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ABSTRACT 

Reproducibility of results in biomedical research is an area of concern that should be paramount 

for all researchers. Importantly, this issue has been examined for experiments concerning 

cardiac electrophysiology. Specifically, multiple labs have found differences in results when 

comparing cardiac conduction velocity (CV) between healthy mice and mice that were 

heterozygous null for the gap junction (GJ) forming protein, Connexin 43. While the results of 

the comparison study showed differing extracellular ionic concentrations of the perfusates, 

specifically sodium, potassium, and calcium ([Na+]o, [K+]o, and [Ca2+]o), there was a lack of 

understanding why certain combinations of the aforementioned ions led to specific CV changes. 

However, more research from our lab indicates that these changes can predict modifications to 

a secondary form of cardiac coupling known as ephaptic coupling (EpC). Therefore the work in 

this dissertation was twofold, 1) to examine the effects of modulating EpC through perfusate 

ionic concentrations while also modulating GJC and 2) to investigate the effects of modulating 

all three of the main ions contributed with cardiac conduction (Na+, K+, Ca2+) and the interplay 

between them. 

Firstly I studied the effects of physiologic changes to EpC determinants ([Na+]o and [K+]o) on CV 

during various states of GJ inhibition using the non-specific GJ uncoupler carbenoxolone (CBX). 

Multiple pacing rates were used to further modify EpC, as an increased pacing rate leads to a 

decrease in sodium channel availability through modification of the resting membrane potential. 

Firstly, with no to low (0 and 15 µM CBX) GJ inhibition, physiologic changes in [Na+]o and [K+]o 

did not affect CV, however increasing pacing rate decreased CV as expected. When CBX was 



 

 

increased to 30 µM, a combination of decreasing [Na+]o and increasing [K+]o significantly 

decreased cardiac CV, specifically when pacing rate was increased. 

Next, the combinatory effects of cations associated with EpC (Na+, K+, and Ca2+) were tested in 

to examine how cardiac CV reacts to changes in perfusate solution and how this may explain 

differences in experimental outcomes between laboratories. Briefly, experiments were run 

where [K+]o was varied throughout an experiment and the values for [Na+]o and [Ca2+]o were at 

one of two specific values during an experiment. 30 µM CBX was added to half of the 

experiments to see the changes in the CV-[K+]o relationship with GJ inhibition. With unaltered 

GJ coupling, elevated [Na+]o maintains CV during hyperkalemia. Interestingly, both [Na+]o and 

[Ca2+]o must be increased to maintain normal CV during hyperkalemia with reduced GJ 

coupling. These data suggest that optimized fluids can sustain normal conduction under 

pathophysiologic conditions like hyperkalemia and GJ uncoupling. 
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GENERAL AUDIENCE ABSTRACT 

 
The use of fluid replacement therapy was first used during the outbreak of Blue Cholera in the 

1830s. However, after the development of basic fluids for intravenous fluid therapy, there have 

been very few changes in the fluid recipes. This same principle can be applied to cardiac 

research, where blood substitute perfusates are used during experimentation. However, there 

have been disagreements in experimental outcomes between various labs running matching 

studies which only varied in choice of perfusate solution. Therefore, one of the goals of this 

dissertation was to explore how changing ionic concentrations in cardiac perfusate solutions 

affected cardiac electrophysiological parameters. To fully appreciate changes in cardiac 

conduction, we also had to investigate changes to gap junctional coupling (GJC), which is the 

canonical determinant of cardiac conduction. Gap junctions are low resistance pathways which 

allow direct cell-to-cell coupling, which leads to synchronized cardiac conduction and 

contraction. However, there have been recent studies that have found a secondary form of 

cardiac coupling, known as ephaptic coupling (EpC), which is controlled through extracellular 

ionic concentrations, especially sodium, potassium, and calcium ([Na+]o, [K+]o, and [Ca2+]o 

respectively) and extracellular nano-domains known as the perinexus. We first investigate 

making small physiologic changes to [Na+]o and [K+]o, while also inhibiting GJs to find the 

relationship between EpC and GJC. The results indicated that these EpC modulators could 

indeed modulate conduction, but only after GJs were sufficiently inhibited. However, results 

from this study disagreed with historical work indicating that [K+]o had a biphasic relationship 

with CV. Therefore, we then examined the effects of [Na+]o and [Ca2+]o on the CV-[K+]o 

relationship. Interestingly, it was found that inclusion of [Na+]o and [Ca2+]o had varying effects, 

depending on the level of GJ in the hearts. Specifically, hyperkalemia (high levels of potassium) 
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is associated with decreases cardiac CV. With a full complement of GJs it was found that 

increased [Na+]o was able to maintain cardiac CV at control levels. However, with inhibited GJ 

coupling, both increased [Na+]o and [Ca2+]o were needed to maintain conduction. This indicated 

that increasing EpC during GJ inhibition could be a possible safety mechanism for cardiac CV. 

The data in this dissertation aim to provide information to the importance of perfusate 

composition when regarding scientific data. 
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“Differences found may be due to experimental setup”  

Why perfusate composition matters. 
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INTRODUCTION 

Cardiovascular disease in the United States is an epidemic that is the cause of death for 

over 800,000 people annually [1, 2]. These deaths are often due to arrhythmias which 

result from aberrations in the electrical activity of the heart [3, 4]. The most deadly of 

these are ventricular arrhythmias, which can result from abnormal cardiac cell-to-cell 

coupling [5, 6]. 

Normal cardiac conduction is necessary for uninterrupted cardiac function. In order for a 

heart to contract regularly, two forms of cardiac electrical coupling occur; gap junctional 

coupling (GJC) [7] and ephaptic coupling (EpC) [8]. The aim of this dissertation is to first 

study the interplay between GJC and EpC, followed by investigating the effects of 

simultaneous changes to multiple ionic concentrations on cardiac conduction, under 

normal and impaired GJC. While GJC has long been considered the canonical 

mechanism in cardiac cell-to-cell coupling [9], EpC has been gaining acceptance in the 

field [10-12]. The prevailing thought that conduction was dominated by a single 

mechanism has recently been amended by evidence unveiling the cooperative 

relationship between the two pathways [13, 14].  For example, studies of 50% connexon 

43 (Cx43) knockout mice revealed that modest ephaptic uncoupling was necessary to 

unmask conduction deficits, demonstrating a correlation between GJC and EpC. 

Therefore, the first aim of this dissertation is to elucidate the relationship between 

varying levels of GJC and EpC. 

Many cardiac events and diseases, such as ischemia [15-18], Brugada syndrome (BrS) 

[19, 20], Long QT syndrome (LQTS) [21-23], catecholaminergic polymorphic ventricular 
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tachycardia [24, 25], Anderson-Tawil syndrome [26-28], and Timothy syndrome [29, 30] 

have been shown to modulate ionic channel conductance in cardiomyocytes. 

Importantly, some of the aforementioned maladies, such as ischemia, also induce 

changes to Cx43 localization [31-35], suggesting that ischemic regions could be 

affected by a combination of conduction changes. Many of these diseases lead to 

arrhythmogenic substrates that could now possibly be explained by a combination of the 

GJC and EpC. One predominant form of therapy for many of these diseases is the 

implantation of a cardioverter defibrillator [36-38]. While these devices are used to 

decrease death rates in patients [39], all surgery carries an inherent risk [40]. However, 

with the study of EpC, it has been shown that change in extracellular ionic concentration 

can help to improve cardiac conduction velocity (CV) [13]. Therefore, the second aim of 

this dissertation is to determine how modifying extracellular ionic concentration levels of 

specific cations can serve as a possible therapy for patients with cardiovascular 

disease. 

HYPOTHESIS 

The central hypothesis for the dissertation was that the extracellular ionic 

concentrations of sodium, calcium, and potassium can be modulated in conjunction with 

pharmacological GJC inhibition to demonstrate the efficacy of modifying the theoretical 

determinants of EpC as a therapeutic measure for cardiac disease. 

SPECIFIC AIMS 

Aim 1: To determine the effects of extracellular sodium ([Na+]o) and extracellular 

potassium ([K+]o) on pharmacological gap junctional mediated conduction slowing in 
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guinea pig whole hearts. The working hypothesis for this study is that GJC masks the 

effects of the CV-EpC relationship. GJC will be modified in Langendorff-perfused guinea 

pig ventricles using the nonspecific gap junction inhibitor carbenoxolone (CBX). Values 

of [Na+]o and [K+]o will be varied at each value of CBX to test changes in EpC. Western 

blotting of Cx43 and phosphorylated Cx43 will be used to validate that ionic 

concentration levels are not modifying GJC. 

Aim 2: To determine the effects of extracellular calcium ([Ca2+]o) and [Na+]o on the CV – 

[K+]o relationship. The working hypothesis for this study is that [Ca2+]o and [Na+]o will 

modify the CV-[K+]o relationship in whole hearts through ephaptic coupling and that 

these modifications will be modified when GJC is compromised. Transmission electron 

microscopy will be used to validate the decrease in perinexal width that has previously 

been found with increased [Ca2+]o in mice. The following hypotheses will be tested: 

(1) Increasing [Ca2+]o will reduce perinexal width and reduce CV sensitivity to [K+]o 

through ephaptic coupling. [K+]o will be varied from 4.56 to 10 mM in separate solutions 

containing 1.25 and 2.0 mM [Ca2+]o. 

(2) Increasing [Na+]o will modify the CV-[K+]o relationship. [K+]o will be varied from 4.56 

to 10 mM in separate solutions containing 1.25 and 2.0 mM [Ca2+]o while also increasing 

[Na+]o from 145.5 to 155.5 mM. 

(3) CV slowing due to inhibiting GJC with CBX will be partially reversed due to 

increased [Ca2+]o and [Na+]o, by increasing theoretical determinants of ephaptic 

coupling. [K+]o will be varied from 4.56 to 10 mM in separate solutions containing 1.25 or 

2.0 mM [Ca2+]o and 145.5 or 155.5 mM [Na+]o with the inclusion of 30 µM CBX. 
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CARDIAC CONDUCTION OVERVIEW 

Normal cardiac conduction allows for sequential activation of cardiomyocytes, leading to 

cardiac contraction, which is essential for circulation of oxygenated blood and nutrients 

throughout the body [41]. Cardiac conduction begins with the depolarization and firing of 

specialized pacemaker cells in the sinoatrial node. Conduction then moves through the 

atrium, atrioventricular node, His-Purkinje system, and finally to the ventricles, allowing 

for a pattern of electrical excitation that optimizes cardiac contraction and blood flow. 

The conduction of electrical current that coordinates contraction passes from cell-to-cell 

by a combination of GJC and EpC. 

The cardiac action potential (AP), which is a manifestation of cardiac membrane 

potential changes resulting after cardiac conduction, demonstrates the balance of ionic 

currents needed for normal cell-to-cell activation to occur [42, 43]. Ventricular 

cardiomyocytes rest at a negative membrane potential until charge from an upstream 

cell raises the transmembrane potential, progressing the cell into the first of five phases 

of the AP, known as phase 0. This allows for voltage gated Na+ channels to open, 

followed by a surge of Na+ ions entering the cell. After rapid depolarization due to Na+ 

influx, the cell enters phase 1, which indicates the start of repolarization. Phase 1 

includes the inactivation of Na+ channels and the activation of fast transient voltage 

gated K+ channels, Ito. These potassium channels are not expressed in guinea pig 

ventricles [44], so will not be a factor in these experiments. Phase 2 is the plateau 

phase of the action potential, where excitation-contraction coupling takes place. This 

occurs through the opening of L-type Ca2+ channels, allowing an inward flow of Ca2+ 

ions. At the same time, K+ ions are moved out of the cell, keeping the membrane 
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potential relatively stable. These K+ channels include IKr, IKs, and IKATP, which begin to 

dominate potential changes when L-type Ca2+ channels begin to close in phase 3, 

causing a large repolarizing current. Finally phase 4, which is the resting membrane 

potential (RMP), is maintained by a combination of Na+-K+ and Na+-Ca2+ pumps, 

Na+/K+-ATPase and NCX, as well as the inwardly rectifying K+ channel, IK1 [45-47].  

While these channels and exchangers are essential for regulating cellular excitability, 

there are other mechanisms regulating cardiac excitation since cells other than 

pacemaker cells must first receive a depolarizing stimulus from an upstream cell. 

Gap junctional coupling 

GJC has historically been considered the main determining factor in cardiac cell-to-cell 

conduction [48]. GJs are comprised of two hemichannels known as connexons, each 

comprised of 6 connexins [49]. GJs are formed when two connexon hemichannels 

attach to one another, with each hemichannel contributed from a pair of cells that are 

next to one another. The main ventricular isoform of connexins for GJ formation is Cx43 

[50, 51]. GJs aggregate into groups known as GJ plaques in the intercalated disc, 

typically at the shortest axis of cells [52, 53].  

GJC works through the direct passage of ions and metabolites from one cell to another 

through GJs. Modification of cardiac conduction properties through GJs can be 

accomplished via multiple mechanisms. For example, cardiac CV can be decreased 

though pharmacologically blocking GJs [54, 55]. Also, disease states can alter 

conduction through lateralization of GJs, such as seen in ischemia [56, 57]. Cardiac 

disease can also lead to alteration of phosphorylation in connexins, which can cause 
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modified patterns of GJ assembly, conductance,  or internalization [58, 59]. While there 

is no argument whether GJC is important for cardiac conduction, ionic composition of 

perfusate solutions has recently made a resurgence as a modulating factor in cardiac 

conduction [13, 14, 60]. 

Perfusate Solutions 

The origins of resuscitation fluid therapy can be traced back to the outbreak of Blue 

Cholera in England in the 1830s [61-64]. In an elegant review by Awad et al., the 

historical background of one of the most prevalent resuscitation fluids, 0.9% saline, is 

chronicled. The authors are able to distinctly show the steps taken to find a suitable 

solution for human use, while also questioning this choice as there seems to be no 

scientific basis for the use of a pure NaCl solution. While the use of these resuscitation 

solutions has found common use within the clinic, another aspect in fluid development 

included those made for animal models in laboratory research known as perfusate 

solutions. These solutions are used as blood substitutes in ex vivo perfusion based 

experiments. This chapter aims to elucidate the historical composition of a common 

perfusate solution in animal models: Tyrode’s solution. Also, this chapter will analyze 

the need for experimentalist to take greater care when choosing a perfusate solution, 

especially when modifications are made to that solution. 

Sydney Ringer  

Modern perfusate solutions can be highly attributed to the work of Sydney Ringer in the 

early 1880s. In 1882 Dr. Ringer first reported that a solution of 0.75% normal saline 

mixed with one ten-thousandth part potassium chloride could be used as a perfusate in 
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detached heart experiments [65]. With the knowledge of present day it is clear to see 

this solution is not adequate for maintaining cardiac activity due to the omission of 

calcium, which is important in excitation-contraction coupling in cardiomyocytes [66]. 

However, without that distinct knowledge, Ringer wrote another manuscript in 1883 that 

revealed this discovery [67]. Interestingly, Ringer soon realized that his experiments 

could not be repeated. This was due to the fact that water used in experiments in his 

published study was not distilled, but rather supplied from the New River Water 

Company, which contained calcium, magnesium, sodium, potassium, carbonic acid, 

chlorine, and silicates. Therefore, Ringer set out to once again determine a solution 

capable of sustaining exposed heart preparations. With the knowledge of the water 

composition in hand, Ringer began testing specific components of the water with his 

previous saline solution. After experimentation, he noted that contraction could be 

obtained using a solution containing sodium chloride, potassium chloride, and calcium 

chloride. He further went on to describe the need to include sodium bicarbonate in the 

solution to help neutralize the effects of acidosis on contraction. These findings formed 

the basis for Ringer’s solution, which was used in a pure or modified state as the 

perfusate solution of choice for the next 30 years [68-71]. 

Maurice Vejux Tyrode 

Many derivations of Ringer’s solution were made in the late 1800s and early 1900s [72]. 

However, this chapter will specifically examine the creation and modification of Tyrode’s 

solution, as it is the basis for many electrophysiological studies, including all of the early 

work in our laboratory [60, 73, 74]. Maurice Vejux Tyrode was a pharmacologist who 

taught at Harvard Medical School in the early 1900s. While much of Tyrode’s career 
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included research in the areas of pharmacology and gastric affections [75-78], he would 

leave an impact on cardiac electrophysiology experimentation that he likely never 

considered.  

In a 1910 study, Tyrode tested the effects of purgative salts on intestinal contractions 

and content passage [72]. In doing so, Tyrode determined that the current nutritive 

mediums did not work as well as he would have liked. These previously formulated 

perfusates included those created by Ringer, Locke, Hedon, and Adler. After eliminating 

the previous solutions, Tyrode experimented until he found a perfusate composition that 

allowed for greater time of preservation of the intestines. In this moment Tyrode’s 

solution, which in modified states is still used currently [79], was born. While Tyrode’s 

solution was originally derived for use in the intestines, it was quickly modified and used 

in other physiological systems. However, there is likely no one currently using the 

original Tyrode’s solution for ex vivo cardiac preparations, as modifications were made 

to the solution as early as 1913 [80]. However, the use of the phrase, “modified 

Tyrode’s” has become ever present in research literature [81, 82], with the actual 

modifications varying between experimentalist. Therefore, the question has to be asked, 

is there a better way to denote changes in perfusate solution? 

When is modified a poor description for a solution? 

