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ABSTRACT

Cardiac arrhythmias are an important cause of sudden cardiac death—a devastating manifestation of many underlying causes, such as
heart failure and ischemic heart disease leading to ventricular tachyarrhythmias and ventricular fibrillation, and atrial fibrillation causing
cerebral embolism. Cardiac electrical propagation is a main factor in the initiation and maintenance of cardiac arrhythmias. In the heart,
gap junctions are the basic unit at the cellular level that host intercellular low-resistance channels for the diffusion of ions and small regula-
tory molecules. The dual voltage clamp technique enabled the direct measurement of electrical conductance between cells and recording of
single gap junction channel openings. The rapid turnover of gap junction channels at the intercalated disk implicates a highly dynamic pro-
cess of trafficking and internalization of gap junction connexons. Recently, non-canonical roles of gap junction proteins have been discov-
ered in mitochondria function, cytoskeletal organization, trafficking, and cardiac rescue. At the tissue level, we explain the concepts of
linear propagation and safety factor based on the model of linear cellular structure. Working myocardium is adequately represented as a
discontinuous cellular network characterized by cellular anisotropy and connective tissue heterogeneity. Electrical propagation in discontin-
uous cellular networks reflects an interplay of three main factors: cell-to-cell electrical coupling, flow of electrical charge through the ion
channels, and the microscopic tissue structure. This review provides a state-of-the-art update of the cardiac gap junction channels and their
role in cardiac electrical impulse propagation and highlights a combined approach of genetics, cell biology, and physics in modern cardiac
electrophysiology.
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I. INTRODUCTION

Cardiac arrhythmias are an important cause of morbidity and
mortality. About 350 000 individuals suffer from sudden cardiac death
each year in the United States1 with multifold underlying causes, such
as coronary heart disease, non-ischemic heart failure, and genetic dis-
ease. A major part of the acute events is due to dysfunction of the elec-
trical activity of the heart leading to ventricular fibrillation.
Furthermore, atrial fibrillation developing during aging is a disease
with significant impact on cardiac morbidity.2

Normal cardiac electrical activity is initiated by a biological
clock initiating an electrical impulse in the sino-atrial node and
subsequently spreading over the atria, to the atrio-ventricular node,
to the ventricular Purkinje system, and eventually exciting both
ventricles.3

Understanding and investigating cardiac electrical activity may
implicate a number of different approaches involving knowledge of
the molecular composition and function of the myriad of molecular
components involved, their interrelationships, and the biophysical
laws governing propagation and generation of the electrical impulse.
Thus, modern cardiac electrophysiology represents a fascinating
field at the interface of physics, cell biology, and genetics. This
review discusses the role of connexin proteins in cell-to-cell cou-
pling in Sec. II and subsequently summarizes the work on the
involvement of cell-to-cell coupling in electrical propagation in Secs.
III and IV.

II. CONNEXINS: CANONICAL AND NON-CANONICAL
ROLES
A. Cardiac connexins forming gap junction channels

The existence of electrical low-resistance pathways between car-
diac cells has been described early on by Silvio Weidmann.4,5 Later on
it was reported that gap junction channels are formed by connexin
proteins whereby each neighboring cell traffics a hemichannel (con-
nexon) to the cell interface, the intercalated disk. A major step forward
was made with the introduction of whole cell dual voltage clamp, a
method that can directly provide values for electrical conductance
between two cells, the current/voltage relationship of gap junction
channels, and single channels conductances.6,7 In turn, the connexons
dock to each other with their extracellular domains (juxtaposed) to
form a full gap junction channel between the connexon delivering

cells. Such channels are functional in many organ systems, such as
heart, skin, the central nervous system, liver, and the vascular endothe-
lium, and are formed by different connexins, with prominent roles for
connexin43 (Cx43), connexin40 (Cx40), and connexin45 (Cx45) in
the heart. Moreover, an additional connexin (Cx30.2) has recently
been identified in the sino-atrial and atrio-ventricular nodes.8 The spe-
cific contribution of Cx43, Cx40, and Cx45 in the heart has been well
described.9 Cx43 dominates in both ventricles, Cx40 in the ventricular
Purkinje system. In the atria, both Cx40 and Cx43 are found to coexist.
Cx45 seems to play an important role in the sino-atrial and atrio-
ventricular nodes and is found in small amounts in the atria and ven-
tricles (Fig. 1). Gap junction channels are both biophysically and
chemically complex. A comprehensive overview covering all biophysi-
cal aspects of connexins has been published by Harris.10 The informa-
tion obtained from expression of channels consisting of pure
homomeric connexons and homomeric gap junction channels, formed
by a specific connexins, are often taken to estimate the effect of electri-
cal cell-to-cell coupling on propagation velocity. These measurements
revealed average single channel conductance of 175 pS for Cx40,
100 pS for Cx43, and 30 pS for Cx43 for homomeric–homotypic
channels.10

Since the myocardium represents a syncytial structure formed by
millions of individual cells, several functional aspects of connexins are
crucial for coordinated excitation and contraction: Are individual gap
junction channels formed by a mixture of connexins, and what is the
difference between mixed (heterotypic/heteromeric) channels if com-
pared to pure homotypic/homomeric channels? How do gap junction
channels react to changes in membrane potential? How and in what
time frame do gap junction channels traffic to the cell border (interca-
lated disk), and how are gap junction channels internalized? How do
gap junction channels react to the ionic environment and to metabo-
lism, especially in disease?

