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Abstract
The aim of this study was to determine if embryonic stem cell-derived cardiomyocyte aggregates
(ESdCs) can act as pacemakers in spontaneously active cardiomyocyte preparations when their
connexin isoform expression is tuned toward a more sinus nodal phenotype. Using microelectrode
array recordings (MEAs), we demonstrate that mouse ESdCs establish electrical coupling with
spontaneously active cardiomyocyte preparations (HL-1 monolayer) and obtain pacemaker
dominance. WT- and Cx43(−/−)-ESdCs comparably established intercellular coupling with cardiac
host tissue (Cx43(−/−): 86 % vs. WT: 91 %). Although both aggregates had a 100 % success rate in
pacing quiescent cardiac preparations, Cx43(−/−)-ESdCs had an increased likelihood of gaining
pacemaker dominance (Cx43(−/−): 40 % vs. WT: 13 %) in spontaneously active preparations. No
differences in size, beating frequency, Vm, or differentiation were detected between WT- and Cx43
(−/−)-ESdCs but the intercellular coupling resistance in Cx43(−/−)-ESdCs was significantly
increased (Cx43(−/−): 1.2 nS vs. WT: 14.8 nS). Lack of Cx43 prolonged the time until Cx43(−/−)-
ESdCs established frequency synchronization with the host tissue. It further hampered the excitation
spread from the cardiomyocyte preparation into the ESdC. However rectifying excitation spread in
these co-cultures could not be unequivocally identified. In summary, ESdCs can function as dominant
biological pacemakers and Cx43 expression is not a prerequisite for their electrical integration.
Maintenance of pacemaker dominance depends critically on the pacemaker’s gap junction expression
benefiting those with increased intercellular coupling resistances. Our results provide important
insight into the design of biological pacemakers that will benefit the use of cardiomyocytes for cell
replacement therapy.

Introduction
The use of artificial pacemakers in the treatment of sinoatrial node (SAN) dysfunction and
conduction abnormalities is well established; however, their limited neurohumoral
responsiveness and surgically invasive repair argues for the development of maintenance-free
biological pacemakers. Different approaches have been pursued to develop biological
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pacemakers using cell replacement therapy including the transplantation of isolated
spontaneously active fetal cardiomyocytes [1] or embryonic stem cell derived cardiomyocyte
(ESdC) aggregates [2,3]. Though these approaches yield promising results, they only focus on
inducing spontaneous activity which is necessary but not sufficient for a functional biological
pacemaker. Spontaneous activity in pacemaker cells also depends on their intercellular
coupling with host myocardium. The intercellular coupling established in the SAN and in the
transition from SAN to atrial cardiomyocytes plays a crucial role in the stability and dominance
of this physiological pacemaker [4–6]. The major gap junction isoforms expressed in the
murine SAN cardiomyocytes are Cx45 [7] and Cx30.2 [8]. These connexin isoforms establish
low conductance gap junction channels which result in a high intercellular resistance between
SAN cardiomyocytes and between SAN and atrial or translational cardiomyocytes [6]. This
working hypothesis is supported by a “pacemaker model” that demonstrates increased
intercellular resistance protects the SAN cells from hyperpolarization [9] or slowing and
eventually quiescence of the pacemaker rhythm [10,11]. In addition to the intercellular
resistance, the voltage dependent gating of gap junction channels is believed to play a role in
pacemaker function. The heterogeneous expression of connexin isoforms in the SAN and the
atrial muscle cells favors the formation of heterotypic gap junction channels at the site of
heterocellular interaction [5]. Possible gap junction channels in this area would be heterotypic
combinations of Cx45/Cx40, Cx45/Cx43 [12] as well as Cx30.2/Cx40 and Cx30.2/Cx43 [8].
All potential heterotypic combinations establish intercellular junctions that exhibit rectifying
voltage dependent gating properties as demonstrated in unexcitable heterologous expression
systems [8,12]. It is hypothesized that these rectifying junctions would favor AP propagation
from the SAN to the atrial muscle which may prevent the suppression of SAN excitation by
ectopic arrhythmic stimuli.

Embryonic stem cells (ESC) are widely discussed as a potential source for cardiac replacement
tissue. The cells differentiate in vitro into multicellular cardiomyocyte aggregates (ESdCs) that
exhibit spontaneous electrical activity [13,14]. ESdCs recapitulate the early embryonic
development of the cardiac tissue also in regards to the expression of gap junction isoforms
Cx40, Cx43 and Cx45 [14,15]. Aggregates of human ESdCs have been shown to act as
biological pacemakers by entraining host cardiomyocyte preparations in vitro and in vivo after
transplantation [2,3]. In these studies, the spontaneous activity of the host tissues was
eliminated by ablation of the SAN or atrio-ventricular node (AVN) respectively, which allowed
the ESdCs to obtain pacemaker dominance.

