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Interplay between Ephaptic and Gap Junctional Coupling in Cardiac Conduction 
Sharon Ann George 

ABSTRACT 
Sudden cardiac death occurs due to aberrations in the multifactorial process that is cardiac 

conduction. Conduction velocity (CV) and its modulation by several determinants, like cellular 

excitability, tissue structure and electrical coupling by gap junctions (GJ), have been extensively 

studied. However, there are several discrepancies in cardiac electrophysiology research that 

have extended over decades, suggesting elements that are still not completely understood 

about this complex phenomenon. This dissertation will focus on one such mechanism, ephaptic 

coupling (EpC). The purpose of this work is twofold, 1) to identify ionic determinants of EpC, and 

its interactions with gap junctional coupling (GJC) and, 2) to investigate the possible role of 

serum ion modulation in cardiac arrhythmia therapy. 

 

First, the effects of altering extracellular ion concentration – sodium, potassium and calcium at 

varying GJ protein expression were studied. Briefly, reducing sodium was related to CV slowing 

under conditions of reduced EpC (wide intercalated disc nanodomains – perinexi) and GJC 

(reduced GJ protein – Connexin43). On the other hand, increasing potassium slowed CV in 

hearts with wide perinexi independent of GJC. Elevating calcium, reduced perinexal width and 

was associated with fast CV during physiologic sodium concentration. However, under 

conditions associated with disease, like hyponatremia, elevating calcium still reduced perinexal 

width but slowed CV. These findings are the first to suggest that ionic modulators of EpC could 

modulate CV during health and disease. 

 

Next, the potential of perfusate ion modulation in cardiac arrhythmia therapy was investigated. 

Briefly, in a model of myocardial inflammation, TNFα, a pro-inflammatory cytokine, slowed CV 

relative to control conditions and this was associated with widening of the perinexus (reduced 

EpC). Increasing extracellular calcium restored CV to control values by improving not only EpC 

but also GJC. Finally, in a model of metabolic ischemia in the heart, CV response due to 

solutions with varying sodium and calcium concentrations were tested. The solutions that were 

associated with wider perinexi and elevated sodium performed best during ischemia by 

attenuating CV slowing, reducing arrhythmias and increasing time to asystole. Taken together, 

these findings provide evidence for the possibility of ionic determinants of EpC in cardiac 

arrhythmia therapy. 
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ABSTRACT (Public) 
The serum level of various ions differs from person to person, as well as due to gender, age and 

species. However, these concentrations remain within a “normal” range when the individual is 

healthy. During diseases, this normal range is disrupted and the concentration of ions such as 

sodium, potassium and calcium is either greatly increased or decreased (disease range) and 

this can then have secondary effects on the normal functioning of the body.  

We have identified here that variations in ion concentrations even within the normal healthy 

range can modify cardiac functioning. We proposed that these ionic fluctuations can alter 

electrical coupling between cardiac cells or the means by which each cardiac cell communicates 

with its neighbor. We specifically hypothesized that ionic fluctuations can alter a form of 

electrical coupling that is based on the development of electric fields between cells in the heart 

– Ephaptic coupling. We identified that varying the concentration of sodium, potassium and 

calcium ions can alter this process of cell to cell communication. 

We then applied this data to identify the role of varying the concentration of these ions to 

preserve electrical activity in the heart during cardiac diseases such as inflammation and 

ischemia (heart attack). We have identified that maintaining efficient Ephaptic coupling during 

cardiac diseases can be a new target for cardiac disease therapy.  
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To all who’d dare to chance the road less travelled. 
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“In 1960… first three causes of death alone - diseases of the heart, malignant neoplasms, and 

vascular lesions of the central nervous system - accounted for 66 percent of all deaths.” – Vital 

Statistics of the United States, 1960. 

“CVD [cardiovascular disease] is the leading global cause of death, accounting for 17.3 million 

deaths per year, a number that is expected to grow to >23.6 million by 2030.” – Heart Disease 

and Stroke Statistics – 2015 Update.1 

In 1960, the US Department of Health, Education and Welfare listed diseases of the heart as 

the leading cause of death and reported a death rate greater than two times that of the second 

highest cause of death in all studied groups – male and female, white and non-white. Today, the 

American Heart Association reports that cardiovascular disease still holds the position of leading 

cause of death, not only in the United States but worldwide, and the number of deaths due to 

CVD is projected to grow in 2030, despite decades of cardiovascular research.  

Approximately 40-50% of CVD deaths today are attributable to sudden cardiac death.2 Sudden 

cardiac death is a result of abnormal and uncoordinated conduction of electrical impulses 

through the myocardium leading to a lack of synchronous contraction, inefficient pumping of 

blood and tissue death. 

 

CARDIAC CONDUCTION: 
The myocardium was initially thought to be a syncytium, and the conduction of electrical 

excitation was explained by a model of linear cable theory.3 Later, it was discovered that the 

myocardium is composed of individual myocytes surrounded by a cell membrane.4 Thus 

conduction of electrical impulses through the myocardium requires the excitation of these 

individual myocytes and is dependent on several properties of the individual myocytes, its 

interaction with its neighbors as well as the environment as detailed below. 

 

 

1. Excitability: 

Excitability is usually referred to as the ability to trigger an action potential in a cell or tissue. The 

electrical signature of a cardiac myocyte excitation is recorded as an action potential (AP). A 

cardiac AP consists of five phases – Phase 0 to 4. Phase 4 is the resting state of the myocyte 

where the transmembrane potential (Vm) is set at approximately -90mV. The cell membrane is 

most permeable to potassium ions at this state5 and potassium currents, like the inward 

rectifying potassium current, set the resting membrane potential (RMP).6 Cells in this resting 
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state receive stimuli from neighboring myocytes which raise its Vm to the threshold for activation 

of the sodium ion channels. Current through the voltage gated sodium ion channels, Nav1.5, in 

cardiac myocytes, then depolarizes the myocyte and raises Vm to positive potentials.5 This 

constitutes Phase 0 of the AP. At the end of this phase the sodium channels become inactivated 

and in some species, like humans and mice but not guinea pigs, this is followed by a slight drop 

in Vm due to activation of the transient outward potassium currents which forms a notch or 

Phase 1 of the AP.7 Phase 2 is determined by a balance between the influx of calcium8 and 

efflux of potassium ions9 in opposite directions to maintain an almost constant Vm. This forms 

the plateau portion of the AP. During Phase 3, the calcium channels are inactivated leaving the 

outward potassium currents - delayed rectifier currents and the inward rectifying current to be 

the predominant determinants of Vm.10 The cell then repolarizes and Vm returns to resting 

values. Thus, different phases of the AP are governed by different ionic currents and some of 

these currents are crucial in determining the excitability of the myocyte. 

Nav1.5 availability has been identified as an important factor that can modulate excitability.11 

Reduction in the sodium current (INa) has been associated with slower rate of rise of the action 

potential upstroke (dV/dtmax).12 Similarly, potassium currents, especially those that can alter the 

resting membrane potential, like the inward rectifier and ATP dependent inwardly rectifying 

potassium currents, can also affect excitability by modulating the number of available sodium 

ion channels during depolarization.13 Specifically, elevated RMP results in more sodium ion 

channels remaining in an inactivated state rendering them unavailable during the next 

depolarization phase. Additionally, recent studies have also demonstrated a close relationship 

between the localization and function of the sodium and potassium ion channels where 

modulating one can affect the other, thereby having a cumulative effect on excitability.14  

 

2. Tissue structure: 

Conduction is successful only when excitation of individual myocytes is propagated in a fast and 

coordinated manner across the myocardium. Therefore, the tissue structure is another key 

determinant of cardiac conduction. Cardiac myocytes are roughly brick-shaped cells that abut 

end to end at the intercalated disc, making the organization anisotropic. Additionally, each layer 

of myocytes is then slightly rotated with respect to the one above and this gradual change is 

called rotational anisotropy.  

The extracellular matrix in which the cells are organized is also important in modulating 

conduction. For example, extracellular fibrosis, which is increased during several diseases like 
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heart failure can detrimentally affect cardiac conduction.15 Extracellular volume is another factor 

to consider. Previously, studies based on the cable theory of cardiac conduction, hypothesized 

that reducing the extracellular volume will slow cardiac conduction.16 However, more recent 

studies have demonstrated that increasing the extracellular volume– both the bulk interstitium17 

as well as in nanodomains along the intercalated discs,18 slows cardiac conduction, contrary to 

previous theories. This suggested the presence of additional factors that can affect cardiac 

conduction that were not previously accounted for.  

 

3. Gap junctional coupling: 

Individual myocytes placed in a suitable environment have to be connected to neighboring 

myocytes, to support efficient propagation of electrical excitation. Structural and electrical 

coupling between myocytes is achieved by gap junctions (GJ). Connexin43 (Cx43), the 

predominant ventricular gap junctional protein, forms gap junction plaques at the intercalated 

discs, which act as resistive pathways for the propagation of electrical impulses from one cell to 

the next.19 Cx43 GJ channels are formed when two hemichannels from apposing cell 

membranes dock together.20 The hemichannels are, in turn, composed of six connexin subunits 

and based on the presence of different connexin isoform in these hemichannels, they could be 

homomeric (same isoforms) or heteromeric (different isoforms). Similarly, based on the types of 

hemichannels that form a GJ channel, it could be either homotypic (same isoform 

hemichannels) of heterotypic (different isoform hemichannels).  

Importantly, reduced Cx43 expression is associated with numerous cardiac diseases.21-23 As a 

result, most contemporary studies seeking to explore changes in cardiac electrical propagation 

include some quantification of gap junction mRNA, protein expression, protein phosphorylation, 

protein distribution, and/or direct cell-to-cell conductance measurements. Several groups have 

also developed different genetic mouse models of Cx43 reduction to study the effect of Cx43 

expression modulation on conduction. These models include total Cx43 knockout mice,24 

conditional knockout mice25 with cardiac restricted Cx43 reduction,26 chimeric mice27 and C-

terminus mutant mice.28 These models have made it possible to study several functional 

consequences of varying degrees of functional Cx43 expression.    

 

CONDUCTION VELOCITY: 
Conduction velocity (CV), a well-established metric of cardiac conduction, has been extensively 

studied using these mouse models. Altering any of the determinants of conduction mentioned 
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above individually or in combination can significantly modulate CV.25,29  CV slowing then forms a 

substrate for the development of abnormal conduction patterns in the heart or arrhythmias, 

which can be fatal.  

Among all the above determinants of CV, the CV-GJ relationship has been a subject of intense 

research for many years. The trend plot in Figure 1.1 illustrates the number of scientific studies 

published that are based on conduction and Cx43 in the heart. However, various groups have 

reported differing results even with similar extents of Cx43 downregulation and ex vivo 

protocols.24,26,29-31 These differing results were attributed to experimental differences.  

We identified that one crucial and easily overlooked source for differences in these ex vivo 

isolated heart preparations is the ionic composition of the perfusates. Perfusates are used in 

these protocols as an artificial blood-like solution that is circulated through the heart to keep the 

heart alive over the experimental period. To understand the importance of these perfusates in 

physiology, we must first take a look at the history of these solutions. 

 

HISTORY OF PERFUSION SOLUTIONS:  
The origin of salt perfusion solutions in science and medicine can be traced to the early 19th 

century when Indian Blue Cholera spread to the northern regions of England. In 1831, William 

Brooke O’Shaughnessy reported “injection of highly-oxygenated salts into the venous system” 

as a new method to treat cholera. This new discovery led several others to use their own 

versions of salt solutions to treat cholera. However, it was Thomas Latta, in 1832, who identified 

the first solution that was most similar to blood composition. About 50 years later in 1883, 

Sydney Ringer created what is now referred to as the original Ringer’s solution (130 mM [Na+], 

4 mM [K+], 1.5mM [Ca2+], 109mM [Cl-] and 28mM Lactate) to bathe explanted frog hearts. Over 

the next century, the composition of solutions significantly diverged and the number of buffer 

solutions exploded because of the need to investigate single proteins, isolated cells, tissue 

cultures, organ preservation, organ perfusion and transplant.32  

In 1895, Oskar Langendorff developed the method of perfusing explanted mammalian hearts to 

study the amplitude and rate of contraction.33 The Langendorff method was then used to study 

the coronary vasculature and the effect of pharmacological interventions. Today, it has a wide 

range of applications in physiology, including the measurement of conduction velocity in 

explanted hearts. Tyrode’s, Kreb’s and Kreb’s-Henseleit solutions are the most commonly used 

perfusates in explanted heart studies, and the individual solubilized components of these 

common buffers according to Cold Spring Harbor are listed in Table 1.1.  
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An important factor to consider when using various perfusion solutions is that the concentration 

of solutes in serum varies from species to species.34 The physiological ranges of solutes in 

mouse and guinea pig serum, the species discussed here, are listed in Table 1.1.34  Many 

groups have modified the original solutions to resemble the serum concentrations of the 

particular species in use. It was the observation that different groups used different perfusates 

that led us to hypothesize that perfusate composition may underlie the diverse CV-GJ 

relationships reported in the literature.  

 

IONIC COMPOSITION AND CONDUCTION: 
Serum ion concentration varies due to numerous factors like disease, circadian rhythm, species 

and gender. The relationship between extracellular ion concentration and CV has been 

previously reported. Increasing extracellular potassium ion concentration ([K+]o) has been shown 

to elicit a biphasic CV response.35 Briefly, small increases in [K+]o slightly raises RMP closer to 

threshold for sodium channel activation and thereby produces faster CV. However, further 

increasing [K+]o raises RMP even more, which can then reduce the number of available sodium 

ion channels during depolarization and slow conduction. On the other hand, reducing 

extracellular sodium ion concentration ([Na+]o) can reduce the driving force for INa due to smaller 

chemical gradient across the cell membrane.36 This can also result in CV slowing. The effect of 

modulating extracellular calcium ion concentration ([Ca2+]o) on CV has also been reported.37 

Increasing [Ca2+]o has been demonstrated to have a myriad of effects on cellular functioning38 

which can then precipitate as CV slowing. Similarly, varying other ion concentrations may also 

modulate CV. However, the majority of these studies investigated pathophysiologic variations in 

ionic composition and its effects on CV. However, the effect of physiologic modulation of ionic 

composition on cardiac conduction and its mechanism of action are not fully understood.  

 

EPHAPTIC COUPLING:  
In 2002, Dr Sperelakis proposed an alternative form of electrical coupling between cardiac 

myocytes – ephaptic coupling (EpC), which simply means non-synaptic and non-gap junctional 

coupling. He proposed six different mechanisms by which ion accumulation or depletion in 

extracellular spaces can generate electric fields that electrically couple neighboring myocytes.39 

Ephaptic coupling is perhaps better accepted in the neural literature.40-44 In the cardiac literature, 

the preponderance of work into ephaptic coupling has been largely confined to theoretical 

simulations 45-47 where it is often modeled as the generation of significant extracellular fields in 

small clefts between neighboring myocytes. By definition, excitable cells like cardiomyocytes 
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depolarize when Vm – the difference between the intracellular and extracellular potentials (Vm = 

Φi – Φo) – rises. Vm can rise by either increasing Φi or decreasing Φo. In turn, Φi can be elevated 

by charge transfer from a pre- to a post-junctional cell via GJ, while Φo can change in response 

to accumulation or depletion of charge within restricted extracellular clefts between myocytes. In 

cardiomyocytes, it has been proposed that ephaptic coupling can occur via activation of sodium 

ion channels in the actively depolarizing myocyte, inducing an inward flow of sodium ions into 

the cell, while simultaneously reducing the potential in the cleft between the myocytes. This 

decreases cleft potential (reduces Φo), raises Vm of the neighboring cell, which then activates 

the post-junctional sodium channels by depolarizing the membrane from the extracellular 

domain to initiate cellular depolarization.45,46  

Our group recently provided experimental evidence supporting the theory of ephaptic coupling 

in guinea pig17,48 whole-heart preparations. Further support for this hypothesis comes from the 

identification of intercalated disc microdomains such as the connexome49 and perinexus50 which 

meet the theoretically-predicted requirements of a cardiac ephapse: dense sodium channel 

localization in narrow intercellular clefts. We have demonstrated that CV slowing during 

pharmacologic reduction of gap junctions can be mitigated or exacerbated by altering the 

perinexus through interventions like albumin or mannitol perfusion. Broadly, we found that wide 

perinexi exacerbate the loss of GJs. Importantly, only computational models incorporating 

ephaptic coupling predict that increasing extracellular volume and/or conductivity decreases CV 

and exacerbates GJ uncoupling induced CV slowing.46,48 However, the effects of ionic 

determinants of ephaptic coupling on conduction and its interactions with other factors that can 

modulate CV have not been characterized. 

 

RESEARCH OBJECTIVES 
This dissertation focuses on understanding the interaction between the two proposed forms of 

electrical coupling in cardiac myocytes – ephaptic and gap junctional coupling. In Chapters 1 

and 2, ionic modulators of ephaptic coupling will be identified and its effect on CV will be 

demonstrated. Specifically, Chapter 1 will focus on physiologic variations in extracellular sodium 

and potassium ion concentrations and its interaction with perinexal width and gap junctional 

coupling. Modulation of CV under these conditions will be studied. Chapter 2 will include the 

effects of extracellular ion modulation of perinexal width and therefore CV. The differential CV 

response to calcium concentration during normal states and conditions of disease, like 

hyponatremia, will be determined. 
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In Chapters 3 and 4, the possibility of perfusate composition modulation as a therapy during 

cardiac diseases will be explored. Specifically, in Chapter 3 we will discuss the role of ionic 

composition in modulating ephaptic and gap junctional coupling and thereby CV in a model of 

myocardial inflammation. While in Chapter 4, the concept of CV modulation by perfusate 

composition will be applied to preserve conduction during metabolic ischemia in the heart.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 9 

REFERENCES: 
1. Mozaffarian D, Benjamin EJ, Go AS, et al. Heart disease and stroke statistics--2015 

update: a report from the American Heart Association. Circulation. 2015;131:e29-322. 

2. Mehra R. Global public health problem of sudden cardiac death. Journal of 

Electrocardiology. 2007;40:S118-122. 

3. Weidmann S. The electrical constants of Purkinje fibres. The Journal of Physiology. 

1952;118:348-360. 

4. Dewey MM, Barr L. Intercellular Connection between Smooth Muscle Cells: the Nexus. 

Science. 1962;137:670-672. 

5. Hodgkin AL, Huxley AF, Katz B. Measurement of current-voltage relations in the 

membrane of the giant axon of Loligo. The Journal of Physiology. 1952;116:424-448. 

6. Ibarra J, Morley GE, Delmar M. Dynamics of the inward rectifier K+ current during the 

action potential of guinea pig ventricular myocytes. Biophysical Journal. 1991;60:1534-

1539. 

7. Kenyon JL, Gibbons WR. 4-Aminopyridine and the early outward current of sheep 

cardiac Purkinje fibers. The Journal of General Physiology. 1979;73:139-157. 

8. Reuter H. The dependence of slow inward current in Purkinje fibres on the extracellular 

calcium-concentration. The Journal of Physiology. 1967;192:479-492. 

9. Yue DT, Marban E. A novel cardiac potassium channel that is active and conductive at 

depolarized potentials. Pflugers Archiv : European Journal of Physiology. 1988;413:127-

133. 

10. Sanguinetti MC, Jurkiewicz NK. Two components of cardiac delayed rectifier K+ current. 

Differential sensitivity to block by class III antiarrhythmic agents. The Journal of General 

Physiology. 1990;96:195-215. 

11. Shaw RM, Rudy Y. Ionic mechanisms of propagation in cardiac tissue. Roles of the 

sodium and L-type calcium currents during reduced excitability and decreased gap 

junction coupling. Circulation Research. 1997;81:727-741. 

12. Weidmann S. The effect of the cardiac membrane potential on the rapid availability of 

the sodium-carrying system. The Journal of Physiology. 1955;127:213-224. 

13. Hodgkin AL, Huxley AF. The dual effect of membrane potential on sodium conductance 

in the giant axon of Loligo. The Journal of Physiology. 1952;116:497-506. 

14. Milstein ML, Musa H, Balbuena DP, et al. Dynamic reciprocity of sodium and potassium 

channel expression in a macromolecular complex controls cardiac excitability and 



 10 

arrhythmia. Proceedings of the National Academy of Sciences of the United States of 

America. 2012;109:E2134-2143. 

