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Abstract

Fundamental mechanisms governing the perpetuation of atrial fibrillation (AF), the most common
arrhythmia seen in clinical practice, are poorly understood, which explains in part why AF
prevention and treatment remain suboptimal. Although some clinical parameters have been
identified as predicting a transition from paroxysmal to persistent AF in some patients, the
molecular, electrophysiological and structural changes leading to such a progression have not been
described in detail. Oxidative stress, atrial dilatation, calcium overload, inflammation, microRNAs
and myofibroblast activation are all thought to be involved in AF-induced atrial remodeling.
However, it is unknown to what extent and at which time points such alterations influence the
remodeling process that perpetuates AF. Here we postulate a comprehensive model that might
open new pathways for future investigation into mechanisms of AF perpetuation. We start from the
premise that the progression to AF perpetuation is the result of an interplay among manifold
signaling pathways with differing kinetics. Some such pathways have relatively fast kinetics (e.g.,
oxidative stress mediated shortening of refractory period); others likely depend on molecular
processes with slower Kinetics (e.g., transcriptional changes in myocyte ion channel protein
expression mediated through inflammation and fibroblast activation). We stress the need to fully
understand the relationships among such pathways should one hope to identify novel, truly
effective targets for AF therapy and prevention.

Introduction

Atrial Fibrillation (AF) affects over 2.5 million Americans,! and is the major cause of
embolic stroke.? In the USA and Europe, overall prevalence of AF is 0.9% and the number
of people affected is projected to more than double over the next 2 decades.3® In fact, the
projected rise in AF incidence is approaching epidemic proportions.l 6 Yet despite its
importance and more than 100 years of basic and clinical research, we still do not fully
understand its fundamental mechanisms and have not learned how to treat it effectively.
Some patients suffer relatively short (<7days) self-terminating episodes (i.e., paroxysmal)
indefinitely, but a large proportion progress to long-lasting forms of AF.” When AF lasts
continuously for more than 7 days it is considered persistent AF.8 Spontaneous,
pharmacological or ablative resumption of sinus rhythm is infrequent in persistent AF, with
prompt recurrences or commonly failed cardioversions. AF lasting more than one year is
termed “long-term persistent AF”.7 Persistent AF leads to electrical remodeling and fibrosis
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of the atria but the mechanism(s) remain poorly understood. Experimental and clinical data
collected to date point to a very complex pathophysiology involving a large number of
significant players, including oxidative stress, calcium overload, atrial dilatation,
microRNAs, inflammation and myofibroblast activation (Figure 1), all of which are likely to
be involved one way or another in AF-induced atrial extracellular matrix (ECM) and
electrical remodeling.? 10 The complexity of disease progression is further amplified by the
positive feedback loops that can establish among many of such players. However, it is
unknown to what extent and at which time points such interactions influence the remodeling
process that perpetuates AF. This brief review addresses some of the most important factors
underlying ECM remodeling, with particular attention paid to the role of oxidative stress and
cardiac fibroblast-to-myofibroblast differentiation in the mechanisms of atrial remodeling
associated with AF. We also briefly address other potentially important contributors, such as
calcium overload, transient receptor potential channels (TRP channels) and microRNAs to
the mechanisms of fibrosis and AF maintenance.