B. Mixed gap junction channels in the heart

Most experimental work on heteromeric connexons and het-
erotypic gap junction channels has been carried out in heterologous
cell systems in which expression of specific connexin proteins is
achieved by transfection. It seems well established by several studies
that Cx43 and Cx45 can form heteromeric channels at the level of
the atrial and ventricular myocardium. Channels formed by hetero-
meric Cx43/Cx45 connexons show on average a reduced spectrum
of single channel openings and a reduced diffusion of certain sub-
stances, suggesting a role of Cx45 as a modulator of cell-to-cell
coupling.11

The question of whether Cx40 and Cx43 can form mixed gap
junction channels is more complex. Since immunofluorescence signals
from atrial tissue and ventricular tissue reveal the co-existence of Cx43
and Cx40 (atria) and Cx43 and Cx45 (ventricle) at the intercalated
disk, the question of whether these connexins form independent gap
junction channels arranged as parallel conducting elements or bind
together to form heterotypic channels seems important, because such
mixed channels may exhibit specific functional properties that are dif-
ferent from the “average of its parts.” On one hand it has been argued
that incompatibility of docking of Cx40 hemichannels with Cx43 hem-
ichannels could explain why cells of the Purkinje system would only
connect at specific so-called Purkinje fiber-muscle junctions (where
there is Cx43 expression at the terminal segments in the Purkinje
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system12), whereas there would be full electrical insulation in all
remaining tissue segments where Purkinje fibers would be in close
contact with working myocardium. On the other hand, Cx40 and
Cx43 are co-expressed in the atrial myocardium, and the meaning of
this co-expression has never been fully explained. Rackauskas et al.
found no evidence of docking of Cx40 hemichannels to Cx43 in pairs
of HeLa cells carrying specific fluorescent makers, whereas earlier
studies suggested limited low-level coupling.13–15 Even if Cx40 and
Cx43 connexons do not assemble to mixed gap junction channels, a

complex interaction between Cx40 and Cx43 expression at interca-
lated disk in atrial tissue has been reported, most likely at the level of
connexon trafficking. Thus, genetic ablation of Cx43 in rat neonatal
atrial myocytes was associated with a decrease in Cx40 expression at
the ICD, whereas genetic ablation of Cx40 was paralleled by an
increase in Cx43 expression.16,17 In human atrial tissue, propagation
velocity depended on the balance of local Cx40 and Cx43 expression.
A locally increased proportion of Cx40 expression decreased and an
increased proportion of Cx43 increased propagation velocity.18 Similar
observations were made in engineered strands of neonatal rat atrial
myocytes (Fig. 2).16

Interaction between Cx43 and Cx40 was also observed in experi-
ments involving co-expression of mutant Cx40 connexin with wild
type Cx43 showing that impaired trafficking of mutant Cx40 also
decreased trafficking of the normal Cx43 connexin.19 Overall, these
clinical findings and experiments indicate complex, not fully eluci-
dated relationships of co-expressed cardiac connexins.
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FIG. 2. Changes of propagation velocity in engineered strands of cultured neonatal
rat atrial myocytes and in human atrial tissue. Left: Genetic ablation of Cx43 in pat-
terned cultures of neonatal mice atrial myocytes leads to a decrease in propagation
velocity. Right: Genetic ablation of Cx40 in patterned cultures of neonatal mice atrial
myocytes leads to an increase in propagation velocity. Reproduced with permission
from P. Beauchamp et al., Circ. Res. 99, 11 (2006). Copyright 2006 Wolters Kluwer
Health, Inc.16 Lower panel: Propagation velocity in excised human atrial tissue
depends on the relative contribution of the Cx40 fluorescence signal to signals of
total atrial connexins (sum of Cx43 and Cx40). Note that an increase in the relative
contribution of Cx40 in human atria leads to a decrease in electrical propagation
velocity, in line with the results from the mice cultures shown in the upper panel.
Reproduced with permission from P. Kanagaratnam et al., J. Am. Coll. Cardiol. 39,
1 (2002). Copyright 2002 Elsevier.18