15. Glukhov AV, Fedorov VV, Kalish PW, et al. Conduction remodeling in human end-stage 

nonischemic left ventricular cardiomyopathy. Circulation. 2012;125:1835-1847. 

16. Spach MS, Heidlage JF, Barr RC, et al. Cell size and communication: role in structural 

and electrical development and remodeling of the heart. Heart Rhythm. 2004;1:500-515. 

17. Veeraraghavan R, Salama ME, Poelzing S. Interstitial volume modulates the conduction 

velocity-gap junction relationship. American Journal of Physiology. Heart and Circulatory 

Physiology. 2012;302:H278-286. 

18. Veeraraghavan R, Lin J, Hoeker GS, et al. Sodium channels in the Cx43 gap junction 

perinexus may constitute a cardiac ephapse: an experimental and modeling study. 

Pflugers Archiv : European Journal of Physiology. 2015;467:2093-2105. 

19. Barr L, Dewey MM, Berger W. Propagation of Action Potentials and the Structure of the 

Nexus in Cardiac Muscle. The Journal of General Physiology. 1965;48:797-823. 

20. Sohl G, Willecke K. Gap junctions and the connexin protein family. Cardiovascular 

Research. 2004;62:228-232. 

21. Celes MR, Torres-Duenas D, Alves-Filho JC, et al. Reduction of gap and adherens 

junction proteins and intercalated disc structural remodeling in the hearts of mice 

submitted to severe cecal ligation and puncture sepsis. Critical Care Medicine. 

2007;35:2176-2185. 

22. Poelzing S, Rosenbaum DS. Altered connexin43 expression produces arrhythmia 

substrate in heart failure. American Journal of Physiology. Heart and Circulatory 

Physiology. 2004;287:H1762-1770. 

23. Cascio WE, Yang H, Muller-Borer BJ, et al. Ischemia-induced arrhythmia: the role of 

connexins, gap junctions, and attendant changes in impulse propagation. Journal of 

Electrocardiology. 2005;38:55-59. 

24. Guerrero PA, Schuessler RB, Davis LM, et al. Slow ventricular conduction in mice 

heterozygous for a connexin43 null mutation. The Journal of Clinical Investigation. 

1997;99:1991-1998. 

25. Stein M, van Veen TA, Remme CA, et al. Combined reduction of intercellular coupling 

and membrane excitability differentially affects transverse and longitudinal cardiac 

conduction. Cardiovascular Research. 2009;83:52-60. 



 11 

26. Gutstein DE, Morley GE, Tamaddon H, et al. Conduction slowing and sudden arrhythmic 

death in mice with cardiac-restricted inactivation of connexin43. Circulation Research. 

2001;88:333-339. 

27. Gutstein DE, Morley GE, Vaidya D, et al. Heterogeneous expression of gap junction 

channels in the heart leads to conduction defects and ventricular dysfunction. 

Circulation. 2001;104:1194-1199. 

28. Lubkemeier I, Requardt RP, Lin X, et al. Deletion of the last five C-terminal amino acid 

residues of connexin43 leads to lethal ventricular arrhythmias in mice without affecting 

coupling via gap junction channels. Basic Research in Cardiology. 2013;108:348. 

29. Stein M, van Veen TA, Hauer RN, et al. A 50% reduction of excitability but not of 

intercellular coupling affects conduction velocity restitution and activation delay in the 

mouse heart. PloS One. 2011;6:e20310. 

30. Eloff BC, Lerner DL, Yamada KA, et al. High resolution optical mapping reveals 

conduction slowing in connexin43 deficient mice. Cardiovascular Research. 

2001;51:681-690. 

31. Morley GE, Vaidya D, Samie FH, et al. Characterization of conduction in the ventricles of 

normal and heterozygous Cx43 knockout mice using optical mapping. Journal of 

Cardiovascular Electrophysiology. 1999;10:1361-1375. 

32. Awad S, Allison SP, Lobo DN. The history of 0.9% saline. Clinical Nutrition. 

2008;27:179-188. 

33. Broadley KJ. The Langendorff heart preparation - Reappraisal of its role as a research 

and teaching model for coronary vasoactive drugs. Journal of Pharmacological Methods. 

1979;2:143-156. 

34. Research Animals Resources UoM. Reference Values for Laboratory Animals. Normal 

Hematology Values. 2009; www.ahc.umn.edu/rar/refvalues.html, 2013. 

35. Kagiyama Y, Hill JL, Gettes LS. Interaction of acidosis and increased extracellular 

potassium on action potential characteristics and conduction in guinea pig ventricular 

muscle. Circulation Research. 1982;51:614-623. 

36. Hodgkin AL, Huxley AF. Currents carried by sodium and potassium ions through the 

membrane of the giant axon of Loligo. The Journal of Physiology. 1952;116:449-472. 

37. Pressler ML, Elharrar V, Bailey JC. Effects of extracellular calcium ions, verapamil, and 

lanthanum on active and passive properties of canine cardiac purkinje fibers. Circulation 

Research. 1982;51:637-651. 

http://www.ahc.umn.edu/rar/refvalues.html


 12 

38. Zarain-Herzberg A, Fragoso-Medina J, Estrada-Aviles R. Calcium-regulated 

transcriptional pathways in the normal and pathologic heart. International Union of 

Biochemistry and Molecular Biology Life. 2011;63:847-855. 

39. Sperelakis N, McConnell K. Electric field interactions between closely abutting excitable 

cells. Institute of Electrical and Electronic Engineers - Engineering in Medicine and 

Biology Magazine. 2002;21:77-89. 

40. Arvanitaki A. Effects Evoked in an Axon by teh Activity of a Contiguous one. Journal of 

Neurophysiology. 1942;5:89-108. 

41. Bokil H, Laaris N, Blinder K, et al. Ephaptic interactions in the mammalian olfactory 

system. The Journal of Neuroscience. 2001;21:RC173. 

42. Anastassiou CA, Perin R, Markram H, et al. Ephaptic coupling of cortical neurons. 

Nature Neuroscience. 2011;14:217-223. 

43. Su CY, Menuz K, Reisert J, et al. Non-synaptic inhibition between grouped neurons in 

an olfactory circuit. Nature. 2012;492:66-71. 

44. Van der Goes van Naters W. Inhibition among olfactory receptor neurons. Frontiers in 

Human Neuroscience. 2013;7:690. 

45. Lin J, Keener JP. Ephaptic coupling in cardiac myocytes. Institute of Electrical and 

Electronic Engineers - Transactions on Bio-medical Engineering. 2013;60:576-582. 

46. Lin J, Keener JP. Microdomain effects on transverse cardiac propagation. Biophysical 

Journal. 2014;106:925-931. 

47. Mori Y, Fishman GI, Peskin CS. Ephaptic conduction in a cardiac strand model with 3D 

electrodiffusion. Proceedings of the National Academy of Sciences of the United States 

of America. 2008;105:6463-6468. 

48. Veeraraghavan R, Lin J, Hoeker GS, et al. Sodium channels in the Cx43 gap junction 

perinexus may constitute a cardiac ephapse: an experimental and modeling study. 

Pflugers Archiv : European Journal of Physiology. 2015; 467:2093-2105. 

49. Agullo-Pascual E, Reid DA, Keegan S, et al. Super-resolution fluorescence microscopy 

of the cardiac connexome reveals plakophilin-2 inside the connexin43 plaque. 

Cardiovascular Research. 2013;100:231-240. 

50. Rhett JM, Gourdie RG. The perinexus: a new feature of Cx43 gap junction organization. 

Heart Rhythm. 2012;9:619-623. 

 
 

 



 13 

Table 1.1 Ionic Composition of Common Perfusates. The standard ionic composition (in 

mM) of commonly used perfusates in Langendorff preparations as published by Cold Spring 

Harbor Protocols is tabulated. Serum ion concentration in mice and guinea pigs are also listed. 

NR – not reported. 

Ions Tyrode Krebs 
Krebs-

Henseleit 

 

Mouse Physiologic 
Range 

Guinea Pig 
Physiologic Range 

Na+ 149.2 152.2 143 140 – 160 146 – 152 

K+ 2.7 2.5 5.9 5 - 7.5 6.8 – 8.9 

Mg2+ 1 1.2 1.2 NR NR 

Ca2+ 1.8 2.5 1.25 1.7 - 2.5 1.3 – 3 

Cl- 145.3 135.9 125.2 88 – 110 98.115 

H2PO4
- 0.2 1.2 1.2 1.8 – 3 1 – 2.5 

HCO3
- 12 25 25 NR NR 

SO4
2-   1.2 NR NR 

Glucose 5.5  11 3.4 - 9.8 3.3 – 7 
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Figure 1.1: Conduction – Gap Junction Trend Plot. The number of studies that were 

identified by Pubmed with the search term “Conduction AND Gap Junction” since 1990 is 

plotted. 
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INTRODUCTION 
Gap junctional coupling is an important determinant of electrical impulse propagation through 

the heart and many other tissues. Gap junctions (GJ) are low resistance pathways between 

myocytes that aid in the transmission of electrical impulses from one myocyte to the next.1 

Remodeling of the principal ventricular GJ protein, Connexin43 (Cx43), is a hallmark of several 

cardiac diseases.2-4 Due to its association with abnormal conduction and arrhythmogenesis, the 

conduction velocity–gap junction (CV–GJ) relationship has been the focus of intense study. 5-12 

However, the results of these studies have not been in agreement, leading to interesting and as 

yet unresolved controversies. 

 

In general, the conclusions of previous studies can be summarized in two categories: 1) 

substantial reduction in GJ expression (>50%) is required to change CV 5,9,10,13,14 or 2) CV slows 

secondary to an approximate 50% loss of Cx43 protein.6,7,12 Comparing two specific studies 5,6 

revealed that perfusate composition and conclusions drawn were different even though both 

groups used genotypically identical mice with heterozygous loss of GJa1 and a resultant 50% 

reduction in Cx43. It has been previously demonstrated that altering perfusate composition can 

change the interstitial volume (VIS) in the heart and thereby modulate the CV-GJ relationship.15 

More recently, we found that variance in inter-membrane spacing within intercalated disc 

microdomains adjacent to GJ plaques termed the perinexus may modulate an alternative mode 

of electrical coupling that can explain how VIS modulates the CV-GJ relationship.16 We therefore 

hypothesized that perfusate ionic composition can modulate the CV-GJ relationships in a 

related manner. The specific aims of this study were to determine the differential effects of 

perfusate composition on perinexal spacing and how varying extracellular sodium and 

potassium modulates the CV-GJ relationship in the GJa1 heterozygous null mouse. 

  

 

MATERIALS AND METHODS 

The study protocols were approved by the Institutional Animal Care and Use Committee at 

Virginia Polytechnic Institute and State University and conform to the NIH Guide for the Care 

and Usage of Laboratory Animals. 

 

Langendorff Perfusion System: Mice from the same lineage as in the aforementioned two 

studies5-7 were genotyped by Transnetyx (Cordova, TN). These mice, generously provided by Dr 

Jeffery Saffitz of Harvard University, were on a C57BL/6 background (original breeders from 
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Jackson Laboratory) and were heterozygous for Cx43 null mutations (~50% Cx43 reduction 

compared to control 7). Wild Type (WT) and heterozygous (HZ, ~50% Cx43) mice (10-30 weeks 

of age) were anesthetized by a lethal intraperitoneal injection of sodium pentobarbital (~325 

mg/kg) and the hearts were quickly excised. The aorta was cannulated and retrogradely 

perfused as previously described.5,6 Hearts were perfused with solutions (pH7.4) described in 

Table 2.1 in random order at a flow rate of 1 to 1.5 ml/min maintaining the perfusion pressure at 

approximately 65 mmHg. The temperature of the perfusate and the bath were maintained at 

37ºC. The osmolarity of the solutions was measured using Precision Systems Micro Osmometer 

and are reported in Table 2.1. 

 

All solutions were perfused in random order to minimize differences due to perfusion order and 

time. Each heart was perfused with a maximum of 4 solutions. Electrophysiology was quantified 

in hearts perfused with Solutions 1 and 2 (13 WT and 13 HZ animals). Electrophysiology was 

quantified in 5 hearts for every other solution except Solution 1A (n=9).   

 
Histology: Hearts (n=8 per intervention, and N=32 total) were formalin fixed after one hour of 

perfusion and VIS was quantified as previously described.15 Fixed hearts were paraffin 

embedded, sectioned and Hematoxylin and Eosin (H&E) stained. Sections from the right 

ventricle were then digitally scanned using an Aperio ScanScope XT system (Vista, CA). A 

positive pixel algorithm was applied to whole slide images to segment cardiac myocytes and the 

interstitial (extracellular) volume (excluding blood and lymph vessels). The percent interstitial 

volume (%VIS) was determined as follows. 

 

% 𝑉𝐼𝐼 =  
(𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎 −  𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐴𝐴𝐴𝐴)

𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴
 𝑋 100 

Blood and lymph vessels that were greater than 100 μm2 in area were excluded from the 

selected region. 

 

Transmission Electron Microscopy: In another separate set of experiments (n=3 per 

intervention, N=24 samples, with 15 images per sample), 1mm3 cubes of right ventricular tissue 

perfused for 1 hour, were fixed in 2.5% Gluteraldehyde overnight at 4ºC and then transferred to 

PBS at 4ºC. The tissue was processed as previously described16 initially in 1% Osmium 

Tetroxide (OsO4) and 1.5% Potassium Ferricyanide (KFeCN) followed by rinse with H2O. 

Samples were then transferred to ethanol at increasing concentrations (70, 95 and 100%) for 15 
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minutes at each concentration and then transferred to a 1:1 solution of 100% ethanol and 

acetonitrile for 10 minutes. Samples were then transferred to only acetonitrile for two 10 minute 

periods and then embedded in PolyBed 812 at increasing concentrations with Acetonitrile on a 

rotator. The samples were left in vacuum for ~3 hours and then left in PolyBed 812 overnight 

and transferred to flat molds and incubated at 60ºC for 2 days. The blocks were then sectioned 

using a microtome onto copper grids and stained with Uranyl acetate (Aq) for 40 minutes 

followed by Hanaichi Pb stain. Images were then collected using a transmission electron 

microscope (JEOL JEM1400). The images of the gap junctions and the perinexi were obtained 

at 150,000X magnification. The perinexal width (WP) in these images was measured using 

ImageJ.  Mean ± standard error is reported.  
 

Optical Mapping: Hearts were optically mapped with the voltage sensitive dye, Di-4-ANEPPS 

at a concentration of 4 μM for approximately 5 minutes. Motion was reduced with the 

electromechanical uncoupler, 2,3-butanedione monoxime (BDM). Specific BDM concentrations 

matching the previous studies are detailed in Table 2.1. Hearts were stabilized against the front 

glass of the bath by applying slight pressure to the back of the heart. The center of the anterior 

ventricular surface was paced with a unipolar silver wire with a reference electrode at the back 

of the bath. Hearts were stimulated at ~1V for 1ms at a BCL of 150 ms.  

 

The excitation light from a halogen light source (MHAB-150W, Moritex Corpration) was filtered 

by a 510 nm filter (Brightline Fluorescence Filter) before it reached the heart. The emitted light 

was filtered by a 610 nm filter (610FG01-50(T257), Andover Corporation) before it was recorded 

using a MiCam Ultima CMOS L-camera at a sampling rate of 1000 frames/sec. The camera 

captured optical signals from an area of 1 cm2 in a 100x100 pixel array with an interpixel 

resolution of 0.1 mm. 

 

Activation times were assigned to the maximum rate of rise of an action potential as previously 

reported15 using the Bayly et al. algorithm.17 In short, activation time was determined from the 

maximum rate of optical action potential rise at each pixel, and a parabolic surface was fit to 

activation times in order to determine a CV vector at each pixel. Longitudinal and transverse CV 

(CVL and CVT), and anisotropic ratios (ratio of CVL/CVT, AR) were quantified. 

 
Statistical Analysis: Equal variance and sample size, one/two-tailed student’s t-tests were 

performed on paired and unpaired data to detect significance using Matlab. Specific statistical 



 19 

analyses are indicated in Figure legends. Single factor ANOVA was performed to detect 

differences in perinexal width between solutions and WT/HZ mice, and t-tests were used as a 

post-hoc test to determine significance in perinexal width at specific distances. Bonferroni 

correction was applied for multiple comparisons.  

All statistical tests were performed on absolute data values except for data in Figure 2.5 and 6. 

Values reported in these figures are relative to Control solutions ([Na+]o = 155.2 mM and [K+]o = 

4.0 mM).  

All data are reported as mean ± standard deviation unless stated otherwise. p<0.05 was 

reported as significant. 

 

RESULTS 

Interstitial Volume: 
VIS is the interstitial volume between myocytes in myocardial tissues excluding blood and lymph 

vessels. Previously, we provided evidence that altering VIS, by varying the osmolarity of the 

perfusate,15 modulated the CV-GJ relationship. In this study, differences in osmolarity correlated 

with [Na+]o where increasing [Na+]o, on average, increased osmolarity by 5% (Table 2.1). We 

previously reported that increasing osmolarity by approximately 40% increased histologically 

assessed VIS by 61%. A similar analysis was performed in the current study to determine 

whether the 5% increase in osmolarity resulting from increased [Na+]o altered VIS. 

 

H&E stained ventricular sections of WT and HZ hearts perfused with solutions published by 

Morley et al. (Solution 1)5 and Eloff et al. (Solution 2),6 are shown in Figure 2.1a and b. VIS was 

not significantly different as a result of perfusate in WT ventricles. In contrast, VIS in HZ 

ventricles was greater when perfused with Solution 1 than 2 (Figure 2.1b). The %VIS was 

significantly reduced in HZ hearts perfused with Solution 2 (Figure 2.1c) compared to hearts 

perfused with Solution 1. Thus, a 5% increase in osmolarity was associated with a significant 

increase in VIS (70%) only in HZ hearts. 

 

Perinexus:  
The intercalated disc and specifically the perinexus - a specialized domain of cell membrane 

adjacent to gap junction (GJ) plaques, has been identified as a site of dense voltage-gated 

sodium channel (NaV1.5) localization.16,18-20 Representative electron micrographs of GJs and 

neighboring perinexi in Figure 2.2a and b demonstrate the effects of perfusate on perinexal  

width (WP). WP in both WT and HZ hearts was larger with Solution 1 than Solution 2 (Figure 
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2.2a Upper Panels versus Lower Panels). Solution 1 was then modified to contain the same 

[Na+]o and [K+]o as Solution 2 (Solution 1C) or vice versa (Solution 2C). Solution 1C also 

increased WP relative to Solution 2C, as seen in representative Figure 2.2b. WP, up to 105 nm 

from the edge of a gap junction for all experiments, is summarized in Figure 2.2c and d. For any 

given solution, WP was not significantly different between WT and HZ hearts. Therefore, WT 

and HZ measurements were combined. Solution 1 and 1C increased WP at all measured points 

relative to Solution 2 and 2C respectively. Additionally, Solution 1 was associated with a larger 

WP and higher osmolarity relative to Solution 2. Interestingly, Solution 1C was also associated 

with a larger WP but lower osmolarity relative to Solution 2C. This finding suggests that changes 

in perinexal width may not always correlate with osmolarity and that additional factors may be 

involved.  

 

Interestingly, VIS does not always correlate with WP. Specifically, VIS as quantified from gross 

histology in WT hearts was not different with Solution 1 or 2, but WP was significantly larger in 

WT hearts perfused with Solution 1 than 2.  On the other hand, VIS correlated with WP in HZ 

hearts. 

 
Conduction Velocity: 
In order to directly test the hypothesis that perfusate composition underlies the CV-GJ 

relationship in Gja1 heterozygous null hearts, Solutions 1 and 2 were serially perfused. 

Representative isochrones of epicardial conduction from optical maps are provided in Figure 

2.3a, and CV is reported in Figures 2.3b and c. For all experiments in WT animals with the 

native complement of Cx43, CVL, CVT, and anisotropic ratio (AR) were not different during 

Solution 2 perfusion relative to Solution 1 (Figure 2.3b-d, Left Panels). In HZ hearts, Solution 2 

preferentially slowed CVT relative to Solution 1 without significantly altering CVL or AR (Figure 

2.3b-d, Right Panels). However, though we reproduce the Morley et al. results (no change in CV 

between WT and HZ hearts), CV slowing in HZ hearts relative to WT, as in the Eloff et al. study, 

was not statistically significant by comparison with a 2-tailed, unpaired t-test and Bonferonni 

correction.  

