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Abstract Cardiac fibroblasts account for about 75% of all cardiac cells, but because of their small size contribute only ~10—15%
of total cardiac cell volume. They play a crucial role in cardiac pathophysiology. For a long time, it has been recognized
that fibroblasts and related cell types are the principal sources of extracellular matrix (ECM) proteins, which organize
cardiac cellular architecture. In disease states, fibroblast production of increased quantities of ECM proteins leads to
tissue fibrosis, which can impair both mechanical and electrical function of the heart, contributing to heart failure and
arrhythmogenesis. Atrial fibrosis is known to play a particularly important role in atrial fibrillation (AF). This review
article focuses on recent advances in understanding the molecular electrophysiology of cardiac fibroblasts. Cardiac
fibroblasts express a variety of ion channels, in particular voltage-gated K* channels and non-selective cation channels
of the transient receptor potential (TRP) family. Both K™ and TRP channels are important determinants of fibroblast
function, with TRP channels acting as Ca”-entry pathways that stimulate fibroblast differentiation into secretory myo-
fibroblast phenotypes producing ECM proteins. Fibroblasts can couple to cardiomyocytes and substantially affect their
cellular electrical properties, including conduction, resting potential, repolarization, and excitability. Co-cultured prep-
arations of cardiomyocytes and fibroblasts generate arrhythmias by a variety of mechanisms, including spontaneous
impulse formation and rotor-driven reentry. In addition, the excess ECM proteins produced by fibroblasts can inter-
rupt cardiomyocyte-bundle continuity, leading to local conduction disturbances and reentrant arrhythmias. A better
understanding of the electrical properties of fibroblasts should lead to an improved comprehension of AF pathophy-
siology and a variety of novel targets for antiarrhythmic intervention.

This article is part of the Review Focus on: New Insights into the Molecular Basis of Atrial Fibrillation

tissue occur not only in AF patients with identifiable cardiac dis-

1. Introduction O , ! " _ 2
eases,”” but also in those with lone AF.>" There is a positive corre-
Cardiac fibrosis is a pathological response that causes abnormalities in lation between the amount of fibrosis and the persistence of AF,’

cardiac conduction and mechanical function, thereby contributing to suggesting that AF may itself cause structural remodelling that in

the pathophysiology of a variety of cardiac conditions, including
hypertrophy, failure, and arrhythmias." Atrial fibrillation (AF) is the
most common sustained clinical arrhythmia and is a major cause of
population morbidity and mortality.”> Recent studies have demon-
strated that structural remodelling, involving prominent fibrotic
changes, is a fundamental determinant of the perpetuation of AF,
and contributes synergistically with electrical remodelling to the AF
substrate.>* Atrial fibrosis is a hallmark feature of arrhythmogenic
structural remodelling in clinical AF.> Increased amounts of fibrous

turn promotes AF. Evidence supporting this idea comes from animal
studies showing that even when the ventricular rate is well-controlled,
rapid atrial activation causes atrial fibrosis,” and from work indicating
that rapidly activated atrial-derived cardiomyocytes secrete sub-
stances that enhance collagen synthesis by atrial fibroblasts.'
Fibrosis represents excessive deposition of extracellular matrix
(ECM) proteins synthesized by fibroblast-related cells, particularly
myofibroblasts, upon stimulation.!! Fibroblasts are the most abundant
cell type by number in the myocardium, about 75% of all cells."

* Corresponding author. Tel: +1 514 376 3330; fax: +1 514 593 2493, Email: stanley.nattel@icm-mhi.org

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2010. For permissions please email: journals.permissions@oup.com.



Fibroblasts in cardiac bioelectricity and AF

745

Stimuli

P ==

Proliferation

s 'L
L

*® —>
Matrix production  Differentiation Cytokines
(ECM) (myofibroblast)

Ischaemia

Myocardial injury
Oxidative stress (H,0,)
Mechanical stretch
Hypertension
Hormones/cytokines

Myocyte death

Fibroblast
nucleus

(TGFB, IL-6, etc)
7

4—"&

| Reactive fibrosis

[ Reparative fibrosis |

/

@~ Fibrolast

Myocyte

LA

wwpis®.  Fibrosis

Figure | Schematic diagram of cardiac fibrogenesis cascade and AF. In response to a variety of stimuli, cardiac fibroblasts proliferate, differentiate,
synthesize extracellular matrix (ECM) proteins, and produce cytokines that in turn stimulate fibroblasts, thereby providing positive feedback and per-
petuating the fibrogenesis cascade. ECM accumulation causes fibrosis that favours the occurrence and maintenance of AF. There are two types of
fibrosis, reactive and reparative, which can be caused by many common stimuli, with cardiomyocyte death required for reparative fibrosis.
TRPM7-mediated Ca*" signals are critical for fibroblast proliferation, differentiation, and ECM production in fibroblasts from AF patients.®” Fibroblast
Ca" signalling may be an effective target for the prevention of fibrogenesis.