A working Model of AF Perpetuation

We start from the premise that the progression to persistent AF is the result of interplay
among multiple signaling pathways with differing kinetics,11 some fast and other slow, as
illustrated diagrammatically in Figure 1. The role of many of such signaling pathways
remains speculative. Yet fragmented evidence extracted from the literature, together with
recent experimental results obtained in a clinically relevant model of persistent AF,12: 13
allows us to create a cohesive picture that might open new pathways for future investigation
and hopefully the identification of novel targets for AF treatment and prevention. The model
put forth in the scheme of Figure 1 predicts that, once AF is initiated, whether by premature
triggered discharges from a pulmonary vein, by rapid electrical pacing of the atria, or by a
simple wave break, the first consequence of the sustained high-frequency excitation would
be the promotion of oxidative stress. The reactive oxygen species (ROS) released by
nicotinamide adenine dinucleotide phosphate oxidases (NOX)2/4 would result in rapid (i.e.,
within hours or days) L-type Ca%* current (Ica,L) reduction and inward rectifier K* current
(Ik1) increase, leading to shortening of the atrial action potential duration (APD) and
refractory period promoting the formation and stabilization of rotors. This would be
followed by intracellular Ca* overload, promoting triggered activity, and apoptosis.14 15
However, during sustained AF, the exceedingly high frequency of electrical excitation
generated by the sustained rotor(s) should lead to refractoriness of the cardiac ryanodine
receptor (RyR2) of the sarcoplasmic reticulum (SR)16 as well as downregulation of Ca2*
handling proteins,13: 17: 18 acting to prevent triggered activity. Nevertheless, Ca2* overload,
together with atrial dilatation, mitochondrial ROS and activation of inflammatory and pro-
fibrotic pathways!9 progressively alters gene expression. As demonstrated recently in a
clinically relevant sheep model of persistent AF, the consequences of the above changes
would be myocyte hypertrophy, interstitial fibrosis and ion channel remodeling, all of which
would occur relatively slowly but reach critical levels when AF becomes persistent at a
median time of about 2 months.13 As time progresses and remodeling continues to occur,
enduring transcriptionally mediated changes in ion channel expression and atrial structure
persistently work together to preserve sustained high electrical frequency excitation in a
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'vicious cycle' that further promotes rotor stabilization, fibrosis and AF perpetuation (Figure
1).

Oxidative stress, inflammation and atrial fibrillation

The role of ROS in mediating changes in atrial ionic remodeling in AF is not well
understood.29 Markers of oxidative stress have been documented in AF, and antioxidants
have been shown to partly arrest electrical remodeling in animal models. Studies
investigating the sources of ROS in AF have found an important role for NOX2/4 activity,
which is increased in the fibrillating atria.2 Mitochondrial dysfunction and swelling are also
known to occur in AF and mitochondrial ROS is potentially another important source of
oxidative stress in AF22 NOX activity was shown to be increased in the goat after 2 weeks of
atrial tachypacing and in human atrial samples obtained after post-operative AF.23 In
contrast, for long-standing persistent AF in humans, and for animals whose atria were
tachypaced for 6 months, the major source of ROS was attributed to mitochondrial oxidase
and uncoupled nitric oxide synthase (NOS) activity.23 Previously unpublished experiments
from our laboratory (Figure 2) indicate that NOX-derived ROS might be implicated in the
electrical alterations seen in myocytes as early as 1 day after sustained tachypacing. In
addition, a yet unpublished proteomic analysis during the transition to persistent AF (i.e.,
58+21 days after the onset of atrial tachypacing) suggests that the elevated ROS that is
observed in atrial myocytes from persistent AF animals may correlate with NOS reduction,
xanthine oxidase elevation and/or mitochondrial dysfunction. Thus it is likely that these
time-dependent changes in ROS also underlie the temporal changes in atrial remodeling (AF
dominant frequency increase, atrial dilatation and fibrosis) known to occur in AF, as shown
by our recent study!3 and also by others.24 However, whether atrial oxidative stress directly
affects atrial APD and refractoriness and thus contributes to rotor acceleration and stability
in AF remains largely unknown. Several sarcolemmal ionic currents have been shown to be
directly or indirectly modulated by ROS,25 but the relevance of these mechanisms in the
context of human AF has not been demonstrated. Understanding this causal link will be
important for the design of more rationale and effective upstream therapies that will help
overcome the relatively limited success achieved in the clinical trials with systemic anti-
oxidant therapy for AF.26

Whether spontaneous or pacing-induced, sustained AF is likely to lead to the release of
proinflammatory cytokines and hormones related to cardiovascular disease and tissue injury,
including angiotensin-I1 (Ang-11), tumor necrosis factor (TNF)-a,, interleukin (IL)-6, and
IL-8.27 Both injury and mechanical stretch promote activation of leukocytes with subsequent
release of inflammatory stimuli such as NOX—derived ROS, growth factors, and other
hormones. Multiple studies have demonstrated a role for NOX in Ang-11 function.28
However, more work is necessary to identify the precise molecular modifications of the
putative signaling targets of ROS after Ang-I11 stimulation. Understanding which NOXs are
activated by Ang-I1 in the atria, in normal physiology is also important, and may help us to
define better interventions aimed at preventing the pro-fibrillatory effects of Ang-11
activation. These are well-known triggers of fibroblast differentiation into myofibroblasts
(see below), which are critical players in the development of fibrosis. Inflammatory cascades
also lead to ion channel dysfunction, which along with myocyte apoptosis and matrix
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generation and turnover, likely contributes to both electrical and structural remodeling and
predispose patients to AF.2°