 

Our previous studies suggested that decreased VIS, and more specifically decreased WP, is 

associated with faster conduction.15,16 At first glance, the finding that Solution 1 is associated 

with increased WP and faster conduction in HZ hearts appears inconsistent with these earlier 

findings. However, the concentrations of sodium and potassium in Solution 2 was also different 
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from Solution 1, leading us to hypothesize that [Na+]o and [K+]o  may further modulate the CV-GJ 

relationship. 

 

Conduction Velocity and Perinexal width: 
We next compared conduction in the same hearts, with solutions containing similar [Na+]o and 

[K+]o but producing different perinexal spacing (Solutions 2 – Small WP and 1C – Large WP). 

While CVL was not significantly different in WT or HZ hearts perfused with Solutions 2 and 1C 

(Figure 2.4a), CVT was significantly slower in both WT and HZ hearts with wider perinexi 

(Solution 1C) than in hearts with narrower perinexi (Solution 2). The finding that increased WP is 

associated with slower CVT, but no change in AR, is summarized in Figures 2.4b and c. 

Importantly, Figure 2.4d demonstrates that increased WP is associated with greater CV slowing 

in HZ animals relative to WT. This further supports our previous results that CVT is more 

sensitive to GJ uncoupling when the perinexus is wide.16 In summary, when we control for ionic 

composition, CV is inversely proportional to WP, consistent with our previous study.16 

 

Taken together, these data suggest that the CV-GJ relationship may be modulated by other 

factors such as [Na+]o and [K+]o in addition to perinexal spacing. Interestingly, the ionic 

compositions of Solutions 1 and 2 are significantly different, and the following experiments focus 

on the first two cationic differences (sodium and potassium, due to their plausible effect on 

excitability), WP, and their combined effects on the CV-GJ relationship.   

 

-  Solution 1 - Increased Perinexal Width: Effects of ∆[Na+]o and ∆[K+]o 

In the following experiments, multiple solutions were perfused through the hearts. In order to 

reach a steady-state during each solution perfusion while limiting the entire experiment to 60 

minutes, each heart was perfused with a maximum of 4 solutions in random order. Therefore, all 

data are normalized to a single solution that was constant in all experiments. Percent changes 

in CV by varying [Na+]o and [K+]o in Solution 1 to match those in Solution 2 are presented in 

Figure 2.5.  

 

WT- In WT hearts, decreasing [Na+]o  (Solution 1A) did not vary CVL, CVT, or AR relative to 

control (Solution 1). However, increasing [K+]o (Solution 1B) uniformly slowed CVL and CVT 

without significantly altering AR.  Reducing [Na+]o and increasing [K+]o (Solution 1C) had an 

effect similar to increasing [K+]o alone, where CVL and CVT were uniformly slowed compared to 

control, and no change in AR was observed. 
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HZ- Cardiac conduction in HZ hearts is summarized in Figure 2.5 (Right Panels). Notably, 

reducing [Na+]o (Solution 1A) did not alter CVL but significantly slowed CVT relative to control 

Solution 1. Again, increasing [K+]o (Solution 1B) did not significantly alter CVL, but slowed CVT 

and significantly increased AR . The combined effect of reducing [Na+]o and increasing [K+]o in 

Solution 1C reduced CVT relative to Solution 1 without changing CVL or AR .  

 

Though some of the perfusate combinations slowed CVT in both WT and HZ hearts, Solution 1A 

was the only solution to significantly slow CVT in HZ hearts relative to WT as determined by 

unpaired comparison (#, Figure 2.5). These data demonstrate that perfusate composition can 

confound whether a 50% reduction of Cx43 is associated with conduction slowing. 

 

-  Solution 2 - Reduced Perinexal width: Effects of ∆[Na+]o and ∆ [K+]o 

WT- To determine the relative effects of varying ionic composition in preparations with smaller 

WP, Solution 2C was used as a control since it had similar [Na+]o and [K+]o to Solution 1. In WT 

hearts (Figure 2.6, Left Panels), decreasing [Na+]o (Solutions 2B), increasing [K+]o (Solution 2A) 

and both decreasing [Na+]o and increasing [K+]o (Solution 2) did not significantly change CVL, 

CVT, or AR relative to Solution 2C. 

 

HZ- In HZ hearts (Figure 2.6, Right Panel), decreasing [Na+]o alone (Solution 2B) or increasing 

[K+]o alone (Solution 2A) did not affect CVL, CVT or AR relative to Solution 2C. However, the 

combined effect of decreasing [Na+]o and increasing [K+]o (Solution 2) reduced CVT relative to 

Solution 2C without significantly altering CVL or AR. In summary, altering [Na+]o and/or [K+]o 

does not significantly affect CV in WT hearts with narrow perinexi, but both decreasing [Na+]o 

and increasing [K+]o in HZ hearts with narrow perinexi can significantly slow CV. 

 

DISCUSSION 
The purpose of this study was to determine how varying extracellular sodium, potassium and 

WP modulates the CV-GJ relationship in the Gja1 heterozygous null mouse. It has been 

previously demonstrated that all three factors can individually modulate CV.15,16,21,22  

Interestingly, we demonstrate that modest variations of these parameters, which individually 

might not produce a response, can in combination significantly affect conduction. Furthermore, 

the ionic concentrations in perfusates used in this study mostly lie within reported physiological 

values for mice. Specifically, mouse serum sodium level ranges from 140-160 mM and 
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potassium ranges from 5-7.5 mM.23 Together, these results suggest that combinatorial and 

physiologic variations in ionic concentration and WP can significantly modify the CV-GJ 

relationship. 

 
Conduction and the Morley and Eloff et al. Solutions: 
The results of the present study reproduce the CV-GJ relationship reported by Morley et al, 

where Solution 1 did not produce conduction slowing in Cx43 HZ hearts.5 However, our results 

are only partially consistent with those of Eloff and co-workers. In brief, Eloff et al. reported 

significant CVL and CVT  slowing in HZ animals relative to WT.6 In our experiments, Solution 2 

did not produce significant CV slowing in HZ hearts relative to WT. However, when comparing 

Solution 2 in WT and HZ hearts, we demonstrate that Solution 2 slowed CVT more in HZ than in 

WT hearts. These data provide evidence that CVT sensitivity to Cx43 level is greater with the 

Eloff et al. perfusate. Experimental differences such as multiple and serial perfusions in this 

study may underlie the lack of 1:1 agreement with the Eloff et al. study. Yet, the Eloff et al. 

perfusate was not the only solution to reveal decreased CV in the Cx43 HZ mouse. Specifically, 

the modified Morley Solution 1A, slowed CVT significantly in HZ animals relative to WT animals, 

again demonstrating that differences between WT and HZ animals can be elicited by varying 

perfusate composition. Therefore, we provide further evidence that conduction slowing 

secondary to a 50% loss of Cx43 can be unmasked by perfusate composition.  

 

Effect of perinexal width: 
We have previously demonstrated that bulk VIS confounds the CV-GJ relationship.15,16 More 

recently, it was demonstrated that intercellular separation within the intercalated disc at the 

perinexus correlates well with CV changes.16 With the support of computational modeling, we 

proposed that ephaptic coupling - the generation of electric fields in restricted spaces between 

myocytes - may mechanistically modulate the CV-GJ relationship.  In the present study, it is 

demonstrated that Solutions 1 and 1C produced wider perinexi than Solutions 2 and 2C. When 

we controlled for similar [Na+]o and [K+]o, WT and HZ preparations with wider perinexi exhibited 

greater transverse conduction slowing than preparations with narrower perinexi - consistent with 

our previous results.  

 

One important ionic difference between the solutions that could underlie a change in perinexal 

spacing is [Ca2+]o. The intercalated disc is composed of many junctional proteins which require 

extracellular calcium to form and maintain cell-to-cell adhesion.24,25 Solution 2, with the highest 
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[Ca2+]o produced the narrowest WP consistent with the hypothesis that WP can be modulated by 

[Ca2+]o.   

 

Effect of Extracellular Sodium ion concentration: 
Hyponatremia has been associated with slowed conduction in the heart,22 presumably by 

reducing cellular excitability.26 Reducing cellular excitability could affect the rate of extracellular 

potential change in the perinexus and thereby weaken ephaptic coupling between myocytes. 

Despite the relatively small change in [Na+]o (~5%) in this study, the finding that altered [Na+]o 

can modulate CV in HZ hearts is consistent with a previous report.22 Yet, the extent of CV 

modulation appears also to depend on [K+]o and WP. More specifically, CV modulation by 

varying [Na+]o was evident in hypokalemic-Cx43 HZ preparations with wide perinexi, and 

hyperkalemic-Cx43 HZ preparations with narrow perinexi. Under both conditions, GJ coupling is 

likely reduced in HZ hearts, presumably increasing conduction dependence on ephaptic 

coupling. However, ephaptic cell-to-cell transmission of action potential is probably reduced in 

the first instance by wider perinexi and in the second instance by reduced excitability.  

 

Effect of Extracellular Potassium ion concentration: 
The relationship between [K+]o and CV is biphasic. Small increases in [K+]o raise the resting 

membrane potential closer to the threshold of voltage gated sodium channel activation and 

could result in supernormal conduction.21 Further increasing [K+]o can slow conduction by 

inactivating voltage gated sodium channels and thereby reducing excitability.27,28 Relative to 

Solution 1, Solution 2 had 34% more [K+]o, which would alter the potassium reversal potential by 

approximately 10.9 mV. In preparations with wide perinexi, this degree of increased [K+]o slowed 

CV in both WT and HZ mice hearts perfused with Solution 1 combinations (Solution 1B and 1C), 

presumably due to reduced excitability. On the other hand, in hearts with narrower perinexi and 

a stronger ephaptic contribution to conduction, CV is less sensitive to [K+]o. These findings are 

consistent with previous data from our group demonstrating that CV is more sensitive to sodium 

channel availability during loss of gap junctional coupling and/or increased WP. Based on 

computational models, the proposed mechanism for differential CV sensitivity to sodium channel 

availability is related to the rate and amplitude of extracellular potential change in the 

intercalated disc.16,29 In short, GJ uncoupling may increase CV dependence on an ephaptic 

mechanism. It is important to note that while the Morley et al. solution produced the widest WP, 

the higher [Na+]o and lower [K+]o masked the effects of increased WP. Likewise, while the Eloff et 
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al. solution produced the narrowest WP, the lower [Na+]o and higher [K+]o may have relatively 

reduced ephaptic coupling despite the narrow perinexal space.  

 

A final important finding in this study is that the CV - [K+]o relationship may be modulated by WP. 

Specifically, hearts with smaller perinexi were the most resistant to changes in [K+]o possibly due 

to compensation by stronger ephaptic coupling.  

 
Perfusates and the CV-Cx43 Mouse: 
The present study only analyzed the CV modulation by two ions, associated with cellular 

excitability, in detail from two different studies. However, other independent groups have 

analyzed the CV-Cx43 relationship with a variety of perfusates. When comparing the Tyrode 

solutions of only adult mouse studies with an approximate 50% Cx43 reduction, we find close 

agreement with our results. For example, the study by Van Rijen et al. also reported no change 

in CV in an inducible Cx43 knock-out mouse model.10  Importantly, the Van Rijen et al. study 

utilized a solution with relatively low [K+]o (4.5mM), low [Na+]o (109.2 mM), and high [Ca2+]o. In 

short, our Solution 1 is closest to their perfusate composition, and this perfusate did not produce 

significant conduction slowing in WT or HZ hearts. In contrast to our results, a study by 

Guerrero et al.7 reported that a solution identical to the Eloff et al. solution, and similar to 

Solution 2 used in this manuscript, slowed conduction by nearly 50 % in transgenic Cx43 HZ 

hearts.  

 

LIMITATIONS: 
The use of buffers for superfusion and perfusion is a foundational tool for studying biological 

processes ex vivo. Further, in vivo studies report a range of physiologic normal serum ionic 

composition. It is important to note that not all sodium, potassium, and particularly calcium 

quantifications are related to ionized concentrations in experimental buffers, plasma, or blood. 

Therefore, it may be difficult at this point to suggest that a superior perfusate exists which will 

maximally enhance the CV-GJ relationship.  

 

With respect to calcium, previous studies have demonstrated that elevated intracellular calcium 

can slow CV by uncoupling gap junctions.30,31 However, in this study, when we controlled for 

sodium and potassium (Solution 2 versus 1C), we found that higher extracellular calcium was 

associated with faster CV, arguing against calcium-induced inhibition of Cx43. This further 
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illustrates that the relationship between ionic concentrations, WP, CV and Cx43 is complex and 

requires further study.   

 

Perinexal width measurements were made in glutaraldehyde-fixed tissue. Although most fixation 

protocols have been associated with alterations in the tissue structure we previously 

demonstrated that glutaradehyde fixation is a relatively robust approach to measure 

extracellular volumes.15 Furthermore, this and our previous study16 demonstrate that significant 

trends in WP due to solution composition are measurable after glutaraldehyde fixation. This 

being said, developing new approaches to dynamically measure microdomain structural 

changes is important given the emerging importance of ephaptic conduction. 

 

Increasing perfusate osmolarity has been associated with larger VIS, cell size reduction and slow 

CV.15 In this study we measured VIS and WP, and determined that all changes in extracellular 

volumes did not correlate with osmolarity. Additionally, in contrast with our previous study, we 

report here that the relatively higher osmolarity perfusates are associated with increased CV 

(increasing [Na+]o). However, we did not quantify changes in cell size. It is important to note that 

the relationship between CV and cell size is controversial as well, with computational models 

predicting that either increasing or reducing cell size can slow CV.15,32-35. While the primary 

results here fit well with the theory that alterations in the CV-GJ relationship are modulated by 

WP and perfusate composition, we cannot exclude the possible role of perfusates altering cell 

size and the CV-GJ relationship.  

 
CONCLUSIONS: 
The literature indicates that GJ uncoupling is a common factor associated with several cardiac 

diseases.2-4 However, there is debate over the nature of the relationship with some studies 

suggesting a relatively close correlation, whereas others indicate a more non-linear relationship 

with a threshold in GJ coupling below which conduction slows or fails. The present study 

provides data that may go some way to resolving the controversy, indicating that perfusate 

composition can exacerbate GJ uncoupling leading to slowed conduction and increased 

arrhythmia susceptibility.  

 

Further, dehiscence of the intercalated disc has also been observed under pro-arrhythmic 

cardiac conditions such as hypocalcemia36,37 and sepsis.4 Like GJ uncoupling, modest 

separation at the perinexus does not always correlate with conduction slowing, but there is now 
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mounting evidence that WP can modulate the CV-GJ relationship under specific conditions by 

altering ephaptic coupling (EpC). Our new results suggest that physiologic ionic differences also 

modulate the CV-GJ-EpC relationship. In conclusion, future studies and therapies designed to 

address conduction slowing secondary to loss of functional gap junctions may consider 

extracellular ionic composition as a confounding modulator of arrhythmogenic conduction 

slowing.  
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Table 2.1 Perfusate Composition  
Solution 1 is the published Morley et al. solution 5 and Solution 2 is the published Eloff et al. 

solution 6. Osmolarity values are reported as Mean ± SD. 
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Fig. 2.1 Modulation of Interstitial Volume by Perfusates 
Images of H&E stained tissue from WT (a) and HZ (b) hearts perfused with Solutions 1 and 2 

show VIS as white space, myocytes in gray and nuclei as black spots. Percent VIS (c) is similar in 

WT hearts. In HZ hearts, a larger VIS was observed during perfusion of Solution 1 relative to 2. 

Statistics: Unpaired, two-tailed, equal variance and sample size Student’s t-test with 

Bonferonni correction (2 comparisons/dataset). *, p<0.05.   
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Fig. 2.2 Modulation of the Perinexus by Perfusates 
The perinexus (highlighted in yellow) is modulated by the base solutions (1 and 2) and the 

modified solutions (1C and 2C). Solution 1 increases WP in both WT and HZ hearts compared to 

Solution 2 (a) and Solution 1C has wider WP compared to Solution 2C (b). Combined WP for WT 

and HZ are summarized as a function of distance from edge of the GJ plaque (c). Statistics: 
Single Factor ANOVA Post hoc test - Unpaired, two-tailed, equal variance and sample size 

Student’s t-test. *, p<0.05. 
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Fig. 2.3 Modulation of Conduction by Perfusates 
Representative activation maps from WT and HZ mice hearts (a). Crowding of isochrones lines 

along with summary CVL (b), CVT (c) and Anisotropic Ratio (d) demonstrate that Solution 2 

slows conduction in HZ hearts. ⊓ indicates pacing site. Statistics: Paired, one-tailed, equal 

variance and sample size Student’s t-tests with Bonferonni correction. *, p<0.05.  
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Fig. 2.4 Conduction Velocity – Perinexal width Relationship  
Solution 2 and 1C have similar [Na+]o and [K+]o but produced different WP (Solution 2 – Small 

WP, Solution 1C – Large WP) and different CVT in the same heart. There was no change in CVL 

during either solution perfusion (a) but Solution 2 was associated with faster CVT (b). No change 

in AR (c) was observed. CVT slowing is greater in HZ hearts relative to WT during Solution 1C 

perfusion (d). Statistics: Paired, one-tailed, equal variance and sample size Student’s t-tests.  

*, p<0.05.  



 37 

 
Fig. 2.5 Modulation of Conduction Velocity by altering Ionic Composition of Solution 1 
Relative change in longitudinal conduction velocity (a), Transverse conduction velocity (b) and 

anisotropic ratio with wide WP (c). Varying sodium modulated CVT only in HZ hearts, whereas 

varying potassium altered CV in WT and HZ hearts. Statistics: * denotes p<0.05 detected by 

paired, two-tailed, equal variance and sample Student’s t-tests with Bonferonni correction 

performed on percent changes relative to zero. # denotes p<0.05 between WT and HZ hearts 

determined by unpaired, two-tailed,  equal variance and sample size Student’s t-tests. 
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Fig. 2.6 Modulation of Conduction Velocity by altering Ionic Composition of Solution 2 
Relative change in longitudinal conduction velocity (a), Transverse conduction velocity (b) and 

anisotropic ratio (c) with narrow WP. Significant changes were observed only when both sodium 

was reduced and potassium was increased. Statistics: * denotes p<0.05 detected by paired, 

two-tailed, equal variance and sample size Student’s t-tests with Bonferonni correction 

performed on percent changes relative to zero.



    

 

 

 

 

 

 

 

 
 
 
 

CHAPTER – 3 
PERFUSATE CALCIUM ION CONCENTRATION AS A MODULATOR OF CONDUCTION 

VELOCITY DURING NORMAL AND DISEASE STATES 
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INTRODUCTION: 
The synchronized spread of electrical activity is important for coordinating efficient cardiac 

contraction, and slowed conduction is a well-established substrate for lethal cardiac 

arrhythmias. Gap junctional coupling, tissue excitability, intercalated disc micro-architecture, and 

extracellular ion concentrations have been identified as important determinants of cardiac 

conduction.1-5  Many studies have now demonstrated that simultaneously altering more than 

one determinant of cardiac conduction can synergistically modulate conduction velocity (CV) 

significantly more than even pathologic alterations of a single parameter.6-9 

 

More interestingly, we recently determined that altering perfusate composition within 

concentration ranges consistent with murine plasma ionic concentrations, produces complex 

effects on CV that are interdependent on sodium, potassium, and functional expression of the 

principal ventricular gap junction protein connexin43 (Cx43).5,6 In previous manuscripts, we 

suggested that the effects are consistent with the theory of ephaptic coupling (EpC) as well as 

gap junctional coupling. EpC, which can facilitate electrical coupling between myocytes through 

electric fields that develop in restricted extracellular spaces like the perinexus,6,9 is dependent 

on the volume of intercalated disc microdomains as well as rate of charge depletion from these 

regions.6,10 Specifically, we previously demonstrated that wider perinexi – increased intercellular 

separation – with low [Na+]o and high [K+]o, both of which can reduce rate of charge depletion 

from the perinexus, was associated with slower impulse  propagation through myocardium.6  

 

The perinexus has been suggested to be a candidate structure of a cardiac ephapse and an 

important modulator of CV.6,9 Specifically, previous studies demonstrated that changing tissue 

hydration in guinea pig with mannitol or albumin can alter bulk interstitial edema,8 and in the 

case of mannitol also increase perinexal width (WP) 9 to modulate cardiac conduction in a 

manner most consistent with the theoretical predictions of EpC. More recently, we found that 

perfusate ion composition can also modulate WP and CV in mouse,6 and we speculated that 

increasing extracellular calcium might decrease WP, since intercellular adhesion is calcium 

sensitive. Therefore, in this study we hypothesize that extracellular calcium modulates WP.   

