
J Physiol 587.21 (2009) pp 5211–5226 5211

Coupling an HCN2-expressing cell to a myocyte creates
a two-cell pacing unit
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We examined whether coupling of a ventricular myocyte to a non-myocyte cell expressing
HCN2 could create a two-cell syncytium capable of generating sustained pacing. Three
non-myocyte cell types were transfected with the mHCN2 gene and used as sources of
mHCN2-induced currents. They were human mesenchymal stem cells and HEK293 cells, both
of which express connexin43 (Cx43), and HeLa cells transfected with Cx43. Cell–cell coupling
between heterologous pairs increased with time in co-culture, and hyperpolarization of the
myocyte induced HCN2 currents, indicating current transfer from the mHCN2-expressing
cell to the myocyte via gap junctions. The magnitude of the HCN2 currents recorded in
myocytes increased with increasing junctional conductance. Once a critical level of electrical
cell–cell coupling between myocytes and mHCN2 transfected cells was exceeded spontaneous
action potentials were generated at frequencies of ∼0.6 to 1.7 Hz (1.09 ± 0.05 Hz). Addition of
carbenoxolone (200 μm), a gap junction channel blocker, to the media stopped spontaneous
activity in heterologous cell pairs. Carbenoxolone washout restored activity. Blockade of HCN2
currents by 100 μm 9-amino-1,2,3,4-tetrahydroacridine (THA) stopped spontaneous activity
and subsequent washout restored it. Neither THA nor carbenoxolone affected electrically
stimulated action potentials in isolated single myocytes. In summary, the inward current
evoked in the genetically engineered (HCN2-expressing) cell was delivered to the cardiac
myocyte via gap junctions and generated action potentials such that the cell pair could function
as a pacemaker unit. This finding lays the groundwork for understanding cell-based biological
pacemakers in vivo once an understanding of delivery and target cell geometry is defined.
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Introduction

Electronic pacemakers are state of the art therapies
for sinus node dysfunction and high degree A–V
nodal conduction block. Because of their limitations a
number of biological approaches have been attempted
in efforts to replace them. These include transfecting
genes for β2 adrenergic receptors, dominant negative
constructs of the molecular correlate of IK1 (Kir2.1)
as well as native and mutant forms of members of
the hyperpolarization-activated cyclic nucleotide-gated
(HCN) gene family. All have been delivered by naked
plasmid or adenovirus to create or enhance a biological
rhythm (Edelberg et al. 1998; Miake et al. 2002; Qu

et al. 2003; Plotnikov et al. 2004, 2008; Bucchi et al.
2006; Tse et al. 2006). However, myocyte infection with
adenovirus does not result in persistent expression and
health concerns remain about viral vectors with more
sustained action (Rosen et al. 2004). For these reasons,
cellular approaches to create biological pacemakers have
also emerged. Human mesenchymal stem cells (hMSCs),
embryonic stem cells committed to a cardiac lineage, and
autologous sinoatrial (SA) node myocytes have all been
used (Potapova et al. 2004; Kehat et al. 2004; Zhang et al.
2008). While embryonic stem cell-derived cardiac myo-
cytes and SA nodal myocytes are spontaneously active
and express all the ion channels necessary to initiate
and propagate an action potential, such is not the case
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for hMSCs. However, when transfected with HCN genes
(the molecular correlate of hyperpolarization activated
pacemaker current I f ), hMSCs can initiate a biological
rhythm in the canine ventricle once they are electrically
coupled (Potapova et al. 2004; Plotnikov et al. 2007).

We previously reported that a critical property of
hMSCs is their formation of gap junctions with myocytes
in vitro and in vivo (Potapova et al. 2004; Valiunas et al.
2004a). We now extend this work by asking three questions
using an in vitro model: (1) What is the time course
of gap junctional coupling, (2) What is the relationship
between the magnitude of gap junctional conductance
and transfer of HCN-induced current from transfected to
non-transfected cell, and (3) Can one HCN-transfected
cell induce pacemaking in an otherwise quiescent
myocyte?

Methods

Cells and culture conditions

HeLa cells were grown in minimal essential medium
supplemented with 10% fetal bovine serum (FBS), 0.1 mM

non-essential amino acids, 2 mM L-glutamine, 100 U ml−1

penicillin and 100 μg ml−1 streptomycin (Gibco-BRL).
HEK293 cells were grown in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% FBS,
2 mM L-glutamine, 100 U ml−1 penicillin and 100 μg ml−1

streptomycin. N2A cells were grown in DMEM
supplemented with 10% FBS, 0.1 mM non-essential
amino acids, 2 mM L-glutamine, 100 U ml−1 penicillin
and 100 μg ml−1 streptomycin. Human mesenchymal
stem cells (hMSCs; mesenchymal stem cells, human
bone marrow; PoieticsTM) were purchased from
Clonetics/BioWhittaker (Walkersville, MD, USA) and
cultured in mesenchymal stem cell (MSC) growth medium
(Poietics-MSCGM; BioWhittaker).

