalian trafficking 

motifs in BacNav sequences. Specifically, we compared the efficiency of two different 

codon optimization algorithms in improving NavSheP D60A current density. Next, we 

looked to enhance membrane targeting of BacNav channels by tagging short amino acid 

sequences from different human potassium channels known to be responsible for 

efficient export from the endoplasmic reticulum (ER). Due to the structural similarity 

between BacNav and Kv1.x families, we chose to test the ER export sequences from 

Kv1.4 – one of the most well-trafficked Kv1.x channels [290], and the cardiac isoform 

Kv1.5 [291]. Moreover, we also tested the ER exit motif from Kir2.1 [292], which has 

been utilized to enhance membrane trafficking in various microbial opsins [293, 294].  

Different mechanisms exist that contribute to arrhythmogenic conduction slowing 

in cardiac tissues, including depressed membrane excitability, diminished intercellular 
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coupling, and fibrosis [39]. To study BacNav effects on reduced excitability and 

decreased coupling separately, we examined conduction properties of Ex293 

monolayers under elevated extracellular potassium levels to inactivate endogenous 

Nav1.5 or in the presence of palmitoleic acid to block gap junctional coupling. 

Furthermore, effects of BacNav on conduction slowing due to a combination of 

depressed excitability and poor Cx43-based coupling were assessed in a 2-dimensional 

“coverslip” ischemia model [295] previously shown to recapitulate electrophysiological 

changes during acute regional ischemia of cardiac tissues induced by coronary 

occlusion. Lastly, we investigated whether BacNav expression in fibrotic cardiac cultures 

could rescue conduction slowing and minimize propensity for reentry. Results from these 

in vitro studies were aimed to serve as the proof of concept for future testing of BacNav 

efficacy in small and large animal models of cardiac electric disease.    

5.2 Methods 

5.2.1 Characterization of human codon-optimized NavSheP D60A 
constructs 

Human codon optimization of bacterial NavSheP D60A (bShePA) gene was 

performed via Genscript OptimumGene algorithm [296] (hShePA) and ATUM Gene-

GPS™ algorithm [297] (h2ShePA). Wild-type and codon-optimized sequences are listed 

in Appendix I. Human codon optimized cDNAs were synthesized by respective 

companies and subsequently subcloned into CMV-driven, bi-cistronic lentiviral plasmids 

where they were linked with eGFP via the T2A peptide. Lentiviral plasmid containing the 

non-optimized channel co-expressed with eGFP (bShePA-T2A-eGFP) served as the 

control. Lentiviruses for each plasmid were made as described in previous section, 

diluted to the same titer (~ 1.7x108 transduction units/mL), and transduced into HEK293 
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cells monoclonally derived for Kir2.1 expression. Flow cytometry was used to ensure 

similar percentage of transduced cells across all three groups and to evaluate average 

eGFP intensity in each group. Whole-cell patch clamp was performed to compare 

sodium current density and AP characteristics (upstroke, APD80, and resting membrane 

potential) between three groups while optical mapping was performed to assess 

conduction properties.  

5.2.2 Assessment of BacNav channel trafficking 

Fusion of BacNav channel into the N- and C- termini of mEGFP was performed 

using the mEGFP-N1 (Addgene #54767) and mEGFP-C1 (Addgene #54759) plasmids, 

respectively. These plasmids contain CMV promoter driving expression of mEGFP, 

which displays the A206K mutation to prevent aggregation of GFP proteins [298]. 

Specifically, BacNav was subcloned into mEGFP-N1 using NheI and XhoI restriction 

sites to generate BacNav-mEGFP, while EcoRI and XbaI were used for ligation into 

mEGFP-C1 to obtain mEGFP-BacNav. Since NavRosD sequence contains internal 

EcoRI cut sites, XhoI and XbaI were chosen instead to generate mEGFP-NavRosD, 

followed by Quikchange mutagenesis (Agilent Technologies) to delete a base pair after 

XhoI and correct the open reading frame. Addition of endoplasmic reticulum export 

motifs (ERs) into mEGFP-BacNav constructs was achieved via polymerase chain 

reactions (PCR) using forward or reverse primers containing the ER DNA sequences. 

Three ER sequences were tested: ER1 (GVKESL) from Kv1.4, ER2 (DLRRSL) from 

Kv1.5, and ER3 (FCYENEV) from Kir2.1. HEK293 cells were seeded in tissue culture-

treated 12-well plate at a density of 5x104 cells/cm2 and transfected with each construct 

the next day using Lipofectamine 2000 transfection reagent (Life Technologies). Twenty-

four hours after transfection, cells were dissociated and transferred onto fibronectin-
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coated (15 μg/ml) glass-bottom dishes and live-cell images were taken 48 hours post 

transfection using inverted fluorescence microscope (Nikon TE2000) at 60x 

magnification. Patch clamp recordings and optical mapping for HEK293 cells transfected 

with selected constructs were performed 36-48 hours after transfection.  

5.2.3 Depolarization and decoupling studies in Ex293s 

Twenty-four hours after transduction with NavSheP D60A lentivirus, Ex293 cells 

were seeded onto 22-mm-diameter Aclar (Electron Microscopy Sciences) coverslips 

coated with fibronectin (Sigma, 15 μg/ml, 30 min) at a density of 5x104 cells/cm2 to form 

isotropic monolayers. Control Ex293s and Ex293s expressing NavSheP D60A were 

cultured for 24 hours to become confluent and enable formation of intercellular gap 

junctions followed by optical mapping of action potential propagation. Similar to previous 

studies [91], membrane depolarization in Ex293 monolayers was induced by applying 

increasing doses of KCl (in 1 mM increments starting from 5.4 mM). After 5 minutes 

equilibration at each KCl dose, cells were paced at 1 Hz and AP conduction was 

optically mapped. For gap junction decoupling studies, palmitoleic acid (PA, Sigma, 

76168) was dissolved in DMSO and sonicated (10 minutes, 370C) to yield a stock 

concentration of 50mM. Ex293 monolayers were exposed to increasing doses of PA (0, 

20, 40, 60 µM) and after 15 min equilibration at each dose, cells were paced at 1 Hz and 

AP conduction optically mapped. In order to obtain similar baseline APD80 values for 

both Ex293 control and Ex293 + NavSheP D60A groups, 25 µM BaCl2 was also added to 

the extracellular solution.  

5.2.4 In vitro model of regional ischemia 

Neonatal rat cardiomyocytes were enzymatically dissociated from ventricles of 2-

day-old Sprague-Dawley rats and enriched using two differential pre-plating steps [227]. 
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Specifically, ventricles were excised, minced, and incubated with 0.1% trypsin overnight 

and dissociated in four sequential steps using 0.1% collagenase. Isolated cells were 

centrifuged (5 min, 200xg) and further enriched by two 45-min pre-plating steps to select 

for cardiomyocyte-enriched cells that remained unattached after the second pre-plating. 

Cardiomyocytes were seeded onto 22-mm-diameter Aclar coverslips coated with 

fibronectin (30 μg/ml, 2 hours) at a density of 2 x 105 cells/cm2 in DMEM/F-12 medium 

(Gibco, 11320-033) supplemented with 10% calf serum and 10% horse serum, followed 

by a switch to maintenance media (DMEM/F12 + 5% FBS) at culture day 2. Complete 

maintenance media change was performed every two days and cultures were mapped 

at day 5. Regional ischemia in neonatal rat cardiomyocyte monolayers was induced as 

described previously [295, 299]. Briefly, 12-mm round glass double-coverslip (~ 0.34 mm 

thick) was placed onto the central area of a 22-mm cardiac monolayer to induce regional 

ischemia. Cells were continuously paced at 1 Hz and AP conduction was optically 

mapped every 1 minute during ischemia, until complete conduction failure was observed 

in the ischemic region. Conduction velocity, APD80, and optical action potential amplitude 

(APA) measured at the recording sites of the central ischemic region were normalized to 

corresponding baseline values before ischemia. Recording site was defined as inactive 

(not conducting) if its APA failed below 10% of baseline value. 

5.2.5 Cardiomyocyte-fibroblast co-cultures 

Isolation of NRVMs was performed as described in section 5.2.4. To obtain cell 

population with higher percentages of fibroblasts, only one pre-plating step was 

performed. Cells were also seeded at a lower density (1.5 x 105 cells/cm2) in DMEM/F-

12 medium supplemented with 10% horse serum, 1% penicillin, and 1% B12. Seeding 

media was replaced by maintenance media (DMEM/F12 + 5% FBS + 10µM EdU) 24 
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hours later. At day 2, NavSheP D60A lentivirus was added into the cultures in the 

presence of 8 ng/µl polybrene. Complete maintenance media change was performed 

every two days and cultures were mapped at day 5. Cells were continuously stimulated 

with a bipolar point electrode at gradually increasing rates until maximum capture rate 

was reached or reentry was induced.   

5.2.6 Computational model of neonatal rat ventricular myocyte 

Single-cell model for NRVM was adapted from Luo-Rudy mammalian ventricular 

myocyte model [300], with modifications to fit NRVM ionic currents and action potential 

characteristics from previous studies and our own experimental data. Specifically, 

maximum conductance values for Nav1.5 and Kir2.1 channels were modified to be 

consistent with previously reported data for INa and IK1 [301]. Resting membrane potential 

was adapted to our recorded NRVM Vrest value by changing intracellular potassium 

concentration, while action potential duration (APD80) was adjusted via changing 

maximum conductance of calcium channel. Intracellular sodium concentration was also 

updated [302]. Action potential propagation was simulated using continuous cable model 

as described in section 4.2.5 and intracellular resistivity value was chosen to generate 

similar conduction velocity as measured from optically mapped control NRVM 

monolayers. The modified values are listed in Table 5.1.  

 
Table 5.1. Modified parameters for adapted NRVM computational model 

Intracellular K+ concentration 102 mM 

Intracellular Na+ concentration 10 mM 

Nav1.5 maximum total conductance (G�Nav1.5)  86.0 nS 

Kir2.1 maximum total conductance (G�K1) 4.4 nS 

Cav maximum total conductance (G�Ca) 1.07 nS 
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Resting membrane potential (Vrest) -72.4 mV 

Intracellular resistivity (Ri) 4.2 kΩ.cm 
 

5.2.7 Statistical analysis 

All data are presented as mean ± s.e.m. and statistical significance was 

determined by one-way ANOVA, followed by Tukey’s post hoc test to calculate P values. 

Statistical significance was defined as ^P<0.05, #P<0.01, and *P<0.0001.   

5.3 Results 

5.3.1 Improvement of BacNav expression via codon optimization 

Since NavSheP D60A and EGFP genes are linked via the T2A peptide in each 

lentiviral construct, any change in transcriptional and translational efficiencies of 

NavSheP D60A gene as a result of codon optimization is expected to effect change in 

EGFP expression level. Indeed, under similar functional titers, transduction of 

monoclonal HEK293 line expressing Kir2.1 with bShePA-EGFP virus yielded lower 

EGFP intensity compared to both optimized versions (hShePA-EGFP and h2ShePA-

EGFP) (Figure 5.1A), with ATUM optimized construct showing highest EGFP signal 

(Figure 5.1B). Patch clamp recordings revealed a similar trend for NavSheP D60A 

channel expression, with hShePA and h2ShePA exhibiting 3.3-fold and 5.4-fold 

increases in peak INa (-204±29 and -312±17 pA/pF) respectively, compared to non-

optimized bShePA (-58±5 pA/pF). As a result, AP upstrokes were improved 2.5 and 3.8 

times using hShePA (168±36 V/s) and h2ShePA (252±28 V/s) respectively, compared to 

bShePA (66±10 V/s) (Fig. 5.2C). As NavSheP D60A channel contributes to the main 

depolarizing current during the plateau phase of AP, an increasing trend in AP duration 

was observed with higher INa, albeit without any statistically significant difference (Figure 
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5.1D). Resting membrane potential also remained stable across all three groups (Figure 

5.1E). These results demonstrated significant improvement in expression level of 

NavSheP D60A channels via codon optimization, particularly using ATUM algorithm. 

 

 

Figure 5.1. Improving NavSheP D60A gene expression via codon optimization. (A-B) When 
linked with EGFP gene via T2A peptide in a bi-cistronic lentiviral vector, codon optimized NavSheP 
D60A sequences using Genscript (hShePA) and ATUM (h2ShePA) algorithms resulted it in higher 
GFP intensity in transduced HEK293s compared to non-optimized version (bShePA), as examined 
under fluorescence microscope (A) or flow cytometry (B). Scale bars, 100 µm. (C) Peak INa 
measured in HEK293 cells transduced with h2ShePA and hShePA were significantly greater than 
bShePA-expressing cells. (D-F) When transduced in Kir2.1 HEK293 cells, codon optimized 
channels showed notably higher AP upstroke (D), slightly longer (but not statistically significant) 
APD (E), and similar resting membrane potential (F). *P<0.001 vs bShePA in D.  

 

5.3.2 Improvement of BacNav channel trafficking 

In order to evaluate membrane trafficking of NavSheP D60A, we fused the 

channel to either the carboxyl or amino terminus of mEGFP. Fusion of mEGFP to 

channel’s C-terminus (h2ShePA-mEGFP) resulted in primarily perinuclear labeling 

(Figure 5.2A). Since the C-terminal domain of BacNav has been showed to play 
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important roles in channel assembly and stability of the tetrameric structure [127, 128, 

131], the addition of fluorescence reporter at this position may hinder these processes. 

In contrast, mEGFP fused at the N-terminus of NavSheP D60A (mEGFP-h2ShePA) 

showed significantly improved channel spatial distribution; however, large intracellular 

aggregations were observed throughout the cell (Figure 5.2B). Moreover, GFP pattern 

resembled the endoplasmic reticulum (ER) structure [289], suggesting that export from 

the ER could be the limiting step of NavSheP D60A trafficking. In order to minimize 

intracellular aggregation and improve ER export of these channels, we added to their 

carboxyl terminus short amino acid motifs that regulate export of Kv1.4, Kv1.5, and Kir2.1 

(named ER1, ER2. ER3, respectively). We observed no improvement when ER1 and 

ER2 were present (Figure 5.2, C and D). However, the addition of ER3 significantly 

enhanced membrane labeling and minimized intracellular aggregation of the channels 

(Figure 5.2E). The position of ER3 also appeared to be critical, since addition of this 

motif to the N-terminus of the fusion protein failed to show any improvement (Figure 

5.2F). Importantly, enhanced membrane trafficking in the presence of ER3 motif resulted 

in higher current density (Figure 5.2G) and improved upstroke velocity (Figure 5.2H). 
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Figure 5.2. Improving membrane trafficking of NavSheP D60A. (A-B) Addition of mEGP to the 
C-terminus of h2ShePA channel resulted in only perinuclear labeling (A) while mEGFP fusion to 
the N-terminus of h2ShePA showed GFP labeling throughout the cell, including big intracellular 
aggregates (B). (C-D) Addition of ER export motifs from Kv1.4 (C) or Kv1.5 (D) did not improve 
trafficking of h2ShePA channels. (E-F) ER export motif significantly improved membrane labeling 
of h2ShePA channel when added to the C-terminus of the fusion protein (E), but not its N-terminus 
(F). (G-H) Improved membrane trafficking via the addition of ER3 increased INa peak current (G) 
and upstroke velocity (H) in transfected Kir2.1+Cx43 HEK293 cells. *P<0.001. Scale bars, 20µm in 
A-F. 

 

In order to assess membrane trafficking of other BacNav orthologs, we fused 

their genes to the C-terminus of mEGFP (Figure 5.3, A-E). Similar to NavSheP, large 

intracellular aggregates were observed for NavBacL and NaChBac (Figure 5.3, A and B). 

Notably, for NavMs, aggregates were located primarily around cell nucleus (Figure 5.3C), 

suggesting that small current density typically observed for NavMs-expressing cells 

during patch clamp recordings (data not shown) could be attributed to impaired channel 

trafficking. On the other hand, mEGFP-NavPz and mEGFP-NavSilP displayed virtually no 

intracellular aggregates; however, GFP pattern still resembled the ER structure with poor 

membrane labeling (Figure 5.3, D and E). Importantly, we showed that addition of the 
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ER3 motif to the C-termini of all tested channels significantly improved their membrane 

trafficking (Figure 5.3, F-J). Patch clamp recordings further showed significant increase 

in current density from NavPZ in the presence of ER3, suggesting this motif enhanced 

membrane channel density even for BacNav isoforms with minimal intracellular 

aggregation (Figure 5.3K). One exception was NavMs, which still showed notable 

perinuclear labeling, suggesting that impaired trafficking of this ortholog could be 

attributed to other processes besides ER export. Further improvement in NavMs 

trafficking could benefit from the addition of other motifs such as the Golgi export motifs 

[303] or trafficking signals [304]. Nevertheless, these results demonstrated that 

enhancement in trafficking of BacNav orthologs to the plasma membrane could be 

achieved via the simple addition of a short amino acid sequence, presenting yet another 

method to boost BacNav current in mammalian expression system. 
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Figure 5.3. Improving membrane trafficking in other BacNav orthologs. (A-E) Large 
intracellular aggregates were observed in cells expressing NavBacL (A) and NaChBac (B) while 
NavMs expression resulted in primarily perinuclear labeling (C). Expressions of NavPz (D) and 
NavSilP (E) yielded no aggregation but membrane labeling remained poor. (F-J) Membrane 
trafficking of all tested channels were enhanced in the presence of ER3 motif. (K) Improved NavPZ 
membrane trafficking via the addition of ER3 increased INa peak current in transfected Kir2.1+Cx43 
HEK293 cells. Scale bars, 10 µm. 

 

5.3.3 Prevention of conduction block in Ex-293 cells under pathological 
conditions via BacNav expression 

In addition to allowing customized design of de novo excitable cells and tissues 

as shown in Chapters 3 and 4, BacNav channels could be tailored to directly manipulate 

or augment the impaired excitability of mammalian tissues with the deficient function of 

endogenous voltage-gated sodium channels. To directly compare the effects of 
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NavSheP D60A versus the cardiac isoform Nav1.5 on conduction, we first examined the 

direct expression of this prokaryotic sodium channel in Ex293 cells (monoclonal HEK293 

line engineered to stably express Kir2.1, Cx43, and Nav1.5 [113]). The NavSheP D60A 

mutant exhibits ~10 mV more depolarized inactivation V1/2 (-76.8 mV) compared to 

Nav1.5 channel (-86.1 mV [113]) (Figure 5.4A). Voltage-clamp recordings in HEK293 

cells co-expressing Nav1.5 and NavSheP D60A showed that the former displayed more 

significant reduction in current density in response to a 10-mV depolarization in holding 

voltage (from -80mV to -70mV) (Figure 5.4, B and C). We thus proposed that, due to this 

right shift in voltage-dependent inactivation of NavSheP D60A, direct expression of these 

channels in excitable tissues could potentially help sustain conduction in conditions 

where Nav1.5 becomes inactivated (Figure 5.4D). One such condition occurs in the 

cardiac ventricle during ischemic or hyperkalemic events, when resulting increase in 

extracellular potassium concentration [305] leads to depolarization of cardiomyocyte 

membrane, inactivation of cardiac Nav1.5 channels, reduced excitability and slowing of 

AP conduction, which often leads to life-threatening arrhythmias [39, 89, 90]. While the 

addition of as little as 3 mM KCl to confluent monolayers made of Ex293 cells resulted in 

conduction failure, Ex293 monolayers transduced with the NavSheP D60A lentivirus 

were able to sustain AP conduction at significantly higher extracellular K+ concentrations 

(up to 12.4 mM; Figure 5.4E). Furthermore, NavSheP D60A expression in Ex293 

monolayers subjected to increased doses of gap junctional blocker palmitoleic acid (PA) 

attenuated conduction slowing and prevented conduction block at 60 µM PA when cells 

expressing only Nav1.5 channel failed to conduct (Figure 5.4F), despite similar baseline 

AP duration exhibited by both groups (Figure 5.4G).  
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Figure 5.4. Expression of NavSheP D60A prevented conduction block in Ex293 monolayers 
under pathological conditions. (A) Steady-state inactivation (h∞) of NavSheP D60A is more 
depolarized compared to that of Nav1.5 (n = 5). (B) Representative current traces from Nav1.5 and 
NavSheP D60A during voltage-clamp experiment. Cell was held at -80mV or -70mV and sodium 
current was elicited by stepping membrane voltage to 10mV (for NavSheP D60A) or -20mV (for 
Nav1.5). (C) Ratio of peak INa recorded with -70mV holding voltage to peak INa recorded with -80mV 
holding voltage. Peak INav1.5 and INavSheP D60A were measured at -20mV and 10mV, respectively. (D) 
Schematic depicting direct expression of BacNav in mammalian excitable tissues containing 
endogenous Nav1.5 to enhance conduction and prevent conduction block in simulated pathological 
conditions. (E) Conduction failure due to inactivation of Nav1.5 by membrane depolarization with 
elevated extracellular K+ was rescued via transduction with NavSheP D60A lentivirus (n = 6). (F and 
G) Conduction slowing in Ex293 monolayers as a result of gap junctional blocking by palmitoleic 
acid (PA) was attenuated by co-expression of NavSheP D60A channel (F) despite both groups 
exhibiting similar baseline APD80 values (G). n = 12-18. 

 

5.3.4 Direct expression of BacNav in healthy and fibrotic NRVM cultures 

To examine the effects of BacNav in cardiomyocytes, we transduced monolayers 

of neonatal rat ventricular myocytes with NavSheP D60A lentivirus with expectation that 

under normal conditions, expression of BacNav in cardiomyocytes could enhance tissue 

excitability and improve conduction velocity (Figure 5.5A). In fact, optical mapping results 

revealed that expression of NavSheP D60A significantly augmented conduction velocity 
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of healthy NRVM cultures from 15.9±0.8 cm/s to 26.1±0.7 cm/s (Figure 5.5, B-D) without 

notable change in AP duration (Figure 5.5E). We further assessed the effects of 

expressing NavSheP D60A in cardiomyocytes using a Luo-Rudy model [300] adapted to 

simulate CV and APD in neonatal rat ventricular myocyte monolayers. Simulation results 

showed gradual increase in CV with addition of more NavSheP D60A channels (Figure 

5.5F). The G�Na value required to improve CV of cardiac model to the same level shown in 

our mapping results was 281 nS (Figure 5.5G), which also induced only a slight decrease 

in APD80 (Figure 5.5H) does demonstrating good match between simulated and 

experimental results. 

