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The adult heart is composed of a dense network of cardiomyocytes surrounded by non-

myocyte cells, the most abundant of which are cardiac fibroblasts. Several cardiac dis-

eases, such as myocardial infarction or pressure overload, are associated with an in-

creased density of fibroblasts, i.e., cardiac fibrosis. Fibroblasts are known to play a

significant role in the development of electric and mechanical dysfunction of the heart,

however the exact mechanisms are only partially understood. One widely studied hy-

pothesis suggests that fibroblasts produce excess extracellular matrix, resulting in col-

lagenous septa. These collagenous septa slow propagation, cause zig-zag conduction

paths, and decouple cardiomyocytes resulting in a substrate for cardiac arrhythmia. An-

other emerging hypothesis suggests that fibroblasts promote arrhythmogenesis through

direct electrical interactions with cardiomyocytes via gap junctional channels. In the

heart, three major connexin (Cx) isoforms, Cx40, Cx43 and Cx45 form gap junction

channels in cell-type-specific combinations. Because each Cx is characterized by unique

gating properties (i.e., time- and voltage-dependent gating), the hypothesis that the elec-

trophysiological contributions of fibroblasts may vary with the specific composition of

the myocyte-fibroblast gap junction channel was explored in this study. First, the role

of gap junction channel gating in myocyte-fibroblast interactions was investigated by

using a unique strategy of coupling fibroblasts electrophysiology models with in vitro

single cell ventricular cardiomyocytes via mathematical models of gap junction chan-

nel gating using the dynamic-clamp technique. These investigations revealed that gap



junction gating reduces the peak of the junctional current compared to a constant value

conductance representation of gap junctions. Second, the gap junction models were

incorporated into a detailed two-dimensional computational model of cardiac fibrosis.

These simulations revealed that gap junction channel gating did not significantly alter

impulse propagation and conduction velocity during cardiac fibrosis. Finally, a novel ex-

perimental approach using dye transfer techniques in cardiac tissue slices was developed

and used to investigate myocyte-fibroblast interactions in a multicellular environment.

These studies presents a framework for a multiscale approach to investigate complex

myocyte-fibroblast interactions that have the potential to lead to a clearer understanding

of the emerging mechanism by which cardiac fibroblasts promote cardiac arrhythmoge-

nesis.
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CHAPTER 1

INTRODUCTION*

1.1 Overview

The aim of this thesis is to use a hybrid computational modeling and experimental elec-

trophysiology approach to investigate the role of gap junctional channels on interac-

tions between cardiomyocytes and cardiac fibroblasts on the single cell and multicel-

lular level. This introductory chapter will first present a basic introduction to cardiac

electrophysiology. Next, the biology of cardiac fibroblasts relevant to cardiac arrhyth-

mogenesis is discussed. Then, the biophysics of cardiac gap junction channels and the

current techniques used to assay junctional communication are described. Next, the

major findings of the existing computational studies investigating the implications of

myocyte-fibroblast interactions in the heart are reviewed. Finally, the dynamic clamp

technique and the approaches used in this thesis are introduced.

1.2 Basic cardiac electrophysiology

The coordinated pumping of blood through the heart results from a series of dynamic

interactions that occur on the whole organ to the subcellular level. At the whole or-

gan level, cardiac action potentials propagate through the heart via conduction path-

ways initiated in the sinoatrial node, which spreads through the atria, the atrioventric-

ular node, and then through the specialized His-Purkinje conduction system into both

ventricles (Figure 1.1).

*Section 1.5 has been published in full in [1]
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Figure 1.1 | Electrical activity in the mammalian heart
Schematic diagram of the mammalian heart with different anatomical regions labeled
and representative action potential waveforms from those regions demonstrate that ac-
tion potential morphology and duration is heterogenous throughout the heart. The action
potential waveform in the sinoatrial node and atrioventricular node have a slow upstroke
velocity compared to the atrium and ventricle. Epicardial cells have a prominent phase
1 notch and a shortened action potential duration compared to the midmyocardial re-
gion. The different components of the surface electrocardiogram (ECG) reflect different
events in the cardiac cycle. The P wave reflects the time course for the spread of atrial
depolarization (orange). Conduction through atrioventricular node occurs during the
isoelectric portion of the PR interval (green). The QRS is the time for ventricular depo-
larization (red), and the QT interval represents ventricular depolarization (blue). RV -
right ventricle, LV - left ventricle, SA node - sinoatrial node, AV node - atrioventricular
node. Reproduced with permission from Elsevier [2].
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At the tissue level, propagation of an acton potential results from local current flow

through intercellular gap junction channels from a depolarized cell to a less depolarized

neighboring cell. The rate of propagation, or conduction velocity, is determined by sev-

eral factors including: the excitability of the cardiomyocytes, which is determined by

the Na+ and Ca2+ currents, the axial resistance to current flow, which arises from the

cytoplasmic resistance of the cardiomyocyte and the gap junction channel conductance,

the capacitance of the cell membrane, and the geometrical relationship or network prop-

erties of cardiomyocytes [3]. These determinants of conduction velocity can further be

grouped into two categories called source and sink factors. Source factors involve ex-

citability of cell membranes such as excitable inward currents. Sink factors include the

passive electrical properties of the cells and tissue structure such as cell geometry and

connectivity.

At the cellular level, the action potential dynamics and morphology are generated

from the summation of the ionic currents generated by thousands of ion channels dis-

tributed in the cardiomyocyte cell membrane (Figure 1.2). The action potential wave-

form has five phases (0–4). Phase 0, is the action potential upstroke or rapid depolariza-

tion phase mediated by INa. Phase 1, is the notch or rapid repolarization phase mediated

by Ito, (guinea pig cardiomyocytes lack Ito). Phase 2, is the plateau phase, which marks

calcium entry into the cell. Phase 3, is the rapid repolarization phase, which is mediated

by IKs and IKr and returns the membrane potential to its resting state. Phase 4, is the

resting state, which is approximately –90 mV in normal cardiomyocytes. The action

potential morphology and duration is heterogenous throughout the heart and exhibits

region-specific variation. As illustrated in Figure 1.1, the action potential waveform in

the sinoatrial node and atrioventricular node have a slow upstroke velocity compared to

the atrium and ventricle. Epicardial cells have a more prominent Phase 1 notch and a

shortened action potential duration compared to the midmyocardial region [5].
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Figure 1.2 | Currents underlying the action potential waveform
Schematic of the action potential waveform and the underlying ionic currents (Left)
Atrial cardiomyocyte action potential (Right) Ventricular cardiomyocyte action poten-
tial. (Top panels) shows the five phases of the action potential (see text). (Bottom pan-
els), show how the underlying ionic currents sum to produce the action potential. Inward
currents (currents below the line) depolarize the membrane; outward currents (currents
above the line) contribute to repolarization. A/F, ampere/farad; INa, Na+ current; ICa,
Ca2+ current; INCX, Na+/Ca2+ exchanger current; Ito, transient outward K+ current; IKur,
ultrarapid delayed rectifier K+ current; IKr, rapid delayed rectifier K+ current; IKs, slow
delayed rectifier K+ current; IK1, inward rectifier K+ current [4].
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At the subcellular level, ion channels and gap junctional channels go through a gat-

ing process involving conformational changes of their protein subunits. This results in

the opening and closing of the channel in response to voltage changes across the cell

membrane and ultimately modulates the flow of ions across the cell membrane.

Elucidating the mechanisms of cardiac arrhythmia requires a thorough understand-

ing of how subcellular changes affect properties at the cellular, tissue, and the whole

heart level. This is because new mechanisms of arrhythmia may emerge from the non-

linear interactions between the properties at the different levels of interaction [6].

1.3 Cardiac fibroblasts

The majority of studies of normal and diseased heart have focused primarily on the

structural and functional changes of cardiomyocytes. However, the adult heart is com-

posed of a diverse population of non-myocyte cells including: fibroblasts, endothelial

cells, pericytes (perivascular cells that wrap around blood capillaries), immune cells, te-

locytes (a newly described type of interstitial cell [7]) and vascular smooth muscle cells

in close proximity to cardiac myocytes. The most prominent non-myocyte cell, cardiac

fibroblasts, can account for approximately 30% of cells in the mouse heart to as much

as 70% of cells in the rat heart [8, 9], but only a small fraction of the total volume of

the heart. This network of cardiac fibroblasts and other non-myocyte cells may play an

important role in cardiac physiology and pathophysiology.

Cardiac fibroblasts are often classified based on their morphology. They are flat,

spindle-shaped cells with multiple processes (Figure 1.3). Fibroblasts lack a basement

membrane, have an extensive Golgi apparatus and a large endoplasmic reticulum to

support the production and deposition of extracellular matrix.
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Figure 1.3 | Electron microscopy images of the adult guinea pig heart.
Pictured is an electron micrograph of the left ventricle of the adult guinea pig heart.
Cardiac fibroblasts (F) are flat spindle shaped cells with long processes (p). They form
an intermingled network of cells surrounding cardiac myocytes (M). In higher magnifi-
cation, the sub-cellular structure of the tissue can be seen including the mitochondrion
(mt) and cross sections actin-myosin filaments (amf) of the cardiomyocyte. The fibrob-
last is shown proximal to a bundle of extracellular matrix (ecm). F, fibroblasts; M,
cardiac myocytes; mt, mitochondrion; ecm, extracellular matrix; p, fibroblast process;
amf, actin-myosin filament.

Fibroblasts are a phenotypically heterogeneous population. In the normal heart, fibrob-

lasts are thought to be predominantly derived from the epicardium, the epithelial layer

covering the outer surface of the heart. Recent studies have shown that during develop-

ment fibroblasts produced by endothelial-to-mesenchymal transition of the endocardium

invade the myocardium and result in a population of endothelially-derived fibroblasts

found mostly in the interventricular septum [10]. Moreover, a subset of fibroblasts are

derived from the neural crest and are found in the right atrium. However, whether fibrob-

lasts located in fibrotic lesions are derived from resident fibroblasts or transdifferentiated

fibroblasts remains unknown. Recent studies have suggested that in the adult heart, fi-

broblasts with endothelial and epicardial markers responded similarly in proliferative

6



response to a pressure overload model suggesting that fibroblast phenotype may depend

more on local environment than on their developmental origin [11].

Cardiac fibroblast and myofibroblast markers

A major challenge of studying cardiac fibroblasts is the shortage of robust and specific

markers. Immunolabeling of the intermediate filament vimentin, is often used to identify

fibroblasts and while it is not expressed by cardiomyocytes, it is expressed by numerous

other non-myocyte cells in the heart. CD90 (Thy1) is another commonly used marker of

cardiac fibroblasts [12], which is also expressed in immunes cells. Fibroblast Specific

Protein 1 (FSP1) or S100 calcium binding protein A4 (S100A4) has been extensively

used as a fibroblast marker. However, it has been shown to be more frequently asso-

ciated with immune cells [13]. Goldsmith et al. [14] discovered the discoidin domain

receptor 2 (DDR2) was specific to cardiac fibroblasts, but labels only a subset of fi-

broblasts. Recently, collagen1a1-GFP has emerged as more reliable cardiac fibroblasts

marker expressed both during development and pathological conditions [10].

Cardiac fibrosis and myofibroblasts

A variety of cardiac diseases such as heart failure, pressure overload, and myocardial

infarction results in the differentiation of cardiac fibroblasts into an activated pheno-

type termed myofibroblasts in responses to mechanical, oxidative stress, and/or pro-

inflammatory stimuli. Although the resulting phenotypic changes of myofibroblasts are

not well defined, myofibroblasts often express α-smooth muscle actin and display en-

hanced activity such as contractility, proliferation, motility, and collagen synthesis [15].

Moreover, in pressure overload, a subset of interstitial myofibroblasts upregulate Wilms

Tumor 1 and a subset of perivascular fibroblasts express FSP1 [10]. Myofibroblast ac-
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tivity is an important step in the reparative process of the heart after cardiac injury.

However, when unregulated it can result in destructive patterns of tissue remodeling

called cardiac fibrosis (Figure 1.4).

Impulse
conduction Fibroblast Myofibroblast Collagen

Blood vessel
O2

A

C

B

D

Figure 1.4 | Illustration of the patterns of cardiac fibrosis
(A) Impulse conduction in the normal heart. (B) Interstitial fibrosis in which lateral de-
position of collagen and myofibroblasts mainly impedes transverse but not longitudinal
impulse conduction. (C) Patchy fibrosis where replacement of dead cardiomyocytes
with fibrous tissue obstructs both longitudinal and transverse impulse conduction. (D)
Perivascular fibrosis in which fibrous tissue around blood vessels impairs O2 supply and
conduction in surrounding myocardium. Reproduced with permission from Elsevier [2].

These patterns of fibrosis include: interstitial fibrosis which results in the lateral sep-

aration of cardiomyocytes by collagen bundles and myofibroblasts, perivascular fibro-

sis which results in collagen deposition surrounding blood vessel, and patchy fibrosis

which results in long bundles of collagen and myofibroblasts replacing dead cardiomy-

ocytes. One widely studied mechanism by which myofibroblasts promote arrhythmoge-

nesis during cardiac fibrosis suggests that myofibroblasts produce excess extracellular

matrix resulting in collagenous septa. These collagenous septa slow propagation, cause

zig-zag conduction paths and decouple cardiomyocytes, resulting in a substrate for ar-

8



rhythmogenic activity [16]. However, there are several emerging mechanisms by which

fibroblasts are speculated to interact with cardiomyocytes.

1.3.1 Myocyte-fibroblast interactions

Fibroblasts may interact with cardiomyocytes though chemical (e.g. growth factors,

cytokines, that can act through paracine mechanisms), mechanical (e.g. changes in con-

tractility, pressure, and stretch) and electrical signaling (e.g. gating of ion channels and

gap junction channels) [17]. One emerging, and somewhat controversial, hypothesis

suggests that fibroblasts promote arrhythmogenesis through direct electrical interactions

with cardiomyocytes via gap junction channels. Several in vitro experiments using nor-

mal and diseased heart models have demonstrated that fibroblasts make direct electrical

interactions with cardiomyocytes via gap junction channels [18–21]. Using a dye trans-

fer assay, Baudino et al. [21] showed in a three-dimensional cell culture model of neona-

tal rat cardiomyocytes and fibroblasts that cell-cell interactions exist between fibroblasts

and cardiomyocytes. Furthermore, Vasquez et al. [20] used a gap fluorescence recov-

ery after photobleaching technique to show that intercellular coupling was enhanced

between cardiomyocyte monolayers co-cultured with cardiac fibroblasts derived from

infarcted rat hearts compared to cardiac fibroblasts derived from normal hearts.

A major challenge in the field has been to translate such cell culture discoveries

into native cardiac tissue and the whole heart. Camelliti et al. used immunolabeling

and a scrape-loading dye transfer method to demonstrate that fibroblasts and cardiomy-

ocytes are functionally coupled in the rabbit sinoatrial node [22]. However, Baum et

al., using a similar method, found no fibroblast-myocyte coupling in a canine model of

myocardial infarction [23]. To date, it is unsettled whether fibroblast-myocyte coupling

exists in vivo and whether such discrepancies are due to regional differences (sinoatrial

9



node vs. ventricle), species related differences (rabbit vs. canine), or disease related

modifications in myocyte-fibroblast coupling (see [24, 25] for two recent reviews on

this topic). This controversy regarding the role of myocyte-fibroblast coupling in vivo,

has prompted the development of novel optogenetic strategies to investigate myocyte-

fibroblast interactions in vivo [25, 26].

1.4 Biophysical properties of cardiac gap junctions

One of the key determinants of cardiac conduction is the axial resistance, which in-

cludes the gap junction channel resistance or its inverse conductance. Parameters that

determine the conductance of gap junction channels include its static properties such as

channel number and single-channel conductance and its dynamic properties such as its

kinetics, voltage-dependent gating, and chemical gating [27]. Gap junction channels are

highly permeable to ions and their single-channel conductances vary widely (25 pS for

Cx45 to 350 pS for Cx37) [28].

Gap junction channel structure

A single gap junctional channel is composed of two hemichannels (connexons) docked

head-to-head spanning two bilayer membranes. Each hemichannel is composed of

six protein subunits, termed connexins (Cx) and are arranged in a hexagonal pattern

around a central pore. This pore allows for direct communication between two neigh-

boring cells. Homomeric hemichannels are composed of a single connexin isoform;

heteromeric channels are composed of more than one connexin isoform. In general, gap

junction channels are described as homotypic if both hemichannels are composed of the

same connexin isoform, or heterotypic if the connexins of the two hemichannels differ

10



(see Figure 1.5).

Connexin expression in the normal heart

It is well known that cardiomyocytes couple to each other via gap junction channels.

Cardiomyocyte gap junctions are organized at the intercalated disks which join neigh-

boring cardiomyocytes in a step-like structure with gap junction channels located at the

longitudinal segments of the steps [29]. In the heart, three major Cx isoforms: Cx40,

Cx43 and Cx45 form gap junction channels in cell-type-specific combinations. For ex-

ample, the sinoatrial node and the atrioventricular node express predominantly Cx45.

Atrial cells express approximately equal amounts of both Cx43 and Cx40, while ven-

tricular cells predominantly express Cx43 with small amounts of Cx45. Since each gap

junction channel exhibits unique static and dynamic properties, it has been postulated

that connexin type and distribution may play a functional role in cardiac conduction.

For example, the SA and atrioventricular node is thought to require a population of

weakly coupled cells. Connexin expression in the SA and atrioventricular node consists

of low levels of the highly voltage sensitive and low conductance Cx45 gap junction

channels [30].

Connexin expression in cardiac fibroblasts

Ventricular cardiac fibroblasts express Cx43 and Cx45, but express relatively higher lev-

els of Cx45 compared to cardiomyocytes [31, 32], suggesting that a myocyte-fibroblast

gap junction channel in the ventricle may be predominantly heterotypic Cx43/Cx45 in

composition [33], but may also form homotypic Cx43 and Cx45 channels. However,

there may be some species or regional differences in fibroblast gap junction expres-

sion. In the rabbit sinoatrial node, fibroblasts express Cx40 around neighboring fibrob-
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Figure 1.5 | Gap junction channel configurations
(top) A single gap junction channel is composed of two hemichannels (or connexons)
docked head-to-head spanning two bilayer membranes. (bottom) Each hemichannel is
composed of six protein subunits, termed connexins and are arranged in a hexagonal
pattern around a central pore. Connexons (or hemichannels) composed of a single con-
nexin isotype are termed homomeric, where as connexons formed from more than one
connexin isotype are termed heteromeric. When gap junction channels are formed from
two identical connexons, they are termed homotypic gap junction channels, while gap
junction channels formed from different connexons are termed heterotypic channels.
Source: https://wiki.brown.edu/confluence/display/BN0193S04/gap+junctions
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lasts [22]. Gap junctions from the adult mouse heart express Cx40 and Cx43, but no

Cx45 was detected [19]. In general, gap junctional plaques between cardiac fibroblasts

have been difficult to detect using electron microscopy which suggests that fibroblast

gap junctions may be more punctate than that of cardiomyocytes [31].