With many experimentalists in the present day using modified versions of historical 

perfusion solutions, the question that has to be asked is when is modified the incorrect 

word to be used in research. This brings to mind Theseus’s paradox which questions 

whether an object is still the same object if all of the components are replaced one by 
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one. The issue with Tyrode’s solution is when to stop calling it modified Tyrode’s and 

when to admit that it is an entirely new composition. Does this happen when altering 

one component? Two? Changing the buffering agent in the solution? To tackle this 

question, I attempted to trace the lineage from the original Tyrode’s solution to the 

perfusate used in our laboratory, which has been denoted as modified Tyrode’s 

solution. The underlying problem is that most experimentalists just say that a modified 

solution of some sort is being used, with the modifications varying significantly between 

different manuscripts. 

A simple comparison of the Poelzing modified Tyrode’s solution [83] compared to the 

original [72] finds a substantial number of changes (Table 1.1). The only constituent 

between the two components that is exactly the same is the concentration of glucose. 

Other than that, all ionic concentrations are modified as well as the buffering component 

– sodium phosphate and sodium bicarbonate changed to HEPES. Therefore the 

question is how did the base Tyrode’s solution get altered so much, yet still get credited 

as modified Tyrode’s, and to what purpose? 

In order to elucidate the answer to both questions, the transformation of Tyrode’s 

solution from 1910 to the present was investigated. Importantly for this work, the first 

cardiac investigation involving Tyrode’s solution was conducted by Constance Leetham 

in 1913. Leetham found that ventricular strip preparations could not reliably be perfused 

with blood due to the small bore size of the cannula, but a modified Tyrode’s solution, 

the first use of the term found, would allow for spontaneous contractions in the strip [80]. 

In order for the preparation to remain viable, KCl had to be increased from 2.7 to 5.4 

mM and NaHCO3 decreased from 12 to 6 mM; however the author did not share the 
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reason for the modifications. Interestingly, the solution was unable to maintain 

spontaneous contraction in whole hearts, because the solution caused fibrillation during 

perfusion. While this solution is still far from what is used in the Poelzing laboratory 

today, it is an important manuscript as it established the use of modified Tyrode’s 

solution for cardiac preparations. 

The Leetham manuscript was a logical first step in the search for modifications to 

Tyrode’s solution due to the study being one of the first to look at the use of Tyrode’s 

solution in whole hearts. It is difficult to trace the modifications of Tyrode’s solution 

forward from this point because researchers were more likely to simply state they used 

modified Tyrode’s rather than rigorously citing which previously modified Tyrode’s 

solution they used as a starting solution. Therefore, it seemed more logical to 

investigate the lineage of Poelzing’s current modified Tyrode’s. The first publication 

containing the “modified Tyrode’s” solution used in the Poelzing laboratory was 

published in 2012 [84]. This solution, which is detailed in Table 1.1, has been used in a 

multitude of experiments up to the present [60, 73, 85, 86].  But who did Poelzing train 

with, and where did he get this ex vivo perfusate? 

Throughout his graduate career, Poelzing used modified Tyrode’s solution while training 

in the laboratory of David S. Rosenbaum (Table 1.1) [87-89]. Interestingly, the 

Rosenbaum perfusate does not match the Poelzing laboratory perfusate. The two 

largest changes are that the majority of the Rosenbaum manuscripts use a bicarbonate 

buffer instead of HEPES and MgSO4 instead of MgCl2 as used in the Poelzing buffers. 

While some of these differences could be due to the difference in preparation, guinea 

pig and canine wedges in the Rosenbaum group versus mouse and guinea pig whole 
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heart preparations in the Poelzing group, there may be a better answer. Therefore, it is 

probable that there were more influences that led Poelzing to a his current lab standard 

perfusate composition. 

The next logical place to explore was in the Deschenês lab, where Poelzing worked as 

a post-doctoral research scientist. During this tenure, instead of working in wedge 

preparations or whole hearts, Poelzing worked in HEK293 human embryonic kidney 

cells [90]. When comparing the Deschenês perfusate with the Poelzing laboratory 

standard, it can be seen that the solutions are indeed closer to one another than the 

Rosenbaum solution was. Importantly, the Poelzing/Deschenes solution used a HEPES 

based buffer instead of bicarbonate. Also, this solution was starting to mimic both the 

Poelzing as well as the Leetham solutions closely (Table 1.1). This perfusate also 

matches that which was used by Deschenês at the end of her post-doctoral career in 

the Tomaselli laboratory [91]. However, tracing through Deschenês’ history, it was found 

that Deschenes also used other solutions while working both with Drs. Tomaselli and 

Chahine (Table 1.1) [90, 92-94]. While these additional solutions will not be explored, 

the iterations of perfusate compositions illustrate the high variability in experimental 

practice, which could be the cause of some experimental variability particularly in whole-

heart preparations. 

It should be noted that there is a single manuscript to emerge from the Rosenbaum 

laboratory that cites a nearly identical solution to the one eventually adopted by 

Poelzing for his laboratory standard composition, and that can be found in a manuscript 

by Kjølbye et al. [95]. This iteration shows only a difference in HEPES when compared 

to Poelzing’s lab standard (Table 1.1). However, it was difficult to trace the origins of the 
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Kjølbye composition. It is possible that due to the shared background in mentors, 

Poelzing used a combination of this solution and the Deschenês/Poelzing solution when 

he founded his own laboratory group. However, the direct lineage concerning all 

changes leading to the Poelzing perfusate is unlikely to ever be fully uncovered. In 

communications with Dr. Poelzing, other principal investigators, and post-doctoral 

fellows, it appears that scientists often allow small perturbations in laboratory solutions 

as long as the solutions do not produce significantly different findings from those 

previously published by the laboratory.  

Further investigating Poelzing’s academic lineage offered no further indication for the 

basis of his laboratory standard perfusate solution. For example, Dr. Rosenbaum, 

Poelzing’s PhD advisor, trained in the laboratory of Dr. Guy Salama, a pioneer of optical 

mapping. Interestingly, early works by Dr. Salama’s group also revealed a variety of 

perfusate compositions used in Langendorff perfused whole-heart preparations [96-99]. 

Still, there is one distinct change in the Poelzing solution that has no relationship to his 

scientific lineage with respect to ex vivo heart preparations and cannot be traced to the 

original Tyrode solution. That is the use of a HEPES buffer instead of bicarbonate. 

Therefore, with direct leads coming up dry, the next focus was to find when and why the 

buffering solution was changed.  

In 1972, Foreman and Mongar were conducting isolated cell studies with the inclusion 

of alkaline earth metals [100]. HEPES was substituted into the solution because 

bicarbonate precipitates out of a solution significantly with high levels of alkaline earth 

metals like calcium and magnesium, which are prominent physiologic divalent cations. 

To reduce precipitated formation in studies with barium, another alkali earth metal, 
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Poelzing switched to HEPES as a buffer. Importantly, buffering agents differ from 

laboratory to laboratory, and a preference for buffer is a basis for the changes found 

between the original Tyrode solution and the solution used in the Poelzing laboratory. 

Why are ions so important? 

Some may wonder what the importance was to take such a circuitous route in retracing 

the history of a single laboratory’s perfusate solution. This exercise was completed for 

multiple reasons. The first is the importance of questioning the use of the word modified 

when talking about perfusion solutions. While this seems to be unimportant, it can 

clearly be seen that some aspects of the Poelzing laboratory perfusion solution share 

with Tyrode’s solution (Table 1.1), one would be hard pressed to look at the two and say 

they are highly similar. While this is merely a problem of nomenclature, it can become 

an issue when a manuscript only describes the solution used by name, with no 

formulation listed causing confusion through the use of the word modified. Sadly, this is 

common practice from many laboratories. This leads to the most important issue 

concerning solution composition in cardiac research; the exact formulation could be a 

reason for differences in experimental results [101]. 

While the investigation into the start of the Poelzing laboratory perfusate solution may 

have taken a tortuous path coming to what could be considered an underwhelming 

conclusion, the interest lies not in the specific solution, but in the ramifications in the 

choice of solution. This idea can be summarized in the review by George et al. [101], 

where the authors demonstrate that perfusate solution can modify experimental results. 

Specifically it is shown when comparing hearts with and without a 50% heterozygous 
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reduction in Cx43 that perfusate solution could be linked with whether a significant 

change in conduction would be found. While there are numerous constituents that make 

up normal blood plasma [102], the remainder of this narrative will focus on three of the 

ions highly studied in literature; sodium, potassium, and calcium. These ions have been 

identified to affect cardiac conduction, because of the essentiality to the cardiac action 

potential [43].  

Sodium 

Sodium current has been considered important to cardiac conduction since the 

inception of the field of cardiac electrophysiology, with some of the earliest findings 

explored by Hodgkin and Huxley [103, 104]. This is due to the fact that Na+ ions have 

been shown to be the dominant driving force behind the sudden depolarization in 

cardiac myocytes, leading to a cardiac action potential [43]. Therefore, even while GJC 

was considered the predominant form of cell-to-cell coupling, Na+ handling is important 

due to the role in cardiac cell excitability and cell depolarization. 

Na+ has also been widely studied due to the extensive changes to sodium current (INa) 

in many cardiac diseases [103, 104]. While changes to INa are not an exact correlate for 

[Na+]o, modifying [Na+]o will change the driving force of Na+ channels, leading to a 

change in INa. Physiologic changes in INa have been primarily attributed to two 

mechanisms; through genetic mutations of Na+
 channels subunits or by changing the 

conductance of the channel through direct modification of the channel. Genetic 

mutations to SCN5A, the α-subunit of the voltage gated sodium channel (Nav1.5), 

account for the main marker in diseases such as BrS [105]. BrS is associated 
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approximately ≤30% of the time with a mutation to SCN5A that decreases INa. 

Arrhythmias are thought to occur in BrS via phase 2 reentry due to a loss of transmural 

dispersion of repolarization. Therefore, it can easily be seen that Na+ plays an important 

role in normal cardiac conduction, however research has also shown the importance of 

K+ in modulating this relationship. 

Potassium 

As was seen with Na+, K+ initial studies can be traced back  to Hodgkin and Huxley 

[103]. This is one of the first manuscripts to establish the principle that K+ current was 

delayed in electrical propagation until after Na+ current caused an initial cellular 

depolarization. It was later found that a fivefold increase in [K+]o from 2.7 mM raised the 

resting membrane potential (RMP) from -92 to -54 mV [106]. The changes in RMP were 

accompanied by a decrease in rate of rise for APs. However, the change in rate of rise 

was found to not be modified by [K+]o, but by RMP as the APs returned to normal after 

clamping the cells back to an more negative RMP. 

Modifications to RMP were studied further in depth in 1970 by Dominguez and Fozzard 

who discussed the possibilities of [K+]o modifying Na+ channel availability through 

modification of RMP. Briefly, as [K+]o was increased in the study from 2.7 to 7.0 mM, the 

investigators demonstrated that conduction speed increased up to 5.4 mM and then 

decreased. However, the authors hypothesized that the change in RMP at higher levels 

of [K+]o would inactivate Na+ channels.  

The previous study opened an entirely new field in K+ related conduction known as 

supernormal conduction [107-110]. The phenomenon was actually discovered in 1964, 
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but did not garner further attention until the 1980s [111, 112]. These studies showed 

that cardiac CV has a biphasic relationship with [K+]o. Specifically, supernormal 

conduction is when cardiac CV increases due to raised [K+]o, which has a peak at 

roughly 8.0 mM [K+]o [107, 108] by a mechanism of decreasing the upstream current 

necessary to depolarize a down-stream membrane to the activation potential of voltage 

gated sodium channels. However, once [K+]o is increased beyond this point, additional 

[K+]o leads to a decrease in CV, due to loss of Na+ channel availability [113]. 

Mechanistically the decrease in CV was assumed to occur due to Na+ channel 

inactivation as the RMP increased to membrane potentials where sodium channels 

could more frequently flicker into an activated and inactivated conformation.  Support for 

the hypothesis that conduction slows due to loss of sodium current was supported by 

studies that used the Na+ channel blocker TTX [108]. With increasing concentrations, 

TTX was able to mirror the effects found by increasing [K+]o. The authors concluded that 

these studies demonstrated that K+ was indeed modifying Na+ availability in a regime of 

supernormal conduction to obtain the characteristic biphasic relationship. 

Calcium 

Ca2+ is important in a ways too numerous to name even as it relates to cardiac function, 

including contraction and conduction. A process known as excitation-contraction 

coupling is what causes electrical activity in cells to translate into cardiac contraction 

[66]. Briefly, depolarization of the cell membrane causes Ca2+ ions to flow into the cell. 

This leads to Ca2+ ions binding to specialized proteins on the sarcoplasmic reticulum 

known as ryanodine receptors. These receptors then release Ca2+ from the 

sarcoplasmic reticulum into the cytosol, increasing intracellular Ca2+ levels in order for 
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cell contraction to occur. While Ca2+ is important for cardiac cell contraction, [Ca2+]o has 

also been shown to modulate cardiac conduction. 

It is important to note that changes to Ca2+ concentrations, both intracellular and 

extracellular, have been shown to modulate INa, Cx43, and extracellular cardiac 

interstitial volume. Increasing [Ca2+]i has been demonstrated to cause a depolarizing 

shift in steady state inactivation of Na+ channels [114, 115]. The changes in GJC due to 

Ca2+ have been controversial over the years; however studies have shown that 

increasing Ca2+ substantially decreased GJ conductance [116, 117]. Interestingly recent 

studies have shown an increase in CV due to increased [Ca2+]o [118], indicating that 

Ca2+ mediated GJC modulation may not be the only mechanism at work.  

Increased levels of [Ca2+]o have also been shown to decrease interstitial volume in cells 

[13]. Interestingly, modeling studies have gone on to show that [Ca2+]i becomes 

important in cardiac conduction specifically when significant conduction delays occurred 

at GJs as a result of GJ uncoupling [119].  

As many of these studies demonstrated, ionic concentrations have normally been 

studied one at a time, while interactions due to altering multiple ions could have 

unexpected and significant impacts on cardiac conduction.  

Ephaptic Coupling 

While the previous information provides insight into how Na+, K+, and Ca2+ modulate 

cardiac conduction individually, it is rare and unlikely that only a single ionic 

concentration is modulated during health and disease. EpC is a theory that could be the 

mechanistic reasoning behind many of the conduction alterations seen due to 
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modification of ionic concentrations that were previously described. Briefly, EpC is a 

form of cell-to-cell coupling which relies on extracellular electric fields generated 

between apposing membranes in a process that is distinctly different from GJC [120, 

121]. EpC has been proposed to occur in other parts of the body for some time such as 

the brain [122-124], with recent resurgence in cardiac studies [10, 13, 60, 83, 125, 126]. 

There were originally two determinants hypothesized to control EpC through the use of 

models; close apposition of cells and a dense localization of Na+ channels at the site of 

apposition. Both of these determinants were discovered to be present in cardiac 

ventricular myocardium in a nano-domain that was termed the perinexus, which is 

located at the edge of GJs [83, 126, 127]. The general mechanism of EpC is that 

upstream cellular depolarization raises the transmembrane potential (Equation 1.1), 

which is the difference in the extracellular and intracellular electric potentials, causing 

voltage gated sodium channels to open at the cleft of the first cell. The withdrawal of 

Na+ from the extracellular space will decrease the extracellular potential in the 

perinexus, which will raise the transmembrane potential for the second cell. Voltage 

gated sodium channels will then open on the second cell, allowing a depolarizing Na+ 

current to flood into the second cell. This passage from cell-to-cell will continue, 

constituting electrical conduction through a tissue. While this form of conduction is not 

considered the main determinant of cardiac conduction, there has been research that 

hints conduction can continue with little to no GJs present, which could be from EpC 

[128]. 

𝑬𝒒. 𝟏. 𝟏     𝑉𝑚 = Φ𝑜 − Φ𝑖 
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Some of the initial ideas in cardiac EpC originated due to studies that modulated bulk 

interstitial volume while also pharmacologically decreasing GJC. These studies showed 

that conduction failure occurred in hearts with increased interstitial volume with GJ 

uncoupling, but not in hearts with only one of the changes [86]. This led to studies that 

identified the perinexus as a possible cardiac ephapse since it is situated adjacent to 

GJs in the intercalated disc, and highly expresses the voltage gated sodium channel, 

Nav1.5 [126, 127, 129]. In combination with these findings, as well as with mathematical 

models [125, 130], it was proposed that the perinexus was an important factor in EpC 

[14, 131]. At this point, Nav1.5 and the perinexus were both hypothesized to be key 

factors in EpC, though the relationship was found to be more complicated than originally 

thought. For example, it was found that perinexal width (Wp) could be narrowed by 

increasing [Ca2+]o , leading to enhanced EpC [13]. Also, [K+]o has also been shown to be 

a modulator of EpC, as increasing [K+]o increases the RMP, which can lead to 

modification of Na+ channel availability. Therefore, the main modulators of EpC so far 

have been identified as [Na+]o, [K+]o, [Ca2+]o, and Wp. Even though modulators for EpC 

were identified, the effects that these modulators had on one another still needed to be 

explored. 

One study in heterozygous mice null for Cx43 showed that modification to [Na+]o and 

[K+]o had differing effects on CV, depending on [Ca2+]o as well as if the mouse 

expressed the full complement or 50% of Cx43 [13]. The study demonstrated that 

changes in CV due to [Na+]o and [K+]o could be masked through an increase in [Ca2+]o. 