In this study, we determined that ESdC aggregates can obtain pacemaker dominance in the
presence of ectopic spontaneous activity and that the modulation of ESdC gap junction isoform
expression towards a more SAN phenotype, namely the lack of Cx43 expression, significantly
increased pacemaker dominance of the ESdCs in spontaneously active preparations.

Materials and Methods
Cell culture of HL-1 cells and mouse ESCs

HL-1 cells, a cardiac muscle cell line derived from the mouse atrial cardiomyocyte tumor
lineage AT-1 were cultured as previously described [16,17] in Claycomb media (JRH
Bioscience) supplemented with fetal bovine serum (FBS) (10 %), L-glutamine (2 mM), and
norepinephrine (0.1 mM). To obtain monolayers of spontaneously active cells, HL-1 cells were
plated at 4 × 105 cells/ml on microelectrode arrays (MEA). The cells reached confluence and
exhibited synchronized spontaneous activity after 1 day in culture [18]. HL-1 cells displayed
an atrial like phenotype in terms of their action potential and exhibited homogeneous excitation
spread when they established monolayers on MEAs (see Fig. S1A) [16,17]. To attain quiescent
HL-1 monolayers, FBS in the media was reduced to 2 % and norepinephrine was withdrawn
from the HL-1 culture media while the HL-1 cells were maintained [19]
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ESCs of the cell line (D3), and Cx43(−/−) [13,18,20,21] were propagated in culture and
differentiated as embryoid bodies (EBs) [13,22]. In plated EBs, spontaneously beating
aggregates of cardiomyocytes were observed after 8 days of culture. The beating frequency
increased with time in culture and stabilized in both cell lines (see Fig. S3A,B) after ~14 days
[13]. At this time, ESdCs were microdissected from EBs and transferred onto monolayers of
HL-1 cells growing on MEAs. During all MEA measurements cells were maintained in HEPES
buffered Claycomb media.

MEA recordings and analysis
We used substrate integrated, planar MEAs (Multi Channel Systems, Reutlingen, Germany)
for recordings of field potentials (FPs) originating from the spontaneous electrical activity of
HL-1 cells and ESdCs [13,22,23]. MEAs consisted of 60 Titanium Nitride coated gold
electrodes (Ø = 30 μm; inter-electrode distance 200 μm in a square grid) with an integrated
ground electrode. The MEA was connected to an amplifier and data acquisition system, which
included a heating device to maintain a constant temperature of 37°C (Multi Channel System,
Reutlingen, Germany). The data were analyzed off-line with a customized toolbox
programmed for MATLAB (The Mathworks, Natick, MA, USA) [23,24].

Western blot
Western blotting was performed to assess the protein expression using specific antibodies to
Cx40 (Santa Cruz), Cx43 (Chemicon), Cx45 (Zymed) as previously described [25]. In brief,
differentiated and microdissected WT- and Cx43(−/−)-ESdC aggregates were homogenized in
RIPA buffer containing a protease inhibitor cocktail (Sigma). Protein content was quantified
using a DC protein assay kit (Bio-Rad). Cell lysates (containing of 40 μg protein) were
separated by a 10 % SDS-PAGE gel and transferred onto a nitrocellulose membrane. Then the
transferred membrane was incubated with a primary antibody overnight at 4°C, followed by
2-hour incubation with a peroxidase-conjugated secondary antibody. Immunoreactivity was
detected by chemiluminescence (ECL Western Blotting Analysis System, Amersham). Equal
protein loading of the gels was assessed by re-probing the membrane with monoclonal anti-
GAPDH antibody (Chemicon). Immunostainings were performed as previously described
[18]. The Cx30.2 antibody was provided by Dr. N. Kumar (UIC, Chicago, IL; [26]). ESdCs
were double stained with α-actinin to confirm their cardiac phenotype.