Connexin expression in the diseased heart

Impairment of cell-to-cell coupling results from alteration in expression and distribution

of connexins. It has been suggested that cardiomyocyte connexins might be altered in

the failing heart. The most widely documented change is down-regulation of Cx43 in

the ventricles of patients with end-stage heart failure [34]. Increased expression of Cx45

in heart failure [35] and increased Cx40 in ischemic heart disease has also been docu-

mented [34]. This would result in a generalized increase in the Cx45:Cx43 ratio and

in ischemic heart disease localized increase in Cx40:Cx43 ratio. Moreover, changes in

fibroblast gap junction protein expression may occur within myocardial infarcts, two fi-

broblasts phenotypes expressing Cx43 and another expressing Cx45 have been found in

a ventricular infarction model of the sheep heart [32]. Furthermore, fibroblasts isolated

from an infarcted mouse heart exhibit upregulated Cx43 protein expression [36].

1.4.1 Voltage-dependent gating of connexin channels

An important feature of gap junction channels is that they are regulated by transjunc-

tional voltage (V j), which is the potential difference between the two coupled cells. The

conductance (G j) of most homotypic gap junction channels is maximal at V j = 0, and

decreases symmetrically for both positive and negative V j values. However, heterotypic

gap junction channels have a maximal conductance that is usually shifted away from

V j = 0, and the conductance decreases asymmetrically with increasingly positive and
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negative V j. The basic time- and voltage-dependent properties of ventricular cardiac

connexins are shown in (Figure 1.6).

Cx43 Cx45 Cx43/Cx45

Figure 1.6 | Dependence of the gap junction conductance on transjunctional potential
for homotypic Cx43, homotypic Cx45, and heterotypic Cx43/Cx45 channels.
Top: Junctional current, Ij, recorded in response to Vj = ±10, ±40, ±70, ±100, and
±130 mV voltage steps applied to cell 1. Instantaneous (Ij,inst) and steady state (Ij,ss) was
measured from cell 2. Depolarization of cell 1 results in a negative Vj and a downward
deflection of Ij. Bottom: Normalized Gj,inst (i.e., Gj,inst was normalized with respect to Gj

associated with a small test pulse prior to each Vj pulse) and Gj,ss ( Gj,ss was normalized
with respect to Gj,inst ) for A) Cx43, B) Cx45, and C) Cx43/Cx45. Adapted from [37].

Analysis of junctional current (Ij) records shows that there is a time-dependent inac-

tivation during Vj pulses, and the time constants for voltage-dependent inactivation are

also voltage dependent. Ij is relatively constant at small Vj steps, it inactivates slowly

at intermediate Vj steps, and inactivates rapidly at large Vj steps. Single gap junctional

channels have two prominent states a main state, γ j,main, and a residual state, γ j,residual.

The presence of this residual state explains the incomplete decay at Ij at large Vj steps.

Analysis of Ij records in terms of normalized Gj conductance (i.e., Gj = Ij/Vj) is often

compared. In the bottom panel of (Figure 1.6) comparing between panels for homotypic
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Cx43 and homotypic Cx45, shows that the Vj sensitivity of Cx45 is greater than that of

Cx43.

Heterotypic Cx43/Cx45 channels inactivate with high Vj sensitivity when the Cx43

expressing cell is depolarized, but with low V j sensitivity when cell Cx43 is hyperpolar-

ized (see Cx43/Cx45 panel in Figure 1.6). Thus, heterotypic gap junctions are sensitive

to the polarity of Vj and exhibit rectifying behavior. Looking at the normalized Gj-Vj

plot, Gj,inst decreases moderately with negative Vj and only slightly with positive Vj rep-

resenting the behavior of γ j,main. However, Gj,ss decreases significantly with negative

Vj and increases transiently with positive Vj and thus reflects the opening of previously

closed gap junction channels [37].

Chemical gating of connexin channels

Chemical gating of gap junction channels occurs via a slow or “loop” gate which closes

channels completely and is distinct from the fast voltage sensitive gate, which only

closes channels partially. This gate is thought to mediate Ca2+ and H+ chemical gating

of gap junctions [38]. For example, intracellular acidification (i.e., decreases in pH)

typically result in a decrease in junctional conductance and permeability to large trac-

ers. This can be an important mechanism of influencing cell-to-cell communication.

For example, intracellular acidification of cardiac myocytes could occur as a result of

coronary artery occlusion resulting in anaerobic metabolism and therefore the closure

of gap junction channels. This process can be cardioprotective, since the closure of

gap junctions would create a barrier to isolate the unaffected neighboring cells from the

intercellular diffusion of ions, metabolites, and signaling molecules from the injured

tissue. However, this phenomenon could also be pro-arrhythmic to the heart, since the

electrical barriers created by the closure of gap junctions can become an obstacle to im-
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pulse propagation and become a substrate for cardiac arrhythmias [39]. Moreover, the

different connexin phenotypes have different sensitivities to pH. Cx45 and Cx40 have

the highest and lowest pH sensitivity respectively, with Cx43 being intermediate [40].

Phosphorylation has also been shown to play a role in gap junction gating by modulat-

ing the open or closed states of gap junction channels as well as altering the kinetics of

transitions between states [41, 42].

1.4.2 Connexin permeability and detection of junctional communication

Gap junction channels are also permeable to endogenous molecules and molecular trac-

ers up to ∼1000 Daltons. Molecular tracers are often used to detect the existence of

functional gap junction coupling such as the Alexa Flour series of fluorescent tracers and

Lucifer Yellow [43, 44]. Permeability to endogenous molecules such as glucose, cAMP,

and ADP, is less well explored. Investigating permeability of endogenous molecules is

more technically difficulty due to compounds having direct and downstream effects on

junctional channels. For example, intercellular calcium signaling is particularly chal-

lenging because of the many pathways involved, Ca2+ entry can occur via paracrine sig-

naling by extracellular release of ATP resulting in activation of purinergic receptors on

a neighboring cell which induces Ca2+ entry, or can occur via intercellular diffusion of

inositol triphosphate (IP3), or directly via Ca2+ entry through gap junction channels [39].

Several methods have been developed to investigate junctional communication, but

most are more suitable to studying cell-to-cell coupling in cell culture, only a few are

applicable to tissue level investigations (Figure 1.7). The most commonly used method

is the microinjection technique which involves the microinjection of a membrane-

impermeable but gap junction permeable fluorescent dye by an electrical or pressure
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Figure 1.7 | Commonly used assays for detecting functional gap junction coupling.
A subset of the commonly used assays for detecting functional gap junction coupling
may be suitable for investigations in situ and ex vivo. (A) Microinjection - a gap junction
permeable dye (red) is injected into center donor cell, the neighboring cells are coupled
and show dye has transfer (B) Scrape Loading - a gap junction permeable dye (red) and
gap junction impermeable dye (blue) are loaded by injury scraping along a line of cells,
the gap junction permeable tracer diffuses to neighboring cells indicating coupling. (C)
Gap-FRAP - cells are loaded uniformly with fluorescent tracer (red), the center cell is
photobleached using high power laser. After photobleaching diffusion of dye from sur-
rounding cells back to photobleached cell indicates coupling. (D) LAMP - a specialized
dye is loaded into cells and photoactivated into a gap junction permeable tracer. If cou-
pled the dye will diffuse to neighboring cells. (E) Dual whole-cell patch clamp - a pair
of cells are simultaneously patch-clamped. A voltage gradient is established by stepping
the voltage of one of the patch-clamped cells and the current is measured in the holding
cell and the junctional conductance is then calculated.

pulse into a target cell via a micropipette. If neighboring cells are coupled the fluorescent

dye will diffuse to the neighboring cells. Despite being a technically challenging tech-

nique, microinjection allows for the screening of functional gap junction permeability in
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a specific cell. Thus, this strategy was used in (Chapter 4) to develop a novel method of

investigating myocyte-fibroblast interactions in cardiac tissue slices. The scrape loading

technique is an alternative to microinjection. Cells are cut or scraped in the presence

of a membrane-impermeable and gap junction permeable tracer which is incorporated

into the initially scraped cells. The dye will diffuse into neighboring cells if they are

functionally coupled by gap junctions. However, this method is limited in its ability to

obtain quantitative data and it is not conducive to screening of individual cell types.

The Gap-FRAP (fluorescent recovery after photobleaching) method involves a flu-

orescent tracer being uniformly introduced into cells. A target area is then photo-

bleached creating a gradient for diffusion. If the photobleached cell is coupled with

non-photobleached cells an influx of dye via gap junctions will result. However, this

method requires a high intensity laser for photobleaching and it is difficult to avoid pho-

tochemical and thermal damage of the sample. The LAMP (local activation of molecular

fluorescent probe) method is a recently developed method which uses a newly developed

photo-activatable fluorophore, NPE-HCCC2/AM, that can be loaded into cells, and then

activated into a fluorescent and gap junction permeable dye using a low dose of ultra-

violet light. If neighboring cells are coupled the dye will diffuse to neighboring cells.

Finally, the dual whole-cell patch clamp method is the most sensitive method of de-

tecting electrical conductance between neighboring cells. It is important to note that

permeability measures and electrical conductance are not equivalent. A voltage gra-

dient is established by stepping the voltage of one of the patch-clamped cells, while

holding the other cell constant. The current measured in the holding cell in response

to the voltage step (V j) is the junctional current, (I j). The junctional conductance (G j)

can be calculated from Gj = Ij/Vj. However, this method is technically challenging and

requires specialized equipment [45].
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1.5 Computational modeling of the heart

1.5.1 Mathematical models of gap junctions

Gap junction channels are a diverse population of channels that vary in conductance

and gating properties and the extent of their electrical and metabolic transfer depends

on the dynamic properties as discussed above in Section 1.4.1. The general time- and

voltage-dependent behaviors of gap junction channels have been incorporated into sev-

eral computational models discussed below.

Transjunctional-voltage-dependent models

Four-state models Recent models have described transjunctional voltage (Vj)-gating

of gap junction channels using a four-state model. This representation describes each

hemichannel as having one voltage gate, and thus two gates in series control the gating

of the gap junction channel. Each voltage gate can exist in an open or closed residual

state. This results in four possible states: 1) OO, in which both gates are open, 2) CO,

in which the left gate is close and the right gate is open, 3) OC, in which the left gate

is open and the right gate is closed, and 4) CC, in which both gates are closed. This

four-state scheme for Vj-gating was used to develop a general mathematical model by

Vogel et al. [46] , a steady-state model by Chen-Izu et al [47] , and a stochastic model

by Paulaskas et al. [48].

The Vogel et al. [46] mathematical model is based on single channel data and con-

sists of two hemichannel models connected in series with each hemichannel containing

a voltage gate; each hemichannel transitions between two non-zero states, a high (H)

and low (L) conductance state gated by the transjunctional voltage, Vj, across each
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hemichannel. The gates function independently, leading to four conformation states of

the combined channel, HH, HL, LH, and LL.

The Chen-Izu et al. [47] mathematical model focused on the steady state behavior of

Vj-gating. They developed a modified Boltzmann equation that allowed for the simul-

taneous fitting of positive and negative polarities of Vj. The Chen-Izu model assumes

that an intact gap junction channel has one open channel conductance and one residual

conductance, as opposed to the Vogel model which has four possible conductances. Two

models were developed, a contingent gating model in which the gating of one channel

depends on the state of the opposed channel, and an independent gating model which

assumes that the two voltage gates in the model do not interact other than through the

distribution of Vj.

A four-state stochastic model of contingent gating of gap junction channels contain-

ing two fast gates and Vj sensitive gating was developed by Paulaskas et al. [48]. The

model assumes that each channel has an open state and a residual state, and that both

states rectify. Gates can have the same or different gating polarities. Each hemichannel

gate can be in the open or closed states which correspond to the open state and the resid-

ual state of the hemichannel, respectively. The single-cannel conductances of the open

and residual state rectify, and thus depend on Vj. The model defines for a given time

whether individual channels stay in the same state or change their state. This model has

also been extended into a stochastic 16-state model of voltage gating of gap junction

channels by incorporating the slow gating mechanism [49].

Data-based model Lin et al. [50] developed a model to describe the unique features

of Vj gating between cardiomyocyte cells. This gating is thought to occur when con-

duction velocity is very slow (≤10 cm/s) and the intercellular conduction delay is large
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enough to produce Vj gradients equal to the magnitude of a ventricular action potential.

The major component of the model is the two inactivation components and two recovery

components based directly from data obtained by applying a ventricular action poten-

tial to paired neonatal murine ventricular myocytes in dual whole cell voltage clamp

experiments. Inactivation is induced when Vj increases above a certain threshold value

and is removed when Vj is in the resting state. They incorporated a behavior described

as facilitation which occurs only in ventricular cardiomyocyte cell pairs. Facilitation is

observed as an increase in Gj above the initial peak values during the final repolarization

phase of the action potential.

1.6 Mathematical models of cardiac fibroblasts

A major advancement in our understanding of fibroblast-myocyte interactions was the

discovery that cardiac fibroblasts express time- and voltage-dependent and inward rec-

tifying K+ currents [51, 52]. Computational models incorporating the electrophysio-

logical properties of these conductances are described as “active” models. Prior to this

discover, cardiac fibroblasts were modeled as purely “passive” electrical loads.

Ventricular fibroblast model

Passive model In the passive fibroblast model, the membrane capacitance is connected

in parallel to an ohmic resistance. Therefore, the membrane potential can be represented

by the ordinary differential equation: Cf
dVf
dt = −Gf (Vf − Ef), where Cf is the fibroblast

membrane capacitance, Vf is the membrane potential of the fibroblast, Ef is the fibrob-

last resting membrane potential, and Gf is the fibroblast membrane conductance [53].

This model does not accurately represent all of the electrophysiological properties of
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cardiac fibroblasts. However, due to the ability to independently modify Ef and Gf this

model has been extensively used to systematically investigate these basic fibroblast elec-

trophysiological parameters in multi-scale computational models of fibroblast-myocyte

interactions (see Section 1.7).

Active model Active fibroblast models have been developed by Sachse et al. [54],

Jacquemet et al. [55], and MacCannell et al. [56], with the MacCannell model being

the most widely used. The MacCannell et al. model includes four membrane currents:

an inwardly-rectifying K+ current, a time- and voltage-dependent delayed-rectifier K+

current, an electrogenic Na+/K+-ATPase, and a time-independent background Na+ con-

ductance. The magnitude and kinetics of the inwardly rectifying and delayed-rectifier

K+ currents are based on experimental measurements [51, 52] from fibroblasts isolated

from the adult rat ventricle. The Na+/K+-ATPase and the background Na+ current were

introduced to enable K+ and Na+ ion homeostasis. The resting membrane potential of

the uncoupled fibroblast is set to –49.6 mV and the membrane capacitance is 6.3 pF.

The Sachse model is based on the same experimental data as the MacCannell model

and therefore also includes an inwardly rectifying current IKir and a time- and voltage-

dependent outward current IShkr (i.e., the Kv family) but with different mathematical

formulations. They also incorporated a nonspecific background current Ib to maintain

the resting membrane potential of –58 mV and they modeled a smaller membrane capac-

itance of 4.5 pF. The Jacquemet model is a simplified active model developed by fitting

a three-dimensional polynomial to the recorded current-voltage relationship of the car-

diac fibroblast and incorporating a delayed current activation. The resting membrane

potential was set to –58 mV.
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Atrial fibroblast model

Recent experimental studies implicate potentially important differences between cardiac

fibroblasts derived from ventricular versus atrial tissue [57–59]. This has led to a subset

of models representing the atrial fibroblast phenotype. Chatelier et al. have shown that

the differentiation of human atrial fibroblasts into myofibroblasts is associated with de

novo expression of voltage gated Na+ currents [58, 59]. Koivumaki et al. [59] integrated

these electrophysiological findings into a mathematical model of human atrial myofi-

broblasts [60]. However, the introduction of Na+ currents into the model did not result

in significant changes in the fibroblast electrophysiology nor any action potential-like

responses on stimulation. This may be due to the inactivation of the Na+ current by the

relatively depolarized resting membrane potential of the cardiac fibroblast.

There are still significant gaps in our understanding of fibroblast electrophysiological

properties due to the limited availability of electrophysiological data and the difficulty

of accurately recording from such small cells [61]. In an attempt to overcome such lim-

itations, computational studies have explored the contribution of a wide range of fibrob-

last properties by varying parameters such as: membrane capacitance, Cf, membrane

conductance, Gf, resting membrane potential, Ef, gap junctional conductance, Gj, and

fibroblast-myocyte ratio and quantifying their effects on fibroblast-myocyte coupling.

1.7 Simulations of fibroblast-myocyte coupling

Cardiac fibroblasts have been described as a “leaky capacitor”: charging during the dias-

tolic and upstroke phase of the action potentialaction potential and then leaking current

during the systolic phase when the voltage-dependent currents of the cardiac fibroblast
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are activated by depolarization [62]. This in turn can cause modifications in the car-

diomyocyte action potential morphology when/if coupled to a fibroblast. Three hypo-

thetical types of fibroblast-myocyte coupling configurations in the intact heart have been

proposed [63]. First, “zero-sided” coupling in which fibroblasts do not interact directly

with cardiomyocytes but instead create obstacles similar to collagenous septa leading

to discontinuous conduction. Second, “single-sided” coupling in which fibroblasts are

connected to groups of myocytes and can act as current sources or sinks. Third, “double-

sided coupling” in which fibroblast-fibroblast connections interlink myocytes resulting

in new conduction pathways or conduction bridges between uncoupled myocytes. In

this section, we review the existing computational models of fibroblast-myocyte cou-

pling in the form of cell pairs/clusters (i.e., a single cardiomyocyte coupled to one or

more cardiac fibroblasts), one-dimensional (1D) cables, two-dimensional (2D) sheets,

and three-dimensional (3D) models and discuss their contribution to our understanding

of the mechanism of fibroblast-myocyte interactions.

Interactions with ventricular myocyte Models

Effects on action potential morphology

MacCannell et al. used computational models of cell pairs using the Tusscher-Noble-

Noble-Panfilov (TNNP) model of the human ventricular cardiomyocyte [64] and their

active model of an adult ventricular fibroblast (Section 1.6) to show that fibroblast-

myocyte coupling modifies the cardiomyocyte action potential morphology. fibroblast-

myocyte coupling resulted in a hyperpolarized action potential plateau, shortened action

potential duration, depolarizations of the resting membrane potential, and correspond-

ing action potential waveform-dependent changes in the ionic currents of the cardiomy-

ocyte. They found that the magnitude of these changes in action potential were depen-
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dent on the membrane properties of the cardiac fibroblasts, the gap junction conduc-

tance, and the number of fibroblasts. The dependency of these action potential changes

on fibroblast membrane properties were further explored by Xie et al. [65] who de-

scribed such changes as a function of the two components of the fibroblast-myocyte

gap junctional current: 1) an early transient outward (Ito)-like component, and 2) a late

background current component. They performed simulations using a modified version

of the Luo and Rudy (LR1) model [66] and the passive fibroblast model ( Section 1.6)

and systematically modified the fibroblast membrane conductance, Gf, and resting mem-

brane potential, Ef, and observed its effects on the two components of the gap junctional

current and on action potential morphology during fibroblast-myocyte coupling. They

found that when Gf is small, the early component of the the gap junctional current be-

haves similar to Ito (i.e., it is activated rapidly during the early phase 1 of the action

potential and can influence action potential amplitude and action potential duration) and

results in prolongation of the action potential duration. When Gf is large, the late com-

ponent of the gap junctional current plays a more prominent role in modifying the action

potential duration. The parameter Ef affects the crossing voltage in which the fibroblast

voltage is more depolarized than the cardiomyocyte membrane potential. Therefore,

when Gf is large and Ef is more depolarized, the late component of the gap junctional

current is mainly an inward current for the cardiomyocyte resulting in the prolongation

of its action potential duration. However, when Gf is large and Ef is more hyperpolarized

(i.e., –80 mV) the late component is mainly an outward current and thus shortens action

potential duration.