 

Figure 5.5. BacNav expression augmented cardiac conduction under normal condition. (A) 
Schematic depicting exogenous expression of BacNav in cardiomyocytes (CMs) to augment 
conduction. (B and C) Representative isochrone maps of AP conduction in electrically stimulated 
isotropic monolayers of control neonatal rat CMs (B) and CMs transduced with NavSheP D60A 
lentivirus (C). Pulse signs indicate location of stimulating electrode. Circles denote 504 recording 
sites. (D and E) CM monolayers transduced with NavSheP D60A lentivirus (CM + D60A) show 
increased CV (D) and unaltered APD80 (E) compared to control CM monolayers (n = 5). *P<0.001 
vs control CM. (F) Simulated CV of NRVM model gradually increased with higher NavSheP D60A 
conductance (G�Na). (G and H) Simulated CV (G) and APD80 (H) of CM model when G�Na = 0 (blue 
bar) and when G�Na = 281 nS (yellow bar). 
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High fibroblast content in cardiomyocyte cultures has been shown to significantly 

slow down conduction and increase incidence of reentry [306, 307]. Thus, we next 

examined whether BacNav expression could improve conduction and prevent reentrant 

activity in fibrosis-mimetic cardiac cultures. Transduction with NavSheP D60A-EGFP 

lentivirus resulted in robust GFP expression throughout the co-culture (Figure 5.6B), but 

not in untransduced group (Figure 5.6A). Expression of the prokaryotic sodium channels 

increased conduction velocity from 13.1±0.5 cm/s (Figure 5.6, C and E) in fibrotic control 

to 19.9±1.6 cm/s (Figure 5.6, D and E). Furthermore, transduced cultures exhibited 

higher maximum capture rate (5.6±0.6 Hz) compared to untransduced controls (4.5±0.2 

Hz; Figure 5.6F). Similar to mapping in non-fibrotic NRVM monolayers, no change in 

APD80 was observed with the expression of NavSheP D60A (Figure 5.6G). Importantly, 

while 45% of tested untransduced fibrotic monolayers displayed spontaneous or induced 

reentrant activity, no reentries were observed in NavSheP D60A transduced monolayers 

(Figure 5.6, H and I). Taken together, these results demonstrated that expression of 

NavSheP D60A channels can improve conduction velocity and decrease incidence of 

arrhythmias in cardiomyocyte-fibroblast co-cultures. 
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Figure 5.6. BacNav expression improved conduction and prevented reentrant activity in 
fibrotic cardiac cultures. (A and B) Immunostaining images of F-actin+ NRVM cultures with high 
content of vimentin+ fibroblasts exhibiting robust GFP expression in the NavSheP D60A-GFP 
transduced group (B) but not in the non-transduced control (A). Scale bas, 100µm. (C and D) 
Representative isochrone maps of AP propagation in electrically stimulated fibrotic cardiac cultures 
in the absence (D) and presence (E) of NavSheP D60A expression. Pulse signs indicate location 
of stimulating electrode. Circles denote 504 recording sites. (E-G) Fibrotic cardiac monolayers 
transduced with NavSheP D60A lentivirus exhibit improved CV (E), higher maximum capture rate 
(F), and unaltered APD80 (G) compared to untransduced control monolayers (n = 12-18). *P<0.001 
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vs. untransduced control. (H) Representative isochrone maps showing reentry in untransduced 
fibrotic control. (I) Untransduced control (fibrotic) exhibited reentry in 10/22 monolayers while 
transduction with BacNav lentivirus (D60A) prevented development of reentrant activity in all 12 
tested monolayers.  

 

5.3.5 Effects of BacNav expression on cardiac conduction in an in vitro 
model of regional ischemia 

Finally, to explore the effects of BacNav expression on action potential conduction 

in ischemic conditions, we utilized an in vitro model of regional ischemia where the central 

portion of neonatal rat cardiomyocyte monolayer was covered with a glass coverslip 

(Figure 5.7A). As described by De Diego et al. [295], ischemic conditions in this model led 

to progressive cardiac conduction slowing over several minutes, followed by conduction 

block. We found that as ischemia progressed, tissue excitability within the ischemic region 

decreased while no change was observed in the area outside the glass coverslip (Figure 

5.7B). As a result, AP propagation slowed down inside the ischemic region and was 

eventually blocked (Figure 5.7C). For NRVM control group, conduction block occurred 

after 10.5±1.0 minutes; however, conduction inside ischemic region was significantly 

sustained to 14.2±0.7 minutes when NRVMs were transduced with NavSheP D60A 

lentivirus (Figure 5.7D). Optical mapping results suggested that NRVMs expressing 

NavSheP D60A exhibited decelerated conduction slowing (Figure 5.7E) and remained 

more electrically active (Figure 5.7F) during ischemia compared to control group. The rate 

of APD shortening, however, was similar for both groups (Figure 5.7G). Representative 

optical mapping movie frames illustrating AP propagation in NRVM control and NRVM 

expressing NavSheP D60A after 11 minutes of ischemia are shown in Figure 5.8. Taken 

together, these results suggested that, compared to control cultures, cardiomyocytes with 
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expressed NavSheP D60A better preserved excitability during ischemic conditions to 

significantly prolong the time to conduction block.  

 

 

Figure 5.7. NavSheP D60A expression increased resistance to conduction block under 
ischemic condition. (A) Schematic depicting exogenous expression of BacNav in neonatal rat 
CMs to increase resistance to conduction block in ischemic conditions. Black dashed circle denotes 
position of glass coverslip used to induce regional ischemia in CM monolayer. (B) Representative 
optical AP traces in the non-ischemic (peripheral) and ischemic (central) regions of the monolayer 
before (0 min) and during ischemia (6 min). (C) Representative isochrones maps of a CM 
monolayer showing conduction slowing after 6 minutes and complete block after 11 minutes of 
ischemia. Pulse signs indicate location of stimulating electrode. Circles denote 504 recording sites. 
(D) Under ischemic condition, CMs transduced with NavSheP D60A lentivirus (white) resisted 
conduction block longer than control CMs (black) (n = 6, #P<0.01). (E-G) With time of ischemia, 
conduction progressively slowed down (E), number of actively conducting recording sites 
decreased (F), and AP gradually shortened (G) within the ischemic region of both control (CM) and 
NavSheP D60A transduced (CM+D60A) monolayers (n = 6).  
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Figure 5.8. Action potential propagation in NRVM monolayers during ischemia. (A) Isochrone 
maps of AP conduction showed uniform propagation in both control and NavSheP D60A-expressing 
CM monolayers before ischemia. (B) After 11 minutes of ischemia, conduction in the ischemic 
region of CM control group was blocked (top), but still sustained in NavSheP D60A transduced CM 
monolayers (bottom). Pulse signs indicate location of stimulating electrode. Circles denote 504 
recording sites. 

 

5.4 Discussion 

5.4.1 Maximizing BacNav membrane expression 

One of the biggest challenges in overexpressing functional proteins in a 

heterologous host organism is the different codon usage from that of the native 

organism. Due to the degeneracy of the genetic code, each amino acid is encoded by 1-

6 synonymous codons [308]. The frequencies at which different codons are utilized 

largely depend on the pool of available transfer RNAs (tRNAs), which vary between 

different organisms. Thus, for the last 40 years, scientists have attempted to boost 

protein expression in heterologous hosts by adapting gene sequence to the codon 

usage bias in host organisms [309], with early applications focusing on improving mass 
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production of therapeutic mammalian proteins in bacteria. In recent years, codon 

optimization has also become increasingly popular to improve expression of genes taken 

from microorganisms for various applications in mammalian systems, including genome 

editing [285] and optogenetics [286]. Currently several different codon optimization 

algorithms exist to enable gene sequence design to maximize the codon adaptation 

index (CAI) or to match the bias in host organisms [310-312]. Furthermore, different 

gene synthesis companies also provide their proprietary codon optimization 

technologies. In this study, we compared the efficacies of two different codon 

optimization services, OptimumGene (Genscript) and GeneGPS (ATUM), in increasing 

expression level of prokaryotic NavSheP D60A channels in human cells. Besides codon 

usage, OptimumGene algorithm takes into consideration other factors that have been 

suggested to impact protein expression, including mRNA secondary structure and GC 

content [296]. On the other hand, GeneGPS technology is based on the work by Welch 

et al., which showed no correlation between expression of synthetic gene with its CAI 

nor the mRNA secondary structure. Instead, this study found that preferred codons were 

predominantly those associated with most highly amino-acylated (charged) tRNAs 

during amino acid starvation, not those most abundant in highly expressed genes of host 

organism [297]. These results suggested that optimal codon choice could be achieved 

via maintaining high levels of charged tRNAs that are least sensitive to amino acid 

starvation, while minimizing levels of uncharged tRNAs. Based on our patch clamp and 

optical mapping data, we found that both algorithms significantly improved expression of 

NavSheP D60A channels in HEK293 cells, with the higher improvement obtained using 

GeneGPS (section 5.3.1).  
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Recent efforts in developing microbial opsins for light-activated control of 

mammalian excitability have involved improving membrane trafficking of these channels 

via addition of ER export motif and trafficking signal from Kir2.1 [294]. Similar to these 

results, our study showed enhancement in membrane labeling and minimal intracellular 

aggregation of all tested BacNav orthologs when Kir2.1 ER exit motif (ER3) was added 

to their C termini. No improvement was observed upon addition of ER export motifs from 

selected Kv1.x channels (ER1 and ER2), however. This could be explained by the notion 

from previous studies that the position of trafficking signals with respect to the plasma 

membrane may be essential for their recognition by sorting complexes [304]. In fact, 

addition of ER3 to the N-terminus of the mEGFP-BacNav constructs did not yield any 

improvement. Thus, the efficiency of the ER1 and ER2 motifs could possibly be 

improved by adjusting the position at which they are inserted into the BacNav sequence. 

Nevertheless, our results strongly support the C-terminus addition of ER3 as a general 

and robust method to boost membrane expression of engineered BacNav channels. In 

addition to speeding up transport along the secretory pathway, improved membrane 

expression of BacNav could also be achieved via stabilizing their anchoring on the 

membrane. Particularly, in cardiomyocytes, the cardiac Nav1.5 channel interacts with a 

variety of proteins that enable not only their docking on the membrane but also their 

localization to specific sarcolemmal regions. These interactions are facilitated via various 

motifs displayed by Nav1.5, including the VPIAVAESD motif at its DII-DIII intracellular 

loop that binds to Ankyrin-G and the PDZ-binding motif (SIV) at its C-terminus that binds 

to syntrophin and SAP97 [313]. Therefore, it is conceivable that addition of these motifs 

to appropriate positions in BacNav sequence could further improve their membrane 
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expression in cardiomyocytes and potentially enable targeting of these channels to 

intended regions such as lateral membrane [314] or intercalated disk [315].  

5.4.2 Effects of BacNav expression in rescuing excitability and conduction 
under pathological conditions 

The ability to stably overexpress prokaryotic sodium channels in mammalian 

cells hold important implications in potential treatments of different excitability disorders. 

In this Chapter, we examined whether expression of NavSheP D60A channels could 

ameliorate reduced mammalian cardiac tissue excitability and arrhythmogenic 

conduction slowing in various in vitro models of pathological conditions associated with 

membrane depolarization and inactivation of Nav1.5 channels, diminished intercellular 

coupling, or fibrosis.  

In particular, we utilized in vitro hyperkalemic environment to induce membrane 

depolarization, which is shown to occur in the infarct border zone of the healing or 

healed infarcts [98], likely due to the combined effects of accumulated extracellular 

potassium and downregulated potassium channel expression [316]. Membrane 

depolarization leads to inactivation of cardiac Nav1.5 and slowing of conduction that is 

potentially arrhythmogenic. Similar in vitro hyperkalemic conditions to depolarize cardiac 

resting potential were previously employed by Protas et al. [91] to show that 

overexpression of skeletal Nav1.4 exhibiting more depolarized inactivation kinetics 

compared to endogenous Nav1.5 preserved cardiac conduction in vitro and reduced 

incidence of arrhythmias. We demonstrated that NavSheP D60A channel also displayed 

~10mV more depolarized voltage-dependent inactivation compared to Nav1.5, and thus 

was capable of sustaining conduction in Ex293 monolayers under higher levels of 

extracellular potassium when endogenous Nav1.5 was already inactivated (section 
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5.3.3). It is possible that the use of other BacNav orthologs or variants with more 

depolarized inactivation curve could produce even more beneficial effects.  

In addition to reduced excitability, slowing of conduction in excitable cell networks 

could also be caused by diminished electrical coupling. Particularly, conduction slowing 

in ischemic or infarcted myocardium has been associated with significant reduction of 

total Cx43 and gap junctional coupling [317, 318]. To examine the effects of 

overexpressing NavSheP D60A on AP conduction under conditions of poor electrical 

coupling, we applied increasing doses of gap junctional blocker palmitoleic acid (PA) to 

progressively reduce intercellular coupling in Ex293 monolayers. Expression of NavSheP 

D60A successfully rescued conduction failure at highest PA doses where cells 

expressing Nav1.5 alone failed to conduct (section 5.3.3). Unlike in the hyperkalemia 

studies, there was no reduction in excitability associated with PA treatment. The 

mechanisms by which NavSheP D60A rescued conduction failure under decoupling 

conditions could thus be attributed to the additional depolarizing charge supplied by 

these channels to neighboring cells to enable AP propagation despite the significant 

intercellular resistance.  

Building on these promising results in Ex293 cells, we further examined the 

effects of NavSheP D60A expressed in neonatal rat cardiomyocytes in an in vitro model 

of regional ischemia, in which conduction slowing was attributed to both depressed 

membrane excitability and diminished intercellular coupling. In the original study by de 

Diego et al., increased dephosphorylation of Cx43, associated with reduced coupling, 

was observed after as early as 5 minutes of coverslip ischemia and conduction within 

ischemic zone was blocked after an average of 10.6 minutes, consistent with our results 

(10.5±1.0 min in control group). Gradual decrease in AP amplitude was also observed 
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throughout the course of ischemia, indicating progressive loss of excitability within the 

ischemic area. Notably, the authors also showed that during early reperfusion (via 

removal of the central coverslip), excitability recovered rapidly (~ 1 min) while conduction 

slowing persisted due to the slow recovery from Cx43 dephosphorylation, creating an 

arrhythmogenic substrate. While our results demonstrated that overexpression of 

NavSheP D60A significantly increased cardiomyocyte resistance to conduction block 

during ischemia (section 5.3.5), it would be important to further investigate if this would 

lead to reduced arrhythmogenicity following reperfusion.  

Different gene-based approaches have been suggested to improve AP 

propagation in slowly-conducting cardiac substrates to prevent development of reentry 

[319]. In addition to enhancing excitability via overexpression of sodium channels, 

increasing coupling between cardiomyocytes via viral delivery of connexins has also 

been shown to exhibit anti-arrhythmic effects [320, 321]. However, in conditions 

associated with high degrees of fibrosis, increasing gap junction expression could induce 

reverse effects on conduction and favor development of reentrant activity. Studies by 

Askar et al. showed in an in vitro model of fibrotic cardiac cultures that myofibroblasts 

electrically coupled with cardiomyocytes depolarize cardiac resting membrane potential, 

slow down conduction, and increase spontaneous reentrant arrhythmias [322], with  

these effects being abolished by silencing Cx43 in myofibroblasts [323]. Thus, our 

approach of enhancing excitability in both cardiomyocytes and fibroblasts via direct 

expression of NavSheP D60A channels could prove to be a safer and more efficient 

method for reducing arrhythmias in fibrotic heart tissue (section 5.3.4).  
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5.5 Summary and Implications 

In this chapter, we implemented methods to enhance expression of engineered 

prokaryotic sodium channels in mammalian cells and investigated the therapeutic effects 

of these channels on rescuing impaired conduction and minimizing arrhythmogenesis in 

in vitro excitable tissue models under pathological conditions. Specifically, by using 

human codon optimization, we increased NavSheP D60A current density in HEK293 

cells by more than 5-fold (section 5.3.1). In addition, by inserting ER export motif from 

Kir2.1 channels to the C-termini of various BacNav orthologs, we enhanced channel 

trafficking to the plasma membrane of transfected cells (section 5.3.2). These two 

approaches are expected to apply to other orthologs in the expanding BacNav 

superfamily for use in specific applications, particularly those expressed at very low 

levels in their native states.  

Furthermore, we demonstrated the ability of NavSheP D60A to rescue conduction 

slowing in excitable tissues under pathological conditions (loss of excitability, depressed 

coupling, and fibrosis). In particular, while the depolarized inactivation kinetics of 

NavSheP D60A helped sustain conduction under hyperkalemic conditions where 

endogenous Nav1.5 was inactivated, the additional depolarizing charge supplied by 

these channels likely contributed to increased resistance to conduction failure at reduced 

gap junctional coupling (section 5.3.3). Overexpression of NavSheP D60A also 

significantly prolonged time to conduction block during regional ischemia (section 5.3.5) 

and could have potential benefits in reducing incidence of reperfusion-induced 

arrhythmias. Importantly, we demonstrated that NavSheP D60A augmented conduction 

in cultures simulating cardiac fibrosis and reduced incidence of reentry (section 5.3.4). 
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These promising results pave the way for future assessment of engineered BacNav in 

animal models of cardiac diseases such as myocardial infarction or atrial fibrillation.  
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6. Summary 
Since their discovery more than 15 years ago [13], prokaryotic Na+ channels 

have contributed greatly to understanding structure [16, 21], function [103, 106], and 

pharmacology [112] of the more complex eukaryotic VGSCs. Yet, it has remained 

unexplored if the large diversity and small gene size of BacNav could be employed to 

stably modify and augment the excitability of mammalian tissues, a feat difficult to 

achieve using large mammalian VGSCs. In this dissertation work, we presented a 

combined experimental and computational strategy for the use of BacNav channels in 

the de novo generation and control of mammalian tissue excitability. Our goal was to 

develop a versatile platform that would be cost-effective, applicable to a variety of cell 

types, and amenable to rapid production of large quantities of excitable cells for off-the-

shelf use. 

In a previous work from our group, we applied a non-viral stepwise expression of 

cardiac Na+ channel Nav1.5, inward rectifier K+ channel Kir2.1, and gap junctional protein 

connexin-43 (Cx43), combined with antibiotic selection, to generate a stable monoclonal 

HEK293 line capable of active action potential conduction [113]. Other proof-of-concept 

studies applied adenoviral expressions of mammalian VGSCs to induce or modify 

excitability in primary tissues [92, 99, 215]; however, these effects were transient and 

unsuitable for long-term studies or the development of antiarrhythmic gene therapies 

[92, 99]. While the use of split-intein-mediated protein trans-splicing strategy [100] might 

be adapted in the future to induce stable expression of mammalian VGSCs in primary 

cells, efficacy of this approach may be limited due to the need for co-transduction of two 

or more viruses to reconstitute functional channels. To circumvent the need for 

expressing large mammalian VGSCs, we exploited much smaller BacNav genes and 
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designed high-titer multi-cistronic lentiviruses encoding minimum sets of ion channels 

required for stable and efficient induction of excitability in primary cells. In Chapter 3, we 

developed an experimental platform for the screening of BacNav channels that yielded 

successful AP propagation when co-expressing with Kir2.1 and Cx43. Lentiviral 

transduction of selected BacNav (NavRosD G217A) and Kir2.1 channels in human 

fibroblasts resulted in strong exogenous currents, while Cx43 expression induced 

intercellular coupling within fibroblast networks. Of note, lentivirally expressed ion 

currents in all engineered fibroblasts were much larger than their endogenous currents. 

As such, resulting electrophysiological phenotype of engineered cells was relatively 

insensitive to the cell’s epigenetic state and both predictable in silico and for the most 

part reproducible among different cell types in vitro. Via co-transduction of lentiviruses 

encoding all three channels (NavRosD G217A, Kir2.1, and Cx43), we achieved for the 

first time stable generation of electrically excitable and actively conducting human 

fibroblast tissues.  

In Chapter 4, we sought to augment the excitability and CV of engineered 

fibroblasts by exploring a BacNav ortholog with fast kinetics – NavSheP [15]. Since the 

wild-type NavSheP channel exhibits a highly hyperpolarized voltage dependency of 

steady-state inactivation that yielded no AP propagation in our preliminary screen, we 

devised a strategy to shift the inactivation curves of NavSheP to more depolarized 

voltages. Using a combination of site-directed mutagenesis, patch clamp recordings, and 

computational modeling, we selected among a library of NavSheP mutants three 

channels which, upon co-expression with Kir2.1 and Cx43 in HDFs, yielded a 2.5-fold 

improvement in CV compared to NavRosD G217A. In addition, the use of fluorescent 

reporters in our multi-cistronic viruses allowed us to further purify transduced cells and 
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fine-tune their electrical properties via flow cytometry. Furthermore, we demonstrated 

that engineered fibroblasts exhibited robust and stable electrophysiological phenotypes 

upon extensive subculturing and myofibroblast conversion. The ability to generate 

actively conducting human ventricular fibroblasts suggested a potential therapeutic 

strategy whereby in situ fibroblast engineering could improve impaired conduction in 

fibrotic heart tissues. As proof of concept, we showed that well-coupled and excitable 

(but not weakly coupled and/or unexcitable) fibroblasts successfully restored normal 

neonatal rat cardiomyocyte conduction in an in vitro model of interstitial fibrosis. Of note 

is also that without the prominent Ca2+ currents, engineered fibroblasts are unlikely to 

spontaneously fire action potentials or be a source of triggered activity, which could 

potentially make them less arrhythmogenic compared to use of pluripotent stem cell-

derived cardiomyocytes [197, 324]. 

While showing valuable use in de novo generation of excitability upon co-

expression with other ion channels, BacNav could also be utilized to directly enhance or 

control mammalian excitability (Chapter 5). To obtain maximal efficacy of BacNav, we 

first sought to optimize their membrane expression in mammalian system. By adapting 

the codon usage bias of BacNav gene for optimized expression in human cells, we 

achieved ~5-fold increase in current density. Furthermore, by introducing to the C-

terminus of BacNav the ER export signal from Kir2.1, we largely reduced intracellular 

aggregation of the channels and further improved their membrane expression.  

We further demonstrated that transduction of mammalian excitable tissue 

cultures with engineered BacNav channel could augment or rescue conduction under 

healthy and pathological conditions. Specifically, expression of ShePA in excitable 

HEK293 tissue rescued impaired conduction under elevated extracellular concentration 
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or in the presence of the gap junction uncoupler palmitoleic acid. Furthermore, NRVM 

cultures transduced with ShePA virus displayed increased conduction velocity and 

increased resistance to conduction failure in an in vitro model of regional ischemia. 

Importantly, strong expression of BacNav in both cardiomyocytes and fibroblasts in 

fibrotic NRVM cultures resulted in enhanced conduction properties and reduced 

incidence of reentrant activity compared to control group. These results suggest that 

direct expression of BacNav via stable viral delivery could be utilized as a potential gene 

therapy for treatment of various excitability disorders, including atrial fibrillation and 

myocardial infarction.   

Basic studies in “lower” organisms, including prokaryotes, have led to versatile 

approaches to manipulate and study mammalian biology. Recent examples include 

optogenetics [325] and genome editing techniques [326] that, in addition to becoming 

powerful research tools, have been extensively investigated for potential medical 

applications. In line with these undertakings, the results shown in this dissertation 

support the expansion of prokaryotic ion channel research to basic studies of 

mammalian tissue excitability and potential development of new human therapies for 

excitability disorders. 



 

139 

7. Future Applications 
7.1 Altering BacNav biophysical properties via genetic modifications 

In addition to maximizing membrane expression level of engineered BacNav, 

further improvement in conduction properties of BacNav-expressing tissues could be 

achieved via manipulating biophysical properties of these channels. In Chapter 4, we 

demonstrated that mutations in the E43 or D60 residues of NavSheP significantly 

depolarized its voltage-dependent inactivation, enabling it to activate within the intended 

voltage range. In this section, we further discuss other genetic manipulations of 

NavSheP that could potentially enhance conduction velocity of engineered cells 

expressing these channels. 

As we showed in Chapter 4, replacing NavRosD with NavSheP variants with 

faster kinetics significantly improved AP upstroke and conduction velocity of engineered 

tissues. Thus, it is plausible that additional improvement in CV could be achieved via 

further speeding up of NavSheP activation kinetics. This could be potentially achieved 

via mutations in the “glycine hinge” of the S6 segment, which has been shown to play 

important roles in regulating gating kinetics in some BacNav orthologs [15]. Moreover, 

recent studies have found two critical residues on the S2 and S3 transmembrane 

segments of the DI-DIII domains in mammalian VGSCs that are essential for the fast 

gating kinetics of these channels [327]. Sequence alignment revealed that, while these 

two residues are hydrophilic in DI-DIII of all mammalian VGSCs, they are predominantly 

hydrophobic in DIV (which displays slower activation kinetics than DI-DIII) and other 

voltage-gated ion channels including BacNav channels. Replacing these residues with 

hydrophilic amino acids was shown to speed up activation of Nav1.4 DIV and Shaker Kv 

channel. Our preliminary results in NavSheP D60A suggest that similar mutations at one 
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of these two residues (L64T) could indeed accelerate both activation and inactivation 

kinetics (Chapter 8).  

