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Cardiac fibroblasts
Active players in (atrial) electrophysiology?

Cardiomyocytes account for about one
third of all cells in the heart, and un-
til recently, fibroblasts were considered
themost abundant nonmyocyte cell pop-
ulation in the myocardium [1]. Non-
myocytes such as endothelial cells, fi-
broblasts, andmacrophages formthema-
jority of cardiac cells, and while the ex-
act proportions of individual nonmus-
cle cells are still a matter of debate [2],
their roles in cardiac structural and func-
tional integration have become one of
the hottest cardiac research topics (see
reviews [3, 4]). After a brief summary of
general functions of fibroblasts, the cur-
rent review will focus on new insights
into the direct and indirect effects of
fibroblasts on cardiac electrophysiology
with special reference to atrial fibrillation
(AF).

Functions of cardiac fibroblasts

Cardiac fibroblasts are highly heteroge-
neous mesenchymal cells of diverse ori-
gin: During heart development, myocar-
dial fibroblasts develop from epithelial
cells of the proepicardium by “epithe-
lial–mesenchymal transition,” whereas
valvularfibroblasts derive from the endo-
cardium via “endothelial–mesenchymal
transition.” In addition, fibroblasts may
be generated from perivascular cells,
endothelium, monocytes, bone marrow-
derived progenitor cells and fibrocytes
[5].

In the past few decades, the un-
questioned role of fibroblasts in the
structural integrity of the heart has been
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supplemented by multiple detailed func-
tions of these cells, including production
and degradation of extracellular ma-
trix (ECM) proteins such as collagens
and proteoglycans by a fine balance of
metalloproteinases (MMP) and tissue
inhibitors of MMP. Fibroblasts secrete
inflammatory cytokines and humoral
mediators. Upon activation, they differ-
entiate into myofibroblasts. In addition,
they may modulate cardiac electrophys-
iology (for reviews, see [6, 7]). Excessive
fibroblast activation can cause fibrosis,
which is defined as the accumulation of
ECM, especially type I collagen [8].

Distinction between fibroblasts
andmyofibroblasts

Unlike the stellate appearance of fibrob-
lasts in other organs, cardiac fibroblasts
are mostly sheet- or spindle-shaped.
Their morphology in culture is highly
variable (. Fig. 1a) and hard to distin-
guish from other cultured cells, such as
bone marrow-derived progenitor cells
or fibroblasts from skin (. Fig. 1b–d).
Fibroblasts stain positive for a number
of proteins (hFSP [human fibroblast sur-
face protein], DDR-2 [discoidin domain
receptor 2], CD-90 [cluster of differen-
tiation 90], Sca-1 [stem cells antigen-
1], intermediate filament vimentin), but
none of these markers are unique to
fibroblasts, and their expression may
vary according to the tissue origin [9].
However, more recently identified mark-
ers such as tcf21(transcription factor 21)
and periostin show great promise [3].

Upon mechanical or chemical stimu-
lation, fibroblasts become activated, i. e.,
they proliferate, migrate, produce ECM

[10, 11], and differentiate into cells that
express contractile filaments consisting
of α-smooth muscle actin (α-SMA). Be-
cause of their ability to actively deform,
they are called “myofibroblasts” [12]. In
the heart, they can be characterized by
positive stainingforvimentinandα-SMA
(e. g., [13]), although a subset of smooth
muscle cells may also express vimentin
in addition to α-SMA [5]. Myofibro-
blasts also exhibit high heterogeneity in
phenotype [14].

Myofibroblasts play a pivotal role in
wound healing and tissue remodeling
after myocardial injury because they can
replace damaged cells with fibrillar col-
lagen, strengthening remodeled tissue
[15, 16]. Interestingly, differentiation
of fibroblasts into myofibroblasts also
seems to play a role in the pathophys-
iology of AF [17]. There is evidence
from tachy-paced cardiomyocytes that
high rates of electrical activation induce
cardiomyocytes to secret factors into the
culture medium that transmit activation
of fibroblasts [18].