Role of calcium overload in AF perpetuation

Spontaneous calcium release promoting triggered activity is likely to be an important
mechanism of AF initiation (Figure 1).3% However, whether RyR2 leakiness contributes to
persistent AF is now disputed?3: 17 A popular concept that had been promoted by some
investigators over the last several years was that both initiation and maintenance of AF could
be related to increased activity of protein kinase A (PKA) and/or calcium/calmodulin-
dependent protein kinase 11 (CaMKII), with subsequent uncontrolled diastolic Ca2* release
from the SR. The idea is that Ca* released from the “leaky” RyR2 receptors in the
sarcoplasmic reticulum would overactivate the Na*-Ca2* exchanger (NCX) to extrude Ca%*
and produce an arrhythmogenic depolarizing current, thereby explaining both the contractile
dysfunction and the high recurrence rate of the arrhythmia.31: 32 However, in a recent study
in isolated rabbit atrial myocytes remodeling in response to sustained tachycardia for up to 5
days was shown to silence Ca?* signaling through a failure of subcellular propagated Ca%*
release.1” Accordingly, Ca?* silencing might be a protective mechanism against the massive
Ca?* overload that occurs during chronic AF.33 In another study in human atrial myocytes,
while CaMKII appeared to facilitate catecholamine-evoked arrhythmias in atrial
myocardium of patients with sinus rhythm, the same agonists failed to elicit arrhythmias in
atrial myocardium of patients with chronic AF, likely related to atrial remodeling, which
included decreases in CaMKII-mediated processes.18

The above results in patients are consistent with data derived from western blot analyses in
sheep, designed to test whether remodeling was related to altered intracellular calcium
dysfunction.1® Although the Na*-Ca?* exchanger was increased in the left atrial appendage
of persistent AF animals, both total RyR2 and phosphorylated RyR2 proteins were
decreased, and the ratio of phosphorylated RyR2 to total RyR2 phosphorylation was
unaffected. Hence, the transition from paroxysmal to persistent AF in the sheep model of
atrial tachypacing did not seem to depend on Ca2* leak or delayed after depolarizations
(DADs).13 Altogether the above three studies challenge the idea that Ca2* release
dysfunction underlies AF maintenance. They all agree in that, during long-term sustained
AF one should not expect an increase in the spontaneous release of Ca* from the SR, or
that DADs/triggered activity is involved in AF maintenance or in the progression to stable
forms of the arrhythmia. Thus as suggested recently,18 because of pathophysiological
adaptation related to remodeling of calcium regulatory proteins, treatment with CaMKI|I
inhibitors would be unlikely to affect persistent AF.

Cardiac Fibroblasts

The normal heart is comprised of four major cell types; myocytes, endothelial cells, smooth
muscle cells (within vessels) and fibroblasts. The proportion of each cell type varies with
species but altogether myocytes make up less than half of the cellular population of the
mammalian heart.34 Pioneering studies in the 1970’s and 1980°s suggested that the heart
consists of approximately 70% nonmyocytes and 30% cardiac myocytes.3® Importantly,
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fibroblasts make up the largest portion of the cellular number in the ventricles, ranging from
40 to over 60% of the total cell number3®

The core functions of cardiac fibroblasts is to maintain the cardiac ECM homeostasis and to
provide structural and mechanical support to the myocytes.34 The ECM is a network of
fibers that in addition to providing structural and functional integrity to the heart also
contains a number of cytokines and growth factors that can influence cardiac function.38 The
cardiac ECM is a key mediator of the mechanical integration of cardiomyocytes, fibroblasts
and blood vessels within the myocardium. The ECM also transmits extracellular mechanical
signals to the cardiomyocytes. The major components of the ECM are fibrillar collagen
types | and 111; less abundant are collagen types 1V, V and VI1.3” The ECM also includes
fibronectin, laminin, elastin and fibrillin, proteoglycans and glycoproteins, all of which are
produced by the fibroblasts, and can be induced by a number of growth factors such as
platelet-derived growth factor (PDGF),38 basic fibroblast growth factor (BFGF) and TGF@
during development and disease.3°