Alternatively, mimicking fast activation kinetics of mammalian VGSCs could 

potentially be achieved via utilizing the entire opening mechanism of these channels. As 

described in section 2.2.1, mammalian Nav channels are heterotetrameric, consisting of 

four homologous domains (DI-DIV), each of which is structurally similar to the region 

encompassing the transmembrane segments (S1-S6) of BacNav. Therefore, hybrid 

homotetrameric Nav channels could be constructed to contain the N-terminal (S1N) and 

C-terminal (CTD) domains of BacNav channel with each of the DI-DIII domains of 

mammalian VGSC such as Nav1.5 (DIV is likely less beneficial due to its slower 

activation kinetics as discussed earlier). Since the hybrid channels would contain both 

the voltage-sensing domain and pore domain (PD) from Nav1.5, it is plausible that they 

would also inherit its rapid activation mechanism, a process known to involve intimate 

interactions between these two domains. On the other hand, since the CTD plays critical 

roles in channel assembly and stability of the tetrameric structure in BacNav, its inclusion 

could ensure successful tetrameric assembly of the hybrid channels. This remains to be 

further studied. 

Furthermore, using the core conductor model developed in Chapter 4, we tested 

the effects of individually shifting activation and inactivation curves of wild-type NavSheP 

on CV. As expected, higher CV could be achieved with smaller shift in activation, and 

larger shift in inactivation (Figure 7.1). The D60 mutants belong to an area where 

maximal CV is ~ 20 cm/s, consistent with the experimental value observed in the 

monoclonal HEK293 line with highest CV to date (section 4.3.9). Modeling results predict 

that further improvement in CV could be achieved by left-shifting the activation curves of 
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existing D60 mutants without significant change in inactivation. Previous studies showed 

that replacing the highly conserved residues (E70 and D91) of the intracellular negative 

charge cluster (INC) of BacNav VSD with positively charged amino acids shifted 

activation midpoint to more hyperpolarized voltages [249]. In addition, substituting the 

negatively charged residues in the neck region of the CTD into glycine was shown to 

destabilize the helix conformation of this region, decreasing the depolarization energy 

required for channel opening, and left-shifting activation as a result [105]. Preliminary 

results show that the E238G/E239G double mutation significantly shifted NavSheP 

activation to more hyperpolarized potentials (Chapter 8). Furthermore, a recent study by 

Arrigoni et al. showed that BacNav CTD plays a critical role in voltage dependence of 

activation [122], suggesting CTD swapping with another ortholog exhibiting more 

hyperpolarized activation curve could provide another method to decrease activation 

threshold of NavSheP D60 mutants. 
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Figure 7.1. Predicted CVs of engineered Kir2.1+Cx43 HEK293 model corresponding to 
independent shifts in activation and inactivation curves of NavSheP. The area formed by red 
lines indicates where all NavSheP D60 mutants locate. 

 

7.2 BacNav-based gene therapy for atrial fibrillation 

 Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia in 

developed countries, projected to affect more than 10 million patients in the US by 2050 

[328] and 17.9 million people in the European Union by 2060 [329]. AF has been 

associated with an increased risk of stroke [330], dementia [331], congestive heart 

failure [332], and premature death [333]. Currently available therapies for sinus rhythm 

restoration and/or ventricular rate control by pharmacological or ablation therapies are 

suboptimal. Specifically, antiarrhythmic drugs carry risks of pro-arrhythmia and non-

cardiovascular toxicities [334]. Ablation therapy on the other hand suffers from frequent 

recurrences, complex procedure, and high risk for severe complications (including 

mortality) [335]. Novel gene-based therapies may be sufficient to recover normal 
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automaticity under specific circumstance and convey long-term therapy to counter high 

recurrence rate of AF and high overall morbidity and mortality.  

The complex mechanisms underlying arrhythmias and the growing 

understanding of their molecular bases makes gene therapy viable treatment option for 

patients with difficult-to-manage acquired arrhythmias and inherited arrhythmias. Current 

gene therapies targeting atrial fibrillation have been aimed at decreasing fibrosis or 

overexpressing genes that would enhance electrical connectivity of the cells (e.g. 

connexin-43 [321]) or alter refractory period of action potential (e.g. dominant-negative 

mutant channel KCNH2 G628S [336]). Alternatively, increasing excitability of diseased 

atrial tissue could improve action potential conduction and act to short-circuit re-entrant 

activity that underlies sustained arrhythmias. However, no methods (pharmacological or 

gene therapy based) currently exist to increase depolarizing currents and yield gain of 

excitability in excitable or unexcitable tissues. Our in vitro data presented in Chapter 5 

suggest that direct expression of engineered BacNav could augment excitability and 

reduce incidence of reentry in cardiac tissue. Thus, viral delivery of BacNav into atria 

could provide potential treatment for atrial fibrillation. Unlike overexpression of connexin-

43 or potassium channels, overexpression of BacNav could increase cardiomyocyte 

excitability, and consequently, velocity of action potential conduction, without any 

foreseeable pro-arrhythmic effects. 

The thin atrial wall, complex atrial geometry, and lack of an isolated blood supply have 

hindered efficient viral delivery to the atrium via coronary artery perfusion or direct 

epicardial injection. One method to overcome this challenge is to use the epicardial gene 

painting method [321, 336, 337] for atrial delivery of BacNav viruses. This technique 

involves applying viral particles in a mixture of 20% poloxamer F127 and 0.5% trypsin 
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onto the heart surface. Poloxamer polymerizes as the mixture warms up upon being 

“painted” on the heart, forming a gel to prolong contact of viral particles and epicardial 

surface; while trypsin enables transmural penetration. This technique has been utilized 

to allow complete transmural gene transfer in porcine and canine atria as well as murine 

sinoatrial node. Overall, future work combining: 1) BacNav engineering to optimize 

channel kinetics and membrane expression, 2) co-transduction with other genes such as 

Kir2.1 or connexin-43 to further enhance AP conduction, 3) application of specific 

promoters to target cardiomyocytes only or multiple cells types, and 4) gene painting to 

efficiently deliver adeno-associated virus to large number of atrial cells are expected to 

yield a novel translatable strategy for permanent termination of chronic AF.    

7.3 Gene- and cell-based therapies for myocardial infarction 

 The results from our in vitro interstitial fibrosis studies (section 4.3.8) show the 

obvious benefits that actively conducting engineered cells have on cardiac conduction 

compared to unexcitable cells. Based on these promising preliminary results and the 

previous works from our group [113-115], we hypothesize that the presence of actively 

conducting fibroblasts in the infarcted heart could potentially synchronize activity of 

surrounding cardiomyocytes to both reduce incidence of arrhythmias and improve 

cardiac contractile function. This could be achieved either as cell therapy (via 

implantation of engineered fibroblast tissue patch) or gene therapy (via injection of 

viruses encoding the selected ion channels into infarct area). 

For gene-based approach, a proof-of-concept experiment involving injection of 

retroviruses containing optimal channel combination into the infarcted area of a mouse 

heart could be performed to demonstrate selective engineering of resident cardiac 

fibroblasts into electrically excitable and actively conducting cells. Retrovirus would be 
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an initial delivery method as it has been recently used by our collaborator Dr. Qian [201] 

and others [200], to specifically transduce and reprogram proliferating non-myocytes 

(mainly fibroblasts) in the heart into cardiomyocyte-like cells. However, we are also 

aware that retroviral vectors will not be efficacious for delivery in humans; therefore, if 

the outcomes of the mouse studies are promising, future testing in larger animal models 

would need to involve the design of cardiac fibroblast-specific AAV serotypes [338] 

and/or the use of fibroblast specific promoters. In the event that direct myocardial 

injection does not yield desirable expression profile, the gene painting method could be 

optimized to yield efficient gene delivery to epicardial epithelium which has been shown 

as the major source of cardiac fibroblasts after myocardial infarction [339].  

In our experiments, the fastest conduction in engineered cells was achieved by 

combining strong expressions of NavSheP D60A and Cx43 with weak expression of 

Kir2.1, yielding a monoclonal line of HEK293 cells exhibiting CV restitutions and MCR 

similar to those of NRVMs (section 4.3.9). Based on these results, for the proof-of-

concept cell and gene therapy studies, one could generate two ultra-high titer 

multicistronic viruses [201], one encoding selected BacNav, Cx43, and ArcLight Q239A 

[149] driven by the strong CAG promoter and another encoding Kir2.1 and mCherry 

driven under the weak pGK promoter. The use of genetically-encoded voltage indicator 

ArcLight Q239A would enable labelling of engineered cells and allow assessment of 

their functional integration with host cardiomyocytes by optical mapping of action 

potentials. 

7.4 Gene therapy for voltage-gated calcium channel disorders 

 Similar to VGSCs, voltage-gated calcium channels (VGCCs) play many important 

roles in both excitable and unexcitable cells, such as mediating action potential shape 
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and pacemaker activities, activating muscle contraction and neurotransmitter release, 

initiating hormone secretion, and regulating enzyme activities and gene expression 

[340]. Thus, loss-of-function mutations in VGCCs have been linked with various neuronal 

[341-343], neuromuscular [344, 345], cardiac [346-348], and skeletal muscle disorders 

[349, 350] (Table 7.1). Furthermore, auto-antibodies targeting VGCCs at the 

neuromuscular junctions have been implicated in Lambert-Eaton Myasthenic Syndrome 

(LEMS) [351] and Amyotrophic Lateral Sclerosis (ALS) [352]. As VGSCs and VGCCs 

share a common prokaryotic ancestor [353], they are structurally analogous. Similar to 

VSGCs, the pore-forming α1 subunits of VGCCs is comprised of a single polypeptide 

chain of ~2000 residues, containing four homologous domains (DI-DIV) [340]. As a 

result, gene therapies for VGCC dysfunctions are also hindered by the inability to 

package the large VGCC gene into viral vectors that allow stable gene expression [100]. 

Soon after the discovery of the first BacNav orthologs, data from sequence analysis, 

crystallographic studies, and patch clamp recordings have revealed many similarities in 

the structure, kinetics, and pharmacology between BacNav and VGCC [13], suggesting 

that both eukaryotic VGSCs and VGCCs are likely descendants of prokaryotic sodium 

channels [17, 132]. Furthermore, these similarities enabled the conversion of BacNav 

into Ca2+-selective channel (BacCav) simply by substituting three amino acid residues of 

the selectivity filter with Aspartate [20, 118, 244]. Since the selectivity filter sequence is 

very well-conserved among BacNav superfamily, it is plausible that one could convert 

any BacNav of interest into BacCav without modifying other biophysical properties of the 

channel. The experimental and computational framework developed in this dissertation 

work for BacNav channels could potentially be applied to engineer BacCav channels 

towards development of new therapies for various VGCC disorders. 
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Table 7.1. VGCC loss-of-function channelopathies 

Channelophathies Channels involved References 

Incomplete X-linked Congenital Stationary 
Night Blindness (IXLCSNB) Cav1.4 [341, 342] 

X-linked Cone-Rod Dystrophy (CORDX) Cav1.4 [343] 

Episodic Ataxia Type 2 (EA2) Cav1.2 [344, 345] 

Hypokalemic periodic paralysis Cav1.1 [349, 350] 

Sinoatrial dysfunction (bradycardia) and 
deafness (SANDD) Cav1.3 [348] 

Short QT syndromes (SQTS4-6) Cav1.2 and subunits [346, 347] 

 

7.5 Generation of biological pacemaker cells 

 As introduced in section 2.1.3, normal heart rhythm originates from a small 

region in the right atrium called the sinoatrial node (SAN). The SAN contains thousands 

of specialized cardiac pacemaker cells able to autonomously generate periodic electrical 

activity that is further modulated by inputs from the nervous system (e.g. during sleep or 

running). Malfunctioning of the SAN can be life-threatening, requiring the implantation of 

more than 300,000 electronic pacemakers a year in the US alone [354]. While extremely 

valuable, electronic pacemaking has significant limitations including suboptimal 

neurohormonal regulation, limited battery life, risk of infection, electromagnetic 

interference from other devices, no adaptation to growth in pediatric patients, and high 

cost [355, 356]. This has prompted the development of gene- and cell-based 

approaches to replace or complement electronic pacemakers. 

Cell therapies, in particular, have used the direct injection of pacemaking 

cardiomyocytes derived from embryonic/induced pluripotent stem cells [267, 357, 358] or 
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genetically modified cell platforms [359, 360] to introduce pacemaking function upon 

coupling with host cells. The use of pluripotent stem cell derivatives, in particular, may 

involve risks of inflammation, neoplasia, phenotypic instability, or arrhythmias [193, 361, 

362]. An alternative approach would be to use terminally differentiated somatic cells 

converted to pacemaker cells using genetic engineering approaches and framework 

developed in this thesis. Indeed, our preliminary modeling, dynamic clamp, and 

experimental results suggested that de novo generation of pacemaking tissues from 

unexcitable cells is possible via expression of a minimum set of three ion channels: a 

HCN channel for diastolic depolarization phase, a sodium channel for upstroke phase, 

and a potassium channel for repolarization phase (Figure 7.2).  

Gene-based approaches, on the other hand, have focused on conversion of 

native working cardiomyocytes into spontaneously pacemaking cells via boosting the 

diastolic depolarization phase [99, 363-367], decreasing the hyperpolarizing electrical 

load from endogenous Kir2.1 [368], or direct reprogramming via transcription factor 

Tbx18 [369, 370]. The Tbx18 approach, in particular, has met with initial success in 

porcine studies, however, it remains to be seen if employed adenoviral gene transfer will 

result in the long-term maintenance of pacemaking function. Thus far, the most robust 

outcomes were observed when HCN2 and Nav1.4 adenoviruses were co-injected into 

the left-bundle branch of pig heart [99, 371]. Here, the superior pacemaking activity 

achieved via co-expression of these two channels (compared to HCN2 expression 

alone) was attributed to the more depolarized inactivation of Nav1.4 compared to 

endogenous Nav1.5, which provided greater sodium channel availability during diastole, 

bringing threshold potential closer to the maximum diastolic potential of pacemaking 

[99]. However, pacemaker function quickly declined over the course of several weeks, 
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due to the transient nature of adenoviral expression. The clinical applicability of the 

aforementioned study, therefore, has been limited by the large gene size of Nav1.4. As 

shown in section 5.3.3, the inactivation curve of NavSheP D60A channel also exhibited 

~10mV depolarization shift compared to Nav1.5. Thus, it is conceivable that NavSheP 

D60A could be utilized in combination with specific HCN channel to boost pacemaker 

activity in working cardiomyocytes. The small gene size of NavSheP D60A would also 

allow both channels to be packaged in multi-cistronic lentiviral or AAV vectors to achieve 

long-term pacing. Moreover, since rapid AP upstroke and conduction are not needed for 

native pacemaker cells as they predominantly rely on the slow calcium current (as 

opposed to rapid sodium current) for the upstroke phase, other BacNav orthologs could 

be potentially used for this purpose despite their slower activation kinetics compared to 

NavSheP.  

 

 

Figure 7.2. Engineering biological pacemakers. (A) Computational model of a biosynthetic 
pacemaker cell with 3 ion channels (BacNav, HCN2, hERG) with traces of spontaneous AP (top) 
and contribution by each ionic current (bottom). (B) Pacemaking activity displayed by HEK293 cell 
stably expressing Nav1.5 and Kir2.1 when connected to model of spHCN channel via dynamic-
clamp. (C) Spontaneous APs in Ex293 cells expressing HCN2 and ArcLight Q239 were detected 
as oscillating fluorescence signals via Andor’s iXon ECCMD camera.  

 



 

150 

8. Appendices 
Appendix I: Codon optimized NavSheP D60A DNA sequences 

bShePA: 
ATGAGTACATCTTTACTTAACGCGCCAACGGGTTTGCAGGCACGAGTGATTAACTTGGTTGAGCAAAAC
TGGTTTGGTCATTTTATTTTGGCATTGATTTTAATCAACGCGGTGCAGTTAGGTATGGAGACCTCAGCCA
GCCTGATGGCGCAATACGGTACTTTGTTGATGAGTCTTGATAAGTTGCTACTGAGTGTATTTGTGGTGG
AGTTATTGCTGCGGATTTATGCCTACAGGGGGAAATTTTTTAAAGACCCTTGGAGCGTGTTCGATTTTAC
CGTGATAGTGATAGCACTGATCCCTGCATCTGGGCCATTGGCTGTCCTGCGTTCGCTCAGGGTATTGC
GGGTGCTGAGAGTGTTAACAATTGTGCCATCAATGAAACGGGTGGTGTCTGCGCTGTTGGGATCACTT
CCTGGATTGGCATCGATCGCCACGGTATTACTGTTGATTTATTATGTGTTTGCGGTGATTGCTACCAAAA
TTTTTGGCGATGCATTCCCTGAATGGTTTGGCACTATTGCTGACTCATTTTATACCCTATTTCAAATAATG
ACGCTTGAAAGCTGGTCTATGGGAATTTCGCGGCCAGTGATGGAAGTGTACCCTTATGCTTGGGTATTT
TTCGTACCATTTATTCTGGTAGCGACTTTCACAATGCTAAATTTGTTTATTGCGATTATCGTCAATACCAT
GCAAACCTTCAGCGACGAAGAGCATGCATTAGAGCGTGAACAAGACAAACAAATCTTAGAGCAGGAAC
AAAGACAAATGCACGAGGAGTTGAAAGCCATCAGACTCGAGCTACAACAATTACAAACCTTGTTGCGCA
ATGCTGCTGGTGATTCTTCTAATGTGTCGACAAAGGGAAACATTGGTTCTGACTGA 
 
hShePA: 
ATGTCAACCTCACTGCTGAACGCTCCAACTGGGCTGCAGGCAAGAGTCATCAATCTGGTCGAACAGAA
CTGGTTTGGGCACTTTATTCTGGCACTGATCCTGATTAACGCAGTGCAGCTGGGAATGGAGACCAGCG
CCTCCCTGATGGCACAGTACGGAACACTGCTGATGTCCCTGGCAAAGCTGCTGCTGAGCGTGTTCGTG
GTCGAACTGCTGCTGCGAATCTACGCCTATCGGGGCAAGTTCTTTAAAGACCCCTGGAGCGTGTTCGA
CTTCACCGTGATCGTCATTGCCCTGATTCCAGCTAGTGGACCTCTGGCCGTGCTGCGGTCACTGAGAG
TGCTGAGGGTCCTGCGCGTGCTGACAATCGTGCCTAGCATGAAGAGGGTGGTCTCAGCTCTGCTGGG
CAGCCTGCCAGGACTGGCATCCATCGCTACTGTGCTGCTGCTGATCTACTATGTCTTCGCAGTGATCG
CCACTAAAATTTTCGGAGACGCTTTTCCCGAGTGGTTCGGCACCATCGCAGATTCTTTTTATACACTGTT
CCAGATCATGACTCTGGAGTCTTGGAGTATGGGCATCAGTCGCCCAGTCATGGAAGTGTACCCCTATG
CCTGGGTCTTCTTTGTGCCTTTTATTCTGGTCGCCACCTTCACAATGCTGAACCTGTTTATCGCTATCAT
TGTGAATACTATGCAGACCTTTAGCGACGAGGAACACGCTCTGGAGCGAGAACAGGATAAGCAGATTC
TGGAGCAGGAACAGAGACAGATGCATGAGGAACTGAAAGCAATCAGGCTGGAGCTGCAGCAGCTGCA
GACACTGCTGAGAAACGCTGCTGGCGATTCATCAAACGTGTCCACTAAAGGAAACATTGGCTCTGACT
GA 
 
h2ShePA: 
ATGTCAACCTCCCTTCTGAACGCCCCCACCGGTCTGCAAGCCCGCGTCATCAACCTGGTCGAACAGAA
CTGGTTCGGCCACTTCATCCTCGCACTGATTCTCATTAACGCCGTGCAGCTTGGAATGGAAACTAGCGC
GTCCCTGATGGCTCAATACGGCACACTGCTCATGAGCCTGGCGAAGCTGCTCCTGTCCGTGTTCGTGG
TGGAACTGTTGCTGCGGATCTATGCGTACCGCGGAAAATTCTTCAAGGATCCATGGAGCGTGTTCGACT
TTACTGTGATTGTGATCGCACTCATCCCGGCCTCGGGACCGCTCGCCGTGCTCCGGTCACTGAGAGTC
CTGAGGGTGCTCAGAGTGCTGACCATTGTGCCTAGCATGAAGCGCGTGGTGTCCGCCCTGTTGGGATC
CCTGCCGGGTTTGGCTTCGATTGCCACTGTGCTGCTCCTGATCTACTACGTGTTCGCCGTCATTGCCAC
TAAGATTTTCGGCGACGCCTTTCCTGAGTGGTTCGGAACCATCGCTGACTCTTTCTACACCTTGTTCCA
AATCATGACCCTGGAATCCTGGTCCATGGGGATTTCGAGGCCCGTGATGGAGGTGTACCCTTACGCCT
GGGTGTTCTTCGTCCCCTTCATCCTTGTCGCAACCTTCACCATGCTTAACCTGTTTATCGCCATCATCGT
GAACACGATGCAGACCTTCTCCGATGAAGAACATGCGCTGGAGCGGGAACAGGACAAGCAGATCCTG
GAGCAGGAACAGCGGCAGATGCACGAGGAGCTGAAGGCCATCCGGCTGGAGCTGCAGCAGCTCCAA
ACTCTGCTGCGCAACGCGGCCGGAGATTCAAGCAATGTGTCGACCAAGGGGAACATCGGCTCCGACT
GA 
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Appendix II: Genetic manipulations for altering BacNav biophysical 
properties 

 Over the course of this PhD project, we have investigated the effects of various 

mutations at different residues on BacNav sequence with the primary goal of improving 

conduction properties of engineered tissues. While some mutations worked as intended, 

others yielded undesirable side effects or in some cases, completely non-functional 

channels. This appendix thus serves to keep the records of both mutations that have 

been tested and those not yet tested but potentially beneficial (Table 8.1). The residue 

number refers to NavSheP sequence unless indicated otherwise. Patch clamp results of 

some tested mutants are also listed in Figure 8.1. 

 

 

Figure 8.1. Patch clamp analysis of NavSheP mutations. (A-C) L64T mutation in codon-
optimized NavSheP D60A (h2ShePA) channel sped up both activation (A) and inactivation (B) 
kinetics; however, this mutation also rendered inactivation curve more hyperpolarized (C). (D) 
Lowering activation threshold of NavSheP D60R channel via E238G/E239G double mutation (2G2).  
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Table 8.1. Genetic manipulations for altering BacNav biophysical properties 

Mutation Intended effects Observed effects Ref. 
Altering voltage dependencies of activation and inactivation 

D60X Right-shifted inactivation (via 
substitution into neutral and 
positive amino acids) 

Worked. Activation also left-
shifted but acceptable. 

[237] 

E43X Right-shifted inactivation (via 
substitution into neutral and 
positive amino acids) 

Worked. Too depolarized 
activation 

[237] 

E70X or 
D91X 

Left-shifted activation (via 
substitution into neutral and 
positive amino acids) 

No detectable current when 
combined with D60A mutation 

[249] 

D237G 
E238G 
E239G 

Left-shifted activation  Worked (esp. E238G/E239G 
double mutation). Slowed down 
kinetics 

[105] 

M232A Left-shifted activation Not yet tested [105] 
R110C 
R113C 
R116C 
R119C 

These are gating charges of 
VSD. Right-shifted inactivation 
via neutralization 

Not yet tested [372] 

Swapping 
CTD 

Mimicking activation of CTD 
donor 

Not yet tested [122] 

Speeding up gating kinetics 
L64T Faster activation and 

inactivation kinetics via 
substitution into hydrophilic 
amino acids 

Worked, but too hyperpolarized 
inactivation shift 

[327] 

F218A Faster activation and 
inactivation kinetics 

No detectable current when 
combined with E43A. 