However, some of the CV changes were seen again in the mice with a 50% reduction in 

Cx43. Interestingly, it was also found that modifications to [Na+]o had opposite effects on 
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CV depending on the amount of [Ca2+]o present. Specifically, it was shown that 

increasing [Ca2+]o in mice, and therefore decreasing Wp, with normal levels of [Na+]o 

leads to increased CV values. However, when these same mice were then perfused 

with a hyponatremic solutions, CV decreased as [Ca2+]o increased [118]. All of these 

findings lead to the conclusion that [Na+]o, [K+]o, [Ca2+]o, Wp, and GJC are important 

modulators of EpC. Therefore, if simply altering ionic composition can conceal a 50% 

loss of gap junction proteins, it stands to reason that targeting EpC may be an effective 

future therapeutic target to treat cardiac conduction diseases. 

CONCLUSIONS 

Reproducibility in scientific experimental outcomes is a cornerstone of the positive and 

negative control to experimental design. With the findings that perfusate solution 

composition can modify experimental outcomes, it is important for experimentalists to 

know and understand what perfusates are being used in their laboratories. However, 

the heart is a complex organ and ex vivo experimental setups are also complex. There 

is then a question of whether biomedical irreproducibility is a major barrier to scientific 

progress or an essential component of scientific advances. Should everyone use 

identical experimental protocols at the risk that we blind ourselves to possible 

alternative phenotypes? Or should we employ such a wide variety of experimental 

approaches at the risk that we cannot reproduce each other’s data and cause additional 

confusion in the field? One could conceive that biomedical irreproducibility is important. 

With respect to cardiac electrophysiology, if diverse starting conditions in perfusate 

composition produce similar results, there should be higher confidence that the results 

are likely to occur in human physiologic and pathophysiologic conditions. However, if 
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these differing starting conditions produce opposite results, as was the case between 

Morley et al. [132] and Eloff et al. [133], then care should be taken to discover how 

experimental differences affect outcomes. One important experimental difference often 

overlooked is the use of modified solutions, and I argue that the term “modified” is a 

poor word choice that increases confusion when discussing cardiac perfusates. Instead, 

solutions should be described by ionic composition choices that were driven by scientific 

evidence, rather than citing a solution from over 100 years ago that share little to no 

resemblance to current solutions.  
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CHAPTER – 2 

Design and validation of a tissue bath 3D printed with PLA for optically mapping 

suspended whole heart preparations. 
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FOREWORD 

While the main direction of this dissertation is to investigate the effects of perfusate ionic 

composition on cardiac electrophysiology, there are a multitude of other parameters to 

consider during an optical mapping experiment. One such component consists of the 

experimental equipment, such as the bath used for whole heart procedures. A task that 

was placed in my care was to design and 3D print an optical mapping bath that would 

alleviate the cost of having a bath designed and manufactured by an outside company. 

Therefore, this chapter of the dissertation focuses on standardizing the equipment used 

for experiments and testing the efficacy of the use of 3D printed optical mapping 

equipment.  
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INTRODUCTION 

Recently, 3D printing has become a popular development platform within the biomedical 

engineering community. The implementations in the field are varied, including tissue 

engineering applications and experimental equipment manufacturing [1-4].  Specifically 

for the field of cardiac electrophysiology, 3D printing is becoming more common for 

manufacturing equipment used in optical mapping experiments [5, 6].  However, a 

previous publication mostly describes the process for designing optical mapping baths 

using 3D printers, such as the Objet 24 (Stratasys, Eden Praire, MN), that are higher 

quality than a typical desktop hobby printer (11). Therefore, the purpose of this 

manuscript is to describe the design and validation of a whole heart bath and stabilizers 

for use in optical mapping experiments where the heart is suspended vertically, printed 

using a hobby grade desktop printer. 

Extrusion deposition 3D printing is an additive manufacturing process in which objects 

are first modeled using design software and then constructed from the drawings [7]. The 

printed objects are created through layers of material, usually poly-lactic acid (PLA) or 

acrylonitrile-butadiene-styrene (ABS), placed one on top of the other until the final 

design is complete [8]. PLA was chosen as the printing material for multiple reasons. 

First, ABS based systems require ventilation since the material can toxic when heated 

past melting temperature [9]. This adds to the indirect cost of 3D printing. The second 

reason for choosing PLA is that it mimics the optical properties of plexiglass (PMMA), 

which will presumably reduce an experimental confounder when comparing data 

obtained with new 3D printed baths to historical data using a PMMA perfusion bath [10-

12]. As of 2017 the price of commercially available 3D printers has decreased enough 
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to be feasible for laboratory use, with desktop printers costing as little as $1,299 

(MakerBot, New York City, NY) and pre-manufactured kits costing less, such as the 

Mendel90 at $1,100 (RepRap), which can alternatively be fully 3D printed itself to 

further reduce the cost. With the use of 3D printers on the rise, scientists and engineers 

have the opportunity to manufacture experimental equipment in house.  

One of the benefits of 3D printing is that it makes it theoretically possible to design a 

part in the morning and use it in the afternoon or the next day.  Contrast this with 

traditional manufacturing methods requiring the plans for the part to be sent to the 

manufacturer, where it is entered in a queue with other customer requests, reviewed by 

the engineers who know the tolerances and specifications of their manufacturing 

equipment, sent back to the customer for edits, approval, or requested design changes, 

before repeating the pre-production cycle.  Just the pre-production cycle can take days 

to months. The rapid turnaround between design and product made with 3D printing 

reduces the design and testing cycle. In traditional manufacturing, the design process 

must often terminate at a product solution that is functional but not optimized when the 

cost of the design process exceeds pre-determined costs and deadlines. Finally, a rapid 

prototyping product solution in the same space as the final application creates 

opportunities such as customizing equipment to the specifications of individual users. 

The net result is that an individually customized part can be rapidly prototyped, 

manufactured, and implemented for significantly lower production costs than traditional 

laboratory equipment manufacturing processes.  

As mentioned above, cardiac electrophysiologists have already begun adopting 3D 

printing equipment for optical mapping [5, 6]. Despite all of the advantages of 3D 
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printing over conventional manufacturing described above, 3D printing is associated 

with its own design limitations and considerations. For example, 3D printers can jam 

during a print, disrupting the print process and introducing inhomogeneities resulting in 

part failure. Furthermore, the product can distort by other means during the printing, 

setting, or finishing processes, and these changes may significantly alter 

implementation of common manufacturing solutions that require higher spatial precision 

such as the use of O-rings and fasteners like screws and bolts. 

In this manuscript, we detail the process of constructing an organ bath, base plate, and 

cannula holder for conducting suspended whole heart optical mapping experiments 

from inception to final design using a hobby grade desktop 3D printer. Beginning with a 

user with no prior 3D printing experience, we detail the steps and choices made over 

the course of a year to manufacture a custom designed and easily adapted laboratory 

solution at a price significantly less than a bath that was designed and manufactured at 

a machine shop that cost $2,500 to fabricate in 2012. Finally, we demonstrate that the 

material and finishing of 3D printed baths did not alter optical mapping results compared 

to experiments conducted in the traditionally manufactured bath. 

MATERIALS AND METHODS 

This study abides by and follows all guidelines set forth by the Institutional Animal Care 

and Use Committee at Virginia Polytechnic Institute and State University and NIH Guide 

for the Care and Usage of Laboratory Animals. 
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Design 

3D models were designed using SolidWorks (Dassault Systemes). Once each of the 3D 

models were constructed (bath, base plate, and cannula holder), they were converted to 

a stereolithography file (STL), which describes the surface geometry of the designed 

object. 

Printing 

The STL files were exported to Makerbot Desktop software, which spliced the design in 

order to prepare the part for printing. Splicing is a procedure in which the layer by layer 

print design is created, including designing any fill patterns for the internal volume of the 

part. The software was also used to connect the design computer to the printer to 

transfer the design and initiate the process. The parts were printed using a Fifth 

Generation Makerbot Replicator desktop 3D printer (Makerbot).  All prints were made 

using PLA filament (Makerbot), printed at a resolution of 10-40 µm. The choice of print 

resolutions will be discussed in the results section.  

Post Processing 

After printing, the bath was made water tight using an acetone dip procedure. While it 

has previously been stated that acetone smoothing works only on ABS [7], we found 

that an acetone dipping procedure was effective on our PLA printed baths.  This was 

accomplished by dipping the entire bath in acetone for 4 seconds. This process was 

repeated a second time after the bath had dried from the first dipping process.  The bath 

was then left to dry overnight at room temperature. A microscope slide (Ted Pella, Inc. 
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75 x 50 x 1 mm, 26005) was used as the bath window when the bath was dry and 

attached using adhesive (Aleene’s, Glass & Bead).  Adhesive was added to one side of 

the glass slide, which was then placed on the interior surface of the bath containing the 

viewing hole.  Two c-clamps were used to hold the glass slide onto the bath overnight to 

allow the adhesive to cure. 

Langendorff Perfusion 

Male retired breeder Hartley albino guinea pigs (Hilltop, Scottdale, PA) were 

anesthetized using isofluorane. The heart was excised for retrograde perfusion in a 

Langendorff perfusion system and atria were resected to prevent competitive ventricular 

stimulation. An artificial blood like solution (140 NaCl, 4.56 KCl, 1.25 CaCl2, 5.5 

Dextrose, 0.7 MgCl2, 10 HEPES, and 7.5 BDM in mmol/L) was perfused at constant 

flow and pressure maintained between 40 and 55 mm Hg. Approximately 5.5 mL of 

NaOH was added per L of solution in order to reach a pH of 7.4. The temperature of the 

perfusate was held at 37.0 °C. A unipolar AgCl wire was used to pace each heart on the 

anterior left ventricular epicardium at 1.5 times pacing threshold. Each pulse was 5 ms 

in duration at a basic cycle length of 300 ms for all recordings. 

Electrocradiography 

AgCl electrodes were used to record a volume conducted bath electrocardiogram 

(ECG) at 1 kHz.   The electrode wires were placed on either side of the ventricles, with 

the ground placed at the rear of the bath. 
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Optical Mapping 

Optical mapping was used to assess cardiac conduction velocity (CV) as previously 

described [13]. Briefly, the voltage sensitive dye, di-4-ANEPPS (7.5 µM), was used to 

measure optical action potentials. Cardiac electro-mechanical coupling was reduced 

using 2,3-butanedione monoxime (BDM, 7.5μM), which decreased motion during 

imaging. The heart was gently pressed against the glass to create a flat imaging plane 

and to further reduce motion.   

Dye was excited using a 510 ± 5 nm filter (Brightline Fluorescence Filter) and a halogen 

light source (MHAB-150 W, Moritex Corporation). An emission filter of 610 nm 

(610FG01-50(T257), Andover Corporation) was used in conjunction with a MiCam 

Ultima CMOS L-camera (SciMedia Ltd.) at 1 kHz to capture the emitted light. 

CV was calculated as previously described [14]. Optical signals were binned 2 x 2 

before analysis as previously described [15].  Briefly, maximum rate of optical action 

potential rise at each pixel was calculated to determine activation time. A parabolic 

surface was fit to activation times to determine vectors for CV at each pixel. Pixels along 

the fastest and slowest axes of propagation (± 8°) are reported as transverse and 

longitudinal CV respectively. All hearts were paced with a 300 ms basic cycle of pacing. 

Bath Surface Testing 

The ability for the bath to be cleaned was tested using the gap junction uncoupler 

carbenoxolone (30 µM) [16]. Specifically, a clean bath was tested in the optical mapping 

apparatus using the perfusate previously described. After 30 minutes of perfusion, 30 

µM carbenoxolone was added to the perfusate and again analyzed. Consecutive 
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experiments were run after the bath was cleaned using 150 mL 0.1 M HCl. Multiple 

(n=3) new baths and cleaned (n=3) baths were analyzed.  

Contractility Studies 

Left ventricular pressure was recorded in hearts without BDM (140 NaCl, 4.56 KCl, 1.25 

CaCl2, 5.5 Dextrose, 0.7 MgCl2, and 10 HEPES in mmol/L). After 30 minutes, 10 µM of 

blebbistatin, a mechanical uncoupler, was added for 30 minutes. 

Left ventricular developed pressure (LVDP) was measured using a size 7 latex balloon 

(Harvard Apparatus, 733482). The balloon was secured to a metal cannula (Harvard 

Apparatus, 730184) which connected to a pressure transducer (ADInstruments, 

MLT844), which recorded at 1 kHz. Following cannulation, the balloon was inserted and 

secured into the left ventricle for continuous recording for the remainder of the 

experiment. 

Statistical Analysis 

Statistical analysis was performed using one way ANOVA and two tailed Student’s t-test 

assuming equal variance. A p ≤ 0.05 was considered significant. All data shown is 

reported as mean ± standard error. 

RESULTS AND DISCUSSION 

The purpose of the project was to create an affordable and customizable 3D printed 

bath for optically mapping a suspended retrogradely perfused whole heart preparation 

in the Langendorff configuration using a hobby grade desktop 3D printer.  The design 
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criteria were; 1. that the bath had to be water proof, 2. stable at temperatures up to 37 

°C, and 3. compatible with use of a 0.1 M HCl  cleaning solution. Most importantly, the 

finished product should not alter experimental outcomes when compared with similar 

experiments performed in a manufactured bath made of Plexiglas, glass, rubber O-rings 

and affixed with silicon adhesive and bolts (Figure 2.1). These goals were accomplished 

using a series of design steps including 3D computer aided design, printing, post-

processing, and testing. The design was optimized for the suspended whole heart 

perfusion experiments required in our laboratory for optical mapping studies through a 

series of rapid prototyping design iterations. Major design milestones during bath 

development can be seen in Figure 2.2. 

Design 

Our tissue perfusion system requires that a heart can be suspended from a glass 

cannula, such that the heart hangs vertically and can be gently pressed against a 

transparent imaging window. In order to accomplish this, we strove to mimic the design 

of a previously used manufactured bath design (Figure 2.1). The preliminary design only 

considered the box, the imaging window and a built in cannula holder (Figure 2.2A). 

This design included an attached base plate that is necessary for affixing the bath in line 

with the camera objectives on an optical rail.  This initial bath revealed two new design 

limitations; having an attached cannula holder restricted movement of the heart and the 

bath was not waterproof immediately after printing.  Additionally, the first bath design 

required attaching glass against the imaging window from the outside with adhesive.  

Testing revealed further extensive leakage around the glass.  



 47 

In order to address the issue of fluid leakage around the front pane of glass, the next 

bath design included an exterior wall of plastic that covered the front of the bath and 

glass (Figure 2.2B), which also included supports running down the side of the bath. 

The wings were designed to accommodate a microscope glass slide of dimensions 75 x 

50 x 1 mm. The rationale was to create a press fit for the glass between the bath and 

the added material instead of having to rely on adhesive for the water proofing.  During 

testing, users thought the wings were a hindrance. Holes on the sides of the bath were 

included to accommodate plungers that could be used to position the heart during 

experiments, which mimicked the manufactured bath (Figure 2.1). Both the plunger and 

glass press fit design required O-rings to prevent liquid leakage also shown in Figure 

2.1. The most important lesson from this iteration was that the settings chosen for 

printing the bath exceeded the tolerances needed to provide a robust seal with O-rings 

for both plunger and the glass slide. Therefore O-rings were excluded in subsequent 

designs. Further, it became apparent that the support wall of plastic did not produce 

enough uniform pressure on the glass for an adequate press fit, possibly explaining the 

failure of the O-rings. 

The third design encompassed multiple concurrent design alterations as our 

understanding of bath design progressed (Figure 2.2C). The design returned to the 

concept of attaching the glass to the front of the bath with a glass adhesive and a 

smaller wall of plastic for press fitting, which is highlighted in white. Still, with this 

design, liquid continued to leak around the glass edge when affixed with a combination 

of adhesive and press fitting. 
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Additionally, plunger holes were removed from the design and the discussion of how to 

position the heart was deferred. This iteration also included holes to accommodate the 

Tygon L/S 16 tubing (Masterflex, HV-06409-16) needed to recirculate bath fluid for 

temperature control and effluent management. The dimensions for the tube holders 

were rapidly prototyped before inclusion in the next bath design in order to resolve 

leakage issues.  

Tube dimensions were determined by designing a block with multiple holes of different 

sizes using the manufacturer’s published outer diameter of Tygon L/S 16 tubing (6mm) 

and varying the diameter from 6 to 9 mm in steps of 1 mm. Fit snugness was 

determined empirically based on the ease of inserting the tubing and perceived difficulty 

of accidentally pulling the tubing out. For reference, we chose an inner diameter of 7 

mm, which is 1mm larger than the outer diameter of Tygon L/S 16 tubing. 