Cardiac fibroblasts are elongated cells that contain a branched cytoplasm which surrounds
an elliptical shaped nucleus.4? They have a large Golgi apparatus and no basement
membrane. They can form monolayers in vitro and couple to one another via gap junctions,
primarily made of Connexin43 (Cx43) and Connexin45 (Cx45).41 Fibroblasts contain
proteins which aid in their identification. Such proteins are vimentin, which is present in the
intermediate filaments of fibroblasts, and the more selective collagen receptor Discoidin
Domain Receptor 2 (DDR2).42 DDR2 is not present in cardiac myocytes or cardiac
endothelial cells but has been found in leukocytes and in tumors.43: 44 Recent studies suggest
that periostin might be a selective marker for fibroblasts.*® Its expression in the heart is
restricted to fibroblasts and is not expressed in cardiomyocytes, endothelial cells, or vascular
smooth muscle cells in normal or injured hearts.> Periostin expression is very low or absent
in the healthy adult heart, but it increases substantially, and specifically, in myofibroblasts
after damage. Thus periostin has been used to induce fibroblast specific knockout of
Glycogen Synthase Kinase-3p (GSK-3p) by means of recombinase driven by the periostin
promoter, strongly supporting the idea that periostin may be a useful specific marker for
fibroblasts.*6 In the healthy postnatal heart, interstitial cardiac fibroblasts do not express a-
smooth muscle actin (a-SMA). In cardiac fibrosis, a-SMA expression is considered a sign
of fibroblast activation and differentiation into myofibroblast.43

Cardiac fibroblasts are not electrically excitable and cannot maintain action potential
propagation on their own although they may act as passive electrical conduits when
connected through gap junctions with neonatal myocytes in vitro.#’ Yet they do have distinct
electrical properties, including a resting membrane potential between —30 mV and -37
mM.8 They also express several types of potassium channels (Kc,1.1, Ky1.5 and 1.6,
Ky4.2 and 4.3, Kir2.1, and Kir2.3), sodium channels (Nay1.2, 1.3, 1.5 and 1.7) and the
Cinc3 channel.*® Recently, fibroblasts were shown to contain transient receptor potential
(TRP) channels, which have been identified as another important activator of myofibroblast
differentiation (see below).43: 50
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Fibroblasts-to-myofibroblasts transdifferentiation

The origin of myofibroblasts remains controversial.>1 Myofibroblasts have been thought to
be a heterogeneous population derived from resident fibroblasts in the perivascular area,
epithelial cells, endothelial cells, mesothelial cells, and circulating fibrocytes derived from
bone marrow.43:52

Several cellular mechanisms have been proposed to explain the fibroblast-to-myofibroblast
transdifferentiation. As discussed above, inflammation as seen in various cardiac
pathologies, results in the recruitment of immune cells that release cytokines leading to
fibroblast-to-myofibroblasts transformation.53 A recent study suggested that fibroblasts
themselves can release proinflammatory cytokines and contribute to attract additional
immune cells to further exacerbate the inflammatory response to injury. The latter suggests
that under mechanical stress activated fibroblasts can lead to an inflammatory response.>*

A variety of pro-fibrotic signaling pathways have been proposed to be changed during the
initiation and progression of AF and other cardiac diseases.1® 36 55 Such pathways can
affect cardiac fibroblast proliferation and differentiation thus causing pathophysiological
alterations via their effect on myofibroblasts. Stress related cytokines like IL-1 and TNF-a
can activate stress activated mitogen-activated protein kinases (MAPKS) and their
downstream partners (e.g., STAT1) to cause cardiac hypertrophy and/or apoptosis.3®
Cultured human cardiac myofibroblasts show significant expression of MAPKSs, including
p38-a and p38-y along with lower levels of p38-6.6 Treatment of cardiac fibroblasts with
TNF-a or IL-1 increases phosphorylation of p38.56 Activation of IL-1a induced
phosphorylation of p38 can lead to IL-6 and matrix metalloproteinase-3 (MMP-3) mRNA
and protein expression in these cells.56 Thus activation of p38 via MAPK pathway activation
can exacerbate the release of proinflammatory cytokines like IL-6 and cause increased
fibrosis via activation of cardiac fibroblasts®®. Similar to the MAPK pathway, activation of
AKT/GSK-3B, pathway can induce its effect via acting on the fibroblasts.*® The AKT/
GSK-3p, pathway is activated by number of signaling molecules, including TGF-.57
Activation of AKT by TGF-f or Ang-I1 can inhibit GSK-3p by increasing its
phosphorylation and lead to hypertrophy and/or fibrosis. Fibroblasts specific deletion of
GSK-3p in mice led to hypertrophy and increased deterioration of cardiac function after
MI.48 Increased phosphorylation of GSK-3p was associated with increased a-SMA and thus
increased transformation of fibroblasts into myofibroblasts.

