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The relevance of non-excitable cells for cardiac pacemaker

function
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Age-dependent changes in the architecture of the sinus node comprise an increasing ratio
between fibroblasts and cardiomyocytes. This change is discussed as a potential mechanism
for sinus node disease. The goal of this study was to determine the mechanism through
which non-excitable cells influence the spontaneous activity of multicellular cardiomyocyte
preparations. Cardiomyocyte monolayers (HL-1 cells) or embryonic stem cell-derived
cardiomyocytes were used as two- and three-dimensional cardiac pacemaker models.
Spontaneous activity and conduction velocity (6) were monitored by field potential
measurements with microelectrode arrays (MEAs). The influence of fibroblasts (WT-fibs) was
determined in heterocellular cultures of different cardiomyocyte and fibroblast ratios. The
relevance of heterocellular gap junctional coupling was evaluated by the use of fibroblasts
deficient for the expression of Cx43 (Cx43~/~-fibs). Thebeating frequency and 8 of heterocellular
cultures depended negatively on the fibroblast concentration. Interspersion of fibroblasts
in cardiomyocyte monolayers increased the coefficient of the interbeat interval variability.
Whereas Cx43~/~-fibs decreased @ significantly less than WT-fibs, their effect on the beating
frequency and the beat-to-beat variability seemed largely independent of their ability to establish
intercellular coupling. These results suggest that electrically integrated, non-excitable cells
modulate the excitability of cardiac pacemaker preparations by two distinct mechanisms, one
dependent and the other independent of the heterocellular coupling established. Whereas
heterocellular coupling enables the fibroblast to depolarize the cardiomyocytes or to act as
a current sink, the mere physical separation of the cardiomyocytes by fibroblasts induces

bradycardia through a reduction in frequency entrainment.
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Non-muscle cells are the most populous cells in the
heart, of which fibroblasts comprise a significant portion
(45-75%) (Nag, 1980; Goldsmith et al. 2004). Under
physiological conditions, fibroblasts are classically viewed
as providing structural support for the heart by regulating
the synthesis and degradation of extracellular matrix
components such as collagen and fibronectin (Corda
etal. 2000). However, under pathophysiological conditions
such as myocyte death, inflammation, or hypertrophy,
fibroblasts promote the remodelling of the myocardium
that can result in a disproportionate accumulation of
fibrillar collagen (Manabe et al. 2002). In the working
myocardium, fibroblasts have traditionally been viewed
as electrically isolated cells that indirectly increase
arrhythmic activity by obstructing excitation spread.
However, studies suggest that fibroblasts play a more
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active role in modulating the electrophysiology of the
working myocardium (Camelliti et al. 2005; Kohl et al.
2005). Although fibroblasts are non-excitable cells, their
high membrane resistance (Shibukawa et al. 2005), less
negative resting potential (Rook et al. 1989; Rook et al.
1992), and mechano-sensitive currents (Kohl et al. 1994;
Kamkin et al. 2002, 2005; Shibukawa et al. 2005) could
influence the excitability of adjacent cardiomyocytes. In
vitro, fibroblasts form functional gap junctions with
cardiomyocytes via connexin 43 (Cx43) and Cx45
and bridge impulse propagation between cardiomyocyte
strands separated by fibroblasts (Rook et al. 1989;
Gaudesius ef al. 2003; Miragoli et al. 2006). Further,
it has been shown in heterocellular myocyte/fibroblast
preparations that fibroblasts depolarize neighbouring
cardiomyocytes, which dampens their excitability and
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reduces the conduction velocity (Miragoli et al. 2006).
This influence of heterocellular interaction was exploited
to design biological pacemakers or more generally, used
to change the excitability of multicellular cardiomyocyte
preparations in vitro and in vivo (Feld et al. 2002; Kizana
et al. 2006).

In the sino-atrial node (SAN), where fibroblasts
compose an even greater cell number and volume than in
atrial or ventricular tissue (Goldsmith et al. 2004; Camelliti
etal. 2005), they are thought not only to modulate impulse
propagation, but also impulse generation. The percentage
of fibroblasts is described to increase during ageing due
to the loss of sinus nodal cells, which could be a potential
contributor to ageing-induced bradycardia or sick sinus
syndrome (Shiraishi et al. 1992; de Marneffe et al. 1995).
This hypothesis is supported by in vitro experiments where
intercellular coupling of neonatal cardiomyocytes with
fibroblasts decreased the myocytes spontaneous beating
frequency in cell pairs as well as in monolayers (Orita et al.
1993; Kamkin et al. 2002). This effect could be prevented
by the use of fibroblasts deficient for the expression of Cx43
(Kizana et al. 2006). The mechanism of this heterocellular
interaction could be of physiological significance since
functional gap junction coupling between myocytes and
fibroblasts was demonstrated in the SAN (Kohl et al. 1994,
1998, 2005).

Fibroblasts can mediate their effect in the SAN by
(i) acting as a passive current sink, (ii) depolarizing
the cardiomyocytes, and/or (iii) modulating the diastolic
depolarization by stretch activated ion channels. In
vivo, cell-cell communication in the SAN enables
not only action potential (AP) propagation but also
frequency entrainment between the SAN cardiomyocytes.
Consequently, it has been shown that when SAN cells
are dissociated their endogenous frequencies display
significant variability (Jalife, 1984; Delmar et al.
1986). Increases of intercellular resistances between
spontaneously active cardiomyocytes lead to complex
patterns of spontaneous activity that derive from phase
shifts that individual APs can induce in the diastolic
depolarization of neighbouring cardiomyocytes (Michaels
et al. 1986, 1987; Cai et al. 1993). Thus, it is reasonable to
consider that fibroblasts not only modulate the absolute
frequency of the cardiac pacemaker, but also influence the
frequency entrainment between the cardiomyocytes and
therefore the rhythmicity of the pacemaker itself (Verheijck
et al. 1998).