In clinical terms, AF is associatedwith
interstitial fibrosis [19, 20], which in turn
correlateswithstructural remodelingand
plays a role in sustenance of the arrhyth-
mia [17]. Although fibroblasts and myo-
fibroblasts are not electrically excitable,
they may affect the electrophysiological
properties of cardiomyocytes either in-
directly or directly. These issues will be
discussed in the following sections.
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Fig. 19 Lightmicroscopy
images of human atrial
fibroblasts from a patient
in sinus rhythm at high
magnification and low
density to illustrate the
heterogeneity in cellular
shapes (a); images at lower
magnification of human
atrialfibroblasts (b),human
bonemarrow-derivedmes-
enchymalstemcells (c), and
human skin fibroblasts (d).
(c Reproduced from [60]
withpermissionof thepub-
lisher, a, b, d unpublished
data)

Indirect effects of fibroblasts
on cardiac electrophysiological
properties

Electrical excitationspreadsbetweencar-
diomyocytes due to direct coupling of
neighboring cells via gap junctions con-
sisting of connexins. These are mainly
located at the short ends of cardiomyo-
cytes. Therefore, the conduction veloc-
ity in healthy myocardium is higher in
the locally prevailing cell direction than
perpendicular to the cell orientation. The
longitudinal direction is also favored ow-
ing to insulation of myocyte layers by
ECM.

Heart disease is often associated with
increased collagen deposition (fibro-
sis). Distinct although often mixed
distribution patterns of collagen in the
myocardium allow one to define dif-
ferent types of fibrosis, i. e., interstitial,
compact, diffuse, or patchy fibrosis
[21], with characteristic effects on im-
pulse propagation. In human dilated
cardiomyopathy requiring heart trans-
plantation, for example, the percentage
of collagen in a selected area of the left
ventricle correlated with the heterogene-

ity of conduction. Patients with mild-
to-moderate disturbances of activation
patterns showed increasing degrees of
interstitial fibrosis, whereas patients with
severe conductance disturbances exhib-
ited replacement fibrosis and microscars
[22]. Interestingly, induction of heart
failure by ventricular tachy-pacing in
dogs caused interstitial fibrosis also in
the atria, facilitating the induction of
AF due to the formation of discrete
atrial regions with slow conduction [23].
Recently, an expert consensus report
suggested that human atrial pathologies
can be divided into four classes of “atrial
cardiomyopathies”, two of which are
dependent on fibroblasts or cardiomyo-
cyte–fibroblast interactions [24].

Direct coupling of cardiomyo-
cytes and fibroblasts

So far, we have discussed indirect inter-
actions between fibroblasts and cardio-
myocytes due to ECM, but there is
also compelling evidence that the two
cell types can directly couple to each
other via connexin-based gap junc-
tions (for a recent review, see [25]).

In fact, electrical coupling between
fibroblasts/myofibroblasts and ventric-
ular cardiomyocytes has been demon-
strated not only in co-culture conditions
[26–28], but also in the whole heart [29].
Heterotypic cell connections were also
demonstrated in atria [30, 31] and atri-
oventricular nodes [32], where the first
proof of an electrophysiological effect
of nonmyocytes (in this case, resident
macrophages) on cardiac electrical con-
duction was directly confirmed in native
tissue [33].

The schematic drawings in . Fig. 2
illustrate the consequences of hetero-
cellular coupling via gap junctions for
membrane potential and impulse prop-
agation. Electrical coupling of two
cardiomyocytes with similar resting po-
tentials will be without consequence
for either cell in resting conditions
(. Fig. 2a). Since the resting potential
in fibroblasts is less negative than in
cardiomyocytes, heterocellular coupling
will influence the membrane potentials
of the two cell types in opposite direc-
tions, i. e., the membrane potential of
the fibroblast becomes more negative
whereas that of the cardiomyocyte will
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be slightly less negative (. Fig. 2b). In
addition, effects of heterocellular elec-
trotonic coupling are thought to be
dependent on the cardiac contractile
cycle [34]. With respect to the electrical
cycle, an action potential in the first
cardiomyocyte will induce an electro-
tonically mediated potential change in
the fibroblast. This, in turn, may cause
sufficient depolarization of the next
cardiomyocyte to reach the threshold
potential, leading to passive propagation
of an action potential through a nonex-
citable cell, although with some delay
(. Fig. 2c). The respective experimen-
tal recordings of membrane potentials
in cardiomyocytes and fibroblasts have
been documented [26]. However, if
more than one fibroblast is interposed
between the cardiomyocytes, the depo-
larization of the distant cardiomyocyte
may not be sufficiently large to reach
threshold and impulse propagation will
fail (. Fig. 2d). In cell culture experi-
ments with neonatal rat cells, conduction
fails if the bridging distance is larger than
~300μm [27]. Several groups are work-
ing with computer simulations of these
results in order to understand better the
complex electrical interactions between
cardiomyocytes and fibroblasts [35–38].