Results
ESdCs establish electrical coupling with the host preparation

The success rate of ESdCs in obtaining pacemaker dominance was almost 100 % in vitro in
quiescent cardiomyocyte preparations of neonatal rat cardiomyocytes and in vivo in SAN or
AVN ablated pigs and dogs, respectively [2,3]. To address the question of whether ESdCs are
able to obtain pacemaker dominance during spontaneous activity in a cardiac host tissue, we
transplanted ESdCs onto cardiomyocyte monolayers of HL-1 cells. ESCs differentiate in
culture into spontaneously beating aggregates of cardiomyocytes. Comparable to our previous
studies [13,27], WT-ESdCs established a stable beating frequency of 1.3 ± 0.1 Hz (n = 8
cultures) after 7 days on the MEA (14 days old). Micro-dissected ESdCs (14–18 days old)
plated on MEAs retained the frequency observed in the EB preparation (1.1 ± 0.4 Hz; n = 5)
and were used for the ESdC/HL-1 co-cultures. Under optical control, we positioned isolated
ESdC aggregates in the center of the MEA electrode field onto HL-1 monolayers and monitored
online the spontaneous activity of both preparations while heterocellular coupling was
established. Figure 1A shows a representative field potential recording from a single MEA
electrode. This electrode was located underneath the ESdC and records the spontaneous activity
of the HL-1 cells and the ESdC. The spontaneous activity of the HL-1 cell monolayer is
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represented in the large negative spikes (3.1 ± 0.05 Hz) whereas the ESdC spontaneous activity
is represented in the smaller, less frequent negative spikes (1.4 ± 0.1 Hz) marked by the arrows.

In the first phase of co-culture, the inter-spike interval (ISI) of all recorded spikes is non-
stationary (Fig. 1B (i)). Separate analysis of the 2 different spike waveforms reveals two
constant ISIs whose values are comparable to the characteristic frequencies of individual HL-1
and ESdC preparations respectively (Fig. 2C). The time delay between these two different
waveforms in a single excitation cycle varies continuously supporting the electrical
independence of the two preparations (Fig. 2A (i), B). As co-culture progressed (Fig. 1AB (ii);
28 min), the plot of the ISIs against time becomes more ordered and the delay between HL-1
and ESdC spikes stabilizes transiently (Fig. 2AD). In the case shown, the ESdC’s ISI (Fig. 2E)
becomes an integral value of the HL-1’s ISI suggesting that heterocellular coupling has been
established and action potential (AP) propagation between the two preparations happens in 1
out of 2 cases (1:2 ratio). A hallmark feature of this phase (‘transient synchronization’) is that
although the ESdC and HL-1 cells are functionally coupled, they still maintain their
endogenous frequencies.

As co-culture continues, frequency synchronization progresses and a persistent 1:2 ratio of
coupling is observed (Fig. 1A (iii)). This transitions (after 35 min) into a 1:1 AP synchronization
(Fig. 1A (iv)) between HL-1 cells and ESdC. At this point, the delay of excitation between the
two preparations remains constant (Fig. 2A; 30.3 min). Overall the data demonstrate that WT-
ESdCs establish heterocellular coupling with HL-1 cells within 30 min of co-culture; however,
during this time various degrees of frequency synchronization can be detected.

WT-ESdCs are not efficient in entraining spontaneously active preparations
To determine the likelihood of the ESdCs to gain pacemaker dominance, we examined the
spontaneous activity, origin of excitation and conduction velocity in 31 co-cultures 15 hours
after transplantation. A transmitted light image documented the position of the ESdCs on the
MEA electrode field (Fig. 3Aa, Ba). In 91 % of the co-cultures, ESdCs had established
synchronized electrical activity with the HL-1 monolayer (n = 31; Fig. 4A). The coupling was
characterized by i. simultaneous contractions of the HL-1 cells and the ESdCs, and ii.
synchronized FP activity in the HL-1 monolayer (Fig. 3Ac, Bc; location 2) and in the location
of the ESdCs (location 1). As previously described, the FP underneath the ESdCs was
characterized by two negative peaks that derived from the sequential activation of the HL-1
monolayer and the ESdCs on the same MEA electrode (Fig. 3Ad).