In this study, we aimed to determine in vitro
the mechanisms through which fibroblasts influence
the spontaneous activity of multicellular cardiomyocyte
cultures. The data suggest that fibroblasts modulate
impulse generation by mechanisms both dependent and
independent on intercellular coupling and that progressive
interspersion of fibroblasts in the SAN can reproduce
bradycardia and symptoms of sick sinus syndrome.
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Methods

Cell culture of HL-1 cells, fibroblasts and mouse
ES cells

HL-1 cells. HL-1 cells, a cell line derived from the murine
atrial cardiomyocyte tumour lineage AT-1 was cultured in
Claycomb medium (JRH Bioscience, Lenexa, KS, USA)
supplemented with fetal bovine serum (FBS) (10%),
L-glutamine (2mmM), and noradrenaline (0.1 mm) as
previously described (Claycomb et al. 1998; White et al.
2004). For experiments, HL-1 cells (4 x 10° cellsml™")
were plated on microelectrode arrays (MEA) where they
formed spontaneously active monolayers.

Fibroblasts. Fibroblasts were obtained from enzymati-
cally isolated crude cellular fractions from neonate rat
ventricle (Perez et al. 2005). Myocyte isolation was
conducted in accordance to Institutional Animal Care and
Use Committee guidelines (Loyola University Chicago)
from 5-day-old Sprague—Dawley rat hearts as previously
described (Perez et al. 2005). After decapitation of
1-day-old new born rat pups from one to two litters
(~10 pups per litter) hearts were quickly removed by
thorachotomy and rinsed in normal Tyrode solution.
Ventricles were trimmed free of atria and major blood
vessels, minced and placed in digestion buffer containing
0.35mgml™" collagenase (Worthington Biochemical
Corp., Lakewood, NJ, USA; 37°C). After three sequential
20 min enzyme digestions, the released cells were filtered
through a sterile 40 um nylon mesh, washed and allowed
to settle for 30 min in a Percol gradient to separate
myocytes from non-myocytes. The obtained firbroblasts
were cultured up to 10 passages in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with FBS (10%;
Invitrogen, Frederick, MD, USA). For fibroblasts deficient
in the expression of Cx43 we used an immortalized
embryonic fibroblast cell line generated from Cx43~/~
mice (Cx437/~-fibs) that was cultured as described
(Martyn et al. 1997). To generate heterocellular cultures,
fibroblasts were treated with mitomycin to prevent cell
division and HL-1 cells and fibroblasts were mixed
at the ratios indicated in the text before plating. All
MEA measurements were performed in Hepes buffered
Claycomb media.

Embryonic stem (ES) cells of the cell line CMV
(Specialty Media; Phillipsburg, NJ, USA) were propagated
in culture and stably transfected with a vector containing
a neomycin resistance gene under the promoter of «kMHC
(Klug et al. 1996; Pasumarthi & Field, 2002; Kapur
& Banach, 2007). The ES cells were differentiated as
embryoid bodies (EBs) (Hescheler et al. 2002; Banach et al.
2003) and neomycin (350 um) was added to the culture
medium 1day after spontaneously beating aggregates
were observed (Kapur & Banach, 2007). After 5-6 days
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of selection, the beating cardiomyocyte aggregates were
plated directly on MEAs or on a fibroblast monolayer that
was already established on the MEA. Experiments were
performed in Hepes buffered Iscove medium (Invitrogen,
Frederick, MD, USA).

Dye loading and coculture

To distinguish fibroblasts from HL-1 cardiomyocytes
in heterocellular cultures, fibroblasts were loaded with
DiO (8 um, 20 min at 37°C; Molecular Probes) prior to
coculture. The DiO signal on the MEA electrode field
was imaged (excitation: 488 nm; emission: 520-560 nm)
before electrical recordings and the percentage area of
fibroblasts in the cocultures was quantified with Image
J (W. S. Rasband, Image]J, National Institutes of Health,
Bethesda, MD, USA).

MEA recordings and analysis

Multielectrode arrays (MEAs; Multi Channel Systems,
Reutlingen, Germany) were used for field potential
recordings (FPs) from spontaneously active HL-1
monolayers and embryonic stem cell derived cardio-
myocytes (ESACs) (Banach et al. 2003; Halbach et al. 2003 ).
The MEAs used in this study consisted of 60 electrodes
with a diameter of @ = 30 um which had an interelectrode
distance of 200 um (integrated ground electrode). They
were fibronectin coated (2.5 ug ml~' dH,0) for 2 h prior
to plating. Experiments were conducted at 37°C and
data were stored on-line and analysed off-line with
a customized toolbox programmed for MATLAB (The
Mathworks, Natick, MA, USA; Egert et al. 2002; Halbach
et al. 2003). Cultures were considered synchronized when
all 60 electrodes of the MEA exhibited the same beating
frequency. Activation time contour plots (Fig. 1C) revealed
the direction of excitation spread in the cultures and the
conduction velocity (8) was obtained perpendicularly to
the excitation wavefront.

FRAP

Fluorescent recovery after photobleaching (FRAP) was
used to compare the intercellular coupling between WT-
and Cx43~/~-fibroblasts. Monolayers of either cell type
were loaded with 2 M calcein acetoxymethyl ester (calcein
AM; Invitrogen, Eugene, OR, USA) in PBS (15 min, at
room temperature). After washout, cells were incubated
in Tyrode solution containing (mm): NaCl 140; KCl 5.4;
CaCl, 2; MgCl, 1.5; glucose 10; Hepes 5 (pH adjusted
to 7.38 with NaOH) for 20 min for dye de-esterification.
On an inverted confocal microscope (Zeiss LSM 410)
a calcein-loaded cell was photobleached by continuous
illumination (2-8 s; 488 nm, argon ion laser) and FRAP
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was monitored every 10 s for up to 50 min. The emitted
light was collected at 520-560 nm with a bandpass filter. To
correct for global bleaching of the dye, FRAP of the photo-
bleached cell was normalized to the average fluorescence
change measured in 3 distant (> 200 um) control cells.