Because of their small size, they comprise 5—10% of the total mam-
but up to 75% of sinoatrial node (SAN)
cardiac fibroblasts are

malian heart volume,”
volume."* In contrast to cardiomyocytes,'
electrically non-excitable,®
dominantly structural role.'”'® Over the past 10 years, however, a

growing body of evidence suggests that cardiac fibroblasts importantly

and were initially thought to serve a pre-

modify cardiac electrical function.

Myofibroblasts are rarely found in normal cardiac tissue." In
response to pathological stimuli, such as myocardial injury, oxidative
stress, mechanical stretch, enhanced autocrine—paracrine mediator
production, and inflammatory stimuli, fibroblasts proliferate, migrate,
and undergo phenotypic changes involving differentiation into myofi-
broblasts,”®*" which are the principal ECM-secretory cell type. Myo-
fibroblasts may also be derived from cardiac endothelial cells** and
By producing growth factors, cytokines,
chemokines, ECM proteins, and proteases,”**> myofibroblasts play a
pivotal role in the fibrotic process. Cytokines and other growth
factors produced by myofibroblasts can further stimulate fibroblasts,

. ) 2
from circulating precursors.”®

perpetuating a fibrogenic cascade. Fibroblasts produce two types of
fibrosis, reactive and reparative.**® Reparative fibrosis fills in tissue

and maintains structural integrity after cardiomyocyte death,
whereas reactive fibrosis is a response to excessive myocardial

loads or inflammation and causes ECM expansion between muscle

bundles® (Figure 1). The goal of this paper is to review recent devel-
opments in understanding the pathophysiology of cardiac fibroblasts
and their role in AF development and perpetuation, with a particular
focus on the properties of fibroblasts relevant to cardiac and more
specifically atrial electrical function.

2. Differences between atrial and
ventricular fibroblasts

A number of observations suggest that the atria are more susceptible
to fibrosis than the ventricles.”” —>" While various mechanisms, includ-
ing differential stretch and mechanical-loading properties, may con-
tribute to the atrial fibrotic susceptibility, there is evidence that
there are fundamental differences between atrial and ventricular
fibroblasts.*?
surface area typical of myofibroblast differentiation and a distinct mor-
phology at confluence.®
responses that are greater than those of ventricular fibroblasts

In culture, atrial fibroblasts show faster increases in cell-
Atrial fibroblasts also show proliferative

upon exposure to a range of growth stimul,
bovine serum, platelet-derived growth factor (PDGF), basic fibroblast
growth factor, angiotensin Il (Angll), endothelin-1, and transforming
growth factor (TGF)-B1.3? Atrial fibroblasts express PDGF and

including foetal-
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Table | Currents recorded in cardiac fibroblasts
Na™* Voltage-gated K* Inward Ca’"-activated K* CL™ H™ currents
currents currents rectifier currents currents
Human cardiac INa. T IKpps lo ™ K BK >0 [ Voltage-gated H™
fibroblasts Ina TR current™!
Neonatal rat cardiac ND leo. 2219 Ip, and Igs™® ND ND ND
fibroblasts
Adult rat cardiac ND 12637 K;> leca'® ND ND
fibroblasts

ND, not determined.