 

Mathematical models of EpC also predict a phenomenon termed self-attenuation, which is 

similarly dependent on intercellular separation within the intercalated disc and extracellular ion 

composition.10-12  More specifically, the mechanism of self-attenuation has been described as 

the process by which sodium current (INa) attenuates itself by reducing driving force when the 
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cleft between myocytes is sufficiently narrow.11 This delays myocyte activation and manifests as 

macroscopic conduction slowing. The driving force for INa is the difference between the 

transmembrane potential (Vm) and the Nernst potential for sodium (ENa). Either increasing Vm or 

decreasing ENa can reduce the driving force and thereby the sodium current. Therefore, two 

important components that are required to support self-attenuation are 1) reduced sodium 

driving force and 2) reduced width of intercalated disc spaces like the perinexus. Based on 

these predictions, we also hypothesize that decreasing WP and reducing sodium driving force 

slows cardiac conduction by a mechanism consistent with ephaptic self-attenuation. 

 

The results of this study demonstrate that increasing [Ca2+]o decreases WP. Furthermore, 

decreasing WP during normonatremia increased CV consistent with our previous studies,6,9 and 

decreasing WP during hyponatremia decreased CV, consistent with computational predictions of 

ephaptic self-attenuation. 

 

METHODS: 
All protocols were approved by the Institutional Animal Care and Use Committee at Virginia 

Polytechnic Institute and State University and conform to the guidelines of the NIH Guide for the 

Care and Usage of Laboratory Animals. 

 
Langendorff Preparations: Mice were anesthetized by inhalation of isoflurane vapors from an 

isoflurane soaked cotton gauze in a custom designed closed chamber. Cervical dislocation was 

performed upon cessation of respiration and was immediately followed by thoracotomy and 

excision of the heart. Wild type (WT, 100% Cx43) and heterozygous (HZ, ~ 50% Cx43) mice, 

10-30 weeks old, on the C57BL/6 background were cannulated and Langendorff perfused as 

previously described6 with solutions containing (in mM) NaCl 118.3, NaHCO3 29, KCl 4.7, 

KH2PO4 1.4, MgSO4 1, Glucose 10 at pH 7.4. CaCl2 concentration was varied from 1 to 3.4 mM. 

The perfusate and the bath solution was the same at any given time.The perfusion pressure 

was maintained at ~70 mmHg and the heart was suspended in a bath maintained at ~37°C 

along with the perfusates. The process was repeated during hyponatremia (NaCl 91mM). The 

osmolarities of the various perfusates were measured using a Wescor VAPRO5520 Vapor 

Pressure Osmometer and are reported in Table 1. 

 

Optical Mapping: Hearts (8 solutions X 2 mouse types X 5/7 replicates, N=96) were perfused 

with the voltage sensitive dye, Di-4-ANEPPS at a concentration of 4μM and excess dye was 
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washed out. Each heart was serially perfused with four solutions of either increasing or 

decreasing calcium concentration. Hearts were perfused with each solution for approximately 8 

mins before being optically mapped. Motion was reduced by 2,3-butanedionemonoxime (10 

mM) and the heart was stabilized against the front glass of the bath by applying slight pressure 

to the posterior surface. Hearts were paced using a unipolar silver wire placed on the anterior 

surface and a reference wire at the back of the bath. Stimuli of 1V amplitude and 1ms duration 

at a BCL of 150ms were applied. Conduction velocity – longitudinal (CVL) and transverse (CVT) 

and anisotropic ratio (AR) – and action potential duration (APD) were quantified as previously 

described.6 Briefly, the heart was excited by 510nm light and the excited light passed through a 

610nm filter and then was recorded using the MiCam Ultima CMOS L-camera at a sampling 

rate of 1000 frames/s. The maximum rate of rise of the optical action potentials were assigned 

as activation times and conduction velocity vectors were determined by fitting the activation 

times at every pixel to a parabolic surface. Vectors upto 5 pixels away from a user defined line 

indicating the direction of propagation, that fell within ~3 or 5 mm (CVT and CVL, respectively) 

from the pacing site, not including the first 2 rows, and whose direction was not more than 7.5° 

from the direction of propagation were included in the analysis. This region is roughly illustrated 

by the orange and green boxes in the isochrones maps. APD was calculated as the time interval 

between activation and 90% repolarization. 

 

Transmission Electron Microscopy: Hearts (7 solutions X 2 mouse types X 3 replicates X 15 

images, N=630) were perfused with the respective solution for 30 minutes and 1mm3 cubes 

were then fixed overnight in 2.5% glutaraldehyde at 4°C. Samples were washed in PBS and 

processed for TEM as previously described.6 The samples were then sectioned onto copper 

grids and the sections were imaged at 150,000X magnification using a JEOL JEM 1400 

transmission electron microscope. Perinexal images were then analyzed in a blinded manner by 

ImageJ to determine WP. It has to be noted here that the WP measurements in this study refer to 

the intermembrane separation adjacent to the GJ plaque as we previously reported in mice6 and 

guinea pigs9 and not the spatial extent (distance from the gap junction edge) of the perinexus as 

reported by Rhett et al.13 Additionally, based on our previous studies, WP changes in the plateau 

portion of this nanodomain (30 – 105nm away from the edge of the gap junction) best correlated 

with conduction velocity, and therefore values reported here are averages of 6 measurements at 

15nm intervals from within this region.  
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Western Immunoblotting: Hearts (4 solutions X 2 mouse types X triplicates run twice, N=48), 

perfused with the respective solutions for 30 minutes, were snap frozen. Tissue was 

homogenized in a lysis buffer containing (in mM) HEPES 50, KCl 150, EDTA 1, EGTA 1, DTT 1, 

NaF 1, Na3VO4 0.1 and 0.5% Triton X-100. Protein concentration was normalized following 

quantification with the BioRad DC protein assay. SDS-PAGE electrophoresis was performed as 

previously described14 using 4-20% NuPage Bis-Tris gels which were then transferred to a 

PVDF membrane and blocked with 5% BSA in TNT buffer (0.1% Tween 20, 150 mM NaCl, 50 

mM Tris pH 8.0) at room temperature for one hour. Membranes were then incubated with rabbit 

anti-phospho-Cx43Ser368 (1:1000 in 5% BSA TNT, #3511 Cell Signaling Technology) primary 

antibody overnight at 4°C. Membranes were washed and incubated with goat anti-rabbit HRP 

secondary antibody (1:5000, abcam) for 1 h at room temperature, washed, and bound antibody 

detected using Clarity Western ECL Substrate (BioRad) and imaged using the BioRad 

Chemidoc MP system. To detect total Cx43, membranes were first stripped with Re-Blot Plus 

Strong (Millipore) according to manufacturer’s instructions. Following blocking for 1 h at room 

temperature in 5% milk in TNT buffer, membranes were incubated with primary antibodies 

against Cx43 (1:4000, C6219 rabbit, Sigma Aldrich), and mouse antiGAPDH (1:4000 RDI-

TRK5G4-6C5, mouse, Research Diagnostics Inc.) overnight at 4°C diluted in 5% milk TNT. 

Membranes were then washed and incubated with the secondary antibodies goat anti-mouse 

AlexaFluor555 and goat anti-rabbit AlexaFluor647 (both 1:1000 in milk TNT, Life Technologies) 

for 1 hour at RT. Following several washes in TNT, membranes were imaged using the Biorad 

Chemidoc MP System and protein expression was quantified by densitometry using ImageLab 

software (BioRad). For quantification, all samples were run together on 26-well gels. Cx43 

expression levels were normalized to GAPDH and pCx43 to total Cx43 to compare between 

samples. 

 

Impedance Spectroscopy: GJ resistance was estimated using the four-point electrode 

technique as previously described in cardiac tissue. 15-20 The electrical impedance spectra in the 

mice hearts (4 solutions X 2 mouse types X 5/3 replicates for WT/HZ, N=64) were measured 

during perfusion with different solutions. The four point measurement technique was 

implemented to reduce the effect of electrode polarization and facilitate the measurement at low 

frequencies. Due to the small size of the heart, a custom-made electrode array with inter-

electrode distance of approximately 200μm was used. For each measurement, the electrodes 

penetrated to a depth of 500μm from the heart surface in an orientation approximately parallel 

to the epicardial fiber orientation. The rest of the electrode length was insulated to minimize the 
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parasitic conductivity path induced by the perfusion fluid on the heart exterior. The Gamry 

Instruments Interface1000 was used in the galvanostatic mode to introduce a 500μA AC 

between the two outer electrodes, and the two inner electrodes measured the change in 

voltage, over a range of 1Hz-1MHz.  

 

The resistance-reactance curves between 1-100kHz, obtained from these recordings, were 

fitted with a circle to determine gap junctional resistance (RGJ) as previously described.16,21-23 

The x-intercepts of the circle were determined, as they correspond to the intracellular resistance 

(right intercept) and the cytoplasmic resistance (left intercept). The difference between the two 

is reported as RGJ below. All resistance values are reported as percent change from control 

(solution containing, 147.3mM [Na+]o and 1mM [Ca2+]o), except for the comparison between WT 

and HZ RGJ, where absolute values were used. 

 

Due to potential inconsistencies associated with anisotropic nature of the tissue and different 

fiber orientations between animals, data are compared in a paired fashion within hearts to 

determine whether impedance spectroscopy can detect changes in gap junctional resistance 

due to perfusate composition. Unpaired comparisons between WT and HZ heart were used to 

determine whether the measurement could detect a 50% reduction in connexin43 protein. 

Finally, positive control impedance estimates were made in hearts treated with 50μM 

Carbenoxolone (CBX) or subjected to 30 minutes of no-flow ischemia (ISC). 

 

Statistical Analysis: All data are reported as mean ± standard deviation unless stated 

otherwise. Single factor ANOVA was used to detect differences between WT and HZ WP. Two-

tailed, equal sample size and variance, paired/unpaired Student’s t-test was performed to 

determine significant difference in WP, CV, protein expression as well as GJ resistance data. 

Bonferonni correction was applied for multiple comparisons. 

 

RESULTS: 
Normonatremia - Perinexal width: 
In order to investigate whether [Ca2+]o alters intercellular separations within the intercalated disc, 

perfusate [Ca2+]o was increased from 1 to 3.4mM, and WP was quantified from transmission 

electron micrographs (TEM, Figure 3.1A) in hearts perfused with normonatremic solutions. WP 

was not significantly different between WT and Cx43 HZ hearts at any [Ca2+]o as revealed by a 
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single factor ANOVA (p=0.45) and all reported data and comparisons include both WT and HZ 

WP values. 

 

Summary data demonstrates that WP was inversely correlated to [Ca2+]o in the range of 1 to 3.4 

mM (Figure 3.1B). A single factor ANOVA reveals a significant relationship between [Ca2+]o and 

WP (p<0.001). Post hoc comparison between 1 and 3.4 mM [Ca2+]o reveals that WP is 

significantly narrower at the higher calcium concentration (17.8±0.8 and 13.8±0.9nm, 

respectively). Additionally, increasing [Ca2+]o from 1 to 1.8 mM, visually appears to increase in 

WP, however, this was not significant (p=0.252). Importantly, the WP values reported here are 

consistent with those observed in our previous study in mouse hearts exposed to a similar 

range of [Ca2+]o.6 

 

Normonatremia – Conduction velocity 
We previously demonstrated under conditions of physiologic [Na+]o in mice as well as guinea pig 

hearts that WP and CV are inversely correlated. 6,9 Specifically, decreasing WP was associated 

with faster CV. Representative conduction isochrones in Figure 3.2A demonstrate the response 

of CV to increasing [Ca2+]o – decreasing WP. CVL and CVT vectors were averaged from two 

regions each that are indicated by green and orange boxes respectively.  

 

The relationship between CV, [Ca2+]o, and Cx43 expression is complex as illustrated in Figure 

3.2B. Increasing [Ca2+]o over the range of 1 to 3.4mM did not significantly alter CVL in either WT 

or HZ hearts. On the other hand, increasing [Ca2+]o over the same range appears to sigmoidally 

modify CVT in WT hearts.  Specifically, increasing [Ca2+]o from 1 to 1.8mM did not significantly 

alter CVT. However, increasing [Ca2+]o to 2.6 or 3.4 mM significantly increased CVT (0.22±0.03 

to 0.28±0.04 or 0.31±0.03 m/s respectively) relative to 1mM [Ca2+]o.  

 

In HZ hearts, increasing [Ca2+]o over the range of 1 to 3.4 mM only increased CVT for very low 

[Ca2+]o. Specifically, CVT significantly increased for [Ca2+]o raised from 1 to 1.8 mM (0.21±0.03  

and 0.27±0.03, respectively), but CVT was not different between [Ca2+]o of 1.8 and 3.4 mM 

(0.27±0.03, 0.28±0.02, and 0.27±0.03 m/s).  While summary data of AR visually suggests that 

AR may decrease in both WT and HZ hearts with increasing [Ca2+]o, this relationship was not 

significant. 
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Our previous studies have suggested that loss of functional gap junctions increases CV 

sensitivity to cardiac hydration. To explore the unique responses of CVT to [Ca2+]o, the relative 

change in CVT for WT and HZ hearts are compared for [Ca2+]o between 1 - 1.8, and 1 - 3.4 mM 

(Figure 3.2C). The data reveals that CVT increases more in HZ hearts for [Ca2+]o between 1 and 

1.8.   Interestingly, the difference is attenuated when comparing CVT for [Ca2+]o between 1 and 

3.4 mM suggesting that CV is more sensitive to WP changes during reduced Cx43 GJ 

coupling.6,9 The sensitivity of Cx43 HZ hearts to [Ca2+]o appears to be limited by a mechanism 

preventing further CV increases even as WP decreases.  

 

Hyponatremia – Perinexal Width: 
Interestingly, computational models of EpC predict that the relationship between CV and 

intercalated disc separation may be biphasic, particularly when GJ coupling is reduced.11,12 In 

short, for very narrow intercellular separations, conduction can also slow by a process termed 

“self-attenuation.” To probe whether ephaptic self-attenuation can occur, WP was reduced in the 

setting of reduced sodium reversal potential and driving force (hyponatremia).  

 

First, the structural relationship between WP - [Ca2+]o was quantified in hearts perfused with a 

hyponatremic solution ([Na+]o = 120mM), and representative micrographs are presented in 

Figure 3.3A. Once again, a single factor ANOVA reported significant differences in WP between 

solutions (p<0.05) and [Ca2+]o (1 to 3.4 mM, Figure 3.3B). Further post-hoc analysis revealed 

significantly wider WP at the lowest relative to highest [Ca2+]o (19.4±0.6 versus 17.2±0.6 nm). 

Additionally, WP was not different between WT and HZ hearts (p=0.83) during hyponatremia as 

well. 

 

Hyponatremia – Conduction Velocity 
First, it is important to note that hyponatremia was associated with significantly slower CVT 

relative to normonatremia in both WT and HZ hearts at all [Ca2+]o. Furthermore, representative 

isochrones maps in Figure 3.4A suggest that increasing [Ca2+]o during hyponatremia now 

decreases CV, and this relationship is different from the normonatremic cases presented in 

Figure 3.2. Lastly, the isochrones suggest increased likelihood of conduction block into the left 

ventricle in both WT and HZ hearts particularly at the highest [Ca2+]o. Under these conditions, 

CV was measured from the RV. The number of hearts in which conduction block was observed 

is indicated above the isochrones in Panel A and in these hearts, CVL and CVT were averaged 

only in one direction each as indicated by the green and orange box in Figure 3.4A. 
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In WT hearts, increasing [Ca2+]o from 1 to 1.8 or 2.6mM did not significantly alter CVL, CVT or 

AR. However, increasing [Ca2+]o from 1 to 3.4mM slowed CVT (0.17±0.03 to 0.12±0.03 m/s) and 

increased AR (1.6±0.2 vs 2.0±0.5) without measurably changing CVL. The finding that 

increasing [Ca2+]o during hyponatremia has the opposite effect on CV relative to normonatremia 

is consistent with theoretical predictions of ephaptic self-attenuation. Specifically, CV increased 

in hearts with narrow perinexi and high ENa, but decreased in hearts with narrow perinexi and 

low ENa. 

 

CV slowing was also observed in HZ hearts in response to increasing [Ca2+]o during 

hyponatremia. Increasing [Ca2+]o slowed CVT (0.17±0.02 to 0.11±0.03, 0.12±0.03 or 

0.12±0.03m/s respectively) without measurably altering CVL or AR. Interestingly, hyponatremia 

did not produce a significantly greater CVT response in HZ relative to WT hearts at the lowest 

[Ca2+]o of 1 and 1.8 mM (Figure 3.4C). This finding is consistent with the predictions of 

mathematical models that in the self-attenuation range, the effect of GJ coupling on CV is 

reduced.10-12 

 

Extracellular Calcium and Gap junctional coupling: 
i) Cx43 expression and phosphorylation: 

Calcium ions are an important component of several cell signaling pathways and can modulate 

the functional states of proteins like Cx43.24-26 The effect of varying [Ca2+]o and [Na+]o on total 

Cx43 and phosphorylated Cx43 at Ser368 (pCx43) were quantified in this study to determine 

whether [Ca2+]o might alter gap junction expression levels after 30 minutes of perfusion. 

Representative and summary data are illustrated in Figure 3.5.  

Perfusion with the extremes of the [Ca2+]o and [Na+]o used in this study (Figure 3.5A) did not 

alter the expression of total Cx43 or pCx43 (Figure 3.5B and C). However, it must be noted that 

in the HZ hearts, increasing [Ca2+]o to 3.4mM trended to decrease total Cx43 expression at both 

high and low [Na+]o (p=0.080 and 0.094 respectively), but these changes did not reach statistical 

significance after correction for multiple comparisons. As expected, HZ hearts expressed 

significantly less total Cx43 expression (Figure 3.5D, data normalized to GAPDH), but the ratio 

of pCx43 to total Cx43 ratio was similar to WT hearts (Figure 3.5E, data normalized to total 

Cx43). 
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ii) Gap Junctional Resistance: 
Since protein levels do not necessarily correlate to its function, gap junctional coupling was 

estimated by tissue impedance spectroscopy. Figure 3.6A shows a representative resistance-

reactance curve with the best circle fit. In Figure 3.6B, the percent change in RGJ relative to 

control, during perfusion of 50μM CBX and after 30 minutes of no-flow ischemia are reported as 

positive controls. As expected, both CBX and ischemia (ISC) significantly increased RGJ relative 

to control. Furthermore, the increase in RGJ during inhibition of Cx43 by CBX is consistent with a 

previous study with guinea pig that reported a similar increase in RGJ in the presence of CBX. 16 

The percent change in RGJ relative to control, during perfusion of different solutions in WT and 

HZ hearts are presented in Figure 3.6C. Varying [Na+]o and [Ca2+]o in the range used in this 

study did not significantly change RGJ. As an additional positive control for demonstrating that 

impedance spectroscopy can detect loss of functional Cx43 as previously demonstrated,21 RGJ 

was compared between WT and HZ hearts . Summary data in Figure 3.6D demonstrates that 

RGJ in WT hearts was significantly lower relative to HZ, as expected.  

 

The impedance data coupled with the immunoblotting suggest that the perfusates used in this 

study either did not alter Cx43 functional expression, or altered it below the resolution for 

detection. Taken together, the data suggests that varying [Ca2+]o and [Na+]o in the specified 

range may not change GJ coupling, while these interventions did produce measureable 

changes in cardiac conduction. 

 

Action Potential Duration:  
Altering calcium concentration has been demonstrated to modify the functioning of several ion 

channels like Nav1.527,28 and the small-conductance calcium activated potassium channels 

(SK).29 Modulation of these ion channels can then manifest as changes in action potential 

duration and morphology, and also alter CV. However, alterations in these proteins have been 

reported for much larger [Ca2+]o, and the effect of small variations as used in this study has not 

been explored. Therefore, we quantified APD in WT and HZ hearts perfused with 1 and 3.4mM 

[Ca2+]o solutions. 