In our in vitro pacemaker model, the spontaneously active ESdCs compete with the
spontaneously active HL-1 monolayer for pacemaker dominance. Under these circumstances,
only 13 % of the WT-ESdCs in electrically coupled WT-ESdC/HL-1 cultures obtained
pacemaker dominance (Fig. 4B). In the remaining 86 %, HL-1 cells resumed dominant
pacemaker activity and the WT-ESdCs followed. The ESdCs were considered the origin of
excitation i. when the MEA electrode underneath the ESdCs was the earliest site of excitation
(Fig. 3Ba, Bb) and ii. when the beating frequency recorded reflected the endogenous frequency
of the ESdCs. The frequency of HL-1 cells and ESdCs respectively remained uninfluenced by
the co-culture (Fig. S2A). Representative examples are presented in Fig. 3AB. Control
experiments revealed a 100 % success rate of the ESdC to obtain pacemaker dominance when
they were plated on quiescent HL-1 monolayers (Fig. 4B). Our data demonstrate that WT-
ESdCs can establish intercellular coupling with cardiac host tissue however, their effectiveness
in obtaining pacemaker dominance is limited in spontaneously active preparations.
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Cx43(−/−)-ESdCs are the better pacemakers
The intercellular conductance between SAN cardiomyocytes is low in comparison to atrial or
ventricular cardiomyocytes [7,8] and Cx43 expression is absent. We determined by
immunoblotting and immunostaining the presence of cardiac connexins in ESdCs and HL-1
cells. ESdCs as well as HL-1 cells tested positive for the expression of Cx40, Cx43 and Cx45
(Fig. 5) [14,21,28]. Expression of Cx30.2 a connexin described in the mouse SAN and
conduction system [8,26] was not detected in WT- or Cx43(−/−)-ESdCs by immunostaining
(data not shown [26]). To test the hypothesis that a more SAN-like expression pattern of
connexin isoforms increases the success of biological pacemakers to assume and maintain
pacemaker dominance, we used ESdCs derived from ESCs deficient in the expression of Cx43
[13,29]. Cx43(−/−)-ESdCs do not seem to have a compensatory upregulation of Cx45 or Cx40
respectively (Fig. 5).

Cx43(−/−)-ESdCs were transplanted onto spontaneously active HL-1 monolayers and the
change in the spontaneous activity of the two preparations was monitored after 15 hrs of co-
culture. Analysis of the electrical activity on MEAs revealed that 86 % of Cx43(−/−)-ESdCs
(n = 30; Fig. 4A) established heterocellular coupling to HL-1 monolayers and obtained
pacemaker dominance in 40 % of the hetero-cellular cultures (Fig. 4B). Also Cx43(−/−)-ESdCs
achieved pacemaker dominance at 100 % when transplanted onto quiescent HL-1 cultures.

To compare how the lack of Cx43 effects the heterocellular coupling between WT- or Cx43
(−/−)-ESdCs and HL-1 monolayers, we categorized the time from the onset of co-culture until
a 1:1 coupling ratio into 3 phases. The ‘unsynchronized’ phase starts at the onset of co-culture
and lasts as long as the beating frequencies of the ESdCs and HL-1 cells remain independent
of each other. The following phase of ‘transient synchronization’ describes the period where
both preparations maintain their individual beating frequencies but periods of synchronization
can be observed. During the ‘partial conduction block’, one of the preparations has lost its
endogenous beating rhythm but no 1:1 coupling ratio is yet achieved. In co-cultures with Cx43
(−/−)-ESdCs, the entire time course of heterocellular coupling was significantly prolonged
(unsynchronized: 4.73 ± 1.39 hr; ‘transient coupling’: 0.57 ± 0.18 hr; ‘partial conduction
block’: 5.4 ± 0.9 hr; Fig. 4C). The data indicate that the reduced intercellular coupling within
the Cx43(−/−)-ESdCs prolongs their time to establish intercellular coupling with the HL-1
monolayer.

Differences between WT- and Cx43(−/−)-ESdCs
It was demonstrated that aggregate size plays a significant role in its ability to pace an adult
cardiomyocyte [30], therefore we determined the size of the ESdCs transplanted. Three
dimensional ESdC aggregates grow out and flatten after attaching to the HL-1 monolayer.
Assuming that differences in the aggregates diameters would manifest itself in an increased
area of contact with the HL-1 monolayer after attaching, we determined the diameter of the
attached ESdCs. WT-ESdCs diameter ranged from 242 to 409 μm2 and Cx43(−/−)-ESdCs
diameter ranged from 253 to 396 μm2. No significant difference was determined in aggregate
size nor was there a correlation between the success of becoming a dominant pacemaker and
the size of the ESdC aggregate transplanted (Fig. S2).

ESdCs undergo in vitro differentiation and therefore the expression of ion and gap junction
channels changes with time in culture [13,28]. Neither the time course of differentiation
determined by the change in ISI (Fig. S3) nor the spontaneous beating frequency at day 14–
18 of differentiation (WT-ESdCs: 1.25 ± 0.2 Hz; n = 4; Cx43(−/−)-ESdC: 1.1 ± 0.3 Hz; n =
11), or the resting membrane potential of WT- and Cx43(−/−)-ESdCs exhibited significant
differences (WT: −64 ± 1.6 mV; n=4; Cx43(−/−): −62.0 ± 1.5 mV; n=5) [13]. These data
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suggest that the increased success of Cx43(−/−)-ESdCs is not due to differences in its aggregate
size or their electrophysiological properties.