Electrophysiological recordings

HL-1 or HL-1 + fibs cultures were grown to confluence
on 25 mm glass coverslips. Patch electrodes (3—-5 M2 tip
resistances; borosilicate glass (WPI)) were filled with a
solution containing (mm): potassium aspartate 120; KCl
8; Na,ATP 5; MgCl, 1; Hepes 10, pH adjusted to 7.2
with KOH. Cultures were perfused at room temperature
(22-23°C) with a physiological salt solution containing
(mM): NaCl 140; KCl 5.4; CaCl, 1.8; MgCl, 1.2; glucose 10;
Hepes 5, pH adjusted to 7.35 with NaOH. Upon obtaining
the whole-cell configuration, spontaneous HL-1 action
potentials (AP) were recorded with an Axon MultiClamp
700A in the current clamp mode. APs were sampled
at 10 kHz and analysed off-line with custom programs
written for MATLAB.

Noradrenaline, fibronectin and neomycin were
purchased from Sigma Inc. (St Louis, MO, USA).
Fluo-4/AM was from Invitrogen (Eugene, OR, USA).
Antibodies Cx40 and Cx43 were purchased from
Invitrogen (Eugene, OR, USA; ZMD.Z-JB1). The
antibody against Cx45 was kindly provided by Dr
Steinberg (Washington University, St Louis, MO, USA)
(Johnson et al. 2002). Data sets were statistically evaluated
using Student’s paired f test. All data are presented as
means =+ standard error of the mean.

Results

Effect of fibroblast infiltration on cardiomyocyte
monolayers

Pathophysiological or ageing related changes in the
spontaneous rhythm of the primary cardiac pacemaker,
the sino-atrial node (SAN), are often associated with
an increase in the proportion of fibroblasts (Kamkin
et al. 2002; Squires et al. 2005). To determine how
non-excitable cells influence the spontaneous activity
and excitation spread in multicellular cardiomyocyte
preparations, we compared homocellular monolayers of
HL-1 cells (Fig. 1A-C) with heterocellular monolayers
consisting of HL-1 cells and mitotically inactivated
fibroblasts (WT-fibs; Fig. 1D—F). One day after plating,
MEA field potential recordings of homocellular HL-1 cell
cultures showed synchronized negative spikes indicating
that the cells are electrically coupled by gap junction
channels (Fig. 1B). A mean frequency of 4.2 + 0.1 Hz was
measured in 145 independent MEA cultures (n = 145)
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with a conduction velocity (9) of 2.2+0.1cms™.

Since the monolayers exceeded the electrode grid, the
origin of excitation itself was rarely located within the
recording area. Heterocellular cultures of HL-1 cells
+ WT-fibs also developed synchronized activity within
1 day of culture (Fig. 1E); however, the beating frequency
(1.7£02Hz n=13; Fig.1G) and 6 (l.lcms™;
Fig. 1F) were significantly decreased in comparison to
homocellular cultures. Beating frequency and 0 (Fig. 1H
and I) correlated negatively with the percentage area of
WT-fibs on the MEA, which indicates a dose-dependent
influence of these unexcitable cells.

The use of a spontaneously active monolayer is a
simplified experimental model of the more complex
heterogeneous 3D-structure of the sinus node (Boyett
et al. 2000). To determine if our results correlate
with 3D-cardiomyocyte preparations, we used embryonic
stem cell derived cardiomyocytes (ESdCs) that form
spontaneously beating 3D-aggregates (Fig.2Aa; Kehat
et al. 2004; Xue et al. 2005). During differentiation
ESdC aggregates are surrounded by and interspersed with
a heterogeneous mixture of other cellular phenotypes
(e.g. endothelial cells, fibroblasts and smooth muscle cells;
Wobus & Boheler, 2005). When the ESdC was plated
directly onto the MEA, it reached a stable beating frequency
of 1.3 £ 0.1 Hz (n = 8; Fig. 2D) at day 14 of differentiation
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(Fig. 2Aa; Igelmund ef al. 1999; Banach et al. 2003).
Neomycin treated ESACs (neoESdC), where non-excitable
cells were removed, exhibited a decreased size (Fig. 2Ba)
but remained spontaneously active (Pasumarthi & Field,
2002; Zandstra et al. 2003). The removal of the
nonmyocytes from the neoESdC coincided with an
increase in its beating frequency (2.5+ 0.4 Hz; n=13;
Fig.2Bb and D) compared to age matched non-treated
ESdCs. When neoESdCs were plated onto fibroblast
monolayers (neoESdCs + WT-fibs) established on MEAs
(Fig. 2Ca), after 15h of coculture, the increased beating
frequency of neoESdCs was almost reversed to control
(ESAC) levels (1.4+0.2Hz; n=14; Fig.2Cb and D).
The results underline that surrounding and interspersed
non-excitable cells reduce the beating frequency of
3D-pacemaker aggregates (Fig. 2D).

HL-1 cells and fibroblasts establish heterocellular
coupling

To determine if fibroblasts in the heterocellular cultures
exert their influence via secretion of diffusible factors
(Manabe et al. 2002), the culture medium of heterocellular
cultures was collected and homocellular HL-1
monolayers were incubated in this conditioned
medium. After 3h of incubation, the analysis of the

110

Figure 1. Spontaneous activity and
excitation spread in homo- and
heterocellular cardiomyocyte preparations:
0 Representative recordings of a homocellular
HL-1 (A-C) and heterocellular (D-F)
110 HL-1 + WT-fibs monolayer Transmission
pictures (A and D) display a section of the
electrode field and the location of the
fibroblasts within the monolayer (white; areas
in D). In homo- and heterocellular cultures only
preparations were used where all 60 electrodes
of the array exhibited synchronized activity (B
and £). In both preparations the contour plots
0 (C and F) exhibit continuous excitation spread;
however, with a decreased velocity in the
heterocellular preparation (homocellular:
2.0 cms~'; heterocellular: 1.1 cms™1). G,
comparison of the beating frequency recorded
in homo- (n = 145) and heterocellular (n = 13)
monolayers of HL-1 cells and WT-fibs
(*P < 0.05). The beating frequency (H) and
conduction velocity (9) (/) of heterocellular
cultures were normalized to those of HL-1

delay (ms)

delay (ms)

WT-fibs % area fibroblasts

0 v - v 0
HL-1 HL-1+ 0 10 20 30 0 10
% area fibroblasts

monolayers; both parameter correlate
negatively with the percentage area of
fibroblasts on the MEA.