FIG. 1. Upper panel: Sketch illustrating the distribution of cardiac connexins Cx43,
Cx40, and Cx45. Cx43 is the dominating connexin in the working myocardium of
the ventricles, which in addition host small amounts of Cx45. Both left and right atria
co-express Cx40, Cx43, and Cx45. The cells of the Purkinje system express Cx40.
Cx45 dominates in both the sino-atrial and the atrio-ventricular nodes. Lower panel:
Schematic presentation of the cardiac cell junction (ICD, intercalated disk). It
includes four main components: gap junction channels, ion channels, desmosomes,
and adherens junctions. Adherens junctions and desmosomes are situated at
the sites perpendicular to the long axis of the cell, whereas gap junctions are prefer-
entially located at sites parallel to the long axis. In mammalian hearts, adherens
junctions and desmosomes can form combined junctions, termed area composita.
N-cad: N-cadherin; PKG: plakoglobin (c-catenin); PKP2: plakophilin-2; aE: aE-
catenin; aT: aT-catenin; b-cat: b-catenin; DSC2: desmocollin-2; DSG2:
desmoglein-2; DSP: desmoplakin; DSM: desmin (intermediate filament).
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C. Effect of dynamic gap junction channel closure
on propagation

Gap junction channels switch from an open state to several semi-
closed and closed states upon sensing a transjunctional voltage. Since
they consist of connexons that are juxtaposed, each hemichannel part
will react to transjunctional voltages of opposite polarity, leading to
classical bell-shaped relationships between steady-state junctional con-
ductance, gsteady-state, and trans-junctional voltage.10 During cardiac
propagation, voltage gradients and local current flow between excited
upstream and non-excited downstream cells are predicted to affect
intercellular conductance. This effect will depend on the volage gradi-
ent itself and on the dynamics of closure of gap junction channels.20 In
a theoretical study, using a simple model of an open and a single
closed state of gap junction channels,21 Henriquez et al. showed that
the dynamic behavior of gap junction channels exerted a non-
significant influence on propagation or on action potential shape in a
normal state. However, in a state of advanced cell-to-cell uncoupling,
the transient decrease in junctional conductance in the immediate
wake of the downstream action potential might prevent backflow of
local electrotonic current under pathological conditions.22

D. Trafficking and internalization of gap junction
channels

Connexons consisting of Cx43 use EB1-tipped microtubules (the
EB1-MT) to travel to the intercalated disk where they bind to fascia
adherens junctions to unload cargo23 (Fig. 3). Additional binding has
been shown between EB1-MT and desmoplakin, a protein forming part
of the anchoring complex of desmosomal junctions.24 This process
depends on the presence of b-catenin and p150.23 During the past years,
many of the complex aspects of this trafficking process have been eluci-
dated. The EB1-MT interact with f-actin at so-called rest-stop sites.25

These are likely to form intracellular storage sites of Cx43 and represent
a relatively large fraction of total cellular Cx43. Such deposits may
explain why Cx43 at the intercalated disk increases about twofold within
1h following acute stretch, i.e., in a time period too short to be explained
by de novo synthesis.26 In contrast to “resting” Cx43 at sites of

interaction of MT with f-actin, Cx43 connexons may travel at speeds of
1lm/s toward the upload site at the intercalated disk.27

A stable expression of gap junction channels at the intercalated
disk reflects a dynamic equilibrium between synthesis and forward
trafficking of connexons on one hand and internalization of gap junc-
tion channels on the other. The average turnover time of connexons
and gap junction channels amounts to approximately 2–4h28 (Fig. 4).
Turnover of gap junction channels is pictured as a continuous process
whereby connexons are assembled at the periphery of a gap junction
plaque, gap junction channels subsequently moving from the periph-
ery of gap junction plaques and being internalized in the center of
the intercalated disk.29 Internalization is a highly regulated process
initiated by 14-3-3 dependent phosphorylation at Cx43-Ser373.
Subsequently, Cx43 is phosphorylated at Ser368. Cx43-Ser368 has
been identified at intracellular sites just below the intercalated disks
by high resolution confocal microscopy.30 Thus, protein 14-3-3-
dependent S373 phosphorylation indicates upstream initiation of a
multistage cascade of phosphorylation eventually leading to lysosomal
degradation. The process of internalization is accelerated in pathologi-
cal states such as hypoxia.30

E. Changes in intracellular ions and metabolism
modulate gap junctional conductance

Historically, studies on the influence of intracellular ions and
metabolites on cell-to-cell coupling were carried out before the genetic
sequence of GJA1 gene and the amino-acid sequence of Connexin43
were identified. The first indication that Ca2þ closes gap junctions
came from the observation that mechanical injury of heart muscle or
Purkinje fibers isolated the injured site from the surrounding surviving
muscle. This implicated so-called “healing over,” a process that was
shown to be dependent on Ca2þ and which implicated closure of gap
junctions.4,31 Later, it was shown directly that intracellular injection of
Ca2þ reversibly abolished cell-to-cell communication.32 Similarly, it
was reported that lowering pH decreased communication between
myocardial cells.33 White et al.34 showed that changes in pH and intra-
cellular Ca2þ are interdependent and that both Ca2þ and low pH are
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FIG. 3. Simplified scheme of Cx43 traffick-
ing apparatus showing interaction sites
of EB1-tipped microtubules with f-actin
functioning as so-called “rest stops,” and
Cx43-20k short isoforms involved in f-actin
polymerization and MT/f-actin interaction.
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required to uncouple cardiac myocytes. Similar results were shown for
the diffusion of the dye Lucifer yellow across cardiac gap junctions.35

In contrast to Ca2þ, [Mg2þ]i was reported to exert a biphasic effect on
cell-to-cell conductance with an increase in gj at low levels of cytosolic
Mg2þ and a decrease in gj at levels beyond the physiological range.