In addition to acting through the canonical SMAD pathways TGF-B1 increases protein
kinase C alpha (PKCa) activity in cultured rat aortic fibroblasts. TGF-p1-induced increased
expression of a-SMA has been shown to be PKCa activity dependent.®® In addition, the
increased fibroblast-myofibroblast transdifferentiation via the TGF-B1 PKCa pathway also
involved an increased expression of phosphodiesterase 1A (PDE1A) in a dose-and-time
dependent manner.58 Treatment of rat aortic advential fibroblasts with TGF-B1 caused
nuclear translocation of the protein.>® Pharmacological inhibition of PDE1A reduced the
TGF-pl-induced increased expression of a-SMA, whereas phorbol-12-myristate-13-acetate
(a PKC activator) increased it. Finally, the upregulation of PKCa expression by TGF-B1 was
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also inhibited by PDE1A inhibition. Thus TGF-B1 can increase a-SMA expression and
myofibroblast formation via a PDE1A-PKCa-dependent mechanism.>®

Regardless of their origin or the pathway that activates them, cardiac fibroblasts are critical
players in normal myocardial function and active contributors to ECM remodeling in
response to cardiac injury.>2 The link between ECM remodeling and AF maintenance is now
universally recognized. Cardiac fibroblast proliferation and concomitant collagenous matrix
accumulation (fibrosis) has been implicated in arrhythmia initiation and maintenance.
Fibrosis affects electrical propagation through slow, discontinuous conduction with "zigzag"
propagation, due to reduced regional coupling, abrupt changes in fibrotic bundle size and
micro-anatomical reentry.50 In the case of AF, it has been suggested that sustained rapid
atrial activation may further influence structural remodeling by directly altering fibroblast
function, and may contribute to the upregulation of ECM genes in response to high-
frequency excitation.2? The profibrotic effect was confirmed in vitro by decreased thymidine
incorporation and increased a-SMA and collagen expression by fibroblasts cultured in the
conditioned media of HL-1 cells that underwent tachypacing at 5 Hz for 24 hrs. The
presence of the electromechanical uncoupler blebbistatin in the conditioned media allowed
the demonstration that electrical rather than mechanical signaling was responsible for release
of factors from HL-1 cells.6?

TRP channels and atrial fibrillation

Increased intracellular calcium involving TRP channels in the plasma membrane of
fibroblasts can led to activation of a wide variety of signaling pathways.*3 Thus TRP
channels have been identified as another important activator of myofibroblast
differentiation.62 There are at least 7 members of the superfamily of cation specific TRP
channels: TRPC (canonical), TRPM (melastatin), TRPV (vanilloid), TRPP (polycystin),
TRPA (ankyrin), and TRPML (mucolipin), TRPN (NOMPC-like).43: 63. 64 Most TRP
channels are activated by a number of ligands and by mechanical stretch, and allow Ca2*
and Na* entry.