20 30
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Figure 2. Non-myocytes attenuate the beating frequency of 3D-pacemaker aggregates

Transmission light pictures of a heterogeneous ESAC aggregate (Aa), a neomycin treated ESAC aggregate (neoESdC)
(Ba), and a neoESdC aggregate plated onto a monolayer of WT-fibs (Ca). Representative field potential recording
from a single MEA electrode illustrates the beating frequency of the preparation (Ab-Cb). D, summarized data of
the ESAC (black), neo-ESDC (white), and neoESdC + WT-fibs (grey) demonstrate that the ESAC beating frequency
increases reversibly upon removal of non-myocytes (*P < 0.05).

beating frequency (ctrl: 5.4 +0.3 versus conditioned:
5540.3; n=5 each; Fig.3A) and 6 (ctrl: 2.14+0.2
versus conditioned: 1.9 + 0.1; n = 5 each; Fig. 3B) did not
reveal any significant differences between the two culture
conditions.

It has been demonstrated both in vitro and in vivo,
that fibroblast can establish intercellular coupling with
cardiomyocytes (Rook et al. 1992; Gaudesius et al. 2003;
Camelliti et al. 2004). To determine the expression of gap
junction channels in HL-1 + WT-fibs cocultures, cardiac
specific connexins Cx40 (Fig.4A), Cx45 (Fig.4B) and
Cx43 (Fig. 4C) were immunolabelled. Positive immuno-
staining for all three connexins was detected in the region
of homocellular contact between HL-1 cells (Fig. 4A and
B arrows); however, in the region of heterocellular contact
between fibroblasts and HL-1 cells, punctuate fluorescent
staining only revealed the presence of Cx43 (Fig. 4C; *).
Detection of dye diffusion between calcein/AM loaded
fibroblasts that were plated onto an HL-1 monolayer
allowed us to further assess if positive immunostaining
denoted functional gap junction channels (Fig.4D).
Figure 4E shows a confocal xy scan of an HL-1
monolayer 60 min after coculture was established. Part of
the HL-1 monolayer exhibits dye loading and a z-stack
image (Fig. 4F) visualizes a dye-loaded fibroblast on top
of this area. Since no dye was present in the HL-1
cultures, the dye loaded fibroblast can be assumed to be
the origin of dye diffusion. The experiment demonstrates
that HL-1 cells establish functional intercellular coupling
with cocultured fibroblasts most likely through Cx43 gap
junction channels.
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Cell-to-cell communication

Cardiac fibroblasts are non-excitable cells, but have
voltage-dependent and stretch activated cation channels
(Kohl etal. 1994; Chilton et al. 2005; Shibukawa et al. 2005).
To determine the role of stretch activated ion channels
on the frequency decrease in heterocellular cultures, we
measured the spontaneous activity and 6 in cocultures in
the presence of blockers of stretch activated ion channels.
Neither streptomycin (100 Uml™!) (Belus & White,
2003; Kondratev & Gallitelli, 2003) nor butanedione
monoxime (BDM, 7mmM), a myosin inhibitor that
prevents contractions in neonatal monolayers (De Windt
et al. 2001), could prevent the fibroblast induced
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Figure 3. Conditioned media from fibroblasts has no influence
on HL-1 cultures

HL-1 cells were cultured in standard medium and medium conditioned
from HL-1 + WT-fibs cocultures. The beating frequency (4) and
conduction velocity (B) of HL-1 monolayers did not significantly
change when cultured in conditioned medium.
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Figure 5. Depolarization but not stretch activated Ca?* influx
modulates the beating frequency in heterocellular HL-1 cell
monolayers

Confocal 2D-image (A) and line scan (B) of a fluo-4/AM loaded
heterocellular culture of HL-1 cells + WT-fibs. C, spatially averaged
[Ca?*]; recorded from an HL-1 cell (a) and the adjacent WT-fib (b)
indicate rhythmic Ca?* transients in the HL-1 cell are not accompanied
by changes of [Ca%*]; in the WT-fib. D, current clamp AP recordings
from HL-1 cells in homo- (black) and hetero- (grey) cellular
monolayers. E, HL-1 cells" V,, was depolarized in heterocellular
monolayers, but depolarization was attenuated in HL-1 4+ Cx43~/~
fibs cultures. The fibroblast density within the monolayer cultures was
between 13% and 22%.
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Figure 4. Heterocellular coupling between
WT-fibs and HL-1 cells is established by
Cx43

Fluorescence images obtained from
heterocellular cultures of HL-1 cells + WT-fibs
(F). HL-1 cells exhibited characteristic
punctuated fluorescent staining (arrows) at the
sites of cell-cell interaction for Cx40 (4), Cx45
(B) and Cx43 (C). Only Cx43 immunostaining
could be detected at the site of heterocellular
contact (*). D, schematic illustration of the
experimental protocol where calcein/AM
loaded fibroblasts are plated on top of an HL-1
monolayer. £ and F, xy- and xz-stack,
respectively, of a representative experiment

60 min after coculture between HL-1 cells and
calcein/AM loaded WT-fibs was established.

decrease of the beating frequency (data not shown). We
further evaluated the excitation induced change of the
intracellular Ca®* concentration ([Ca’"];) in adjacent
fibroblast and HL-1 cells. Figure 5 shows a 2D-confocal
image (A) and line scan (B) through a spontaneously active
HL-1 monolayer at a location of heterocellular contact
(notice the linescan orientation marked with a dotted line;
Fig. 5A). Spatially averaged plots of [Ca’"]; demonstrate
the rhythmic appearance of Ca*" transients in individual
HL-1 cells (Fig.5Ca) whereas [Ca’"]; in the adjacent
fibroblast remained constant throughout the recording
(Fig. 5Cb). The data do not support the hypothesis that the
reduced beating frequency and conduction velocity in the
heterocellular cultures are brought about by the activation
of stretch activated Ca*" channels in the fibroblasts.