36

Separation of damaged from healthy myocardium by closure of
gap junctions is considered an important regulatory process in myo-
cardial disease, such as myocardial infarction, because it separates
injured from healthy myocardium and avoids spread of cellular dam-
age by intercellular diffusion. Anoxia, defined as complete withdrawal
of oxygen, and ischemia, defined as arrest of coronary flow, lead
to cell-to-cell uncoupling after an initial period of 10 to 15min37,38

(Fig. 5). Cellular uncoupling in the pathological settings is accompa-
nied by characteristic changes in the electrocardiogram and by malig-
nant ventricular arrhythmias.39

F. Ephaptic transmission of the electrical impulse: An
alternative possibility for electrical impulse transfer

Low resistance coupling by gap junction channels enables the
flow of electrical current between adjacent cells and propagation of the

electrical impulse. An alternative theory for cardiac cell-to-cell impulse
transfer was published in 1960 by N. Sperelakis40 and became the
source of controversies and challenges (see discussion in S.
Weidmann41). This theory met a revival during the past decade when
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it became obvious that a substantial fraction of cardiac Naþ channels
is located at the intercalated disk, in the area surrounding the gap junc-
tion plaque, the so-called perinexus.42 The theory, called ephaptic
transmission, is based on the so-called cleft model of a cardiac cell
junction (Fig. 6). The excitable elements in the cell junction, corre-
sponding to Naþ channels, face a high intercellular cleft resistance
(Rcleft), and a radial resistance (Rradial) connecting the intercellular cleft
to the “normal” extracellular space. In the model, the high cleft resis-
tance is determined by the cleft width, to which ephaptic transmission
is inversely related. Inward sodium current flowing through the Naþ

channels in the cleft is predicted to create an electrical field across the
cleft, consisting of a negative cleft potential with respect to the extracel-
lular space. Naþ depeletion in the cleft results in a flow of positive
charge from the extracellular space into the cleft. This creates a small
increase in the cleft potential and acts to depolarize the membrane
potential of the intercalated disk portion of the downstream cell. The
postulated evidence for ephaptic transmission is derived from different
kinds of experimental and theoretical work. Experiments observing
propagation in cardiac ventricular tissue with conditional Cx43 abla-
tion found that propagation velocity was maintained at approximately
50%, despite an approximately 90% reduction of Cx43 immunofluo-
rescence signal.43,44 This prompted speculation about an electrical
transfer mechanism alternative to direct current flow across gap junc-
tions. Further work established a relationship between propagation
velocity and edema created in the perinexal area, a major determinant
of ephaptic transmission.45 Theoretical works using a model of

ephaptic transmission46,47 suggested that two major factors affect field
transmission of the electrical impulse at the intercalated disk.

First, Naþ channel expression at the intercalated disk needs to be
approximately 80% of total channel expression.46 Recent studies have
shown that Nav1.5 channels associated with the b1 subunit represent
the major fraction of Naþ channels at the ICD, a smaller fraction being
associated with the (mechanical) composite junctions.48 A further dis-
tinct pool of Naþ channels is located in the surface membrane (regis-
tered with Z-lines).49,50 To what extent the surface pool of Naþ

channels interferes with ephaptic transmission (as suggested by the
theoretical studies) is currently unknown.

Second, while the build-up of an electrical field could depolarize
the membrane potential of the downstream cell, the depletion of Naþ

in the cleft would be expected to lower the electrochemical gradient of
Naþ and decrease the inward current, thereby weakening the field
effect (self-attenuation).46 A recent study using Nav1.5 channels
expressed in HEK cells exposed to a restricted extracellular space sug-
gested, in line with earlier studies, that ephaptic transmission could
favor cell-to-cell impulse transfer in the presence of low coupling by
gap junction channels.51 A third point that might affect ephaptic trans-
mission is the bidomain nature of real cardiac tissue and the high value
of extracellular resistance. Measurements of wavefront amplitude in
whole canine hearts have shown that the amplitude of the extracellular
wavefront is about 50% of transmembrane action potential ampli-
tude.52 This is in line with measurements of extracellular resistance in
papillary muscles in vitro showing that extracellular resistance and
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intracellular lumped resistance (cytoplasmic and intercellular resis-
tance in series) are of about equal value.53 It might be of interest to
consider this high value of extracellular resistance in future theoretical
models of ephaptic impulse transmission, because it might reduce the
“field effect.” In contrast to studies that specifically addressed cardiac
ephaptic impulse transmission, experiments using cell pairs to define
cell-to-cell action potential transfer speak against ephaptic transmis-
sion.54,55 In adult pairs of cardiac myocytes, block of impulse transfer
was observed despite a small residual electrical conductance across gap
junctions.54 Taking all the studies together, one should consider
ephaptic transmission in the case of low electrical coupling an interest-
ing yet not fully proven concept, and several contradicting observa-
tions wait for reconciliation.