Cardiomyocyte–fibroblast interac-
tions become clinically relevant in the
context of catheter ablation, which is
currently the most effective way to stop
or attenuate re-entries underlying AF.
The scars generated in response to these
interventions are essentially made of
ECM proteins and fibroblasts leading to
a nonconductive barrier. To overcome
sustained AF, it is crucial that these
regions are and remain nonconductive.
Nevertheless, the high rate of reoccur-
rence of AF after catheter ablation [39,
40] suggests that scars may fail to block
re-entries. This is at least in part caused
by the resumption of electrical conduc-
tance due to heterocellular coupling in
the scar tissue. Another clinically rele-
vant aspect of cardiomyocyte–fibroblast
interactions is the formation of scar
tissue in response to myocardial infarc-
tion. Fibroblasts may electrically bridge
gaps between surviving cardiomyocytes,
thereby increasing the conductivity of
the lesions and improving cardiac func-
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Abstract
Fibrotic areas in cardiac muscle—be it in
ventricular or atrial tissue—are considered
as obstacles for conduction of the excitatory
wave and can therefore facilitate re-entry,
which may contribute to the sustenance of
cardiac arrhythmias. Persistence of one of the
most frequent arrhythmias, atrial fibrillation
(AF), is accompanied by enhanced atrial
fibrosis. Any kind of myocardial perturbation,
whether via mechanical stress or ischemic
damage, inflammation, or irregular and high-
frequency electrical activity, activates fibro-
blasts. This leads to the secretion of paracrine
factors and extracellular matrix proteins,
especially collagen, and to the differentiation
of fibroblasts into myofibroblasts. Excessive
collagen production is the hallmark of fibrosis

and impairs regular impulse propagation. In
addition, direct electrical coupling between
cardiomyocytes and nonmyocytes, such
as fibroblasts and macrophages, via gap
junctions affects conduction. Although
fibroblasts are not electrically excitable, they
express functional ion channels, in particular
K+ channels and mechanosensitive channels,
some of which could be involved in tissue
remodeling. Here, we briefly review these
aspects with special reference to AF.

Keywords
Atrial Fibroblasts · Myofibroblasts · Cardio-
myocytes · Electrophysiological phenomena ·
Atrial fibrillation

Kardiale Fibroblasten. AktiveMitspieler in der (atrialen)
Elektrophysiologie?

Zusammenfassung
Fibrotische Myokardbereiche – in den
Herzkammern wie auch in den Vorhöfen –
stellen ein Hindernis für die Erregungsaus-
breitung dar, sie können deshalb kreisende
Erregungen („re-entry“) fördern und so
zum Aufrechterhalten von Herzrhythmus-
störungen beitragen. Die Chronifizierung
einer der häufigsten Arrhythmien, des
Vorhofflimmerns, ist assoziiert mit atrialer
Fibrose. Jede Art von kardialer Schädigung
– etwa durch Ischämie, Entzündung oder
hochfrequente, irreguläre elektrische und
mechanische Aktivierung wie z. B. beim
Vorhofflimmern – transformiert Fibroblasten
in ihre aktivierte Form. Dies führt zur Sekretion
parakriner Faktoren und extrazellulärer
Matrixproteine, insbesondere Kollagen, und
zur Differenzierung von Fibroblasten in Myo-
fibroblasten. Das Hauptmerkmal der Fibrose
ist eine gesteigerte Kollagenproduktion, die

die reguläre Erregungsausbreitung beein-
trächtigt. Nichtmuskelzellen,wie Fibroblasten
oder Makrophagen, können außerdem
durch direkte Kontakte zu Kardiomyozyten
über „gap junctions“ einen modulierenden
Einfluss auf die Erregungsleitung nehmen.
Obwohl sie selbst nicht elektrisch aktiv
sind, exprimieren Fibroblasten eine Reihe
von Ionenkanälen, insbesondere K+-Kanäle
und mechanosensitive Kanäle, von denen
einige möglicherweise am strukturellen
Umbau des Myokards beteiligt sind. In
dem vorliegenden kurzen Übersichtsartikel
werden diese Aspekte im Zusammenhangmit
Vorhofflimmern diskutiert.