As can be seen in Figure 2.2D, the number of simultaneous design changes continued 

to accelerate in a feed forward process of design and testing.  For this final design of 

what we consider our “base” bath model, the glass was moved to the inside of the 

chamber. Moving the glass to the inside of the bath allowed for the application of a 

silicone bead on the outside of the glass, reducing water leakage around the imaging 

window. The curing process of the adhesive on the glass was also aided by using c-

clamps to hold the glass in place during drying. Since the dimensions of the microscope 

glass required an inner surface with similar dimensions, we once again increased the 

volume of the bath, but noted that we could move all the tube holders inside to reduce 

inner bath volume, and thus the volume of fluid requiring temperature control.  
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Finally this version of the bath was removed from the bottom holding plate, such that 

bath and base plate could be printed separately. The advantages of this choice were 

multifold. First, reducing the print time of a part reduces the number of incomplete prints 

due to printer jams and delamination as discussed below. Furthermore, we are able to 

print one common bath holder, and use less material for printing individual baths for 

each experimentalist.  Thus, baths can be changed efficiently, without the need to 

unscrew the base plate from the experimental apparatus each time an experimentalist 

uses a different bath. Finally, the locations of the tube holders in the bath were changed 

after considerations for the bath temperature (Figure 2.3C). Specifically, the outflow 

ports for effluent management to prevent overflow and for temperature control by 

recirculation through an external coiled heat exchanger (Radnotti, 158822) were placed 

in the top right of the bath.  The inflow port from recirculation was placed on the 

opposite side of the bath.  This was to allow a flow of warm perfusate across the bath to 

reduce temperature gradients in the bath. When operating under experimental 

conditions, we find the following temperature gradients across a suspended heart from 

left (inflow) to right (outflow) of 0.1°C, and superior to inferior of 0.5°C, and posterior to 

anterior of 0.1°C. 

Waterproofing 

Waterproofing is one challenge for additive 3D printing as the process uses a method 

that requires stacked layers of PLA.  The first attempt to decrease leakage was to 

reduce the filament diameter with the assumption that a thinner piece of PLA would 

adhere more robustly to previously printed layers. Additionally, the Makerbot 3D printer 

permits the specification of how much of the structure behind the surface is filled. 
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Specifically, a lightly filled structure might have a filling pattern 2mm below the exposed 

surface as seen in Figure 2.3C.  

The issues associated with fixing leakage by changing printing parameters are that 

each parameter, such as print resolution or fill alters the likelihood of print failure 

precisely because 3D printed objects are multiple strands of PLA stacked, not a solid 

block of material such as Plexiglas. As a result, 3D printing causes inhomogeneity in the 

final print that may not be visible to the human eye, but can permit fluid leakage.   

We next chose to seal the bath with a plastic clear gloss spray paint (Krylon Products 

Group) rated appropriate for use with fish tanks. While applying two coats of this spray 

paint is able to stop most fluid leakage issues, it was difficult to determine which areas 

of the bath did not receive a uniform coating since the sealant is clear.  Also, we found 

that a thin floating film developed when we circulated water warmed to 37°C through the 

bath, presumably due to the spray sealant.   

The final method attempted and adopted was post processing with an acetone wash.  

According to do it yourself YouTube videos and online forums, acetone washing was 

touted as a robust method for chemically melting the outer surface of a PLA print to 

make the exposed surfaces one solid piece of PLA, rather than many layers [7]. Briefly, 

the printed parts were dipped into an acetone bath for 4 seconds, allowed to dry, and 

dipped a second time. This acetone procedure was effective for preventing fluid leakage 

in 100% of subsequent prints. 

Together, acetone post processing followed by sealing glass to the bath from the inside 

of the chamber completely eliminated all leakage issues. This process has now been 
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successfully applied to 8 baths used in our laboratory over the past 2 years. 

Additionally, the final basic design of the bath does not require screws or O-rings to 

make a waterproof bath that can be produced with a 3 step process: 3D printing, 

acetone dipping, and glass application. In all, a complete working bath can be made in 

less than 48 hours. 

Wire Holders 

Often during an optical mapping experiment, the experimentalist needs to adjust the 

position of the heart or a pacing electrode. Therefore, it was important to design holders 

for ECG electrodes,  a temperature probe, and grounding electrode for the pacing wire 

that were maximally functional, and less likely to be in the way of the user (Figure 2.3). 

The holder positions were decided based on user feedback from laboratory members. 

There were two non-obvious issues associated with the design of the holders. The first 

was the thickness of the holder as thin holders often broke or warped; rendering the 

entire bath print useless.  Holders were originally designed at a thickness of 0.5 mm to 

keep them as thin as possible to keep the interior of the bath as empty as possible. It 

was found that these only printed correctly approximately 50% of the time.  We 

empirically determined that 1.2 mm was the minimum holder thickness that would print 

consistently without breaking during use. 

The second issue with these holders was the problem of printing a flat surface above 

empty air.  There are three options to deal with this. The first, which is the option we 

chose, was to print the holders at a fast printing speed. Since the holders were small, 

the PLA cooled fast enough in empty air and kept the designed shape with minimal 
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failures. However, this technique will not work as the mass and size of an object printed 

above open air increases. Therefore, one could also print with supports under the 

holders that would later be removed after printing. Alternatively, the holders could be 

printed at an angle to start so that each layer is only a few PLA strands over open air. 

This method is the most robust, but still requires some experimentation to determine the 

minimum necessary slope of the angular print. 

Bath Base Plate 

As was previously mentioned, we decided to print the bath and baseplate (Figure 2.4) 

separately in part to independently resolve design issues with each structure. In the 

end, printing the two components separately revealed new advantages that will be 

discussed later. The design constraints for the base were the dimensions for the bath, 

bolt holes to affix the plates in line with the optical equipment, and a trench to catch any 

liquids that spilled during an experiment. The exterior base of the bath measures 47 by 

90 mm, and the section for holding the bath was printed at 48 by 91 mm.  The 1 mm 

expansion was found to be appropriate with the printing tolerances and any changes 

that occurred as a result of acetone washing. The development of holes for mounting 

bolts on the base plate will have to be designed on a laboratory to laboratory basis. This 

is due to varying size of bolts as well as the placement of the holes based on mounting 

plates in individual systems.  

Cannula Holder 

As mentioned previously, the affixed cannula holder in Figure 2.2A was removed in 

subsequent designs (Figure 2.2B-D). While this could have been implemented with a 
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system based on bolts to mount the holder to the bath, we opted for a more simplistic 

approach as can be seen in Figure 2.5. We found that a simple holder could be built 

that would fit the base of our cannula (Radnotti, 140153-30) when the cannula was 

lowered into the holder (Figure 2.6), which would be held and positioned using a 

micromanipulator (World Precision Instruments, M3301R). This was accomplished by 

first cutting an initial opening with inner diameter of 9 mm to accommodate the 

thickness of our cannula. A fillet of 10 mm radius, with a conic radius of 1 mm was used 

to match the shape of the cannula and hold it steady during an experiment. 

Another innovation for the holder came from the observation that the method for 

stabilizing the heart against the front glass of the window to reduce motion and slightly 

flatten the epicardial imaging plane could be incorporated into the holder. Originally, 

hearts were stabilized against the front viewing window with a plunger that passed 

through the back wall of the bath through an O-ring (Figure 2.1). However, we noticed 

that mixing spoons (VWR, 58552-002) used in our laboratory had approximately the 

same shape as the posterior surface of a guinea pig heart. Therefore, a slot was 

designed on the cannula holder that would also fit the spoon (Figure 2.5). We found that 

positioning the heart against the glass exerted pressure on the long flexible handle of 

the mixing spoon that gently pressed the heart against the viewing window as effectively 

as the plunger design. Interestingly, the spoon was introduced as a stop-gap method 

with the thought that we would eventually return our attention to this component with a 

more sophisticated design, but we found over the course of well over 100 experiments, 

this holder design did not significantly alter cardiac electrophysiology as discussed later. 
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The entire printed bath setup can be viewed in Figure 2.5B, which includes placement 

of all tubing, ECG wiring, cannula, and temperature probe. 

Printing Parameters 

The Makerbot Desktop (Makerbot, New York City, NY) software allows the user to 

adjust the height of the print layers, percent fill on thick structures, printing temperature, 

and the number of shells on a segment. At first the assumption was made that the best 

bath would be filled in completely with the smallest layer height possible in order to form 

fine details. We quickly learned that printing at the finest resolution significantly 

prolonged print times and increased the opportunity for print errors such as print head 

jamming and delamination. Through trial and error we found that a 6-shell, 30% fill gave 

the best results when paired with a filament diameter of 30 µm. This means that each 

surface has a minimum of six 30 µm diameter filaments. When a design structure is 

thicker than 3.6 mm, the MakerBot printing software generates a pre-determined fill 

pattern that is only 30% of the inter-surface volume (Figure 2.3C). This allowed for a 

consistent outer coating on the parts, while not wasting material on the interior. Also we 

did not find a need to print below the 30 µm filament resolution. Finally, we determined 

that altering the filament diameter was much less effective at preventing leaks than a 

post-processing acetone wash. 

Printing Issues 

Even with optimized printing parameters, there are issues that can occur in the printing 

process rendering a part unusable. This is especially true for the base plate, as the 

problems occur more often for large flat surfaces. Specifically, recall that the MakerBot 



 55 

uses a single print filament, and as a result of significant temperature gradients on these 

large surfaces, delamination can occur, which is common with PLA. Even after testing 

print parameters, our base plates delaminate approximately 25% of the time. There are 

a number of approaches for reducing printing errors for large, flat surfaces. As stated 

above, the best idea for printing the plates is to have a larger layer height and low infill. 

Therefore, we tried lowering the number of shells on the plates from 6 to 2. Still, when 

the print did not delaminate, it sometimes warped and the print “pulled” away from the 

bottom surface of the printing area. This meant that on some pieces, the bottom of the 

plate was not flat. We therefore decided to build the bottom of the plate from 4 smaller 

squares in an inverted pyramid shape until the entire plate merged 9 mm above the 

base of the plate into the final base plate (Figure 2.4B). Starting with only 4 smaller 

contact areas reduced the temperature gradients that formed for each layer, 

significantly reducing the probability that any one of the 4 starting print areas would 

delaminate or warp. Other printers utilize heated printing plates or heated print volumes. 

Since the Fifth Generation Makerbot Replicator desktop 3D printer did not have either 

option, we empirically determined that altering non-essential designs could drastically 

reduce printing errors, and all designers are encouraged to explore similar strategies for 

reducing these kinds of errors.  

Bath Testing 

Experiments were conducted to test whether ex vivo guinea pig cardiac 

electrophysiology is different when a heart is Langendorff perfused in a manufactured 

bath or the 3D printed bath described above.  Two representative action potentials in 

Figure 2.7C from an optical mapping pixel focused on approximately the same portion 
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of the left ventricular epicardium of two separate hearts suggests that the bath 

manufacturing process does not alter action potential morphology. However, our 

cameras record optical action potentials from 100x100 pixels, and therefore it was 

important to quantify differences in summary data. Using data only from hearts perfused 

under control conditions for 15 minutes, summary data reveals that the choice of bath 

(professional n=5 or 3D printed n=5) did not significantly alter CV along either the slow 

or fast axis of propagation, which corresponds to the transverse and longitudinal axes 

respectively (Figure 2.7B).  Transverse CV in hearts suspended in the manufactured 

bath was 22.3 ± 2.28 cm/s while in the 3D printed baths CV was 21.3 ± 2.63 cm/s 

(p>0.25). Longitudinal CV in hearts suspended in the manufactured bath was 53.2 ± 

4.70 cm/s while in the 3D printed baths CV was 54.7 ± 4.71 cm/s (p>0.25). Likewise, 

action potential duration (APD90) was not significantly different when hearts were 

suspended in either bath (Figure 2.7D). Specifically, APD90 of hearts in the 

manufactured bath was 181.95 ± 16.63 ms, and 172.83 ± 9.65 ms in the 3D printed 

bath (p>0.25). 

In addition to the bath testing described above, our laboratory has made many 

additional anecdotal observations over the past 2 years while using 3D printed baths.  

First, seven different scientists used their own copies of the bath, conducted 

experiments that included perfusates containing standard laboratory perfusion solutions, 

carbenoxolone (CBX), digoxin, BDM, blebbistatin, ATXII, mannitol, albumin, PA-6, or 

flecanaide [13, 15, 17].  Experimental procedures included S1 pacing, S1-S2 arrhythmia 

induction protocols, ischemia reperfusion experiments, and calcium imaging to name a 

few.  In all of the combinations of protocols and solutions, there are no significant 
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differences in control values quantified from hearts suspended in the 3D or 

manufactured baths.  

Di-4-ANEPPS is the primary dye used in optical mapping in our laboratory, which was a 

logical starting point for further bath testing. Representative action potentials were taken 

from a heart loaded with Di-4-ANEPPS and a heart placed in a bath that previously 

contained dye, but was cleaned as described later. The figures demonstrate that after a 

bath has been washed, there is no trace of optical signal during imaging of a heart, 

indicating that the dye was effectively washed from the bath between experiments 

(Figure 2.7E). 

While leaching of dye could affect optical signals in the short term, there is also the 

possibility of functional changes when pharmacological agents are used. Therefore, 

conductional velocity was quantified from hearts in baths that were never used with 

CBX, baths that previously contained CBX but had been washed, and hearts that 

actively were under the influence of 30 µM CBX (Figure 2.7F). Regardless of conduction 

direction, 30 µM CBX significantly decreased CV when compared to either a new bath 

(p<0.05) or a bath that had been washed (p<0.05). However, CV in hearts perfused in 

new or washed baths was not significantly different (p>0.25).  

The myosin II inhibitor blebbistatin was then tested to quantify changes in left ventricular 

developed pressure (LVDP) in hearts perfused in a new bath, with 10 µM blebbistatin, 

and in a bath that had been washed after use with blebbistatin. LVDP, normalized to the 

mean measurements from new baths, was found to significantly decrease after 

application of blebbistatin for new and cleaned baths (p<0.05) (Figure 2.7G). Importantly 
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there was no significant difference in LVDP between hearts perfused in new or cleaned 

baths (p>0.25).  

Together, these data suggest that chemical leaching of PLA or retention of experimental 

compounds is not a significant issue with 3D printed baths.  Additionally, 3D printed 

baths can be cleaned similar to a bath manufactured with Plexiglas.  Specifically, we 

have yet to notice any adverse effects of cleaning the 3D printed PLA baths with the 

laboratories washing procedure. Specifically, baths are rinsed with warm water for 10 

minutes, washed for 10 minutes with 0.1 M HCL and rinsed for another 10 minutes with 

warm distilled water. 

Cost Savings  

A large benefit of 3D printing equipment for optical mapping is the cost savings, as can 

be seen in Table 2.1. While a manufactured bath will cost upwards of $2,500, the 

design from our laboratory will cost roughly $30 per print, not including the price of the 

printer or labor for designs.  While there is a high price of entry, a 3D printer allows the 

freedom to create other laboratory equipment.  Also, there are less expensive options 

for both printers and 3D design software, which have been shown in this manuscript to 

be adequate for printing equipment in house. Most universities have a shared bank of 

printing equipment, allowing individual laboratories the ability to print this equipment 

without the added printer costs. Also, as demonstrated by this and a manuscript by 

Sulkin, M.S. et al. [5], designs for laboratory equipment will become increasingly more 

available and free to download. Finally, the relatively inexpensive cost of printing a bath 

means that if an experimentalist ever becomes worried about bath contaminants as a 
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result of repeated usage, the experimentalist can simply print a new bath for their next 

experiment. 

Scaling 

One additional benefit of 3D printed bath design is the ability to scale bath size to that of 

the tissue preparation.  One example would be the ability to reduce the bath described 

above for guinea pigs down to a size that accommodates a mouse heart.  Since our 

bath is based on commercially available cover slip glass for the front imaging window, 

one need only find a new appropriately sized glass suitable for imaging mouse hearts in 

a scaled down bath volume that preserved dimensions for structures like tube and 

electrode holders. This scaling was used to design an optical mapping bath for mice 

hearts, mimicking the guinea pig bath. The main changes include using size 14 tubing 

instead of 16, as well as a 1x1 in. glass slide for imaging (Quartz Scientific, Inc., 2120). 

CONCLUSIONS 

Optical mapping equipment can be made in a manner that allows for customization and 

that is cost effective enough for printing baths for individual users and even 

experimental protocols. These designs can also be made in a way that labor intensive 

manufacturing techniques are unnecessary. Besides a 3D printer, including many of the 

affordable desktop versions on the market currently, the bath discussed above can be 

manufactured using only adhesive, glass, acetone, and c-clamps. The STL files for a 

guinea pig and mouse bath, base plate, and cannula holder can be found in the Table 

2.2 along with a detailed list of manufacturing and part numbers for supporting 

equipment. A 3D printed bath does not observably alter optical mapping results relative 
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to baths made of Plexiglas, glass, adhesive, sealants, O-rings and/or stainless steel 

bolts. Printed baths have been shown to withstand over a year of use, including over 50 

experiments during that time. These results demonstrate the promise of 3D printing 

experimental quality laboratory equipment. In short, the versatility of 3D printing 

increases the possibilities for what an electrophysiologist can try in the laboratory in less 

time and for less money. 
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FIGURES 

 

Figure 2.1 – Previously used optical mapping bath that was designed and 

manufactured in a machine shop. A manufactured optical mapping bath designed for 

guinea pig whole heart optical mapping experiments. The main components included 

that were removed for 3D printed baths are plungers for holding the heart in place, a 

built in outflow on the rear of the bath, O-rings for water sealing, and screws holding the 

Plexiglas bath together. However, this bath did not include holders for the temperature 

probe, pacing grounding electrode, or the recirculation tubing which led to crowding the 

bath space with loose wires and tubing during experiments. 
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Figure 2.2 – Progression of optical mapping bath during the rapid prototyping 

process. A step-by-step progression of designing a 3D printed whole heart optical 

mapping bath. White highlighted areas are the main changes in the bath design when 

compared to the previous iteration. (A) First design of the 3D printed optical mapping 

bath which was modeled after a manufactured bath. (B) Second design. In this iteration 

design steps were taken to press fit the viewing glass between two pieces of the bath. 