One of the canonical channels, TRPC3, is highly expressed in cardiac fibroblasts.8> TRPC3
increases extracellular-signal regulated kinase (ERK) activation and contributes to increased
fibrosis. Atrial samples from AF patients and from tachypacing induced AF goats showed
increased mRNA expression of TRPC3 as compared to levels in respective control
samples.50 Cultured left atrial fibroblasts from dogs maintained in AF for one week showed
increased TRPC3 with increased ERK phosphorylation and ECM gene expression. >0
Inhibition of TRPC3 channels by pyrazole-3 suppressed AF dog atrial fibroblast
proliferation rates, a-smooth muscle actin expression, and ERK phosphorylation, suggesting
arole for increased Ca%* influx via TRPC3 channels in AF associated atrial fibrosis.%0 Of
interest, atrial fibroblasts from chronic AF patients exhibit increased TRPM?7 current and
calcium influx.5 Silencing TRPM?7 in atrial fibroblasts decreased TRPM7 current and
calcium influx, and reduced fibroblast-to-myofibroblast differentiation and TGF-p mediated
fibrosis. On the other hand, TGF- treatment increased TRPM?7 expression in atrial cells.56.
TGF-B has been shown to involve TRPVA4 in its effect on fibrosis markers in fibroblasts.
TGF-B treatment also increases TRPV4 expression with increased calcium influx®’
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Role of microRNASs in atrial fibrillation

MicroRNAs (miRNASs) are a group of naturally occurring small non-coding RNA molecules
that are partially complementary to one or more messenger RNAs.58 The main role of
miRNAs is to control transcriptional expression of specific proteins by degrading specific
mRNA. miRNAs are transcribed by RNA polymerase Il as large RNA precursors called pri-
miRNAs.8 Once in mature form, miRNAs form the RNA-induced silencing complex
(RISC) responsible for the gene silencing observed due to miRNA expression and RNA
interference.’0 Since 2001, when the term miRNA was coined by Lee and colleagues,’*
research in various areas of biology has suggested a strong role of these small RNA
molecules in both normal physiology and pathophysiology.’!: 72 Research in isolated cells
and whole animals indicated that small RNA molecules play important roles in controlling
processes involved in early development, lineage commitment, growth, differentiation, cell
death, and metabolic control. A number of studies have suggested a role of mMiRNAs in
cardiovascular diseases, including AF.73: 74

miR-21 in fibrosis and electrical remodeling

Cardiac fibroblasts have been shown to release miRNAs in special vesicles called exosomes
which enables them to act as paracrine molecules. Relevant to AF, miR-21 has been shown
to activate ERK and MAPK pathway.”®. Therefore, by producing and releasing miR-21
miRNA, myofibroblasts can lead to increased hypertrophy and fibrosis.’® Transcriptomic
analysis of left atrial samples from dogs with AF induced by right atrial tachypacing for 8
weeks and human atrial samples from AF patients with rheumatic heart disease AF showed
that miR-223, miR-328, and miR-664 were upregulated >2 fold. However miR-101,
miR-320, and miR-499 were downregulated by at least 50%.7 In the same study, adenoviral
transfection in canine atrium and transgenic overexpression in mice of miR-328 increased
AF vulnerability, diminished I, , and shortened APD, suggesting that miR-328 contributed
to atrial electrical remodeling in AF through targeting L-type Ca2* channel genes
(CACNAIC;alc) and CACNBI,; B1).”” In a more recent study patients with AF expressed
enhanced levels of miR-21 in cardiac myocytes.”® Myocytes also showed a reduced
expression of Cay/1.2, and a luciferase assay showed that CACNAIC and B2 (CACNBZ2)
were targets for degradation by miR-21. miR-21 transfected in HL-1 cells showed both
reduced Iy and protein expression but there was no change in the t-type Ca2* current
IcaT.”8 Upregulation of miR-22 increased migratory properties of fibroblasts suggesting that
miR-22 can lead to increased fibrosis as well.”® Overexpression of miR-29 in isolated atrial
fibroblasts decreased collagen and fibronectin gene expression, whereas knock down of
miR-29 had the opposite effect.80 In atrial samples from patients with AF the level of
miR-29 was significantly lower than sinus rhythm patients. Moreover circulating levels of
miR-29 were also decreased in patients with CHF or AF. The decrease was further amplified
if patients had AF along with CHF.81 Thus miR-29 may play an important role in the
molecular mechanisms of lone AF and AF secondary to CHF.8!