As will be discussed in the next section, fibroblast-myocyte coupling can also have

significant affects on cardiac impulse propagations and cardiomyocyte excitability as

demonstrated by in vitro experiments and simulations using 1D cables, and 2D tissue

sheets.
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Effects on conduction velocity and excitability

Conduction velocity and fibroblast density Experimental investigations in vitro have

demonstrated that myofibroblasts can directly modify conduction velocity by direct

electrical interactions with cardiomyocytes. For example, Miragoli et al. [67] measured

conduction velocity and upstroke velocity (dV/dtmax) from optical mapping record-

ings of stimulated strands of cultured neonatal rat cardiomyocytes coated with myofi-

broblasts. Interestingly, they found a biphasic dependence of conduction velocity and

dV/dtmax on myofibroblast density. Using microelectrode recordings, they demonstrated

that these fibroblast-mediated changes were associated with cardiomyocytes strands be-

coming depolarized from –78 mV to –50 mV.

To help explain these findings, Xie et al. [62] developed various 2D tissue sheet

models based on native cardiac tissue structure in order to investigate the effects of

fibroblast-myocyte ratio on conduction velocity. In their cell-attached model, in which a

layer of cardiac fibroblasts were modeled on top of a monolayer of cardiomyocytes, they

observed a similar biphasic relationship between conduction velocity and fibroblast-

myocyte ratio as seen in in vitro experiments. They suggested that conduction velocity

first increased by the fibroblast bringing the cardiomyocyte membrane potential closer

to the threshold for INa but then decreased as the increasing fibroblast density resulted

in a shift in the cardiomyocyte membrane potential and INa inactivation. However,

using their random fibroblast insertion model, which represents the coculture of car-

diomyocytes interspersed with cardiac fibroblasts, they found a monotonic decrease in

conduction velocity with increasing fibroblast-myocyte ratio. They also found that the

membrane potential of the fibroblast, Ef, also has an effect on conduction velocity: when

Ef was set to a more hyperpolarized value of –80 mV the fibroblast had no effect on the

cardiomyocyte resting membrane potential and there was a more linear relationship be-
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tween conduction velocity and the fibroblast-myocyte ratio.

However, these results were opposite of the experimental findings of Miragoli et

al., who found a biphasic relationship with endogenous/interspersed fibroblast-myocyte

co-cultures, but a monotonic relationship when cardiac fibroblasts were plated on top

of a cardiomyocyte monolayer. One suggested explanation of this discrepancy is that

in experimental conditions where cardiac fibroblasts were plated on top of a cardiomy-

ocyte monolayer, the latter may have still had significant endogenous/interspersed fi-

broblast content which might be high enough to obscure the increasing conduction ve-

locity phase. Other yet to be explored mechanisms may also exist.

It has been shown that cardiac tissue microstructure consists of laminar clefts or

cleavage planes with fibroblasts often localized in the cleft spaces. Surprisingly, their

2D model of fibroblasts inserted into laminar clefts between cardiomyocytes resulted

in a monotonic increase in conduction velocity with increasing fibroblast density [62].

This behavior is thought to be due to cardiac fibroblasts forming bridge-like pathways

or due to the downstream depolarization of a cardiomyocyte by a depolarized cardiac

fibroblast within the cleft.

Conduction velocity and gap junctional conductance Zlochiver et al [68] used a

combination of in vitro optical mapping experiments and computational modeling stud-

ies to investigate the effects of fibroblast-myocyte gap junctional conductance on con-

duction velocity. Gap junctional conductance was modified experimentally using gene

expression level modification of connexin 43 (Cx43) channels, in which, Cx43 RNA in-

terference resulted in a 90% reduction in myofibroblast Cx43 expression, and Cx43 over

expression resulted in 99% overexpression of Cx43. Their 2D computational model, de-

signed to mimic the cell cultures experiments, used a ventricular cardiomyocyte model
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and the cardiac fibroblast model that included the outward rectifying current-voltage

relationship (Sec. Section 1.6). In both simulations and experiments, there was a bipha-

sic relationship between conduction velocity and gap junctional conductance, with an

initial decrease in conduction velocity followed by an increase as gap junctional con-

ductance increased. One hypothesis for the biphasic nature of this relationship is that

insufficient charge is being transmitted to downstream cardiomyocytes during low lev-

els of coupling, resulting in alternative conduction pathways and conduction slowing.

However, above a certain threshold of gap junction conductance there is enough charge

transmitted through the myofibroblasts to excite downstream cardiomyocytes and thus

increase conduction velocity.

Spontaneous activity Miragoli et al. [69] used strands of cultured neonatal rat ventric-

ular cardiomyocytes coated with myofibroblasts to demonstrate that fibroblast-myocyte

coupling can result in depolarization-induced ectopic activity. The percentage of prepa-

rations with spontaneous activity increased with increasing myofibroblast density. Such

activity was not observed in control cardiomyocyte strands without direct myofibroblast

contact. They demonstrated that changes in membrane polarization can affect the rate of

occurrence of spontaneous activity by using current clamp injections of constant current

pulses in individual cardiac myocytes in the range of membrane depolarizations seen in

fibroblast coated cardiomyocyte cultures.

Greisas et al. [70] used a 2D monolayer tissue model, including human ventricular

cardiomyocytes represented by the TNNP model [64] and the MacCannell cardiac fi-

broblast model, and added support to the hypothesis that spontaneous activity occurs as

a result of fibroblast-mediated depolarization of the cardiomyocyte resting membrane

potential. In their monolayer tissue model, cardiac fibroblasts were embedded between

ventricular cardiomyocytes in a single layer. In this configuration, spontaneous excita-
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tions were observed frequently. For example, spontaneous activity occurred with low

fibroblast-myocyte ratios from 0.5 to 1.75 with gap junctional conductances of 0.02 nS

to 0.08 nS. The spontaneous excitation occurred in clusters when the coupled fibroblast

modified the membrane potential of the neighboring cardiomyocytes to their excitation

threshold. At low coupling the fibroblast effect was not strong enough to depolarize the

cardiomyocyte, while at very high coupling the large depolarization and inactivation of

sodium channel activity prevented the cardiomyocytes from recovering from inactiva-

tion after the action potential was elicited. Similarly, automaticity was suppressed by

very high fibroblast density due to the inability of the cardiomyocytes to recover from

the large depolarization imposed by the coupled cardiac fibroblasts. Thus, the sponta-

neous activity only occurred at intermediate values of gap junctional conductance and

when the fibroblast density was low.

Effects on vulnerability to reentry

Heart failure can arise from numerous cardiac pathologies and can result in various

degrees of electrical and structural remodeling depending on the particular etiology.

Ionic remodeling and fibrosis have been identified as key players in the mechanisms

for arrhythmogenesis associated with heart failure. Gomez et al. modeled ionic and

structural remodeling in heart failure using 1D cables and 2D computational models [71,

72]. They used the Grandi et al. [73] and the O’Hara et al. [74] human ventricular action

potential model with heart failure ionic remodeling and the MacCannell fibroblast model

for structural remodeling. When clusters of fibroblasts were inserted randomly into a

cardiomyocyte strand action potential duration dispersion increased to 70 ms from 24

ms with 10% fibrosis. Such regional dispersion of repolarization can create a substrate

for the development of reentry. Moreover, transmural dispersion of repolarization was

also enhanced. Both action potential duration dispersion and transmural dispersion of
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repolarization showed a biphasic relationship with fibroblast density, with both action

potential duration dispersion and transmural dispersion of repolarization first increasing

with 10% fibrosis, but then decreasing when fibroblast density was increased to 20%.

Furthermore, they investigated the role of fibrosis in reentry generation in several

degrees of fibrosis [72]. They found that spontaneous activity occurred as a result of the

depolarization of the cardiomyocyte membrane potential by the surrounding fibroblasts.

In their heart failure remodeling simulations they found that low fibrosis (4%) could

not induce reentrant activity, but at 14.5% there was a vulnerable window for reentry

initiation of 20 ms. Thus, when enough fibrosis is present, the action potential dura-

tion and effective refractory period of some cardiomyocytes are shortened so that when

a premature stimulus is applied, part of the ventricular tissue has recovered enough to

become excited, generating wave break and spiral waves. However, at even higher fi-

brosis (40%) reentrant activity was not observed because the depolarizing wave front

reached very low potentials, leading to only small electronic voltage changes. They also

observed a slight decrease in the rotation frequency of the spiral wave with increased

fibrosis. This decrease in spiral wave frequency was also observed in experimental stud-

ies by Zlochiver et al. [68] and is consistent with fibroblast-loading induced conduction

slowing (Section 1.7).

Using a 3D computational model based on diffusion tensor magnetic resonance im-

ages of the rabbit heart, McDowell et al. [75] investigated the role of fibroblast-myocyte

coupling in the mechanism of arrhythmia generation during myocardial infarction. The

peri-infarct zone was modeled as having a fibroblast density ranging from 10–30%,

while the scar was model as 80% or 0% fibroblast density. Using the Mahajan et al. [76]

model of the rabbit ventricular action potential and the MacCannell fibroblast model,

they showed that susceptibility to arrhythmia in the infarcted heart depends on myofi-
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broblast density. At low densities myofibroblasts did not alter arrhythmia propensity, at

intermediate densities myofibroblasts caused additional action potential duration short-

ening and increased arrhythmia propensity, at high densities myofibroblasts protected

against arrhythmia by causing resting depolarization and blocking propagation. The

underlying mechanism was shown to be fibroblast-myocyte coupling depolarizes the

resting membrane potential of the cardiomyocyte, which causes a partial inactivation of

INa and contributes to conduction failure.

Effects on early afterdepolarizations

Since it is difficult to modify gap junctional conductance systematically in an in vitro

experiment, Nguyen et al. [77] used a hybrid computational modeling and dynamic-

clamp approach (see Section 1.8) to investigate fibroblast-myocyte coupling between a

real rabbit ventricular cardiomyocyte and a virtual cardiac fibroblast. They showed that

fibroblast-myocyte coupling increased susceptibility to both oxidative stress-induced

and hypokalemia-induced early afterdepolarizations [77]. They deduce that these ef-

fects where dependent on the early Ito-like component of the gap junctional current by

performing experiments in which they selectively eliminated the early component and

observed suppression of early afterdepolarizations. The Ito-like component results in

lowering of the action potential plateau into the range that allows for reactivation of

L-type calcium current. They also found that the increased early afterdepolarization

susceptibility was especially enhanced when the resting membrane potential of the car-

diac fibroblast, Ef, was more depolarized (–25 mV). It is worth noting that much smaller

changes in fibroblast-myocyte coupling was needed to result in early afterdepolarization

formation compared to effects on conduction velocity.
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Interactions with atrial myocyte models

Atrial fibrosis is associated with pathological conditions such as persistent and perma-

nent atrial fibrillation. Ashihara et al. [78] hypothesized that electronic interactions be-

tween atrial myocytes and fibroblasts may play a role in the genesis of complex fraction-

ated atrial electrograms and proposed that targeting these fibroblast-associated complex

fractionated atrial electrogram sites could terminate induced atrial fibrillation. Using a

2D sheet computational model of human atrial tissue with cardiomyocytes represented

by the Courtemanche model [79] and the MacCannell fibroblast model, they showed

that the incorporation of high-density fibroblasts (50% fibrotic area) resulted in more

spiral wave meandering within or around the fibrotic areas and these meandering waves

were sustained longer than controls without fibrotic areas. Moreover, computed bipo-

lar electrogram recordings from the fibrotic areas showed complex fractionated atrial

electrograms. Simulations of complex fractionated atrial electrogram-targeted abla-

tion resulted in spiral wave reentry termination shortly after ablation. This suggests

that the fibroblast-mediated decrease in action potential duration, conduction velocity,

and myocardial excitability are required for complex fractionated atrial electrograms.

In contrast, simulated collagen accumulation (i.e., low density (18.8%) or high den-

sity (37.5%) replacement of fibrotic area by non-excitable and non-conductive tissue)

showed less frequent wave breakups and no complex fractionated atrial electrogram sites

in the bipolar electrogram. However, the manifestation of such complex fractionated

atrial electrograms could be related to the direction of the incident waveform relative

to the underlying spatial organization of the fibrosis as demonstrated in a 2D compu-

tational model study by Campos et al. [80]. Catheter ablation targeting these collagen

accumulation regions could not terminate spiral waves.

McDowell et al. [81] developed a 3D computational model of human left atrial tis-
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sue with specific geometry from a patient with persistent atrial fibrillation including

models with combinations of gap junction remodeling, collagen deposition, and myofi-

broblast proliferation with electronic or paracrine effects. They found that gap junction

remodeling was the primary contributor to conduction block and inclusion of other fi-

brotic lesions did not suppress it. Furthermore, all simulations which incorporated both

gap junction remodeling and myofibroblast coupling resulted in reentry after conduction

block, thus indicating myofibroblasts are critical for reentry formation.

1.8 Dynamic-clamp technique

The dynamic-clamp technique allows for real-time feedback between computational

models and in vitro patch-clamped cells (Figure 1.8). Traditional methods of access-

ing electrical properties of excitable cells used current clamp or voltage clamp methods.

During current clamp, a current value is set by the amplifier and injected into the car-

diomyocyte and the membrane potential is recorded. In voltage clamp, the membrane

potential value is set by the amplifier and the current injected into the cardiomyocyte

to maintain this set voltage is recorded. Dynamic clamp is an extension of the current

clamp mode in which a current is set by the amplifier and injected into the cardiomy-

ocyte in current clamp mode. However this current is a function of the membrane po-

tential of the patch-clamped cardiomyocyte. This current can be used for example: to

represent an additional ionic conductance (in the case of “model clamp”) or a coupling

current (in the case of “coupling clamp”). Thus, the dynamic clamp uses a feedback

loop in, which the membrane potential is measured using a patch-clamp amplifier, the

measured voltage is fed into a computer that calculates the current to be injected and

then sends this information to the patch clamp amplifier to inject this current.
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1.9 Multiscale study of gap junctions in myocyte-fibroblast interac-

tions

This study investigates how the subcellular properties of voltage-dependent gap junc-

tion channels are linked to changes in myocyte-fibroblast interactions at the cellular

level and tissue level (Figure 1.9). To do so, a mathematical model of the gap junction

channels involved in myocyte-fibroblast interactions was developed. Then, an inves-

tigation into how changes in gap junction channel phenotypes between myocytes and

fibroblasts affect myocyte action potential morphology using the dynamic-clamp tech-

nique was conducted (Chapter 2). Next, an investigation into whether changes in gap

junctions at the subcellular level and cellular level combine at the tissue level and result

in modifications in impulse propagation was conducted (Chapter 3). Finally, a novel

strategy to experimentally investigate myocyte-fibroblast interactions in a multicellular
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environment was developed (Chapter 4).
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Figure 1.9 | Multiscale study of gap junctions in myocyte-fibroblast interactions
This study, investigates how the subcellular scale changes in voltage dependent gating of
gap junction channels are linked to changes in the myocyte-fibroblast coupling and result
in changes in cardiomyocyte action potential morphology at the cellular scale. Further-
more, this study investigates how changes in myocyte-fibroblast gap junction channel
phenotypes at the tissue scale alter fibroblast mediated changes in impulse propagation
and conduction velocity using tissue simulations. Finally, a novel strategy to investigate
the degree of interconnections between myocytes-fibroblast using cardiac tissue slices
is developed.
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CHAPTER 2

ILLUMINATING MYOCYTE-FIBROBLAST HOMOTYPIC AND

HETEROTYPIC GAP JUNCTION DYNAMICS USING THE

DYNAMIC-CLAMP TECHNIQUE*

2.1 Abstract

Fibroblasts play a significant role in the development of electrical and mechanical dys-

function of the heart; however the underlying mechanisms are only partially understood.

One widely studied mechanism suggests that fibroblasts produce excess extracellular

matrix, resulting in collagenous septa that slow propagation, cause zig-zag conduction

paths, and decouple cardiomyocytes, resulting in a substrate for cardiac arrhythmia.

An emerging hypothesis suggests that fibroblasts promote arrhythmogenesis through

direct electrical interactions with cardiomyocytes via gap junction (gap junction) chan-

nels. In the heart, three major connexin (Cx) isoforms, Cx40, Cx43 and Cx45 form gap

junction channels in cell-type-specific combinations. Because each Cx is characterized

by a unique time- and transjunctional voltage-dependent profile, this study investigated

whether the electrophysiological contributions of fibroblasts would vary with the spe-

cific composition of the myocyte-fibroblast (myocyte-fibroblast) gap junction channel.

Due to the challenges of systematically modifying Cxs in vitro, native cardiomyocytes

were coupled with in silico fibroblast and gap junction channel electrophysiological

models using the dynamic-clamp technique. The results demonstrated that there is a

reduction in the early peak of the junctional current during the upstroke of the action

potential due to gap junction channel gating. However, effects on the cardiomyocyte

action potential morphology were similar regardless of the specific type of gap junction

*Reproduced from Brown TR, Krogh-Madsen T, and D.J. Christini. Illuminating myocyte-fibroblast
homotypic and heterotypic gap junction dynamics using the dynamic-clamp technique. Biophysical Jour-
nal. in press.
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channel (homotypic Cx43, Cx45, and heterotypic Cx43/Cx45 and Cx45/Cx43). Fur-

thermore, a cell-specific model of our dynamic-clamp experiments was used to investi-

gate changes in the underlying membrane currents during myocyte-fibroblast coupling.

These findings shed more light on the complex electrophysiological interplay between

cardiac fibroblasts and myocytes.

2.2 Introduction

The adult heart is composed of cardiomyocytes and a diverse population of non-myocyte

cells including: fibroblasts, endothelial cells, pericytes, immune cells, and vascular

smooth muscle cells. The most abundant non-myocyte cells, cardiac fibroblasts, form

an intermingled network with cardiomyocytes and account for ∼27% of cells in the

mouse heart to as much as 70% of cells in the rat heart [1, 2]. Fibroblasts play a signif-

icant role in the development of electrical and mechanical dysfunction of the diseased

heart. Cardiac diseases such as myocardial infarction, pressure/volume overload, and

heart failure result in fibroblast accumulation and differentiation into the activated my-

ofibroblast state. Myofibroblasts secrete and remodel extracellular matrix, causing the

formation of collagenous septa which slow propagation, cause zig-zag conduction paths,

and decouple cardiomyocytes, resulting in a substrate for cardiac arrhythmia [3].