Also, holes for plungers were added to secure the heart for imaging. (C) Third design. 

The press fit design of the bath was modified, while holes were included for effluent and 

recirculation control. (D) Final design. The bath was removed from the base plate and 

all tubing lines were moved to the interior of the bath. 
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Figure 2.3 – Design features for finalized 3D printed bath. (A) 3D model of the 

optical mapping bath. (B) 3D printed optical mapping bath. (C) Image of a half printed 

optical mapping bath. The image shows the location of the ECG holders, pacing 

electrode ground holder, temperature probe holder, recirculation inflow, recirculation 

outflow, and bath outflow. The zoomed in region shows an example of 30% infill 

patterning for a MakerBot 3D printer. 
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Figure 2.4 – Base plate comparison between 3D models and printed part. (A) 3D 

model of the optical mapping bath holding plate. (B) 3D model of the back side of the 

base plate showing the angled edges to reduce printing errors due to decreased surface 

area. (C) 3D printed optical mapping bath holding plate. 
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Figure 2.5 – Fully assembled optical mapping apparatus. (A) 3D printed cardiac 

optical mapping bath including a bath placed in the base plate. A glass cannula and 

spoon used for light mechanical pressure on the heart are held inside the 3D printed 

cannula holder, which is held up with a ring stand in the image. (B) 3D printed bath and 

base plate placed for use in an experimental setup. ECG electrodes, temperature 

probe, canula, and effluent lines included in setup. 
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Figure 2.6 – Cannula holder comparison between 3D models and printed part. (A) 

3D model of the cannula holder. (B) 3D printed cannula holder. (C) Cannula holder with 

glass cannula and red spoon used for mechanical pressure on the heart. 
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Figure 2.7 – Electrophysiological parameters are unchanged between 

manufactured and 3D printed baths. (A) Representative isochrones from hearts in a 

manufactured bath and a 3D printed bath showing no changes in conduction between 

the two. White symbol (Π) indicates site of pacing. (B) Neither transverse nor 
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longitudinal conduction velocity measurements were significantly different from hearts 

suspended in the two baths (n=5). (C) Representative action potentials for 

manufactured and 3D printed baths. (D) APD90 measurements for each bath were not 

significantly different (n=5). (E) Representative action potentials for a heart loaded with 

Di-4-ANEPPS versus a heart with no dye added in a bath after HCl cleaning. (F) 

Transverse and longitudinal conduction velocity was not altered at baseline between 

baths that had previously contained CBX versus those that had not. Conduction velocity 

was only slower in hearts perfused with 15 minutes of 30 µM CBX (n=3). (G) 

Normalized left ventricular developed pressure is unaffected between a new and old 

bath. However, pressure significantly decreased when the heart was loaded with 10 µM 

blebbistatin for 10 min compared to new and washed baths (n=3). 
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Table 2.1 – 3D printed optical mapping equipment costs.  Cost breakdown for each 

component of the optical mapping bath, bath holder plate, and cannula holder. Without 

the cost of a 3D printer, each of these baths costs roughly $30 compared to a 

manufactured bath, which costed $2,500 in 2012. 
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Table 2.2 – Deatiled list of all components needed for working optical mapping 

bath. Manufacturer, part number, and cost breakdown for each of the printed 

components of a suspended whole heart optical mapping apparatus, including all of the 

miscelaneous parts that were discussed throughout the manuscript. 
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CHAPTER – 3 

Heart rate and extracellular sodium and potassium modulation of gap junction 

mediated conduction in guinea pigs  
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FOREWORD 

After the design and fabrication of a 3D printed bath for optical mapping was completed, 

the next step for this dissertation was to begin the study of perfusate solution 

composition changes on cardiac conduction velocity. Specifically, previous research 

from our laboratory indicated that a heterozygous knockout of gap junctions in mice 

could be masked through perfusate solution composition. Therefore, this study looked 

at modifying extracellular sodium and potassium concentration, while blocking gap 

junctions with varying levels of carbenoxolone. Therefore, this chapter of the 

dissertation is focused on investigating whether ephaptic coupling mechanisms are 

affected by a change in species as well as an alternate form of gap junctional inhibition. 

  



 75 

INTRODUCTION 

Normal cardiac conduction is critical for maintaining efficient pumping of the heart, and 

abnormal conduction can lead to arrhythmias and sudden cardiac death. Cardiac 

conduction is dependent on propagation of electrical signals from cell-to-cell. Cell 

membrane depolarization can occur by raising the intracellular potential via direct axial 

current through high resistance gap junctions (gap junctional coupling), or by a 

decrease in the extracellular potential between closely adjacent cells (ephaptic 

coupling) [1-5]. The concept of ephaptic coupling (EpC) is an old theory that has 

received renewed interest recently. While considered controversial in the cardiac field, 

EpC is more widely accepted in neurology [6-10] and has even been proposed to be 

important for uterine contraction [11]. An elegant review by Nicholas Sperelakis and 

Keith McConnell in 2002 summarizes 6 possible mechanisms for EpC [3]. While the 

majority of the proposed mechanisms reduce EpC to electric field coupling, the 

alteration of ionic concentrations within restricted extracellular microdomains in parallel 

with electric field coupling can also play an important role in modulating non-gap 

junction (GJ) mediated cell-to-cell electrical coupling [5, 12-15].  

Recent evidence in guinea pig ventricular myocardium demonstrates that inducing 

acute interstitial edema can increases intercellular separation within the perinexal 

intercalated disc microdomain and slow cardiac conduction by mechanisms consistent 

with mathematical predictions of EpC [12-14]. Further, increasing perinexal width 

hypersensitizes myocardial conduction to pharmacologic GJ uncoupling [2] and sodium 

channel inhibition [16]. This hypersensitivity is also consistent with computational 

predictions of EpC. Importantly, the corollary statement is that narrowing intercellular 
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separation within the perinexus should decrease conduction sensitivity to GJ uncoupling 

and sodium channel inhibition. 

In mice, we previously demonstrated that the relationships between cardiac conduction 

and GJs, perinexal width, and extracellular concentrations of sodium ([Na+]o) and 

potassium ([K+]o) are complex [17]. Since it has also been shown that a change in [K+]o 

from 5 to 8mM increased CV in guinea pig hearts [18, 19], one should expect a similar 

increase in mice. However, in mouse hearts with the native compliment of Cx43 (wild 

type), and wide perinexi (>15nm), cardiac conduction was reduced when [K+]o was 

raised from 4.6 to 6.1mM and concurrently [Na+]o was decreased from 155 to 147mM. 

More intriguing was the finding that the wild type hearts were insensitive to the same 

changes in [K+]o and [Na+]o when perinexal width was reduced. However, when Cx43 

was reduced by 50%, hearts with narrow perinexi perfused with a solution containing 

the higher [K+]o and lower [Na+]o had slower conduction relative to the solution with 

lower [K+]o and higher [Na+]o. Therefore, the width of the perinexus has important effects 

on modulating cardiac conduction sensitivity to alterations in [K+]o and [Na+]o, and these 

effects are unmasked by GJ uncoupling.  

Importantly, the relationship between conduction and perinexal width does not appear to 

be species dependent as similar findings were observed in guinea pig [16]. However, it 

remains unknown whether small extracellular changes in [K+]o and [Na+]o can alter 

conduction sensitivity to pharmacologic GJ coupling in guinea pig. 

The purpose of this study was twofold. First, we wanted to determine if the observed 

response of cardiac conduction to [K+]o and [Na+]o is similar in normal guinea pig hearts 
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as was observed in Cx43 wild type mouse hearts with narrow perinexi. Second, we 

sought to demonstrate that pharmacologically uncoupling GJs with a non-specific GJ 

uncoupler like carbenoxolone (CBX) would unmask conduction sensitivity to [K+]o and 

[Na+]o in hearts with narrow perinexi.  

MATERIALS AND METHODS 

This study abides by and follows all guidelines set forth by the Institutional Animal Care 

and Use Committee at Virginia Polytechnic Institute and State University and NIH Guide 

for the Care and Usage of Laboratory Animals. 

Langendorff perfusion 

Male retired breeder Hartley albino guinea pigs (Hilltop, Scottdale, PA, N=28, 800-

1200g, 12-19 months old) were anesthetized using sodium pentobarbital [Nembutal, 

30mg/kg IP]. The heart was extracted, retrogradely perfused in a Langendorff perfusion 

apparatus and the atria excised to reduce competitive stimulation. The hearts were 

perfused with constant flow to maintain pressure between 40 and 55mmHg. Tyrode 

solutions were altered as described in Table 3.1. The laboratory’s historical Tyrode 

composition in Table 3.1 is presented as a point of reference for the modified solutions 

used in these experiments.  

Since “normal” plasma ion concentrations are species specific [20], we calculated a 

percentage change of [K+]o and [Na+]o from the lowest values used in our previous 

mouse study [17]. Thus, [K+]o was changed by 52% (4.56 to 6.95mM) and [Na+]o by 
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5.4% (145.5 to 153.3mM) from historic guinea pig Tyrode solutions [2]. By this method, 

we designed Solutions A and B as noted in Table 3.1.  

Solutions were perfused at 37°C, pH 7.4. In each experiment, historic Tyrode’s solution 

without the gap junction uncoupler CBX was perfused for 30 minutes at the beginning of 

the experiment, and then Solutions A and B were perfused for 10 minutes in a random 

order without CBX. This was followed by CBX (15 and 30µM) in Solution A or B. 

All conduction measurements were taken 10 minutes after the new perfusate reached 

the heart to control for the amount of time each heart was exposed to the solution, and 

because we previously demonstrated CBX slowed conduction to near steady-state 

values within 10 minutes [16]. Hearts were paced from the anterior left ventricular (LV) 

epicardium with a unipolar AgCl wire at basic cycle lengths (BCL) of 300 and 160ms 

with a 5ms pulse at 1.5 times pacing threshold [21]. A baseline BCL of 300ms was 

chosen to mimic physiological resting guinea pig heart rate, while 160ms BCL has been 

shown to decrease CV [22-24]. 

Transmission electron microscopy 

Left ventricular tissue from each intervention reported (3 hearts per intervention, 3 

samples per heart) was sectioned into 1 mm3 cubes. The sections were fixed in 2.5% 

glutaraldehyde at 4°C overnight and then transferred to PBS at 4°C. The tissue was 

processed as previously described [17]. Images were collected using a transmission 

electron microscope (JEOL JEM1400) at 150,000X magnification. Measurements were 

obtained using ImageJ (NIH) from 15 perinexi per sample. Total number of perinexi 

measured was 135. 
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Electrocardiography 

A volume conducted bath electrocardiogram (ECG) was obtained using AgCl 

electrodes. An anode was placed near the right ventricle, a cathode near the left 

ventricle, and a common ground at the back of the bath. The ECG was recorded at 

1kHz.  

Optical mapping 

The voltage sensitive dye di-4-ANEPPS (15µM) was perfused for 10 minutes before the 

start of the experimental protocol. Cardiac motion was reduced with 2,3-butanedione 

monoxime (BDM, 7.5μM). Hearts were further stabilized by applying light pressure on 

the posterior surface of the heart.   

The dye was excited with a halogen light source (MHAB-150 W, Moritex Corporation) 

with an excitation filter of 510nm (Brightline Fluorescence Filter).  An emission filter of 

610 nm (610FG01-50(T257), Andover Corporation) was used before the emitted light 

was recorded using a MiCam Ultima CMOS L-camera, sampling at a rate of 1 kHz.  

Images were captured on a 100x100 array with an interpixel resolution of 0.1 mm. 

CV was calculated as previously described [17] using an algorithm by Bayly et al. [25].  

Briefly, maximum rate of optical action potential rise at each pixel was calculated to 

determine activation time. A parabolic surface was fit to activation times to determine 

vectors for CV at each pixel. CV was quantified in two directions, longitudinal and 

transverse (CVL and CVT, respectively), with anisotropic ratio (AR) calculated as 

CVL/CVT. Conduction in each direction was calculated from a group of vectors that were 
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within 5 pixels and with an angle of ±8 degrees from direction of longitudinal (fastest) or 

transverse (slowest) propagation. The first vectors immediately adjacent to the site of 

pacing were excluded to reduce pacing artifacts in the CV analysis. CV was only 

quantified up to 32 pixels from the site of pacing in the longitudinal direction and 16 

pixels in the transverse direction to reduce the contribution of conduction breakthrough. 

Longitudinal CV was only quantified if there were at least 10 vectors meeting the criteria 

above and transverse CV was quantified if at least 50 vectors met the criteria above. 

Rise time (RT) was calculated by the time difference from 20% to 80% of the peak 

fluorescent action potential amplitude during depolarization. RT was calculated both in 

the longitudinal (RTL) and transverse (RTT) directions. Action potential duration (APD) 

was calculated as the difference between the activation time and 85% repolarization 

from peak action potential amplitude. 

Western blotting 

Hearts (n=3), perfused with the respective solutions for 30 minutes, were snap frozen. 

Tissue was homogenized in a RIPA lysis buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM 

EDTA, 1% Triton X-100, 1% sodium deoxycholate, 2mM NaF, 200 μM Na3VO4) 

supplemented with HALT Protease and Phosphatase Inhibitor Cocktail 

(ThermoScientific). Following sonication and clarification by centrifugation, the BioRad 

DC protein assay was employed to determine protein concentrations and normalize 

prior to analysis. SDS-PAGE electrophoresis was performed as previously described 

using 4-20% NuPage Bis-Tris or 3-8% Tris-Acetate gels (Life Technologies) which were 

then transferred using the Trans-Blot Turbo system (BioRad) to low-fluorescence PVDF 
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membrane and blocked with 5% BSA in TNT buffer (0.1% Tween 20, 150mM NaCl, 

50mM Tris pH 8.0) for one hour at room temperature. Membranes were then incubated 

with rabbit anti-phospho-Cx43Ser368 (1:1000 in 5% BSA TNT, #3511 Cell Signaling 

Technology) overnight at 4°C. Following several washes in TNT, secondary detection 

was performed using goat anti-rabbit HRP antibody (1:5000, abcam) for 1 hour at room 

temperature. Bound antibody was detected post washing using Clarity Western ECL 

Substrate (BioRad) and imaged using the BioRad Chemidoc MP system. Membranes 

were then stripped with Re-Blot Plus Strong (Millipore) according to manufacturer’s 

instructions. To detect total Cx43, stripped membranes were blocked for 1 hour at room 

temperature in 5% milk in TNT buffer, and subsequently incubated overnight at 4°C with 

primary antibodies against Cx43 (1:4000, C6219 rabbit, Sigma Aldrich), and alpha-

tubulin (1:4000, T6199 mouse, Sigma-Aldrich) diluted in 5% milk TNT. Membranes were 

then washed and incubated with the fluorescently distinct secondary antibodies goat 

anti-mouse AlexaFluor555 and goat anti-rabbit AlexaFlour647 (both 1:1000 in milk TNT, 

Life Technologies) for 1 hour at room temperature. Following several washes in TNT, 

membranes were fixed in methanol, dried, and imaged using the Biorad Chemidoc MP 

System. Protein expression was quantified by densitometry using ImageLab software 

(BioRad), Cx43 expression levels were normalized to alpha-tubulin, and Cx43 

phosphorylate Serine 368 (Cx43-p368S) to total Cx43. 

Statistics analysis 

Statistical analysis was performed using a two tailed Student’s t test for both paired and 

unpaired data. A p≤0.025 after Bonferrroni correction was considered significant. All 

values are reported as mean ± standard error unless otherwise noted. 
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RESULTS 

Conduction Velocity – Control Conditions (0μM Carbenoxolone) 

Cardiac conduction was quantified from guinea pig ventricles to determine whether 

increasing [K+]o and decreasing [Na+]o produced similar effects in ex vivo guinea pig as 

it did in mice hearts [17]. Representative epicardial isochrones in Figure 3.1A 

demonstrate the effect of solution composition on the spatial extent of activation at both 

300 and 160 ms BCL. These maps suggest that cardiac conduction under control 

conditions was similar when hearts were perfused with Solution A or B. Further, 

representative isochrones maps suggest that decreasing BCL slows CVL and CVT, 

consistent with sodium channel restitution kinetics [26]. Representative action potential 

upstrokes in Figure 3.1B from equally spaced sites demonstrate slower CVT than CVL 

as evidenced by increased temporal separation between action potential upstrokes in 

the transverse direction.  

Decreasing BCL significantly reduced CVL for both Solutions A and B (Figure 3.1C). 

Interestingly, decreasing BCL to 160 ms with Solution A did not slow CVT, although 

there was a slowing trend (p=0.03). On the other hand, changing BCL with Solution B 

caused a significant decrease in CVT. For all experiments, solution composition did not 

significantly change CVL or CVT under control conditions (Figure 3.1D). These data 

suggest that solution composition does not significantly modulate conduction 

dependence on pacing rate with normal GJ coupling, because both solutions changed 

CV similarly under all conditions.  
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Conduction Velocity - 15μM Carbenoxolone  

We previously demonstrated that GJ inhibition with 15M CBX does not significantly 

alter CV [2]. For Solution A + 15 μM CBX, decreasing BCL to 160ms significantly 

decreased CVL but did not significantly slow CVT (Figure 3.2A). Under these conditions 

the relationship did not trend toward significance (p=0.70) in contrast to control.  