To determine how the lack of Cx43 changes the intercellular resistance between ESdCs we
performed double whole cell voltage clamp (DWVC) experiments on ESdC cell pairs [31],
and measured the conduction velocity (θ) in ESdCs. The intercellular conductance was
significantly decreased in Cx43(−/−)-ESdCs (WT-ESdCs: 14.8 nS, n = 4; vs. Cx43(−/−)-
ESdCs: 1.2 nS; n = 3; Fig. S3) and coincided with a significantly decreased θ of Cx43(−/−)-
ESdCs (1.25 ± 0.4 cm/s; n = 5 cultures) in comparison to WT-ESdC (2.2 ± 0.2 cm/s; n = 6
cultures) [13].

Also the interaction between Cx43(−/−)-ESdCs and HL-1 monolayers was affected by the lack
of Cx43 expression. Both the WT- and Cx43(−/−)- ESdCs affected the excitation spread within
the HL-1 monolayer by acting as a current sink. In HL-1 monolayers a stable and reproducible
θ of 2.1 ± 0.4 cm/s (n = 70 cultures) was observed. This θ was unchanged (2.2 ± 0.4 cm/s; n =
54) in co-cultures, in areas distant from the ESdCs. However, thetas; in the HL-1 monolayer
decreased significantly when the excitation wavefront approached the area underneath the
ESdCs (Fig. 6AB). In HL-1 and WT-ESdC co-cultures, a 50 % decrease of the normalized θ
could be detected (Fig. 6CD). In HL-1 and Cx43(−/−)-ESdC co-cultures however, the reduction
of θ amounted to only 25 % (1.7 ± 0.3 cm/s, n = 10; Fig. 6D). The reduced intercellular
conductance between Cx43(−/−)-ESdCs supports the hypothesis that it presents less of a
current sink to the HL-1 monolayer.

Biased action potential propagation from the ESdCs into the HL-1 cells
It is a matter of controversy whether the spatially defined expression of Cx45 and Cx30.2 in
the SAN and Cx40 and Cx43 in the atrial cardiomyocytes could favor the pacemaker dominance
of the SAN by the formation of rectifying, heterotypic gap junction channels. To determine if
the lack of Cx43 biases AP propagation between the HL-1 monolayer and the ESdCs in either
direction, we analyzed the degree of frequency synchronization in co-cultures where either
WT- or Cx43(−/−)-ESdCs were pacemakers or the HL-1 monolayers were pacemakers. The
analysis was in all cases performed 15 hrs after co-culture was established. In preparations
where WT- or Cx43(−/−)-ESdCs were pacemakers, every AP propagated from the ESdCs into
the HL-1 monolayer (ratio of 1:1). However, in preparations where the HL-1 monolayers were
the pacemakers, a 1:1 ratio of AP propagation from the HL-1 monolayer into the ESdCs
occurred in only 21 of 31 co-cultures with WT-ESdCs and 14 of 28 co-cultures with Cx43(−/
−)-ESdCs (Fig. 7C). The degree of conduction block varied. Figure 7 shows examples of a 1:2
(A) and 1:3 (B) ratio of AP synchronization. FPs recorded from electrodes underneath the HL-1
cells (2) (Aa, Ba) appear at the characteristic HL-1 frequency, FPs from the electrode
underneath the ESdCs (1) (Ab, Bb) exhibit a double peak representing the sequential excitation
of HL-1 cells and ESdCs. The larger HL-1 signals on location (1) and (2) are synchronized
whereas the smaller ESdC signal (arrow) appears only at a 1:2 (Ab) or 1:3 ratio (Bb) upon
HL-1 cell excitation. The data indicate that excitation spread is hindered from the HL-1 cells
into ESdCs with a more pronounced block in the Cx43(−/−)-ESdCs.