 

Representative action potentials signal averaged over approximately 10 beats, from the same 

heart perfused with 1 and 3.4 mM [Ca2+]o, and 120mM [Na+]o are presented in Figure 3.7A and 

the summary of APD in Figure 3.7B. Importantly, APD did not significantly change in response 

to [Ca2+]o or [Na+]o as determined from a single factor ANOVA (p=0.9 and 0.2 for WT and HZ, 
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respectively). Additionally, Figure 3.7B also demonstrates that Cx43 expression levels do not 

significantly alter APD for any concentration of [Ca2+]o or [Na+]o. Taken together, the data 

suggests that the CV-[Ca2+]o response reported above is not measurably affected by the ionic 

currents underlying the action potential. 

 

DISCUSSION: 
The results of this study demonstrate that [Ca2+]o can modulate WP and CV as hypothesized. 

More specifically, increasing [Ca2+]o from 1 to 3.4 mM reduces WP during both normonatremia 

as well as hyponatremia. However, the relationship between [Ca2+]o and CV is more complex 

and dependent on [Na+]o. Specifically, increasing [Ca2+]o can increase CV during normonatremia 

and decrease CV during hyponatremia. Taken together, these findings suggest that [Ca2+]o 

modulates WP, which modulates CV differently during normonatremia and hyponatremia by a 

mechanism that is not gap junction dependent. 

 

Extracellular calcium and perinexal width: 
At several points along the intercalated disc, transmembrane proteins that form gap junctions, 

desmosomes, or adherens junctions bind to their counterparts on the apposing cell membrane, 

structurally holding the two membranes together.30 Several proteins that compose these 

junctions like N-Cadherins, desmocollin and desmoglein, among others have calcium-

dependent adhesion properties.31-33 In the absence of calcium or during hypocalcemia, the 

binding affinity of these proteins could be reduced, making these junctions looser points of 

contact, which in turn results in greater separation between the membranes at the intercalated 

disc.34,35  

 

Varying [Ca2+]o in this study resulted in WP modulation. Specifically, increasing calcium ion 

concentration was associated with narrower perinexi or, in other words, WP and [Ca2+]o were 

inversely correlated. However, this correlation was weaker during hyponatremia. 

  

Ephaptic coupling: 
Cellular excitation of cardiac myocytes occurs when transmembrane potential (Vm), which is the 

difference between the intracellular and extracellular potentials (Vm = Φi – Φo), depolarizes the 

cell sufficiently to activate voltage gated sodium channel. The post-junctional cell Vm can rise by 

either decreasing Φo or increasing ΦI. The most commonly accepted method for raising post 

junctional Vm is by electrotonically increasing Φi via gap junctions. On the other hand, Φo can be 
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altered by the depletion or accumulation of charge in the extracellular space caused by, for 

example, withdrawal of sodium or increased potassium in intercellular clefts during the 

activation of the pre- junctional cell. Such a non-gap junctional, non-synaptic form of electrical 

coupling between myocytes is what is termed as EpC, and several more mechanisms for EpC 

have been mathematically proposed.36  

 

One important requirement for EpC is the presence of micro-domains with closely abutting cell 

membranes. Several such intercalated disc structures like the perinexus9 and connexome37 

have been proposed as possible cardiac ephapses with volumes that can be modulated. The 

study by Veeraraghavan et al9 also identified the consequences that perinexal width modulation 

has on conduction velocity by pharmacological as well as mathematical methods. Specifically, 

narrower perinexi promotes faster transmission of electrical impulses from the pre- to the post-

junctional cell due to the closer spacing of the two membranes. Thus increasing [Ca2+]o, as we 

did in this study, could increase CV in normonatremic hearts by narrowing perinexi and 

improving EpC between cells consistent with our previous works.6,9  

 

In this study, transverse CV was more sensitive to experimental interventions that altered WP 

and sodium driving force. To understand this finding, it is important to consider that gap junction 

uncoupling preferentially alters transverse CV, because the propagating wavefront in the 

transverse direction encounters more GJs per unit length relative to the longitudinal direction. 

Parallel to this concept, perinexi, which are theoretical EpC junctions, are also localized to the 

intercalated disc. Therefore, a wavefront propagating transverse to fibers will encounter more 

gap and ephaptic junctions relative to the longitudinal direction of propagation. In short, 

inhibiting EpC is expected to likewise preferentially affect transverse CV.  

 

Self-attenuation: 
Self-attenuation was previously suggested in mathematical models of cardiac conduction 

incorporating extracellular field effects as well as a polarized voltage-gated sodium ion channel 

distribution to the intercalated disc, both of which are essential to support EpC.11,12 Self-

attenuation was described as the process by which peak INa attenuates itself due to reduced 

cleft width and sodium current driving force. The sodium current driving force, as described 

above, can be reduced by either increasing Vm or decreasing ENa. While two models10,11 predict 

self-attenuation solely based on changes in Vm, the Peskin12 model additionally tracks ion 

concentrations and Nernst potentials. Therefore, the models that incorporate both Vm overshoot 
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and changes in ENa within the intercalated disc may be more sensitive to ephaptic self-

attenuation.12 

 

In the present study, cleft width was reduced by increasing [Ca2+]o and sodium driving force was 

reduced by reducing [Na+]o. In the case of the high [Na+]o solutions, where sodium driving force 

was relatively larger, altering WP alone increased CV consistent with our previous work in 

guinea pigs and mice possibly due to modulation of EpC outside of the self-attenuation range 

reported by mathematical models. Importantly, this study for the first time identifies that in the 

setting of reduced sodium driving force (low [Na+]o solutions), the relationship between [Ca2+]o, 

WP and CV is consistent with self-attenuation. Specifically, our data is consistent with the 

hypothesis that reducing WP during reduced [Na+]o further reduces available [Na+]o in the 

perinexus during sodium mediated depolarization. Under these conditions, depolarization of the 

pre-junctional cell withdraws a large number of available sodium ions from the intercalated disc 

microdomain. This charge withdrawal greatly reduces the sodium current driving force for the 

post-junctional cell. The reduced driving force then delays propagation of the electrical impulse 

from the pre- to the post-junctional myocyte resulting in CV slowing. 

 

It is difficult to compare the results of this work with previous studies investigating the 

relationship between CV and [Ca2+]o due to significant experimental differences. For example, 

elevating [Ca2+]o from 1 to 2 mM did not alter CV while raising [Ca2+]o from 2 to 8 mM 

significantly slowed CV in false tendons isolated from dog ventricles.38 Another study reported 

non-significant changes in longitudinal and transverse CV in dog papillary muscle when [Ca2+]o 

was varied similar to concentrations used in our study.39 Therefore, while previous studies in 

different animal models, tissue preparations, and with different perfusate compositions 

demonstrated that raising [Ca2+]o within some narrow window can decrease or not change CV, 

to our knowledge this is the first study to demonstrate that CV and [Ca2+]o can positively or 

negatively correlate depending on [Na+]o in a manner consistent with the mathematical 

predictions of ephaptic self-attenuation.10-12 

 
Gap Junctional coupling: 
Calcium ions are involved in the regulation of several physiological functions and play a key role 

in various signaling pathways.40 Intracellular calcium homeostasis is tightly regulated by a highly 

developed system that involves several intracellular calcium stores.41,42  However, during certain 

pathophysiological states, intracellular calcium increases which then results in modulation of 
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several factors that can then alter CV.43 For example, intracellular calcium concentration has 

been shown to modulate gap junctional coupling.24-26 Elevated [Ca2+]i alters Cx43 gating by a 

Ca2+/Calmodulin dependent pathway and reduces intercellular coupling.44 Cx43 uncoupling has 

been associated with slow CV when the extracellular ionic composition is altered to weaken 

EpC.1,6,45,46 However, this study demonstrates that modulating [Ca2+]o (1 – 3.4mM) does not 

change either total or phosphorylated Cx43 expression during normonatremia as well as 

hyponatremia. Additionally, varying [Ca2+]o did not alter gap junctional resistance, and 

increasing [Ca2+]o was also associated with faster CV during normonatremia. Furthermore, the 

changes in electrophysiology were measured at a much earlier time point (8 mins) compared to 

Cx43 expression measurements (30 mins). These findings suggest that gap junctional coupling 

may not be the mechanism by which [Ca2+]o modulates CV in this study.  

 
LIMITATIONS: 
Modulating [Ca2+]o could have several physiological implications in the heart which includes 

altered contraction, calcium handling, cell signaling pathways and apoptosis.40 [Ca2+]o was 

varied from 1 – 3.4 mM in this study, which is a range wider than the normal physiological 

[Ca2+]o which typically falls between 1.7 and 2.5 mM in mice.47 However, previous studies 

investigating the effects of hypercalcemia have reported significant changes in GJ coupling at 

much higher [Ca2+]o (greater than 5mM).24,48  

 

The perinexus has been identified as the site of dense localization of several ion channels, and 

it is possible that downregulation of Cx43 in HZ mice could affect the structure of the perinexus. 

First, this study demonstrates that intercellular separation within the perinexus (WP) is not 

different between WT and HZ hearts for any intervention. This does not exclude the possibility 

that the spatial extent of the perinexus – distance from the GJ edge – is altered in HZ animals, 

and this requires further investigation. Furthermore, it has been previously demonstrated in the 

same mouse model that the structure of GJ plaques in HZ mice was not different compared to 

WT, though the number of GJ plaques was reduced.49 This suggests that at least the GJ plaque 

and intercellular separation are conserved even when GJs are genetically reduced.  

 

CONCLUSIONS: 
Extracellular ion concentration is a crucial component in modulating cardiac conduction. This 

study identifies that extracellular sodium and calcium composition could differently modulate CV 

during health and conditions like hyponatremia commonly associated with several diseases 
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which include congestive heart failure,50 kidney51 and liver52 disorders.  Specifically, while 

reducing WP by increasing [Ca2+]o was beneficial and increased CV during normonatremia, it 

slowed CV during hyponatremia. Furthermore, the changes in CV reported in this study were 

independent of Cx43 protein expression, phosphorylation or GJ resistance suggesting the role 

of a non-GJ mediated mechanism for CV modulation like EpC.   

 

These data reinforce the importance of regulating serum ion concentration during health and 

more importantly during disease. Furthermore, there is now mounting evidence that modulating 

parameters predicted to alter EpC can be used as a tool in the treatment of conduction based 

disorders in the heart.  
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Table 3.1. Perfusate Osmolarity. The osmolarity of the perfusates with varying [Na+]o and 

[Ca2+]o are listed in mOsm. 
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Figure 3.1. Extracellular Calcium – Perinexal Width Relationship during Normonatremia. 
A. Representative electron micrographs of hearts perfused with varying [Ca2+]o. Perinexi are 

highlighted in yellow. B. Summary data of WP as a function of [Ca2+]o from WT (Black) and HZ 

hearts (Grey). Mean and standard deviation are indicated by red lines. n=3X15 images. * 

indicates p<0.05 between [Ca2+]o = 1 and 3.4 mM by unpaired Student’s t-test. Error bars 

represent standard error. 
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Figure 3.2. Extracellular calcium modulates Conduction Velocity during Normonatremia. 
A. Representative activation maps obtained by optically mapping a single heart during the serial 

perfusion of solutions with increasing [Ca2+]o. Orange boxes to the top and bottom of the pacing 

site indicate the regions from which CVT was averaged and green boxes to the left and right 

indicate regions from which CVL was averaged. B. Average CVT, CVL and AR (Anisotropic 

Ratio) from WT (Black line) and HZ (Gray line) hearts. C. Percent change in CVT between 

[Ca2+]o = 1 -1.8 mM and 1 – 3.4 mM in WT and HZ hearts demonstrates increased sensitivity of 

HZ hearts to WP in the former and not the latter range. n=5. * and # indicates p<0.05 relative to 

[Ca2+]o = 1mM in WT and HZ, respectively by paired Student’s t-test. 
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Figure 3.3. Extracellular Calcium – Perinexal Width Relationship during Hyponatremia. A. 
Representative electron micrographs of hearts perfused with varying [Ca2+]o during 

hyponatremia. Perinexi are highlighted in yellow. B. Summary data of WP as a function of [Ca2+]o 

from WT (Black) and HZ hearts (Grey). Mean and standard deviation are indicated by red lines.  

n=3X15 images. * indicates p<0.05 between [Ca2+]o = 1 and 3.4 mM by unpaired Student’s t-

test.Error bars represent standard error. 
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Figure 3.4. Extracellular calcium modulates Conduction Velocity during Hyponatremia. A. 
Representative activation maps obtained by optically mapping a single heart during the serial 

perfusion of solutions with increasing [Ca2+]o during hyponatremia. The orange box to the top of 

the pacing site indicates the region from which CVT was averaged and the green box to the left 

indicates the region from which CVL was averaged in hearts with CV block over the left ventricle. 

B. Average CVT, CVL and AR (Anisotropic Ratio) from WT (Black line) and HZ hearts (Gray 

line). C. Percent change in CVT between [Ca2+]o = 1 and 1.8mM in WT and HZ hearts. n=5. * 

and # indicates p<0.05 relative to [Ca2+]o = 1mM in WT and HZ, respectively by paired Student’s 

t-test. 
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Figure 3.5. Cx43 expression during variation in extracellular sodium and calcium ion 
concentration. A. Upper and lower limits of the range over which [Na+]o and [Ca2+]o were varied 

in this study and the color code for the panels below. Representative Western immunoblots of 

total and pSer368 Cx43 (B.) Total Cx43 normalized to GAPDH (left) and pCx43 normalized to 

total Cx43 in C. illustrates that varying [Na+]o and [Ca2+]o do not significantly alter Cx43 

expression. D. Total Cx43 is significantly reduced in HZ hearts relative to WT. E. The ratio of 

pCx43 to total Cx43 is not different between WT and HZ hearts. n=3. * indicates p<0.05 by 

unpaired Student’s t-test. 
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Figure 3.6. Tissue impedance during variation in extracellular sodium and calcium ion 
concentration. A. Representative resistance-reactance curve with circle fit. B. Percent change 

in gap junctional resistance after treatment with 50μM carbenoxolone (CBX) and 30 minutes of 

ischemia (ISC). C. Average gap junctional resistance values determined during perfusion of 

solutions with various [Na+]o and [Ca2+]o. D. GJ resistance is significantly increased in HZ hearts 

relative to WT. n=5 for WT and n=3 for HZ. * indicates p<0.05 by paired Student’s t-test in 

Panels B and C, and unpaired Student’s t-test in Panel D. 
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Figure 3.7. Action potential duration not affected by [Na+]o, [Ca2+]o or Cx43 expression. A. 
Representative action potentials signal averaged over approximately 10 beats from the same 

heart perfused with [Ca2+]o = 1mM (Black) and 3.4 mM (Gray). B. Neither [Na+]o, [Ca2+]o, nor 

Cx43 expression alter mean epicardial APD.  
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INTRODUCTION: 
Inflammation is the body’s protective response to counteract pathogens or other external stimuli. 

It is associated with the modulation of several factors, including the up- and downregulation of 

many cytokines, which are cell signaling molecules.1 Cytokines modulate numerous cellular 

processes in the body, some beneficially and others detrimentally during inflammation. 

Myocardial inflammation has previously been associated with many cardiac diseases2,3 and 

modulates several determinants of cardiac functioning, both mechanical and electrical. In terms 

of the mechanical aspects of cardiac functioning, myocardial inflammation has been 

demonstrated to cause cardiac dysfunction and reduced ejection fraction.4,5 Myocardial 

inflammation has also been demonstrated to modulate key factors that can affect propagation of 

electrical impulses like gap junctional (GJ) coupling,6,7 ionic currents, which manifest as 

changes in action potential (AP) parameters,2,8 and tissue hydration state among others.9 

 

Tumor Necrosis Factor α (TNFα) is a pro-inflammatory cytokine that is upregulated during the 

inflammatory response and is a key marker of the acute inflammatory phase in several 

pathophysiologic states including ischemia, myocarditis and cardiomyopathies.10,11 TNFα 

upregulation modulates other cytokine expression and has a cascading effect on the 

inflammatory process. The effect of TNFα on various cellular functions has been extensively 

studied in various tissue types. For example, some studies demonstrate that exposure to TNFα 

reduces 12,13 total Connexin43 (Cx43), the principle gap junctional protein in cardiac ventricles, 

while others report no change.14 Another set of studies have also identified that TNFα can 

modulate Cx43 phosphorylation states in anterior pituitary cells.16 However, the acute TNFα 

exposure-induced changes in GJ coupling in ventricular cardiomyocytes are not fully 

understood. In addition to its effect on GJ coupling, TNFα has also been demonstrated to 

modulate vascular permeability which can alter tissue hydration state.17,18 However, it is not 

known how this translates to the level of intercellular separation at nanodomains along the 

intercalated disc, such as the perinexus. Additionally, TNFα has also been reported to reduce 

the expression of structural proteins along the intercalated disc (ID) and cause ID dehiscence.13 

Both these factors can cause perinexal widening which has been associated with CV slowing 

possibly due to weaker ephaptic coupling (EpC) between myocytes.19,20  Therefore, TNFα alone 

can modulate various determinants of CV similar to previously reported models of myocardial 

inflammation. In this study, we use pathophysiologic TNFα upregulation as a model for 

myocardial inflammation and focus on the effect and mechanism of action of acute TNFα 
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exposure on ventricular conduction. We hypothesized, that TNFα modulates CV by reducing 

electrical coupling in the heart – EpC and/or GJC. 

 

In this study, we determined the ventricular conduction velocity (CV) response to TNFα 

exposure, at a pathophysiological concentration (100pg/ml), over 90 minutes. Our results 

suggest that CV slows with TNFα exposure relative to control. This CV slowing is associated 

with reduction in EpC with no significant modulation of GJC. Finally, elevating extracellular 

calcium ion concentration ([Ca2+]o) in the presence of TNFα, improved both forms of electrical 

coupling, which could have contributed to increasing CV to control values.  

 
METHODS: 
All experimental protocols have been approved by the Institutional Animal Care and Use 

Committee at Virginia Polytechnic Institute and State University and are in accordance with the 

NIH Guide for Care and Usage of Laboratory Animals. 

 

Landgendorff Preparation: Male Hartley Guinea Pigs (13-15months old, 1000 – 1300g) were 

anesthetized by exposure to isoflurane and hearts were excised following thoracotomy as 

previously described.20 The heart was then attached to a Langendorff perfusion system and 

perfused with a solution containing, in mM, 1.25 CaCl2, 140 NaCl, 5.5 NaOH, 4.5 KCl, 5.5 

Dextrose, 0.7 MgCl2, 9.9 HEPES, pH 7.4 at 37°C. The atria were removed and the heart was 

suspended in a bath containing the same perfusate at 37°C. Pressure was kept constant at 

approximately 50 mmHg.  

 

Optical Mapping: After a 30 minute stabilization period, hearts (n=6 X 3 treatment – Control, 

TNFα, TNFα+High Calcium) were perfused with 7.5 μM Di-4-ANEPPS for approximately 10 

minutes and excess dye was washed out. The electromechanical uncoupler, 2,3-

butanedionemonoxime was added to the perfusate to reduce motion. A silver pacing wire was 

placed on the anterior surface of the heart and a reference wire was introduced at the back of 

the bath to stimulate the heart with 1V, 1ms stimuli at a BCL of 300ms. The dye was then 

excited by light at 510 nm and the emitted light was filtered by a 610 nm filter and captured by a 

Micam Ultima CMOS L-camera as previously described.19  

 

Optical data thus collected were analyzed to measure CV – both longitudinal (CVL) and 

transverse (CVT), anisotropic ratio (AR = CVL/CVT), action potential duration (APD) and rise time 
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(RT). Briefly, activation times were assigned at the maximum rate of rise of the action potential, 

which were then fitted to a parabolic surface to determine CV. APD was defined as the time 

interval between activation time and 90% repolarization. RT was calculated as the time interval 

between 20 – 80% of the upstroke of the action potential.  

 

After the first recording at t=0, the hearts were either continued to be perfused with normal 

Tyrode solution (Control) or Tyrode + 100pg/ml TNFα (TNFα treatment). Optical recordings 

were acquired at 15 minute intervals. Among the TNFα treated hearts, after acquiring the optical 

recording at t=30 minutes, half the samples were either perfused with solution containing 2.5mM 

[Ca2+]o (High Calcium Treatment) in addition to TNFα or continued with 1.25mM [Ca2+]o as 

before (TNFα treatment).  