Recent evidence suggests that fibroblasts may also promote arrhythmogenesis

through direct electrical interactions with cardiomyocytes. Several studies have demon-

strated that fibroblasts form gap junction (gap junction) channels with cardiomyocytes

in vitro [4, 5] and ex vivo in the SA node [6]. However, contrary to previous studies,

Baum et al., found no indication of functional myocyte-fibroblast (myocyte-fibroblast)

coupling [7]. This controversy regarding the role of myocyte-fibroblast coupling in vivo,

has prompted the development of novel optogenetic strategies to investigate myocyte-

fibroblast interactions in vivo [8, 9]. Because of the limitations of existing experimental
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models, combined computational modeling and in vitro experiments have proved valu-

able in illuminating the potential contributions of myocyte-fibroblast interactions in the

heart. Modeling studies have suggested that fibroblasts may modify cardiac electro-

physiology by reducing action potential (action potential) duration, modifying conduc-

tion velocity, and inducing spontaneous electrical activity when coupled to cardiomy-

ocytes via gap junction channels [10–12]. A gap junction channel is composed of two

hemichannels docked head-to-head spanning two bilayer membranes. Each hemichan-

nel is composed of six protein subunits, termed connexins (Cx) arranged in a hexagonal

pattern around a central pore [13]. In general, gap junction channels are described as

homotypic if both hemichannels are composed of the same Cx isoform and heterotypic

if the Cxs of the two hemichannels differ. In the heart, three major Cx isoforms: Cx40,

Cx43 and Cx45 form gap junction channels in cell-type-specific combinations.

Since each gap junction channel exhibits unique static (single-channel conductance)

and dynamic (voltage-sensitive gating) properties, it has been postulated that Cx type

and distribution may play a functional role in cardiac conduction [14]. For example, the

Cxs in the heart have differing single-channel conductance and regional and cell specific

differences in Cx distribution. The single-channel conductance of Cx43 is ∼90 pS and

much larger than that of Cx45, which is only ∼35 pS [15]. Cx43 is highly expressed

in ventricular cardiomyocytes and are co-expressed with small amounts of Cx45 in the

normal heart, while atrial cardiomyocytes express Cx40 in addition to equal amounts of

Cx43 and slightly higher amounts of Cx45 than ventricular cardiomyocytes [16]. More-

over, changes in Cx expression are also observed during cardiac disease. For example,

Cx43 is down-regulated and Cx45 is up-regulated during heart failure [17, 18]. Cardiac

fibroblasts also express Cx43 and Cx45, but with relatively higher levels of Cx45 [19,

20], suggesting that a myocyte-fibroblast gap junction channel in the ventricle may be

predominantly heterotypic Cx43/Cx45 [21], and may also form homotypic Cx43 and
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Cx45 channels. Elucidating the functional effects of such homotypic and heterotypic

gap junction channels on myocyte-fibroblast interactions is the focus of this study. Re-

cent work by McSpadden et al. investigated the effect of Cx type on myocyte and

non-myocyte coupling and showed that non-myocyte cells expressing Cx45 were more

weakly coupled to cardiomyocytes and had more moderate effects on cardiomyocyte

resting potential and conduction velocity compared to non-myocytes cells expressing

Cx43 [22]. However, due to the limitation of the experimental setup, they were not

able to distinguish between effects mediated by heterotypic Cx43/Cx45 and Cx45 gap

junction channels. Interestingly, Desplantez et al. found that increasing Cx45:Cx43

ratio in cell pairs resulted in a reduction of electrical coupling and cell-to-cell dye trans-

fer [23]. These studies highlight how Cx type and distribution can influence cell-to-cell

interactions.

This chapter expands upon these studies and earlier modeling work [24] by utiliz-

ing the dynamic-clamp technique to explore the effects of homotypic and heterotypic

gap junction channels on myocyte-fibroblast interactions in the context of a real cell.

Dynamic clamp is a powerful tool used in cardiac electrophysiology, which allows for

real-time feedback between computational models and in vitro patch-clamped cells [25].

This approach was used to couple an in vitro patch-clamped guinea pig ventricular car-

diomyocyte to a cardiac fibroblast electrophysiological model using gap junction chan-

nel models representing distinct Cx types.

2.3 Methods

Guinea pig ventricular myocyte isolation

Left ventricular myocytes were enzymatically isolated from the adult guinea pig heart

via perfusion on a Langendorff apparatus, as described previously [26]. All procedures

46



were performed in accordance with the Weill Cornell IACUC protocol 0701-571A. In

brief, adult Hartley guinea pigs (n = 4) were anesthetized using intraperitoneal injection

of 120 mg/kg of sodium pentobarbital. The heart was excised, cannulated and perfused

first with Common Tyrode’s buffer (in mM): 130 NaCl, 5.4 KCl, 3.5 MgCl2, 5 HEPES,

10 Dextrose, 2 CaCl2, pH 7.2 with NaOH, (osmolality 288 mmol/kg) to facilitate the re-

moval of blood, followed by calcium-free Common Tyrode’s buffer to stop contractions,

and finally with Common Tyrode’s buffer solution containing Collagenase Type II (Wor-

thington, Lakewood, NJ), Protease Type XIV (Sigma-Aldrich Corp., St. Louis, MO),

and 0.05 mM CaCl2. The left ventricle was dissected, minced, and further digested in

Common Tyrode’s buffer containing Collagenase Type II. The final suspension of cells

contained a population of single cardiomyocytes. Cells were stored in Dulbecco’s Mod-

ified Eagle Medium with 5% fetal bovine serum or in Common Tyrode’s buffer with

0.5% bovine serum albumin and 0.75 mM CaCl2. Only rod shaped cells with striations

were selected for electrophysiology studies.

Electrophysiological recordings

Whole-cell Amphotericin B (Sigma-Aldrich Corp., St. Louis, MO) perforated patch-

clamp recordings were obtained at 35-37°C using a model 2400 patch-clamp amplifier

(A-M systems, Sequim, WA, USA). Patch pipettes were pulled from 1.5-mm OD, 0.86-

mm ID borosilicate glass capillary tubes (Sutter Instrument, Novato, CA) to a resistance

of 1.6-2 MΩ and backfilled with pipette solution. Pipette solution contained (in mM):

113 KCl, 10 NaCl, 5.5 Dextrose, 0.5 MgCl2, 11 KOH, 10 HEPES, 10 µM CaCl2, pH

7.1 with KOH (osmolality 289 ± 0.6 mmol/kg). Extracellular solution contained (in

mM): 137 NaCl, 5.4 KCl, 1 MgSO4, 10 HEPES, 10 Dextrose, 2 CaCl2, pH 7.35 with

NaOH (osmolality 304 ± 0.6 mmol/kg). Recordings were corrected for a liquid junction

potential of −3 mV.
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Figure 2.1 | Schematic of dynamic-clamp technique.
The dynamic-clamp technique allows for real-time feedback between computational
models and in vitro patch-clamped cardiomyocytes. In this approach, an in vitro car-
diomyocyte cell is patch-clamped and its membrane potential is measured and fed into
the computer’s data acquisition system, simultaneously a cardiac fibroblast model is
simulated in real-time. Next, a junctional current, Ij, is calculated as a function of the
gap junctional conductance, Gj, and the difference between the fibroblast model voltage,
Vfib, and cardiomyocyte voltage, Vmyo. Finally, the junction current is injected back into
the fibroblast model and the in vitro cardiomyocyte via the patch-clamp amplifier. Re-
sulting in a circuit as if the cardiomyocyte was directly coupled to the fibroblast model.

Dynamic-clamp experiments

Figure 2.1 shows a schematic of the dynamic-clamp feedback circuit. Guinea pig ven-

tricular cardiomyocytes were patch-clamped and used the dynamic-clamp technique to

couple them to the MacCannell fibroblast electrophysiological model [27] via gap junc-

tion channel models developed to represent the gating and kinetic properties of Cx43,

Cx45, and Cx43/Cx45. Dynamic-clamp protocols were implemented using the Real-
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Time eXperiment Interface (RTXI; www.rtxi.org) framework developed in the labora-

tory [28, 29]. Prior to the start of dynamic-clamp recordings, the patch-clamped car-

diomyocyte was paced at 2 Hz in current-clamp mode using 1.5 times the threshold

stimulus pulse for 1 ms duration until it reached a stable recording. The bridge balance

was used to compensate for 70–100% of the voltage drop across the access resistance

which ranged from 5.8–16.6 MΩ.

The capacitance of the fibroblast model was fixed at 6.3 pF as reported in the Mac-

Cannell model [27], while the capacitance of the in vitro guinea pig cardiomyocyte var-

ied from cell-to-cell. In order to ensure that the relative size of the in vitro cell and the

fibroblast electrophysiological model were similar across cells, the capacitance of the

cardiomyocyte was determined using a real-time estimate measured in voltage-clamp

mode. A scaling factor (k = Cm/153.4) was then used to scale the junctional current in-

jected into the cardiomyocyte such that the effective size of the cell is equivalent to the

dynamic-clamp simulations described below. The dynamic-clamp protocol consists of

40 uncoupled beats with dynamic clamp off, followed by 40 coupled beats with dynamic

clamp on (i.e., coupling to the fibroblast electrophysiological model via a gap junction

channel model). This protocol was then repeated for each of the gap junction channel

models.

Dynamic-Clamp simulations

In order to provide mechanistic insight into which parameters play a key role in modify-

ing action potential morphology during myocyte-fibroblast coupling, simulations of the

dynamic-clamp experiments were performed. The published Livshitz and Rudy guinea

pig ventricular myocyte model (LRd2009) [30] differs significantly in action potential

morphology and action potential duration compared to the control experimental data and

therefore has a limited ability to predict results from the dynamic-clamp experiments.

Thus, a cell-specific model was generated using a genetic algorithm optimization proce-
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dure similar to that of Groenendaal et al. [31] to scale (i.e., 0.01–2.9 times the published

values) maximal conductance parameters of the LRd2009 model to fit experimental data.

The optimization was focused on the maximal conductance parameters based on the as-

sumption that most cell-to-cell variability is due to different expression levels of ion

channels, represented by maximal conductance parameters in the model, while model

kinetics are more conserved across healthy cells. Current-clamp recordings were used,

which consisted of a train of 40 action potentials during pacing at a cycle length of 500

ms as the target cell behavior. The sum-of-squared-errors (SSE) between the experimen-

tal data and the model voltage was used as the objective function used as a quantitative

measure of the difference between the model behavior and the cell behavior during the

optimization procedure:

SSE =

N∑
i=1

(Vdata − Vmodel)2, (2.1)

where Vdata is the experimentally recorded myocyte voltage, Vmodel is the model out-

put voltage, and N is the total number of data points sampled. The end result of the

optimization is a set of parameters for the calibrated cell-specific model.

To simulate the dynamic-clamp experiments the in vitro cardiomyocytes in Fig-

ure 2.1 is replaced with a calibrated cell-specific model and coupled it to the fibroblast

electrophysiology model via a gap junction channel model (see Figure 2.2 C) as de-

scribed previously [24]. Briefly, the membrane voltage of the myocyte (Vmyo) and the

fibroblast (Vfib) are derived from Eqn. Equation 2.2 and Equation 2.3, respectively. Cmyo

and Cfib are the membrane capacitance and Imyo and Ifib are the total ionic current flowing

through the ion channels, pumps, and exchangers. Istim is the stimulus current. N is the

number of fibroblast models coupled to a single cardiomyocyte model.

dVmyo

dt
= −

1
Cmyo

Imyo(Vmyo, t) + Istim +

N∑
i=1

Ij

 (2.2)
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dVfib

dt
= −

1
Cfib

(
Ifib(Vfib, t) + Ij

)
(2.3)

Ij = Gj(Vfib − Vmyo) (2.4)

Gj = Nchans(GHH · NHH + GLH · NLH

GHL · NHL + GLL · NLL)
(2.5)

The junctional current, Ij, is calculated using Eq. Equation 2.4, where the junctional

conductance, Gj, is dependent on the gap junction model used (“static” or “dynamic”).

In the static model, Gj is a constant conductance. In the dynamic model, Gj is based on

the Vogel and Weingart model [32], where the conductance is dependent on the fraction

of gap junction channels in a given state and their corresponding conductance and the

number of gap junction channels, Nchans, as shown in Eq. Equation 2.5 and detailed

in Figure 2.2.

2.4 Results

Development of homotypic and heterotypic gap junction channel models.

Mathematical models of homotypic Cx43, homotypic Cx45, and heterotypic Cx43/Cx45

gap junction channels were developed as these are the most relevant mediators of

myocyte-fibroblast (myocyte-fibroblast) coupling in the ventricles. Figure 2.2 illustrates

the basic gating properties of these gap junction channel models. In general, the gap

junction channel conductance (Gj) is both time and transjunctional voltage (Vj) depen-

dent. The top graphs in Figure 2.2 B show the junctional current recorded from cell

pairs in response to Vj steps of ±10, ±40, ±70, ±100, and ±130 mV and demonstrates

that the junctional current inactivates to a steady state value in response to an applied
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Vj. The rate of inactivation is faster for large positive or negative Vj steps. The bottom

graphs in Figure 2.2 B show the normalized (i.e., to Vj = 0 mV) instantaneous (open

circles) and steady-state (closed circles) Gj vs. Vj relationship. The instantaneous Gj vs.

Vj relationship is approximately linear for small Vj values but becomes non-linear with

larger Vj values. Moreover, the Vj-dependence is symmetric for homotypic channels but

asymmetric for heterotypic channels [33].

The four state mathematical model of vertebrate gap junction channels by Vogel and

Weingart [32] was used as the basis model because it accounts for the voltage-sensitive

gating and inactivation kinetics of gap junction channels. This model was also compu-

tationally efficient, which is important for the dynamic-clamp experiments, whose ac-

curacy is dependent on low latency between voltage measures from the patch-clamped

cardiomyocytes and calculations of current injections from the computational models.

A schematic of the Vogel and Weingart model is shown in Figure 2.2 A. It consists of two

hemichannel models connected in series with each hemichannel containing a voltage-

sensitive gate that transitions between a high (H) and low (L) conductance state. The

gates function independently, leading to four states of the gap junction channel model:

HH, HL, LH, and LL. State HH represents the main open state, γopen, while states HL

and LH represent the sub-conductance or residual state, γres, of the channel [34]. Least-

squares curve fitting and parameter tuning was used to fit the model to the experimental

data from Desplantez et al. [33] (Figure 2.2 B), with initial parameter constraints based

on previous electrophysiology and computational modeling studies [35–38].

Figure 2.2 C shows simulations of the developed Cx43, Cx45, and Cx43/Cx45 gap

junction channel models. Their corresponding parameters are listed in Table A.1. The

top graphs in Figure 2.2 C shows junctional current responses to Vj steps from −130 to

130 mV in 20-mV increments and the bottom graphs demonstrates the Gj vs. Vj of the

gap junction channel models.
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Figure 2.2 | Mathematical modeling of homotypic Cx43, Cx45, and heterotypic
Cx43/Cx45 gap junction using the Vogel model.
(A) The schematic of the gap junction channel model consists of two hemichannel
connected in series with each hemichannel containing a voltage sensitive gate, each
hemichannel transitions between a high (H) and low (L) non-zero conductance state
gated by the transjunctional voltage (Vj). The gates are functionally independent, lead-
ing to four conformational states: HH, HL, LH, LL. (B) Dual whole-cell patch clamp
experimental recordings of transfected human HeLa cells pairs expressing rat Cx43 (left-
column), mouse Cx45(middle-column), and their heterotypic Cx43/Cx45 combination
(right-column) reproduced from Desplantez et al. [33] with permission. (top) Junctional
current recorded at Vj = ±10, ±40, ±70, ±100, and ±130 mV. (bottom) Mean normal-
ized instantaneous (#) and steady-state ( ) conductance as a function of Vj. Shading
of currents corresponds to shading of conductance, with darker shades representing in-
creasingly positive Vj values. (C) Parameters of the Vogel and Weingart model were
modified to reproduce key features of the experimental data in (B). (top) Simulations
of the junctional current of 100 Cx43 channels (left), 250 Cx45 channels (middle), 100
Cx43/Cx45 channels (middle) at Vj steps from −130 to 130 mV in 20-mV increments.
(Insets) Current responses to Vj for shorter time scales. (bottom) Normalized instanta-
neous (�) and steady-state (�) conductance as a function of Vj.
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The Cx specific models in Figure 2.2 C reproduces key features of the experimental

data. For example, Cx45 is more voltage sensitive than Cx43. This behavior is demon-

strated by the steeper decline in the junctional current (compare Figure 2.2 C, top-left

and top-center) and the smaller half-maximal inactivation of Cx45 of 46 mV compared

to that of Cx43, which is 65 mV according to the Gj-Vj plot (compare Figure 2.2 C,

bottom-left and bottom-center). The main open state γopen can be calculated as the sum

of conductors is series using the equation: γopen = γH1 · γH2/(γH1 + γH2), which results

in a value of 79.3 pS for the Cx43 model, 35.8 pS for the Cx45 model, and 56.7 pS for

the Cx43/Cx45 model, which are within the range of experimentally measured values of

60 − 118 pS, 26 − 32 pS [39], and 55 − 65 pS [36], respectively. The Cx43/Cx45 model

also reproduces the asymmetric voltage sensitivity, with enhanced voltage sensitivity at

negative Vj. It is important to note that the Cx43/Cx45 model behavior is not simply a

summation of the Cx43 and Cx45 hemichannel models. This is in line with evidence

that the docking of heterotypic gap junction channels results in conformational changes

in the component Cx43 hemichannel and Cx45 hemichannel [36].

Myocyte-fibroblast coupling using dynamic clamp.

The dynamic-clamp technique was used to investigate whether the unique time- and

Vj-dependent profiles of Cx43, Cx45, and Cx43/Cx45 gap junction channels modifies

myocyte-fibroblast coupling. A schematic of the dynamic-clamp experimental setup is

presented in Figure 2.1. To facilitate direct comparisons between the effects of the dif-

ferent Cx types on action potential morphology and action potential duration, multiple

coupling protocols were performed on a single in vitro cardiomyocyte (see Materials

and Methods). Since the gap junction channel models vary in both single-channel con-

ductance and Vj-dependent gating, the effects of Vj-dependent gating was distinguished

by normalizing the resting channel conductance (i.e., at Vj = 0 mV) of the Cx specific

models to the magnitude of the static model conductance.
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Figure 2.3 | Dynamic-clamp recordings using in vitro ventricular cardiomyocytes.
(A and B) Example of dynamic-clamp (DC) recordings from a single cell coupled to
6 fibroblast models (high fibrosis) with 2 nS conductance, Gj. The protocol consists
of 40 uncoupled beats with dynamic-clamp off, 40 coupled beats with dynamic-clamp
on (i.e., coupling to the fibroblast model via 4 Cx models: Cx43, Cx45, Cx43/Cx45,
Cx45/Cx43, and a constant conductance “static model”. The Gj of the Cx model at Vj=0
mV was scaled to the static model conductance. (A) APD90 vs. beat number, shows a
reduction in action potential duration when the cell is coupled to the fibroblast model
(color bars). (B) Overlay of voltage traces of the last 20 beats in each 40 beat segment
(bars in A), showing the effects of dynamic-clamp coupling on action potential (action
potential) morphology. (row 1) Myocyte voltage, (row 2) fibroblast model voltage, (row
3) transjunctional voltage Vj = (Vfib−Vmyo), (row 4) junctional current. Coupling via the
scaled Cx models results in similar changes in action potential morphology compared to
the static model. (C) Percent change in APD90, dV/dtmax, and the maximum junctional
current (Ij,peak) compared to the previous uncoupled segment (DC off) with 2:1, N 4:1,
and � 6:1 fibroblast to myocyte ratio. All 5 gap junction models showed similar trends:
increased Ij,peak, no change dV/dtmax, and reduction in APD90 with increasing fibroblast
to myocyte ratio. Error bars represent S.D.