It has been proposed that fibroblasts modulate 6 due
to their depolarizing influence on cardiomyocytes and
the subsequent inactivation of voltage-dependent Na*t
channels (In,) (Miragoli et al. 2006). To determine the
influence of fibroblasts on HL-1 resting potential (V ), we
recorded HL-1 cells’ V, in heterocellular HL-1 + WT-fibs
monolayers (Fig. 5D and E). The data revealed that V,
was significantly depolarized in heterocellular cultures
(HL-1: 65.2+2.3mV, n=38; versus HL-1-+ WT-fibs:
—42.2 £ 0.5 mV, n =5) and the AP upstroke velocity was
reduced (dV/dt: HL-1: 1.6 £ 0.11 Vs~ HL-1 + WT-fibs:
1.28 +0.05V s™!). In the representative examples shown
in Fig.5D, the beating frequency of the heterocellular
culture was significantly reduced, which supports the
hypothesis that a fibroblast mediated depolarization of
the HL-1 cells is one reason for the changed excitability
in heterocellular cultures; however, an additional effect of
the fibroblasts as a current sink cannot be excluded.
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Figure 6. Cx43~/~-fibs exhibit significantly reduced
intercellular coupling

Fibroblast monolayers loaded with the gap junction
permeant dye calcein/AM before (A) and after (B)
photobleaching of a single cell within the monolayer. C,
the time-dependent fluorescence recovery after
photobleaching (FRAP) was recorded for 30 and 50 min,
respectively, in WT- (#; n = 14) and Cx43~/~fibs ;M

n = 10). The time constant of recovery was significantly
lower in WTfibs (r = 246 4 14 s) in comparison to
Cx43~/~fibs (t = 1140 £ 50 s), an indicator for the
significantly reduced intercellular coupling in
Cx43~/~-fibs. D, FRAP can be reversibly inhibited by
incubation of the Cx43~/~-fibs monolayers with the gap
junction inhibitor carbenoxolone (100 pm).

Cx43~/~-fibroblasts

To determine if the fibroblasts’ influence on the
spontaneous activity and 6 can be prevented by the
suppression of gap junction channel formation, we
conducted the MEA coculture experiments using a
fibroblast cell line deficient for the expression of Cx43
(Cx43~/~-fibs; Martyn et al. 1997; Kizana et al. 2005).
We evaluated the difference of intercellular coupling
established between WT-or Cx437/~-fibs by FRAP
measurements in calcein AM loaded monolayers (Fig. 6A
and B). The fluorescence in both cell types recovered after
bleaching; however, the time constant of recovery was
significantly increased in Cx43~/~-fibs (Fig. 6C; WT-fibs:
246 + 14, n=14; Cx43~/~-fibs: 1140 £50s, n=10).
Addition of the gap junction inhibitor carbenoxolone
(100 um) to the bath solution prevented FRAP in both
preparations (Fig.6D) confirming that dye recovery
was mediated by intercellular diffusion. The remaining
fluorescence recovery in Cx43~/~-fibs could be enabled
by Cx45 whose expression at low levels was demonstrated
in these cells (Martyn ef al. 1997); however, expression
of other connexin isoforms cannot be entirely ruled
out.

To determine the mechanism through which fibroblasts
influence the spontaneous activity of cardiomyocyte
preparations when heterocellular coupling is attenuated,
the excitability parameters (HL-1 cells’ V,, frequency,
and 60) were measured in coculture experiments
with Cx437/~-fibs (Figs5E and 7). MEA recordings
of heterocellular HL-1 cells + Cx437/~-fibs cultures
revealed that the beating frequency was significantly
increased (Fig.7A and B; 2.1+0.1Hz; n=30) in
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Figure 7. Cx43~/~-fibs have an attenuated effect on the
conduction velocity but not on the beating frequency

A, transmission picture of the MEA electrode field and the location of
Cx43~/~-fibs within the HL-1 monolayer (white area). B,
representative FP from an electrode in the HL-1 4 Cx43~/~-fibs
coculture. Cx43~/~-fibs induced modulation of HL-1 monolayer
beating frequency (C), and 6 (D).
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monolayers (4.2 £ 0.9 Hz; n=145). A different pattern
evolved for & (Fig. 7D). Even when Cx43~/~-fibs covered
almost 50% of the MEA area, 6 of the heterocellular
cultures was only slightly attenuated (Fig.7D). HL-1
cells in HL-1 + Cx43~/~-fibs heterocellular cultures had
a V', that was significantly less positive (— 52.6 & 1.6 mV;
n=4) than those recorded in WT-fibs heterocellular
cultures although no significant difference in the WT- and
Cx43~/~-fibs V,, could be detected (WT: 27 + 3.8 mV,
n=>5; Cx43~/7: —22.54+5mV; n=>5). Likewise, the AP
upstroke velocity in Cx43~/~-fibs heterocellular cultures
was comparable to control conditions (1.7 £ 0.21 Vs™1).
The data indicate that the intercellular coupling between
HL-1 cells and Cx43~/~-fibs is significantly attenuated in
comparison to WT-fibs. However, while this attenuation
can almost compensate the fibroblast induced change
in 0, it cannot rescue the fibroblast induced reduction of
the spontaneous activity.
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Figure 8. The fibroblasts’ ability to modulate cardiomyocytes
spontaneous activity depends on the culture conditions

A, schematic representation of 2 coculture conditions tested. In the
mixed culture, fibroblasts (grey) are interspersed between the HL-1
cells whereas in the layered culture they reside on top of the HL-1
monolayer. B, frequency of cardiomyocyte monolayers 0 h, 1.5 h and
5 h after ‘layered’ coculture with WT- (n = 10) or Cx43~/~-fibs

(n = 16) was established. Control cultures consisting of only HL-1
monolayers were recorded at the same time intervals (n = 8).
Conduction velocity of mixed (filled symbols) and layered (open
symbols) HL-1 4+ WTfibs (C) or + Cx43~/~fibs (D) cocultures are
plotted against the fibroblast density on the MEA.
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Fibroblasts as obstacles within the cardiomyocyte
preparation