 

A216G Faster inactivation Not yet tested [15] 
Hybrid 
channel 

Combining S1-S6 of 
mammalian Nav with S1N and 
CTD of BacNav to mimic 
mammalian kinetics 

  

 

   



 

153 

References   
 
[1] W.A. Catterall, A.L. Goldin, S.G. Waxman, International Union of Pharmacology. 
XLVII. Nomenclature and structure-function relationships of voltage-gated sodium 
channels, Pharmacological reviews, 57 (2005) 397-409. 

[2] A.L. George, Jr., Inherited disorders of voltage-gated sodium channels, The Journal 
of clinical investigation, 115 (2005) 1990-1999. 

[3] J. Weiss, M. Pyrski, E. Jacobi, B. Bufe, V. Willnecker, B. Schick, P. Zizzari, S.J. 
Gossage, C.A. Greer, T. Leinders-Zufall, C.G. Woods, J.N. Wood, F. Zufall, Loss-of-
function mutations in sodium channel Nav1.7 cause anosmia, Nature, 472 (2011) 186-
190. 

[4] C. Lossin, T.H. Rhodes, R.R. Desai, C.G. Vanoye, D. Wang, S. Carniciu, O. 
Devinsky, A.L. George, Jr., Epilepsy-associated dysfunction in the voltage-gated 
neuronal sodium channel SCN1A, The Journal of neuroscience : the official journal of 
the Society for Neuroscience, 23 (2003) 11289-11295. 

[5] K. Kamiya, M. Kaneda, T. Sugawara, E. Mazaki, N. Okamura, M. Montal, N. Makita, 
M. Tanaka, K. Fukushima, T. Fujiwara, Y. Inoue, K. Yamakawa, A nonsense mutation of 
the sodium channel gene SCN2A in a patient with intractable epilepsy and mental 
decline, The Journal of neuroscience : the official journal of the Society for 
Neuroscience, 24 (2004) 2690-2698. 

[6] S.J. Sanders, M.T. Murtha, A.R. Gupta, J.D. Murdoch, M.J. Raubeson, A.J. Willsey, 
A.G. Ercan-Sencicek, N.M. DiLullo, N.N. Parikshak, J.L. Stein, M.F. Walker, G.T. Ober, 
N.A. Teran, Y. Song, P. El-Fishawy, R.C. Murtha, M. Choi, J.D. Overton, R.D. Bjornson, 
N.J. Carriero, K.A. Meyer, K. Bilguvar, S.M. Mane, N. Sestan, R.P. Lifton, M. Gunel, K. 
Roeder, D.H. Geschwind, B. Devlin, M.W. State, De novo mutations revealed by whole-
exome sequencing are strongly associated with autism, Nature, 485 (2012) 237-241. 

[7] J.D. Kapplinger, D.J. Tester, M. Alders, B. Benito, M. Berthet, J. Brugada, P. 
Brugada, V. Fressart, A. Guerchicoff, C. Harris-Kerr, S. Kamakura, F. Kyndt, T.T. 
Koopmann, Y. Miyamoto, R. Pfeiffer, G.D. Pollevick, V. Probst, S. Zumhagen, M. Vatta, 
J.A. Towbin, W. Shimizu, E. Schulze-Bahr, C. Antzelevitch, B.A. Salisbury, P. 
Guicheney, A.A. Wilde, R. Brugada, J.J. Schott, M.J. Ackerman, An international 
compendium of mutations in the SCN5A-encoded cardiac sodium channel in patients 
referred for Brugada syndrome genetic testing, Heart rhythm : the official journal of the 
Heart Rhythm Society, 7 (2010) 33-46. 

[8] D. Hu, H. Barajas-Martinez, R. Pfeiffer, F. Dezi, J. Pfeiffer, T. Buch, M.J. 
Betzenhauser, L. Belardinelli, K.M. Kahlig, S. Rajamani, H.J. DeAntonio, R.J. Myerburg, 
H. Ito, P. Deshmukh, M. Marieb, G.B. Nam, A. Bhatia, C. Hasdemir, M. Haissaguerre, C. 
Veltmann, R. Schimpf, M. Borggrefe, S. Viskin, C. Antzelevitch, Mutations in SCN10A 
are responsible for a large fraction of cases of Brugada syndrome, Journal of the 
American College of Cardiology, 64 (2014) 66-79. 



 

154 

[9] K. Jurkat-Rott, N. Mitrovic, C. Hang, A. Kouzmekine, P. Iaizzo, J. Herzog, H. Lerche, 
S. Nicole, J. Vale-Santos, D. Chauveau, B. Fontaine, F. Lehmann-Horn, Voltage-sensor 
sodium channel mutations cause hypokalemic periodic paralysis type 2 by enhanced 
inactivation and reduced current, Proceedings of the National Academy of Sciences of 
the United States of America, 97 (2000) 9549-9554. 

[10] D.E. Bulman, K.A. Scoggan, M.D. van Oene, M.W. Nicolle, A.F. Hahn, L.L. Tollar, 
G.C. Ebers, A novel sodium channel mutation in a family with hypokalemic periodic 
paralysis, Neurology, 53 (1999) 1932-1936. 

[11] J.A. Black, S.G. Waxman, Noncanonical roles of voltage-gated sodium channels, 
Neuron, 80 (2013) 280-291. 

[12] W.A. Catterall, From ionic currents to molecular mechanisms: the structure and 
function of voltage-gated sodium channels, Neuron, 26 (2000) 13-25. 

[13] D. Ren, B. Navarro, H. Xu, L. Yue, Q. Shi, D.E. Clapham, A prokaryotic voltage-
gated sodium channel, Science, 294 (2001) 2372-2375. 

[14] R. Koishi, H. Xu, D. Ren, B. Navarro, B.W. Spiller, Q. Shi, D.E. Clapham, A 
superfamily of voltage-gated sodium channels in bacteria, The Journal of biological 
chemistry, 279 (2004) 9532-9538. 

[15] K. Irie, K. Kitagawa, H. Nagura, T. Imai, T. Shimomura, Y. Fujiyoshi, Comparative 
study of the gating motif and C-type inactivation in prokaryotic voltage-gated sodium 
channels, The Journal of biological chemistry, 285 (2010) 3685-3694. 

[16] J. Payandeh, T. Scheuer, N. Zheng, W.A. Catterall, The crystal structure of a 
voltage-gated sodium channel, Nature, 475 (2011) 353-358. 

[17] K. Charalambous, B.A. Wallace, NaChBac: the long lost sodium channel ancestor, 
Biochemistry, 50 (2011) 6742-6752. 

[18] T.N. Vien, P.G. DeCaen, Biophysical Adaptations of Prokaryotic Voltage-Gated 
Sodium Channels, Curr Top Membr, 78 (2016) 39-64. 

[19] J. Payandeh, D.L. Minor, Jr., Bacterial Voltage-Gated Sodium Channels (BacNas) 
from the Soil, Sea, and Salt Lakes Enlighten Molecular Mechanisms of Electrical 
Signaling and Pharmacology in the Brain and Heart, Journal of molecular biology, 
(2014). 

[20] D. Shaya, M. Kreir, R.A. Robbins, S. Wong, J. Hammon, A. Bruggemann, D.L. 
Minor, Jr., Voltage-gated sodium channel (NaV) protein dissection creates a set of 
functional pore-only proteins, Proceedings of the National Academy of Sciences of the 
United States of America, 108 (2011) 12313-12318. 



 

155 

[21] X. Zhang, W. Ren, P. DeCaen, C. Yan, X. Tao, L. Tang, J. Wang, K. Hasegawa, T. 
Kumasaka, J. He, J. Wang, D.E. Clapham, N. Yan, Crystal structure of an orthologue of 
the NaChBac voltage-gated sodium channel, Nature, 486 (2012) 130-134. 

[22] B. Hille, Ion channels of excitable membranes, 3rd ed., Sinauer, Sunderland, Mass., 
2001. 

[23] D.C. Gadsby, Ion channels versus ion pumps: the principal difference, in principle, 
Nature reviews. Molecular cell biology, 10 (2009) 344-352. 

[24] W.A. Catterall, Structure and function of voltage-sensitive ion channels, Science, 
242 (1988) 50-61. 

[25] M.O. Ortells, G.G. Lunt, Evolutionary history of the ligand-gated ion-channel 
superfamily of receptors, Trends Neurosci, 18 (1995) 121-127. 

[26] U.B. Kaupp, R. Seifert, Cyclic nucleotide-gated ion channels, Physiological reviews, 
82 (2002) 769-824. 

[27] G. Nagel, D. Ollig, M. Fuhrmann, S. Kateriya, A.M. Musti, E. Bamberg, P. 
Hegemann, Channelrhodopsin-1: a light-gated proton channel in green algae, Science, 
296 (2002) 2395-2398. 

[28] G. Nagel, T. Szellas, W. Huhn, S. Kateriya, N. Adeishvili, P. Berthold, D. Ollig, P. 
Hegemann, E. Bamberg, Channelrhodopsin-2, a directly light-gated cation-selective 
membrane channel, Proceedings of the National Academy of Sciences of the United 
States of America, 100 (2003) 13940-13945. 

[29] F. Sachs, Stretch-activated ion channels: what are they?, Physiology, 25 (2010) 50-
56. 

[30] A. Patapoutian, A.M. Peier, G.M. Story, V. Viswanath, ThermoTRP channels and 
beyond: mechanisms of temperature sensation, Nat Rev Neurosci, 4 (2003) 529-539. 

[31] B. Martinac, Y. Saimi, C. Kung, Ion channels in microbes, Physiological reviews, 88 
(2008) 1449-1490. 

[32] M. Ito, H. Xu, A.A. Guffanti, Y. Wei, L. Zvi, D.E. Clapham, T.A. Krulwich, The 
voltage-gated Na+ channel NaVBP has a role in motility, chemotaxis, and pH 
homeostasis of an alkaliphilic Bacillus, Proceedings of the National Academy of 
Sciences of the United States of America, 101 (2004) 10566-10571. 

[33] T.J. Jentsch, C.A. Hubner, J.C. Fuhrmann, Ion channels: function unravelled by 
dysfunction, Nat Cell Biol, 6 (2004) 1039-1047. 

[34] M.D. Cahalan, K.G. Chandy, The functional network of ion channels in T 
lymphocytes, Immunol Rev, 231 (2009) 59-87. 



 

156 

[35] O.H. Petersen, Stimulus-secretion coupling: cytoplasmic calcium signals and the 
control of ion channels in exocrine acinar cells, J Physiol, 448 (1992) 1-51. 

[36] A.L. Hodgkin, A.F. Huxley, A quantitative description of membrane current and its 
application to conduction and excitation in nerve, J Physiol, 117 (1952) 500-544. 

[37] C.H. Luo, Y. Rudy, A dynamic model of the cardiac ventricular action potential. I. 
Simulations of ionic currents and concentration changes, Circ Res, 74 (1994) 1071-
1096. 

[38] L. Barr, M.M. Dewey, W. Berger, Propagation of Action Potentials and the Structure 
of the Nexus in Cardiac Muscle, The Journal of general physiology, 48 (1965) 797-823. 

[39] A.G. Kleber, Y. Rudy, Basic mechanisms of cardiac impulse propagation and 
associated arrhythmias, Physiological reviews, 84 (2004) 431-488. 

[40] A.O. Grant, Cardiac ion channels, Circulation. Arrhythmia and electrophysiology, 2 
(2009) 185-194. 

[41] A.S. Dhamoon, J. Jalife, The inward rectifier current (IK1) controls cardiac 
excitability and is involved in arrhythmogenesis, Heart rhythm : the official journal of the 
Heart Rhythm Society, 2 (2005) 316-324. 

[42] J.M. Nerbonne, C.G. Nichols, T.L. Schwarz, D. Escande, Genetic manipulation of 
cardiac K(+) channel function in mice: what have we learned, and where do we go from 
here?, Circ Res, 89 (2001) 944-956. 

[43] A. Fabiato, Calcium-induced release of calcium from the cardiac sarcoplasmic 
reticulum, Am J Physiol, 245 (1983) C1-14. 

[44] M. Baruscotti, A. Bucchi, D. Difrancesco, Physiology and pharmacology of the 
cardiac pacemaker ("funny") current, Pharmacol Ther, 107 (2005) 59-79. 

[45] D. DiFrancesco, Pacemaker mechanisms in cardiac tissue, Annu Rev Physiol, 55 
(1993) 455-472. 

[46] T.M. Vinogradova, Y.Y. Zhou, V. Maltsev, A. Lyashkov, M. Stern, E.G. Lakatta, 
Rhythmic ryanodine receptor Ca2+ releases during diastolic depolarization of sinoatrial 
pacemaker cells do not require membrane depolarization, Circ Res, 94 (2004) 802-809. 

[47] V.A. Maltsev, E.G. Lakatta, Synergism of coupled subsarcolemmal Ca2+ clocks and 
sarcolemmal voltage clocks confers robust and flexible pacemaker function in a novel 
pacemaker cell model, American journal of physiology. Heart and circulatory physiology, 
296 (2009) H594-615. 

[48] J.M. Nerbonne, R.S. Kass, Molecular physiology of cardiac repolarization, 
Physiological reviews, 85 (2005) 1205-1253. 



 

157 

[49] O. Monfredi, V.A. Maltsev, E.G. Lakatta, Modern concepts concerning the origin of 
the heartbeat, Physiology, 28 (2013) 74-92. 

[50] J. Malmivuo, R. Plonsey, Bioelectromagnetism : principles and applications of 
bioelectric and biomagnetic fields, Oxford University Press, New York, 1995. 

[51] G. Sohl, K. Willecke, Gap junctions and the connexin protein family, Cardiovasc 
Res, 62 (2004) 228-232. 

[52] A.P. Moreno, Biophysical properties of homomeric and heteromultimeric channels 
formed by cardiac connexins, Cardiovasc Res, 62 (2004) 276-286. 

[53] J.M. Burt, D.C. Spray, Single-channel events and gating behavior of the cardiac gap 
junction channel, Proc Natl Acad Sci U S A, 85 (1988) 3431-3434. 

[54] A.P. Moreno, G.I. Fishman, D.C. Spray, Phosphorylation shifts unitary conductance 
and modifies voltage dependent kinetics of human connexin43 gap junction channels, 
Biophys J, 62 (1992) 51-53. 

[55] B.R. Takens-Kwak, H.J. Jongsma, Cardiac gap junctions: three distinct single 
channel conductances and their modulation by phosphorylating treatments, Pflugers 
Arch, 422 (1992) 198-200. 

[56] V. Valiunas, R. Weingart, P.R. Brink, Formation of heterotypic gap junction channels 
by connexins 40 and 43, Circ Res, 86 (2000) E42-49. 

[57] A.P. Moreno, J.G. Laing, E.C. Beyer, D.C. Spray, Properties of gap junction 
channels formed of connexin 45 endogenously expressed in human hepatoma 
(SKHep1) cells, Am J Physiol, 268 (1995) C356-365. 

[58] V. Valiunas, Biophysical properties of connexin-45 gap junction hemichannels 
studied in vertebrate cells, J Gen Physiol, 119 (2002) 147-164. 

[59] V.G. Fast, A.G. Kleber, Anisotropic conduction in monolayers of neonatal rat heart 
cells cultured on collagen substrate, Circ Res, 75 (1994) 591-595. 

[60] R.G. Gourdie, C.R. Green, N.J. Severs, R.P. Thompson, Immunolabelling patterns 
of gap junction connexins in the developing and mature rat heart, Anat Embryol (Berl), 
185 (1992) 363-378. 

[61] R.H. Hoyt, M.L. Cohen, J.E. Saffitz, Distribution and three-dimensional structure of 
intercellular junctions in canine myocardium, Circ Res, 64 (1989) 563-574. 

[62] J.E. Saffitz, H.L. Kanter, K.G. Green, T.K. Tolley, E.C. Beyer, Tissue-specific 
determinants of anisotropic conduction velocity in canine atrial and ventricular 
myocardium, Circ Res, 74 (1994) 1065-1070. 



 

158 

[63] M.L. Hubbard, C.S. Henriquez, Increased interstitial loading reduces the effect of 
microstructural variations in cardiac tissue, Am J Physiol Heart Circ Physiol, 298 (2010) 
H1209-1218. 

[64] S.F. Roberts, J.G. Stinstra, C.S. Henriquez, Effect of nonuniform interstitial space 
properties on impulse propagation: a discrete multidomain model, Biophys J, 95 (2008) 
3724-3737. 

[65] R.M. Shaw, Y. Rudy, Ionic mechanisms of propagation in cardiac tissue. Roles of 
the sodium and L-type calcium currents during reduced excitability and decreased gap 
junction coupling, Circ Res, 81 (1997) 727-741. 

[66] F.H. Yu, W.A. Catterall, The VGL-chanome: a protein superfamily specialized for 
electrical signaling and ionic homeostasis, Science's STKE : signal transduction 
knowledge environment, 2004 (2004) re15. 

[67] P.M. Vassilev, T. Scheuer, W.A. Catterall, Identification of an intracellular peptide 
segment involved in sodium channel inactivation, Science, 241 (1988) 1658-1661. 

[68] W. Stuhmer, F. Conti, H. Suzuki, X.D. Wang, M. Noda, N. Yahagi, H. Kubo, S. 
Numa, Structural parts involved in activation and inactivation of the sodium channel, 
Nature, 339 (1989) 597-603. 

[69] W. Ulbricht, Sodium channel inactivation: molecular determinants and modulation, 
Physiological reviews, 85 (2005) 1271-1301. 

[70] J.J. Cox, F. Reimann, A.K. Nicholas, G. Thornton, E. Roberts, K. Springell, G. 
Karbani, H. Jafri, J. Mannan, Y. Raashid, L. Al-Gazali, H. Hamamy, E.M. Valente, S. 
Gorman, R. Williams, D.P. McHale, J.N. Wood, F.M. Gribble, C.G. Woods, An SCN9A 
channelopathy causes congenital inability to experience pain, Nature, 444 (2006) 894-
898. 

[71] J.P. Drenth, S.G. Waxman, Mutations in sodium-channel gene SCN9A cause a 
spectrum of human genetic pain disorders, The Journal of clinical investigation, 117 
(2007) 3603-3609. 

[72] E. Leipold, L. Liebmann, G.C. Korenke, T. Heinrich, S. Giesselmann, J. Baets, M. 
Ebbinghaus, R.O. Goral, T. Stodberg, J.C. Hennings, M. Bergmann, J. Altmuller, H. 
Thiele, A. Wetzel, P. Nurnberg, V. Timmerman, P. De Jonghe, R. Blum, H.G. Schaible, 
J. Weis, S.H. Heinemann, C.A. Hubner, I. Kurth, A de novo gain-of-function mutation in 
SCN11A causes loss of pain perception, Nat Genet, 45 (2013) 1399-1404. 

[73] S.D. Dib-Hajj, J.A. Black, S.G. Waxman, NaV1.9: a sodium channel linked to human 
pain, Nat Rev Neurosci, 16 (2015) 511-519. 

[74] A. Escayg, A.L. Goldin, Sodium channel SCN1A and epilepsy: mutations and 
mechanisms, Epilepsia, 51 (2010) 1650-1658. 



 

159 

[75] C.G. de Kovel, M.H. Meisler, E.H. Brilstra, F.M. van Berkestijn, R. van 't Slot, S. van 
Lieshout, I.J. Nijman, J.E. O'Brien, M.F. Hammer, M. Estacion, S.G. Waxman, S.D. Dib-
Hajj, B.P. Koeleman, Characterization of a de novo SCN8A mutation in a patient with 
epileptic encephalopathy, Epilepsy Res, 108 (2014) 1511-1518. 

[76] L. Claes, J. Del-Favero, B. Ceulemans, L. Lagae, C. Van Broeckhoven, P. De 
Jonghe, De novo mutations in the sodium-channel gene SCN1A cause severe 
myoclonic epilepsy of infancy, Am J Hum Genet, 68 (2001) 1327-1332. 

[77] J.C. Mulley, I.E. Scheffer, S. Petrou, L.M. Dibbens, S.F. Berkovic, L.A. Harkin, 
SCN1A mutations and epilepsy, Hum Mutat, 25 (2005) 535-542. 

[78] K. Ebach, H. Joos, H. Doose, U. Stephani, G. Kurlemann, B. Fiedler, A. Hahn, E. 
Hauser, K. Hundt, H. Holthausen, U. Muller, B.A. Neubauer, SCN1A mutation analysis in 
myoclonic astatic epilepsy and severe idiopathic generalized epilepsy of infancy with 
generalized tonic-clonic seizures, Neuropediatrics, 36 (2005) 210-213. 

[79] X. Shi, S. Yasumoto, E. Nakagawa, T. Fukasawa, S. Uchiya, S. Hirose, Missense 
mutation of the sodium channel gene SCN2A causes Dravet syndrome, Brain Dev, 31 
(2009) 758-762. 

[80] I. Ogiwara, K. Ito, Y. Sawaishi, H. Osaka, E. Mazaki, I. Inoue, M. Montal, T. 
Hashikawa, T. Shike, T. Fujiwara, Y. Inoue, M. Kaneda, K. Yamakawa, De novo 
mutations of voltage-gated sodium channel alphaII gene SCN2A in intractable 
epilepsies, Neurology, 73 (2009) 1046-1053. 

[81] M.M. Trudeau, J.C. Dalton, J.W. Day, L.P. Ranum, M.H. Meisler, Heterozygosity for 
a protein truncation mutation of sodium channel SCN8A in a patient with cerebellar 
atrophy, ataxia, and mental retardation, J Med Genet, 43 (2006) 527-530. 

[82] D. Sternberg, T. Maisonobe, K. Jurkat-Rott, S. Nicole, E. Launay, D. Chauveau, N. 
Tabti, F. Lehmann-Horn, B. Hainque, B. Fontaine, Hypokalaemic periodic paralysis type 
2 caused by mutations at codon 672 in the muscle sodium channel gene SCN4A, Brain, 
124 (2001) 1091-1099. 

[83] E. Wettwer, G.J. Amos, H. Posival, U. Ravens, Transient outward current in human 
ventricular myocytes of subepicardial and subendocardial origin, Circ Res, 75 (1994) 
473-482. 

[84] G.X. Yan, C. Antzelevitch, Cellular basis for the Brugada syndrome and other 
mechanisms of arrhythmogenesis associated with ST-segment elevation, Circulation, 
100 (1999) 1660-1666. 

[85] C. Antzelevitch, The Brugada syndrome: ionic basis and arrhythmia mechanisms, J 
Cardiovasc Electrophysiol, 12 (2001) 268-272. 



 

160 

[86] P.G. Meregalli, A.A. Wilde, H.L. Tan, Pathophysiological mechanisms of Brugada 
syndrome: depolarization disorder, repolarization disorder, or more?, Cardiovasc Res, 
67 (2005) 367-378. 

[87] A.A. Wilde, P.G. Postema, J.M. Di Diego, S. Viskin, H. Morita, J.M. Fish, C. 
Antzelevitch, The pathophysiological mechanism underlying Brugada syndrome: 
depolarization versus repolarization, J Mol Cell Cardiol, 49 (2010) 543-553. 

[88] E.R. Behr, E. Savio-Galimberti, J. Barc, A.G. Holst, E. Petropoulou, B.P. Prins, J. 
Jabbari, M. Torchio, M. Berthet, Y. Mizusawa, T. Yang, E.A. Nannenberg, F. Dagradi, P. 
Weeke, R. Bastiaenan, M.J. Ackerman, S. Haunso, A. Leenhardt, S. Kaab, V. Probst, R. 
Redon, S. Sharma, A. Wilde, J. Tfelt-Hansen, P. Schwartz, D.M. Roden, C.R. Bezzina, 
M. Olesen, D. Darbar, P. Guicheney, L. Crotti, U.K. Consortium, Y. Jamshidi, Role of 
common and rare variants in SCN10A: results from the Brugada syndrome QRS locus 
gene discovery collaborative study, Cardiovasc Res, 106 (2015) 520-529. 