Figure 2.3 shows results of coupling an in vitro guinea pig ventricular myocyte

to the MacCannell fibroblast model via 4 different Cx specific gap junction channel

models: Cx43, Cx45, Cx43/Cx45, Cx45/Cx43, and a static gap junction model, using

the dynamic-clamp technique. The Cx45/Cx43 model is the reverse orientation of the

Cx43/Cx45 gap junction channel model presented in Figure 2.2 C (see Table 2.1 for Cx
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Table 2.1 | Orientation of gap junction channel models

Model Myocyte Connexin Fibroblast Connexin
Cx43 Cx43 Cx43
Cx45 Cx45 Cx45
Cx43/Cx45 Cx43 Cx45
Cx45/Cx43 Cx45 Cx43

orientation). Figure 2.3 A and B represents myocyte-fibroblast coupling during a high

degree of fibrosis (fibroblast to myocyte ratio of 6:1). Figure 2.3 A shows the action po-

tential duration vs. beat number during the course of the experiment. When the dynamic

clamp was turned on, the fibroblast model was coupled to the in vitro cardiomyocyte via

a gap junction channel model. This resulted in a reduction in the cardiomyocyte action

potential duration. This is due to the fibroblast acting as a current sink during the action

potential resulting in an early repolarization. The magnitude of the action potential dura-

tion reduction is not significantly dependent on the time- and Vj-dependent properties of

the gap junction channel model. The degree of reduction was similar for Cx43, Cx45,

and Cx43/Cx45. Reversing the orientation of the heterotypic Cx43/Cx45 model also

had similar effects on the cardiomyocyte action potential duration during the myocyte-

fibroblast coupling schemes tested. Figure 2.3 B is an overlay of the recorded in vitro

cardiomyocyte voltage trace and the fibroblast model voltage trace in the regions of the

protocol highlighted in Figure 2.3 A. The difference between the myocyte and fibroblast

voltage trace (Vj) and the junctional current (Ij) is also presented. During the upstroke

of the action potential there is a minimum in Vj to −100 mV, as the myocyte quickly

depolarizes. At this Vj the gap junction channel model inactivates rapidly. However,

throughout the remainder of the action potential the Vj remains in the range of ± 30 mV,

where the gap junction channel model shows little inactivation (see Figure 2.2). The

main effects of time- and Vj dependent gating of the Gj channel models can be seen in

the changes in the junctional current, where coupling via Cx43, Cx45, and Cx43/Cx45

results in a reduction of the early peak of the junctional current compared to the static
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model. Reversing the orientation of the Cx43/Cx45 model results in an increase in the

peak of the junctional current, demonstrating the rectifying behavior of this heterotypic

channel. The asymmetry of the Gj vs. Vj relationship (Figure 2.2 C) facilitates current

flow from the Cx45 expressing cell to the Cx43 expressing cell but impedes flow in the

opposite direction.

Dynamic-clamp experiments were performed on four additional ventricular car-

diomyocytes from the guinea pig heart and determined the effects on APD90, dV/dtmax

and Ij,peak (i.e., the early peak of the junctional current). In Figure 2.3 C, the fibroblast to

myocyte ratio was varied to explore the effects of Cx type during three different degrees

of cardiac fibrosis: low fibrosis (fibroblast to myocyte ratio of 2:1), medium fibrosis (fi-

broblast to myocyte ratio of 4:1), and high fibrosis (fibroblast to myocyte ratio of 6:1).

The percent change is calculated relative to the immediately proceeding protocol step

with dynamic clamp off. The percent change in action potential duration shows a trend

of increasing action potential duration reduction with increasing levels of fibrosis, but

little change in dV/dtmax. Similar trends were observed across all 5 gap junction channel

models. Ij,peak increases with higher degrees of fibrosis due to the larger current sink pro-

vided by the increased number of fibroblast models coupled to a single cardiomyocyte.

While the differences in Ij,peak between Cx types did not reach statistical significance,

there is a trend of Cx45/Cx43 resulting in increased Ij,peak compared to the static model,

while the other Cx types resulted in a reduction in Ij,peak. These results indicate that the

time- and Vj-dependent gating of gap junction channels only plays a role during the up-

stroke of the action potential, when Vj is the large, during myocyte-fibroblast coupling.
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Figure 2.4 | Simulations of dynamic-clamp recordings using a cell-specific model.
(A and B) Results of cell-specific model simulation using the same protocol as in Fig-
ure 2.3 A and B. (A) APD90 vs. beat number, shows a reduction in action potential du-
ration when the cell-specific model is coupled to the fibroblast model (color bars). (B)
Overlay of voltage traces of the last 20 beats in each 40 beat segment (bars in A), show-
ing the effects of coupling on action potential morphology. (row 1) Myocyte model volt-
age, (row 2) fibroblast model voltage, (row 3) transjunctional voltage Vj = (Vfib − Vmyo),
(row 4) junctional current. (C) Prediction of the cell-specific model during coupling to
4 fibroblast models with 2 nS conductance (Medium fibrosis) (top) and 2 fibroblasts at
4 nS conductance (Medium Conductance) (bottom). Target pacing is the target experi-
mental results during pacing of the in vitro guinea pig cardiomyocyte at a cycle length
of 500 ms with dynamic clamp off. Target coupling is the target experimental results
during dynamic-clamp coupling of the in vitro cell to the fibroblast models with the
Cx43/Cx45 gap junction model. (D). The error was calculated as the sum-of-squared-
error of the difference between the average of 20 beats during pacing minus the average
of 20 beats during coupling during medium fibrosis and medium conductance.

Simulations of dynamic-clamp experiments using a cell-specific electrophysiologi-

cal model.

To provide mechanistic insight into the underlying parameters that play a key role in

myocyte-fibroblast coupling, simulations of the dynamic-clamp experiments using a

cell-specific electrophysiological model was performed. To develop the cell-specific
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model, a train of 40 action potentials was selected from the experimental data as the

target cell behavior and used a genetic algorithm optimization technique to fit maximal

conductance parameters to the experimental data using a strategy similar to Groenen-

daal et al. [31] (see Materials and Methods for details). Figure 2.4 A and B shows the

results of using this strategy to develop an electrophysiological model for the cell in Fig-

ure 2.3 B. The simulation was generated by using the same protocol performed on the

in vitro cardiomyocyte. The action potential duration of the calibrated model is a better

match to the action potential duration of the experimental data compared to the pub-

lished LRd2009 model whose action potential duration at a cycle length of 500 ms is

∼130 ms [40] (Figure 2.4). In Figure 2.4 B an overlay of the uncoupled and the cou-

pled voltage responses of the cell-specific model and fibroblast model mediated by gap

junction channels of each Cx type is shown. The results are qualitatively similar to

the results of the in vitro cell. To test for model improvement in predicting behavior

during myocyte-fibroblast coupling, the predictions of the cell-specific model and the

default LRd2009 model was compared to two new sets of experimental data. Figure 2.4

D shows that the calibrated model results in a reduced prediction error for both sets of

data.

Previous studies have demonstrated that several ionic currents are modified during

myocyte-fibroblast coupling [41]. In Figure 2.5, the changes in underlying currents in

response to myocyte-fibroblast coupling is shown. The peak of the sodium current, INa,

is only slightly reduced. The late phase of the L-type calcium current, ICaL, is increased.

The peak of the slow delayed rectifier current, IKs, was greatly reduced. Changes in IK1,

INCX, and IKr were also observed due to the change in the action potential waveform.
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Figure 2.5 | Plots of underlying current response during myocyte-fibroblast coupling us-
ing a cell-specific model.
The cell-specific model from Figure 2.4 was coupled to 6 fibroblast models (high fi-
brosis) with 2 nS conductance and the underlying current responses were recorded. (A)
The peak of the sodium current, INa, is slightly reduced. (B) The late phase of the L-
type calcium current, ICaL, is increased. (C) The inward rectifying potassium current IK1

was shortened along with the action potential waveform. (D) The rapid delayed rectifier
potassium current, IKr, showed shortening along with the action potential waveform. (E)
The peak of the slow delayed rectifier potassium current, IKs, is greatly reduced, and (F),
the sodium calcium exchanger is also shortened due to changes in the action potential
waveform.
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2.5 Discussion

A combined computational modeling and dynamic-clamp experimental approach was

used to investigate the role of homotypic and heterotypic gap junction channels in

myocyte-fibroblast coupling. Mathematical models were developed for homotypic

Cx43, homotypic Cx45, and heterotypic Cx43/Cx45 gap junction channels, the most

likely mediators of myocyte-fibroblast coupling. Using the dynamic-clamp technique

an in vitro guinea pig ventricular cardiomyocytes was coupled to fibroblast electro-

physiological models via the developed Cx type specific models and compared their

effects on the cardiomyocyte action potential morphology. Then a cell-specific model

of the dynamic clamped cell was developed using a genetic-algorithm based optimiza-

tion technique and used to analyze the underlying currents that were perturbed dur-

ing myocyte-fibroblast coupling. The developed Cx type specific gap junction chan-

nel models reproduced the single-channel conductance properties and the time- and

voltage-dependent gating of the Cx43, Cx45, and Cx43/Cx45 gap junction channels.

Since previous studies have demonstrated that single channel conductance alone modi-

fies myocyte-fibroblast coupling [27, 42], this study focused on investigating the contri-

bution of the time- and voltage-dependent gating of gap junction channels on myocyte-

fibroblast coupling. When the in vitro guinea pig ventricular myocyte was coupled to

a fibroblast electrophysiological model using the static gap junction model, it resulted

in a reduction in action potential duration as shown previously in a recent dynamic-

clamp study [10]. Replacing the static gap junction model with one of the developed

Cx specific gap junction models featuring time- and voltage-dependent gating resulted

in similar changes in the action potential morphology. This suggests that gap junction

channel gating does not play a significant role in myocyte-fibroblast coupling. This is

likely due to the slow time constants of the inactivation kinetics of the gap junction
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channel and due to the small transjunctional voltage between the myocyte and fibroblast

during most of the action potential. These factors results in the gap junction channel

operating predominantly on the instantaneous portion of the Gj vs. Vj curve (see Fig-

ure 2.2 B an C). The main differences between the static model and the Cx specific gap

junction models was during the upstroke of the action potential, when the early peak of

the junctional current was reduced in response to the large transjunctional voltage be-

tween the myocyte and fibroblast (seeFigure 2.3 B and C). Reduction in the early peak

suggests a small reduction in the ability of the fibroblast to act as a current sink during

the upstroke of the action potential. Using a cell-specific model of a dynamic-clamp

experiments revealed that myocyte-fibroblast coupling results in significant changes in

the underlying currents especially for IKs (see Figure 2.5 E). These results are similar to

those found previously [27, 41].

2.6 Conclusions

The time- and Vj-dependent gating of gap junction channels results in inactivation of

junctional conductance in response to large Vj steps. Despite each Cx type having

unique features in their time- and Vj-dependent profiles, the kinetics of inactivation

are very slow. During myocyte-fibroblast coupling the transjunctional voltage reaches a

minimum at ∼100 mV during the upstroke of the action potential. However, this large

transjunctional voltage is short-lived; throughout the remainder of the action potential

the transjunctional voltage is < ±30 mV. In this transjunctional voltage range the gap

junction channel conductance is very linear for Cx43, Cx45 and Cx43/Cx45 gap junc-

tion channels. The large transjunctional voltage during the early upstroke of the action

potential results in a reduction in the early peak of the junctional current compared to a

static gap junction model. This reduction suggests that fibroblasts are acting as less of a

current sink when myocyte-fibroblast coupling is mediated by a Cx specific model.
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2.7 Limitations

The Cx models developed are largely based on a single set of experimental data ex-

pressed in transfected HeLa cells. Cx expressed in cardiomyocytes and fibroblasts may

have different properties even though relative differences in the gating properties of

the gap junction channels may be similar. Moreover, gap junction channels exhibit

both electrical and chemical gating properties and allow for metabolic communica-

tion between neighboring cells [13]. The dynamic clamp and computational modeling

studies focus on the effects of electrical gating properties of gap junction channels on

myocyte-fibroblast coupling without taking into account the effects of chemical gating

and metabolic communication of the gap junction channels. However, this strategy is

also beneficial in that it enables the isolation of the contribution of the effects due to elec-

trical interactions from other forms of myocyte-fibroblast interactions. Finally, since the

effects of myocyte-fibroblast coupling on cardiomyocyte properties depends on the fi-

broblast electrophysiological properties [41] (which was not significantly explored in

this study due to the lack of available experimental data), further understanding of the

electrophysiological properties of fibroblasts could alter the contributions of gap junc-

tion gating during myocyte-fibroblast coupling.
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CHAPTER 3

INVESTIGATING THE INFLUENCE OF GAP JUNCTION CHANNEL

GATING ON IMPULSE PROPAGATION AND CONDUCTION VELOCITY

DURING CARDIAC FIBROSIS*

3.1 Abstract

Gap junctional channel gating is predicted to play a role during pathological conditions

such as ischemia or myocardial infarction, especially at heterocellular boundaries in the

heart [2, 3]. Cardiac fibrosis plays an important role in these forms of cardiac injury

and despite the increasing number of experimental and modeling studies investigating

myocyte-fibroblast interactions as discussed in (Section 1.7), an investigation of the ef-

fects of gap junctional channel gating on propagation during cardiac fibrosis has not yet

been explored. To illuminate these effects, two-dimensional (2D) tissue sheet simula-

tions of cardiac fibrosis and incorporated voltage-dependent gap junction channels in

a cell-type specific manner were performed. Two relevant models representing poten-

tial structural architectures where myofibroblasts (i.e., activated fibroblasts) are present

were explored. First, a myofibroblast insertion model architecture was developed that

represents patchy fibrosis in which myofibroblasts disrupt longitudinal and transverse

coupling between cardiomyocytes as would occur during replacement fibrosis after my-

ocardial infarction. Then, a two-layer myofibroblast attachment model architecture was

developed which represents a layer of myofibroblasts plated over a monolayer of car-

diomyocytes as would be found in co-culture experiments. It was determined that in

both structural models, incorporating gap junction channel gating only slightly reduces

the macroscopic conduction velocity relative to a static representation of gap junction

*Section 3.3, Section 3.4, Figure 3.1, and Figure 3.2 were reproduced from Brown TR, Krogh-Madsen
T, and D.J. Christini. Illuminating myocyte-fibroblast homotypic and heterotypic gap junction dynamics
using the dynamic-clamp technique. Biophysical Journal. in press. Section 3.2 has been published in full
in [1].
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coupling. These results provide insight into the implications of the complex interac-

tions between cardiomyocytes and cardiac fibroblasts during cardiac fibrosis and during

myocyte-fibroblast coupling in cell culture conditions.

3.2 Introduction

Previous work investigating the effects of gap junction channel gating on cardiac con-

duction have focused primarily on myocyte-myocyte gap junction channels. Henriquez

et al. [2] used the Vogel model of dynamic gap junction channels, which represents

the voltage- and time-dependent conductance of the gap junction channels, to couple

300 cells in a linear strand using the Lou-Rudy 1 model of ventricular cells [4]. The

dynamic gap junction model was compared to a static gap junction model with a con-

stant value conductance. The results showed that when cells were tightly coupled (6700

gap junction channels, equivalent to 491.11 nS) little change was observed in the gap

junctional conductance during propagation. However, for poor coupling (85 gap junc-

tion channels, equivalent to 6.23 nS), the gap junction conductance inactivates during

propagation. This transient change in conductance resulted in increased transjunctional

conduction delays, slowing of action potential upstroke, and conduction block.

Lin et al. [5] simulated ventricular action potential propagation using a 100 cell

cable model using the Faber and Rudy model of a ventricular action potential [6] and

dynamic gap junction coupling was modeled using their dynamic model for ventricular

junctional conductance [7]. During normal conduction of 64 cm/s and Gj of 2500 nS

there is very little change in conduction velocity by the introduction of the Vj-dependent

gating. However, the model predicted changes to be seen only when conduction velocity

was below 10 cm/s when the Vj is equivalent to the amplitude of and action potential.

In this scenario, differences in conduction velocity between the static and the dynamic

model were observed. For example, compared with the static model, the dynamic gap
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junction model reduces conduction velocity by approximately a third (i.e., from 1.0

cm/s to <0.8 cm/s) at 6 nS of Gj. Furthermore, modeling the effects of 100 nM dose of

rotagaptide, a gap junctional conductance enhancer, resulted in a 60% prevention of the

conduction slowing, and thus preventing the formation of unidirectional block.

Casaleggio et al. [8] incorporated the rectification behavior often seen in heterotypic

gap junction channels by modeling a small 2D tissue sheet using the Beeler-Reuter

model [9]. They investigated the hypothesis that ischemia alters the properties of gap

junctions inside the ischemic area by reducing the average gap junctional conductance,

incorporating random fluctuations with time, and by modifying the gap junction recti-

fying properties along the edges of the ischemic area. These alterations alone resulted

in the development of the main types of non-fatal arrhythmia behavior observed in ex-

perimental electrocardiogram recordings: single premature ventricular beats, trigeminy

complexes, bigeminy complexes, couplets, triplets, and short runs of tachyarrhythmias.

In the case of single premature ventricular beats, the main mechanism of arrhythmia

formation is that in the presence of a lesion the signal propagation around the scar gen-

erates a secondary wave inside the ischemic region, once this wave reaches the normal

region it causes a premature beat which then propagates backwards. These results sug-

gest that random fluctuations in the gap conductance inside an ischemic area can pro-

mote and modulate the development of specific types of arrhythmic behavior. These

studies suggest that while gap junction channel gating may have little effect during nor-

mal heart conditions, they may alter cell-to-cell interactions in the heart and modify

cardiac arrhythmogenesis under pathological conditions. This chapter expands on this

earlier work to investigate whether gap junction channel gating alters myocyte-fibroblast

coupling during cardiac fibrosis. The gap junction channel models developed in (Sec-

tion 2.4) were incorporated in cell-type-specific combinations into 2D tissue sheet mod-

els of cardiac fibrosis and the effects of myocyte-fibroblast coupling mediated by Cx43,
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Cx45, and Cx43/Cx45 on fibroblast-mediated changes in conduction velocity was in-

vestigated.

3.3 Methods

Tissue Model Structure

Cardiac fibrosis was simulated using two different approaches: 1) a randomly generated

myofibroblast insertion architecture and 2) a two layer fibroblast attachment architec-

ture, both with increased myofibroblast:myocyte ratio representing increased degrees

of cardiac fibrosis. The myocyte electrophysiology was simulated using the Grandi

et al. human ventricular myocyte model modified by the addition of INaL [10, 11]

and the myofibroblast electrophysiology was simulated using the MacCannell fibroblast

model [12], with an increased cell capacitance to represent the myofibroblast phenotype.

Gap junction channel models developed in (Section 2.4) were assigned in a cell-type-

specific manner: Cx43 for myocyte-myocyte coupling, Cx45 for fibroblast-fibroblast

coupling, and Cx43, Cx45 or Cx43/Cx45 for myocyte-fibroblast coupling as indicated.