G. Non-canonical roles of connexin proteins

1. Connexon hemichannels

An alternative role of connexin proteins was suggested by the
work of Heusch,56 who showed that connexin43 was necessary for
protection of the working myocardium by preconditioning. While the
authors were not able to define a specific role for Cx43 at the molecu-
lar level, they speculated that Cx43 hemichannels affect mitochondrial
function. Cx43 gap junction channels are formed from 2 Cx43 hemi-
channels, which are delivered to the perinexus area of gap junction by
EB-1 dependent trafficking23 and subsequently form a full gap junc-
tion channel with a connexon of the connecting cell neighbor.57 Cx43
hemichannels are closed in normal conditions but may open during
myocardial ischemia. In their open state they represent a substantial
leak between the extracellular and intracellular spaces and may lead to
entry of Ca2þ and Naþ and loss of ATP, ultimately leading to cell
injury and cell death.58 In recent work it was shown that large conduc-
tance channels could be activated by SR Ca2þ release and modulated
Ca2þ homeostasis in a microdomain at the ICD. The fact that these
channels were absent in cells with genetic Cx43 ablation or blocked by
GAP19 identified these channels as Cx43 hemichannels, distinct from
TRP channels or pannexins. These channels were more active in heart
failure and likely contribute to arrhythmogenesis in this pathological
setting.59

2. The short Cx43 isoforms

Recently, a special role has been attributed to the so-called short
isoforms of Cx43. In contrast to full length Cx43, these isoforms do
not form hemichannels. Western blots of connexin43 reveal several
bands of molecular weight lower than the main band at 43kD, if it is
tracked by antibodies binding to its C-terminal (Fig. 7). These short
isoforms are the result of regulated internal translation of GJA1
mRNA using the internal AUG sequences (coding for the amino acid
methionine) as internal start codons.60 The short Cx43–20k isoform
has been shown to exert major effects on cytoskeletal function. First,
Cx43–20k acts as a mitochondrial chaperone facilitating mitochon-
drial upload to microtubules and maintenance at the cell periphery.
During myocardial stress, such as myocardial ischemia and reperfu-
sion, Cx43–20k protein is upregulated and exerts a protective effect,
thereby reducing myocardial damage and infarct size.61,62 Second,
Cx43–20k protein stabilizes filamentous actin and forms complexes
with both actin and tubulin. In turn, f-actin regulates microtubule

organization.63 Mutation of the internal translation of Cx43-20k pro-
duces mice that are highly arrhythmic and die suddenly at 2–4weeks
of age, showing that Cx43-20k acts as an auxiliary trafficking subunit
of full length Cx43.28 Overall, Cx43-20k is considered an auxiliary traf-
ficking subunit, because decreased internal translation of Cx43-20k
prevents trafficking of full length Cx43 to the intercalated disk.28
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FIG. 8. Linear excitable cable [panel (a)] and ion current flow [panel (b)] in one
excitable element. Panel (a): Cylindrical excitable cable showing propagating wave-
front with an upstream excited segment and downstream resting segment. The
excited segment has a positive membrane potential (voltage difference between the
inside of the cellular compartment and the outside reference). The downstream
non-excited portion has a negative membrane potential. A loop of so-called “local
current” or electrotonic current is set up and acts to excite the downstream segment
and to propagate the electrical impulse. Of note, the electrical resistivity of the
inside medium is not re-partitioned into cytoplasmic and cell-to-cell resistance in
this model. Panel (b): An electrical equivalent circuit of a continuous model is
depicted on the top with five excitable elements residing in the cell membrane. The
intracellular space is represented by a single resistor. The exchange of electrical
charge is shown on the lower part. Axial current, IA, initially flows from upstream
sites into the membrane. During this phase, membrane current, IM, shifts the mem-
brane potential, VM, to more positive values, toward the threshold of Naþ inward
current. The subsequent peak and rapid change of IM reflects the activation of Naþ

channels, illustrated by Iion. Flow of ionic current, Iion, charges the membrane
capacitance, thereby producing the action potential. It also changes the sign of flow
of the axial current, which now represents charge furnished by channel excitation
and flowing into the downstream sink.
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III. CARDIAC ELECTRICAL PROPAGATION: THE ROLE
OF CELL-TO-CELL COUPLING IN LINEAR STRUCTURES

Sections III and IV of this review article will focus on the biophysical
laws governing cardiac propagation and the involvement of cell-to-cell cou-
pling by gap junction channels in this process. Importantly, it will be shown
that such a discussion is not possible without the consideration of the

complex interaction between cell-to-cell coupling, flow of electrical charge
through a variety of ion channels, andmicroscopic tissue structure.