 

Electrocardiography: Volume conducted ECGs from n=6 hearts (X 3 treatments) were 

recorded by silver chloride electrodes placed in the bath. The signals were sampled at 1000 Hz 

and filtered to remove noise. Paced QRS duration and QT intervals were measured at every 15 

minutes during all three conditions – Control, TNFα and high calcium.  

 

Transmission Electron Microscopy: Tissue was collected from hearts (n=3 X 3 treatment X 

15 images per heart) at t=0 minutes and after 90 minutes of Control, TNFα and high calcium 

treatment, sliced into 1mm3 sections, fixed in 2.5% glutaraldehyde overnight at 4°C and then 

washed and stored in PBS also at 4°C. Samples were then processed for TEM as previously 

described19 and imaged using a JEM JEOL1400 Electron Microscope at X150,000 

magnification. Fifteen images were acquired per sample, which were then analyzed using 

ImageJ to measure perinexal width. The average of 6 intermembrane distances between 30 – 

105nm away from the edge of the GJ plaque, 15nm apart, are reported as WP. Data are 

reported at mean ± standard error.    

 

Western Blotting: Samples (n=3 X 3 treatment) were snap frozen at t=0 or after 90 minutes of 

Control, TNFα or high calcium treatment and immunoblotting was performed as previously 

described21 to determine Cx43 and pCx43 – Ser368 expression. Briefly, samples were 

homogenized in RIPA lysis buffer (50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-

100, 1% sodium deoxycholate, 2mM NaF, 200μM Na2VO34) and electrophoresis was 

performed to separate proteins which were then transferred onto a PVDF membrane. This was 

then blocked with 5% BSA for 2 hours at room temperature, followed by incubation with pCx43-



 71 

Ser368 primary antibody (1:1000, #3511, Cell Signalling Technologies) overnight at 4°C and 

secondary antibody (1:5000, Goat Anti-Rabbit HRP, abcam ) for 2 hours at room temperature. 

Protein expression was then quantified by ECL assay using a BioRad Chemidoc MP system. 

The membranes were then stripped with ReBlot Plus Strong (Millipore) as per manufacture 

instructions and blocked with 5% milk for 2 hours at room temperature. Membranes were then 

incubated with primary anitbodies against Cx43 (1:4000, C2619 rabbit, Signma Aldrich) and 

GAPDH (1:4000, T6199 mouse, Sigma Aldrich) overnight at 4°C, followed by the corresponding 

secondary anitbodies (both 1:1000, goat anti-mouse AlexaGluor555 and goat anti-rabbit 

AlexaFluor647) for 2 hours at room temperature. Finally, total Cx43 and GAPDH protein 

expression was quantified using the BioRad Chemidoc MP system. Total Cx43 was normalized 

to GAPDH and pCx43 was normalized to total Cx43. 

 

Confocal Immunofluorescence: Ventricular sections (n=3 X 3 treatment) were snap frozen in 

OCT at t=0 minutes and after 90 minutes of Control, TNFα or high calcium treatment. Samples 

were sectioned at 5μm thickness onto glass slides and fixed with 2% paraformaldehyde for 5 

minutes on a rotator. Slides were then washed and samples were blocked with a solution 

containing 1% BSA and 1% Triton X-100 in PBS for 1 hour at room temperature. Samples were 

then incubated with primary antibody against Cx43 (1:4000, C2619 rabbit, Signma Aldrich) and 

N-Cadherin (1:100, 610920, mouse, BD Biosciences) overnight at 4°C. Slides were then 

washed and samples were incubated with the corresponding secondary antibodies (1:4000, 

Goat Anti-Rabbit AlexaFluor 488 and Goat Anti-Mouse AlexaFluor 633) for 2 hours at room 

temperature. Prolong Gold Antifade (Life Technologies) was then applied to the slides and slide 

covers were inserted. Slides were cured for approximately 48 hours. Cx43 and N-Cadherin 

distribution were imaged using a TCS SP8 laser scanning confocal microscope using a X63 oil 

immersion lens. Images acquired were then analyzed similar to previously described 

methods.22,23 Briefly, images were converted to a binary format after thresholding and difference 

between the Cx43 and N-Cadherin image was determined to identify percent Cx43 that is not 

colocalized with N-Cadherin. The percent Cx43 colocalized with N-Cadherin was then 

calculated and normalized to total Cx43.   

 

Statistical Analysis: Single factor or two way ANOVA tests were performed to detect 

significant differences in the data and Student’s t-test was applied as a post hoc analysis. 

Bonferroni correction was performed as necessary with multiple comparisons. All data are 
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reported as mean ± standard deviation unless stated otherwise. p<0.05 was reported as 

significant. 

 
RESULTS: 
Conduction Velocity - Control vs TNFα: 
Hearts were optically mapped during perfusion of tyrode with and without TNFα over a 90 

minute period, and representative isochrones maps are illustrated in Figure 4.1A. CVL, CVT and 

AR were calculated and are reported in Figure 4.1B.  

 

In hearts perfused with control tyrode solution, both CVL and CVT isotropically increased at 90 

minutes with no change in AR. However, in TNFα perfused hearts, CVL alone increased over 

time with no change in CVT which resulted in increased AR. Additionally, CVT was significantly 

slower in TNFα perfused hearts relative to control at t=90 minutes. Therefore, the presence of 

TNFα in the perfusate is associated with anisotropic CV, specifically CV slowing preferentially in 

the transverse direction and CV speeding preferentially in the longitudinal direction, both of 

which contributes to increased anisotropy of conduction. 

 

Conduction Velocity - Control vs TNFα + High Calcium: 
Next TNFα treated hearts were perfused with a high calcium solution after t=30 minutes to 

determine if elevating extracellular calcium can rescue CV slowing due to TNFα alone. Percent 

changes in CVL, CVT and AR are reported in Figure 4.2 to compare the effects of TNFα + high 

calcium to control tyrode perfused hearts. 

 

Once again, percent change in CVL was significantly larger at t=90 minutes relative to t=0 

minutes and was similar between control and hearts with TNFα + high calcium. This suggests 

that neither TNFα nor high calcium have a significant impact on CVL. On the other hand, the 

CVT curve, illustrated in Figure 4.2B, appeared to separate from control during the initial 30 

minutes of just TNFα perfusion. However, elevating calcium restored CVT back to control values 

at t=90 minutes and also significantly increased CVT from t=0 minutes, based on paired 

comparison. AR changes in control and TNFα + high calcium perfused hearts were not 

significantly different.  Taken together, these data suggest that hearts treated with high calcium 

in the presence of TNFα behave similar to control hearts. 
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Action Potential: 
TNFα has previously been demonstrated to modulate several ionic currents in the heart.24-26 In 

order to determine if the observed CV changes due to TNFα and increased calcium were due to 

modulation of ionic currents, action potential parameters like RT and APD were calculated. RT 

is roughly the time taken for the cell to depolarize and an increase in this parameter would 

correspond to either changes in the excitatory phase of the AP or changes in sodium current. 

APD changes, on the other hand, are most likely a result of altered calcium currents that 

maintain the AP plateau or the repolarizing potassium currents.  

 

RT was not significantly different between t=0 and 90 minutes during control or TNFα perfusion. 

However, increasing calcium was associated with increased RT. This is illustrated in Figure 

4.3A and is summarized in Figure 4.3B, left panel.  

 

APD, on the other hand, significantly prolonged over time during control tyrode perfusion but 

this effect was not observed in the presence of TNFα with normal or high calcium (Figure 4.3B, 

Right Panel) suggesting that TNFα may be modulating ionic currents that can modulate APD. 

The optically mapped region on the anterior epicardial surface was then divided into 4 

quadrants and APD was compared (Figure 4.3C) to determine if the effects of TNFα and TNFα 

+ high calcium were homogenous. No significant quadrant-based changes in APD were 

determined. 

 

ECG:  
Optical maps were obtained from a roughly 16X16 mm region on the anterior epicardial surface 

of the heart and the CV and AP parameters reported above are based on changes in this 

specific region. However, ion channel heterogeneity in the myocardium has been identified to 

differentially modulate APD and CV which then increases risk for arrhythmias.27-29 In order to 

determine, if the reported AP and CV changes were observed at the whole-heart level, ECG 

parameters were quantified. Specifically, QRS duration and QT interval were measured, which 

would indicate if the above effect of TNFα on CV and APD, respectively, was globally observed 

throughout the entire heart. Representative ECGs recorded from control, TNFα and TNFα+ high 

calcium treated hearts are in Figure 4.4A. 

 

QRS duration is generally used as a surrogate for CV and shorter QRS duration corresponds to 

faster CV. Changes in QRS duration over time was not significantly different with any of the 
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treatments. However, QRS duration was significantly prolonged in TNFα perfused hearts 

relative to control, consistent with CV slowing reported above.  

 

QT interval in control hearts increased over time, consistent with APD prolongation reported 

above. Interestingly, QT interval was also prolonged in TNFα perfused hearts even though this 

did not correspond to the lack of difference in anterior epicardial (optical mapping region) APDs 

reported above. Finally, increasing calcium in the presence of TNFα was associated with 

reduced QT interval. In short, at the whole heart level, control and TNFα perfused hearts had 

different QRS durations but similar QT intervals. This is consistent with CV slowing, however, 

repolarization differences probably do not significantly contribute to this effect.  

 

Perinexus: 
Next, the effect of TNFα on proposed modulators of ephaptic coupling like WP was determined. 

Specifically, we aimed to determine if TNFα-induced edema also appeared at the perinexal 

level. No change was observed in WP over 90 minutes in control tyrode perfused hearts but 

TNFα significantly increased WP (Figure 4.5). Addition of high calcium in the presence of TNFα 

reduced WP and restored it back to control values. This is consistent with our previous study, 

where we demonstrated that increasing extracellular calcium decreases perinexal width19 and 

suggests that WP could be an important factor that can account for TNFα induced CV slowing 

and its rescue by elevated calcium.   

 

Connexin43 expression, phosphorylation and distribution: 
Finally, the effect of TNFα perfusion on gap junctional coupling was also tested to determine if 

TNFα alters Cx43 protein expression, phosphorylation or distribution.  

 

Representative western blots in Figure 4.6A and the summary data in Figure 4.6B illustrate that 

the expression of total Cx43 and the ratio of pCx43/Cx43 was not significantly altered over 90 

minutes with either control tyrode or TNFα perfusion. Interestingly, elevating extracellular 

calcium significantly increased total Cx43 expression relative to TNFα alone with no change in 

the ratio of pCx43/Cx43. Therefore, though Cx43 modulation may not contribute to CV slowing 

by TNFα, improving GJ coupling may be a mechanism that contributes to CV preservation with 

high calcium. 
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Next, the distribution of Cx43 was also determined to identify if TNFα causes Cx43 lateralization 

(Figure 4.7). Although Cx43 expression was not significantly modulated over time with control 

tyrode perfusion, a significant percent of Cx43 was not colocalized with the intercalated disc 

protein, N-Cadherin. This suggests that Cx43 relocalizes to the lateral membranes over 90 

minutes with control tyrode perfusion. Cx43 distribution in TNFα perfused hearts was more 

complex. Although, the percent of Cx43 colocalized with N-Cadherin was non-significantly 

reduced similar to control values at 90 minutes there was a significant regional heterogeneity 

even within the anterior epicardial (optical mapping region) sample we analyzed. This is 

evidenced by the large standard deviation bar in the TNFα group. Finally, in TNFα + high 

calcium perfused hearts, not only was Cx43 expression preserved but so was distribution 

preserved around the myocyte. Cx43 colocalization with N-Cadherin in TNFα+ high calcium 

perfused hearts was similar to control at t=0 minutes. Lastly, hearts exposed to 1 hour of no flow 

ischemia was used as a positive control and in these hearts again, Cx43 colocalization with N-

Cadherin was significantly reduced relative to control.  

 

DISCUSSION: 
This study focused on the effects of TNFα, a pro-inflammatory cytokine, on CV and determined 

if acute TNFα exposure was associated with modulation of determinants of CV like ephaptic and 

gap junctional coupling. Briefly, CV slowing was observed in TNFα perfused hearts relative to 

control and this was associated with wide WP but no change in Cx43 expression or 

phosphorylation. Additionally, Cx43 was heterogeneously remodeled in the area investigated. 

Elevating extracellular calcium in the presence of TNFα rescued CV by restoring WP to control 

values and improving GJ expression, phosphorylation and distribution.   

 

TNFα and Ephaptic Coupling: 
TNFα is one of the markers of acute inflammation and has been associated with numerous 

effects in the body. One major effect of TNFα that affects several regions of the body is vascular 

leakiness. Elevated levels of TNFα have been demonstrated to increase vascular 

permeability.17,18 Increased vascular permeability can then lead to edema formation in tissue.9 In 

the heart, edema has been demonstrated to slow CV and increase arrhythmogenesis.19,20,30  

 

In addition to interstitial edema, the results of this study indicate that TNFα can increase 

extracellular volumes in restricted nanodomains along the intercalated discs, like the perinexus. 

Fluid retention in the bulk interstitial space could be one causative factor that contributes to 
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TNFα-induced perinexal edema. Another explanation could be the effect of TNFα on structural 

junction proteins along the intercalated disc. For example, TNFα has been demonstrated to 

reduce the expression of N-Cadherin13 and plakoglobin31 in the heart, which are essential 

components of the structural junctions that hold the two adjacent membranes together. 

Loosening of these structures could also be contributing to perinexal edema.  

 

Finally, the same structural proteins have also been demonstrated to have calcium sensitive 

domains that determine its binding affinity.32-34 Elevating extracellular calcium could rescue the 

loss of tight adhesion at these junctions during TNFα exposure, thereby restoring WP to control 

values.  

 

TNFα and Gap Junctional Coupling: 
The effect of TNFα on Cx43 expression has been extensively studied and the results are 

numerous and varied, such as no change, Cx43 reduction or increase based on tissue types, 

concentration of TNFα, period of exposure and other experimental differences between these 

studies.12-15 TNFα has also been demonstrated to reduce Cx43 phosphorylation at serine 368 in 

anterior pituitary cells,16 which is important in determining Cx43 GJ channel conductance. Cx43 

remodeling and lateralization has also been reported in the atria of TNFα overexpressing 

mice.14  

 

In this study, the effect of acute TNFα exposure on Cx43 expression, phosphorylation and 

distribution were studied. Though total Cx43 expression was reduced in response to 90 minutes 

of 100pg/ml TNFα, this reduction was not significant and neither was the change in ratio of 

phosphorylated to total Cx43. Interestingly, the distribution of Cx43 around the myocyte was 

heterogeneously altered even within the region analyzed here. This finding is similar to that 

observed in the atria of TNFα overexpressing mice where Cx43 expression was not altered but 

Cx43 was redistributed all around the myocyte.14 Heterogeneous Cx43 expression has been 

previously associated with increased risk of arrhythmias.27,29  

 

The interesting finding that elevating extracellular calcium to 2.5mM, as described in this study, 

increases Cx43 expression in the presence of TNFα is novel and was an unexpected beneficial 

effect of high calcium. Furthermore, this increase in expression was also associated by 

increased localization at the intercalated disc. These results suggest that increasing calcium in 
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the range specified here is improving gap junctional coupling and its specific mechanism 

requires further investigation. 

 

TNFα and Ionic Currents: 
Interventricular heterogeneities in ion channel expression and function in the myocardium is 

well-established35-37 and TNFα modulates a variety of these ionic currents.24-26 In this study, 

TNFα was associated with local APD prolongation at the anterior epicardium, which did not 

translate to QT interval widening at the whole heart level. This could be suggesting that TNFα 

may be heterogeneously modulating ionic currents that can alter APD duration and is consistent 

with other disease conditions that increase APD heterogeneity in the heart, which can act as a 

substrate for arrhythmogenesis.27,38,39 Another interesting finding of this study is that the QT 

interval shortening induced by elevating calcium was not associated with any changes in APD. 

This could be further suggesting that TNFα, even in the presence of increased extracellular 

calcium, differentially modulates APD in various regions of the heart. Taken together, the 

discrepancy between the APD and QT interval data reported here could be due to ion channel 

heterogeneity in the myocardium and possibly its differential modulation by TNFα. 

 

Lastly, elevating calcium was also associated with prolonged RT. As mentioned above, an 

increase in RT could have been the effect of 1) modulating excitatory currents that initially raise 

the transmembrane potential to threshold for activation of sodium ion channels or 2) modulation 

of sodium currents which would manifest as changes in the maximum rate of rise of the action 

potential (dV/dtmax). Qualitatively assessing the morphology of the action potential suggests that 

increased RT could be the effect of slower initial excitation rather than changes in dV/dtmax. It 

is possible that the increased GJ coupling in these hearts provides a greater sink to the 

excitatory current, thereby increasing RT. However, this theory requires further investigation.  

 

LIMITATIONS: 
Most of the analysis described above involves only the anterior epicardial region of the heart 

and as evidenced by the differences between local parameters like CV and APD and whole 

heart parameters like QRS duration and QT interval, TNFα could be having differential effects 

on cellular functioning in different regions of the heart. Transmural and interventricular 

differences in several parameters like protein expression and APD have been previously 

described24-26 and amplification of these differences by factors like TNFα needs to be completely 

understood in order to identify therapeutic options. Nevertheless, this study is the first to 
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highlight that acute TNFα exposure detrimentally affects CV in ventricles and identifies its 

contributing mechanisms. 

 

Finally, TNFα is one of the many cytokines that is involved in the inflammatory process. Several 

others like IL-6, IFNγ and IL-8 have all been associated with modulation of several functions in 

the body. In this study, we focus on understanding the effects of individually modulating a key 

cytokine like TNFα, which is a crucial step before identifying the cumulative effects of 

inflammatory factors and unfolding this complex process of myocardial inflammation. 

Furthermore, TNFα inhibition has also developed as a therapy for diseases associated with 

inflammation,40-42 which also amplifies the significance of understanding how TNFα and its 

inhibitors may affect cardiac functioning. 

 

CONCLUSIONS: 
TNFα upregulation during inflammation can have significant effects on cardiac electrophysiology 

which includes anisotropic conduction slowing. Altering the perfusate calcium composition has 

been identified as a means to conceal the effects of TNFα on cardiac conduction. Interestingly, 

increasing extracellular calcium concentration in guinea pig hearts improves both proposed 

forms of electrical coupling between cardiac myocytes – Ephaptic and Gap junctional coupling. 