PDGF-receptor mRNA more strongly than ventricular fibroblasts,
congestive heart failure (CHF) differentially enhances atrial vs. ventri-
cular PDGF and PDGF-receptor gene expression, and
PDGF-receptor inhibition suppresses atrial-specific responses, point-

ing to a role for PDGF in atrial-selective fibrosis.*>

3. Electrophysiological properties
of cardiac fibroblasts

The resting membrane potential (RMP) of cardiac fibroblasts is much
less negative than that of cardiomyocytes. RMP in fibroblasts can be
measured by whole-cell patch clamp (under current clamp mode),
with limitations of altering cell contents by dialysis and the need for
junction potential compensation, or by classical fine-tipped microelec-
trodes, which is technically challenging and can cause mechanical cell
damage. Values between —31 and —16 mV have been recorded
in situ with standard sharp microelectrodes in atrial fibroblas‘cs,33'34
vs. =70 to —80 mV for atrial cardiomyocytes. Patch clamp recordings
in isolated rat atrial fibroblasts indicate a RMP of about —37 mV.*
The fibroblast RMP becomes hyperpolarized during atrial relaxation
and depolarized during atrial contraction,® presumably due to acti-
vation and inactivation of a mechanosensitive non-selective cation
channel*®

Table 1 provides a summary of the information presently available
about cardiac fibroblast ionic-current properties. Recent studies
have demonstrated the presence of several K* current types in rat
ventricular  fibroblasts®®  with the RMP controlled by an
inward-rectifying K+ current, likely encoded by Kir 2.1.3¢ A Ca®*-
activated large-conductance Kt channel (BKc,) recorded in human
cardiac fibroblasts seems to contribute to myocyte—fibroblast coup-
ling as predicted by modelling.?” Several depolarization-elicited K
currents have been recorded in rat ventricular fibroblasts, including
transient outward K current (I0),*® and two types of kinetically dis-
tinct delayed-rectifier K™ currents.*®*? Immunoblot analysis reveals
the presence of Kv1.2, Kv1.4, Kv1.5, and Kv2.1 a-subunits, but not
Kv4.2 or Kv1.6 a-subunits, in neonatal fibroblasts;*® whereas RT—
PCR results indicate that Kv1.6 may constitute the molecular basis
of delayed-rectifier outward current (lg) in adult rat fibroblasts.*”
Interestingly, Li et al*® recently reported that two types of voltage-
gated Na currents (tetrodotoxin, TTX, sensitive and resistant:
InaTTx and InaTTxR), Ik ko» Ca-activated K* current (BKc,),
inward-rectifier (Kir-type) current, and swelling-induced Cl™ current
are all present in commercially available cultured human ventricular
fibroblasts (ScienCell). The presence of a voltage-gated proton (H)-

permeable current has also been demonstrated in human atrial fibro-
blasts.”” It will be important to determine whether and how the
various ion channels in fibroblasts contribute to basic fibroblast func-
tion, as well as to fibroblast—cardiomyocyte interactions.

4. Ca*®" signalling and fibroblast
function

Ca”" signals are essential for diverse cellular functions including differ-
entiation, gene expression, cell proliferation, growth, and death.***
Several lines of evidence suggest that Ca>™ entry is essential for fibro-
blast function. Chelating external Ca*™ by EGTA prevents substance
P-induced proliferation of cultured rat cardiac fibroblasts.'®** Elimi-
nating external Ca’" to prevent Ca" influx attenuates H,O,-induced
IL-6 mRNA expression.” In mechanical stimulation or stretch-
induced membrane potential-change studies, both Ca** entry and
Ca”" release are important mediators.***” A stretch-induced fibro-
blast current can be blocked by gadolinium (Gd**),*
cation channel blocker. Recently, it has been shown that intracellular
Ca®" changes contribute to Angll-induced proliferation of cardiac
fibroblasts.*® In an in vivo study, mibefradil, a mixed L/T-type Ca**-
channel blocker, reduced collagen production and fibroblast differen-
tiation in rats receiving Angll or aldosterone.*” These studies suggest
that Ca>™ entry through Ca®"-permeable ion channels is important
for fibroblast responsiveness and fibrosis generation.

Fibroblasts appear to lack voltage-gated Ca®" channels." Transient
receptor potential (TRP) channels are responsible for Ca>* entry in
various cell types.*°~>> TRP channels are not voltage gated but are
activated by a variety of stimuli including membrane-receptor stimu-

a non-selective

lation, oxidative stress, mechanical stretch, cell-metabolite accumu-
lation, and thermal or sensory stimuli.>°~>> These unique properties
suggest that TRP channels are potential candidates for mediators of
Ca*" signalling in cardiac fibroblasts.