Similar to control, Solution B still decreased CVL and CVT at a BCL of 160 relative to 

300ms (Figure 3.2A). Importantly, comparing CVL and CVT for Solutions A and B did not 

reveal conduction differences when hearts were perfused with 15M CBX at either 

pacing rate (Figure 3.2B), and this is similar to findings under control conditions. These 

data suggest that solution composition does not significantly modulate conduction 

dependence on pacing rate when a GJ uncoupler does not measurably slow 

conduction. 

Conduction Velocity - 30μM Carbenoxolone  

Next, we increased CBX to 30M since it has been previously demonstrated that CBX 

between 20-100μM can slow cardiac conduction [27]. For Solution A + 30μM CBX, 

decreasing BCL from 300 to 160ms did not significantly slow CVL but it did slow CVT 

(Figure 3.3A).  

Similar to control and 15M CBX, CVL and CVT significantly decreased when BCL was 

decreased to 160ms in heart perfused with Solution B + 30μM CBX (Figure 3.3A). Thus, 

Solution B was always associated with rapid pacing induced CV slowing in both the 
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longitudinal and transverse direction for all degrees of GJ coupling, whereas Solution A 

was not.  

In contrast to control and 15M CBX, comparing conduction for Solutions A and B now 

revealed CVL and CVT differences when heart were perfused with 30M CBX (Figure 

3.3B, †). These data demonstrate that significant GJ uncoupling can exacerbate CV 

dependent differences on [K+]o and [Na+]o when pacing rate is increased. 

Perinexal Width 

The perinexus is an extracellular microdomain adjacent to GJ plaques, and these 

microdomains, rich in the cardiac isoform of the voltage gated sodium channel, have 

been proposed as the structural unit of a cardiac ephapse [16, 17, 28]. Using 

transmission electron microscopy, the perinexus was quantified from hearts perfused 

with Solution A, Solution A + CBX 30μM, and Solution B + CBX 30μM (Figure 3.4A). 

The yellow shaded region in the images represents the first 100nm of the perinexus 

adjacent to a GJ. The widths of the perinexi were measured in 5 nm increments for the 

first 15 nm and then in 15nm intervals up to150 nm away from the GJ (Figure 3.4B). 

Perinexal width was significantly larger with Solution A when compared to tissue 

perfused with CBX (Solution A or B). With CBX, there were no significant differences in 

perinexal width between Solutions A and B as summarized in Figure 3.4C. The data 

also demonstrates that the perinexus from 60 to 105nm from the GJ edge is reduced by 

CBX independent of solution composition. Therefore, the difference in CV observed 

between Solutions A and B at 30M CBX is not likely related to solution induced 

perinexal differences.  
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Cx43 Expression 

Many studies have demonstrated that CV is dependent on ionic perfusate composition 

[19, 29, 30]. We sought to determine whether the reported changes in perfusate 

composition can also alter Cx43 expression. Expression levels of total and Cx43-p368S 

were measured using alpha-tublin as a protein loading control in hearts perfused for 30 

minutes with Solution A or B. Figure 3.5A and B demonstrate that solution composition 

did not alter total Cx43 expression. Dephosphorylation at serine 368 leads to a cascade 

which internalizes Cx43 in cardiac cells [31], and Cx43-p368S protein levels are often 

quantified as a correlate of non-functional Cx43 GJs [32, 33]. Importantly, Cx43-p368S 

expression levels were not different in preparations perfused with Solution A or B 

(Figure 3.5C and D). In a separate set of experiments, Cx43-p368S was compared to 

total Cx43 in hearts perfused with Solutions A or B, and freshly explanted hearts, 

revealing that perfusion did not alter the ratio of phosphorylated Cx43 (Figure 3.8). 

These data suggest that solution associated conduction changes were not 

predominantly due to Cx43 expression changes. 

Action potential duration 

APD during perfusion of Solution B was shorter than perfusion with Solution A for all 

CBX concentrations and BCLs (Figure 3.6, †). As expected, APD significantly shortened 

with both solutions when BCL was reduced from 300 to 160ms (Figure 3.6, *). Since 

APD shortened approximately equally with Solutions A and B, and the magnitude of 

APD shortening was similar, these data suggest that APD restitution kinetics may not 

explain the changes in CV reported above. In fact, one might expect that Solution A, 
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which produced the longer APD, would exhibit greater CV slowing at a 160ms BCL, and 

this was not the case. 

Rise time 

Optical rise time (RT) has been previously used as an inverse correlate of cellular 

excitability [34-36]. Importantly, 15μM CBX did not alter RT relative to control (Figure 

3.7). With 30M CBX, RT increased (Figure 3.7, †). Solution composition (A & B) did 

not significantly alter RT. Altering pacing rate also did not significantly change RT in 

either the longitudinal (RTL) or transverse (RTT) directions of propagation.  

DISCUSSION 

The data demonstrate how varying [K+]o, [Na+]o, and pacing rate modulates conduction 

sensitivity to pharmacologic GJ inhibition in guinea pig ventricular preparations. 

Previous studies have demonstrated that each of these factors can affect CV 

individually, but that small combined changes in these parameters can lead to relatively 

significant emergent effects on conduction [16-18, 37]. The present study is consistent 

with this finding and supports a hypothesis that small differences in artificial blood 

substitute solutions do not produce significant electrophysiological differences with 

normal GJ coupling. However, when GJ coupling is reduced, extracellular ionic 

composition and heart rate have important effects on cardiac conduction. 

Effects of [K+]o and [Na+]o  

The relationship between CV and [K+]o is biphasic. Specifically, in guinea pig, it was 

demonstrated that CV is maximal around 8mM [K+]o [18, 19, 38, 39]. Interestingly, 
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increasing [K+]o from 4.6mM in Solution A to 7.0mM with Solution B, did not alter CV 

during control conditions or 15M CBX, which is unexpected based on previous works 

with [K+]o altered in a similar range [18, 19]. One important difference between this and 

previous studies is that [Na+]o is reduced in Solution B relative to A. The results show 

that CV is relatively insensitive to the changes in [K+]o and [Na+]o during normal and 

presumably low GJ uncoupling (15M CBX), with increased sensitivity at 30M CBX. 

These results are consistent with our results obtained in mice with narrow perinexal 

widths and presumably increased EpC [17]. 

The finding that increasing [K+]o in guinea pig myocardium can slow conduction is 

consistent with the study of Pandit et al. who found that dominant rotor frequencies are 

decreased, suggesting slowed conduction, when [K+]o is increased from 4 to 7mM [40]. 

The intriguing finding that increasing [K+]o in ventricular myocardium can increase CV 

under certain conditions and decrease it under others is an important future direction for 

research since increased [K+]o is critically important to our understanding of electrical 

abnormalities in diseases such as cardiac ischemia [18, 19]. Ischemia is also acutely 

associated with increased heart rate and collapse of the extracellular space, and on a 

longer time scale, loss of GJ coupling, [41-43] further highlighting the importance of 

understanding these diverse modulators of cardiac conduction. 

Increases in [K+]o and [Na+]o have both been associated with changes in ion channel 

kinetics.  During hypokalemia for example, peak current density of the inward rectifier 

potassium current (IK1) is reduced, the slow component of the delayed rectifier 

potassium current (IKs) is increased, and the rapid component delayed rectifier 
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potassium current (IKr) is decreased [44, 45].  Additionally, co-transporters such as the 

Na-K pump can be activated through a combination of [Na+]i and [K+]o [46, 47]. 

Therefore, future studies will be required to elucidate additional effects of other 

channels, pumps, and exchangers on cardiac conduction. 

Effects of pacing rate 

It is well accepted that CV decreases when pacing rate increases, due to sodium 

channel inactivation [26, 48]. Here, we demonstrated that reducing BCL decreased CV 

depending on the solution composition and level of pharmacologic GJ inhibition. 

Specifically, decreasing BCL in hearts perfused with Solution B with and without CBX 

decreased CVL and CVT. The same effects were not always observed with Solution A. 

Our previous research suggests that EpC can support normal conduction when GJs are 

reduced [2, 16, 17]. The finding that Solution A is less sensitive to GJ uncoupling, 

suggests that Solution A may promote EpC by maintaining sodium channel availability 

(lower [K+]o) and increasing sodium driving force ([Na+]o). Further, even greater sodium 

channel inactivation by rapid pacing does not significantly slow CV even with GJ 

uncoupling sufficient to slow CV.  

Effects of gap junctional coupling 

In the current study, increasing the concentration of CBX appeared to progressively 

decrease CV. This agrees with previous research which demonstrated that 

concentrations as high as 13μM CBX did not significantly slow CV, while concentrations 

between 20 and 100μM CBX can slow CV [2, 16, 27]. According to previous research, 

the IC50 of GJ inhibition by CBX is between 50 and 100μM [27, 49-51]. The observation 
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that significant CV slowing secondary to CBX can be modulated by solution composition 

and cardiac hydration further suggests that the IC50 of conduction slowing with CBX 

may be dependent on alternative modes of conduction.  

It is also possible that ionic differences in solutions altered Cx43 functional expression. 

However, the lack of a significant total or Cx43-p368S change in Cx43 expression 

suggests, but does not prove, that reported results are not due to GJ remodeling.  

Effects on rise time 

Previous studies suggest that INa correlates with CV and that the maximal rate of action 

potential upstroke rise (dV/dtmax) is a correlate of peak INa. This is supported by studies 

which demonstrated that decreasing INa,max can decrease dV/dtmax and CV [52]. Optical 

RT is an inverse correlate of dV/dtmax [34-36]. The theory of cardiac conduction reserve 

during GJ uncoupling suggests that RT should first decrease during GJ uncoupling 

without a measurable effect on cardiac conduction [52-54]. We never observed such a 

relationship. In short, RT either did not change with GJ uncoupling by CBX or it 

increased, and this is consistent with other similar studies [55, 56]. However, it is 

important to note that CBX is a pharmacologic GJ uncoupler with off target effects, and 

this may explain a lack of agreement with theoretical predictions.  

Effects on perinexal width 

Our group previously demonstrated that changing bulk interstitial volume can modulate 

CV [2, 16]. We also demonstrated that CV is inversely correlated to perinexal width [16, 

17]. In other words, increasing perinexal width can decrease ventricular CV. To our 
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knowledge, this is the first demonstration that CBX can decrease perinexal width, which 

from previous work should increase CV. An important difference in this study compared 

to our previous manuscripts [2, 17] is that changes in perinexal width in this study were 

caused by pharmacological intervention with CBX, instead of mannitol or calcium 

concentration. As changes in perinexal width due to CBX have not been previously 

reported, it is difficult to discuss the mechanism since this effect was not explored in this 

study. However, the relationship between CBX and perinexal width may be related to a 

study by Goldberg et al. demonstrating that glycyrrhetinic acid derivatives disrupt gap 

junction plaques [57], which could alter the structure of the perinexus. Therefore, these 

results suggest that CBX may promote ephaptic EpC while simultaneously reducing GJ 

coupling. By this mechanism, modest levels of CBX GJ uncoupling may not alter CV. 

Limitations 

This study relies entirely upon using pacing protocols as well as pharmacological GJ 

inhibitors. However, the findings that altering [Na+]o  and [K+]o can modulate cardiac 

conduction with pharmacologic inhibition is similar to findings in mice heterozygous null 

for Cx43 [17]. It will be interesting to know in the future whether connexin targeting 

peptides behave similarly to glycerhetinic acid derivatives. 

It is well established that the electromechanical uncoupler BDM can affect cardiac 

conduction, and may have therefore confounded the results here. While this possibility 

cannot be excluded, BDM was present for each experiment, and all electrophysiologic 

comparisons were paired. However, perinexal measurements were analyzed in an 

unpaired fashion, and BDM may have altered these results. Yet, we previously 
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demonstrated that BDM does not change perinexal width relative to freshly excised 

hearts [16].    

It has been shown that Cx43 localization can change due to cardiac disease [58-60]. 

While we provide evidence that perinexal spacing was only changed for samples that 

included CBX, alteration of Cx43 localization could account for some of the 

electrophysiological changes that were seen. However, the effects quantified in this 

study occurred in 10 or less minutes and were independent of perfusion order. 

Therefore, it may be unlikely that Cx43 cellular expression patterns were significantly 

altered on this time scale. 

The mechanisms that underlie this atypical response to perfusate composition during 

GJ uncoupling could be due to either altered cellular excitability [61, 62] around the 

entire myocyte or ephaptic mechanisms as previously suggested [2, 16, 17]. 

Importantly, the finding that conduction slowing secondary to GJ uncoupling can be 

exacerbated by relatively small changes in extracellular ions suggests that the 

mechanism governing the CV-GJ relationship is very sensitive to ionic perturbations 

within the physiologic range, and this warrants additional investigation. 

CONCLUSIONS 

We present evidence that altering [K+]o, [Na+]o, and heart rate have important effects on 

GJ mediated conduction slowing. The magnitude of ionic changes, while small, were in 

accordance with the original hypothesis that the changes in [K+]o and [Na+]o would not 

substantially alter CV as previously demonstrated in mice under conditions of normal GJ 

coupling, but GJ uncoupling can produce solution dependent CV changes. The 
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implications of this study are that relatively small physiologic changes in extracellular 

ionic composition do not significantly perturb cardiac electrophysiology under “normal” 

conditions, but these same changes may have significant effects during cardiac stress 

as a result of GJ remodeling or increased heart rate.  
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FIGURES 

  

Table 3.1 – Modified Tyrode solution compositions (mM).  
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Figure 3.1 – Pacing rate but not solution composition alters CV in hearts with normal GJ 

coupling. (A) Representative isochrones from hearts perfused without CBX, showing 
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conduction slowing between pacing rates, but not solutions. (B) Uniformly spaced action 

potential upstrokes from the same hearts as pictured in (A), demonstrating temporal upstroke 

separation as another indicator of decreased CV. (C) Red symbols: 300 ms BCL, Blue symbols: 

160 ms BCL. CV measurements for longitudinal and transverse directions. CV decreased due to 

increased pacing rate for each combination except Solution A in the transverse direction. (D) 

Relative percent changes in CVL and CVT between Solutions A and B show no changes in CV 

due to perfusate. *p < 0.025 between pacing rates.  
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Figure 3.2 – Conduction in hearts perfused with 15μM CBX. (A) Red symbols: 300 ms BCL, 

Blue symbols: 160 ms BCL. Effects of BCL on CVL and CVT. (B) Percent changes in CVL and 

CVT between Solutions A and B. Solution did not change CV at 15 µM CBX.  *p < 0.025 

between pacing rates.  
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Figure 3.3 – Conduction in hearts perfused with 30μM CBX. (A) Red symbols: 300 ms BCL, 

Blue symbols: 160 ms BCL. Effects of BCL on CVL and CVT. (B) Percent changes in CVL and 

CVT between Solutions A and B. Solution B decreases CVL and CVT more than Solution A at 

160 ms BCL with 30 µM CBX. * p < 0.025 between pacing rates.  † p < 0.025 between Solutions 

A and B.  
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Figure 3.4 – CBX decreases perinexal width. (A) Representative transmission 

electron microscopy images of the edge of a GJ plaque and the perinexus (highlighted 

in yellow). (B) Perinexal width as a function of distance from the GJ plaque. CBX 

decrease the intercellular separation between 60 and 105 nm from the GJ. (C) 

Summary data between 60-105nm from the GJ plaque. *, p<0.025 from Solution A. * p 

< 0.025 from Solution A.  
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Figure 3.5 – Solution changes do not alter Cx43 expression or p368 phosphorylation. (A) 

Representative Western imunoblots of Cx43 with alpha-tublin as a loading control. (B) 

Quantification of total Cx43 expression reveals no difference between hearts perfused with 

Solutions A or B. (C) Representative Western immunoblots of Cx43-p368S and total Cx43 with 

alpha-tublin as a loading control. (D) Quantification of Cx43-p368S expression reveals no 

difference between hearts perfused with Solutions A or B.  
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Figure 3.6 – Action potential duration measurements for all solution and pacing 

rate combinations tested. Reducing BCL always shortened APD for all solutions at 

every CBX concentrations. * p < 0.025 between BCLs. Solution B significantly 

shortened APD relative to Solution A for all CBX concentrations. † p < 0.025.  
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Figure 3.7 – Rise Time measurements in both longitudinal and transverse 

directions for both Solutions and pacing rates. Pharmacologic uncoupling with CBX 

progressively increased RT. †  p < 0.025 relative to control. * p < 0.025 between BCLs.  
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Figure 3.8 – The ratio of p368 to total Cx43 between hearts perfused with Solution 

A, B, and freshly explanted hearts was not different. (A) Representative western 

immunoblots of Cx43-p368 and total Cx43 protein expression. (B) Quantification of 

Cx43-p368 to total Cx43 ratio for hearts perfused with Solution A, B, and freshly 

explanted hearts. 
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CHAPTER – 4 

Modifications to the CV-[K+]o relationship via perfusate composition variations 
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FOREWORD 

With the conclusion of the previous chapter, we were able to discover that physiologic 

changes in perfusate extracellular sodium and potassium were only able to modulate 

cardiac conduction velocity after sever gap junctional inhibition and also 

pathophysiological pacing rates. However, another discovery from this study was that 

changes in extracellular potassium did not match up with previous reports. Specifically, 

an increase of extracellular potassium to 6.9 mM resulted in no change or a loss in CV, 

when historic studies indicate this value should increase conduction velocity. Therefore, 

we wanted to explore the effects of perfusate composition on the conduction velocity – 

extracellular potassium relationship. This chapter of the dissertation will look at 

demonstrating how extracellular sodium, extracellular calcium, and gap junctional 

coupling modify the relationship between cardiac conduction velocity and extracellular 

potassium.  
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INTRODUCTION 

Normal electrical activity in the heart is achieved through a conducted sequence of ion 

channels, pumps, and exchangers [1]. One major determinant of cardiac conduction is 

the inward sodium current (INa) produced by the cardiac isoform of the voltage gated 

sodium channel, NaV1.5 [2]. The current through sodium channels can be modulated 

through changes in resting membrane potential (RMP) of cardiomyocytes [3]. One well 

established physiological mechanism that modulates RMP is by modulating extracellular 

potassium concentration ([K+]o) due to the prominent role potassium channels like the 

inward rectifier potassium channel Kir2.1 plays in establishing RMP [4, 5]. 