A. Linear continuous and discontinuous propagation

The so-called linear cable is the simplest way to represent a car-
diac tissue strand (Fig. 8). Papillary muscles of young animals can be
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FIG. 9. Electrical propagation at the cellu-
lar level. Panels (a)–(c): Propagation in a
chain of a single cells [neonatal rat ven-
tricular myocytes, panel (a) with dark dots
showing locations of three light-sensitive
diodes (6 lm in width)]. Two diodes are
projected on the cytoplasm of a single
cell; the third diode is placed in the adja-
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by a single cell junction. Panel (b) shows
the change in fluorescence of a voltage-
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potential upstrokes. Panel (c):
Cytoplasmic and cell-to-cell conduction
times illustrating that a single cell-to-cell
junction introduces a propagation delay of
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in an anisotropic cellular network [panel
(d)] with dark dots showing locations of
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Panel (e): Fluorescence changes illustrat-
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gation delays introduced by cell-to-cell
junctions. Comparison of panels (c) and
(f) indicates that lateral apposition of cells
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Health, Inc.67
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represented as linear cables and have been used for the definition of
the so-called passive cable properties with a method developed in sem-
inal work by Silvio Weidmann.64 These methods are useful for the def-
inition of the gross intracellular and extracellular electrical resistivities
and the determination of the time course of electrical uncoupling dur-
ing myocardial ischemia and hypoxia.37,38,53 At the cellular level, theo-
retical work and experiments using engineered neonatal rat
ventricular myocytes (NRVMs) have shown that cell borders in nor-
mal myocardial produce small resistive obstacles leading to microscop-
ical discontinuities in intracellular impulse spread and to small
gradients on action potential upstrokes.65,66 Experimentally, the role of
cell borders in microscopical electrical propagation has been defined
in linear chains of single NRVMs. High resolution mapping revealed
that the conduction delay across a normal cell boundary is twofold the
time needed for the impulse to travel within the cytoplasm (Fig. 9).
Importantly, the longitudinally shaped myocytes are not registered
side to side. Consequently, there is exchange of lateral electrical current
between apposed cells. This lateral averaging leads to cancelation, or
“local averaging” of differences in conduction times in 2-dimensional
anisotropic networks.67

B. The role of gap junction channel distribution
and cell size

While the healthy myocardium of all species forms an aniso-
tropic network, differences among species exist in cell size and the pat-
tern of sites of electrical cell-to-cell coupling. Especially, intercalated
disks and gap junctional plaques in neonatal tissue and tissue post-

partum are arranged as more or less regularly spaced patches around
the cell periphery, whereas sites of mechanical and functional cell-to-
cell coupling in adult tissue are primarily concentrated at cell ends. In
a morphometric study that addressed cell-to-cell coupling in canine
myocardium in 3D, about two thirds of cell connections was attributed
to longitudinal sites and one third to lateral sites.68 The functional con-
sequences of cell size and the patterns of cell-to-cell coupling were
addressed in a theoretical study by Spach et al.69 Interestingly, cell size
is a major determinant of anisotropic propagation and propagation
velocity, while the coupling pattern plays a significant but minor role
(Fig. 10).
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Circ. Res. 86, 3 (2000). Copyright 2000 Wolters Kluwer Health, Inc.69
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strand of simulated cells. Successful propagation and margin of safety are defined
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logarithmic scale on the abscissa. Of note, SF increases with cell-to-cell coupling
until rapid block develops at high levels of uncoupling. The increase in SF is due to
the decrease strand impedance following an increase in cell-to-cell resistance.
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the same time decreasing propagation velocity. Panel (b): Decrease of SF with inhi-
bition of Naþ channel conductance. Such inhibition could be due, for instance, to
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of Naþ channels (ischemia). As a main difference between Panels (a) and (b), cell-
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C. The concept of safety factor of propagation

The safety factor of propagation is generally defined as a
dimensionless parameter that informs about how secure a propaga-
tion wavefront is from failure and formation of propagation block.
Formally, several approaches have been used for the biophysical def-
inition of propagation safety and propagation block.66,70,71 A defini-
tion of safety factor for linear strands states that propagation is safe
as long as the electrical charge movement caused by depolarizing
ion channels excitation upstream of the wavefront produces enough
electrotonic current to depolarize the resting downstream cells to
threshold for excitation (Fig. 11). In the mathematical formulation
[Eq. (1)], the safety factor (SF) is represented by the ratio of the
charges generated by the excited cell as the numerator and the
charge received by this cell from upstream axial current as
the denominator. In turn, the numerator has two components: (1)
the electrical charge movement through the ion channels flowing
into the membrane capacitance, thereby producing the action
potential (reflected by the maximal upstroke velocity of the action
potential, dV/dtmax, in Fig. 11), and (2) the charge flowing as axial
current downstream. Thus, depending on the size of the down-
stream axial current, the charge producing the action potential, and
accordingly dV/dtmax, will vary. This axial current will depend on
the downstream electrical impedance, the current sink. This
explains why the shape of the cardiac action potential is not only
determined by flow through the contributing ion channels but also

by the sink, i.e., the resistive and capacitive properties of the tissue.
According to this definition, propagation is safe as long as SF > 1.
The formulation in Eq. (1) is very helpful for the estimation of the
effect of changes in depolarizing ion channels and cell-to-cell
uncoupling, as shown in Fig. 11,66