Targeted deletion of miR-1 has shown that it has an important role in cardiac conduction.82
On the other hand, it is well-known that up-regulation of the inward-rectifier channel Kir2.1
responsible for Ik is important for AF maintenance, 3 83 and it has been shown that miR-1
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reciprocally regulates Kir2.1 expression in coronary disease, contributing to
arrhythmogenesis.84 In a study in 62 patients undergoing cardiac surgery, it was
demonstrated that miR-1 levels were greatly reduced in 31 patients with AF, possibly
contributing to up-regulation of Kir2.1, leading to increased l4.8°

Thus, a number of ubiquitously distributed miRs have been shown to be involved in
structural or electrical remodeling, and several have been suggested to exhibit a strong
arrhythmogenic potential.”” It is highly probable that multiple miRs contribute to controlling
cardiac arrhythmogenesis and that different miRs are involved in different types of
arrhythmias under different pathophysiological conditions, including AF.32: 86. 87

Interactions of (myo)fibroblasts with cardiomyocytes

Investigators have used co-cultures of cardiac myocytes and fibroblasts to investigate the
role played by fibroblasts in the regulation of myocyte function. For example, using
transwell culture plates it was shown that cardiac fibroblasts increased viability and
decreased troponin-I expression in cardiac myocytes upon oxygen reperfusion after
hypoxia.88 The increased viability was associated with activation of the ERK pathway but
not the PIBK/AKT pathway. Analysis of the fibroblast secretome suggested that the
increased myocyte survival involved ERK activation of tissue inhibitor of
metalloproteinases-1 (TIMPs-1).88

In addition to paracrine interactions, mechanical coupling between fibroblasts and myocytes
is likely to play important roles in myofibroblast-myocyte communication. Experiments by
several laboratories demonstrated that co-culturing adult cardiac myocytes with cardiac
myofibroblasts accelerates remodeling of the myocytes with morphological adaptation and
de-differentiation.8%-91 Figure 3 shows how upon spontaneous contact with a cardiomyocyte
(CM) a myofibroblast (MF) was able to induce a vigorous stretch onto the membrane of the
CMs. Rapid morphological change of the CM followed soon after heterocellular apposition
leading to a dedifferentiated CM phenotype. As described by Driesen et al,% time-lapse
microscopy revealed that myocyte structural adaptation started at the distal end of the
myocyte through disassembly of the intercalated disc and formation of cytoplasmic
processes. 0 It subsequently extended over the whole plasma membrane, changing the
ultrastructure of the myocyte from a highly organized cylinder to a flat rounded myocyte,
with extensive myofibrillar and mitochondrial rearrangement. %

Cardiac fibroblasts interact with myocytes through cell surface proteins of the a-integrin and
cadherin families.92 93 In neonatal cell co-cultures OB-cadherin was shown to express at
myofibroblast-myofibroblast junctions but not at fibroblasts-myocyte junctions®* On the
other hand significant expression of N-cadherin is seen between myocytes and fibroblasts.?*
In a recent study using myofibroblasts with genetically modified expression of cadherins or
mutant RhoA proteins in a co-culture model, N-cadherin-mediated mechanical coupling was
shown to be responsible for slowing of conduction velocity. Silencing N-cadherin prevented
the myofibroblast-dependent slowing of cardiac conduction.%
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Electrotonic coupling of cardiac myocytes and nonmyocytes in vitro was first demonstrated
in the early 1970s.95: 96 Subsequently, Rook et al showed that neonatal rat cardiac fibroblasts
could connect electrically with other fibroblasts and with myocytes with single channel
conductance values of 21pS and 32pS, respectively, suggesting the existence of two gap
junction proteins between neonatal rat cardiocytes, Cx43 and another connexin that was not
yet identified at the time.%” Gaudesius et al* and Miragoli et al%8 were first to demonstrate
Cx43 and Cx45 expression at fibroblast-to-myocyte junctions. When inserts of fibroblasts
were positioned in the middle of a myocyte strand, bidirectional electrotonic propagation
was recorded, and impulse transmission from one side to the other was achieved for
fibroblast inserts of up to 300 um. Similarly, when fibroblasts were placed over myocyte
strands, conduction velocity and depolarization upstroke velocity correlated with the
fibroblasts/myocytes ratio in bimodal manner; i.e., increasing for low ratios and decreasing
otherwise. Moreover, optical mapping studies from our laboratory have demonstrated that
heterocellular coupling between cultured rat neonatal myocytes and myofibroblasts alters
conduction velocity, reentry stability and complexity of wave propagation.*