The relationship between cardiac conduction velocity (CV) and [K+]o has been 

repeatedly described as biphasic [6-8]. Specifically, in guinea pigs, multiple 

experimental and computational models demonstrate that CV increases until 

approximately 8.0 mM [K+]o by reducing the potential difference from RMP to Na+ 

channel activation [9]. In short, each cell requires less current to reach the activation 

potential of Na+ channels, and as a result, they activate more rapidly for the same 

amount of current entering from upstream myocytes. However, if [K+]o is increased 

beyond this value, CV begins to decrease due to Na+ channel inactivation kinetics. 

Specifically, increasing RMP increases Na+ channel steady-state inactivation, reducing 

Na+ channel availability and decreasing CV [10].  

Importantly, a recent study from our laboratory found confounding results while working 

within this [K+]o regime [11]. Specifically, as [K+]o was increased from 4.56 to 6.9 mM, 

we found either no change in CV with nominal GJC or a decrease in CV with GJC 
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inhibition, while the expectation was that CV would increase. One potential reason why 

our study does not agree with the Gettes’ laboratory [6, 7] was that we also modified 

[Na+]o, pacing rate (another well-established mechanism for inactivating sodium 

channels) [12], and GJC in  conjunction with variations in [K+]o.  

A decrease in the main ventricular isoform of connexin, Cx43, has historically been 

associated with a decrease in CV. However, in a review by George et al. it was found 

that a decrease in CV for heterozygous null Cx43 mice when compared to wild type 

could be masked by crystalloid perfusate solution composition [13]. Specifically the 

review looked at differences in perfusate [Na+]o, [Ca2+]o, and [K+]o. The 8 studies 

investigated were retrospectively categorized into three specific groups based on 

perfusate composition, which correlated with 3 distinct differences in CV between wild-

type and Cx43 heterozygous null mice. To further investigate the effects of perfusate 

composition research from our laboratory have demonstrated that modifications to 

[Na+]o could alter the relationship between CV and [Ca2+]o [14]. Therefore, these 

findings lead to the notion that combinatory effects between perfusate ions and GJC 

can modify CV heterogeneously in different cardiac states. 

In other words, our research suggests that perfusate solution composition is an 

important modulator of cardiac conduction in health and disease. Previously, we altered 

the three principal cations between two values. However, the combinatory effects of 

[Na+]o and [Ca2+]o, have not been assessed with a well-established range of [K+]o.  

Therefore the purpose of this manuscript was to test the hypothesis that [Na+]o and 

[Ca2+]o alter the biphasic CV-[K+]o relationship in cardiac tissue. Secondly, we tested the 

hypothesis that uncoupling GJs also modulates the CV-[K+]o, [Na+]o, and [Ca2+]o 
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relationship. In short we demonstrate that the CV-[K+]o is non-linearly modulated by 

[Na+]o, [Ca2+]o and GJC. 

MATERIALS AND METHODS 

All studies were designed to adhere to all guidelines set forth by the Institutional Animal 

Care and Use Committee at Virginia Polytechnic Institute and State University and NIH 

Guide for the Care and Usage of Laboratory Animals. 

Langendorff Perfusion 

Adult male Hartley albino guinea pigs (Hilltop, Scottdale, PA, N = 42, 800-1200 g, 14-16 

months old) were anesthetized using isofluorane (4% in O2). After loss of peripheral 

stimuli response, the heart was excised and the atria were removed to inhibit 

competitive stimulation. The heart was cannulated for retrograde perfusion using our 

Laboratory Standard (LS) perfusion solution in a 3D printed PLA bath [15]. The LS 

solution (140 NaCl, 4.56 KCl, 1.25 CaCl2, 5.5 Dextrose, 0.7 MgCl2, 10 HEPES, and 7.5 

BDM in mmol/L) was perfused at a constant pressure (40-60 mmHg) and flow. The 

perfusate was calibrated to a pH of 7.4 using roughly 5.5 mL NaOH per L of LS solution 

at 37.0 °C. A unipolar AgCl wire was used to pace each heart on the anterior left 

ventricular epicardium at 1.5 times ventricular pacing threshold. The basic cycle length 

of pacing was 300 ms, with 5 ms duration pulses. 

Using the LS perfusate as a baseline, [Na+]o, [Ca2+]o, and [K+]o were varied in 

experiments. For each individual experiment, [Na+]o and [Ca2+]o were held constant, 

while [K+]o was varied between four concentrations (4.56, 6.4, 8.0, and 10 mM). 
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Specifically, [Na+]o was changed from 145 to 155 mM and [Ca2+]o was changed from 

1.25 and 2.0 mM. 

Gap junctional inhibition was induced by perfusion of the non-specific gap junction 

uncoupler CBX (30 µM), which has previously been shown to decrease cardiac 

conduction velocity [16]. For experiments containing CBX, the first measurements were 

taken after 15 minutes, as time control studies indicated CV reached steady state within 

that time (data not shown). Measurements were then made at 10 minute time intervals 

to control the time the heart was exposed to each solution. 

Electrocardiography  

A volume conducted bath electrocardiogram (ECG) was recorded using AgCl 

electrodes, collected at 1 kHz. Electrodes were placed on both sides of the ventricles, 

with the ground placed at the rear of the bath. 

Transmission Electron Microscopy 

Tissue was sectioned into 1 mm3 cubes from the anterior LV free wall (4 hearts per 

intervention, 3 samples per heart). The tissue was fixed overnight in 2.5% 

glutaraldehyde at 4 °C, which was washed and transferred to PBS at 4 °C. The tissue 

was processed as previously described [13]. Images were collected at 150,000 X 

magnification on a transmission electron microscope (JEOL JEM1400). ImageJ (NIH) 

was used for manual segmentation of the perinexus. For each sample, 15 pernexi were 

analyzed, starting at the point directly adjacent to gap junctions, measuring up to 150 
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nm from the GJ plaque. Changes in perinexal width (Wp) were analyzed as the average 

width for the measurements from 45 to 105 nm from the GJ plaque. 

Optical Mapping 

Before the start of the experimental protocol, the voltage sensitive dye di-4-ANEPPS 

(7.5 µM) was perfused in 100 mL LS perfusate. The electro-mechanical uncoupler 2,3-

butanedione monoxime (BDM, 7.5 µM) was used to decrease cardiac motion. In order 

to further stabilize the heart for imaging, light mechanical pressure was placed on the 

posterior surface of the heart. 

Excitation of Di-4-ANEPPS occurred through use of a halogen light source (MHAB-150 

W, Moritex Corporation) using an excitation filter of 510 nm (Brightline Fluorescence 

Filter). Emitted light passed through a filter of 610 nm (610FG01-50(T257), Andover 

Corporation) before being recorded with a MiCam Ultima CMOS L-camera (Scimedia) 

at 1 kHz sampling rate. The camera used a 100 x 100 array with a 0.1 mm inter-pixel 

resolution for image recording. 

Cardiac conduction velocity was calculated as previously described [17] using a 

calculation by Bayly et al. [18].  Activation time for each pixel was determined as the 

maximum rate of optical action potential rise. CV was quantified in two directions, 

longitudinal (CVL) and transverse (CVT). Conduction vectors in each direction were 

selected as the vectors within 5 pixels and an angle of ± 8° from the direction of 

longitudinal (fastest) and transverse (slowest) propagation. Conduction vectors 

immediately adjacent to the pacing site were excluded to reduce pacing artifacts.  
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Statistical Analysis 

Statistical analysis was performed using one and two-way ANOVA. Two tailed Student’s 

t-tests were used in post hoc analysis. A p ≤ 0.05 was considered significant. All values 

are reported as mean ± standard error unless otherwise noted. 

RESULTS 

Conduction Velocity – 145.5 mM [Na+]o 

Representative epicardial isochrones in Figure 4.1A suggests that increasing [K+]o first 

increases and then decreases cardiac conduction, consistent with previously reported 

biphasic relationships between CV and [K+]o. Summary data in Figure 4.1B 

demonstrates that relative to 4.56 mM [K+]o, CV is significantly faster in both the 

transverse and longitudinal directions at 6.4 mM [K+]o and slower at 10 mM [K+]o. 

Further, changing [Ca2+]o from 1.25 to 2.0 mM does not change the finding that 6.4 mM 

[K+]o increases CV and 10 mM [K+]o decreases CV. In order to further evaluate the 

relative change caused by modifying [Ca2+]o, CV was normalized to control (4.56 mM 

[K+]o) (Figure 4.1C). In summary, the CV-[K+]o relationship was unaffected by relatively 

small changes in [Ca2+]o with 145.5 mM [Na+]o. 

Conduction Velocity – 155.5 mM [Na+]o 

Previous studies suggested that altering [Na+]o modulates the relationship between CV 

and [Ca2+]o [14]. Therefore, [Na+]o was increased to 155 mM to determine how [Ca2+]o 

affects the CV-[K+]o relationship. Representative epicardial isochrones for both [Ca2+]o, 

demonstrating the effects of increasing [K+]o on cardiac conduction can be seen in 
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Figure 4.2A. The maps for both [Ca2+]o suggest that 155.5 mM [Na+]o does not affect the 

biphasic CV-[K+]o relationship. Similar to the findings with 145 mM [Na+]o, CVT and CVL 

were significantly greater at 6.4 mM [K+]o relative to 4.56 mM [K+]o with 155 mM [Na+]o 

(Figure 4.2B). In contrast, increasing [K+]o  to 10 mM did not slow CV relative to 4.56 

mM [K+]o, suggesting that increasing [Na+]o alters the CV-[K+]o relationship. 

Interestingly, increased [Na+]o also altered the effects of [Ca2+]o as a modulator of the 

CV-[K+]o relationship. Specifically, 2.0 mM [Ca2+]o increased normalized CVT at 8.0 mM 

[K+]o significantly more relative to 8mM [K+]o with 1.25mM [Ca2+]o. Taken together with 

data obtained with 145 mM [Na+]o, the relationship between CV and [K+]o is not 

straightforward, and non-linear effects emerge when altering more than one other ion.  

Perinexal Width 

Previously, we demonstrated in mice that elevating [Ca2+]o can reduce perinexal width 

(Wp) [13]. Representative transmission electron microscope images of cardiac tissue 

perfused with 155.5 mM [Na+]o with either 1.25 or 2.0 mM [Ca2+]o are shown in Figure 

4.3A. The perinexus is highlighted in yellow, which represents the 150 nm directly 

adjacent to a cardiac GJ plaque. Measurements were taken of the first 150 nm of the 

perinexus, as summarized in Figure 4.3B. The measurements from 45 to 105 nm were 

averaged together for each heart (n=4) and separated into two groups: 1.25 and 2.0 mM 

[Ca2+]o. Importantly, increasing [Ca2+]o to 2.0 mM decreased Wp compared to 1.25 mM 

[Ca2+]o, consistent with previous reports in murine hearts [13]. The histogram of all Wp 

measurements in Figure 4.3D demonstrates that increasing [Ca2+]o not only narrows 
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mean Wp,, but importantly, decreases the amount of large Wp measurements, 

suggesting that increasing [Ca2+]o reduces Wp heterogeneity. 

Conduction Velocity – Gap Junction Uncoupling with 145 mM [Na+]o 

It is generally accepted that GJs are a major determinant of cardiac conduction, and GJ 

remodeling is a hallmark of multiple cardiac diseases. Therefore GJs were inhibited 

using the nonspecific GJ uncoupler carbenoxolone (CBX) to determine how GJ coupling 

modulates the relationships between CV and [Na+]o, [Ca2+]o, and most importantly [K+]o. 

Summary data for CVT and CVL in hearts perfused with 30 µM CBX and 145 mM [Na+]o 

are shown in Figure 4.4A. Inclusion of CBX was found to decrease CVT and CVL 

regardless of [Ca2+]o. Specifically, CVT decreased from 21.7 ± 3.1 to 14.1 ± 0.9 cm/s 

with 1.25 mM [Ca2+]o and from 21.2 ± 3.1 to 15.2 ± 1.4 cm/s with 2.0 mM [Ca2+]o. Unlike 

the hearts with a full complement of GJs, the CBX perfused hearts demonstrated only a 

visually biphasic relationship between CV and [K+]o. However, only 10 mM [K+]o for 

hearts with 1.25 mM [Ca2+]o showed a significant decrease in both CVT and CVL. In 

order to evaluate the relative change caused by modulating [Ca2+]o, CV was normalized 

to control at 4.56 mM [K+]o (Figure 4.4C). However, there was no change in CV due to 

variations in [K+]o, independent of [Ca2+]o. 

Conduction Velocity – Gap Junction Uncoupling with 155 mM [Na+]o 

Next, [Na+]o was increased to 155 mM in the presence of GJ uncoupling in order to 

further explore the relationship between GJC, [Ca2+]o, and [K+]o. As with 145 mM [Na+]o, 

CVT and CVL were decreased at 4.56 mM [K+]o with the addition of 30 µM CBX and 155 

mM [Na+]o, independent of [Ca2+]o. CVT decreased from 20.6 ± 3.0 to 18.4 ± 2.7 cm/s 
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with 1.25 [Ca2+]o and from 21.1 ± 4.3 to 16.3 ± 1.5 cm/s with 2.0 mM [Ca2+]o. When the 

biphasic relationship between CV and [K+]o was analyzed for 155 mM [Na+]o it was 

found that as with 145 mM [Na+]o, there was only a visual biphasic relationship (Figure 

4.5A). However, the only significant change when compared to 4.56 mM [K+]o was a 

decrease in CVT at 10 mM [K+]o with 1.25 mM [Ca2+]o. Interestingly, when comparing 

normalized CV values (Figure 4.5B), there were no changes in sensitivity to [K+]o, which 

is inconsistent with the findings under the same conditions with no CBX.  

Conduction Recovery during Hyperkalemia 

Since pathologic hyperkalemia (10mM [K+]o) produced particularly interesting results 

during gap junction uncoupling, we analyzed the normalized responses of CVT at 10 

relative to 4.56 mM [K+]o (Figure 4.6). Specifically, we compared all solutions to the 145 

mM [Na+]o and 1.25 mM [Ca2+]o solution, further grouping solutions based on the 

inclusion of CBX. Without GJ uncoupling, when hearts were perfused with 10 mM [K+]o, 

CVT was increased compared to the control solution when [Na+]o was increased to 155 

mM, independent of [Ca2+]o. Importantly, during GJ uncoupling, CVT was increased 

compared to the solution with 145 mM [Na+]o and 1.25 [Ca2+]o only when both [Na+]o 

and [Ca2+]o were elevated to 155 and 2.0 mM respectively. These data suggest that 

cardiac conduction can be rescued under normal conditions by increasing [Na+]o or 

[Na+]o and [Ca2+]o. In contrast, conduction can be rescued during GJ uncoupling only 

when both [Na+]o and [Ca2+]o are increased.  These data suggest that cardiac 

conduction secondary to the loss of functional GJC is relatively insensitive to 

perturbations in [K+]o when both [Na+]o and [Ca2+]o are elevated within the physiologic 

range. 
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DISCUSSION 

The purpose of this study was to determine how changes in [Na+]o and [Ca2+]o 

modulated the CV-[K+]o relationship with and without GJ inhibition in guinea pig 

ventricles. The data in this manuscript demonstrate the complex relationship between 

ionic components of perfusate solutions. Previous studies have demonstrated how the 

modifications of one or two of the ions ([Na+]o, [Ca2+]o, or [K+]o) can facilitate a change in 

CV [11, 13, 19, 20]. The present experimental data is consistent with the findings from 

the aforementioned studies, however we demonstrate that the relationship between 

ionic concentrations is more complex than originally thought. Interestingly, this is the 

first report to show that modulating [Na+]o and [Ca2+]o in combination can modify the CV-

[K+]o relationship. Importantly, when GJ coupling was decreased, the data indicated that 

the relationship was further modified. 