Due to the high computational cost of implementing a large tissue sheet model with

discrete gap junction channels, a 10 x 2 mm two-dimensional (2D) tissue sheet model

was simulated. The tissue structure was discretized into a 400 x 80 grid of spatial nodes

measuring 25 µm x 25 µm. A myocyte was represented by a row of 5 grid points and a

capacitance of 125 pF and a myofibroblast was represented by a single grid point and a

capacitance of 25 pF. The degree of tissue fibrosis was generated by assigning a target

fibroblast to myocyte ratio as described previously [13]. A staggered brick-like struc-

ture with 25 µm overlap was chosen to be a simplified but representative model of the

histologically structure of cardiac tissue. The tissue simulation was implemented using

71



a discrete isopotential cell model representation as described in [14] using Equation 3.1.

dVi

dt
= −

1
Cm

Itotal + Istim +

N∑
k=1

Gi,k · (Vk − Vi)

 (3.1)

where i and k represent the index of cell i and its neighbor cell k. N is the number

of neighboring cells coupled to cell i. Vi is the membrane voltage of the cell and Cm

is the membrane capacitance. Itotal is the total ionic current flowing through the ion

channels, pumps, and exchangers. Istim is the stimulus current if the cell is located at

the stimulus site. Gi,k represents the junctional conductance between cell i and cell

k, which is dependent on the gap junction model used (“static” or “dynamic”). Thus,

each myocyte cell is connected to neighboring myocytes or fibroblasts cells via discrete

gap junction models positioned at the shared borders between neighboring cells. For

myocyte-myocyte coupling, the maximal longitudinal junctional conductance was set to

200 nS and the maximal transverse junctional conductance was set to 100 nS which is

similar to previous modeling studies [15, 16] and within the range of values determined

by dual-whole cell patch clamp experiments [17]. Less is known about the junctional

conductance of fibroblast-fibroblast and myocyte-fibroblast gap junctions. Thus, these

junctional conductances was set to 3 nS, which is within the range of 0.3 to 8 nS reported

by Rook et al. [18].

Conduction velocity, activation time, action potential duration

The tissue sheet is stimulated along the left vertical edge across 10 spatial grid points.

Activation time was calculated as the time of the maximum upstroke velocity (dVm

/dtmax) of the cardiomyocyte action potential. The longitudinal and transverse conduc-

tion velocity was computed as the linear regression of the earliest activation time vs. the

respective x or y coordinate between 25%-75% of the tissue sheet as described previ-

ously [19]. In brief, activation time was defined as the occurrence of dV/dtmax during

each cardiomyocyte action potential. Since the wavefront can be irregular shape, the
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progression of activation along the tissue sheet as a function of distance x was moni-

tored by identifying the earliest activation time at every coordinate x. The longitudinal

conduction velocity was then computed by linear regression of the earliest activation

time vs. x graph over an observation window spanning 25-75% of tissue sheet width

and length to exclude boundary effects. This procedure was then repeated to determine

the transverse conduction velocity, and the progression of activation along the tissue

sheet as a function of distance y was monitored by identifying the earliest activation

time at every coordinate y. Action potential duration was measured using a threshold

that was 10% above the resting membrane potential of the cardiomyocyte.

Implementation

All simulations were conducted in C++ and analyzed in MATLAB. Differential equa-

tions were solved using the forward Euler method and no flux boundary conditions with

a time step of 0.005 ms. The code was parallelized using OpenMP and run on multi-core

machines (Dell PowerEdge R410s/R900, 16–24 cores, 12–128 GB memory).

3.4 Results

Effects of myocyte-fibroblast Cx type on impulse propagation during cardiac fibro-

sis in the myofibroblast insertion model architecture

An investigation into whether myocyte-fibroblast coupling mediated by Cx43, Cx45,

or Cx43/Cx45 gap junction channels would have an effect on impulse propagation and

conduction velocity during cardiac fibrosis was conducted. First, a myofibroblast inser-

tion architecture model that represents patchy fibrosis in which myofibroblasts disrupt

longitudinal and transverse coupling between cardiomyocytes as would occur during

replacement fibrosis after myocardial infarction was implement.

73



 

 

1 2 3 4 5 6 7 8 9 10

1

2 315
320
325
330

 

 

1 2 3 4 5 6 7 8 9 10

1

2
315
320
325
330

Y 
(m

m
)

 

 

1 2 3 4 5 6 7 8 9 10

1

2
235
240
245

Y 
(m

m
)

 

 

1 2 3 4 5 6 7 8 9 10

1

2 230
235
240
245

 

 

1 2 3 4 5 6 7 8 9 10

1

2
10
20
30

 

 

1 2 3 4 5 6 7 8 9 10

1

2
10
20
30

Y 
(m

m
)

 

 

1 2 3 4 5 6 7 8 9 10

1

2 0
10
20
30

Y 
(m

m
)

 

 

1 2 3 4 5 6 7 8 9 10

1

2 0
10
20
30

Myocyte Fibroblast

Gap Junctions
Cx43  Cx45 Cx43/Cx45

Cx43/Cx45 - M-F gap junctionStatic - M-F gap junctionC

B

A

Cx43/Cx45 - M-F gap junctionStatic - M-F gap junction

* *

* *

X (mm)
 

 

1 2 3 4 5 6 7 8 9 10

1

2 100
110
120

X (mm)
 

 

1 2 3 4 5 6 7 8 9 10

1

2 100
110
120

APD (ms)APD (ms)

Activation (ms) Activation (ms)

X (mm)

 

 

1 2 3 4 5 6 7 8 9 10

1

2 0

50

100

X (mm)
 

 

1 2 3 4 5 6 7 8 9 10

1

2 0

50

100

Figure 3.1 |Myofibroblast insertion model architecture, activation time, and repolariza-
tion time.
(A) Schematic representation of the myofibroblast insertion model architecture. My-
ocytes are represented by white brick-like structures and fibroblasts by grey squares
1/5 the size of cardiomyocytes. On the right panel, Gap junctions are represented by
small squares at the border between cells. Myocyte cells are coupled via Cx43 (orange-
orange squares), fibroblast cells are coupled via Cx45 (teal-teal squares), and myocyte-
fibroblast coupling is via Cx43/Cx45 (orange-teal squares). (B) Comparison of activa-
tion map between static myocyte-fibroblast coupling and Cx43/Cx45 myocyte-fibroblast
coupling. The top panel shows the control simulation during no fibrosis. The middle
panel shows simulations during a 0.2:1 fibroblast to myocyte ratio. The bottom panel
shows simulations during a 2.8:1 fibroblast to myocyte ratio. Arrows indicate regions
of local conduction block and retrograde conduction. (C ) Comparison of action poten-
tial duration map between static myocyte-fibroblast coupling and Cx43/Cx45 myocyte-
fibroblast coupling. The top panel shows the control simulation during no fibrosis where
action potential duration prolongation is seen around the pacing site. The middle panel
shows a 0.2:1 fibroblast to myocyte ratio and illustrates the overall reduction in action
potential duration due to fibroblast insertion. The bottom panel shows a 2.8:1 fibrob-
last to myocyte ratio and markedly increased heterogeneity in action potential duration.
Arrows indicate clusters of cardiomyocytes with reduced action potential duration. The
stimulus site is indicated by the white asterisk.
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The structure of this tissue sheet model is illustrated in Figure 3.1. Figure 3.1 A-left

shows a segment of the tissue sheet structure with the staggered brick-like arrangement

of the cardiomyocytes depicted by white rectangles interspersed with cardiac fibroblasts

depicted by grey squares. The arrangement of the gap junction channels is illustrated

in Figure 3.1 A-right by the smaller squares at the shared borders between neighboring

cells. In Figure 3.1 B a comparison of the activation time during myocyte-fibroblast

coupling mediated by static gap junction models vs. Cx43/Cx45 gap junction models is

shown. The top panels demonstrate the control simulation during no fibrosis. The stimu-

lus site was at the top left corner of the tissue sheet. The activation map is smooth despite

the staggered structure of the tissue sheet. The middle panel represents 0.2:1 fibrob-

last to myocyte ratio, where the fibroblasts are relatively dispersed in the tissue sheet.

There is relatively little disruption in the smoothness of the activation map. The bottom

panel shows a 2.8:1 fibroblast to myocyte ratio, which is equivalent to a patchy fibro-

sis morphology, where the cardiac fibroblast clusters result in decoupling of cardiomy-

ocytes in the longitudinal and transverse directions [20]. The activation map is very

heterogeneous, with areas of local conduction block and retrograde conduction shown

by the curved arrow. The results show that the Cx43/Cx45 and other Cx phenotypes

(not shown) have similar conduction properties to that of the static myocyte-fibroblast

gap junction model, suggesting that the time- and Vj-dependent gating properties do not

play a significant role in modifying activation time. In Figure 3.1 C a comparison be-

tween the cardiomyocyte action potential duration during myocyte-fibroblast coupling

mediated by static gap junction models vs. Cx43/Cx45 gap junction models is shown.

In the top panel, the action potential duration is prolonged around the pacing site as ex-

pected [21] and ranges from 315–330 ms when no fibrosis is present. The middle panel

illustrates the overall reduction in action potential duration to a range of 235–245 ms

due to the insertion of fibroblasts into the tissue sheet.
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Figure 3.2 | Effects of myocyte-fibroblast Cx phenotype on conduction velocity − myofi-
broblast insertion model architecture.
The tissue sheet is stimulated along the top left corner of the tissue sheet. Each panel
shows snapshots of the membrane voltage at the indicated time points. (A) Homoge-
nous membrane potential of the cardiomyocytes and smooth impulse propagation. (B)
Comparison of membrane voltage between static myocyte-fibroblast coupling (top) and
Cx43/Cx45 myocyte-fibroblast coupling (bottom) with a 2:1 fibroblast to myocyte ra-
tio of medium fibrosis. At t = 0 s, before the start of the simulation the fibroblasts
are relatively depolarized compared to the cardiomyocytes. At t ≈ 0.5 s, the coupled
myocytes and fibroblasts reach a new equilibrium potential where the myocytes are de-
polarized and the fibroblasts are hyperpolarized compared to t = 0 s. The wavefront is
very heterogeneous and longitudinal conduction velocity is reduced by 50%. (C and
D) Comparison of longitudinal and transverse conduction velocity as a function of fi-
broblast to myocyte ratio, for differing myocyte-fibroblast gap junction channel models.
There is a small reduction in the conduction velocity across all degrees of fibrosis, but
there is very little difference between myocyte-fibroblast coupling mediated by the three
different Cx types.
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The bottom panel shows the markedly increased heterogeneity in action potential du-

ration due to enhanced fibrosis; the increased occurrence of clusters of cardiomyocytes

with reduced action potential duration as indicated by the arrows.

Figure 3.2 illustrates the effects of increased cardiac fibrosis on conduction velocity.

In the absence of fibroblasts (Figure 3.2 A), the wavefront is relatively smooth. Increas-

ing the degree of fibrosis to 2:1 fibroblast to myocyte ratio (Figure 3.2 B) resulted in

a heterogeneous wavefront of propagation as well as slowed conduction across the tis-

sue sheet. The propagation of the Cx43/Cx45 myocyte-fibroblast coupling and other

Cx types (not shown) were similar to the static gap junction model representation, sug-

gesting that time- and Vj-dependent gating of the gap junction channels does not play

a significant role in conduction velocity. Figure 3.2 C and D shows the conduction ve-

locity measured between 25% − 75% of the tissue sheet length in both the transverse

and longitudinal direction. It showed a 50% reduction in the longitudinal conduction

velocity and a 30% reduction in transverse conduction velocity when comparing no fi-

brosis to 2:1 fibroblast to myocyte ratio. In Figure 3.2 D at low fibroblast to myocyte

ratio (0.5 −1) there are small differences in the transverse conduction for the Cx45 phe-

notypes. However, the conduction velocity is essentially independent of the type of

myocyte-fibroblast gap junction channel model.

Effects of myocyte-fibroblast Cx type on impulse propagation in a two layer myofi-

broblast attachment model architecture

The myofibroblast insertion model architecture showed a high degree of discontinuous

conduction for >40% fibrosis (fibroblast to myocyte ratio >2:1), this is due to the myofi-

broblast insertion resulting in both the disruption of myocyte-myocyte coupling as well

as acting as an electrotonic load on the cardiomyocytes.
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Figure 3.3 | Two layer myofibroblast attachment model architecture, activation time, and
repolarization time
(A) Schematic representation of the two layer myofibroblast attachment model archi-
tecture of cardiac fibrosis. (i) Myocytes are represented by the white brick-like struc-
tures in the bottom layer and myofibroblasts are represented by grey squares in the
top layer and are 1/5 the size of cardiomyocytes. Gap junction channels are repre-
sented by the smaller squares located at the border between neighboring cells. My-
ofibroblast cells are coupled to each other via Cx45 gap junction channels (teal-teal
squares) and myocyte-myofibroblast coupling between the two layers is via Cx45 gap
junction channels (blue squares). (ii) View from below shows the bottom layer contain-
ing cardiomyocytes only coupled to each other via Cx43 gap junctions (orange-orange
squares). (B) Comparison of activation map between static myocyte-fibroblast coupling
and Cx43/Cx45 myocyte-fibroblast coupling. (top panel) No fibrosis, (bottom panel)
2.5:1 fibroblast to myocyte ratio. (C) Comparison of action potential duration map be-
tween static myocyte-myofibroblast coupling and Cx43/Cx45 myocyte-myofibroblast
coupling. (top panel) No fibrosis, (bottom panel) 2.5:1 fibroblast to myocyte ratio. The
results illustrate the overall reduction in action potential duration due to fibroblasts cou-
pling to the myocyte layer and resulting in early repolarization of the cardiomyocyte.
The stimulus site is indicated by the white asterisk.
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In order to gain insight into the relative contribution of the myocyte-myocyte un-

coupling vs. the electrotonic effects of the myofibroblasts, a two-layer myofibroblast

attachment model architecture was implemented in which myofibroblasts act only as an

electrotonic load on the cardiomyocytes. In this model a layer of fibroblasts is simu-

lated on top of a layer of cardiomyocytes as illustrated in (Figure 3.3 A) and myocyte-

fibroblast coupling occurs across the two layers. This architecture is structurally similar

to fibroblasts plated over a monolayer of cardiomyocytes as found in many co-culture

experiments. In Figure 3.3 B activation time during myocyte-fibroblast coupling me-

diated by static gap junction models was compared with activation time mediated by

Cx43/Cx45 gap junction models. The top panels demonstrate the control simulation

during no fibrosis and the bottom panel shows a 2.5:1 fibroblast to myocyte ratio. In con-

trast to the myofibroblast insertion model, the two layer model activation map remains

smooth despite a large increase in the number of myofibroblasts (compare Figure 3.3 B

bottom panel to Figure 3.1 B bottom panel). The results show that the Cx43/Cx45 and

other Cx phenotypes (not shown) have similar conduction properties to that of the static

myocyte-fibroblast gap junction model, suggesting that the time- and Vj-dependent gat-

ing properties of the gap junctions do not play a significant role in modifying activation

time.

Figure 3.3 C compares the cardiomyocyte action potential duration during myocyte-

fibroblast coupling mediated by static gap junction models vs. Cx43/Cx45 gap junction

models. While the action potential duration is reduced to a similar extent as the myofi-

broblast insertion model, there are no clusters of cardiomyocytes with reduced action

potential duration (compare Figure 3.3 C bottom panel to Figure 3.1 C bottom panel).

These results demonstrate that the heterogenous conduction behavior of the insertion

model is largely as a result of the disruption of myocyte-myocyte coupling by the in-

sertion of myofibroblasts. As shown in Figure 3.4, the effects on conduction velocity is
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smaller for the attachment model compared to the insertion model, because of the lack

of myocyte-myocyte uncoupling in this tissue architecture. The conduction velocity vs.

fibroblast to myocyte ratio results in a biphasic relationship in which there is an initial

increase in conduction velocity followed by a decrease in conduction velocity which is

not seen in the myofibroblast insertion model. The mechanism is that elevation of the

membrane potential first increases conduction velocity by bringing the myocyte closer

to the threshold of INa but then decreases conduction velocity as INa is progressively

inactivated as previously demonstrated by [13].
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Figure 3.4 | Effects of myocyte-fibroblast Cx phenotype on conduction velocity − myofi-
broblast attachment model architecture.
(A and B) Comparison of longitudinal and transverse conduction velocity as a func-
tion of fibroblast to myocyte ratio, for static, Cx43, Cx45, and Cx43/Cx45 myocyte-
fibroblast gap junction channel models. There is a biphasic effect on conduction velocity
as the fibroblast to myocyte ratio is increased.

3.5 Discussion

It was hypothesized that the dynamic properties of gap junction channels may modu-

late cardiac conduction during diseased states. In particular, for the case of heterotypic

Cx43/Cx45 gap junction channels with asymmetric conductance-voltage relationships,
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it was predicted that such channels may impede current flow in one direction and fa-

cilitate it in the opposite direction [3]. Thus, this study explored whether varying the

myocyte-fibroblast gap junction channel’s phenotype (i.e., between homotypic Cx43,

homotypic Cx45, and heterotypic Cx43/Cx45) would play a role in modifying impulse

propagation during cardiac fibrosis. In the tissue-level simulations, gap junction chan-

nel gating does not significantly alter activation time (see Figure 3.1 B and Figure 3.3

B), repolarization time (see Figure 3.1 C and Figure 3.3 C), and conduction velocity

(see Figure 3.2 and Figure 3.4) in the 2D tissue sheet models of cardiac fibrosis ex-

plored. This is due to the relatively slow dynamics of gap junction channel gating and

the small transjunctional voltages observed between the cardiomyocytes and fibroblasts

during the course of the action potential. Recent work by Casaleggio et al. [8] incor-

porated the rectification behavior of heterotypic Cx43/Cx45 gap junction channels and

showed that varying the average and variance of the gap junctional conductance pro-

moted and modulated the development of specific types of arrhythmic behavior. How-

ever, their gap junction models were assumed to instantaneous reach steady-state levels

of inactivation. This likely overestimates the degree of inactivation of the gap junction

channels during the time course of an action potential. Furthermore, prior work by Hen-

riquez et al. demonstrated in a cardiomyocyte fiber model that during poor coupling the

time- and transjunctional voltage-dependent gating of gap junction channels resulted

in increases in junctional resistance that resulted in increased conduction delays com-

pared to a static gap junction model [2]. This difference is likely due to the existence

of alternative strongly coupled myocyte-myocyte conduction pathways in the 2D tissue

structure that help maintain the conduction velocity, which is not present in the 1D fiber

model.
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3.6 Conclusions

This study determined that although gap junction channel gating reduces junctional cur-

rent during the upstroke of the action potential, the macroscopic conduction velocity was

only slightly modified for Cx43, Cx45, and Cx43/Cx45 gating relative to a static repre-

sentation of gap junction coupling. Thus, it was determined that gap junction channel

gating does not significantly alter impulse propagation and conduction velocity under

the conditions studied. These results can provide insight into the role of gap junctions

phenotypes during cardiac fibrosis and myocyte-fibroblast coupling in cell culture con-

ditions. Future investigations can explore the compound effects of heart failure remodel-

ing of cardiomyocytes during cardiac fibrosis and further modifications of gap junction

properties thought to occur under such conditions such as the effects of intracellular

acidification and changes in phosphorylation states [22].
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CHAPTER 4

A NEW APPROACH TO INVESTIGATING MYOCYTE-FIBROBLAST

INTERACTIONS IN CARDIAC TISSUE SLICES

4.1 Abstract

Due to the intermingled structure of cardiomyocytes and fibroblasts in the heart, it has

been challenging to study their interactions using whole heart models. Therefore, many

experimental studies investigating myocyte-fibroblast interactions have been predom-

inantly conducted using in vitro cell culture models. Although the co-culture of car-

diomyocytes and fibroblasts allow for valuable insight into the implications of myocyte-

fibroblast interactions, they may be limited in their capacity to reproduce in vivo be-

havior. Thus, an intermediate experimental model, such as cardiac tissue slices, may

provide valuable insight into the implications and extent of myocyte-fibroblast interac-

tions in tissue. In this chapter, a new approach to investigate cell-to-cell interactions

using a dye transfer method in acute cardiac tissue slices is proposed. As a proof-of-

principle, the cardiac tissue slice model is used to investigate myocyte-myocyte and

myocyte-fibroblast functional coupling. Gap junction permeable and impermeable fluo-

rescent tracers were iontophoretically injected into targeted myocyte and fibroblast-like

cells and dye transfer was visualized both in the live recording setup and after fixation

and immunostaining. These results demonstrate that cardiac tissue slices have preserved

architecture which is optically accessible using standard patch-clamp equipment and al-

low for the targeting of individual cells. Furthermore, the results show that combining

dye transfer studies to determine functional coupling of cells with immunohistochemical

identification of the targeted cell types is technically challenging but feasible. Thus, this

is a promising technique to investigate the complex cell-to-cell interactions in cardiac

tissue.
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4.2 Introduction

Cardiac tissue slice as a cardiac electrophysiology model

In 1990, Burnashev et al. [1] demonstrated using thin slices from the neonatal rat ven-

tricle, that cardiac tissue slices are a viable experimental model for performing patch-

clamp recordings. Although the resting potential of the in situ cardiomyocytes during

these earlier attempts were relatively depolarized (-35 to -65mV), the average sodium

currents and inward rectifying currents measured using the cell-attached patch-clamp

method were similar to recordings from isolated rat ventricular cells. In 2003, Pillekamp

et al. [2] reestablished the model in the embryonic mouse heart and later in the adult

mouse heart opening the opportunity to generate cardiac tissue slices from wild-type

and genetically engineering mouse models for physiological and pharmacological stud-

ies. Furthermore, cardiac tissue slice protocols were established for the adult guinea

pig heart model in 2009 [3] and for human ventricular tissue in 2011 [4]. These studies

presented significant methodological improvements in slice preparation and the preser-

vation of the live samples. Since, the reemergence of the cardiac tissue slice model it

has been used to investigate the electrophysiological integration of cardiomyocytes after

transplantation [5], to investigate the utility of cardiac tissue slices in pharmacological

drug testing [6], and to investigate its utility as a tissue-engineered graft model [7].