[89] M.J. Janse, A.L. Wit, Electrophysiological mechanisms of ventricular arrhythmias 
resulting from myocardial ischemia and infarction, Physiological reviews, 69 (1989) 
1049-1169. 

[90] E. Carmeliet, Cardiac ionic currents and acute ischemia: from channels to 
arrhythmias, Physiological reviews, 79 (1999) 917-1017. 

[91] L. Protas, W. Dun, Z. Jia, J. Lu, A. Bucchi, S. Kumari, M. Chen, I.S. Cohen, M.R. 
Rosen, E. Entcheva, R.B. Robinson, Expression of skeletal but not cardiac Na+ channel 
isoform preserves normal conduction in a depolarized cardiac syncytium, Cardiovasc 
Res, 81 (2009) 528-535. 

[92] D.H. Lau, C. Clausen, E.A. Sosunov, I.N. Shlapakova, E.P. Anyukhovsky, P. Danilo, 
Jr., T.S. Rosen, C. Kelly, H.S. Duffy, M.J. Szabolcs, M. Chen, R.B. Robinson, J. Lu, S. 
Kumari, I.S. Cohen, M.R. Rosen, Epicardial border zone overexpression of skeletal 
muscle sodium channel SkM1 normalizes activation, preserves conduction, and 
suppresses ventricular arrhythmia: an in silico, in vivo, in vitro study, Circulation, 119 
(2009) 19-27. 

[93] R. Coronel, D.H. Lau, E.A. Sosunov, M.J. Janse, P. Danilo, Jr., E.P. Anyukhovsky, 
F.J. Wilms-Schopman, T. Opthof, I.N. Shlapakova, N. Ozgen, K. Prestia, Y. Kryukova, 
I.S. Cohen, R.B. Robinson, M.R. Rosen, Cardiac expression of skeletal muscle sodium 
channels increases longitudinal conduction velocity in the canine 1-week myocardial 
infarction, Heart rhythm : the official journal of the Heart Rhythm Society, 7 (2010) 1104-
1110. 

[94] E.P. Anyukhovsky, E.A. Sosunov, Y.N. Kryukova, K. Prestia, N. Ozgen, M. Rivaud, 
I.S. Cohen, R.B. Robinson, M.R. Rosen, Expression of skeletal muscle sodium channel 
(Nav1.4) or connexin32 prevents reperfusion arrhythmias in murine heart, Cardiovasc 
Res, 89 (2011) 41-50. 



 

161 

[95] G.J. Boink, D.H. Lau, I.N. Shlapakova, E.A. Sosunov, E.P. Anyukhovsky, H.E. 
Driessen, W. Dun, M. Chen, P. Danilo, Jr., T.S. Rosen, N. Ozgen, H.S. Duffy, Y. 
Kryukova, P.A. Boyden, R.B. Robinson, P.R. Brink, I.S. Cohen, M.R. Rosen, SkM1 and 
Cx32 improve conduction in canine myocardial infarcts yet only SkM1 is antiarrhythmic, 
Cardiovasc Res, 94 (2012) 450-459. 

[96] J. Lu, H.Z. Wang, Z. Jia, J. Zuckerman, Z. Lu, Y. Guo, G.J. Boink, P.R. Brink, R.B. 
Robinson, E. Entcheva, I.S. Cohen, Improving cardiac conduction with a skeletal muscle 
sodium channel by gene and cell therapy, J Cardiovasc Pharmacol, 60 (2012) 88-99. 

[97] G.J. Boink, J. Lu, H.E. Driessen, L. Duan, E.A. Sosunov, E.P. Anyukhovsky, I.N. 
Shlapakova, D.H. Lau, T.S. Rosen, P. Danilo, Z. Jia, N. Ozgen, Y. Bobkov, Y. Guo, P.R. 
Brink, Y. Kryukova, R.B. Robinson, E. Entcheva, I.S. Cohen, M.R. Rosen, Effect of 
skeletal muscle Na(+) channel delivered via a cell platform on cardiac conduction and 
arrhythmia induction, Circulation. Arrhythmia and electrophysiology, 5 (2012) 831-840. 

[98] J.M. Pinto, P.A. Boyden, Electrical remodeling in ischemia and infarction, 
Cardiovasc Res, 42 (1999) 284-297. 

[99] G.J. Boink, L. Duan, B.D. Nearing, I.N. Shlapakova, E.A. Sosunov, E.P. 
Anyukhovsky, E. Bobkov, Y. Kryukova, N. Ozgen, P. Danilo, Jr., I.S. Cohen, R.L. Verrier, 
R.B. Robinson, M.R. Rosen, HCN2/SkM1 gene transfer into canine left bundle branch 
induces stable, autonomically responsive biological pacing at physiological heart rates, 
Journal of the American College of Cardiology, 61 (2013) 1192-1201. 

[100] P. Subramanyam, D.D. Chang, K. Fang, W. Xie, A.R. Marks, H.M. Colecraft, 
Manipulating L-type calcium channels in cardiomyocytes using split-intein protein 
transsplicing, Proceedings of the National Academy of Sciences of the United States of 
America, 110 (2013) 15461-15466. 

[101] P. Subramanyam, H.M. Colecraft, Ion channel engineering: perspectives and 
strategies, Journal of molecular biology, 427 (2015) 190-204. 

[102] J. Li, W. Sun, B. Wang, X. Xiao, X.Q. Liu, Protein trans-splicing as a means for 
viral vector-mediated in vivo gene therapy, Hum Gene Ther, 19 (2008) 958-964. 

[103] E.C. McCusker, C. Bagneris, C.E. Naylor, A.R. Cole, N. D'Avanzo, C.G. Nichols, 
B.A. Wallace, Structure of a bacterial voltage-gated sodium channel pore reveals 
mechanisms of opening and closing, Nature communications, 3 (2012) 1102. 

[104] C.J. Tsai, K. Tani, K. Irie, Y. Hiroaki, T. Shimomura, D.G. McMillan, G.M. Cook, 
G.F. Schertler, Y. Fujiyoshi, X.D. Li, Two alternative conformations of a voltage-gated 
sodium channel, Journal of molecular biology, 425 (2013) 4074-4088. 

[105] D. Shaya, F. Findeisen, F. Abderemane-Ali, C. Arrigoni, S. Wong, S.R. Nurva, G. 
Loussouarn, D.L. Minor, Jr., Structure of a prokaryotic sodium channel pore reveals 
essential gating elements and an outer ion binding site common to eukaryotic channels, 
Journal of molecular biology, 426 (2014) 467-483. 



 

162 

[106] C. Bagneris, C.E. Naylor, E.C. McCusker, B.A. Wallace, Structural model of the 
open-closed-inactivated cycle of prokaryotic voltage-gated sodium channels, The 
Journal of general physiology, 145 (2015) 5-16. 

[107] Y. Zhao, T. Scheuer, W.A. Catterall, Reversed voltage-dependent gating of a 
bacterial sodium channel with proline substitutions in the S6 transmembrane segment, 
Proceedings of the National Academy of Sciences of the United States of America, 101 
(2004) 17873-17878. 

[108] M.N. Nitabach, Y. Wu, V. Sheeba, W.C. Lemon, J. Strumbos, P.K. Zelensky, B.H. 
White, T.C. Holmes, Electrical hyperexcitation of lateral ventral pacemaker neurons 
desynchronizes downstream circadian oscillators in the fly circadian circuit and induces 
multiple behavioral periods, The Journal of neuroscience : the official journal of the 
Society for Neuroscience, 26 (2006) 479-489. 

[109] W. Kelsch, C.W. Lin, C.P. Mosley, C. Lois, A critical period for activity-dependent 
synaptic development during olfactory bulb adult neurogenesis, The Journal of 
neuroscience : the official journal of the Society for Neuroscience, 29 (2009) 11852-
11858. 

[110] C.W. Lin, S. Sim, A. Ainsworth, M. Okada, W. Kelsch, C. Lois, Genetically 
increased cell-intrinsic excitability enhances neuronal integration into adult brain circuits, 
Neuron, 65 (2010) 32-39. 

[111] Y. Bando, K. Irie, T. Shimomura, H. Umeshima, Y. Kushida, M. Kengaku, Y. 
Fujiyoshi, T. Hirano, Y. Tagawa, Control of Spontaneous Ca2+ Transients Is Critical for 
Neuronal Maturation in the Developing Neocortex, Cerebral cortex, (2014). 

[112] C. Bagneris, P.G. DeCaen, C.E. Naylor, D.C. Pryde, I. Nobeli, D.E. Clapham, B.A. 
Wallace, Prokaryotic NavMs channel as a structural and functional model for eukaryotic 
sodium channel antagonism, Proceedings of the National Academy of Sciences of the 
United States of America, 111 (2014) 8428-8433. 

[113] R.D. Kirkton, N. Bursac, Engineering biosynthetic excitable tissues from 
unexcitable cells for electrophysiological and cell therapy studies, Nature 
communications, 2 (2011) 300. 

[114] R.D. Kirkton, N. Bursac, Genetic engineering of somatic cells to study and improve 
cardiac function, Europace : European pacing, arrhythmias, and cardiac 
electrophysiology : journal of the working groups on cardiac pacing, arrhythmias, and 
cardiac cellular electrophysiology of the European Society of Cardiology, 14 Suppl 5 
(2012) v40-v49. 

[115] R.D. Kirkton, N. Badie, N. Bursac, Spatial profiles of electrical mismatch determine 
vulnerability to conduction failure across a host-donor cell interface, Circulation. 
Arrhythmia and electrophysiology, 6 (2013) 1200-1207. 



 

163 

[116] D.O. Onwuli, P. Beltran-Alvarez, An update on transcriptional and post-
translational regulation of brain voltage-gated sodium channels, Amino Acids, 48 (2016) 
641-651. 

[117] J. Payandeh, T.M. Gamal El-Din, T. Scheuer, N. Zheng, W.A. Catterall, Crystal 
structure of a voltage-gated sodium channel in two potentially inactivated states, Nature, 
486 (2012) 135-139. 

[118] L. Tang, T.M. Gamal El-Din, J. Payandeh, G.Q. Martinez, T.M. Heard, T. Scheuer, 
N. Zheng, W.A. Catterall, Structural basis for Ca2+ selectivity of a voltage-gated calcium 
channel, Nature, 505 (2014) 56-61. 

[119] S. Ahuja, S. Mukund, L. Deng, K. Khakh, E. Chang, H. Ho, S. Shriver, C. Young, 
S. Lin, J.P. Johnson, Jr., P. Wu, J. Li, M. Coons, C. Tam, B. Brillantes, H. Sampang, K. 
Mortara, K.K. Bowman, K.R. Clark, A. Estevez, Z. Xie, H. Verschoof, M. Grimwood, C. 
Dehnhardt, J.C. Andrez, T. Focken, D.P. Sutherlin, B.S. Safina, M.A. Starovasnik, D.F. 
Ortwine, Y. Franke, C.J. Cohen, D.H. Hackos, C.M. Koth, J. Payandeh, Structural basis 
of Nav1.7 inhibition by an isoform-selective small-molecule antagonist, Science, 350 
(2015) aac5464. 

[120] L. Tang, T.M. Gamal El-Din, T.M. Swanson, D.C. Pryde, T. Scheuer, N. Zheng, 
W.A. Catterall, Structural basis for inhibition of a voltage-gated Ca2+ channel by Ca2+ 
antagonist drugs, Nature, 537 (2016) 117-121. 

[121] C.E. Naylor, C. Bagneris, P.G. DeCaen, A. Sula, A. Scaglione, D.E. Clapham, B.A. 
Wallace, Molecular basis of ion permeability in a voltage-gated sodium channel, EMBO 
J, 35 (2016) 820-830. 

[122] C. Arrigoni, A. Rohaim, D. Shaya, F. Findeisen, R.A. Stein, S.R. Nurva, S. Mishra, 
H.S. McHaourab, D.L. Minor, Jr., Unfolding of a Temperature-Sensitive Domain Controls 
Voltage-Gated Channel Activation, Cell, 164 (2016) 922-936. 

[123] A. Sula, J. Booker, L.C. Ng, C.E. Naylor, P.G. DeCaen, B.A. Wallace, The 
complete structure of an activated open sodium channel, Nature communications, 8 
(2017) 14205. 

[124] T. Clairfeuille, H. Xu, C.M. Koth, J. Payandeh, Voltage-gated sodium channels 
viewed through a structural biology lens, Current opinion in structural biology, 45 (2016) 
74-84. 

[125] N. Chakrabarti, C. Ing, J. Payandeh, N. Zheng, W.A. Catterall, R. Pomes, Catalysis 
of Na+ permeation in the bacterial sodium channel Na(V)Ab, Proceedings of the National 
Academy of Sciences of the United States of America, 110 (2013) 11331-11336. 

[126] W.A. Catterall, N. Zheng, Deciphering voltage-gated Na(+) and Ca(2+) channels 
by studying prokaryotic ancestors, Trends in biochemical sciences, 40 (2015) 526-534. 



 

164 

[127] C. Bagneris, P.G. Decaen, B.A. Hall, C.E. Naylor, D.E. Clapham, C.W. Kay, B.A. 
Wallace, Role of the C-terminal domain in the structure and function of tetrameric 
sodium channels, Nature communications, 4 (2013) 2465. 

[128] K. Mio, M. Mio, F. Arisaka, M. Sato, C. Sato, The C-terminal coiled-coil of the 
bacterial voltage-gated sodium channel NaChBac is not essential for tetramer formation, 
but stabilizes subunit-to-subunit interactions, Prog Biophys Mol Biol, 103 (2010) 111-
121. 

[129] A.M. Powl, A.O. O'Reilly, A.J. Miles, B.A. Wallace, Synchrotron radiation circular 
dichroism spectroscopy-defined structure of the C-terminal domain of NaChBac and its 
role in channel assembly, Proceedings of the National Academy of Sciences of the 
United States of America, 107 (2010) 14064-14069. 

[130] E.C. McCusker, N. D'Avanzo, C.G. Nichols, B.A. Wallace, Simplified bacterial 
"pore" channel provides insight into the assembly, stability, and structure of sodium 
channels, The Journal of biological chemistry, 286 (2011) 16386-16391. 

[131] K. Irie, T. Shimomura, Y. Fujiyoshi, The C-terminal helical bundle of the tetrameric 
prokaryotic sodium channel accelerates the inactivation rate, Nature communications, 3 
(2012) 793. 

[132] W.A. Catterall, N. Zheng, Deciphering voltage-gated Na and Ca channels by 
studying prokaryotic ancestors, Trends in biochemical sciences, (2015). 

[133] G. Ling, R.W. Gerard, The normal membrane potential of frog sartorius fibers, J 
Cell Comp Physiol, 34 (1949) 383-396. 

[134] G. Marmont, Studies on the axon membrane; a new method, J Cell Comp Physiol, 
34 (1949) 351-382. 

[135] A. Molleman, Patch clamping : an introductory guide to patch clamp 
electrophysiology, J. Wiley, New York, 2003. 

[136] O.P. Hamill, A. Marty, E. Neher, B. Sakmann, F.J. Sigworth, Improved patch-clamp 
techniques for high-resolution current recording from cells and cell-free membrane 
patches, Pflugers Arch, 391 (1981) 85-100. 

[137] B. Sakmann, E. Neher, Patch clamp techniques for studying ionic channels in 
excitable membranes, Annu Rev Physiol, 46 (1984) 455-472. 

[138] H.V. Davila, B.M. Salzberg, L.B. Cohen, A.S. Waggoner, A large change in axon 
fluorescence that provides a promising method for measuring membrane potential, Nat 
New Biol, 241 (1973) 159-160. 

[139] G. Salama, M. Morad, Merocyanine 540 as an optical probe of transmembrane 
electrical activity in the heart, Science, 191 (1976) 485-487. 



 

165 

[140] I.R. Efimov, V.P. Nikolski, G. Salama, Optical imaging of the heart, Circ Res, 95 
(2004) 21-33. 

[141] N. Bursac, K.K. Parker, S. Iravanian, L. Tung, Cardiomyocyte cultures with 
controlled macroscopic anisotropy: a model for functional electrophysiological studies of 
cardiac muscle, Circ Res, 91 (2002) e45-54. 

[142] E. Entcheva, S.N. Lu, R.H. Troppman, V. Sharma, L. Tung, Contact fluorescence 
imaging of reentry in monolayers of cultured neonatal rat ventricular myocytes, J 
Cardiovasc Electrophysiol, 11 (2000) 665-676. 

[143] T. Knopfel, J. Diez-Garcia, W. Akemann, Optical probing of neuronal circuit 
dynamics: genetically encoded versus classical fluorescent sensors, Trends Neurosci, 
29 (2006) 160-166. 

[144] L. Kaestner, Q. Tian, E. Kaiser, W. Xian, A. Muller, M. Oberhofer, S. Ruppenthal, 
D. Sinnecker, H. Tsutsui, A. Miyawaki, A. Moretti, P. Lipp, Genetically Encoded Voltage 
Indicators in Circulation Research, Int J Mol Sci, 16 (2015) 21626-21642. 

[145] M.S. Siegel, E.Y. Isacoff, A genetically encoded optical probe of membrane 
voltage, Neuron, 19 (1997) 735-741. 

[146] K. Ataka, V.A. Pieribone, A genetically targetable fluorescent probe of channel 
gating with rapid kinetics, Biophys J, 82 (2002) 509-516. 

[147] D. Dimitrov, Y. He, H. Mutoh, B.J. Baker, L. Cohen, W. Akemann, T. Knopfel, 
Engineering and characterization of an enhanced fluorescent protein voltage sensor, 
PloS one, 2 (2007) e440. 

[148] A. Perron, H. Mutoh, T. Launey, T. Knopfel, Red-shifted voltage-sensitive 
fluorescent proteins, Chem Biol, 16 (2009) 1268-1277. 

[149] L. Jin, Z. Han, J. Platisa, J.R. Wooltorton, L.B. Cohen, V.A. Pieribone, Single 
action potentials and subthreshold electrical events imaged in neurons with a fluorescent 
protein voltage probe, Neuron, 75 (2012) 779-785. 

[150] F. St-Pierre, J.D. Marshall, Y. Yang, Y. Gong, M.J. Schnitzer, M.Z. Lin, High-fidelity 
optical reporting of neuronal electrical activity with an ultrafast fluorescent voltage 
sensor, Nat Neurosci, 17 (2014) 884-889. 

[151] R. Sakai, V. Repunte-Canonigo, C.D. Raj, T. Knopfel, Design and characterization 
of a DNA-encoded, voltage-sensitive fluorescent protein, Eur J Neurosci, 13 (2001) 
2314-2318. 

[152] W. Akemann, H. Mutoh, A. Perron, Y.K. Park, Y. Iwamoto, T. Knopfel, Imaging 
neural circuit dynamics with a voltage-sensitive fluorescent protein, J Neurophysiol, 108 
(2012) 2323-2337. 



 

166 

[153] J.M. Kralj, A.D. Douglass, D.R. Hochbaum, D. Maclaurin, A.E. Cohen, Optical 
recording of action potentials in mammalian neurons using a microbial rhodopsin, Nature 
methods, 9 (2011) 90-95. 

[154] D.R. Hochbaum, Y. Zhao, S.L. Farhi, N. Klapoetke, C.A. Werley, V. Kapoor, P. 
Zou, J.M. Kralj, D. Maclaurin, N. Smedemark-Margulies, J.L. Saulnier, G.L. Boulting, C. 
Straub, Y.K. Cho, M. Melkonian, G.K. Wong, D.J. Harrison, V.N. Murthy, B.L. Sabatini, 
E.S. Boyden, R.E. Campbell, A.E. Cohen, All-optical electrophysiology in mammalian 
neurons using engineered microbial rhodopsins, Nature methods, 11 (2014) 825-833. 

[155] H. Bayraktar, A.P. Fields, J.M. Kralj, J.L. Spudich, K.J. Rothschild, A.E. Cohen, 
Ultrasensitive measurements of microbial rhodopsin photocycles using photochromic 
FRET, Photochem Photobiol, 88 (2012) 90-97. 

[156] Y. Gong, M.J. Wagner, J. Zhong Li, M.J. Schnitzer, Imaging neural spiking in brain 
tissue using FRET-opsin protein voltage sensors, Nature communications, 5 (2014) 
3674. 

[157] Y. Gong, C. Huang, J.Z. Li, B.F. Grewe, Y. Zhang, S. Eismann, M.J. Schnitzer, 
High-speed recording of neural spikes in awake mice and flies with a fluorescent voltage 
sensor, Science, 350 (2015) 1361-1366. 

[158] V. Jäger, K. Büssow, T. Schirrmann, Transient Recombinant Protein Expression in 
Mammalian Cells, in: M. Al-Rubeai (Ed.) Animal Cell Culture, Springer International 
Publishing, Cham, 2015, pp. 27-64. 

[159] R.F. Hopkins, V.E. Wall, D. Esposito, Optimizing transient recombinant protein 
expression in mammalian cells, Methods Mol Biol, 801 (2012) 251-268. 

[160] P. Thomas, T.G. Smart, HEK293 cell line: a vehicle for the expression of 
recombinant proteins, J Pharmacol Toxicol Methods, 51 (2005) 187-200. 

[161] H.X. Nguyen, R.D. Kirkton, N. Bursac, Engineering prokaryotic channels for control 
of mammalian tissue excitability, Nature communications, 7 (2016) 13132. 

[162] K. Benihoud, P. Yeh, M. Perricaudet, Adenovirus vectors for gene delivery, Curr 
Opin Biotechnol, 10 (1999) 440-447. 

[163] J.A. St George, Gene therapy progress and prospects: adenoviral vectors, Gene 
Ther, 10 (2003) 1135-1141. 

[164] L. Naldini, U. Blomer, P. Gallay, D. Ory, R. Mulligan, F.H. Gage, I.M. Verma, D. 
Trono, In vivo gene delivery and stable transduction of nondividing cells by a lentiviral 
vector, Science, 272 (1996) 263-267. 

[165] A.D. Miller, G.J. Rosman, Improved retroviral vectors for gene transfer and 
expression, Biotechniques, 7 (1989) 980-982, 984-986, 989-990. 



 

167 

[166] J.Y. Qin, L. Zhang, K.L. Clift, I. Hulur, A.P. Xiang, B.Z. Ren, B.T. Lahn, Systematic 
comparison of constitutive promoters and the doxycycline-inducible promoter, PloS one, 
5 (2010) e10611. 

[167] J. Pelletier, N. Sonenberg, Internal initiation of translation of eukaryotic mRNA 
directed by a sequence derived from poliovirus RNA, Nature, 334 (1988) 320-325. 

[168] S.K. Jang, H.G. Krausslich, M.J. Nicklin, G.M. Duke, A.C. Palmenberg, E. 
Wimmer, A segment of the 5' nontranslated region of encephalomyocarditis virus RNA 
directs internal entry of ribosomes during in vitro translation, J Virol, 62 (1988) 2636-
2643. 

[169] A. Ibrahimi, G. Vande Velde, V. Reumers, J. Toelen, I. Thiry, C. Vandeputte, S. 
Vets, C. Deroose, G. Bormans, V. Baekelandt, Z. Debyser, R. Gijsbers, Highly efficient 
multicistronic lentiviral vectors with peptide 2A sequences, Hum Gene Ther, 20 (2009) 
845-860. 