5. TRP channels and Ca?" signalling
in cardiac fibroblasts

5.1 Overview

The 28 mammalian TRP channel genes fall into six sequence-
homology subfamilies.®~>? The TRPC (canonical) subfamily contains
seven members (TRPC1-7). The TRPM (melastatin) subfamily
includes eight channel types (TRPM1-8), the TRPV (vanilloid) sub-
family has six members (TRPV1-6), and the TRPA (ankyrin) subfamily
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has only one member, TRPA1. The TRPP (polycystin) and TRPML
(mucolipin) families, each with three members, are likely intracellular
ion channels.”

TRP channels consist of putative six transmembrane polypeptide
subunits assembling as homo- or hetero-tetramers to form cation-
permeable pores. TRP channels have few charged amino acids in
the S4 domain, making them only weakly voltage responsive.>%>’
Some TRP channels are constitutively open, others open upon
Gg-linked receptor activation.>® ™% All functionally characterized
TRP channels are permeable to Ca*™ except TRPM4 and TRPMS.
TRPM6 and TRPM7 are also permeable to Mg>™.

5.2 TRP channels in the heart

TRP channels are highly expressed in heart.>* Aortic banding upregu-
lates TRPC1°° and TRPC3 in rats.>® TRPC6 is essential for cardiac
hypertrophy.>” Cardiac overexpression of dominant-negative TRPC3
attenuates hypertrophic responses to neuroendocrine agonists
or pressure overload®® Both TRPC3 and TRPCé play a role
in Angll-induced NFAT nuclear translocation,”® a crucial step in
cardiac hypertrophy.®® TRPC4 and TRPC5 are upregulated in
mouse cardiomyocytes with down-regulation of SERCA2a.*" TRPC1
knockout protects against haemodynamic stress-induced hypertro-
phy.> TRPC5 and TRPCé are up-regulated in patients with severe
heart failure.>®>’

Many TRP channels have been detected in specific cardiac tissues
and cells (Table 2).63 TRPC1, 2, 3, 4, 6, and 7 transcripts are
present in SAN tissue, and TRPC1, 2, 4, and 6 proteins are immuno-
detectable in SAN cardiomyocytes.** TRPC1-3 and TRPC5-7
mRNA were detected in rat cardiac fibroblasts by RT—PCR, and
the presence of TRPM7-like®® and TRPV4 current has been demon-
strated by whole-cell current recording. TRPCé opening and
TRPCé-mediated Ca®" entry are enhanced by activation of
Gar213:°¢ TRPC1, TRPC4, TRPC6, TRPV2, TRPV4, TRPM4, and
TRPM7 mRNA are expressed in human atrial fibroblasts.®” TRPM7
current was evident at whole-cell and single-channel levels, whereas
TRPCé-, TRPV2-, and TRPV4-like currents were not elicited.”’

A non-selective cation current (NSCC) was elicited by CNP
(C-type natriuretic peptide) and cANP in freshly isolated rat ventricu-
lar fibroblasts.®® NSCC can also be activated by OAG
(1-oleoyl-2-acety-sn-glycerol), suggesting that TRPC3, TRPC6, or
TRPC3/TRPC6 heteromers may underlie NSCC in rat ventricular
fibroblasts.®® Similar NSCC current was not obtained in human
atrial fibroblasts.®”

5.3 TRPM7 and atrial fibrillation

TRPM7, a Ca2+-permeable channel/kinase,*° plays a vital role in
embryonic development® and anoxic cell death.”® TRPM7 is constitu-
tively active under physiological conditions and conducts small inward
current”® Extracellular acidosis potentiates TRPM7 inward cur-
rents.”"’> TRPM7 is up-regulated about three- to five-fold in AF.%
TRPM7 knockdown suppresses endogenous TRPM7 currents and
Ca*" influx in atrial fibroblasts and inhibits TGF-B1-induced fibroblast
proliferation, differentiation, and collagen produc‘cion.67 Thus,
TRPM7-mediated Ca*" signals likely play a pivotal role in fibroblast
differentiation and fibrosis in human AF. TRPM7 or other TRP chan-
nels may thus be effective targets for atrial fibrosis prevention and AF
prophylaxis (Figure 1).