In our fibroblast and HL-1 cell cocultures, fibroblasts
are interspersed in the monolayer and physically separate
HL-1 cells from one another. To distinguish the influence
that fibroblasts exert by establishing intercellular coupling
with HL-1 cells from that as an unexcitable obstacle,
we plated WT-and Cx437/~-fibs on top of already
established HL-1 monolayers (‘layered’ culture; (Kizana
et al. 2006; Miragoli et al. 2006). Figure 8A shows a sketch
of the cell distribution in ‘mixed’ and ‘layered’ culture
conditions. Frequency and 6 of layered cultures were
recorded before and during the first 5 h after coculture was
established (Fig. 8B). After 1.5h the normalized beating
frequency in the layered-culture preparations was slightly
reduced in comparison to control conditions (WT-fibs:
0.88 £0.04, n=10; Cx43~/~-fibs: 0.89 + 0.04, n=16);
however, whereas in the WT-fibs layered-cultures the
normalized frequency progressively declined over the
next 3.5h (0.61 &0.03; n=10), it remained constant
in the Cx43~/-fibs cocultures (0.93 40.04; n=16).
The effect of the fibroblasts on 6 after 5h in the
layered versus the mixed cultures was attenuated at all
fibroblast densities introduced (Fig. 8C and D). WT-fibs
heterocellular cultures now exhibited a biphasic change
of 8, with an increase or supranormal 6 at low WT-fibs
densities (Miragoli et al. 2006). In Cx43~/~-fibs ‘layered’
cultures, an increase in 6 could be observed compared to
Cx43~/~-fibs mixed cultures. Overall the effect of WT-fibs
on the spontaneous activity and 0 in layered and mixed
cocultures is comparable although it is attenuated in the
former. However, in Cx43~/~-fibs preparations there was a
difference between mixed and layered culture conditions.
Only in the layered HL-1+ Cx43~/~-fibs cultures were
HL-1 cells able to maintain their beating frequency.
The data imply two independent mechanisms by which
fibroblasts modulate the spontaneous activity of cardiac
pacemaker preparations, one regulated by intercellular
coupling and a second brought about by the physical
separation of the cardiomyocytes and independent of the
intercellular coupling established.

Influence of intercellular coupling on frequency
synchronization

It has been proposed that low resistance intercellular
coupling within cardiomyocyte aggregates, or a reduction
in the number of interacting cardiomyocytes can result in
an overall reduction of the beating frequency, as well as
an increase in the coefficient of variation of the interbeat
interval (IBI) (Clay & DeHaan, 1979; Ypey et al
1979; Kojima et al. 2005, 2006). A comparison
of the IBI variability (quantified as the coefficient
of IBL: Cip; = IBlggey/IBlinean) of mixed and layered
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heterocellular cultures of HL-1 cells + WT-fibs
or HL-1 cells + Cx437/~-fibs revealed that Ciy
was significantly increased in mixed heterocellular
cultures (mixed cultures: HL-1 + WT-fibs: 0.056 & 0.017,
n=13; HL-1+4 Cx43~/~-fibs: 0.047 £0.009, n=30;
HL-1: 0.008 & 0.0001, n = 78; Fig. 9B). Figure 9A shows
the IBI of an HL-1 culture and an HL-1 4+ WT-fibs mixed
coculture with 16.3% fibroblast density. The increased
dispersion of the IBI in the mixed culture is perceivable.
The changes in the IBI in this case did not correlate
with noticeable changes in the origin of excitation.
In layered cultures, although the same proportion of
fibroblasts were cocultured, the Cig; did not significantly
vary from that of homocellular HL-1 monolayers (layered
cultures: WT-fibs: 0.006 & 0.002, # = 10; Cx43~/~-fibs:
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Figure 9. Fibroblast interspersion increases the Cg, in
cardiomyocyte monolayers

A, presentation of the IBI as a function of time for HL-1 monolayer
(black) and HL-1 + WT-fibs ‘mixed’ cocultures illustrates the increased
dispersion of the IBI in the latter culture. B, the Cjg; of ‘mixed’

HL-1 4+ WT- (white) or Cx43~/~-fibs (grey) cocultures is significantly
increased in comparison to control HL-1 monolayers (black), whereas
‘layered’ cocultures of WT- (white) or Cx43~/~-fibs (grey) were
comparable to control preparations. No significant difference in the
Cig between WT-and Cx43~/~-fibs cocultures was determined in
either culture condition.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

Non-excitable cells and cardiac pacemaker function 573

0.005 4 0.0003, n = 16; Fig. 9B), which is consistent with
the lack of Cx43~/~-fibs influence on the spontaneous
activity in these cultures.

To determine if the hypothesis that fibroblasts modulate
spontaneous activity by separating cardiomyocytes holds
true for 3D-cardiomyocyte preparations, we conducted
experiments with neo-ESdCs (see Fig. 2). As described,
removal of non-cardiomyocytes resulted in a significant
increase in the neo-ESdCs beating frequency, which
could be restored to control conditions by plating the
neo-ESdCs onto WT-fibs monolayers (Fig. 10B; ESdC:
1.3+ 0.1 Hz, n = 8;neo-ESdC + WT-fibs: 1.39 4 0.15 Hz,
n=14). That this reversal depended on the formation
of heterocellular coupling between cardiomyocytes and
fibroblasts is supported by the inability of Cx43~/~-fibs

13

Ig\\\\\\\\\

O

‘mixed

Figure 10. Lack of Cx43 in fibroblast monolayers prevents
beating frequency recovery of neo-ESdCs