[170] J.H. Kim, S.R. Lee, L.H. Li, H.J. Park, J.H. Park, K.Y. Lee, M.K. Kim, B.A. Shin, 
S.Y. Choi, High cleavage efficiency of a 2A peptide derived from porcine teschovirus-1 in 
human cell lines, zebrafish and mice, PloS one, 6 (2011) e18556. 

[171] A.H. Association, Heart Disease and Stroke Statistics - 2008 Update., (2008). 

[172] D.A. Taylor, B.Z. Atkins, P. Hungspreugs, T.R. Jones, M.C. Reedy, K.A. 
Hutcheson, D.D. Glower, W.E. Kraus, Regenerating functional myocardium: improved 
performance after skeletal myoblast transplantation, Nat Med, 4 (1998) 929-933. 

[173] P. Menasche, A.A. Hagege, M. Scorsin, B. Pouzet, M. Desnos, D. Duboc, K. 
Schwartz, J.T. Vilquin, J.P. Marolleau, Myoblast transplantation for heart failure, Lancet, 
357 (2001) 279-280. 

[174] D. Orlic, J. Kajstura, S. Chimenti, I. Jakoniuk, S.M. Anderson, B. Li, J. Pickel, R. 
McKay, B. Nadal-Ginard, D.M. Bodine, A. Leri, P. Anversa, Bone marrow cells 
regenerate infarcted myocardium, Nature, 410 (2001) 701-705. 

[175] B.E. Strauer, M. Brehm, T. Zeus, M. Kostering, A. Hernandez, R.V. Sorg, G. 
Kogler, P. Wernet, Repair of infarcted myocardium by autologous intracoronary 
mononuclear bone marrow cell transplantation in humans, Circulation, 106 (2002) 1913-
1918. 

[176] J.H. Traverse, T.D. Henry, C.J. Pepine, J.T. Willerson, D.X. Zhao, S.G. Ellis, J.R. 
Forder, R.D. Anderson, A.K. Hatzopoulos, M.S. Penn, E.C. Perin, J. Chambers, K.W. 
Baran, G. Raveendran, C. Lambert, A. Lerman, D.I. Simon, D.E. Vaughan, D. Lai, A.P. 
Gee, D.A. Taylor, C.R. Cogle, J.D. Thomas, R.E. Olson, S. Bowman, J. Francescon, C. 
Geither, E. Handberg, C. Kappenman, L. Westbrook, L.B. Piller, L.M. Simpson, S. 
Baraniuk, C. Loghin, D. Aguilar, S. Richman, C. Zierold, D.B. Spoon, J. Bettencourt, S.L. 
Sayre, R.W. Vojvodic, S.I. Skarlatos, D.J. Gordon, R.F. Ebert, M. Kwak, L.A. Moye, R.D. 
Simari, N. Cardiovascular Cell Therapy Research, Effect of the use and timing of bone 



 

168 

marrow mononuclear cell delivery on left ventricular function after acute myocardial 
infarction: the TIME randomized trial, JAMA, 308 (2012) 2380-2389. 

[177] J.H. Traverse, T.D. Henry, S.G. Ellis, C.J. Pepine, J.T. Willerson, D.X. Zhao, J.R. 
Forder, B.J. Byrne, A.K. Hatzopoulos, M.S. Penn, E.C. Perin, K.W. Baran, J. Chambers, 
C. Lambert, G. Raveendran, D.I. Simon, D.E. Vaughan, L.M. Simpson, A.P. Gee, D.A. 
Taylor, C.R. Cogle, J.D. Thomas, G.V. Silva, B.C. Jorgenson, R.E. Olson, S. Bowman, 
J. Francescon, C. Geither, E. Handberg, D.X. Smith, S. Baraniuk, L.B. Piller, C. Loghin, 
D. Aguilar, S. Richman, C. Zierold, J. Bettencourt, S.L. Sayre, R.W. Vojvodic, S.I. 
Skarlatos, D.J. Gordon, R.F. Ebert, M. Kwak, L.A. Moye, R.D. Simari, R. Cardiovascular 
Cell Therapy, Effect of intracoronary delivery of autologous bone marrow mononuclear 
cells 2 to 3 weeks following acute myocardial infarction on left ventricular function: the 
LateTIME randomized trial, JAMA, 306 (2011) 2110-2119. 

[178] A. Ribeiro, P. Laranjeira, S. Mendes, I. Velada, C. Leite, P. Andrade, F. Santos, A. 
Henriques, M. Graos, C.M. Cardoso, A. Martinho, M. Pais, C.L. da Silva, J. Cabral, H. 
Trindade, A. Paiva, Mesenchymal stem cells from umbilical cord matrix, adipose tissue 
and bone marrow exhibit different capability to suppress peripheral blood B, natural killer 
and T cells, Stem Cell Res Ther, 4 (2013) 125. 

[179] X. Li, X. Yu, Q. Lin, C. Deng, Z. Shan, M. Yang, S. Lin, Bone marrow 
mesenchymal stem cells differentiate into functional cardiac phenotypes by cardiac 
microenvironment, J Mol Cell Cardiol, 42 (2007) 295-303. 

[180] M. Rota, J. Kajstura, T. Hosoda, C. Bearzi, S. Vitale, G. Esposito, G. Iaffaldano, 
M.E. Padin-Iruegas, A. Gonzalez, R. Rizzi, N. Small, J. Muraski, R. Alvarez, X. Chen, K. 
Urbanek, R. Bolli, S.R. Houser, A. Leri, M.A. Sussman, P. Anversa, Bone marrow cells 
adopt the cardiomyogenic fate in vivo, Proceedings of the National Academy of Sciences 
of the United States of America, 104 (2007) 17783-17788. 

[181] P.R. Crisostomo, Y. Wang, T.A. Markel, M. Wang, T. Lahm, D.R. Meldrum, Human 
mesenchymal stem cells stimulated by TNF-alpha, LPS, or hypoxia produce growth 
factors by an NF kappa B- but not JNK-dependent mechanism, American journal of 
physiology. Cell physiology, 294 (2008) C675-682. 

[182] S.L. Chen, W.W. Fang, F. Ye, Y.H. Liu, J. Qian, S.J. Shan, J.J. Zhang, R.Z. 
Chunhua, L.M. Liao, S. Lin, J.P. Sun, Effect on left ventricular function of intracoronary 
transplantation of autologous bone marrow mesenchymal stem cell in patients with acute 
myocardial infarction, Am J Cardiol, 94 (2004) 92-95. 

[183] J.M. Hare, J.E. Fishman, G. Gerstenblith, D.L. DiFede Velazquez, J.P. Zambrano, 
V.Y. Suncion, M. Tracy, E. Ghersin, P.V. Johnston, J.A. Brinker, E. Breton, J. Davis-
Sproul, I.H. Schulman, J. Byrnes, A.M. Mendizabal, M.H. Lowery, D. Rouy, P. Altman, C. 
Wong Po Foo, P. Ruiz, A. Amador, J. Da Silva, I.K. McNiece, A.W. Heldman, R. George, 
A. Lardo, Comparison of allogeneic vs autologous bone marrow-derived mesenchymal 
stem cells delivered by transendocardial injection in patients with ischemic 
cardiomyopathy: the POSEIDON randomized trial, JAMA, 308 (2012) 2369-2379. 



 

169 

[184] A. Rossini, C. Frati, C. Lagrasta, G. Graiani, A. Scopece, S. Cavalli, E. Musso, M. 
Baccarin, M. Di Segni, F. Fagnoni, A. Germani, E. Quaini, M. Mayr, Q. Xu, A. Barbuti, D. 
DiFrancesco, G. Pompilio, F. Quaini, C. Gaetano, M.C. Capogrossi, Human cardiac and 
bone marrow stromal cells exhibit distinctive properties related to their origin, Cardiovasc 
Res, 89 (2011) 650-660. 

[185] A.P. Beltrami, L. Barlucchi, D. Torella, M. Baker, F. Limana, S. Chimenti, H. 
Kasahara, M. Rota, E. Musso, K. Urbanek, A. Leri, J. Kajstura, B. Nadal-Ginard, P. 
Anversa, Adult cardiac stem cells are multipotent and support myocardial regeneration, 
Cell, 114 (2003) 763-776. 

[186] D.R. Davis, E. Kizana, J. Terrovitis, A.S. Barth, Y. Zhang, R.R. Smith, J. Miake, E. 
Marban, Isolation and expansion of functionally-competent cardiac progenitor cells 
directly from heart biopsies, J Mol Cell Cardiol, 49 (2010) 312-321. 

[187] S. Miyamoto, N. Kawaguchi, G.M. Ellison, R. Matsuoka, T. Shin'oka, H. Kurosawa, 
Characterization of long-term cultured c-kit+ cardiac stem cells derived from adult rat 
hearts, Stem Cells Dev, 19 (2010) 105-116. 

[188] I. Kehat, D. Kenyagin-Karsenti, M. Snir, H. Segev, M. Amit, A. Gepstein, E. Livne, 
O. Binah, J. Itskovitz-Eldor, L. Gepstein, Human embryonic stem cells can differentiate 
into myocytes with structural and functional properties of cardiomyocytes, J Clin Invest, 
108 (2001) 407-414. 

[189] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors, Cell, 126 (2006) 663-676. 

[190] I.H. Park, R. Zhao, J.A. West, A. Yabuuchi, H. Huo, T.A. Ince, P.H. Lerou, M.W. 
Lensch, G.Q. Daley, Reprogramming of human somatic cells to pluripotency with 
defined factors, Nature, 451 (2008) 141-146. 

[191] J. Xi, M. Khalil, N. Shishechian, T. Hannes, K. Pfannkuche, H. Liang, A. Fatima, M. 
Haustein, F. Suhr, W. Bloch, M. Reppel, T. Saric, M. Wernig, R. Janisch, K. Brockmeier, 
J. Hescheler, F. Pillekamp, Comparison of contractile behavior of native murine 
ventricular tissue and cardiomyocytes derived from embryonic or induced pluripotent 
stem cells, Faseb J, 24 (2010) 2739-2751. 

[192] O. Binah, K. Dolnikov, O. Sadan, M. Shilkrut, N. Zeevi-Levin, M. Amit, A. Danon, J. 
Itskovitz-Eldor, Functional and developmental properties of human embryonic stem 
cells-derived cardiomyocytes, J Electrocardiol, 40 (2007) S192-196. 

[193] J. Nussbaum, E. Minami, M.A. Laflamme, J.A. Virag, C.B. Ware, A. Masino, V. 
Muskheli, L. Pabon, H. Reinecke, C.E. Murry, Transplantation of undifferentiated murine 
embryonic stem cells in the heart: teratoma formation and immune response, Faseb J, 
21 (2007) 1345-1357. 

[194] W. Roell, T. Lewalter, P. Sasse, Y.N. Tallini, B.R. Choi, M. Breitbach, R. Doran, 
U.M. Becher, S.M. Hwang, T. Bostani, J. von Maltzahn, A. Hofmann, S. Reining, B. 



 

170 

Eiberger, B. Gabris, A. Pfeifer, A. Welz, K. Willecke, G. Salama, J.W. Schrickel, M.I. 
Kotlikoff, B.K. Fleischmann, Engraftment of connexin 43-expressing cells prevents post-
infarct arrhythmia, Nature, 450 (2007) 819-824. 

[195] W.R. Mills, N. Mal, M.J. Kiedrowski, R. Unger, F. Forudi, Z.B. Popovic, M.S. Penn, 
K.R. Laurita, Stem cell therapy enhances electrical viability in myocardial infarction, J 
Mol Cell Cardiol, 42 (2007) 304-314. 

[196] E. Macia, P.A. Boyden, Stem cell therapy is proarrhythmic, Circulation, 119 (2009) 
1814-1823. 

[197] S.Y. Liao, Y. Liu, C.W. Siu, Y. Zhang, W.H. Lai, K.W. Au, Y.K. Lee, Y.C. Chan, 
P.M. Yip, E.X. Wu, Y. Wu, C.P. Lau, R.A. Li, H.F. Tse, Proarrhythmic risk of embryonic 
stem cell-derived cardiomyocyte transplantation in infarcted myocardium, Heart rhythm : 
the official journal of the Heart Rhythm Society, 7 (2010) 1852-1859. 

[198] D. Srivastava, N. DeWitt, In Vivo Cellular Reprogramming: The Next Generation, 
Cell, 166 (2016) 1386-1396. 

[199] M. Ieda, J.D. Fu, P. Delgado-Olguin, V. Vedantham, Y. Hayashi, B.G. Bruneau, D. 
Srivastava, Direct reprogramming of fibroblasts into functional cardiomyocytes by 
defined factors, Cell, 142 (2010) 375-386. 

[200] K. Song, Y.J. Nam, X. Luo, X. Qi, W. Tan, G.N. Huang, A. Acharya, C.L. Smith, 
M.D. Tallquist, E.G. Neilson, J.A. Hill, R. Bassel-Duby, E.N. Olson, Heart repair by 
reprogramming non-myocytes with cardiac transcription factors, Nature, 485 (2012) 599-
604. 

[201] L. Qian, Y. Huang, C.I. Spencer, A. Foley, V. Vedantham, L. Liu, S.J. Conway, J.D. 
Fu, D. Srivastava, In vivo reprogramming of murine cardiac fibroblasts into induced 
cardiomyocytes, Nature, 485 (2012) 593-598. 

[202] K. Inagawa, K. Miyamoto, H. Yamakawa, N. Muraoka, T. Sadahiro, T. Umei, R. 
Wada, Y. Katsumata, R. Kaneda, K. Nakade, C. Kurihara, Y. Obata, K. Miyake, K. 
Fukuda, M. Ieda, Induction of cardiomyocyte-like cells in infarct hearts by gene transfer 
of Gata4, Mef2c, and Tbx5, Circ Res, 111 (2012) 1147-1156. 

[203] R. Wada, N. Muraoka, K. Inagawa, H. Yamakawa, K. Miyamoto, T. Sadahiro, T. 
Umei, R. Kaneda, T. Suzuki, K. Kamiya, S. Tohyama, S. Yuasa, K. Kokaji, R. Aeba, R. 
Yozu, H. Yamagishi, T. Kitamura, K. Fukuda, M. Ieda, Induction of human 
cardiomyocyte-like cells from fibroblasts by defined factors, Proceedings of the National 
Academy of Sciences of the United States of America, 110 (2013) 12667-12672. 

[204] J.D. Fu, N.R. Stone, L. Liu, C.I. Spencer, L. Qian, Y. Hayashi, P. Delgado-Olguin, 
S. Ding, B.G. Bruneau, D. Srivastava, Direct reprogramming of human fibroblasts toward 
a cardiomyocyte-like state, Stem Cell Reports, 1 (2013) 235-247. 



 

171 

[205] T.M. Jayawardena, B. Egemnazarov, E.A. Finch, L. Zhang, J.A. Payne, K. Pandya, 
Z. Zhang, P. Rosenberg, M. Mirotsou, V.J. Dzau, MicroRNA-mediated in vitro and in vivo 
direct reprogramming of cardiac fibroblasts to cardiomyocytes, Circ Res, 110 (2012) 
1465-1473. 

[206] T.M. Jayawardena, E.A. Finch, L. Zhang, H. Zhang, C.P. Hodgkinson, R.E. Pratt, 
P.B. Rosenberg, M. Mirotsou, V.J. Dzau, MicroRNA induced cardiac reprogramming in 
vivo: evidence for mature cardiac myocytes and improved cardiac function, Circ Res, 
116 (2015) 418-424. 

[207] Y.J. Nam, K. Song, X. Luo, E. Daniel, K. Lambeth, K. West, J.A. Hill, J.M. DiMaio, 
L.A. Baker, R. Bassel-Duby, E.N. Olson, Reprogramming of human fibroblasts toward a 
cardiac fate, Proceedings of the National Academy of Sciences of the United States of 
America, 110 (2013) 5588-5593. 

[208] N. Cao, Y. Huang, J. Zheng, C.I. Spencer, Y. Zhang, J.D. Fu, B. Nie, M. Xie, M. 
Zhang, H. Wang, T. Ma, T. Xu, G. Shi, D. Srivastava, S. Ding, Conversion of human 
fibroblasts into functional cardiomyocytes by small molecules, Science, 352 (2016) 
1216-1220. 

[209] J.X. Chen, M. Krane, M.A. Deutsch, L. Wang, M. Rav-Acha, S. Gregoire, M.C. 
Engels, K. Rajarajan, R. Karra, E.D. Abel, J.C. Wu, D. Milan, S.M. Wu, Inefficient 
reprogramming of fibroblasts into cardiomyocytes using gata4, mef2c, and tbx5, Circ 
Res, 111 (2012) 50-55. 

[210] J.D. Fu, N.R. Stone, L. Liu, C.I. Spencer, L. Qian, H. Yohei, P. Delgado-Olguin, S. 
Ding, B.G. Bruneau, S. D., Direct Reprogramming of Human Fibroblasts toward a 
Cardiomyocyte-like State, Stem Cell Reports, 1 (2013) 1-13. 

[211] L. Yankelson, Y. Feld, T. Bressler-Stramer, I. Itzhaki, I. Huber, A. Gepstein, D. 
Aronson, S. Marom, L. Gepstein, Cell therapy for modification of the myocardial 
electrophysiological substrate, Circulation, 117 (2008) 720-731. 

[212] R. Klinger, N. Bursac, Cardiac cell therapy in vitro: reproducible assays for 
comparing the efficacy of different donor cells, IEEE Eng Med Biol Mag, 27 (2008) 72-
80. 

[213] G. Gaudesius, M. Miragoli, S.P. Thomas, S. Rohr, Coupling of cardiac electrical 
activity over extended distances by fibroblasts of cardiac origin, Circ Res, 93 (2003) 421-
428. 

[214] M.R. Abraham, C.A. Henrikson, L. Tung, M.G. Chang, M. Aon, T. Xue, R.A. Li, 
O.R. B, E. Marban, Antiarrhythmic engineering of skeletal myoblasts for cardiac 
transplantation, Circulation research, 97 (2005) 159-167. 

[215] L. Hou, B. Hu, J. Jalife, Genetically engineered excitable cardiac myofibroblasts 
coupled to cardiomyocytes rescue normal propagation and reduce arrhythmia 
complexity in heterocellular monolayers, PloS one, 8 (2013) e55400. 



 

172 

[216] V. Iyer, R. Mazhari, R.L. Winslow, A computational model of the human left-
ventricular epicardial myocyte, Biophys J, 87 (2004) 1507-1525. 

[217] D. Noble, A modification of the Hodgkin--Huxley equations applicable to Purkinje 
fibre action and pace-maker potentials, The Journal of physiology, 160 (1962) 317-352. 

[218] F. Fenton, A. Karma, Vortex dynamics in three-dimensional continuous 
myocardium with fiber rotation: Filament instability and fibrillation, Chaos (Woodbury, 
N.Y, 8 (1998) 20-47. 

[219] F.H. Fenton, E.M. Cherry, H.M. Hastings, S.J. Evans, Multiple mechanisms of 
spiral wave breakup in a model of cardiac electrical activity, Chaos (Woodbury, N.Y, 12 
(2002) 852-892. 

[220] A. Bueno-Orovio, E.M. Cherry, F.H. Fenton, Minimal model for human ventricular 
action potentials in tissue, Journal of theoretical biology, 253 (2008) 544-560. 

[221] L.C. McSpadden, R.D. Kirkton, N. Bursac, Electrotonic loading of anisotropic 
cardiac monolayers by unexcitable cells depends on connexin type and expression level, 
American journal of physiology. Cell physiology, 297 (2009) C339-351. 

[222] L.C. McSpadden, H. Nguyen, N. Bursac, Size and ionic currents of unexcitable 
cells coupled to cardiomyocytes distinctly modulate cardiac action potential shape and 
pacemaking activity in micropatterned cell pairs, Circulation. Arrhythmia and 
electrophysiology, 5 (2012) 821-830. 

[223] X. Zhang, W. Ren, P. DeCaen, C. Yan, X. Tao, L. Tang, J. Wang, K. Hasegawa, T. 
Kumasaka, J. He, D.E. Clapham, N. Yan, Crystal structure of an orthologue of the 
NaChBac voltage-gated sodium channel, Nature, 486 (2012) 130-134. 

[224] T. Hu, Q. Fu, P. Chen, K. Zhang, D. Guo, Generation of a stable mammalian cell 
line for simultaneous expression of multiple genes by using 2A peptide-based lentiviral 
vector, Biotechnology letters, 31 (2009) 353-359. 

[225] M.H. Wade, J.E. Trosko, M. Schindler, A fluorescence photobleaching assay of 
gap junction-mediated communication between human cells, Science, 232 (1986) 525-
528. 

[226] M. Abbaci, M. Barberi-Heyob, J.R. Stines, W. Blondel, D. Dumas, F. Guillemin, J. 
Didelon, Gap junctional intercellular communication capacity by gap-FRAP technique: a 
comparative study, Biotechnology journal, 2 (2007) 50-61. 

[227] N. Badie, J.A. Scull, R.Y. Klinger, A. Krol, N. Bursac, Conduction block in 
micropatterned cardiomyocyte cultures replicating the structure of ventricular cross-
sections, Cardiovasc Res, 93 (2012) 263-271. 

[228] N. Badie, N. Bursac, Novel micropatterned cardiac cell cultures with realistic 
ventricular microstructure, Biophys J, 96 (2009) 3873-3885. 



 

173 

[229] N. Bursac, F. Aguel, L. Tung, Multiarm spirals in a two-dimensional cardiac 
substrate, Proceedings of the National Academy of Sciences of the United States of 
America, 101 (2004) 15530-15534. 

[230] R.B. Sekar, E. Kizana, H.C. Cho, J.M. Molitoris, G.G. Hesketh, B.P. Eaton, E. 
Marban, L. Tung, IK1 heterogeneity affects genesis and stability of spiral waves in 
cardiac myocyte monolayers, Circ Res, 104 (2009) 355-364. 

[231] H. Hsu, E. Huang, X.C. Yang, A. Karschin, C. Labarca, A. Figl, B. Ho, N. Davidson, 
H.A. Lester, Slow and incomplete inactivations of voltage-gated channels dominate 
encoding in synthetic neurons, Biophys J, 65 (1993) 1196-1206. 

[232] J. Park, C.A. Werley, V. Venkatachalam, J.M. Kralj, S.D. Dib-Hajj, S.G. Waxman, 
A.E. Cohen, Screening fluorescent voltage indicators with spontaneously spiking HEK 
cells, PloS one, 8 (2013) e85221. 

[233] C.S. Wright, M.A. van Steensel, M.B. Hodgins, P.E. Martin, Connexin mimetic 
peptides improve cell migration rates of human epidermal keratinocytes and dermal 
fibroblasts in vitro, Wound repair and regeneration : official publication of the Wound 
Healing Society [and] the European Tissue Repair Society, 17 (2009) 240-249. 

[234] J.M. Churko, D.W. Laird, Gap junction remodeling in skin repair following wounding 
and disease, Physiology, 28 (2013) 190-198. 

[235] P. Coutinho, C. Qiu, S. Frank, K. Tamber, D. Becker, Dynamic changes in 
connexin expression correlate with key events in the wound healing process, Cell Biol 
Int, 27 (2003) 525-541. 

[236] H.C. Cho, E. Marban, Biological therapies for cardiac arrhythmias: can genes and 
cells replace drugs and devices?, Circ Res, 106 (2010) 674-685. 

[237] T. Shimomura, K. Irie, H. Nagura, T. Imai, Y. Fujiyoshi, Arrangement and mobility 
of the voltage sensor domain in prokaryotic voltage-gated sodium channels, The Journal 
of biological chemistry, 286 (2011) 7409-7417. 

[238] P. Martin, Wound healing--aiming for perfect skin regeneration, Science, 276 
(1997) 75-81. 