Discussion
Our experiments demonstrate that ESdCs can function as biological pacemakers in
spontaneously active cardiomyocyte preparations and that the expression of the major cardiac
gap junction isoform, Cx43, is not necessary to establish intercellular coupling with the host
cardiac tissue. On the contrary, we demonstrate that ESdCs deficient for the expression of Cx43
obtained pacemaker dominance at a three fold higher rate. Our data support the notion that this
improvement is based on the increased intercellular resistance within this biological
pacemaker. This change in intercellular coupling is of critical importance i. during the phase
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of pacemaker capture where the Cx43(−/−)-ESdC can maintain its independent beating
frequency while intercellular coupling is already established and ii. in coupled preparations
where arrhythmic HL-1 excitations are less likely to propagate into the Cx43(−/−)-ESdCs.

Underdrive
ESdCs can obtain pacemaker dominance in the heart after endogenous pacemakers are ablated
[2,3] and in vitro we showed that ESdCs can even gain pacemaker dominance when the host
preparation is spontaneously active. When two spontaneously active cells with different
endogenous beating frequencies establish intercellular coupling their shared spontaneous
activity becomes more comparable to the faster beating cell [32,33] since the shorter cycle
length of the faster cell allows it to induce an escape beat and gain pacemaker dominance
[34]. Consequently it is not surprising that in our model 87 % of the co-cultures adopted the
faster beating frequency of the HL-1 monolayers (Fig. 5A). However, in contrast to previous
studies, the WT-ESdCs gained pacemaker dominance in 13 % of the preparation in spite of its
4 times slower endogenous frequency. In addition to underdrive, ESdCs may have attained
pacemaker dominance simply due to loss of spontaneous activity in the HL-1 monolayers.
However, in this case the likelihood for WT- and Cx43(−/−)-ESdCs would be the same as
demonstrated in ours (Fig. 4B) and previously published experiments [2,3]. It further has to
be considered that the ESdCs did not become the pacemakers, but rather heterocellular
interactions promoted the origin of excitation to move underneath the ESdCs while still
originating from the HL-1 monolayer. This could be induced e.g. by mechanical stimulation
of the HL-1 monolayer through the ESdCs contractions. However, also in this case, no
difference in the success rate should appear between WT- and Cx43(−/−)-ESdCs given that
they beat at comparable beating frequencies. In addition the uncoupling of the electrical
excitation from the contraction by butanedione monoxime treatment [2,3], also the block of
stretch activated ion channels by streptomycin (data not shown) remained without effect on
the pacemaker dominance of the ESdCs. Further mechanisms by which the ESdCs could
change the HL-1 cells excitability are the heterocellular, electrotonic interaction, or the
heterocellular exchange of second messenger molecules (e.g. calcium, cAMP or InsP3). These
mechanisms would strongly depend on the intercellular resistance established within the ESdCs
and between the HL-1 monolayers and the ESdCs. Consequently an increased likelihood of
success would be expected for the WT-ESdC.

In other preparations the electrotonic interaction between two cells with different resting
membrane potentials was shown to have a significant effect on the frequency of
synchronization. Nevertheless in our in vitro model it seems to be of reduced relevance since
the spontaneous activity of neither preparation is modulated by the co-culture conditions.

When a pacemaker with a slower endogenous beating frequency captures and drives a faster
beating preparation, it is described as ‘underdrive’. Underdrive of cardiac preparations was
reported to have a low rate of success [35,36] and it is not fully understood how it is established
electrophysiologically. It is not the aim of this paper to solve this conundrum, but it is known
that a pacemaker cycle can be disrupted by premature stimuli. Depending on the point of time
when these stimuli interrupt the excitation cycle, they can delay, abbreviate, or even annihilate
the spontaneous activity [37–40]. Although obviously the biological pacemaker ‘of choice’
would have an endogenous beating frequency within the physiological range of the host organ,
our model system provides important insight on parameters that could help to design biological
pacemakers that gain and maintain their function even when arrhythmic challenges occur.

Differences between WT- and Cx43(−/−)-ESdCs
Our experiments show that Cx43(−/−)-ESdCs gain pacemaker dominance over HL-1
monolayers at a significantly higher rate than WT-ESdCs. We ruled out differences in the WT-
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and Cx43(−/−)-ESdCs size, beating frequency, and membrane potential. Either parameter
could render an advantage to one of the pacemaker aggregates if capture depended on the
liminal area of excitation, over-drive, or on changing the HL-1 cells’ Vm [41]. A paper by de
Boer et al. [30] nicely showed in silico that at low coupling resistance and low cell number,
pacing success of a quiescent cell linearly depends on the cluster size of the pacing
cardiomyocytes, and the heterocellular conductance established. Once a certain aggregate size
is reached however, the major determinant for success is the intercellular conductance. The
independence of the success of the ESdC pacemaker from the aggregate size in our model
potentially indicates that all aggregates used exceeded the critical size needed to induce action
potential propagation in the HL-1 monolayer.