Schlüsselwörter
Atriale Fibroblasten · Myofibroblasten ·
Kardiomyozyten · Elektrophysiologische
Eigenschaften · Vorhofflimmern

tion. These examples highlight the
importance of better understanding
fibroblast–fibroblast and fibroblast–car-
diomyocyte coupling to be able to make
better scars: either nonconducting or
electrically transparent; scars may be a
desirable target, depending on clinical
context.

Electrophysiological properties
of fibroblasts

Cardiac fibroblasts are not electrically
excitable. Nevertheless, they express
a plethora of ion channels, mainly potas-
sium (K+) channels and mechanosen-
sitive channels, that contribute to their
resting membrane potential [41, 42].
Typical membrane potential values re-
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Fig. 28 Schematic drawing of the influence of cardiomyocyte–fibroblast coupling onmembrane potentials and impulse
propagation. a Coupling between two cardiomyocytes of similar resting potential (i. e., human atrial cardiomyocytes,
–74.0± 0.9mV, n=238 cells from 221 patients in sinus rhythm; [61]):no change. bCoupling of cardiomyocyte to fibroblast
(restingpotential of humanatrial fibroblasts, –35.1±4.2mV,n=31 from sevenpatients in sinus rhythm; [13]):depolarization
of cardiomyocyte, hyperpolarization of fibroblast. c Intercalation of a single coupled fibroblast:conduction delay (see also
[26]). d Intercalationof several coupledfibroblasts:failureof conduction (e.g.,whenbridgingdistancesof>300μm inculture,
[27])

ported for cultured human atrial fibro-
blasts/myofibroblasts are ~–35mV [13].
It must be emphasized, however, that
data on fibroblast membrane potential
and ion channels in the literature show
substantial variability depending on the
experimental conditions and material
(different species, ventricular versus
atrial fibroblasts, freshly isolated versus
cultured cells). Thus, in vitro [43] and
in situ [25] recordings in rat suggest the
presence of even less negative resting
potentials (up to –20mV).

In rat ventricular fibroblasts, the rest-
ingmembrane potential is determined by
an inwardly rectifyingK+ current [41]. Li

etal. [44]publishedarelativedistribution
of ion channel expression and respective
currents inculturedadulthumanventric-
ular fibroblasts. In this study, 88% of fi-
broblasts exhibited current flow via Ca2+-
activated K+ channels of large conduc-
tance (BKCa); 15% had a delayed rectifier
current (IKDR), 14% a transient outward
current (Ito), 24%an inward rectifyingK+

current (IKir), 7% a chloride current (ICl),
and 61% a Na+ current (INa). The respec-
tive cardiac ion channels responsible for
these currents were also expressed [44].
In mouse ventricular fibroblasts, IK,ATP
was detected [45], but no reports for hu-
man fibroblasts are available. Similarly,

human atrial fibroblasts also showed in-
ward and outward rectifying and tran-
sient outward currents (. Fig. 3a, b, and
[13]), although the percentage of cells ex-
hibiting these currents was not reported
[13]. These authors did not detect any ef-
fect of the BKCa channel blocker paxilline
(1μM), whereas BKCa channel activity
was clearly present in a line of ventricular
fibroblasts obtained from healthy human
hearts [46]. Moreover, BKCa channels
are claimed to contribute to cardiomyo-
cytes–fibroblast coupling [46].

Chatelier et al. [47] reported that
freshly isolated human atrial fibro-
blasts neither express α-SMAnor exhibit
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Fig. 39 Examples of cur-
rents in response to differ-
ent experimental proto-
cols in fibroblasts cultured
fromhuman right atrial ap-
pendages of patients in si-
nus rhythm. a Current flow
during a ramp step from
–120 to+40mV (see in-
set);b currents in response
to clamp steps to various
voltages (inset); c current
in response to negative
pressure applied to the cell
patch under the pipette
(a–c unpublished data)

any sodium (Na+) currents. However,
between day 7 and day 12 of culture,
atrial fibroblasts start to differentiate
into α-SMA-expressing myofibroblasts.
In addition, after day 12, Na+ current and
expression of the Na+ channel α-subunit
Nav1.5were detected in all cells. Wehave
previously reported larger Na+ currents
in fibroblasts cultured from patients in
AF compared with sinus rhythm. These
currents were not affected by 100nM
tetrodotoxin, but required the high
concentration of 10μM tetrodotoxin for
90%block, suggesting that they represent
cardiac Nav1.5 channels [13].