[239] F. Grinnell, Fibroblasts, myofibroblasts, and wound contraction, The Journal of cell 
biology, 124 (1994) 401-404. 

[240] J.J. Tomasek, G. Gabbiani, B. Hinz, C. Chaponnier, R.A. Brown, Myofibroblasts 
and mechano-regulation of connective tissue remodelling, Nature reviews. Molecular cell 
biology, 3 (2002) 349-363. 

[241] W. Bian, B. Liau, N. Badie, N. Bursac, Mesoscopic hydrogel molding to control the 
3D geometry of bioartificial muscle tissues, Nature protocols, 4 (2009) 1522-1534. 



 

174 

[242] G. Kensah, A. Roa Lara, J. Dahlmann, R. Zweigerdt, K. Schwanke, J. Hegermann, 
D. Skvorc, A. Gawol, A. Azizian, S. Wagner, L.S. Maier, A. Krause, G. Drager, M. Ochs, 
A. Haverich, I. Gruh, U. Martin, Murine and human pluripotent stem cell-derived cardiac 
bodies form contractile myocardial tissue in vitro, Eur Heart J, 34 (2013) 1134-1146. 

[243] A.L. Hodgkin, A.F. Huxley, Propagation of electrical signals along giant nerve 
fibers, Proceedings of the Royal Society of London. Series B, Biological sciences, 140 
(1952) 177-183. 

[244] L. Yue, B. Navarro, D. Ren, A. Ramos, D.E. Clapham, The cation selectivity filter of 
the bacterial sodium channel, NaChBac, The Journal of general physiology, 120 (2002) 
845-853. 

[245] K.H. ten Tusscher, D. Noble, P.J. Noble, A.V. Panfilov, A model for human 
ventricular tissue, American journal of physiology. Heart and circulatory physiology, 286 
(2004) H1573-1589. 

[246] A. Nygren, C. Fiset, L. Firek, J.W. Clark, D.S. Lindblad, R.B. Clark, W.R. Giles, 
Mathematical model of an adult human atrial cell: the role of K+ currents in 
repolarization, Circ Res, 82 (1998) 63-81. 

[247] A.L. Hodgkin, W.A. Rushton, The electrical constants of a crustacean nerve fibre, 
Proceedings of the Royal Society of Medicine, 134 (1946) 444-479. 

[248] W. Rall, Core Conductor Theory and Cable Properties of Neurons,  
Comprehensive Physiology, John Wiley & Sons, Inc.2011. 

[249] J. Blanchet, S. Pilote, M. Chahine, Acidic residues on the voltage-sensor domain 
determine the activation of the NaChBac sodium channel, Biophys J, 92 (2007) 3513-
3523. 

[250] A.L. Hodgkin, A note on conduction velocity, J Physiol, 125 (1954) 221-224. 

[251] I. Tasaki, S. Hagiwara, Capacity of muscle fiber membrane, Am J Physiol, 188 
(1957) 423-429. 

[252] M.K. Walton, H.A. Fozzard, The conducted action potential. Models and 
comparison to experiments, Biophys J, 44 (1983) 9-26. 

[253] D. Zhang, I.Y. Shadrin, J. Lam, H.Q. Xian, H.R. Snodgrass, N. Bursac, Tissue-
engineered cardiac patch for advanced functional maturation of human ESC-derived 
cardiomyocytes, Biomaterials, 34 (2013) 5813-5820. 

[254] B. Liau, N. Christoforou, K.W. Leong, N. Bursac, Pluripotent stem cell-derived 
cardiac tissue patch with advanced structure and function, Biomaterials, 32 (2011) 9180-
9187. 



 

175 

[255] J. de Bakker, F. van Capelle, M. Janse, S. Tasseron, J. Vermeulen, N. de Jonge, 
J. Lahpor, Slow conduction in the infarcted human heart. 'Zigzag' course of activation, 
Circulation, 88 (1993) 915-926. 

[256] W. Bian, L. Tung, Structure-related initiation of reentry by rapid pacing in 
monolayers of cardiac cells, Circ Res, 98 (2006) e29-38. 

[257] L. Hou, M. Deo, P. Furspan, S.V. Pandit, S. Mironov, D.S. Auerbach, Q. Gong, Z. 
Zhou, O. Berenfeld, J. Jalife, A major role for HERG in determining frequency of reentry 
in neonatal rat ventricular myocyte monolayer, Circ Res, 107 (2010) 1503-1511. 

[258] D.H. Kim, E.A. Lipke, P. Kim, R. Cheong, S. Thompson, M. Delannoy, K.Y. Suh, L. 
Tung, A. Levchenko, Nanoscale cues regulate the structure and function of macroscopic 
cardiac tissue constructs, Proceedings of the National Academy of Sciences of the 
United States of America, 107 (2010) 565-570. 

[259] Q. Xiong, K.L. Hill, Q. Li, P. Suntharalingam, A. Mansoor, X. Wang, M.N. Jameel, 
P. Zhang, C. Swingen, D.S. Kaufman, J. Zhang, A fibrin patch-based enhanced delivery 
of human embryonic stem cell-derived vascular cell transplantation in a porcine model of 
postinfarction left ventricular remodeling, Stem cells, 29 (2011) 367-375. 

[260] J.S. Wendel, L. Ye, P. Zhang, R.T. Tranquillo, J.J. Zhang, Functional 
consequences of a tissue-engineered myocardial patch for cardiac repair in a rat infarct 
model, Tissue engineering. Part A, 20 (2014) 1325-1335. 

[261] R.D. Brown, S.K. Ambler, M.D. Mitchell, C.S. Long, The cardiac fibroblast: 
therapeutic target in myocardial remodeling and failure, Annu Rev Pharmacol Toxicol, 45 
(2005) 657-687. 

[262] M. Eddleston, L. Mucke, Molecular profile of reactive astrocytes--implications for 
their role in neurologic disease, Neuroscience, 54 (1993) 15-36. 

[263] K. Dolnikov, M. Shilkrut, N. Zeevi-Levin, S. Gerecht-Nir, M. Amit, A. Danon, J. 
Itskovitz-Eldor, O. Binah, Functional properties of human embryonic stem cell-derived 
cardiomyocytes: intracellular Ca2+ handling and the role of sarcoplasmic reticulum in the 
contraction, Stem Cells, 24 (2006) 236-245. 

[264] D.K. Lieu, J. Liu, C.W. Siu, G.P. McNerney, H.F. Tse, A. Abu-Khalil, T. Huser, R.A. 
Li, Absence of transverse tubules contributes to non-uniform Ca(2+) wavefronts in 
mouse and human embryonic stem cell-derived cardiomyocytes, Stem cells and 
development, 18 (2009) 1493-1500. 

[265] J. Satin, I. Kehat, O. Caspi, I. Huber, G. Arbel, I. Itzhaki, J. Magyar, E.A. Schroder, 
I. Perlman, L. Gepstein, Mechanism of spontaneous excitability in human embryonic 
stem cell derived cardiomyocytes, The Journal of physiology, 559 (2004) 479-496. 



 

176 

[266] O. Caspi, I. Itzhaki, G. Arbel, I. Kehat, A. Gepstien, I. Huber, J. Satin, L. Gepstein, 
In Vitro Electrophysiological Drug Testing using Human Embryonic Stem Cell Derived 
Cardiomyocytes, Stem cells and development, (2008). 

[267] I. Kehat, L. Khimovich, O. Caspi, A. Gepstein, R. Shofti, G. Arbel, I. Huber, J. 
Satin, J. Itskovitz-Eldor, L. Gepstein, Electromechanical integration of cardiomyocytes 
derived from human embryonic stem cells, Nat Biotechnol, 22 (2004) 1282-1289. 

[268] D. Malan, M. Reppel, R. Dobrowolski, W. Roell, N. Smyth, J. Hescheler, M. 
Paulsson, W. Bloch, B.K. Fleischmann, Lack of Laminin {gamma}1 In ES Cell-Derived 
Cardiomyocytes Causes Inhomogeneous Electrical Spreading Despite Intact 
Differentiation And Function, Stem Cells, (2008). 

[269] J. Hescheler, M. Halbach, U. Egert, Z.J. Lu, H. Bohlen, B.K. Fleischmann, M. 
Reppel, Determination of electrical properties of ES cell-derived cardiomyocytes using 
MEAs, J Electrocardiol, 37 Suppl (2004) 110-116. 

[270] J.J. Chong, X. Yang, C.W. Don, E. Minami, Y.W. Liu, J.J. Weyers, W.M. Mahoney, 
B. Van Biber, N.J. Palpant, J.A. Gantz, J.A. Fugate, V. Muskheli, G.M. Gough, K.W. 
Vogel, C.A. Astley, C.E. Hotchkiss, A. Baldessari, L. Pabon, H. Reinecke, E.A. Gill, V. 
Nelson, H.P. Kiem, M.A. Laflamme, C.E. Murry, Human embryonic-stem-cell-derived 
cardiomyocytes regenerate non-human primate hearts, Nature, (2014). 

[271] L. Qian, E.C. Berry, J.D. Fu, M. Ieda, D. Srivastava, Reprogramming of mouse 
fibroblasts into cardiomyocyte-like cells in vitro, Nature protocols, 8 (2013) 1204-1215. 

[272] N. Christoforou, M. Chellappan, A.F. Adler, R.D. Kirkton, T. Wu, R.C. Addis, N. 
Bursac, K.W. Leong, Transcription factors MYOCD, SRF, Mesp1 and SMARCD3 
enhance the cardio-inducing effect of GATA4, TBX5, and MEF2C during direct cellular 
reprogramming, PloS one, 8 (2013) e63577. 

[273] M. Vangipuram, D. Ting, S. Kim, R. Diaz, B. Schule, Skin punch biopsy explant 
culture for derivation of primary human fibroblasts, J Vis Exp, (2013) e3779. 

[274] L.I. Huschtscha, C.E. Napier, J.R. Noble, K. Bower, A.Y. Au, H.G. Campbell, A.W. 
Braithwaite, R.R. Reddel, Enhanced isolation of fibroblasts from human skin explants, 
Biotechniques, 53 (2012) 239-244. 

[275] E.A. Rog-Zielinska, R.A. Norris, P. Kohl, R. Markwald, The Living Scar--Cardiac 
Fibroblasts and the Injured Heart, Trends Mol Med, 22 (2016) 99-114. 

[276] T. Moore-Morris, N. Guimaraes-Camboa, I. Banerjee, A.C. Zambon, T. Kisseleva, 
A. Velayoudon, W.B. Stallcup, Y. Gu, N.D. Dalton, M. Cedenilla, R. Gomez-Amaro, B. 
Zhou, D.A. Brenner, K.L. Peterson, J. Chen, S.M. Evans, Resident fibroblast lineages 
mediate pressure overload-induced cardiac fibrosis, The Journal of clinical investigation, 
124 (2014) 2921-2934. 



 

177 

[277] P. Camelliti, G.P. Devlin, K.G. Matthews, P. Kohl, C.R. Green, Spatially and 
temporally distinct expression of fibroblast connexins after sheep ventricular infarction, 
Cardiovasc Res, 62 (2004) 415-425. 

[278] N.L. Walker, F.L. Burton, S. Kettlewell, G.L. Smith, S.M. Cobbe, Mapping of 
epicardial activation in a rabbit model of chronic myocardial infarction, J Cardiovasc 
Electrophysiol, 18 (2007) 862-868. 

[279] S. Saba, M.A. Mathier, H. Mehdi, T. Liu, B.R. Choi, B. London, G. Salama, Dual-
dye optical mapping after myocardial infarction: does the site of ventricular stimulation 
alter the properties of electrical propagation?, J Cardiovasc Electrophysiol, 19 (2008) 
197-202. 

[280] V.M. Mahoney, V. Mezzano, G.R. Mirams, K. Maass, Z. Li, M. Cerrone, C. 
Vasquez, A. Bapat, M. Delmar, G.E. Morley, Connexin43 contributes to electrotonic 
conduction across scar tissue in the intact heart, Sci Rep, 6 (2016) 26744. 

[281] M.C. Trudeau, J.W. Warmke, B. Ganetzky, G.A. Robertson, HERG, a human 
inward rectifier in the voltage-gated potassium channel family, Science, 269 (1995) 92-
95. 

[282] L. Yue, J. Feng, G.R. Li, S. Nattel, Characterization of an ultrarapid delayed 
rectifier potassium channel involved in canine atrial repolarization, The Journal of 
physiology, 496 ( Pt 3) (1996) 647-662. 

[283] U. Ravens, E. Wettwer, Ultra-rapid delayed rectifier channels: molecular basis and 
therapeutic implications, Cardiovasc Res, 89 (2011) 776-785. 

[284] J. Boch, H. Scholze, S. Schornack, A. Landgraf, S. Hahn, S. Kay, T. Lahaye, A. 
Nickstadt, U. Bonas, Breaking the code of DNA binding specificity of TAL-type III 
effectors, Science, 326 (2009) 1509-1512. 

[285] P. Mali, L. Yang, K.M. Esvelt, J. Aach, M. Guell, J.E. DiCarlo, J.E. Norville, G.M. 
Church, RNA-guided human genome engineering via Cas9, Science, 339 (2013) 823-
826. 

[286] F. Zhang, L.P. Wang, M. Brauner, J.F. Liewald, K. Kay, N. Watzke, P.G. Wood, E. 
Bamberg, G. Nagel, A. Gottschalk, K. Deisseroth, Multimodal fast optical interrogation of 
neural circuitry, Nature, 446 (2007) 633-639. 

[287] F. Zhang, M. Prigge, F. Beyriere, S.P. Tsunoda, J. Mattis, O. Yizhar, P. 
Hegemann, K. Deisseroth, Red-shifted optogenetic excitation: a tool for fast neural 
control derived from Volvox carteri, Nat Neurosci, 11 (2008) 631-633. 

[288] T. Ikemura, Codon usage and tRNA content in unicellular and multicellular 
organisms, Mol Biol Evol, 2 (1985) 13-34. 



 

178 

[289] T. Szul, E. Sztul, COPII and COPI traffic at the ER-Golgi interface, Physiology, 26 
(2011) 348-364. 

[290] K.M. O'Connell, M.M. Tamkun, Targeting of voltage-gated potassium channel 
isoforms to distinct cell surface microdomains, J Cell Sci, 118 (2005) 2155-2166. 

[291] D. Li, K. Takimoto, E.S. Levitan, Surface expression of Kv1 channels is governed 
by a C-terminal motif, The Journal of biological chemistry, 275 (2000) 11597-11602. 

[292] D. Ma, N. Zerangue, Y.F. Lin, A. Collins, M. Yu, Y.N. Jan, L.Y. Jan, Role of ER 
export signals in controlling surface potassium channel numbers, Science, 291 (2001) 
316-319. 

[293] V. Gradinaru, K.R. Thompson, K. Deisseroth, eNpHR: a Natronomonas 
halorhodopsin enhanced for optogenetic applications, Brain Cell Biol, 36 (2008) 129-
139. 

[294] V. Gradinaru, F. Zhang, C. Ramakrishnan, J. Mattis, R. Prakash, I. Diester, I. 
Goshen, K.R. Thompson, K. Deisseroth, Molecular and cellular approaches for 
diversifying and extending optogenetics, Cell, 141 (2010) 154-165. 

[295] C. de Diego, R.K. Pai, F. Chen, L.H. Xie, J. De Leeuw, J.N. Weiss, M. 
Valderrabano, Electrophysiological consequences of acute regional 
ischemia/reperfusion in neonatal rat ventricular myocyte monolayers, Circulation, 118 
(2008) 2330-2337. 

[296] X. LIU, Y. He, Z. Wang, C. WANG, Z. Liu, T. XIA, L. Wang, F.L. Zhang, Method of 
sequence optimization for improved recombinant protein expression using a particle 
swarm optimization algorithm, Google Patents, 2012. 

[297] M. Welch, S. Govindarajan, J.E. Ness, A. Villalobos, A. Gurney, J. Minshull, C. 
Gustafsson, Design parameters to control synthetic gene expression in Escherichia coli, 
PloS one, 4 (2009) e7002. 

[298] D.A. Zacharias, J.D. Violin, A.C. Newton, R.Y. Tsien, Partitioning of lipid-modified 
monomeric GFPs into membrane microdomains of live cells, Science, 296 (2002) 913-
916. 

[299] K.R. Pitts, C.F. Toombs, Coverslip hypoxia: a novel method for studying cardiac 
myocyte hypoxia and ischemia in vitro, American journal of physiology. Heart and 
circulatory physiology, 287 (2004) H1801-1812. 

[300] C.H. Luo, Y. Rudy, A model of the ventricular cardiac action potential. 
Depolarization, repolarization, and their interaction, Circ Res, 68 (1991) 1501-1526. 

[301] G.M. Wahler, Developmental increases in the inwardly rectifying potassium current 
of rat ventricular myocytes, Am J Physiol, 262 (1992) C1266-1272. 



 

179 

[302] C.H. Luo, Y. Rudy, A dynamic model of the cardiac ventricular action potential. II. 
Afterdepolarizations, triggered activity, and potentiation, Circ Res, 74 (1994) 1097-1113. 

[303] J.S. Bonifacino, L.M. Traub, Signals for sorting of transmembrane proteins to 
endosomes and lysosomes, Annu Rev Biochem, 72 (2003) 395-447. 

[304] A. Hofherr, B. Fakler, N. Klocker, Selective Golgi export of Kir2.1 controls the 
stoichiometry of functional Kir2.x channel heteromers, J Cell Sci, 118 (2005) 1935-1943. 

[305] A.S. Harris, A. Bisteni, R.A. Russell, J.C. Brigham, J.E. Firestone, Excitatory 
factors in ventricular tachycardia resulting from myocardial ischemia; potassium a major 
excitant, Science, 119 (1954) 200-203. 

[306] S. Zlochiver, V. Munoz, K.L. Vikstrom, S.M. Taffet, O. Berenfeld, J. Jalife, 
Electrotonic myofibroblast-to-myocyte coupling increases propensity to reentrant 
arrhythmias in two-dimensional cardiac monolayers, Biophys J, 95 (2008) 4469-4480. 

[307] R. Majumder, M.C. Engels, A.A. de Vries, A.V. Panfilov, D.A. Pijnappels, Islands of 
spatially discordant APD alternans underlie arrhythmogenesis by promoting electrotonic 
dyssynchrony in models of fibrotic rat ventricular myocardium, Sci Rep, 6 (2016) 24334. 

[308] C. Gustafsson, S. Govindarajan, J. Minshull, Codon bias and heterologous protein 
expression, Trends Biotechnol, 22 (2004) 346-353. 

[309] K. Itakura, T. Hirose, R. Crea, A.D. Riggs, H.L. Heyneker, F. Bolivar, H.W. Boyer, 
Expression in Escherichia coli of a chemically synthesized gene for the hormone 
somatostatin, Science, 198 (1977) 1056-1063. 

[310] A. Fuglsang, Codon optimizer: a freeware tool for codon optimization, Protein Expr 
Purif, 31 (2003) 247-249. 

[311] A. Grote, K. Hiller, M. Scheer, R. Munch, B. Nortemann, D.C. Hempel, D. Jahn, 
JCat: a novel tool to adapt codon usage of a target gene to its potential expression host, 
Nucleic Acids Res, 33 (2005) W526-531. 

[312] P. Puigbo, E. Guzman, A. Romeu, S. Garcia-Vallve, OPTIMIZER: a web server for 
optimizing the codon usage of DNA sequences, Nucleic Acids Res, 35 (2007) W126-
131. 

[313] D. Shy, L. Gillet, H. Abriel, Cardiac sodium channel NaV1.5 distribution in 
myocytes via interacting proteins: the multiple pool model, Biochim Biophys Acta, 1833 
(2013) 886-894. 

[314] D. Shy, L. Gillet, J. Ogrodnik, M. Albesa, A.O. Verkerk, R. Wolswinkel, J.S. 
Rougier, J. Barc, M.C. Essers, N. Syam, R.F. Marsman, A.M. van Mil, S. Rotman, R. 
Redon, C.R. Bezzina, C.A. Remme, H. Abriel, PDZ domain-binding motif regulates 
cardiomyocyte compartment-specific NaV1.5 channel expression and function, 
Circulation, 130 (2014) 147-160. 



 

180 

[315] M.A. Makara, J. Curran, S.C. Little, H. Musa, I. Polina, S.A. Smith, P.J. Wright, 
S.D. Unudurthi, J. Snyder, V. Bennett, T.J. Hund, P.J. Mohler, Ankyrin-G coordinates 
intercalated disc signaling platform to regulate cardiac excitability in vivo, Circ Res, 115 
(2014) 929-938. 

[316] S. Nattel, A. Maguy, S. Le Bouter, Y.H. Yeh, Arrhythmogenic ion-channel 
remodeling in the heart: heart failure, myocardial infarction, and atrial fibrillation, 
Physiological reviews, 87 (2007) 425-456. 

[317] N.J. Severs, A.F. Bruce, E. Dupont, S. Rothery, Remodelling of gap junctions and 
connexin expression in diseased myocardium, Cardiovasc Res, 80 (2008) 9-19. 

[318] S.B. Danik, F. Liu, J. Zhang, H.J. Suk, G.E. Morley, G.I. Fishman, D.E. Gutstein, 
Modulation of cardiac gap junction expression and arrhythmic susceptibility, Circ Res, 95 
(2004) 1035-1041. 

[319] J.W. Holmes, Z. Laksman, L. Gepstein, Making better scar: Emerging approaches 
for modifying mechanical and electrical properties following infarction and ablation, Prog 
Biophys Mol Biol, 120 (2016) 134-148. 

[320] I.D. Greener, T. Sasano, X. Wan, T. Igarashi, M. Strom, D.S. Rosenbaum, J.K. 
Donahue, Connexin43 gene transfer reduces ventricular tachycardia susceptibility after 
myocardial infarction, Journal of the American College of Cardiology, 60 (2012) 1103-
1110. 

[321] T. Igarashi, J.E. Finet, A. Takeuchi, Y. Fujino, M. Strom, I.D. Greener, D.S. 
Rosenbaum, J.K. Donahue, Connexin gene transfer preserves conduction velocity and 
prevents atrial fibrillation, Circulation, 125 (2012) 216-225. 

[322] S.F. Askar, A.A. Ramkisoensing, M.J. Schalij, B.O. Bingen, J. Swildens, A. van der 
Laarse, D.E. Atsma, A.A. de Vries, D.L. Ypey, D.A. Pijnappels, Antiproliferative 
treatment of myofibroblasts prevents arrhythmias in vitro by limiting myofibroblast-
induced depolarization, Cardiovasc Res, 90 (2011) 295-304. 

[323] S.F. Askar, B.O. Bingen, J. Swildens, D.L. Ypey, A. van der Laarse, D.E. Atsma, K. 
Zeppenfeld, M.J. Schalij, A.A. de Vries, D.A. Pijnappels, Connexin43 silencing in 
myofibroblasts prevents arrhythmias in myocardial cultures: role of maximal diastolic 
potential, Cardiovasc Res, 93 (2012) 434-444. 

[324] J.J. Chong, X. Yang, C.W. Don, E. Minami, Y.W. Liu, J.J. Weyers, W.M. Mahoney, 
B. Van Biber, S.M. Cook, N.J. Palpant, J.A. Gantz, J.A. Fugate, V. Muskheli, G.M. 
Gough, K.W. Vogel, C.A. Astley, C.E. Hotchkiss, A. Baldessari, L. Pabon, H. Reinecke, 
E.A. Gill, V. Nelson, H.P. Kiem, M.A. Laflamme, C.E. Murry, Human embryonic-stem-
cell-derived cardiomyocytes regenerate non-human primate hearts, Nature, 510 (2014) 
273-277. 

[325] K. Deisseroth, Optogenetics: 10 years of microbial opsins in neuroscience, Nat 
Neurosci, 18 (2015) 1213-1225. 