The SAN is not a uniform structure but its volume can contain up to 65 % of non-excitable
cells such as fibroblasts. In a previous study of this laboratory, it was determined that fibroblasts
increase the beating frequency variability in cardiomyocyte/fibroblast co-cultures [18]. This
was shown to be true not only in monolayers but also in three dimensional aggregates of ESdCs.
Given the heterogeneity of the SAN, we chose a biological pacemaker preparation that also
contains myocytes and other non-excitable cells. The beating frequency as well as the beating
frequency variability were not significantly different between WT- and Cx43(−/−)-ESdC
preparations. This suggest that WT- and Cx43(−/−)-ESdC aggregates contain a similar
proportion of non-ESdCs and excludes that a difference in the heterocellular composition of
the Cx43(−/−)-ESdCs played a role in their increased success rate.

In HL-1 cells we identified the expression of the cardiac connexins Cx30.2 (not shown), Cx40,
Cx43, and Cx45 [18]. In WT-ESdCs Cx40, Cx43 and Cx45 could be detected. It was shown
previously that ESdCs are initially coupled by Cx45 and that Cx43 as well as Cx40 are up-
regulated with further maturation of the ESdCs [13,15,28]. Cx43(−/−)-ESdCs have an
increased intercellular resistance and no compensatory change in the expression levels of other
cardiac connexins; also the lack of Cx43 did not change the time course of ESdC differentiation
[13]. WT- and Cx43(−/−)-ESdCs both established sufficient intercellular coupling with HL-1
monolayers to allow for frequency synchronization most likely by heteromeric and/or
heterotypic gap junction channel formation at the site of heterocellular contact [12,42,43].

A high intercellular resistance within the SAN and the formation of heterotypic gap junctions
at the interface of the SAN and the atrial tissue is discussed to prevent hyperpolarization of the
pacemaker and back propagation of APs from the atrial myocytes into the pacemaker region
respectively. In our preparations Cx43(−/−)-ESdCs exhibit a higher intercellular resistance.
The increased chance of conduction block from the HL-1 monolayers to the Cx43(−/−)-ESdC
could support that voltage dependent rectification occurs. However, further explanations are
a current source to sink mismatch at the branching point from the HL-1 monolayer into the
3D-ESdC (Fig. 7) [44] or an increased heterocellular resistance between HL-1 cells and Cx43
(−/−)-ESdCs that prevents AP propagation. Although in the latter case propagation block
should be observed into and out of the pacemaker aggregate. We can not rule out that voltage
dependent rectification at the gap junction level occurs between Cx43(−/−)-ESdCs and HL-1
cells. This as well as the heterocellular resistance would need to be confirmed with DWVC
experiments in heterocellular HL-1/ESdC cell pairs in future studies.

Summary
Our data demonstrate that ESdCs can serve as biological pacemaker in spontaneously active
cardiomyocyte preparations. The spontaneous activity of the host tissue in our model system
mimics the physiological condition where a biological pacemaker would compete for
pacemaker dominance with the excitable, potentially arrhythmic host tissue. The back drop of
our model is that the ESdCs have to underdrive the HL-1 monolayer to gain pacemaker