This study provides evidence for the potential role of perfusate ion modulation as a therapy in 

cardiac diseases. 
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Figure 4.1: Conduction velocity modulation by TNFα A) Representative isochrones maps 

from control and TNFα perfused hearts at t=0 and 90 minutes. B) Summary of CVL, CVT and AR 

values calculated from the optical recordings are graphed. Black and gray * indicates p< 0.05 

between t=0 and 90 minutes in control and TNFα perfused hearts respectively. # indicates 

p<0.05 between control and TNFα. 
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 Figure 4.2: Conduction rescue by high calcium A, B, C) Percent change in CVL, CVT and 

AR over time induced by control tyrode perfusion and hearts treated with TNFα + high calcium 

at t>30 minutes is reported. Black and gray * indicates p< 0.05 between t=0 and 90 minutes in 

control and TNFα  perfused hearts respectively. 
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Figure 4.3: Action potential parameters A) Representative action potentials recorded from 

the anterior epicardium and signal averaged over ~5 beats of control, TNFα and TNFα + high 

calcium perfused hearts. B) Summary of RT (left) and APD (right) calculated from these hearts 

at t=0 and 90 minutes. C) Percent changes in APD from the fours quadrants of the optical 

mapping region are not significantly different. * indicates p<0.05 relative to t=0 minutes. 
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Figure 4.4: ECG parameters A) Representative volume-conducted ECG traces recorded from 

control, TNFα and TNFα + high calcium perfused hearts. Dashed vertical lines indicate end of 

QRS and T waves of ECGs from t=0 minutes and Solid vertical lines indicate end of QRS and T 

waves of ECGs from t=90 minutes. B) Summary of QRS duration and QT intervals measuremed 

from these hearts. * indicates p<0.05 relative to t= 0 minutes. # indicates p<0.05 relative to 

control. 
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Figure 4.5: Modulation of perinexal width by TNFα A) Electron micrographs of representative 

perinexi (highlighted in yellow) from hearts treated with control, TNFα or TNFα + high calcium 

over 90 minutes. B) Average perinexal width measured from these hearts. * indicates p<0.05 

relative to t=0. 
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Figure 4.6: Cx43 expression and phosphorylation modulation by TNFα A) Representative 

images of membranes blotted for total Cx43, Cx43 phosphorylated at Ser368 and GAPDH as a 

loading control. B) Protein expression in hearts treated with control, TNFα and TNFα + high 

calcium at t=0 and 90 minutes was quantified and is reported.* indicates p<0.05. 
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Figure 4.7: Cx43 distribution modulation by TNFα A) Representative samples stained for 

Cx43 (green) and N-Cadherin (red, to mark the intercalated disc). The colocalization of the two 

signals is indicated in yellow. Samples from control, TNFα and TNFα + high calcium were 

compared and 1 hour of no flow ischemia was used as a positive control. B) Quantification of 

percent Cx43 colocalized with N-Cadherin in the various groups listed above. * indicates p<0.05 

relative to t=0 minutes.
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INTRODUCTION: 
Myocardial ischemia is one of the leading causes of cardiovascular death in the United States 

and is caused by the lack of sufficient blood supply to cardiac tissue.1 Complete cessation of 

blood flow results in death of the tissue and this condition called infarction has been estimated 

to occur once every 43 seconds in the US.1 Inability to support the demands of the working 

myocardium results in several acute changes like gap junctional uncoupling2,3 and ion channel 

remodeling4,5 which can have detrimental functional consequences like slow and aberrant 

conduction leading to fatal arrhythmias.6,7  

 

Modulating gap junctional coupling during ischemia has previously been suggested as a 

therapeutic option, and several drugs that modulate Cx43 coupling between ventricular 

myocytes have been proposed to treat cardiac diseases.8,9 Of these, the peptide - rotigaptide, 

has been demonstrated to attenuate conduction slowing and prevent arrhythmias during 

ischemia by preventing Cx43 dephosphorylation.9-11 However, dephosphorylation is only one 

method of Cx43 modification during ischemia, which also causes downregulation and 

lateralization of this protein as well.12,13 Therefore, though GJ targeting compounds such as 

rotigaptide may promote Cx43 phosphorylation and theoretically preserve GJ coupling, if total 

Cx43 is still reduced during ischemia the net effect on GJ coupling is unknown. Additionally, the 

mechanism of action of rotigaptide is not fully understood as evidenced by its effect on infarct 

size contrary to what is hypothesized of GJ coupling enhancers.14,15 Therefore, the effectiveness 

of such GJ targeting agents for preventing arrhythmias due to ischemia has been questioned. 

 

We hypothesized that modulating an alternate form of electrical coupling between myocytes –

ephaptic Coupling (EpC) – can similarly attenuate CV slowing during ischemia. Our previous 

studies demonstrated that modulators of ephaptic coupling like extracellular ion concentrations 

in nanodomains like the perinexi within the intercalated disc, as well as the width of this cleft 

(perinexal width – WP) can modulate CV.16,17 Specifically, modulating sodium and potassium 

concentration was proposed to change the positive charge available in perinexal domains and 

the rate of depletion of this charge,16 respectively, while modulating calcium was demonstrated 

to alter WP. In this study, EpC was modulated by varying the extracellular sodium ion 

concentration ([Na+]o) and extracellular calcium ion concentration ([Ca2+]o). The effects of these 

physiological variations in ionic composition on conduction and arrhythmogenesis in the heart 

during ischemia were determined.   
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Our findings indicate that varying perfusate ion composition has a significant effect on CV and 

arrhythmogenesis during ischemia without any observable effects during control or reperfusion. 

Specifically, during ischemia, increasing [Na+]o was associated with faster CV. Elevating [Na+]o 

has been hypothesized to improve EpC in the heart. Additionally, wider WP also improved CV 

during ischemia and prevented arrhythmias. WP was modulated by lowering [Ca2+]o as well as 

by the addition of mannitol, both of which widen the perinexus by different proposed 

mechanisms. Regardless, both produced similar beneficial conduction effects during ischemia. 

Taken together, this study provides the first evidence for EpC as a therapeutic target during 

metabolic ischemia.  

 

METHODS: 
All protocols were approved by the Institutional Animal Care and Use Committee at Virginia 

Tech and are in accordance with the NIH Guide for the Care and Usage of Laboratory Animals. 

 

Langendorff Heart Preparation: Male Hartley guinea pigs (13-15 months old) were 

anesthetized with isoflurane. Hearts were excised following thoracotomy, cannulated to a 

Langendorff system as previously described18 and perfused with the various solutions listed in 

Table 5.1 at 37°C. For description within the text below, low, mid and high [Ca2+]o refer to 1.25, 

1.63 and 2mM [Ca2+]o in the perfusate and low and high [Na+]o refer to 147 and 153mM [Na+]o in 

the perfusate. Hearts were immersed in a bath containing the same solution as it is perfused 

with, also maintained at 37°C. Perfusion pressure was maintained at 40-50 mmHg.  

 

Ischemia Protocol: The experimental protocol included a 15 min control period followed by 30 

mins of ischemia and finally 20 mins of reperfusion. To simulate metabolic ischemia, the 

solutions described in Table 5.1 were slightly modified; where they were bubbled with an 

N2/CO2 mixture for atleast 1 hour (hypoxia), pH was reduced (acidosis) and no glucose was 

added (aglycemia). During reperfusion, hearts were perfused with the same perfusate as during 

control. The ionic composition of the solutions were maintained the same throughout the 

experiment.  

 

Optical Mapping: After a 30 min stabilization period, hearts were perfused with Di-4-ANEPPS 

at a concentration of 7.5μM for approximately 10 mins followed by a 10 min washout period. An 

electromechanical uncoupler 2,3-butanedionemonoxime was used to reduce motion artifacts. 

The heart was paced by a silver wire placed on the anterior surface of the heart. A reference 
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wire was placed at the back of the bath. At specific time points, the dye was excited  by light 

passed through a 510 nm filter and the emission light was  collected through a 610 nm filter by 

the Ultima L-type CMOS camera at a sampling rate of 1000 frames/s.  

 

This data was then analyzed as previously described16 to determine CV, APD and RT. Briefly, a 

parabolic surface was fit to activation times, defined as the maximum rate of rise of action 

potential, to determine CV. Action potential duration (APD) was defined as the time interval 

between activation time and 90% repolarization and rise time (RT) was defined as the time 

interval between 20 to 80% increase of the upstroke of the action potential.    

 

Transmission Electron Microscopy: Tissue was fixed at various time points in the protocol, in 

2.5% glutaraldehyde at 4°C overnight and then transferred to PBS at 4°C. The samples were 

then processed and sectioned onto copper grids as previously described16 and imaged using a 

JEOL JEM1400 electron microscope at 150,000X magnification. Images of the perinexi were 

then analyzed using ImageJ and perinexal width (WP) was determined. WP values at 15nm 

intervals between 30 – 105nm away from the edge of the GJ plaque were averaged and are 

reported during control, ischemia and reperfusion. Data are reported as mean ± standard error. 

 

Electrocardiography: Volume conducted ECGs were obtained by silver chloride electrodes 

placed in the bath. Signals were sampled at 1000Hz and filtered to remove noise.18 

 

Western Blotting: Left ventricular tissue were snap frozen at specific time points in the protocol 

and western blotting was performed as previously described.19 Briefly, the samples were then 

homogenized in RIPA lysis buffer (containing 50mM Tris pH 7.4, 150mM NaCl, 1mM EDTA, 1% 

Triton X-100, 1% sodium deoxycholate, 2mM NaF, 200μM Na2VO34) and protein concentration 

was normalized by a BCA assay. Electrophoresis was performed to separate proteins which 

were then transferred to a PVDF membrane, blocked with 5% bovine serum albumin for 2 hrs at 

room temperature and incubated overnight with primary antibodies against Cx43 

phosphorylated at Ser368 (1:1000, #3511, Cell Signalling Technologies), at 4°C. The 

membranes were then washed and incubated with secondary antibody (1:5000, Goat Anti-

Rabbit HRP, abcam) at room temperature for 1 hour. After washing, protein concentration was 

determined by ECL assay using a BioRad Chemidoc MP system. Membranes were stripped 

with ReBlot Plus according to manufacturer instructions and was blocked in 5% milk at room 

temperature for 2 hrs, incubated with primary anitbodies against Cx43 (1:4000, C2619 rabbit, 
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Signma Aldrich) and N-Cadherin (1:1000, 610920 mouse, BD Biosciences). Membranes were 

then washed and incubated with secondary antibodies (both 1:1000, goat anti-mouse 

AlexaGluor555 and goat anti-rabbit AlexaFluor647) and washed again. Membranes were again 

imaged using the BioRad Chemidoc MP system to determine protein concentration. Total Cx43 

was normalized to GAPDH and pCx43 was normalized to total Cx43. Additionally, all values of 

pCx43/Cx43 and Cx43/N-Cadherin reported are normalized to Control hearts perfused with 

Solution A to compare between gels. 

 

Statistics: All data are reported as mean ± standard deviation unless stated otherwise. 

Student’s t-tests were performed to determine statistically significant differences between data 

points and Bonferroni correction was applied to compensate for multiple comparisons. Log Rank 

tests were performed to determine significant differences in the Kaplan Meier curves. 
 

RESULTS: 
Conduction Velocity: Varying [Na+]o and [Ca2+]o in the perfusate did not significantly modulate 

CV during control or reperfusion phases. However, irrespective of the perfusate used, both CVL 

and CVT significantly slowed during ischemia relative to control. Importantly, the percent change 

in CVT during ischemia significantly varied by solutions. Representative isochrones maps of 

hearts with different CV responses during ischemia are provided in Figure 5.1A and the percent 

change in CVT, CVL and AR from hearts perfused with various solutions are summarized in 

Figure 5.1B, C and D respectively. 

 

Solution A – high [Ca2+]o and low [Na+]o is used as the reference solution in this study, and all 

other solutions are reported as changes with respect to this solution. Solution A significantly 

reduced CVL and CVT (0.53±0.04 to 0.43±0.05 and 0.21±0.04 to 0.15±0.03 m/s respectively) 

during ischemia and increased AR (2.53±0.37 to 2.89±0.37). During reperfusion, both CVL and 

CVT returned to control values.  

 

Solution B – high [Ca2+]o and high [Na+]o.   We then increased [Na+]o to create Solution B and 

theoretically improve EpC based on our previous study.16 Interestingly, this solution was highly 

arrhythmogenic during ischemia and produced ventricular fibrillation (VF) with pacing. 

Therefore, CVL and CVT could not be measured during ischemia. However, conduction returned 

to pre-ischemic values upon reperfusion.  
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Solution C – mid [Ca2+]o and high [Na+]o. Our previous research suggests that the relationship 

between conduction and [Ca2+]o may be biphasic under certain conditions. Therefore we next 

decreased [Ca2+]o by 18.5%  to create Solution C. To reflect the fact that we decreased [Ca2+]o 

later in the study to 1.25mM, we note that Solution C contained mid [Ca2+]o and high [Na+]o. This 

solution slowed CVL and CVT (0.55±0.05 to 0.46±0.08 and 0.20±0.03 to 0.15±0.03 m/s 

respectively) only after prolonged ischemia (20 mins) with no change in AR. Importantly, relative 

to reference Solution A, CVT slowing was significantly attenuated only during the early phase of 

ischemia (-16±6% versus -29±5% of control). However by 30 mins of ischemia, CV slowed to 

the same extent as Solution A (-27±7% versus -31±5% of control).  To summarize, during the 

early phase of ischemia, decreasing [Ca2+]o and increasing [Na+]o attenuates CV slowing and 

preserves conduction. 

 

Solution D – low [Ca2+]o and high [Na+]o. Since, electrophysiology assessed by cardiac 

conduction was improved with a solution containing lower [Ca2+]o, we further reduced  [Ca2+]o by 

37.5% to create Solution D. Like all solutions, this slowed both CVL and CVT (0.59±0.04 to 

0.52±0.06 and 0.23±0.02 to 0.19±0.01 m/s respectively) during ischemia without altering AR. 

However, relative to the reference Solution A, CV slowing during ischemia was significantly 

attenuated (-20±6% versus -31±5% of control) throughout all 30 minutes of the ischemic 

protocol. Upon reperfusion, CVL and CVT returned to control values. In other words, though 

Solution D perfused hearts maintained slow CV throughout the ischemic protocol, CV never 

deteriorated to the extent observed with the other solutions compared here.  

 

Solution E – high [Ca2+]o and high [Na+]o + Mannitol. Finally, to determine if the beneficial effect 

of reducing [Ca2+]o was due to its effect on WP or due to its role in any of the other cellular 

functions, WP was increased by the addition of mannitol while maintaining the highest [Ca2+]o. 

Thus Solution E was simply Solution B (high [Ca2+]o and high [Na+]o) + mannitol. Unlike Solution 

B, which was highly arrhythmogenic, Solution E supported conduction during ischemia, but CVL 

and CVT were still significantly reduced. However, mannitol was incapable of continuously 

suppressing arrhythmias as preparations became arrhythmogenic after 30 minutes of ischemia. 

Consequently CV could not be measured at this time point. Despite this, CV slowing trended to 

attenuate at 20 mins of ischemia relative to Solution A (-20±4% versus -31±5 of control, 

p<0.06). Upon reperfusion, CVL and CVT returned to control values. Therefore, prolonged 

ischemia (30 mins) was associated with slow but still arrhythmogenic conduction during Solution 

E perfusion, similar to Solution C.  
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In summary, all solutions were associated with CV slowing during ischemia which then returned 

to control values during reperfusion. Comparing between solutions, no significant differences 

were observed during control and reperfusion phases. However, during ischemia, various 

solutions slowed CV to different extents. Of the solutions compared here, CV slowed most and 

arrhythmias increased with solutions containing high [Ca2+]o (Solution A and B). On the other 

hand, lowering [Ca2+]o or adding mannitol improved CV. Finally, Solution D with low [Ca2+]o and 

high [Na+]o, performed best with the least CV slowing observed during ischemia. 

 

Action Potential: As mentioned above, ischemia has been associated with alterations in the 

expression and function of several important ion channels. These changes often manifest as 

alterations in action potential duration (APD) and morphology.20 For example, ischemia is 

associated with opening of the ATP sensitive potassium channels (IKATP) which can shorten 

APD.21 However, previous studies have demonstrated that ischemia can produce either no 

change or APD shortening depending on the model of ischemia.21,22 Additionally, ischemia has 

also been associated with decreased excitability which manifests as reduced maximum rate of 

rise of action potential (dV/dtmax).21,23 Reduced dV/dtmax could in turn result in prolonged rise 

time (RT) during the upstroke of the action potential. This could be due to the contribution of 

numerous factors including elevated extracellular potassium ion concentration. In this section, 

we not only characterize the effects ischemia on the action potential, but we also determine how 

altering ionic composition, can further modify the action potential. 

 

Action potential duration was measured during control and ischemia from hearts perfused with 

Solutions A through E as detailed above (Figure 5.2). Representative action potentials are 

illustrated in Figure 5.2A. In summary, action potential duration was not significantly different 

when comparing between solutions during the control period or after 30 mins of ischemia 

(Figure 5.2B, Left Panel). However, when comparing 30 minutes of ischemia to the control 

period for individual solutions, only one Solution significantly altered action potential duration 

during ischemia. Specifically, in hearts perfused with Solution A – high [Ca2+]o and low [Na+]o – 

APD prolonged during ischemia relative to control (133.9±15.2 to 154.5±11.6 ms, Figure 5.2C, 

Left Panel).  

 

Similarly, comparing between solutions, rise time was not significantly different during control or 

ischemia (Figure 5.2B, Right Panel). Finally, consistent with previous studies,21,23 all solutions 
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were associated with increased RT during ischemia relative to control (Figure 5.2C, Right 

Panel).  

 

Perinexal Width: Representative perinexal electron micrographs are presented in Figure 5.3A 

and WP measured between 30 and 105 nm from the edge of the GJ edge was averaged and 

reported in Figure 5.3B.  

 

During control conditions, all solutions produced similar WP. During ischemia however, 

perfusates with lower [Ca2+]o and/or mannitol (Solutions C, D and E) were associated with a 

wider WP relative to Solution A (29.5±4.0, 28.8±3.7 and 28.2±3.3 nm respectively relative to 

21.2±0.6nm). Even though such small changes in [Ca2+]o and mannitol do not have any 

significant impact on WP during control conditions here as well as in our previous studies,17 it 

has a dramatic effect on WP during ischemia. These effects during ischemia are on par with the 

WP modulation induced by much larger changes in [Ca2+]o and mannitol during control 

conditions in the previous studies. Therefore, these results could contribute to a very important 

therapy for preventing ischemic conduction slowing and arrhythmias without significant impact 

during healthy conditions. 

 

Importantly, WP was only transiently increased during ischemia with [Ca2+]o between 1.25 to 

1.63mM evidenced by the finding that WP returned to control values during reperfusion with 

Solutions C and D. However, the perfusate with mannitol (Solution E) was still associated with 

wider WP after reperfusion (24.5±1.2 nm versus 19.3±0.7 nm). Interestingly, the highly 

arrhythmogenic Solution B – high [Ca2+]o and high [Na+]o, was also associated with wider WP 

during reperfusion (25.5±2.2 nm) suggesting that ischemia with this solution may produce some 

kind of persistent intercalated disc remodeling. 

 

To bring this into context with the CV results above, solutions that widened WP during ischemia 

also attenuated CV slowing (Solutions C,D and E).  

 

Cx43 Expression: Representative Western blots of total and Ser368 phosphorylated Cx43 is 

exhibited in Figure 5.4A along with N-Cadherin which was used as a loading control. The ratio 

of pCx43/total Cx43 as well as total Cx43/N-Cadherin is summarized in Figure 5.4B in tissue 

perfused with Solutions A – E during control, ischemia and reperfusion. No significant 

differences were observed in either the pCx43/total Cx43 ratio or total Cx43 expression due to 
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varying perfusate composition. Additionally, ischemia and reperfusion did not significantly alter 

either the pCx43/total Cx43 ratio or total Cx43 expression relative to control. Two results can be 

interpreted from this data, 1) CV modulation by perfusates during ischemia was probably not an 

effect of changes in Cx43 coupling and, 2) 30 minutes of the metabolic ischemia model and 

reperfusion, described in this study, did not significantly modulate Cx43 coupling. 

 

Arrhythmias: All hearts went into asystole during ischemia, and the time to asystole was 

measured. The Kaplan Meier curves for the different solutions are presented in Figure 5.5. 

Notably, intrinsic rhythm ceased at approximately the same time with all solutions except for 

hearts perfused with Solution D. Specifically, hearts perfused with the solution containing low 

[Ca2+]o and high [Na+]o – Solution D – continued  to exhibit intrinsic activity for a significantly 

longer period relative to Solution A. Note that this was also the perfusate associated with 

improved CV during ischemia and a wider WP relative to solution A.  

 

Next, ischemia induced ventricular fibrillation and tachycardia (VF and VT) in hearts was 

quantified. Solution A with high [Ca2+]o and low [Na+]o  never produced VF or VT during ischemia 

(Figure 5.5B, Upper Panel). In contrast, increasing [Ca2+]o and [Na+]o independent of the 

presence or absence of mannitol – Solutions B and E – produced significantly more VT/VF. 

However, VT/VF was significantly reduced with mannitol –Solution B relative to E. Using mid 

[Ca2+]o still produced VT/VF, but this was not significantly different from hearts perfused with 

Solution A. Finally, the solution with the lowest [Ca2+]o  and highest [Na+]o – Solution D – used in 

this study did not produce any arrhythmias similar to Solution A.  

 

In summary, low [Ca2+]o and high [Na+]o – Solution D – was associated with a wide WP, and this 

solution performed best, because it attenuated CV slowing, prolonged time to asystole, and did 

not cause VF/VT during ischemia in guinea pig whole-heart preparations. 

 
DISCUSSION: 
This is the first study that demonstrates that the CV response due to myocardial ischemia can 

be modulated by perfusion composition. Specifically, increasing [Na+]o and decreasing [Ca2+]o 

performed best during ischemia in terms of greater attenuation of CV slowing while also 

preventing arrhythmias. Additionally, solutions that were associated with wider perinexi during 

ischemia were also associated with better outcomes. Finally, the acute beneficial effects of 
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reducing [Ca2+]o (<30 mins) was not entirely due to lower metabolic demand, but may also have 

been due to the effect on increasing perinexal width. 