Effects of [Na+]o and [Ca2+]o 

The CV-[K+]o relationship has previously been shown to be biphasic [6-8]. Specifically, 

CV increases until roughly 8.0 mM [K+]o, while it decreases past that point. Importantly, 

we showed that CV did increase up until 8.0 mM [K+]o, with a decrease at 10 mM [K+]o, 

consistent with previous reports. However, one important difference in the current 

experiments compared to foundational experiments by Kagiyama [6] or Buchanaon [7] 

were the changes in [Na+]o and [Ca2+]o. Specifically, an increase in [Na+]o was shown to 

maintain CV during hyperkalemia in hearts with no GJ inhibition compared to 4.56 mM 

[K+]o. Importantly, we found that increases in CVT due to [K+]o could be attenuated due 

to increasing [Ca2+]o, specifically for hearts perfused with 155 mM [Na+]o. These results 
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mimic those found previously in mice in our laboratory [14]. However, the trends were 

slightly altered between the two studies. Specifically, an increase in [K+]o to 6.1 mM in 

mice was sufficient to decrease CV. However, as previously stated, it has been shown 

on multiple occasions that 6.1 mM [K+]o in guinea pigs leads to an increase in CV. 

Therefore, the differences in the two studies may be species dependent reactions to 

[K+]o. 

Effects of Gap Junctional Coupling 

Inhibiting GJC with 30 µM CBX was previously shown to decrease cardiac CV [21]. We 

also demonstrated that decreasing GJ coupling via CBX leads to a modified relationship 

between CV, pacing rate, [Na+]o, and [K+]o [11]. Specifically, [Ca2+]o no longer caused a 

modification in CV sensitivity to changes in [K+]o, independent of [Na+]o. One possible 

explanation for this change is based on the decrease in Wp previously shown due to the 

use of CBX from our lab [11]. If the perinexus was already decreased in size due to the 

addition of CBX, it is possible that [Ca2+]o did not have a further effect on Wp in these 

experiments. 

Effects on Hyperkalemia 

Hyperkalemia is associated with many diseases, including ischemia [22] and renal 

failure [23-25]. Once affected, this can lead to paralysis [26, 27] or sudden cardiac 

death [28, 29]. The effects of [K+]o  on cardiac CV has been shown to be biphasic [6-8]. 

Historic data indicates that CV increases up until 8.0 mM [K+]o, and decreases at more 

hyperkalemic values.  Specifically, previous research demonstrated that 10 mM [K+]o 

decreases CV when compared to normokalemia. Interestingly, through modification of 
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[Na+]o and [Ca2+]o we were able to show that CVT decrease due to [K+]o can be 

attenuated (Figure 4.6). Specifically, there are two regimes of maintaining CVT which 

correlate with the level of GJC. With a full complement of GJC, it can be seen that 

increasing [Na+]o or both [Na+]o and [Ca2+]o maintains CVT during hyperkalemia. This 

would indicate that increased [Na+]o is the main factor underlying CVT maintenance in 

healthy hearts. However, when GJC is inhibited via 30 µM CBX, the increase of both 

[Na+]o and [Ca2+]o are needed to maintain CVT during hyperkalmia. This would indicate 

that EpC coupling needs to be increased to maintain CVT during GJ inhibition. 

Effects on Perinexal Width 

Our group has extensively studied the effects of both bulk interstitial volume as well as 

the nano-domain known as the perinexus in relation to CV changes [14, 20]. 

Specifically, we have shown that both bulk interstitial volume and Wp are inversely 

correlated with cardiac CV [13, 16]. These results have been corroborated with 

mathematical models indicating the importance of closely apposed membranes for EpC 

transmission [30-32]. We previously showed that mouse and guinea pig Wp could be 

narrowed by an increase in [Ca2+]o and an increase in perfusate osmolarity respectively 

[13, 16]. Importantly, this manuscript is the first experimental evidence indicating that 

small physiologic changes in [Ca2+]o can modulate Wp in guinea pig ventricles.  

Wp has been indicated as an important factor in ephaptic transmission [16, 20]. This 

study supports that notion, especially during GJ inhibition. Specifically, CVT is 

maintained regardless of [Ca2+]o during normal GJC with increased [Na+]o. However, 

during GJ inhibition an increase in [Ca2+]o and [Na+]o are both needed for CVT 



 123 

maintenance. This shows the need for increased EpC during GJ loss, indicated by 

increased [Ca2+]o leading to a decrease in Wp, which strengthens EpC. 

Experimental Perfusates 

The most important takeaway from these experiments is the sheer importance of 

perfusate selection in the laboratory. The level of variation in perfusate compositions 

used between different laboratories is appreciable [33-39]. These differences include 

modifications to [Na+]o, [Ca2+]o, [K+]o, buffering agents, mechanical uncouplers, and 

more. The results in this manuscript show that not only do ionic concentrations matter 

when it comes to experimental results, but  the combinatory effects may be even more 

important than previously thought. Therefore, experimentalists should take care in 

selecting an appropriate solution based on experimental protocol and outcomes to avoid 

any further confusion between confounding results. 

CONCLUSIONS 

Historically, cardiac perfusate solutions are experimental tools that have been passed 

down in a laboratory’s lineage, with large differences between laboratories. However, 

these seemingly small differences between the perfusate solutions have been mostly 

ignored, but may have led to confounding experimental results in the past [19]. In this 

manuscript, we provide evidence that altering [Na+]o, [Ca2+]o, and GJ coupling lead to 

modifications in the CV-[K+]o relationship, indicating the importance of perfusate solution 

composition. Interestingly, we were also able to highlight the importance of EpC 

mechanisms, specifically during GJ inhibition. In conclusion, experimentalists need to 
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take care when designing perfusates, as modifications to [Na+]o, [Ca2+]o, and [K+]o can 

lead to confounding results based on the combination of concentrations used.  
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 FIGURES 

 

Figure 4.1 – [Ca2+]o does not modify the CV-[K+]o relationship with 145 mM [Na+]o. 

A) Representative contour maps of action potential activation times for all four of [K+]o at 

1.25 and 2.0 mM [Ca2+]o with 145 mM [Na+]o. Each color on the maps represents 4 ms 

of time. The symbol at the center of each map represents the site of pacing stimulus. B) 

Biphasic nature of CVT-[K+]o (Top) and CVL-[K+]o (Bottom) relationship maintained 

regardless of [Ca2+]o. C) There were no changes in CVT (Top) or CVL (Bottom) 

sensitivity to [K+]o due to [Ca2+]o. † p<0.05 vs 4.56 mM [K+]o. 
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Figure 4.2 – [Ca2+]o flattens the CV-[K+]o relationship with 155 mM [Na+]o. A) 

Representative contour maps of action potential activation times for all four of [K+]o at 

1.25 and 2.0 mM [Ca2+]o with 155 mM [Na+]o. Each color on the maps represents 4 ms 

of time. The symbol at the center of each map represents the site of pacing stimulus. B) 

Biphasic nature of CVT-[K+]o (Top) and CVL-[K+]o (Bottom) relationship maintained 

regardless of [Ca2+]o. C) 2.0 mM [Ca2+]o decreases CVT sensitivity to [K+]o with 155 mM 

[Na+]o. However, there were no changes in CVL sensitivity to [K+]o due to [Ca2+]o. † 

p<0.05 vs 4.56 mM [K+]o. * p<0.05 vs 1.25 mM [Ca2+]o.  
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Figure 4.3 – [Ca2+]o decreases Wp with 155 mM [Na+]o. A) Representative 

transmission electron micrographs of perinexi for 1.25 and 2.0 mM [Ca2+]o with 155 mM 

[Na+]o. B) Wp measurements start at 0 nm from the GJ up until 150 nm. C) Combined 

Wp measurements for 45 to 105 nm from GJ, indicating decreased Wp with 2.0 mM 

[Ca2+]o. D)  Histogram of Wp measurements for both [Ca2+]o, demonstrating not only an 

increase in narrow measurements for 2.0 mM [Ca2+]o, but also a decrease in wide 

measurements. *p<0.05 vs 1.25 mM [Ca2+]o. 
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Figure 4.4 – CBX does not alter the relationship between CV, [Ca2+]o, and [K+]o 

with 145 mM [Na+]o. A) Biphasic relationship between CV and [K+]o is visually present 

after GJ uncoupling with CBX. Specifically, 10 mM [K+]o decreases both CVT and CVL 

with 1.25 mM [Ca2+]o. B) Sensitivity to [Ca2+]o was unaltered in either normalized CVT or 

CVL with CBX. †p<0.05 vs 4.56 mM [K+]o. 
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Figure 4.5 – CBX decreases [Ca2+]o mediated sensitivity of CV due to changes in 

[K+]o with 155 mM [Na+]o. A) Biphasic relationship between CV and [K+]o is visually 

present after GJ uncoupling with CBX. Specifically, 10 mM [K+]o decreases CVT with 

1.25 mM [Ca2+]o. B) Sensitivity to [Ca2+]o was unaltered in either normalized CVT or CVL 

with CBX. †p<0.05 vs 4.56 mM [K+]o. 
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Figure 4.6 – Modified concentrations of [Na+]o and [Ca2+]o can prevent CV 

decrease due to hyperkalemia. Effects of [Ca2+]o, [Na+]o, and CBX on normalized CVT 

at 10 mM [K+]o. Without CBX, solutions containing 155 mM [Na+]o were able to maintain 

CVT during hyperkalemia. However, with 30 µM CBX, both 155 mM [Na+]o as well as 2.0 

mM [Ca2+]o were needed to maintain CVT during hyperkalemia. *p<0.01 vs 145 mM 

[Na+]o / 2.0 mM [Ca2+]o. 
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Whole heart optical mapping has seen dramatic technological advances since the 

inception of the field. This includes advances in cameras, filters, and electrical 

processing equipment [1]. However, some protocols that have generally been passed 

down from mentor to student are the baths used as well as the perfusate composition 

for experiments. However, recent research has begun to elucidate the nature of 

perfusate effects on cardiac conduction. Therefore, study into the recipes that are 

passed from one scientist to the next needed further investigation to understand the 

implications of solution choice. 

Optical Mapping Equipment 

The first goal of this dissertation was to create a 3D printed optical mapping bath that 

was easy to manufacture, long lasting, and had comparable experimental outcomes 

versus traditional manufactured baths. The study in Chapter 2 aimed at achieving these 

goals through the use of 3D printing with a hobby grade printer. We were able to show 

that more affordable 3D printers were capable of producing optical mapping equipment 

for use in a research laboratory. These claims were verified through the combination of 

electrophysiological studies as well as through functional contractile experiments. 

Specifically, CV, APD, and action potential morphology were compared between 

traditionally manufactured and 3D printed baths. It was found that these 

electrophysiological parameters remained similar regardless of bath style. 

Once the 3D printed baths were found to produce adequate experimental results when 

compared to traditionally manufactured baths, tests were run to test the effectiveness of 

removing pharmacological agents from the baths after experiments. Firstly, the retention 
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of the optically active dye Di-4-ANEPPS was assessed through optically mapping a 

heart in a bath with no dye, directly following an experiment that included dye. These 

results indicated that 3D printed baths did not retain any dye between experiments. A 

similar study was conducted to evaluate changes in CV due to the addition of CBX. It 

was found that hearts perfused with 30 µM CBX had a decrease in CV, however new 

baths or baths that had been washed after an experiment with CBX had no change in 

CV, indicating that CBX was indeed washed out of the baths. Finally, optical mapping 

experiments often use mechanical uncouplers such as blebbistatin or BDM. Therefore, 

left ventricular developed pressure (LVDP) was analyzed to test if blebbistatin was 

trapped inside the 3D printed baths. The data show that hearts with blebbistatin had 

highly decreased LVDP, but new baths or baths that were washed after the use of 

blebbistatin had similar LVDP. Therefore, it was found that 3D printed baths resulted in 

similar electrophysiological findings as traditional manufactured baths, while also not 

trapping pharmacological agents in the bath between experiments.  

Ephaptic coupling – gap junctional coupling relationship 

The second goal of this dissertation was to explore the effects of pharmacologically 

decreasing GJC, while also modulating ephaptic coupling through a combination of 

[Na+]o, [K+]o, and pacing rate. The study described in Chapter 3 was aimed at 

addressing the interplay between the canonical form of cardiac conduction, GJC, and 

the alternate form of electrical coupling, EpC. Therefore, the design of the experiments 

for this study were twofold, 1) to modulate EpC through changes in [Na+]o, [K+]o, and 

pacing rate to test for changes in electrophysiology due to EpC and 2) to uncouple GJs 

pharmacologically to see if GJC masks changes in EpC. During these studies we also 
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wanted to investigate if changes in CV were due to structural or functional changes in 

the heart. Therefore, additional testing took place for total Cx43 levels as well as p368 

Cx43 to look for transcriptional changes to the GJs due to perfusate solution, while Wp 

was also measured to look at changes in cellular spacing. In short, the results of the 

study were, 

1. CV was unaltered between EpC solutions when GJC was nominal 

2. With high GJC uncoupling (30 µM CBX) 

a. Decreasing [Na+]o and increasing [K+]o decreased CV 

b. Only with 160 ms BCL 

3. Solution composition did not alter Wp 

a. Unexpectedly, 30 µM CBX decreases Wp independent of solution 

4. Neither total Cx43 or p3687 Cx43 expression changed due to solution 

composition 

The data from these experiments mimicked the results from genetically modified mice in 

our laboratory [2], which indicates that this phenomenon of masking EpC with changes 

in GJC is apparent across species and GJ inhibition methods. The modification to EpC 

through perfusate composition has been theorized in multiple manuscripts [3-6]. 

Specifically, an increase in [Na+]o increases the driving force for INa which should 

increase EpC [7]. However, increasing [K+]o raises RMP, which eventually leads to a 

decrease INa due to inactivation of Na+ channels [8]. Previous studies have 

demonstrated that CV has a biphasic relationship with [K+]o which peaks at roughly 8.0 

mM [9, 10]. However, we found that increasing [K+]o to 6.9 mM led to either no change 
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in CV or a decrease. Therefore, these data indicate that modulating EpC could affect 

the CV-[K+]o relationship. 

CV-[K+]o Relationship 

The final goal of this dissertation was to explore the biphasic relationship between CV 

and [K+]o. Specifically, we investigated the modification of this relationship through 

changes in [Na+]o, [Ca2+]o, and GJC inhibition. The study described in Chapter 4 was 

designed to address confounding results due to changing [K+]o in our previous work 

[11]. Therefore, the experiments were designed with three parameters in mind, 1) 

modulating [K+]o from physiologic values up to hyperkalemia for each heart tested, 2) to 

vary [Na+]o and [Ca2+]o between two values each leading to a baseline of 4 base 

solutions, and 3) to repeat all experiments with 30 µM CBX to simulate GJ inhibition. 

Briefly the results of the study were, 

1. The biphasic nature of the CV-[K+]o relationship was maintained 

a. Independent of [Na+]o or [Ca2+]o 

2. With 155 mM [Na+]o, increasing [Ca2+]o attenuated the effects of [K+]o on CV 

3. Increasing [Ca2+]o from 1.25 to 2.0 mM decreased Wp with 155 mM [Na+]o 

4. The inclusion of CBX abolished CV-[K+]o sensitivity to [Ca2+]o  

5. During hyperkalemia (10 mM [K+]o) 

a. Without CBX, CV is maintained with high [Na+]o, independent of [Ca2+]o 

b. With CBX, CV is maintained only with both high [Na+]o and high [Ca2+]o 

These results were the first extensive study to show the complex interactions between 

three of the main ionic modulators of cardiac conduction ([Na+]o, [Ca2+]o, and [K+]o). 
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While previous research has shown combinatory effects between [Na+]o and [Ca2+]o [12] 

as well as [Na+]o and [K+]o [11], these findings open the door for more intricate studies in 

the future to further understand the mechanism behind perfusate composition 

modification. 

CONCLUSIONS 

The findings described in this dissertation could have significant impact on therapeutic 

targets for cardiac disease while also impacting the reproducibility of cardiac research. 

Therapeutically, if the dynamics between the interplay in cardiac pefusate ions can be 

fully mapped out, then it may be possible to use specific ionic compositions in order to 

treat a plethora of cardiac disease states. However, problems arise in transitioning to 

clinical application for use in resuscitation fluids, as the body naturally modulates and 

buffers ions within specialized compartments of with dedicated organs such as the 

lungs and kidneys.  As a research tool however, the knowledge of electrophysiological 

changes due to perfusate solution can lead to understanding in experimental 

reproducibility. Specifically in the cases when laboratories used perfusates which can 

lead to opposite results in the same experiment. 
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FUTURE DIRECTIONS 

The use of artificial blood solutions during ex vivo cardiac experiments is not a new 

concept [13, 14]. However, the implications for changes in specific ion concentrations 

([Na+]o, [Ca2+]o, and [K+]o) during disease states have not been fully explored. Changes 

to ionic concentration could be further understood through two distinct experiments. 

1. Identify the effects of specialized cardiac perfusates on cardiac electrophysiology 

during ischemia. Specifically testing the effects of perfusate composition both on 

ischemia injury, as well as reperfusion injury, as this is a well-established injury 

model. 

2. To develop a methodology to test the use of these cardiac perfusates during in 

vivo conditions in live animals. Complications regarding renal regulation of blood 

plasma levels could be explored, as this is will prove to be the main complication 

with ionic balance therapy in vivo. These experiments could then be transitioned 

into other species to determine if interactions are species dependent. 

Current therapeutic targets often involve anti-arrhythmic drugs or implanted devices. 

However, through the development of specialized perfusate compositions to combat 

cardiac diseases, it would be possible to further understand the interactions between 

[Na+]o, [Ca2+]o, and [K+]o. However, the penultimate goal would be for these solutions to 

transition into clinical application. Through the study of an in vivo model, the first step 

into understanding the complicated nature between these perfusates and the body as a 

whole could be untangled. 
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