However, despite accumulating evidence of potential heterocellular electrical coupling in
vitro, electrical coupling between fully differentiated myocytes and fibroblasts has never
been demonstrated in normal atrial or ventricular muscle. Camelliti et al suggested that
fibroblast-myocyte coupling occurs in regions of isolated rabbit sinoatrial node preparations.
They maintained that 10% of the total Cx45 of the region was located at membrane contacts
between myocytes and fibroblasts and that Lucifer yellow dye transfer confirmed the
functionality of heterogeneous gap junction coupling.%? Such data have yet to be confirmed
by other investigators. In fact, whether in the normal, fully differentiated adult heart
fibroblast-myocyte interactions also involve electrical connections through gap junctions
continues to be a matter of debate. We hypothesize that myocyte electrical remodeling
secondary to heterocellular gap junction-mediated interactions is a component of myocyte
de-differentiation induced by the mechanical attachment to a myofibroblast. We surmise also
that whether associated with cardiac injury or sustained AF, heterocellular electrical
communication is a late process that occurs after fibroblasts switch phenotypically to
myofibroblasts (see Figure 1), become contractile, express adhesive proteins and cytokines
and attach to neighboring myocytes to force them to de-differentiate. This idea is based on
recent experiments (discussed above) demonstrating that co-culturing adult cardiac
myocytes with cardiac fibroblasts induces an accelerated remodeling of the myocytes with
morphological adaptation and de-differentiation.89: 90

Concluding Remarks

The projected rise in AF incidence is approaching epidemic proportions.® While AF usually
starts with paroxysmal episodes, in a significant number of patients it evolves relentlessly to
persistent and permanent forms. This likely reflects progressive electrophysiological and
structural remodeling in both atria, making sources of the arrhythmia more stable and long-
lasting. Yet the precise mechanisms have not been established. Oxidative stress, atrial
dilatation, calcium overload, inflammation, TRPC channel mediated myofibroblast
activation, epigenetic factors and microRNAs are all thought to be involved in AF-induced
atrial remodeling. However, it is unknown to what extent and at which time points such
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alterations influence the remodeling process that perpetuates AF. Future research should be
anchored by fundamental basic and translational science discoveries in genomics,
proteomics and metabolomics and on the use of clinically relevant animal models and
patient studies that should dramatically improve our current conceptualization, treatment
and/or prevention of AF perpetuation.
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Figurel.
Working model for AF-induced remodeling and the substrate for AF perpetuation. Sustained

high frequency excitation of the atria results in a complex series of pathophysiological
events involving a large number of significant players. These include oxidative stress,
calcium overload, atrial dilatation, inflammation and myofibroblast activation (Figure 1), all
of which are likely to be involved in AF-induced atrial extracellular matrix (ECM) and
electrical remodeling through transcriptionally mediated changes in both cardiac myocytes
and fibroblasts.
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Figure 2.
ROS is elevated in the atria of sheep with PAF. A. ROS fluorescence in freshly dissociated

sheep myocytes from left atrial appendage (LAA) and right atrial appendage (RAA), (40x).
B. Relative ROS levels in sheep atrial myocytes from sham and PAF sheep (**p<0.01) and
in LAA versus RAA (in both sham and AF; Ap<0.05). ROS levels were measured using
confocal fluorescence microscopy (excitation, 480 nm; emission, 510 nm) in atrial cells
incubated in the dark with 10 uM dye dihydro-dichlorofluorescein-diacetate (H2DCF-DA,
Sigma) for 20 minutes. Data were analyzed using Image J.
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Figure 3.
Myofibroblasts induce structural remodeling of cardiomyocytes. Fluorescence microscopy

by confocal laser scanning. Protein organization at the myofibroblast (MF)—cardiomyocyte
(CM). CM contact sites of vinculin. In the CM, vinculin is reorganized in strands parallel to
the direction of the strain imposed by the MF. Modified by permission from Driesen RB,
Verheyen FK, Dispersyn GD, Thone F, Lenders MH, Ramaekers FC, Borgers M. Structural
adaptation in adult rabbit ventricular myocytes: Influence of dynamic physical interaction
with fibroblasts. Cell Biochem Biophys. 2006;44:119-128.
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