 

Solutions and Ischemic Conduction:  
Ischemia is a complex disease that results in alterations in several parameters that can 

detrimentally affect cardiac conduction. For example, ischemia has been associated with gap 

junctional uncoupling, elevated extracellular potassium ion concentration, acidosis, hypoxia and 

aglycemia among several others effects.21 Any of these changes could then affect conduction in 

the heart and cause CV to be slow and aberrant which has been associated with increased 

arrhythmogenecity.7 Of these effects, gap junctional uncoupling during ischemia has been 

extensively studied. Studies have also demonstrated that preserving GJ coupling during 

ischemia can attenuate CV slowing and prevent arrhythmias.9,10 

 

Our previous studies identified an alternative form of electrical coupling between myocytes, 

ephaptic coupling, that is dependent on extracellular electric fields in nanodomains like the 

perinexus.16,17 We determined that altering the solution composition, which may in turn modulate 

EpC, can vary CV in normal hearts and in diseased hearts with 50% reduced GJ coupling. 

Additionally, CV in hearts with reduced GJ coupling was more sensitive to changes in solution 

composition. This concept was applied in this study to determine if promoting EpC in hearts 

during ischemia can attenuate CV slowing similar to preserving GJ coupling.    

 

As expected, modulating [Na+]o and [Ca2+]o in perfusates did not alter CV during control or 

reperfusion phases, but the solutions produced significantly different electrophysiologic effects 

during ischemia. In this study elevating [Na+]o and reducing [Ca2+]o improved conduction 

possibly by modulating EpC by two different mechanisms.  

 

Extracellular Sodium Ion Concentration:  
We previously demonstrated that increasing [Na+]o increases CV in mice hearts with 50% 

reduced GJ and larger WP.16 In the present study, in the setting of ischemia, where GJ is 

reduced, increasing WP by reducing [Ca2+]o and increasing [Na+]o also preserves CV in a similar 

manner. Specifically, solutions with elevated [Na+]o were associated with faster CV during 

ischemia. One explanation may be that increasing [Na+]o increases sodium current driving force, 

and a larger current could alter the extracellular potential (in nanodomains like the perinexi) 

faster. This then results in faster ephaptic transmission of impulses from one myocyte to its 
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downstream neighbor. However, one might expect this phenomenon to be even faster under 

conditions producing narrower WP. 

 

Extracellular Calcium Ion Concentration:  
Our previous studies demonstrated that increasing [Ca2+]o can reduce WP in mice which we 

hypothesize promotes EpC and increases CV.16 However, we also demonstrated in mice that 

during conditions associated with disease like hyponatremia, the role of [Ca2+]o in modulating 

CV is more complex. Specifically, in our previous mouse study, we demonstrated that while 

increasing [Ca2+]o increased CV during control conditions, increasing [Ca2+]o slowed CV during 

hyponatremia. Therefore, the findings in the present study are consistent with a theoretical 

concept of ephaptic coupling called self-attenuation.  

 

Briefly, ephaptic self-attenuation occurs when the driving force of the sodium current is greatly 

reduced in clefts within the intercalated disc, which then results in the slowing of ephaptic 

transmission of electrical impulses between neighboring myocytes. This theory has been 

predicted by several mathematical models,24-26 which demonstrated greatly reducing WP at low 

GJ coupling, slows CV. Experimental evidence that supports this concept was also 

demonstrated in our previous study in mice. In this study, perfusates with narrower WP during 

ischemia-induced GJ uncoupling were associated with greater CV slowing consistent with the 

theoretical predictions of ephaptic self-attenuation. 

 

Alternative Mechanisms:  
Calcium is a key modulator of several cellular functions in the heart,27 and it could be argued 

that one mechanism by which reducing [Ca2+]o is beneficial during ischemia is due to reduced 

metabolic demand. While this may be true, our data suggests that the effect of [Ca2+]o 

modulated WP could also contribute to acute CV preservation during ischemia. For example, 

while Solution B (high [Ca2+]o) is highly arrhythmogenic, Solution E (high [Ca2+]o + Mannitol) 

reduces arrhythmias and also attenuates CV slowing similar to reducing [Ca2+]o in Solutions C 

and D.   

 

It has also been demonstrated that altering [Ca2+]o can affect other determinants of CV like 

membrane excitability and GJ coupling.28-30 Changes in membrane excitability can be 

determined by measuring RT of the action potential upstroke and prolonged RT would denote 

reduced excitability as the myocyte takes longer to depolarize. However, we provide evidence 
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here that physiological changes in ionic composition as in this study does not significantly alter 

RT during control or ischemic conditions.  

 

Additionally, the data also suggests that this change in ionic composition does not significantly 

modulate Cx43 expression or phosphorylation suggesting that GJ coupling is not measurably 

modulated by the solutions. Furthermore, Cx43 expression and phosphorylation was not altered 

by either ischemia or reperfusion. This is consistent with previous studies that have 

demonstrated that pCx43 expression in ventricular myocytes decrease only after 8 hours of 

exposure to hypoxia and reduced glucose and no significant differences are observed at earlier 

time points.31 This study also demonstrated that hypoxia alone increases pCx43 expression. On 

the other hand, other studies have also reported reduction in pCx43 induced by acidosis.32,33 

Additionally, a dynamic response in Cx43 expression and phosphorylation during ischemia has 

also been previously reported where significant reduction in Cx43 was reported much beyond 

the ischemic time course of the current study (30 minutes compared to >2 hours).2,3 Therefore, 

several results have emerged that report different Cx43 expression and phosphorylation during 

ischemia. However, the combined effects of the three factors that contribute to our model of 

metabolic ischemia – acidosis, aglycemia and hypoxia over 30 minutes is not clear from these 

previous studies. The present study demonstrates that 30 minutes of metabolic ischemia with 

various extracellular ionic compositions do not produce significant changes in Cx43 expression 

or phosphorylation. 

 

Therefore, while [Ca2+]o may have innumerable effects on cellular processes during control and 

ischemic conditions, we provide evidence that simply modulating WP during ischemia, which can 

be accomplished by reducing [Ca2+]o or perfusing mannitol can profoundly alter CV dependence 

on [Na+]o. This study provides continued evidence that [Na+]o and WP are modulators of EpC 

particularly under conditions of reduced GJ coupling.  

 
LIMITATIONS:  
The WP values reported here are different from those we previously reported in control guinea 

pig heart preparations17 with similar, but not identical Langendorff perfusates. These differences 

may be due to experimental differences such as the fact that tissue in this study was processed 

by a different electron microscopist using different fixation, embedding, and sectioning protocols 

for use in a different EM facility. However, the WP values from guinea pig hearts reported here 

are similar to those from our previous study in mice16 that were processed identically to the 
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tissue in this manuscript. More importantly, mannitol in this study still expanded the perinexus, 

consistent with mannitol induced perinexal expansion in the previous study.17 On a final note, 

these and previous data demonstrate that WP can be modulated by a variety of conditions and 

affect cardiac conduction particularly during the loss of functional gap junction coupling.  

 
CONCLUSIONS: 
Extracellular ionic composition is a very important determinant of the conduction response 

during myocardial ischemia. Solutions that promote ephaptic coupling with elevated [Na+]o and 

wider perinexi  attenuates conduction slowing during ischemia and reduces arrhythmia 

incidences. This study is the first to demonstrate that simply altering extracellular ionic 

composition is a possible therapy for conduction mediated arrhythmias during myocardial 

ischemia. 
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Table 5.1: Ionic Composition of the solutions used in the Ischemia study is listed in mM. 

 Solution A Solution B Solution C Solution D Solution E 

CaCl2 2.0 2.0 1.625 1.25 2.0 

NaCl 141.5 147.5 147.5 147.5 147.5 

NaOH 5.5 5.5 5.5 5.5 5.5 

KCl 6.9 6.9 6.9 6.9 6.9 

MgCl2 0.7 0.7 0.7 0.7 0.7 

Glucose 5.5 5.5 5.5 5.5 5.5 

HEPES 9.99 9.99 9.99 9.99 9.99 

BDM 7.5 7.5 7.5 7.5 7.5 

Mannitol 0 0 0 0 45.3 
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Figure 5.1: Conduction Velocity during Ischemia and Reperfusion. A) Representative 

isochrones maps of conduction in hearts perfused with Solution A and D where Solution A has 

most CV slowing and Solution D has least CV slowing. B,C,D) Percent change in CVT, CVL and 

AR in hearts perfused with Solutions A through E. * indicates p<0.05 relative to Solution A. 
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Figure 5.2: Action Potential Characteristics. A) Representative action potential and the 

zoomed in upstroke of the action potential from hearts perfused with various solutions. B) 

Summary of APD and RT during control (t=0) and ischemia (t=45) compared by solutions. C) 

Time response of APD and RT from hearts perfused with various solutions. * indicates p<0.05 

relative to t=0. 
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Figure 5.3: Perinexal Width during Ischemia and Reperfusion. A) Representative electron 

micrographs of perinexi from hearts perfused with solution A and D where Solution A 

demonstrates no change in WP during ischemia and reperfusion while Solution D perfused 

hearts demonstrate WP widening during ischemia and return to control during reperfusion. B) 

Summary of WP values averaged over a distance of 30 to 105 nm away from the edge of the GJ 

plaque. * indicates p<0.05 relative to Solution A 
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Figure 5.4: Connexin43 expression and phosphorylation. A) Representative Western blots 

probed for Cx43 phosphorylated at Ser368, total Cx43 and N-Cadherin (loading control) is 

exhibited during Control, Ischemia and Reperfusion conditions from hearts perfused with 

Solutions A through E. B) Summary of pCx43/Total Cx43 as well as Total Cx43/N-Cadherin 

ratio normalized to Control hearts perfused with Solution A. 
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Figure 5.5: Arrhythmias. A) Kaplan Meier curve demonstrating the time to asystole in hearts 

perfused with various solutions. B) Representative ECGs demonstrating normal paced rhythm 

(Upper Panel) during solution A perfusion and ventricular fibrillation during Solution B perfusion. 

C) Summary of arrhythmia incidences in hearts perfused with various solutions. * indicates 

p<0.05 relative to Solution A. 
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Great strides have been made in identifying the complex processes involved in cardiac 

conduction and the intricate balance of elements that sustain it. However, the studies described 

above testify that there are still gaps in knowledge that need to be addressed to improve our 

understanding of conduction and to further current therapeutic approaches. This work provides 

evidence that supports a theory of  a new form of electrical coupling between cardiac myocytes 

– Ephaptic Coupling, and identifies modulators of this phenomenon. This concept is then 

applied in the two arms of cardiac science, 1) to classify and identify trends in previously 

published inconsistent results in cardiac research and 2) to understand how therapy based on 

ephaptic coupling can be implemented in cardiac therapy. 

 

The first part of this work focuses on identifying ionic modulators of CV based on the theoretical 

concept of ephaptic coupling. The study described in Chapter 2 was aimed at addressing a 

controversy in cardiac research where studies that used different perfusates but were otherwise 

similar reported inconsistent CV-GJ relationships. We reported how different CV-GJ 

relationships can be demonstrated in the same heart by altering just the perfusate composition. 

Specifically, we chose two solutions and modified its sodium and potassium ion composition to 

match that of the other. In short the results of this study demonstrated that, 

 

1. CV was slower in both wild type (WT – 100% Cx43) and heterozygous (HZ – 50% Cx43) 

hearts when perinexal separation was large. 

• Increased perinexal separation preferentially slowed CV in HZ hearts. 

2. Increasing [Na+]o increased CV preferentially in HZ hearts. 

3. Increasing [K+]o slowed CV, 

• Independent of Cx43 expression in hearts with wide perinexi. 

• Dependent on both Cx43 expression and [Na+]o in hearts with narrow perinexi. 

The role of extracellular ion accumulation and depletion in modulating EpC has been theorized 

previously.1 Briefly, varying extracellular sodium ion concentration in narrow clefts like the 

perinexi can modulate sodium current driving force.2 Similarly, increasing potassium has been 

reported to increase resting membrane potential (RMP), which can result in inactivation of 

sodium channels and reduced sodium channel availability.3,4 Either of these factors may then 

reduce the influx of sodium ions into the upstream myocyte, rate of cleft depletion and thereby 

rate of change of transmembrane potential in the downstream myocyte. Thus, modulating 

sodium and potassium ion concentration can alter CV. 
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The next part of this work identifies the role of extracellular calcium ion concentration in 

modulating CV during health and disease. Calcium ions play a crucial role in several cellular 

functions and pathophysiologic fluctuations in calcium can be detrimental.5 In Chapter 3, the role 

of extracellular calcium ion concentration in modulating electrical coupling between myocytes is 

demonstrated. The specific results of this study are, 

 

1) Extracellular calcium ion concentration is directly correlated to perinexal width (WP) 

during normonatremia as well as hyponatremia. 

2) CV, on the other hand, has a dual response to increasing extracellular calcium at 

different sodium concentrations. Specifically, 

• Increasing calcium increased CV during normonatremia. 

• Increasing calcium slowed CV during hyponatremia. 

3) GJ coupling modulation was not a major determinant the CV-[Ca2+]o relationship. 

The differential CV response to varying extracellular calcium also provides evidence for 

concepts of ephaptic coupling. Specifically, during normonatremia, increasing calcium reduces 

perinexal width which has been theoretically hypothesized to improve EpC between myocytes.6 

This could then increase CV. On the other hand, when sodium ion concentration is decreased, 

reducing WP, further reduces the pool of sodium ions available in this space, thereby greatly 

decreasing sodium driving force. This then results in slow transmission of impulses as explained 

by the concept of ephaptic self-attenuation.7 

 

PERFUSATE CLASSIFICATION BY IONIC COMPOSITION: 
The results from these two studies were then implemented to identify a classification method for 

CV-GJ studies in literature, to identify if differences in solution composition can explain their 

different results. Studies were categorized according to the effect we hypothesized each 

solution would have on the CV-GJ relationship with focus on sodium, potassium and calcium ion 

composition.  

 

Group A-Perfusate: Perfusates with lower [Na+]o and higher [K+]o were classified as Group A.8-

11 Many of the Group A perfusates were hypocalcemic with the exception of the Eloff et al.9 

perfusate, which was hypercalcemic. 
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Group B-Perfusate: Perfusates with higher [Na+]o and lower [K+]o were classified as Group B.12-

14 [Ca2+]o was uniform at 1.8 mM within Group B, which fell in the lower physiologic bounds for 

mice. 

 

Group C-Perfusate: Perfusates with the lowest [Na+]o, low [K+]o, and physiologic [Ca2+]o were 

classified as Group C.15-17 Importantly, these solutions differed from Group A and B in that 

Group C solutions included additional non-ionic solutes such as creatine, taurine and insulin. 

 

To summarize the results of this classification, studies that used Group A solutions reported 

significant conduction slowing and elevated arrhythmia risk in hearts with ~50% reduced Cx43 

expression. In contrast, studies that used Group B solutions did not observe differences in CV 

or arrhythmia risk between hearts with reduced Cx43 and wild type controls. Under these 

conditions, no significant CV changes were observed when Cx43 was reduced by approximately 

50%. Neither was arrhythmia risk significantly higher relative to control groups. Finally, studies 

in Group C behaved similarly to studies in Group B. However, the perfusate used in the studies 

categorized in Group C are more difficult to discuss in context of simple ionic composition 

because the solutions contained non-ionizable solutes which may have additional effects on 

electrophysiology. Thus when the studies are classified based on perfusate composition, a clear 

trend in the CV-GJ relationship can be identified. 

 

PERFUSATE ION MODULATION IN CARDIAC DISEASE: 
The next step was then to identify the therapeutic consequences of Ephaptic Coupling. One 

major point to be noted from the discrepancies in previous studies is that there are ideal 

perfusate compositions that can conceal the functional manifestations of cardiac diseases. 

Understanding the mechanism involved could therefore provide important new targets for 

cardiac arrhythmia therapy. In Chapter 4, we describe acute TNFα exposure as a model of 

myocardial inflammation and identify a perfusate composition that can conceal TNFα induced 

CV slowing in guinea pig hearts. Briefly, 

 

1) TNFα slowed CV relative to control. 

2) CV slowing was associated with increased WP with no significant change in GJ coupling. 

3) Increasing extracellular calcium ion concentration, reduced WP and preserved CV in the 

presence of TNFα. 
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4) Interestingly, increasing calcium also improved GJ coupling in these hearts which could 

also contribute to faster CV. 

5)  

In short, preserving the cardiac ephapse – perinexus, as well as gap junctions, by modulating 

perfusate calcium concentration, concealed CV slowing in TNFα treated hearts.  

Finally, in Chapter 5, we implemented a similar approach in attenuating CV slowing induced by 

metabolic ischemia in the heart. The results of this study can be summarized as follows. 

 

1) Five different perfusates with varying physiologic sodium and calcium concentration that 

produced similar CV responses during control and reperfusion, reduced CV to 

significantly different extents during ischemia. 

2) Solutions with higher sodium ion concentration and wider WP performed best during 

ischemia, in terms of greatest CV slowing attenuation, reduced arrhythmias and longer 

time to asystole. 

3) CV modulation by perfusates was not associated with changes in GJ coupling.  

4)  

In addition to the above two disease conditions, the concept of perfusate composition 

modulation as cardiac arrhythmia therapy was applied in a model of Brugada syndrome, which 

is often characterized by a loss of function mutation in the cardiac sodium channel.18 This 

results in a reduction in the sodium current which could be arrhythmogenic. In a pilot study, 

Brugada syndrome was simulated by perfusing the hearts with 0.5μM Flecainide, a sodium 

channel blocker. Perfusate calcium ion composition was modulated between 1.25 and 2.0 mM 

in the same heart in the presence of flecainide and CV was measured. As illustrated in Figure 

6.1, CV slowed relative to control in hearts with Flecainide and low calcium. On the other hand, 

CV slowing was attenuated in hearts treated with Flecainide and high calcium. These initial data 

describe another cardiac disease where perfusate ion modulation can attenuate arrhythmogenic 

conduction alterations. 

 

In this section, we discuss evidence for the complete or partial concealment of the effects of 

three very different cardiac diseases – myocardial inflammation, metabolic ischemia and 

Brugada’s syndrome, by simply modulating the perfusate ion composition.  
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CONCLUSIONS: 
The findings described here can have significant impacts not only in cardiac research but also in 

clinical diagnosis and treatment of cardiac diseases. On the research side, perfusate ion 

composition has been identified as a novel determinant of conduction that has to be accounted 

for in cardiac electrophysiology research. Using a classification system based on the ionic 

modulators of Ephaptic coupling, such as that described above, could shed light on several 

unanswered questions that have existed over the last several decades. The effects of ephaptic 

coupling have to be considered in clinical settings as well as in the diagnosis and treatment of 

cardiac diseases. As demonstrated above, serum ion concentration could vary the manifestation 

of diseases like myocardial inflammation, metabolic ischemia and Brugada syndrome, 

complicating diagnostic procedures. Fortunately, this very process can be applied in the 

treatment of the above diseases to keep the electrophysiologic effects of  cardiac diseases in a 

concealed state. 

 
FUTURE DIRECTIONS: 
The concept of Ephaptic coupling is still novel and several aspects of this phenomenon are not 

completely understood. Ephaptic coupling has to be further researched by a threefold approach. 

 

1) To identify how the interaction between the two forms of electrical coupling described 

here translates to in vivo conditions as well as to other species during age, health and 

disease.  

2) To develop methodology that would directly enable the measurements of electric 

potential changes in cardiac ephapses, during an AP, as predicted by ephaptic coupling 

models. 

3) To identify mechanisms that already exist in the body that can regulate serum ion 

composition and how they can be integrated to achieve ideal cardiac conduction during 

health and disease. 

 

Clinical application of Ephaptic coupling may not only provide a new therapeutic tool in itself, but 

also a means to improve the efficiency of current approaches. The field of cardiac research and 

therapy could then take one more step towards preventing the disastrous estimates of deaths 

due to cardiovascular cardiac diseases predicted for 2030. 
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Figure 6.1 Perfusate Composition Modulates CV during Flecainide Exposure A) 
Representative isochrones maps from hearts perfused with Control tyrode, 0.5μM Flecainide + 

1.25mM [Ca2+]o and 0.5μM Flecainide + 2mM [Ca2+]o. B) Summary of CVL, CVT and AR values 

measured from hearts treated as mentioned above. * indicates p<0.05. 
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