There are several advantages to using cardiac tissue slices for studying cell-to-cell

interactions in the heart. Acute cardiac tissue slices have more preserved microstructural

properties compared to the enzymatically isolated cardiomyocyte model and to primary

cell culture monolayers [8]. Moreover, field potential and action potential recordings

in response to pharmacological manipulation in tissue slices from the rabbit and guinea

pig heart have shown a significant correlation with results from well established electro-

physiology models [9]. Furthermore, cardiac tissue slices are more suitable for optical
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imaging [10] compared to other organotypic models such as the ventricular wedge and

papillary muscle preparation. This is due to the ability to generate relatively thin pre-

cision cut slices which transmit light with less scattering. These two properties make

this model suitable for investigating intercellular communication in a preserved multi-

cellular environment which offers access to structural and morphological information

via light and epi-fluorescent microscopy and functional measures using electrophysio-

logical techniques.

Due to the need to individually evaluate intercellular coupling between two distinct

cell types (i.e., cardiomyocytes and fibroblasts) in the cardiac tissue slice, the microin-

jection method of assaying gap junctional coupling as described in Figure 1.7A was

used. The dual tracer technique, which involves the microinjection of the target cell

with two membrane-impermeable dyes, one that is gap junction impermeable and an-

other that is gap junction permeable was implemented as indicated. The gap junction

impermeable dye provides an internal control that the target cell is intact, while the

gap junction permeable dye will diffuse into coupled neighboring cells, as illustrated

in Figure 4.1.

a b

Figure 4.1 | Dual tracer technique
Cells are injected with a mixture of a small polar tracer (blue) and a relatively large dex-
tran conjugated tracer (red). [Left] Uncoupled cells: both the low molecular weight
tracer and the much larger dextran conjugate remains in the initially injected cell.
[Right] Coupled cells: the low molecular weight tracer will transfer to its neighbors,
whereas the much larger dextran conjugate tracer remains in the initial target cell.

Previously, the dual tracer technique has been applied to cell culture prepara-

tions [11], but the morphology of the tissue is often disrupted in cell culture prepara-
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tions. Likewise, the dual tracer technique has also been applied to scrape loading ex-

periments, but due to the method of loading multiple cells simultaneously with dye it is

difficult to track dye transfer [12]. Applying the dual tracer technique to microinjection

experiments in cardiac tissue slices overcomes these methodological limitations.

4.3 Materials and Methods

Cardiac slice preparation

Ventricular heart slices were prepared from adult female/male guinea pigs, body weight

450 g, obtained from (Charles River, Sulzfeld, Germany). All procedures were per-

formed in accordance with the Weill Cornell IACUC protocol 0701-571A. Acute tissue

slices from the guinea pig heart are prepared as described previously [3, 6]. In brief,

guinea pigs were weighed and an intraperitoneal injection of 500U Heparin was per-

formed. After 10 mins the guinea pig was euthanized using i.p. injection of 120 mg/kg

sodium pentobarbital. The heart was quickly removed and placed in oxygenated (5%

Carbon dioxide; 95% Oxygen) ice-cold Tyrode’s (in mM):126.7 NaCl, 5.4 KCl, 1.05

MgCl2, 1.8 CaCl2, 0.42 NaH2PO4, 22 NaHCO3, 5 Glucose, supplemented with Hep-

arin. The heart was then prepared for Langendorf perfusion by removing fat tissue and

the pericardial sac. The heart is then cannulated on a Langendorff apparatus, it is first

perfused with oxygenated Tyrode’s to facilitate the removal of blood, followed by per-

fusion with high K+ Tyrode’s (in mM):106.7 NaCl, 20 KCl, 1.05 MgCl2, 1.8 CaCl2,

0.42 NaH2PO4, 22 NaHCO3, 5 Glucose, supplemented with 2,3-butanedione monoxide

(HK-BDM) to inhibit myocyte contractions.

A tissue chunk measuring approximately 10 x 4 mm and spanning the thickness

was dissected from the left ventricle and glued used histoacryl tissue adhesive (Progres-

siveMed) to a magnetic specimen disc with the epicardium facing up. The magnetic disc
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Confocal Microscopy

Immunofluorescence on free floating sections

Vibratome sectioning (50 µm sections)

Fixation and agarose embedding

Microinjection of fluorescent gap junction permeable tracers 
into target cells

Vibratome sectioning of live cardiac tissue 
(200-300 µm slices) 

Langendorff Perfusion
(to remove blood) 

Dissection of the heart

Figure 4.2 | Overview of protocol steps
The heart is dissected and Langendorff perfusion is used to remove blood, followed
by vibratome sectioning of live cardiac tissue into 200−300 microns slices. The gen-
erated acute cardiac tissue slices are placed in a recording chamber with oxygenated
Common Tyrode’s solution. Microinjections targeting individual cardiomyocytes and
fibroblasts were performed under IR/DIC optics, iontophoretic dye injections lasted for
5 mins and used either the gap junction permeable tracers. Samples were fixed in 4%
parafomaldehyde then thin sectioned using a vibratome or cryostat. Immunohistochem-
istry was performed to identify target cell types. Images were captured using confocal
microscopy.
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was placed in the base of the buffer tray of the vibratome (VT1000S, Leica Microsys-

tems). The sample was positioned as flat as possible and the long axis of the tissue

chunk was oriented perpendicular to the vibratome blade. The buffer tray was filled

with ice-cold HK-BDM and the outer area of the vibratome chamber was filled with ice.

Using a vibratome blade speed of 0.025–0.050 mm/s, an amplitude of 1 mm, and a fre-

quency of 85 Hz. On average, 6–10 slices at 250–300 µm in thickness were generated.

The slice thickness was determined empirically based on a compromise between two

factors: thinner slices tend to be more damaged, whereas thicker slices result in reduced

nutrient supply to the center of the tissue and reduced optical transparency. Using a

fine-tip paintbrush, the slices were transferred to a pre-incubation chamber containing

oxygenated Tyrode’s supplemented with BDM at 25°C. Slices were kept in the prein-

cubation chamber for at least 1 hour of recovery before the start of the microinjection

experiments.

Field potential Recordings

A multi-electrode array (MEA)-System with a MEA1060-Up amplifier, a TC01 tem-

perature controller, and a 60 electrodes MEA (8 x8 grid with 200 µm inter electrode

spacing and 30 µm electrode diameter) was used to measure field potential recordings

from tissue slices in response to bipolar electrode stimulation. MC Stimulus software

was setup with a threshold protocol and the MC Rack software was used to define the

recording protocol. A stimulus site located at the edge of the tissue was found and the

stimulus threshold test was performed using MC stimulus. The threshold test consisted

of bipolar pulses between 1–5 V, 1000 µs duration, at 1 Hz frequency. Once a threshold

pulse was determined, field potentials were recorded for 20–60s every 1–2 hour(s) for up

to 7 hrs for the time-lapse MEA recording to access the stability of the tissue slices over

time using the MC Rack software. The data was then exported using the MC DataTool

software and analyze using custom MATLAB scripts.
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Iontophoretic microinjection

Microinjection pipettes from borosilicate glass capillaries (World Precision Instruments,

#1B100F-4) were pulled with a micropipette puller (P-1000 Micropipette Puller, Sutter

Instruments). A good microinjection pipette had a fine tip and a longer taper and a re-

sistance >30 MΩ. Pipettes were designed with a fine enough tip to allow for minimal

cell damage during microinjection, but large enough to allow for adequate dye diffusion.

Micropipette tips were filled with microinjection solution via capillary action and then

backfilled with intracellular solution (in mM):113 KCL,11 KOH,10 NaCl,0.5 MgCl2,10

HEPES,5.5 Dextrose, 5 K2ATP, 7.1 pH adjusted with KOH. Before the start of the ex-

periment the filled pipettes were visually accessed for excess dye leakage and control

of iontophoretic dye outflow using epi-fluorescence and a square 0.1 nA current pulse

of 900 ms duration and 0.5 Hz frequency using (Patch Clamp Amplifier Model 2400&

Model 2100 Isolated Pulse Stimulator, A-M Systems).

Slices were then loaded into the recording chamber (RC-27LD, Warner Instru-

ments, #64-0241) on a fixed stage microscope (Olympus BX51WI with IR/DIC op-

tics) equipped with a light source (SOLA light engine, Lumencor) and stabilized with a

custom made slice hold down. Slices were superfused at a rate of 1–2 ml/min with oxy-

genated Tyrode’s solution at 37°C. A target cell was then found in the tissue slice away

from the cut surface of the tissue slice that were damage by the vibratome sectioning.

To improve visualization of target cells, it is important to achieve Kohler illumination in

which the light is focused on the same plane as the target cell (see [13]). In brief, Kohler

illumination was obtained by focusing on the target cell by closing down the microscope

field diaphragm, adjusting the height of the condenser so that it is in focus and centered

and then reopen the field diaphragm so it is just outside the field of view. DIC optics are

adjusted to enhance contrast by rotating the polarizer.

The pipette was lowered into the bath and positioned at the center of the field of
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Table 4.1 | Fluorescent Tracers

Fluorophore Molecular weight Charge
Alexa 350 Hydrazide 349.29 -1
Lucifer yellow CH 457.25 -2
Alexa 488 Hydrazide 570.48 -1
Alexa 594 Hydrazide 758.79 -1
Alexa 568-Dextran 10,000 -1

view under 4x magnification and visualized using live imaging software (HCImage

live, Hamamatsu Photonics). The objective was switched to 40x magnification and the

pipette tip was located. The pipette tip was positioned above the target cell and moved

towards the cell by adjusting focus and lowering the pipette with the micromanipulator

in a stepwise fashion. Once the pipette was positioned directly over the cell, the fluores-

cence filter was switched on and the cell was microinjected iontophoretically for 5 mins.

The spread of the dye during microinjection and post microinjection was captured with

a CMOS camera (ORCA-Flash2.8 CMOS camera, Hamamatsu Photonics).

Immunostaining

Following microinjection of a tissue slice, the slice was removed from the recording

chamber and place in a well of a 12-well plate containing oxygenated Common Tyrode’s

solution. Using a separate fine-tip paintbrush, each sample was transferred to a well

containing 500 µl of 4% (wt/vol) paraformaldehyde in Phosphate Buffered Saline (PBS).

The tissue sample was fixed for 30 min at room temperature (RT) before incubating the

sample at 4°C overnight on a shaker in the dark. After overnight fixation at 4°C in PFA

(Electron microscopy sciences, #157-4), the slices were washed 3x for 15 mins each in

0.1 M PBS. A paintbrush was used to transfer the slices between wells or solution was

removed from wells using a pipette. After the last wash, slices were sometimes stored

at 4°C for up to 2–3 days in 0.1 M PBS with 0.05% NaN3. The tissue slices were then

resection to obtain 25–50 µm vibratome sections. This was completed by embedding
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samples in 3% and 6% low-melting-point agarose (Sigma, #A9414). A drop of 3%

agarose was placed on a heated microscope slide with spacers matching the thickness

of the tissue slice and the slice was placed into the drop using a small paintbrush. A

coverslip was placed on top to slightly flatten the sample and cooled to solidify. The

thin block of agarose containing slice was trimmed and then placed in the bottom of a

cryostat mold being careful not to trap air bubbles. The remainder of the mold was filled

with 6% agarose and placed on ice to solidify. The solidified agarose block containing

the slice was trimmed, leaving a small amount of excess agarose around sample. The

agarose block was oriented on the vibratome platform such that the cut surfaces of the

slice are parallel to the cutting blade of the vibratome. 25–50 µm thick sections were

then cut with the vibratome. A fine-tip paintbrush was used to transfer the floating

vibratome sections into a 24-well plate containing 1x PBS (one slice per well).

The thin sections were washed with PBS 3x for 15 min each, then blocked for 1 hr

at RT in Blocking Buffer: 0.3% Triton-PBS (Sigma, #93443), 3% donkey serum, 2%

BSA. They were then incubated in blocking buffer containin primary antibody overnight

at 4°C (or 3–8 h at room temperature) on a shaker. The sections were then transferred to

a new multiwell dish using a separate paintbrush for each primary antibody (or antibody

combination) and then washed in PBS 3x for 15 mins each and then blocked for 30

mins at RT in Blocking Buffer. The sections were then incubated in diluted secondary

antibodies (1:1000) for 2 hr at RT. After incubation, they were then wash in PBS 3x

for 15 mins and then incubated with DAPI (4’,6-diamidino-2-phenylindole; Molecular

Probes) for 1 h at room temperature and then washed with PBS 3x for 5 mins. The

sections were then mounted using secure seal spacers (Electron Microscopy Sciences,

#70327-9S) and Prolong Gold anti-fade reagent and coversliped. Finally, the samples

were imaged using confocal microscopy.

93



Confocal Imaging

Confocal acquisitions were performed on an LSM510 Zeiss microscope equipped with

an argon laser (488 nm excitation), two helium-neon lasers (543 nm and 633 nm excita-

tion) and a 63x/1.4 Plan-Apochromat objective.

4.4 Results

Morphology of acute cardiac tissue slices

In order to generate viable acute cardiac tissue slices, certain preparation, storage, and

handling conditions must be considered. First, the dimension of cardiac slices relative

to the dimensions of an individual cardiomyocyte is important for tissue viability. Adult

guinea pig cardiomyocytes are ≈142 µm in length and ≈32 µm in width and ≈13 µm

in depth [14]. Thus, a 250 µm tissue slice with cells oriented parallel to the epicardial

surface would approximately contain 20 layers of cells. Cardiac tissue slices were gen-

erated at 250−300 µm in thickness in the plane of the epicardial surface (i.e. tangential

slices). These dimensions were determined empirically to: 1) allow for oxygen diffu-

sion through cardiac slices, 2) to obtain more parallel cardiomyocyte fibers, and 3) to

allow for enough surface area to visualize dye transfer. Moreover, tangential orientation

of slices also allow for the better visualization of dye diffusion. Figure 4.3 A, shows

a comparison between regions of a tissue slice in which cardiomyocytes are predomi-

nantly oriented in cross-section, versus when the muscle fibers are oriented parallel to

the plane of the slice. Second, it is important to use sharp blades positioned at an angle

to reduce damage to the tissue slice.
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Figure 4.3 | Cardiac tissue slice morphology
Acute cardiac slices can be generated from the adult guinea pig heart and can be used
to visualize myocyte and non-myocyte cells in a multicellular environment. Slices were
generated from the left ventricle, parallel to the epicardial surface. (A) Shows areas of
a slice in which cardiomyocytes are oriented in cross section {S} and parallel {P} to the
plane of the slice. This is due to the rotation of muscle fibers around the axis of the heart.
(B) The surface of the tissue slice is shown, demonstrating damage due to the vibratome
sectioning as indicated by the waves/ripples of hypercontracted and distorted tissue.
(C) Infrared/Differential interference contrast (IR-DIC) allow for improved contrast to
distinguish cell borders and morphology. (D) A 2x magnifier can be used for visualizing
small cell bodies of non-myocyte cells (indicated by the arrows). Note: Thick parallel
nylon wires in (A) and (B) are the tissue hold downs to keep slices in the recording
chamber during perfusion.

Figure 4.3 B, shows an example of a slice in which the objective is focused on the

top layer of the tissue, which is damaged due to the vibratome sectioning as indicated

by the ripples in the tissue surface. Third, in order to visualize the borders of cells and to

target cells below the cut surface of the tissue slice, specialized optics are required. Fig-

ure 4.3 C, shows the enhanced contrast that can be obtained using Infrared/Differential
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Interference Contrast (IR/DIC) optics. The IR allows for better visualization below the

surface of the tissue and the DIC allows for enhanced contrast. Finally, due to the small

size of non-myocyte cell bodies in the cardiac tissue slice, an additional 2x magnifier

can provide additional magnification as shown in Figure 4.3 D, where arrows indicate

non-myocyte cells.
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Figure 4.4 | Field potential recordings from cardiac tissue slices
(A) Field potentials simultaneously recorded from 60 MEA electrodes. (B) A magnified
view of the recordings from the MEA electrode in (A−red box). The field potential
duration corresponds to the action potential duration, it is measured from minimum of
the INa peak (FPmin) to the maximum of the IKr current peak (FPmax). (C) Representative
time-lapse recording of FPD (ms) measures at each MEA electrode, was recorded every
hour after a 1 h slice pre-incubation period. Red lines represents the mean, orange region
the 95% confidence interval for the mean, and the blue region is 1 standard deviation.
Note: outlier values are due to spontaneous FPD which distort the analysis

To obtain electrophysiological parameters of the tissue slice a MEA system was used

to measure extracellular field potentials. The field potential duration which corresponds

to the action potential duration, was measured from the minimum of the initial INa peak
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to the maximum of the IKr current peak as illustrated in Figure 4.4B. The field potential

duration is stable for the first two hours after pre-incubation period, but then declines.