Table 2 Expression of TRP channels in cardiac fibroblasts and myocytes

References

PCR, WB, WC,

TRPM6 TRPM7

TRPV6 TRPM3 TRPM4

TRPV2 TRPV4

TRPC6

TRPC4 TRPC5

TRPC2 TRPC3

TRPC1

67

PCR

PCR

PCR

Human atrial fibroblasts

SC
PCR, WB, WC,

67

PCR

PCR PCR

PCR

PCR

PCR PCR PCR PCR

PCR

PCR

Mouse ventricle

Je
PCR, WC%

fibroblasts

68,65,107

PCR

PCR,

PCR

PCR

PCR

PCR

Rat ventricle fibroblasts

WC107

57,108,109

PCR, SC

PCR

PCR,

Human cardiomyocytes

WB

57,110

PCR

PCR, WB,
SC1 10
PCR, sC'"

WB PCR

WC57

PCR, WB,
PCR, WB

PCR,
WB
PCR,

PCR, WB PCR

Mouse cardiomyocytes

55,56,59,111,112

PCR

PCR,

PCR

PCR, WB

Rat cardiomyocytes

WB

WB

PCR, RT—PCR or qPCR; WB, western blot; WC, whole-cell current recording; SC, single-channel current recording.

TRPC, canonical or classical TRP channel subfamily.

TRPV, vanilloid-related TRP channel subfamily.

TRPM, melastatin-related TRP channel subfamily.
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Figure 2 A schematic illustration of the effects of fibroblast coupling to cardiomyocytes on cardiomyocyte action potentials (APs). (A) Intracellular
electrical recordings from uncoupled fibroblasts (blue) and cardiomyocytes (red). (B) Changes resulting from coupling between fibroblasts and car-
diomyocytes. Transmembrane recordings from uncoupled cells are reproduced in dotted lines; solid lines show recordings resulting from the
cell-to-cell current flow that occurs with cell coupling. The dashed horizontal black line in the lower panel indicates the normal fibroblast resting
potential (—30 mV). Directions of (positive) current flow between cardiomyocytes and fibroblasts through gap junctions are shown with red
arrows, at cardiomyocyte maximum diastolic potential (a) and peak overshoot (b).

6. How do fibroblasts affect cardiac
electrical function?

Cardiac fibrosis plays a central role in the pathophysiology of AF.*
Myofibroblast content increases are clearly involved in the fibrotic
process. CHF enhances myofibroblast content in the atria much
more than in the ventricles, a phenomenon clearly related to the
atrial selectivity of fibrotic processes and their role in AF>* The
precise mechanisms by which fibrosis promotes AF are a subject of
active interest, and particular attention has been paid to the involve-
ment of atrial fibroblasts in atrial electrical dysfunction and
arrhythmogenesis.

6.1 Cardiomyocyte-fibroblast electrical
interactions and arrhythmogenesis

Fibroblast coupling to cardiomyocytes can produce a variety of
changes in cardiomyocyte action potential (AP) properties,'®’3~77
including changes in pace-making function.”’®  Fibroblasts are
capable of coupling electrically to cardiomyocytes.” The complement
of fibroblast ion channels produces a moderately polarized (negative
intracellular) potential (about —30 mV), without active depolarization
properties mediated by voltage-gated Nat or Ca®* channels. Fibro-
blasts modulate cardiomyocyte electrical activity by depolarizing or
hyperpolarizing cardiomyocytes depending on the relative values of
cardiomyocyte vs. fibroblast transmembrane potential. Lacking
active phase O depolarization, fibroblast cell membranes possess a
capacitance in parallel to their resistance, making them leaky capaci-
tors. They also display a variety of ion channels that show voltage-

3

and time-dependent conductance.”> When cardiomyocytes are

depolarized to voltages positive to about —30 mV (the normal fibro-
blast resting potential), the gap-junctional flow of positive ions
towards the more negatively charged fibroblast produces repolarizing
cardiomyocyte current flow that can mimic transient outward
current.’”® Conversely, when the cardiomyocyte transmembrane
potential is negative to —30 mV, positively charged gap-junctional
current flow from fibroblasts will depolarize cardiomyocytes. As a
result, cardiomyocyte—fibroblast coupling depolarizes cardiomyocyte
RMP, slows conduction by drawing off excitatory current flow during
phase O, and can increase or decrease AP duration (APD) depending
on fibroblast resting potential and cardiomyocyte—fibroblast coupling
proper‘ties.%"77