Fahrenbach et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dominance. This leads us to underestimate the success rate of both WT- and Cx43(−/−)-ESdCs
given that both preparations gain pacemaker dominance at 100 % in quiescent HL-1
monolayers. Overall, we are the first to demonstrate that a modification of the connexin isoform
expression in the ESdCs towards a more SAN phenotype, namely an increased intercellular
resistance within the pacemaker, significantly increases the success rate of pacemaker
dominance. Further optimization of intercellular coupling in biological pacemakers e.g. by
establishing rectifying coupling with the host tissue, will increase their potential to obtain
pacemaker dominance in spontaneously active preparations and withstand overdrive from
ectopic arrhythmic activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Onset of electrical synchronization between ESdC and HL-1 cells
(A) FP signals from an electrode located underneath the ESdC aggregate which is attached to
the HL-1 monolayer. ESdC (small amplitude; arrow) and HL-1 (large amplitude) induced FP
spikes can be detected. (B) ISIs between all spikes (ESdC and HL-1) (recorded on the electrode
shown in A) are plotted as a function of time. Different phases of ESdC and HL-1
synchronization are detected. HL-1 and ESdC activities are independent (i), transiently
synchronized (ii), synchronized at non-1:1 ratios (iii), or synchronized for each beat (1:1 ratio;
iv).
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Figure 2. Delay of AP propagation between HL-1 cells and ESdC
(A) For every excitation cycle of the HL-1 monolayer the delay between HL-1 and ESdC
activity was determined during a period of independent activity (i.) and a period of transient
synchronization (ii.). In i. the delay between HL-1 and ESdC activity is non-stationary (B).
Separate analysis of the ESdCs and HL-1 spikes ISI revealed beating frequencies comparable
to ESdCs and HL-1 cells in homocellular culture respectively (C). During transient
synchronization (ii), the delay between the HL-1 cells and the ESdCs activity transiently
stabilizes (D). At this point of time the ESdC’s ISI is an integral value of the HL-1’s ISI (E).
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Figure 3. Electrical coupling between ESdC aggregates and HL-1 cells
Transmitted light photographs (Aa, Ba) of two MEA electrodes with HL-1 monolayers after
the transplantation of WT-ESdCs. Contour plots reveal that excitation can originate in the HL-1
cells (Ab) as well as in the area of the transplanted WT-ESdC (Bb). The FPs recorded from
the electrodes underneath the HL-1 monolayer only (2) and underneath the ESdC attached to
the HL-1 monolayer (1) show synchronized activity (Ac; Bc). The FPs framed by the dotted
line are shown at an increased time resolution. (Ad) The FP (1) shows a split signal (arrows)
representing the subsequent excitation of the HL-1 monolayer and the WT-ESdC aggregate.
When the ESdC is the origin of excitation, the two peaks are merged (Bd) to a prolonged FP
rise time and ESdC/HL-1 activity can no longer be separated.
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Figure 4. Cx43(−/−)-ESdCs make a better pacemaker
(A) Percentage of WT- and Cx43(−/−)-ESdCs that establish electrical coupling with HL-1 cells
in co-culture. (B) Percentage of WT- and Cx43(−/−)-ESdCs that obtain pacemaker dominance
when co-cultured with quiescent HL-1 monolayers (hatched bars), or spontaneously active
HL-1 monolayers (filled bars). Cx43(−/−)-ESdC are more likely gain pacemaker dominance
over spontaneously active HL-1 monolayers (40 % vs. 13 %). (C) Comparison of the time that
it takes for WT- (white) and Cx43(−/−)-ESdCs (grey) to establish intercellular coupling with
HL-1 monolayers. Cx43(−/−)-ESdC reside significantly longer in the phases of
unsynchronized, transiently coupled, and partial conduction block activity.
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Figure 5. Connexin expression in HL-1 cells and ESdCs
(A) Immunoblots for Cx40, Cx43, and Cx45 in WT- and Cx43(−/−)-ESdCs and HL-1 cells.
GAPDH was used as a loading control.
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Figure 6. ESdCs act as a current sink for HL-1 monolayers
(A) Transmitted light image of HL-1/WT-ESdC co-culture on a MEA and the corresponding
contour plot are shown (B; circle indicates position of the WT-ESdC). The conduction velocity
(θ) through the HL-1 monolayer was analyzed along parallel paths distant from (dotted arrow)
and underneath (solid arrow) the WT-ESdC. (C) Normalized θ along the two paths of excitation
spread (electrodes are denounced by numbers) reflect a drop of θ at the location of the ESdC
aggregate (position 2 solid arrow). (D) The summary (mean ± SD) of the ESdC aggregate
induced reduction in θ was significantly larger in WT- (white) than in Cx43(−/−)-ESdC
aggregates (grey). Number of experiments specified within the bar. * P < 0.05
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Figure 7. Biased excitation spread between HL-1 monolayers and ESdC aggregates
(Aa, Ba) Contour plots from two electrically coupled WT-ESdC/HL-1 co-cultures. The area
of the ESdC is marked by the white circles. Representative FPs recorded from an electrode
underneath the ESdC (1: Ab, Bb) and an electrode covered by only the HL-1 monolayer (2:
Ac, Bc). The split FPs (arrows) occurs when APs propagate from the HL-1 monolayer into the
ESdC. Excitation of both preparations can only be detected upon every second (Ab) or every
third (Bb) HL-1 excitation cycle suggesting a hindered propagation from the HL-1 cells into
the ESdC aggregates. (C) The summary of the experiments shows that in only 67 % of the WT-
and 50 % of the Cx43(−/−)-ESdC and HL-1 co-cultures excitation was conducted at a 1:1 ratio
from the HL-1 cells into the ESdCs. Number of experiments is specified within the bar; # P>
0.05
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