A, schematic drawing of cell distribution of ESdCs, neoESdCs and
neoESdCs + WT-fibs on the MEAs. B, the beating frequency of ESdCs
(black), neo-ESdCs (white), and neo-ESdACs in coculture with either
WT- (grey) or Cx43~/~-fibs (striped) shows that nonmyocytes
attenuate ESACs spontaneous activity depending on the intercellular
coupling established in the layered cocultures. C, the Cig variability in
the same cultures decreased significantly with the removal of
non-myocytes and did not recover when neo-ESdCs and fibroblast
monolayer are layered independent of their intercellular coupling.
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monolayers to restore the beating frequency of neo-ESdCs
(Fig. 10B; neo-ESAC + Cx437/~-fibs: 2.2140.41 Hz;
n=10; neoESdCs: 2.49 £ 0.36 Hz, n=13). Analysis of
the Cip; in the respective cultures revealed (Fig. 10C) a
significant decrease in Ciz; when non-excitable cells were
removed from the ESdC aggregate by neomycin treatment
(ESdC: 0.24 £0.04; n=28; neo-ESdC: 0.074£0.01;
n=13). This mechanism is comparable to the removal
of interspersed or ‘mixed’ fibroblasts from a cardio-
myocyte monolayer. The decrease in Ciz; was not reversed
by layering the neo-ESdC on WT- or Cx43~/~-fibs
(neoESAC + WT-fibs: 0.12+0.01; n=38; neo-ESdC
+ Cx437/~-fibs: 0.1240.01; n=10) a mechanism
comparable to establishing a layered culture (Fig. 8).
The results are therefore in agreement with the data
obtained from the cardiomyocyte monolayers and support
the hypothesis that fibroblasts modulate the spontaneous
activity of cardiac preparations not only by depolarizing
the cells or acting as a current sink but also by separating
spontaneously active cells and reducing their frequency
entrainment.

Discussion

In this study we present experimental evidence that
fibroblasts induce a decrease in the beating frequency
and an increase of the interbeat-interval variability in
cardiac pacemaker preparations. The fibroblasts act
via two additive mechanisms, (i) depolarization of the
cardiomyocytes and (ii) the physical separation of
neighbouring cardiomyocytes. While intercellular
coupling is a prerequisite for the depolarizing effect of
the fibroblast and their function as a current sink, an
increase in the heterocellular coupling resistance did
not prevent the reduced frequency entrainment brought
about by the physical separation of the cardiomyocytes.
Our data held true for 3D-pacemaker preparations,
and therefore present a potential mechanism by which
increased fibroblast content can lead to ageing-dependent
sinus node diseases.

Monolayers as models for spontaneous activity

HL-1 cells express cardiac specific proteins (Claycomb
et al. 1998) and voltage-dependent ion channels that are
comparable to those of atrial muscle cells (Claycomb
et al. 1998; Sartiani et al. 2002; Xia et al. 2004). The
hyperpolarization activated unselective cation channel
Iy was described to contribute to their spontaneous
activity (Sartiani et al. 2002). As supported by our
immunostainings, intercellular coupling in HL-1 cells is
established by the cardiac specific gap junction proteins
Cx40, Cx43 and Cx45 (White et al. 2004). There
is no doubt that a spontaneously active monolayer is
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a simplification of physiological pacemakers like the
sino-atrial node; nevertheless monolayers have been used
previously as pacemaker models and were shown to follow
the power-law behaviour of heart rate variability. This
indicates that they reproduce distinct variables of the
cardiac pacemaker (Kucera et al. 2000; Ponard et al. 2007).

As demonstrated in vitro and in numerical models,
cardiomyocyte monolayers develop transiently active
spiral waves (Bub er al 1998; Panfilov, 2002; ten
Tusscher & Panfilov, 2003). Their appearance increases in
monolayers of decreased density and decreased inter-
cellular coupling (Panfilov, 2002; Bub et al. 2005). In
silico experiments suggest that non-excitable cells in these
cultures stabilize the spirals and decrease their conduction
velocity (ten Tusscher & Panfilov, 2003). In our mono-
layer cultures the origin of excitation is not identified,
and a reduction in the conduction velocity would result
in a decreased rotational speed and apparent ‘beating
frequency’. To exclude the development of spiral waves,
we plated the HL-1 cells at a constant high density and
performed control experiments on MEAs with increased
interelectrode distances (500 wm; 3.5 mm). None of the
results indicated that the spontaneous activity of the HL-1
monolayers was based on self sustained spiral waves.
Furthermore, the stable beating frequency is similar to
monolayers of neonatal rat ventricular myocytes with
focal spontaneous activity (Panfilov, 2002; Bub et al. 2005;
Ponard et al. 2007).

Depolarizing influence of fibroblasts
on cardiomyocytes

Similar to Kamkin and colleagues, the increase in fibroblast
density correlated with the attenuation of spontaneous
activity (Orita et al. 1993; Kamkin et al 2003). The
observed decrease in the conduction velocity was also
comparable to the changes previously described for
these conditions (Panfilov, 2002; Miragoli et al. 2006).
Fibroblasts can exert their influence on cardiomyocytes
by establishing intercellular coupling via gap junction
channels or by acting as unexcitable obstacles within the
preparation. In our preparation, as in fibroblast-neonatal
cardiomyocyte pairs (Rook et al. 1989), Cx43 is the
dominating connexin isoform. But the presence of
additional connexin isoforms, e.g. Cx45, cannot be ruled
out (Martyn ef al. 1997; Miragoli et al. 2006). However,
the attenuated effect of Cx43~/~-fibs on the V,, and 8 of
HL-1 cells (Figs 5E and 7D) indicates that heterocellular
coupling is one prerequisite for the fibroblasts’ modulatory
influence (Kizana et al. 2006).

By establishing heterocellular coupling, fibroblasts
could enhance cardiomyocyte diastolic depolarization by
mechanically induced activation of cation channels (Kohl
et al. 1994; Kohl & Noble, 1996; Camelliti et al. 2005).
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An increased sensitivity of these channels in the infarcted
myocardium was correlated with bradyarrhythmia
(Kamkin et al. 2002; Kamkin et al. 2003). Our data
do not support the presence of stretch induced cation
conductance in our model (Fig. 5A and B). But theamount
of stretch experienced by fibroblasts is likely to be less in
monolayer cultures than in the whole heart as can also be
seen in the line scan (Fig. 5B) by the lack of distortion at
the HL-1/fibroblast site of interaction during contraction.