Figure 2 schematically illustrates the effects of coupled fibroblasts
on cardiomyocyte electrical activity. Figure 2A shows recordings of
fibroblast and cardiomyocyte transmembrane potential as they
would look if the cell types were not electrically coupled, with a
typical cardiomyocyte AP and the fibroblast at a constant transmem-
brane potential determined by its intrinsic ionic permeabilities.
Figure 2B shows the effects of coupling the cell types. Whenever
the cardiomyocyte membrane potential is different from —30 mV,
current flows through gap junctions between the cells (as well as in
the extracellular fluid around them, as indicated in the figure),
depolarizing cardiomyocytes and hyperpolarizing fibroblasts when
the cardiomyocyte potential is negative to —30 mV, and conversely
hyperpolarizing cardiomyocytes and depolarizing fibroblasts when
the cardiomyocyte potential is positive to —30 mV. Prior to acti-
vation, during phase 4 when the cardiomyocyte is normally at rest
(Figure 2Ba), current flow from fibroblasts depolarizes the cardiomyo-
cyte cell membrane. Theoretically, this could initiate spontaneous
phase O depolarization and automaticity if the cardiomyocyte
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Figure 3 A schematic illustration of the expected effects of tissue fibrosis on conduction in bundles of cardiomyocyte (red cylinders). (A) Normal
tissue. (B) Fibrosis occurring parallel to cardiomyocyte-bundle sheaths (as would occur in reactive fibrosis). Longitudinal cell-to-cell connections are
intact and longitudinal conduction is unaffected. (C) Fibrosis parallel to and across cardiomyocyte bundles, as would occur in reparative fibrosis.
End-to-end connections are prevented by the physical separation resulting from replacement of dead cardiomyocytes by fibroblasts and fibrotic extra-
cellular matrix proteins, producing local impairments in longitudinal conduction.

reaches threshold potential. Phase O depolarization in cardiomyocytes
is slowed because the phase 4 depolarization resulting from coupling
to fibroblasts inactivates cardiomyocyte Na™ channels. In addition,
when the cardiomyocyte potential is positive to —30 mV, cardiomyo-
cytes experience an outward (hyperpolarizing) current flow to fibro-
blasts which oppose the effect of inward Na™ current (Figure 2Bb).
Throughout phases 1 and 2, this outward cardiomyocyte current
flow continues and accelerates repolarization. Phase 3 is initially accel-
erated, but when the cardiomyocyte returns to —30 mV the direction
of current flow is reversed and the cardiomyocyte is now depolarized
by the attached fibroblast, slowing repolarization. Current flow across
the fibroblast cell membrane is inversely parallel to that in the cardi-
omyocyte, producing changes in fibroblast transmembrane potential
that are qualitatively similar to, but smaller than, those in the cardio-
myocyte. Net effects on cardiomyocyte APD will depend on whether
initial repolarization accelerating effects (positive to the fibroblast
intrinsic potential) predominate, shortening APD, or whether term-
inal repolarization delaying effects (negative to fibroblast intrinsic
potential) predominate, increasing APD. Conduction will be slowed,
because of the reduced phase O slope. In pathological conditions,
intervening fibroblasts can actually couple otherwise-uncoupled cardi-
omyocytes, producing extremely slow conduction that can greatly
facilitate the occurrence of reentry.®

The effects of fibroblasts on cardiomyocyte electrical activity will
clearly depend on a variety of factors. Based on the cellular actions
shown in Figure 2, one would expect fibroblasts to be able to
induce both abnormal spontaneous impulse formation (abnormally
enhanced automaticity) and reentry in cardiac tissues. Abnormal auto-
matic activity is induced by depolarization of cardiomyocytes towards
their threshold potential, as well as by the induction of voltage- and
time-dependent inward Na™ and/or Ca®* currents at depolarized