In freshlydissociatedadult rat ventric-
ular fibroblasts, mechanosensitive chan-
nels, i. e., a cation nonselective, gadolin-
ium-sensitive channel that was enhanced
by compression and inhibited by stretch,
havebeendescribed[42]. Inourownpre-
liminary experiments with human atrial
fibroblasts from patients in sinus rhythm
or AF, we too detected stretch-activated
channels by applying negative pressure
to cell-attached patches (. Fig. 3c). On
the other hand, shear stress induced large
outward currents in rat atrial myocytes
by enhancing insertion ofKv1.5 channels
[48].

Involvement of fibroblast
ion channels in non-
electrophysiological effects

Functionally significant ion fluxes in
nonexcitable cells were noticed decades
ago. However, the role of ion channels
in non-electrophysiological events, such
as immunological responses or prolif-
eration and migration of cancer cells,
was appreciated only in the 1980s, when
patch clamp techniques became gener-
ally available (for a review, see [49]).
Interestingly, mechanosensitive chan-
nels are also involved in many forms of
cancer (see review in this issue [50]).
Besides controlling membrane potential,
ion channels in concert with pumps
and transporters regulate cellular cal-
cium homeostasis, thereby affecting cell
metabolism via this ubiquitous intracel-
lular transmitter. The link between ion
channels, intracellular calcium levels,
and control of proliferation and migra-
tion has led to the strategy of targeting
various ion channels for cancer ther-
apy [51–53]. Moreover, voltage-gated
Na+ channels are upregulated by positive
feedback in many types of cancer and are

thought to facilitate metastatic processes
[54].

The findings in cancer research
have stimulated investigations into
the role of ion channels in prolifer-
ation and migration of fibroblasts in
search for putative therapeutic strategies
against fibrosis. For instance, selec-
tive block of KCa3.1 channels (Ca2+-
activated K+ channel of intermedi-
ate conductance) with TRAM-34 (1-
((2-chlorophenyl)diphenylmethyl)-1H-
pyrazole) attenuated human lung myo-
fibroblast proliferation and was hence
suggested to have therapeutic potential
in idiopathic pulmonary fibrosis [55].
Interestingly, ether-á-go-go K+ channels
regulate fibroblast proliferation inde-
pendent of ion fluxes, as demonstrated
with nonconducting channel mutants
that act merely by channel conformation
changes [56].

With respect to cardiac fibroblasts,
members of the transient receptor po-
tential (TRP) channel family have been
reported to regulate Ca2+ influx and
downstream signaling. For instance,
TRPM7 (Ca2+-permeable melastatin
type-7TRP) channelswere shown topro-
mote fibroblast–myofibroblast transition
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fostering remodeling in AF [57]. TRPC3
(Ca2+-permeable canonical type-3 TRP)
channels are upregulated in AF and have
also been associated with atrial remodel-
ing via Ca2+-activated proliferation and
differentiation of fibroblasts [58]. High
concentrations of tetrodotoxin, a selec-
tive blocker of Na+ channels, do not
impair proliferation of cultured human
atrial fibroblasts neither from patients
in AF nor those in sinus rhythm [13],
and similar results were also found for
human ventricular fibroblasts [59]. In
addition, proliferation of ventricular
cells is also suppressed when BKCa is
blocked by paxilline, or when the vol-
ume-sensitive chloride current is blocked
by DIDS (4,4′-diisothiocyanatostilbene-
2,2′-disulfonic acid disodium). Further-
more, knock-down of the respective ion
channel genes KCa1.1 or ClCN3 (chlo-
ride voltage-gated channel 3) markedly
reduces cell growth [59], indicating that
these ion channels contribute to the
regulation of proliferation, possibly by
modulating membrane potential and cell
volume [59]. Therefore, targeted block
of fibroblast ion channels could have
therapeutic potential for prevention or
amelioration of fibrosis in heart and lung
tissues.

Conclusion

Many open questions remain to be an-
swered regarding the role of fibroblasts
andmyofibroblasts in atrial pathophys-
iology. New techniques that allow for
the reliable identification of the func-
tional state of an individual cell are
needed in order to elucidate putative
associations between ion channels
and function in more detail. The inher-
ent heterogeneity of cell populations
should be characterized by measur-
ing single cell expression patterns of
ion channels and other functional pro-
teins. These efforts are a prerequisite
for defining promising targets that may
refine interventions aiming at efficient
disease prevention and control.
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