SF ¼

ð

A

IC � dt þ
ð

A

IOUT � dt

ð

A

IIN � dt
: (1)

In the case of cell-to-cell uncoupling, computation of SF shows
that an increase in coupling resistance makes—in a first phase—
propagation safer until SF decreases and produces propagation
block. The initial increase is explained by the fact that cell-to-cell
uncoupling reduces the size of the downstream sink, and excit-
atory current is more confined to the region just beyond the prop-
agating wavefront. The second phase is explained by the massive
reduction of electrotonic current eventually resulting in the failure
to excite the downstream cells.

The definition of safety factor as formulated in Eq. (1) holds for a
linear excitable structure with homogeneous electrical properties. An
extension of the safety factor definition to multidimensional tissue has
been published by Boyle and Vigmond.72
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FIG. 12. Discontinuous structure of the myocardium. Panel (a): Reconstructed volume of rat left myocardium shows complex arrangement of cleavage with each layer being
80 lm in thickness. Reproduced with permission from D. A. Hooks et al., Circ. Res. 91, 4 (2002). Copyright 2002 Wolters Kluwer Health, Inc.91 Panel (b): Connective tissue
sheets separating human myocardial muscle bundles in atrial pectinate muscle. These connective tissue sheets are typically found in tissue from aged but not from young indi-
viduals. Reproduced with permission from M. S. Spach et al., Circ. Res. 58, 3 (1986). Copyright 1986 Wolters Kluwer Health, Inc.76
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IV. THE EFFECT OF DISCONTINUOUS CELLULAR
ARCHITECTURE AND NETWORK STRUCTURE
A. The structure of the normal myocardium can be
represented by a discontinuous cellular network

The working ventricular myocardium is composed, in its most
part, of muscle layers arranged around the ventricular cavity with the
main axis of anisotropy changing from the subepicardium to the sub-
endocardium. These muscular layers or laminae are in average four
cells in thickness. The laminae are separated by connective tissue and
bridged by branches at a variable density within the ventricular
wall.73,74 In addition to this dominating structure, very thin connective
tissue sheets becoming more prominent with age separate individual

muscle cells and affect microscopical propagation75,76 (Fig. 12).
Moreover, pathological states lead to a significant increase in connective
tissue with a general increase in connective tissue septa77 and/or a more
disordered arrangement of connective tissue eventually forming a scar
with surviving tissue strands intermingled with connective tissue.78

B. Mismatch between upstream source
and downstream sink in cellular networks

A substantial amount of work has been published treating cardiac
propagation across structural discontinuities, unveiling a special role
of cardiac network structure in cardiac propagation. Structures such as
geometrical expansions, pivot points, and narrow tissue isthmuses
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propagation from locations 1 to 9. The voltage changes beyond diode 9 (site of block) are due to electrotonic spread and not associated with ion channel activation (interrupted
lines). Reproduced with permission from V. G. Fast et al., Cardiovasc. Res. 30, 3 (1995). Copyright 1995 Oxford University Press.79
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have been studied in cell cultures, in vivo preparations, and in theoreti-
cal work. While these structures have a quite varying structural
appearance propagation across or around such structures, they share
closely common biophysical rules characterized by a mismatch
between the upstream driver of propagation and the downstream sink
receiving excitatory current from the upstream site, corresponding to
the discontinuous cardiac structure shown in Fig. 12. This is illustrated
using an example from a theoretical work of Fast et al. 79 (Fig. 13),
showing propagation across an abrupt tissue expansion. Figure 13
illustrates that unidirectional block develops depending on the diame-
ter of the branch emerging into a bulk of tissue and the direction of

propagation. In the case the small branch represents the upstream site,
a small mass of cells will excite a larger cell mass in the bulk. Due to
the changing geometry of the cellular network, the excitatory cur-
rent produced in the upstream segment will disperse. The disper-
sion and the associated decrease in current density will produce a
local decrease in propagation velocity. Block ensues if the local cur-
rent density decreases below the value critical for excitation of
depolarizing ion channels in the downstream segment. Inversely,
propagation from the bulk segment to the small strand will
increase local current density and propagation will be locally accel-
erated. This theoretically and experimentally demonstrated princi-
ple has also been quantified in theoretical work and described
earlier in neuronal tissue.79–82

C. Interactions between changes in depolarizing ion
current flow and changes in cell-to-cell coupling
and structure affect electrical propagation