These results indicate that it is best to perform dye transfer experiments within the first

few hours after the preincubation period to ensure slice viability, as suggested by previ-

ous studies [3, 10].

Targeting cardiomyocytes for microinjection

Functionally coupled cells can by identified by applying the dual tracer method and tak-

ing advantage of the variety of fluorescent tracers that are gap junction channel perme-

able and their dextran conjugates (Table 4.1). Dextran conjugates cannot pass through

gap junctions due to size exclusion and act as a control for identifying the initially in-

jected cell, while the smaller dye is able to pass through gap junction channels indicating

functional coupling [15]. Ventricular cardiomyocytes are known to be strongly coupled

to each other by Cx43 gap junction channels [16]. Thus, in Figure 4.5 A, a cardiomy-

ocytes was targeted for gap junction channel screening as a positive control. Using a

small current pulse the two tracers Alexa Fluor 350 (AF350) and dextran conjugated

Alexa Fluor 568 (Dex-AF568) are injected simultaneously for 5 mins (Figure 4.5 B).

The pipette is removed and images are captured post iontophoretic injection (Figure 4.5

C). Figure 4.5 D shows a merged image of the blue, red, and DIC filter channel, the gap

junction channel impermeable dye Dex-AF568 (red) remains in the initially injected

cell and the gap junction permeable dye AF350 (cyan-blue) diffused to the neighboring

cells.
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Figure 4.5 | Cardiomyocyte microinjection under visual control
(A) A single cardiomyocyte is targeted for screening of functional gap junction coupling
using IR/DIC optics on a fixed stage upright microscope. (B) Using a small current
pulse (1-2 nA) the two tracers (in this case AF350 and Dex-AF568) are injected simul-
taneously for 5 mins as shown. (C) The pipette is removed and images are captured post
ionophoretic injection using the red filter channel. (D) Merged red, blue, and DIC filter
channels show the gap junction channel impermeable dye remaining in the injected cell
and the gap junction permeable dye transferring to neighboring cells. Images are of the
live sample captured in the experimental recording chamber.

Targeting cardiac fibroblasts-like cells for microinjection

Targeting fibroblasts cells is significantly more challenging, due to their small cell size.

In Figure 4.6 A, a non-myocyte cell is targeted for gap junction channel screening. Two

tracers in this case Alexa Fluor 594 (AF594) and dextran conjugated Cascade Blue (Dex-

Blue) were injected simultaneously for 5 mins the pipette is removed and images are

captured post–iontophoretic injection using both filters in Figure 4.6 B and C. Figure 4.6

B shows the gap junction channel impermeable dye (blue) remaining in the injected cell

and Figure 4.6 C shows the gap junction permeable dye (red) transferring to neighboring

cells. In Figure 4.6 D the red, blue, and DIC channels are merged to show the underlying

tissue structure, the spread of AF594 (red) to neighboring cells is easier to visualize.
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Figure 4.6 | Non-myocyte microinjection under visual control
(A) A non-myocyte cell is targeted for gap junction channel screening. Two tracers,
Alexa Fluor 594 and Dex-Cascade Blue, were loaded into a microelectrode and injected
iontophoretically for 5 mins. (B and C) The pipette is then removed and images are
captured post iontophoretic injection using both red (B) and blue (C) filter channels. (D)
To show the gap junction channel impermeable dye remaining in the initially injected
cell (dotted outline) and the gap junction permeable dye transferring to neighboring
cells. Images are of the live sample captured in the experimental recording chamber.

Combining dye transfer studies with immunohistochemistry

Figure 4.7 shows results of microinjection in live samples followed by fixation and im-

munostaining with vimentin, a commonly used fibroblast marker. In these experiments,

a single gap junction permeable tracer was used (i.e., as opposed to the previous dual-

tracer method), future experiments will incorporate the dual-tracer technique with im-

munostaining. Again, cardiomyocytes which are known to be electrically coupled by

gap junctions were used as a positive control. A single cardiomyocyte was microin-

jected iontophoretically with AF594 under visual control. The sample was then fixed

and immunostained for vimentin, these results are shown in Figure 4.7. Next, a sin-

gle non-myocyte cell was iontophoretically injected with Lucifer yellow under visual

control. The cardiac tissue slice was then fixed, resectioned, and immunostained for

vimentin.
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Figure 4.7 | Investigating myocyte-to-myocyte coupling
A cardiomyocyte cell with visible striations was targeted for microinjection (arrow, I)
in the recording chamber and was filled with Alexa Fluor 594 (red), a gap junction
permeable tracer. The tissue slice was resectioned (20 µm sections) and immunostained
for vimentin (green). Confocal z-stacks from the microinjected region was captured.
Images were collected at 0.5 micron intervals, serial stacks are labelled from A-E. The
localization of the dye in neighboring myocyte cells (arrows, M1, M2) can be visualized.
Scale bar represents 50 µm.

As shown in Figure 4.8, the initially injected cell is shown to have a small round

cell body indicated by an arrow, the dye transfers to the neighboring cardiomyocytes as

indicated by arrows in Figure 4.8 F and Figure 4.8 G. In Figure 4.8 A, there is vimentin

staining just around the borders of the injected cell. However, colocalization of Lucifer

yellow and vimentin could not be verified in this image.
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Figure 4.8 | Investigating non-myocyte-to-myocyte coupling
A non-myocyte cell with a small cell body was targeted for microinjection (arrow, I)
in the recording chamber and was filled with Lucifer Yellow (green). The tissue slice
was resectioned (50 µm sections) and immunostained for vimentin (red). Confocal z-
stacks from the microinjected region was captured. Images were collected at 1.5 micron
intervals, serial stacks are labelled from A-H. Confocal images capture the localization
of the dye to neighboring cardiomyocytes filled with Lucifer Yellow (arrows, M1, M2).
Scale bar represents 50 µm.

4.5 Discussion

Due to the heterogenous structure of cardiac tissue slices, it may be difficult to defini-

tively identify cell types within the sample at the time of iontophoretic injection. This

can be easily accomplished if the target cell type has a distinct morphology that is easily

identified with optical microscopy. Since fibroblast cell bodies are similar to other non-

myocyte cells (pericytes, immune cells). Alternatively, the cardiac tissue slice can be

generated from animal models with GFP tagged cell types. Since transgenic guinea pigs
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are not readily available, the method can be implemented using genetically engineering

mouse models (see Section 5.2.1: Future directions for a description of a strategy for

generating slices from transgenic mice). In the event that no coupling is observed, one

confounding factor is that experimental conditions may transiently alter the state of the

gap junctional channels. This can be overcome by the application of a gap junction

opener such as tedisamil [17] to verify the absence of functional coupling. It is impor-

tant to note that the current method uses nonbiological dyes for an all-or-none detection

of junctional communication. However due to the versatility of the experimental setup,

the method can be adapted to investigate the transfer of endogenous small molecules

provided the appropriate controls are implemented [16].

4.6 Conclusions

Acute cardiac tissue slices can be generated from the adult guinea pig heart and can be

used to visualize myocyte and non-myocyte cells in a more native multicellular envi-

ronment compared to cell culture. Single cells can be targeted for microinjection with

fluorescent tracers under visual control using IR/DIC optics to investigate functional gap

junction coupling. Immunohistochemistry can be combined with dye transfer studies to

identify subpopulations such as cardiac fibroblasts by fixing cardiac slices, thin section-

ing, and then free-float immunostaining samples with cell type specific markers. The re-

sults showed dye transfer from an initially injected cardiomyocytes and or non-myocyte

cell (likely to be fibroblasts) to neighboring myocyte cells, which suggests that these

combination of steps are a good strategy for investigating functional coupling in cardiac

tissue. The methods described were applied to the investigation of myocyte-to-myocyte

coupling and to non-myocyte-to-myocyte coupling, but the method can be expanded to

investigate coupling between other cell populations resident in cardiac tissue slices.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Summary of research

In conclusion, this thesis investigated the role of gap junction channel gating on the elec-

trotonic interactions between cardiomyocytes and fibroblasts using a multiscale compu-

tational modeling and experimental electrophysiology approach. Mathematical models

of dynamic gap junctional channels that reproduce the key features of the time- and

voltage-dependent properties of Cx43, Cx45 and Cx43/Cx45 gap junctional channels

were developed. These models were then used to investigate the role of gap junction

channel gating during myocyte-fibroblast electrical coupling using a combination of

computational modeling and the dynamic clamp technique. The results showed that the

early component of the gap junctional current was reduced during dynamic fibroblast-

myocyte coupling compared to a constant value conductance representation of the gap

junction coupling. This was due to the large transjunctional voltage during the early

upstroke of the action potential resulting in the inactivation of the gap junction chan-

nel. Moreover, the magnitude of this reduction depends on the phenotype of the gap

junctional channel, the magnitude of the gap junctional conductance, and the fibroblast-

myocyte ratio. These gap junctional models were also incorporated in a tissue sheet

model of cardiac fibrosis with tissue structures representing patchy fibrosis after myocar-

dial infarction and myocyte-fibroblast coupling in cell culture conditions. The results of

these simulations showed that gap junction gating did not significantly modify conduc-

tion velocity compared to a static representation of gap junction coupling. Finally, a

strategy using acute cardiac tissue slices generated from the adult guinea pig heart was

proposed to investigate myocyte-fibroblast interactions in a multicellular environment.

The results show that combining dye transfer studies to investigate functional coupling
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along with immunostaining to identify cell types in cardiac tissue slices is a promising

strategy for investigating cell-to-cell coupling in cardiac tissue.

5.2 Future directions

One of the challenges of evaluating myocyte-fibroblast interactions in cardiac tissue

slices is the targeting of fibroblast cells in live tissue slice samples. In the studies pre-

sented in Chapter 4, microinjection was completed on fibroblast-like cells based on their

morphology in the live recording setup. Afterwards, verification of the identity of the

injected cell was completed by immunohistochemistry. This method can be tedious as

it requires fixation of cardiac slices, thin sectioning and free float staining in order to

verify the phenotype of the injected cell. An alternative strategy that can circumvent the

post-injection verification of the injected cell phenotype and allow for a higher success

rate in targeting a specific subpopulation of cells (i.e., cardiac fibroblasts) within the

slice is to generate cardiac tissue slices from transgenic mice with GFP tagged cardiac

fibroblast.

5.2.1 Cardiac tissue slices generated from transgenic mice

Materials and Methods

Mouse model Thy1 has been described to be expressed in cardiac fibroblasts [1, 2].

The Tg(Thy1-EGFP)MJrs/J mouse strain stably expresses Thy1-EGFP and thus may

fluorescently label cardiac fibroblasts in the heart. These Thy1-EGFP mice can be used

to locate cardiac fibroblasts in cardiac tissue slices in order to investigate their functional

coupling with neighboring cardiomyocytes using the dye transfer technique.

Generating tissue slice from adult mouse heart Isolation of the mouse heart can be

performed as described previously [3]. All procedures should be done in accordance
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with Weill Cornell IACUC guidelines. Briefly, mice are anesthetized via inhalation of

isoflurane, and their hearts removed and placed into ice-cold Modified Tyrode’s solu-

tion containing (in mM):118.5 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 0.9 CaCl2,

25 NaHCO3, 11 Glucose and supplemented with 0.2 ml Heparin to make a Dissection

buffer. The heart is removed and placed in ice-cold Dissection buffer. Using a dissecting

microscope, the base of the aorta is located under the thymus tissue. Then using curved

forceps the aorta is loaded on a cannula attached to a 3 ml syringe containing Dissec-

tion buffer. The Dissection buffer is perfused through the heart to test for leakage at

the cannulation site. The aorta is then fixed to the cannula using a surgical suture. The

cannulated heart is then loaded on a Langendorff apparatus and perfused with warmed

(37 °C) oxygenated (5% Carbon dioxide; 95% Oxygen) Modified Tyrode’s solution to

remove blood. Next, warmed and oxygenated Modified Tyrode’s supplemented with

30 mM BDM is perfused to inhibit contractions. The heart is then removed from the

cannula and placed in a petri dish containing ice-cold Modified Tyrode’s supplemented

with 30 mM BDM. The right ventricle is dissected away using fine scissors, the left

ventricle is filled with 4% low melt agarose to stabilize the tissue for vibratome section-

ing. The ventricle is then embed into a cryomold containing 4% low melt agarose. The

agarose block is then trimmed to remove excess agarose and attached to the vibratome

platform with cyanoacrylate glue. Slices are then generated using methods described

in Section 4.3.

5.2.2 Internal pipette perfusion to modify gap junction properties

To go beyond the all-or-nothing evaluation of dye transfer between myocyte and non-

myocyte cells, strategies to manipulate gap junctions by modifying the internal compo-

sition of the iontophoretic pipette have been developed. Velumian et al. [4], describes

a simple and inexpensive strategy to apply the internal perfusion technique to studies

in acute slices from the brain, which can potentially be modified for the application in
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cardiac tissue slices. In brief, a pipette holder with a perfusion port is used to position a

fine infusion tube inside the iontophoretic pipette, the infusion tube is connected to a so-

lution reservoir, solutions are exchanged by applying pressure to the back of the pipette.

Thus, internal pipette perfusion can be used to acutely modify gap junction function

through modifying intracellular solution [5].

5.2.3 Detailed electrophysiological modeling of cardiac tissue slices

Detailed microstructural information of cardiac tissue slices can be acquired using im-

munohistochemistry and confocal microscopy. Recent studies have introduced method-

ologies involving the quantitative analysis of cardiac tissue based on fluorescent la-

beling, three-dimensional confocal microscopy, and image processing and reconstruc-

tion [6, 7]. Applying this methodology to cardiac tissue slices can provide unique op-

portunities to correlate microstructural information with electrophysiological data from

multielectrode arrays [8–10] and microelectrode action potential recordings [11] in or-

der to generate micostructurally detailed electrophysiological models of cardiac tissue

slices.

5.3 Concluding thoughts

In conclusion, multi-scale computational modeling studies in combination with in vitro

experiments have demonstrated that cardiac fibroblasts may modify action potential du-

ration, induce spontaneous activity, modify conduction velocity, and increase suscepti-

bility to early afterdepolarizations and cardiac alternans. The extent of these fibroblast-

mediated changes depends on the density of fibrosis, the magnitude of the gap junctional

conductance, the underlying electrophysiology of cardiac fibroblasts.

Myocyte-fibroblast coupling has been well documented in cell culture conditions

and a major challenge of the field has been to determine to what extent this mechanism
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of cardiomyocyte electrophysiology modification occurs in vivo. To date, functional

coupling between myocytes and fibroblast have been shown in situ in the rabbit sinoa-

trial node, a region of the heart thought to natively contain many fibroblasts. Whether

functional myocyte-fibroblast coupling occurs and plays a significant role in other re-

gions of the heart is to be determined. In the diseased heart non-myocytes (likely pre-

dominantly composed of fibroblasts) are thought to play a role in bridging electrical

activity across ventricular scars [12].

The goal of this thesis was to expand on the current understanding of gap junc-

tion function between myocyte and fibroblasts. In particular, since different connexins

phenotypes have been found in myocytes and fibroblasts in both in vitro and in situ stud-

ies, this thesis explored whether the dynamic properties (i.e., time– and transjunctional

voltage–dependence) of connexins played a role in the contribution of fibroblasts to car-

diomyocyte electrophysiology. Furthermore, a novel strategy to investigate functional

coupling between myocytes and fibroblasts in the heart was developed. This strategy

focused on using the recently improved cardiac tissue slice model in hopes that the

advantage of having an intact multicellular environment and optically accessible cells

would allow for targeted investigation of cell-to-cell coupling.

However, significant challenges remain in investigating myocyte to non-myocyte

coupling in live cardiac tissue samples. Future strategies that aim towards improving

the method of targeting non-myocyte cell types in the live tissue slices using transgenic

mouse models which express GFP in the target cell types can significantly improve the

efficiency of such experiments. This will allow for more reliable identification of non-

myocyte cells and faster screening of myocyte to non-myocyte coupling in a given slice.

Furthermore, to go beyond the determination of the existence or absence of coupling,

internal pipette perfusion can be used to acutely modify the functional state of local

gap junctions in a particular cell, allowing for an investigation of chemical modifiers
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of myocyte to non-myocyte coupling. Finally, detailed microstructural imaging can

be obtained from confocal microscopy and image processing of tissue slices and then

combined with electrophysiology recordings to develop detailed microstructural and

electrophysiology models of cardiac tissue.
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APPENDIX A

A.1 Equations for the gap junction model

Equations for the gap junction model from [1].

Ij = Gj · Vj (A.1)

Gj = Nchans(GHH · NHH + GLH · NLH ·GHL · NHL + GLL · NLL) (A.2)

dNHH

dt
= −(β1 + β2) · NHH + α1 · NLH + α2 · NHL

dNLH

dt
= β1 · NHH − (α1 + β4) · NLH + α4 · NLL

dNHL

dt
= β2 · NHH − (α2 + β3) · NHL + α3 · NLL

dNLL

dt
= β4 · NLH + β3 · NHL + (α3 + α4) · NLL

(A.3)

α1 =
2 · αcoef1

1 + exp(−VLH1/Vα1)
α2 =

2 · αcoef2

1 + exp(−VHL2/Vα2)

α3 =
2 · αcoef1

1 + exp(−VLL1/Vα1)
α4 =

2 · αcoef2

1 + exp(−VLL2/Vα2)

(A.4)

β1 = βcoef1 · exp(−VHH1/Vβ1) β2 = βcoef2 · exp(−VHH2/Vβ2)

β3 = βcoef1 · exp(−VHL1/Vβ1) β4 = βcoef2 · exp(−VLH2/Vβ2)
(A.5)

gxy =
gx · gy

(gx + gy)
gx = γx · exp(−V jx/Vx) (A.6)

Vjx = −V j

(
gx · gy

(gx + gy)

)
Vjy = V j

(
gx · gy

(gx + gy)

)
(A.7)

A.2 Parameters of gap junction model
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Table A.1 | Connexin model parameters

Parameters Units Cx43 Cx45 Cx43/Cx45
VH1 mV 156.2 125.38 99.95
VL1 mV 218.7 299.23 351.3
γH1 pS 158.5 71.518 140
γL1 pS 14 4.7646 11.42
α1 s−1 167.4 144.1 264.3
β1 s−1 0.02338 0.02064 0.000951
Vα1 mV 9.926 6.989 11.57
Vβ1 mV 6.152 5.235 7.314
VH2 mV 156.2 125.38 844.9
VL2 mV 218.7 299.23 603.5
γH2 pS 158.5 71.518 95.38
γL2 pS 14 4.7646 2.09
α2 s−1 167.4 144.1 77.3
β2 s−1 0.02338 0.02064 0.02637
Vα2 mV 9.926 6.989 2.235
Vβ2 mV 6.152 5.235 7.674
NChans - 13 28 19
NHH0 - 0.99 0.99 0.91
NHL0 - 6.56E-07 0.00043905 0.0606
NLH0 - 4.44E-14 0.00040637 7.063E-06
NLL0 - 4.44E-14 7.63E-05 0.02437
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