potentials. Reentry results from conduction slowing and APD abbrevi-
ation in cardiomyocytes. Both abnormal automaticity and reentry
have been shown to occur in co-cultures of cardiomyocytes and
fibroblasts.2"®? Based on modelling predictions, factors that deter-
mine the ability of fibroblasts to modulate cardiomyocyte electrical
activity include the number of resident fibroblasts in any given
cardiac region and the effectiveness of their coupling to cardiomyo-
cy’ces.n’77 Fibroblasts are small cells. Although they are numerous
in the heart, their much smaller size means that many fibroblasts
need to be coupled to cardiomyocytes to affect their electrical
activity—significant effects are observed with ~10-30 fibroblasts
per cardiomyocyte in computer modelling.15'75'83 This result needs
to be considered cautiously, because size estimates may be inaccurate
if, as some believe, cell isolation damages fibroblasts so that they are
isolated as nucleated fragments rather than intact cells. The in vivo
contexts in which fibroblast coupling significantly modulates cardio-
myocyte electrical activity remain unknown, although the large
numbers of fibroblasts in the SA node suggest that they may be par-
ticularly important in regulating SA node pacemaker activity."*”® Simi-
larly, the degree, types, and effectiveness of cardiomyocyte—fibroblast
coupling in various pathological contexts is uncertain, although it is
known that fibroblasts expressing connexins 40 and 43 appear in
large numbers in evolving myocardial infarctions.®* There is a
paucity of data about cardiomyocyte—fibroblast gap-junction coupling
from in situ preparations, whereas in vitro data indicate extensive for-
mation of Cx43- and Cx45-based inter-myofibroblast and myofibro-
blast—cardiomyocyte coupling.80 A
incorporating fibroblast—cardiomyocyte interactions accounted well

mathematical ~ model
for the effects of tissue fibrosis on electrical propagation during AF
in sheep with CHF induced by chronic rapid ventricular pacing.85
An interesting recent finding has been that cardiac fibroblasts can
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Figure 4 (A) Longitudinal sections of Masson trichrome-stained atrial tissue from a control dog (top), a dog in which 2-week tachypacing at
240 b.p.m. led to CHF (middle) and a dog tachypaced into CHF and then allowed to recover for 4 weeks without tachypacing (REC), which permitted
full haemodynamic recovery (bottom). Collagen is stained blue, cardiomyocytes are pink. Arrows point to regions in which transverse fibrosis inter-
rupts cardiomyocytes in their longitudinal direction. (B) Optical maps of electrical conduction in right atrial tissue preparations from a control (left)
and a REC dog (right). Tissues were paced at 2 Hz at the upper left corner. The activation colour scale is in ms. (C) Results of mathematical modelling
of conduction in simulated tissues with the same fibrosis distribution as the preparations shown immediately above, assuming that fibrosis acts as a
non-conductive barrier. The mathematical model accounted well for the electrical propagation changes observed experimentally. Reproduced from

the reference® with permission of the American Heart Association.

produce paracrine factors that affect cardiac electrical activity.%
Neonatal-rat cardiomyocyte monolayers exposed for 24 h to con-
ditioned media from cardiac fibroblasts showed significant
conduction-slowing, APD prolongation and reduced follow frequency.
It is therefore possible that cardiomyocyte electrical activity is affected
by diffusible factors from adjacent fibroblasts in fibrotic tissues.
Overall, while it is clear from studies in model systems that fibro-
blast—cardiomyocyte interactions can produce AF-promoting electro-
physiological changes, the extent to which they contribute to clinical
arrhythmias like AF is at present still an unresolved issue of great
interest.

6.2 ‘Barrier’ function of fibrotic tissue and
altered cardiac electrical continuity

Another way in which fibroblasts can promote arrhythmogenesis is by
producing large quantities of ECM proteins, particularly collagen, that
alter cardiomyocyte architecture and disturb electrical continuity.
Tissue fibrosis in AF develops in parallel with local conduction dis-
turbances and increases in AF persistence, during both the develop-
ment and resolution of experimental CHF, in contrast to a variety
of other CHF-related changes.®”#® ECM alterations in fibrotic tissue
could lead to conduction abnormalities and AF promotion in a
variety of ways. Loss of side-to-side cardiomyocyte connections due
to insulating collagen within cardiomyocyte bundles has been