Source-to-load mismatch at tissue discontinuities leads to com-
plex interactions between tissue structure(s), depolarizing ion currents
and cell-to-cell coupling, which contribute to initiation and mainte-
nance of circulating excitation and reentry. A first and simple relation-
ship relates to the interaction between depolarizing ion currents and
success of propagation at a site of current to load mismatch.
Simulation of a first and intuitively simple relationship is depicted in
Fig. 14, demonstrating that the success of forward propagation
depends on the availability of Naþ channels. As a consequence, depo-
larizing the cell membrane (for instance in acute myocardial ische-
mia39) or inhibiting Naþ channels by antiarrhythmic drugs is expected
to increase the likelihood of unidirectional block formation. A further
important consequence of source-to-sink mismatch is that the forma-
tion of block gets more sensitive to heart rate, as illustrated in
Fig. 15.83 In this example, taken from an in vitro study using slice of
sheep ventricular tissue, the wavefront colliding with an obstacle con-
taining a small conducting path or isthmus. This site of source-to-load
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mismatch produces, as excitation rate is increased, propagation slow-
ing and eventually block. This phenomenon is explained by the
decrease in availability of Naþ channels with increasing rate especially
in depolarized tissue.84 It is likely to play an important role in arrhyth-
mogenesis, when small changes in rate during rapid excitation (tachy-
cardia) will determine whether a structural discontinuity will block the
electrical impulse or not. Thus—dependent on the underlying excita-
tion rate—the pathways of reentrant excitation during an arrhythmia
may vary from beat to beat. A further, important consequence of
structural discontinuities relates to the involvement of the Ca2þ

inward current in propagation. The two main depolarizing currents
system in cardiac cells, the rapid Naþ inward current (INa), flowing
through Nav1.5 channels and the Ca2þ inward current, flowing mainly
through L-Type Ca2þ channels (ICa,L), activate at different speeds.
Time to peak flow of INa occurs within about 1ms–1.5ms, and peak
flow of ICa,L after about 2ms or more.85 As illustrated in Fig. 16, the
propagation delay produced by a structural discontinuity can amount
to 2ms or more. As a consequence, ICa,L becomes a main driver of
propagation, while activation of INa is too fast to excite the down-
stream cells. This interpretation is corroborated by the fact that
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FIG. 16. Role of Ca2þ inward current,
ICa,L, in discontinuous propagation. Panel
(a) depicts in the top part anterograde
propagation from a small strand (light pho-
tosensitive diodes) into a bulk area (dark
diodes) and in the bottom part retrograde
propagation from the bull into the small
strand. Signals are obtained from the fluo-
rescence change of a voltage-sensitive
dye in patterned neonatal rat myocytes.
Panel (b) shows propagation during con-
trol. During anterograde propagation, the
source-to-load mismatch produces a con-
duction delay at the transition of about
2 ms. During retrograde propagation, this
delay is absent, because the cells in the
strand receive excitatory current from a
large bulk. Instead, the cells in the strand
are excited almost simultaneously. Panel
(c) shows the effect of superfusion of the
small strand with Nifedipine, a blocker of
ICa,L. Propagation from the small strand
into the bulk becomes totally blocked. This
demonstrates that ICa,L is needed to drive
propagation across the geometrical
expansion. The fact that Nifedipine has no
effect on propagation in reverse direction
proves that the source-to-load mismatch,
a structural component, requires flow of
ICa,L. Reproduced with permission from S.
Rohr et al., Biophys. J. 72, 2 (1997).
Copyright 1997 Elsevier.86
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propagation across the expansion responds to activators and blockers
of INa and ICa,L, as anticipated.

86

In addition to the discontinuous microscopic tissue architecture
and ion currents, cell–to-cell coupling is the third major player affect-
ing discontinuous conduction.79 In many pathological states (myocar-
dial ischemia, cardiac failure), cell-to-cell coupling is reduced to
various degrees as a result of myocardial remodeling or acute meta-
bolic changes following arrest of coronary flow and withdrawal of

oxygen.37,38,87,88 As discussed in the first paragraph of Sec. III C on lin-
ear propagation, cell-to-cell uncoupling slows propagation. In tissue
with discontinuous architecture, there is a second effect, which is to
decrease the effect of source-to-load mismatch, as shown in theoretical
and experimental work (Fig. 17). This effect has been termed
“paradoxical” because it can reverse unidirectional block to bidirec-
tional propagation and thus decrease the likelihood for initiation of
reentrant arrhythmias.89 The complexity of these effects makes it diffi-
cult to define the improvement of cell-to-cell coupling in pathological
states by drugs as a straightforward beneficial pharmaceutical
principle.

V. SUMMARY

This review should provide a discussion of the complexities at
the molecular, cellular, and tissue levels involved in the biology of gap
junction channels and their role in cardiac propagation. Remodeling
of myocardial tissue in disease involves a myriad of changes of genetic
expression patterns, metabolism, contractile, and electrical function.
As a consequence, the complex interactions of the effects of remodel-
ing of structure, ion channels and electrical coupling on the myocar-
dium in pathological states implicates a wholistic approach to
developing potential therapeutic principles.
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