A decrease in spontaneous activity and conduction
velocity can further be explained by the depolarizing
effect that the fibroblasts exert on the cardiomyocytes
(Fig.5D and E). Miragoli et al. (2006) demonstrated
that the membrane potential of neonatal rat cardio-
myocytes correlates negatively with an increased density
of cocultured myofibroblasts. The depolarization of the
HL-1 cells’ V,, during coculture with WT-fibs (Fig. 5D and
E) supports the hypothesis that depolarization activated
Na' current contributes to the cells’ spontaneous activity
similar to subsidiary pacemaker cells of the cat atrium
(Rubenstein & Lipsius, 1989). Inactivation or block of
Ina consequently prolongs the diastolic depolarization
and reduces the spontaneous activity as described for
sinus node function in transgenic mice deficient for the
expression of SCN5A (Lei ef al. 2005).

Reducing intercellular coupling by the use of
Cx437/~-fibs consequently almost abolished the
fibroblasts’ effect on V', and 6. However, their negative
chronotropic effect on the HL-1 spontaneous activity is
maintained, supporting the hypothesis that the fibroblasts
influence is not exclusively mediated by intercellular
coupling.

It is well accepted that dissociated cardiomyocytes
re-establish intercellular coupling in vitro in cell pairs,
monolayers, and 3D aggregates. The intercellular coupling
goes along with a synchronization of the cells’ spontaneous
activity where the mutual entrainment of the cells
determines the overall beating frequency (DeHaan &
Hirakow, 1972; Ypey et al. 1979; Jongsma et al. 1983).
In parallel to the development of intercellular coupling,
changes in the Cjp; are described. The Cyp; is increased
in single cells in comparison to larger cell aggregates,
correlates with the intercellular resistance established
between the interacting cells, and decreases with increasing
numbers of interacting cells (Clay & DeHaan, 1979;
Ypey et al. 1979; Kojima et al. 2005, 2006). Our
experimental results revealed an increase in Cip for
cultures where fibroblasts are interspersed between the
cardiomyocytes independent of the expression of Cx43
(Fig.9B). The increase in Cp could indicate that
interspersing fibroblasts reduce the mutual entrainment of
the cardiomyocytes most likely by decreasing the number
of cell—cell interactions within a given area. Interestingly
even fibroblasts that express Cx43 cannot maintain
the mutual entrainment seen in homocellular cardio-
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myocyte cultures. The situation seems comparable to the
preparation of sinus nodal strips, where two spontaneously
active areas of the strip are separated by a sucrose gap and
phase shifts are induced through electrotonic coupling
(Jalife, 1984). Similarly, cardiomyocyte cell pairs and
aggregates that start to develop intercellular coupling
pass through a phase of increased Cig. At this point,
the coupling resistance between the prior independent
preparations is still high and frequency entrainment is
not yet established between them (Clay & DeHaan, 1979;
Ypey et al. 1979; Verheijck et al. 1998). Translated to
our culture it could mean that cardiomyocytes separated
by a fibroblast fail to establish mutual entrainment and
phase shifts increase the Cpp. Since AP propagation
over fibroblast barriers has been demonstrated, it can be
hypothesized that the fibroblasts act as a high pass filter
that transmits the rapid upstroke of the AP but not the
slow diastolic depolarization during the excitation cycle.

Relevance of fibroblasts for sinus nodal function

In our cocultures the percentage of fibroblasts ranged
between 0 and 50%. Since fibroblasts comprise 45-75%
of the SAN total volume, the amount of fibroblast
integrated in the heterocellular cultures seems comparable
to physiological conditions. Although we do not know
the exact composition and fibroblast content of the ESAC
aggregates, their 48% reduction in beating frequency
after neomycin treatment would correlate with 10-20%
fibroblast content if compared to monolayer culture.
However, the effect of the fibroblasts might be attenuated
in a 3D environment where cells establish contact with a
larger number of cells than in the monolayer. In the SAN,
intercellular coupling between fibroblasts and cardio-
myocytes is established by Cx45 (Camelliti et al. 2004).
The intercellular resistance in these heterocellular pairs
is not known, but expected to be low due to the small
single-channel conductance of Cx45. As a result, our
experiments with the high resistance Cx43~/~-fibs might
more truly represent the physiological conditions. In that
case, the interspersion would be the main mechanism
by which fibroblasts influence the beating frequency and
the Cig. In contrast to our preparations, a fibroblast
induced depolarization of human SAN cells would mainly
be expected to modify the early diastolic depolarization
through Ic,t and If rather than Iy,, which is not
described to play a role in these human SAN cells. In
our experiments we have not specifically addressed the
fibroblasts’ role as a current sink in cardiac pacemaker
preparations; however, this mechanism and the fibroblast
induced depolarization depend on the establishment of
intercellular coupling. Therefore, the use of Cx43~/~-fibs
would affect it in a similar way as the HL-1 cells’
Vm (Fig.5D and E). In humans, a decrease in heart
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rate variability correlates with an increased incidence of
ventricular fibrillation or sudden cardiac death as well as
increased age (Kucera et al. 2000; Ponard et al. 2007).
This according to our results would not correlate with
the ageing related increase in fibroblast content of the
SAN. However, additional ageing-dependent changes in
cardiomyocyte number, intercellular coupling, and SAN
innervations might further influence this parameter.

Conclusion

Our data show that fibroblasts induce a concentration-
dependent reduction in the beating frequency of
pacemaker-like cardiomyocyte aggregates. This in part
can be explained by the cardiomyocytes’ depolarization
and change in excitability after establishing gap
junctional coupling with the fibroblasts. However, another
component of fibroblast infiltration is the increase in the
coefficient of interbeat interval variability, which cannot
be compensated by the intercellular coupling between
fibroblasts and cardiomyocytes tested. We propose,
therefore, that the change in beating frequency is mainly
induced by a reduction of frequency entrainment between
individual myocytes. Future experiments are needed
to determine if changes of IBI variability and beating
frequency correlate with fibroblast infiltration in vivo or
if heart rate variability under physiological conditions
depends on the presence of non-excitable cells.
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