suggested to produce zigzag conduction patterns and promote atrial
microreentry with ageing.’ The potential effects of fibrosis on longi-
tudinal conduction, the dominant conduction form in highly anisotro-
pic atrial tissue,”®”" are illustrated in Figure 3. The normal architecture
of cardiomyocyte bundles is shown schematically in Figure 3A.
Figure 3B illustrates the effects of reactive fibrosis, which increases
the collagen content in the interstitial spaces between fibres.* Fibrosis
occurs around cardiomyocyte bundles. Longitudinal conduction is
uninterrupted, and could even be accelerated due to better insulation
of cable-like bundles. Figure 3C illustrates the effect of reparative fibro-
sis, in which dead cardiomyocytes are replaced by fibrous tissue,”
which then physically separates cardiomyocytes in the longitudinal
direction and interferes with longitudinal conduction. Experimental
observations in a canine CHF model are shown in Figure 4A, and indi-
cate that both during CHF and following full recovery from CHF
fibrotic tissue interrupts cardiomyocyte-bundle continuity in the
longitudinal direction.2® Optical mapping shows conduction abnorm-
alities in atrial tissues of dogs recovered from CHF (Figure 4B). A
mathematical model assuming that fibrous tissue impairs atrial con-
duction by physically interrupting cardiomyocyte muscle—bundle con-
nections fully accounts for CHF-related conduction abnormalities
(Figure 4C).%8 Furthermore, AF promotion tracked both conduction
abnormalities and fibrosis in this CHF model, arguing for an important
role of fibrotic conduction barriers in AF maintenance.®® These
results support the notion that fibrosis impairs conduction by acting
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as a barrier to continuous longitudinal conduction in cardiomyocyte
bundles. It has been suggested that the maintenance of transmural
conduction in chronically infarcted regions of rabbit hearts may be
due to cardiomyocyte—fibroblast coupling in scarred myocardiu-
m.”>An interesting recent tissue-engineering study showed that insert-
ing a layer of fibroblast-derived NIH3T3 cells between two sheets of
neonatal rat cardiomyocytes restores electrical conduction between
the cardiomyocyte sheets, suggesting the time-dependent develop-
ment of electrical coupling across the fibroblast sheet.”®

1. Therapeutic implications

Given the important role of atrial fibrosis in AF pathophysiology,
therapeutic approaches that target fibroblast function are potentially
of interest. Angiotensin converting-enzyme inhibitors, which suppress
renin—angiotensin—aldosterone system (RAAS) activation, were the
first agents shown experimentally to suppress atrial fibrosis, prevent
atrial conduction abnormalities, and attenuate associated AF pro-
motion.”* Subsequent experimental evidence indicated similar
effects from angiotensin type-1 receptor antagonists’> and aldoster-
one inhibitors.”® Statins suppress atrial fibroblast proliferation and
suppress atrial fibrosis/AF in experimental CHF?” and omega-3 fatty
acids have similar antifibrotic/AF-suppressing actions,”® possibly via
anti-inflammatory/antioxidant actions. Pirfenidone, an antifibrotic
drug that appears to act by interfering with TGF- signalling, also
suppresses fibrosis, conduction abnormalities, and AF promotion
resulting from CHF.”” Heat-shock protein inducers like geranylgerany-
lacetone also attenuate atrial remodelling and CHF-related

100,101

fibrosis. Clinical data are still insufficient to draw definite

conclusions, but support the concept that RAAS inhibition can
prevent AF, at least in some patient populations.'®>1%

The electrical properties of fibroblasts also open up exciting and
novel therapeutic possibilities. If Ca®* entry through TRP channels
plays a central role in fibroblast activation, as suggested by experimen-
tal data1,e’7‘104

useful AF-preventing drugs. The prevention of fibroblast—cardiomyo-

then TRP channel blockers have the potential to be

cyte interactions, by targeting fibroblast ion channels or fibroblast—
cardiomyocyte coupling, offers additional novel and exciting possibili-
ties in AF therapy. For example, if fibroblast coupling to cardiomyo-
cytes causes atrial ectopic activity or reentry that underlies AF
occurrence, specifically targeting cardiomyocyte—fibroblast coupling
mechanisms could suppress AF. There may be ways of stopping
fibroblast-induced abnormal automaticity or reentry by developing
drugs that selectively inhibit or activate fibroblast ion channels. We
are only beginning to understand the detailed function and pathophy-
siology of atrial fibroblasts and how they contribute to AF develop-
ment, but the new insights and therapeutic possibilities that they
present are exciting.

8. Conclusions

Fibroblasts are quantitatively and qualitatively a very important cell
type in the heart. Extensive evidence suggests that tissue fibrosis,
involving proliferation of fibroblasts and increased fibroblast-derived
ECM protein expression, plays an important role in AF. Rapidly
accumulating information suggests that the electrical properties of
cardiac fibroblasts are important in governing both their ECM
protein-producing properties and arrhythmogenic events related to
cardiomyocyte—fibroblast interaction. Work in this exciting field

promises to lead to new mechanistic insights and therapeutic
options for AF.
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