 

181 

[326] D.B. Cox, R.J. Platt, F. Zhang, Therapeutic genome editing: prospects and 
challenges, Nat Med, 21 (2015) 121-131. 

[327] J.J. Lacroix, F.V. Campos, L. Frezza, F. Bezanilla, Molecular bases for the 
asynchronous activation of sodium and potassium channels required for nerve impulse 
generation, Neuron, 79 (2013) 651-657. 

[328] Y. Miyasaka, M.E. Barnes, B.J. Gersh, S.S. Cha, K.R. Bailey, W.P. Abhayaratna, 
J.B. Seward, T.S. Tsang, Secular trends in incidence of atrial fibrillation in Olmsted 
County, Minnesota, 1980 to 2000, and implications on the projections for future 
prevalence, Circulation, 114 (2006) 119-125. 

[329] B.P. Krijthe, A. Kunst, E.J. Benjamin, G.Y. Lip, O.H. Franco, A. Hofman, J.C. 
Witteman, B.H. Stricker, J. Heeringa, Projections on the number of individuals with atrial 
fibrillation in the European Union, from 2000 to 2060, Eur Heart J, 34 (2013) 2746-2751. 

[330] C. Marini, F. De Santis, S. Sacco, T. Russo, L. Olivieri, R. Totaro, A. Carolei, 
Contribution of atrial fibrillation to incidence and outcome of ischemic stroke: results from 
a population-based study, Stroke, 36 (2005) 1115-1119. 

[331] A. Ott, M.M. Breteler, M.C. de Bruyne, F. van Harskamp, D.E. Grobbee, A. 
Hofman, Atrial fibrillation and dementia in a population-based study. The Rotterdam 
Study, Stroke, 28 (1997) 316-321. 

[332] T.J. Wang, M.G. Larson, D. Levy, R.S. Vasan, E.P. Leip, P.A. Wolf, R.B. 
D'Agostino, J.M. Murabito, W.B. Kannel, E.J. Benjamin, Temporal relations of atrial 
fibrillation and congestive heart failure and their joint influence on mortality: the 
Framingham Heart Study, Circulation, 107 (2003) 2920-2925. 

[333] E.J. Benjamin, P.A. Wolf, R.B. D'Agostino, H. Silbershatz, W.B. Kannel, D. Levy, 
Impact of atrial fibrillation on the risk of death: the Framingham Heart Study, Circulation, 
98 (1998) 946-952. 

[334] P. Zimetbaum, Antiarrhythmic drug therapy for atrial fibrillation, Circulation, 125 
(2012) 381-389. 

[335] R. Cappato, H. Calkins, S.A. Chen, W. Davies, Y. Iesaka, J. Kalman, Y.H. Kim, G. 
Klein, A. Natale, D. Packer, A. Skanes, F. Ambrogi, E. Biganzoli, Updated worldwide 
survey on the methods, efficacy, and safety of catheter ablation for human atrial 
fibrillation, Circulation. Arrhythmia and electrophysiology, 3 (2010) 32-38. 

[336] G. Amit, K. Kikuchi, I.D. Greener, L. Yang, V. Novack, J.K. Donahue, Selective 
molecular potassium channel blockade prevents atrial fibrillation, Circulation, 121 (2010) 
2263-2270. 

[337] K. Kikuchi, A.D. McDonald, T. Sasano, J.K. Donahue, Targeted modification of 
atrial electrophysiology by homogeneous transmural atrial gene transfer, Circulation, 111 
(2005) 264-270. 



 

182 

[338] M.A. Kotterman, D.V. Schaffer, Engineering adeno-associated viruses for clinical 
gene therapy, Nat Rev Genet, 15 (2014) 445-451. 

[339] B. Zhou, W.T. Pu, Epicardial epithelial-to-mesenchymal transition in injured heart, 
J Cell Mol Med, 15 (2011) 2781-2783. 

[340] W.A. Catterall, Voltage-gated calcium channels, Cold Spring Harb Perspect Biol, 3 
(2011) a003947. 

[341] T.M. Strom, G. Nyakatura, E. Apfelstedt-Sylla, H. Hellebrand, B. Lorenz, B.H. 
Weber, K. Wutz, N. Gutwillinger, K. Ruther, B. Drescher, C. Sauer, E. Zrenner, T. 
Meitinger, A. Rosenthal, A. Meindl, An L-type calcium-channel gene mutated in 
incomplete X-linked congenital stationary night blindness, Nat Genet, 19 (1998) 260-
263. 

[342] N.T. Bech-Hansen, M.J. Naylor, T.A. Maybaum, W.G. Pearce, B. Koop, G.A. 
Fishman, M. Mets, M.A. Musarella, K.M. Boycott, Loss-of-function mutations in a 
calcium-channel alpha1-subunit gene in Xp11.23 cause incomplete X-linked congenital 
stationary night blindness, Nat Genet, 19 (1998) 264-267. 

[343] R. Jalkanen, M. Mantyjarvi, R. Tobias, J. Isosomppi, E.M. Sankila, T. Alitalo, N.T. 
Bech-Hansen, X linked cone-rod dystrophy, CORDX3, is caused by a mutation in the 
CACNA1F gene, J Med Genet, 43 (2006) 699-704. 

[344] S. Guida, F. Trettel, S. Pagnutti, E. Mantuano, A. Tottene, L. Veneziano, T. Fellin, 
M. Spadaro, K. Stauderman, M. Williams, S. Volsen, R. Ophoff, R. Frants, C. Jodice, M. 
Frontali, D. Pietrobon, Complete loss of P/Q calcium channel activity caused by a 
CACNA1A missense mutation carried by patients with episodic ataxia type 2, Am J Hum 
Genet, 68 (2001) 759-764. 

[345] J. Jen, G.W. Kim, R.W. Baloh, Clinical spectrum of episodic ataxia type 2, 
Neurology, 62 (2004) 17-22. 

[346] C. Antzelevitch, G.D. Pollevick, J.M. Cordeiro, O. Casis, M.C. Sanguinetti, Y. 
Aizawa, A. Guerchicoff, R. Pfeiffer, A. Oliva, B. Wollnik, P. Gelber, E.P. Bonaros, Jr., E. 
Burashnikov, Y. Wu, J.D. Sargent, S. Schickel, R. Oberheiden, A. Bhatia, L.F. Hsu, M. 
Haissaguerre, R. Schimpf, M. Borggrefe, C. Wolpert, Loss-of-function mutations in the 
cardiac calcium channel underlie a new clinical entity characterized by ST-segment 
elevation, short QT intervals, and sudden cardiac death, Circulation, 115 (2007) 442-
449. 

[347] C. Templin, J.R. Ghadri, J.S. Rougier, A. Baumer, V. Kaplan, M. Albesa, H. Sticht, 
A. Rauch, C. Puleo, D. Hu, H. Barajas-Martinez, C. Antzelevitch, T.F. Luscher, H. Abriel, 
F. Duru, Identification of a novel loss-of-function calcium channel gene mutation in short 
QT syndrome (SQTS6), Eur Heart J, 32 (2011) 1077-1088. 

[348] S.M. Baig, A. Koschak, A. Lieb, M. Gebhart, C. Dafinger, G. Nurnberg, A. Ali, I. 
Ahmad, M.J. Sinnegger-Brauns, N. Brandt, J. Engel, M.E. Mangoni, M. Farooq, H.U. 



 

183 

Khan, P. Nurnberg, J. Striessnig, H.J. Bolz, Loss of Ca(v)1.3 (CACNA1D) function in a 
human channelopathy with bradycardia and congenital deafness, Nat Neurosci, 14 
(2011) 77-84. 

[349] K. Jurkat-Rott, F. Lehmann-Horn, A. Elbaz, R. Heine, R.G. Gregg, K. Hogan, P.A. 
Powers, P. Lapie, J.E. Vale-Santos, J. Weissenbach, et al., A calcium channel mutation 
causing hypokalemic periodic paralysis, Hum Mol Genet, 3 (1994) 1415-1419. 

[350] L.J. Ptacek, R. Tawil, R.C. Griggs, A.G. Engel, R.B. Layzer, H. Kwiecinski, P.G. 
McManis, L. Santiago, M. Moore, G. Fouad, et al., Dihydropyridine receptor mutations 
cause hypokalemic periodic paralysis, Cell, 77 (1994) 863-868. 

[351] V.A. Lennon, T.J. Kryzer, G.E. Griesmann, P.E. O'Suilleabhain, A.J. Windebank, 
A. Woppmann, G.P. Miljanich, E.H. Lambert, Calcium-channel antibodies in the 
Lambert-Eaton syndrome and other paraneoplastic syndromes, N Engl J Med, 332 
(1995) 1467-1474. 

[352] R.G. Smith, S. Hamilton, F. Hofmann, T. Schneider, W. Nastainczyk, L. 
Birnbaumer, E. Stefani, S.H. Appel, Serum antibodies to L-type calcium channels in 
patients with amyotrophic lateral sclerosis, N Engl J Med, 327 (1992) 1721-1728. 

[353] Y. Moran, M.G. Barzilai, B.J. Liebeskind, H.H. Zakon, Evolution of voltage-gated 
ion channels at the emergence of Metazoa, J Exp Biol, 218 (2015) 515-525. 

[354] R.B. Robinson, Engineering a biological pacemaker: in vivo, in vitro and in silico 
models, Drug discovery today. Disease models, 6 (2009) 93-98. 

[355] M.R. Rosen, P.R. Brink, I.S. Cohen, R.B. Robinson, Cardiac pacing: from 
biological to electronic ... to biological?, Circ Arrhythm Electrophysiol, 1 (2008) 54-61. 

[356] S. Pakarinen, L. Oikarinen, L. Toivonen, Short-term implantation-related 
complications of cardiac rhythm management device therapy: a retrospective single-
centre 1-year survey, Europace, 12 (2010) 103-108. 

[357] T. Xue, H.C. Cho, F.G. Akar, S.Y. Tsang, S.P. Jones, E. Marban, G.F. Tomaselli, 
R.A. Li, Functional integration of electrically active cardiac derivatives from genetically 
engineered human embryonic stem cells with quiescent recipient ventricular 
cardiomyocytes: insights into the development of cell-based pacemakers, Circulation, 
111 (2005) 11-20. 

[358] S.I. Protze, J. Liu, U. Nussinovitch, L. Ohana, P.H. Backx, L. Gepstein, G.M. 
Keller, Sinoatrial node cardiomyocytes derived from human pluripotent cells function as 
a biological pacemaker, Nat Biotechnol, 35 (2017) 56-68. 

[359] A.N. Plotnikov, I. Shlapakova, M.J. Szabolcs, P. Danilo, Jr., B.H. Lorell, I.A. 
Potapova, Z. Lu, A.B. Rosen, R.T. Mathias, P.R. Brink, R.B. Robinson, I.S. Cohen, M.R. 
Rosen, Xenografted adult human mesenchymal stem cells provide a platform for 



 

184 

sustained biological pacemaker function in canine heart, Circulation, 116 (2007) 706-
713. 

[360] I. Potapova, A. Plotnikov, Z. Lu, P. Danilo, Jr., V. Valiunas, J. Qu, S. Doronin, J. 
Zuckerman, I.N. Shlapakova, J. Gao, Z. Pan, A.J. Herron, R.B. Robinson, P.R. Brink, 
M.R. Rosen, I.S. Cohen, Human mesenchymal stem cells as a gene delivery system to 
create cardiac pacemakers, Circ Res, 94 (2004) 952-959. 

[361] J.Q. He, Y. Ma, Y. Lee, J.A. Thomson, T.J. Kamp, Human embryonic stem cells 
develop into multiple types of cardiac myocytes: action potential characterization, Circ 
Res, 93 (2003) 32-39. 

[362] W.Z. Zhu, K.D. Hauch, C. Xu, M.A. Laflamme, Human embryonic stem cells and 
cardiac repair, Transplant Rev (Orlando), 23 (2009) 53-68. 

[363] A. Bucchi, A.N. Plotnikov, I. Shlapakova, P. Danilo, Jr., Y. Kryukova, J. Qu, Z. Lu, 
H. Liu, Z. Pan, I. Potapova, B. KenKnight, S. Girouard, I.S. Cohen, P.R. Brink, R.B. 
Robinson, M.R. Rosen, Wild-type and mutant HCN channels in a tandem biological-
electronic cardiac pacemaker, Circulation, 114 (2006) 992-999. 

[364] A.N. Plotnikov, A. Bucchi, I. Shlapakova, P. Danilo, Jr., P.R. Brink, R.B. Robinson, 
I.S. Cohen, M.R. Rosen, HCN212-channel biological pacemakers manifesting ventricular 
tachyarrhythmias are responsive to treatment with I(f) blockade, Heart rhythm : the 
official journal of the Heart Rhythm Society, 5 (2008) 282-288. 

[365] G.J. Boink, B.D. Nearing, I.N. Shlapakova, L. Duan, Y. Kryukova, Y. Bobkov, H.L. 
Tan, I.S. Cohen, P. Danilo, Jr., R.B. Robinson, R.L. Verrier, M.R. Rosen, Ca(2+)-
stimulated adenylyl cyclase AC1 generates efficient biological pacing as single gene 
therapy and in combination with HCN2, Circulation, 126 (2012) 528-536. 

[366] H.F. Tse, T. Xue, C.P. Lau, C.W. Siu, K. Wang, Q.Y. Zhang, G.F. Tomaselli, F.G. 
Akar, R.A. Li, Bioartificial sinus node constructed via in vivo gene transfer of an 
engineered pacemaker HCN Channel reduces the dependence on electronic pacemaker 
in a sick-sinus syndrome model, Circulation, 114 (2006) 1000-1011. 

[367] Y. Kashiwakura, H.C. Cho, A.S. Barth, E. Azene, E. Marban, Gene transfer of a 
synthetic pacemaker channel into the heart: a novel strategy for biological pacing, 
Circulation, 114 (2006) 1682-1686. 

[368] E. Cingolani, K. Yee, M. Shehata, S.S. Chugh, E. Marban, H.C. Cho, Biological 
pacemaker created by percutaneous gene delivery via venous catheters in a porcine 
model of complete heart block, Heart rhythm : the official journal of the Heart Rhythm 
Society, 9 (2012) 1310-1318. 

[369] N. Kapoor, W. Liang, E. Marban, H.C. Cho, Direct conversion of quiescent 
cardiomyocytes to pacemaker cells by expression of Tbx18, Nat Biotechnol, 31 (2013) 
54-62. 



 

185 

[370] Y.F. Hu, J.F. Dawkins, H.C. Cho, E. Marban, E. Cingolani, Biological pacemaker 
created by minimally invasive somatic reprogramming in pigs with complete heart block, 
Sci Transl Med, 6 (2014) 245ra294. 

[371] G.J. Boink, V.M. Christoffels, R.B. Robinson, H.L. Tan, The past, present, and 
future of pacemaker therapies, Trends Cardiovasc Med, 25 (2015) 661-673. 

[372] M. Chahine, S. Pilote, V. Pouliot, H. Takami, C. Sato, Role of arginine residues on 
the S4 segment of the Bacillus halodurans Na+ channel in voltage-sensing, J Membr 
Biol, 201 (2004) 9-24. 
 
  



 

186 

Biography 
Hung Nguyen was born on December 18th, 1988 in Hue, Vietnam. He earned his 

Bachelor of Engineering in Bioengineering from Nanyang Technological University in 

May 2010. In August 2010, he started his PhD studies in the Biomedical Engineering 

Department at Duke University, pursuing research on potential therapies for cardiac 

diseases in the lab of Dr. Nenad Bursac. He was awarded the Predoctoral Fellowship 

from the American Heart Association from 2013 to 2015. His PhD work has resulted in 

several publications and conference presentations, listed below. 

PUBLICATIONS 
Nguyen HX, Kirkton RD, and Bursac N. “Engineering Prokaryotic Channels for Control of 
Mammalian Tissue Excitability” Nature Communications, 2016 Oct 18; 7:13132. 
Nguyen HX, Badie N, McSpadden L, Pedrotty D and Bursac N. “Quantifying Electrical 
Interactions Between Cardiomyocytes and Other Cells in Micropatterned Cell Pairs”. In: M. 
Radisic and L. D. Black Iii, eds. Cardiac Tissue Engineering: Springer New York; 2014(1181): 
249-262. 
McSpadden LC, Nguyen HX, and Bursac N. “Size and ionic currents of unexcitable cells coupled 
to cardiomyocytes distinctly modulate cardiac action potential shape and pacemaking activity in 
micropatterned cell pairs” Circulation: Arrhythmia and Electrophysiology, 2012 Aug 1; 5(4):821-
30. 
 

PRESENTATIONS 
Nguyen H and Bursac N. “Engineered Prokaryotic Channels for Antiarrhythmic Therapy”, Heart 
Rhythm Annual Scientific Sessions, Chicago, IL, 2017. Poster Presentation (accepted). 
Nguyen H and Bursac N. “Engineering Prokaryotic Channels for Generation and Control of 
Mammalian Tissue Excitability”, American Heart Association Scientific Sessions, New Orleans, 
LA, 2016. Poster Presentation. 
Nguyen H, Kirkton R, and Bursac N. “Engineering Primary Human Fibroblasts with Customizable 
Electrical Phenotypes”, Biomedical Engineering Society Conference, Tampa, FL, 2015. Oral 
Presentation. 
Nguyen H, Kirkton R, and Bursac N. “Active Conducting Human Fibroblast Tissues for Cardiac 
Therapy”, North Carolina Tissue Engineering and Regenerative Medicine Annual Conference, 
Durham, NC, 2014. Poster Presentation. 
Nguyen H, Kirkton R, and Bursac N. "Gene Therapy for Heart Disease Using Electrically Active 
Fibroblasts", American Society of Gene & Cell Therapy 17th Annual Meeting, Washington, DC, 
2014. Poster Presentation. 
Nguyen H, Kirkton R, and Bursac N. "Genetic engineering of actively conducting human 
fibroblasts", Heart Rhythm Annual Scientific Sessions, San Francisco, CA, 2014. Poster 
Presentation. 

 


	Abstract
	Dedication
	List of Tables
	List of Figures
	Acknowledgements
	1. Introduction
	2. Background
	2.1 Principles of electrical excitability and impulse propagation
	2.1.1 Ion channels and membrane excitability
	2.1.2 Cardiac ion channels and action potential
	2.1.3 Cardiac conduction system and impulse propagation

	2.2 Voltage-gated sodium channel channelopathies and therapies
	2.2.1 Introduction to VGSC structure and function
	2.2.2 VGSC channelopathies
	2.2.3 VGSCs as targets for gene therapies

	2.3 Prokaryotic sodium channels as model for VGSCs
	2.3.1 Introduction to prokaryotic sodium channels
	2.3.2 Structure of prokaryotic sodium channels
	2.3.3 Gating mechanism of prokaryotic sodium channels

	2.4 Techniques for examining electrophysiological properties of engineered cells
	2.4.1 Direct measurement of membrane current and voltage
	2.4.2 Optical assessment of membrane potential
	2.4.3 Ion channel expression in heterologous systems

	2.5 Cell therapies for cardiac diseases
	2.5.1 Stem-cell based therapies
	2.5.2 Direct reprogramming of cardiac fibroblasts
	2.5.3 Genetic engineering of unexcitable cells


	3. Generation of Electrically Excitable and Actively Conducting Human Fibroblasts
	3.1 Rationale
	3.2 Methods
	3.2.1 Screening of prokaryotic sodium channels
	3.2.2 Lentivirus production
	3.2.3 Generation of engineered human fibroblasts
	3.2.4 Isotropic and anisotropic monolayers of HDFs
	3.2.5 Immunostaining and image analyses
	3.2.6 Fluorescence recovery after photobleaching (FRAP)
	3.2.7 Whole-cell patch clamp recordings
	3.2.8 Optical mapping of action potential propagation
	3.2.9 Statistical analysis

	3.3 Results
	3.3.1 Screening of BacNav channels in monoclonal Kir2.1/Cx43 HEK293 cells
	3.3.2 Characterization of Kir2.1 expression
	3.3.3 Characterization of NavRosD G217A expression
	3.3.4 Assessment of membrane excitability in engineered cells expressing Kir2.1 and NavRosD G217A.
	3.3.5 Characterization of Cx43 expression and AP propagation in engineered HDF monolayers.

	3.4 Discussion
	3.4.1 Generation of electrically excitable primary cells via stable gene expression
	3.4.2 Role of Cx43 in action potential propagation
	3.4.3 Effects of BacNav biophysical properties on AP and conduction properties in engineered cells

	3.5 Summary and Implications

	4. Development of Experimental and Computational Platforms for the Rational Design of Therapeutic Fibroblasts with Customized Electrical Properties
	4.1 Rationale
	4.2 Methods
	4.2.1 Overall schematics
	4.2.2 Generation and screening of NavSheP mutant libraries
	4.2.3 Fabrication of 3D HDF tissue constructs
	4.2.4 Micro-patterned “Zig-zag” cultures
	4.2.5 Computational modeling
	4.2.6 Statistical analysis

	4.3 Results
	4.3.1 Creation and characterization of NavSheP D60 and E43 mutant libraries
	4.3.2 Computational modeling
	4.3.3 Improvement of electrical properties of engineered cells with NavSheP D60 mutants
	4.3.4 Fine-tuning of E-Fib electrical properties using FACS
	4.3.5 Maintenance of robust electrical properties upon cell expansion and conversion into myofibroblast phenotype
	4.3.6 Characterization of electrical properties in other engineered human cell types
	4.3.7 Fabrication of functional 3D engineered HDF tissues
	4.3.8 Improvement in conduction of neonatal rat ventricular myocyte (NRVM) networks using engineered HDFs
	4.3.9 Generation of monoclonal HEK293 line with NRVM-like AP propagation properties

	4.4 Discussion
	4.4.1 Advantages of E-HDFs over current cardiac cell-based therapies
	4.4.2 E-HDFs rescuing cardiac conduction in an in vitro model of interstitial fibrosis
	4.4.3 Role of APD of engineered fibroblasts
	4.4.4 Limitations of E-HDF conduction properties and potential improvement

	4.5 Summary and Implications

	5. Genetic engineering of prokaryotic sodium channel for improving conduction and preventing arrhythmogenicity in excitable tissues
	5.1 Rationale
	5.2 Methods
	5.2.1 Characterization of human codon-optimized NavSheP D60A constructs
	5.2.2 Assessment of BacNav channel trafficking
	5.2.3 Depolarization and decoupling studies in Ex293s
	5.2.4 In vitro model of regional ischemia
	5.2.5 Cardiomyocyte-fibroblast co-cultures
	5.2.6 Computational model of neonatal rat ventricular myocyte
	5.2.7 Statistical analysis

	5.3 Results
	5.3.1 Improvement of BacNav expression via codon optimization
	5.3.2 Improvement of BacNav channel trafficking
	5.3.3 Prevention of conduction block in Ex-293 cells under pathological conditions via BacNav expression
	5.3.4 Direct expression of BacNav in healthy and fibrotic NRVM cultures
	5.3.5 Effects of BacNav expression on cardiac conduction in an in vitro model of regional ischemia

	5.4 Discussion
	5.4.1 Maximizing BacNav membrane expression
	5.4.2 Effects of BacNav expression in rescuing excitability and conduction under pathological conditions

	5.5 Summary and Implications

	6. Summary
	7. Future Applications
	7.1 Altering BacNav biophysical properties via genetic modifications
	7.2 BacNav-based gene therapy for atrial fibrillation
	7.3 Gene- and cell-based therapies for myocardial infarction
	7.4 Gene therapy for voltage-gated calcium channel disorders
	7.5 Generation of biological pacemaker cells

	8. Appendices
	Appendix I: Codon optimized NavSheP D60A DNA sequences
	Appendix II: Genetic manipulations for altering BacNav biophysical properties

	Biography