Canine cardiac ventricular myocytes were isolated as
previously described (Zygmunt, 1994; Yu et al. 2000).
Primary cultures of the myocytes were maintained using
procedures described for mouse myocytes (Zhou et al.
2000). Briefly, adult mongrel dogs of either sex weighing
18–22 kg were killed by intravenous injection of sodium
pentobarbitone (80 mg (kg body weight)−1) and the heart
removed. Canine ventricular cells were isolated using a
modified Langendorf procedure by perfusing a wedge of
left ventricle through a coronary artery with 0.5 mg ml−1

collagenase (Type 2, Worthington, Lakewood, NJ, USA)
and 0.08 mg ml−1 protease (Type XVI, Sigma) for 9
to 11 min followed by tissue mincing (Zygmunt, 1994;
Yu et al. 2000). Isolated myocytes were seeded onto
laminin (Invitrogen)-coated coverslips and cultured in
Medium 199 (Gibco) supplemented with 15% FBS,
2 mM L-glutamine, 100 U ml−1 penicillin, 100 μg ml−1

streptomycin and 50 μg ml−1 gentamicin. We followed our
Institutional Animal Care & Use Committee guidelines

(approved Animal Welfare Assurance Number A3011-01,
approved IACUC no. 2009-0575). We used cells from 16
random-bred mongrel dogs obtained from R&R Research
(Howard City, MI, USA). The experiments performed
comply with the policies and regulations as specified by
Drummond (2009).

A full-length mHCN2 cDNA was subcloned into
the eukaryotic expression vector pIRES2-eGFP vector
(Clontech Laboratories, Inc., Mountain View, CA, USA).
HeLa, N2A and HEK293 cells were transiently transfected
using Lipofectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s protocol. hMSCs
were transfected by electroporation using the Amaxa
Biosystems Nucleofector (Amaxa) technology (Hamm
et al. 2002). Cells transfected with mHCN2/
eGFP(Potapova et al. 2004) were co-cultured with
freshly isolated canine myocytes. For purposes of
identification some non-HCN2 cell populations
were transfected with red fluorescent protein (RFP)
(pIRES2-DsRed2, Clontech Laboratories, Inc.).
Production and characterization of these cells, culture
conditions and staining methods for identification of
specific cells have been described previously (Valiunas
et al. 2000, 2001, 2004b; Gemel et al. 2004; Potapova
et al. 2004). Electrophysiological measurements were
carried out on cells co-cultured for 1–7 days.

Electrophysiological measurements

Experiments were carried out on heterologous cell
pairs. For electrical recordings, glass coverslips with
adherent cells were transferred to an experimental
chamber mounted on the stage of an inverted micro-
scope (Olympus-IX71) equipped with a fluorescence
imaging system. The chamber was perfused either at
room temperature (∼22◦C) or at ∼32–35◦C (for action
potential recordings) with bath solution containing
(in mM): NaCl, 140; MgCl2, 1; KCl, 5; CaCl2, 2;
Hepes, 5 (pH 7.4); glucose, 10. In some experiments
2 mM CsCl, 2 mM BaCl2 or 2 mM 4-aminopyridine
(Sigma-Aldrich) were added to minimize K+ currents
across the cell membrane (Niggli et al. 1989) and to
block the transient outward K+ current (Castle & Slawsky,
1993). Perfusion with 200 μM of carbenoxolone (Sigma)
was used to block cell–cell communication and with
100 μM of 9-amino-1,2,3,4-tetrahydroacridine (Sigma)
to block HCN2-induced currents (Difrancesco et al.
1991). The patch pipettes were filled with solution
containing (in mM): potassium aspartate, 120; NaCl,
10; MgATP, 3; Hepes, 5 (pH 7.2); EGTA, 10 (pCa ∼8).
Patch pipettes were pulled from glass capillaries (code
GC150F-10; Harvard Apparatus) with a horizontal puller
(DMZ-Universal, Zeitz-Instrumente). When filled, the
resistance of the pipettes measured 2–5 M�. A dual
whole-cell voltage-clamp method was used to control
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and record the membrane potential of both cells and to
measure associated membrane and junctional currents
(Valiunas et al. 2001, 2002). The junctional currents
between heterologous pairs were measured as follows.
The membrane potentials of cell 1 (V 1) and cell 2 (V 2)
were held at the same value: (V 1 = V 2). Thereafter, the
membrane potential of one of the cells was then stepped
to different levels (Valiunas et al. 2000) to establish a trans-
junctional voltage V j = V 2 − V 1. Currents recorded from
cell 2 (stepped cell) represent the sum of two components,
the junctional current (I j) and the membrane current of
cell 2; the current obtained from cell 1 corresponds to
I j. The junctional conductance g j = I j/V j. A bipolar pulse
protocol was used as described previously (Brink et al.
1997; Ramanan et al. 1999).

Signal recording and analysis

Voltage and current signals were recorded using patch
clamp amplifiers (Axopatch 200). The current signals
were digitized with a 16 bit A/D converter (Digidata
1322A; Molecular Devices) and stored with a personal
computer. Data acquisition and analysis were performed
with pClamp9 software (Molecular Devices). Curve fitting
and statistical analyses were performed using SigmaPlot
and SigmaStat, respectively (Jandel Scientific). The results
are presented as means ± S.E.M.

Results

Cell–cell coupling with cardiac myocytes

We have shown previously that myocytes couple to hMSCs
(Valiunas et al. 2004a). To better understand the nature of
the heterologous coupling between hMSC and myocyte
we determined the time course of coupling over a
1 week period for hMSCs and adult canine myocytes,
hMSCs and neonatal rat myocytes and HeLa cells
transfected with Cx43 and canine myocytes. Figure 1A
and C provide examples at different time points and
with different myocyte types: rat neonate and canine
adult, respectively. Representative recordings of junctional
currents in response to a series of transjunctional voltage
steps are shown in Fig. 1B and D for the cell pairs
shown in Fig. 1A and C. In the example shown in
Fig. 1B both cells were clamped to the same V h, so that
V 1 = V 2 = 0 mV. Starting from a V h of 0 mV, bipolar
pulses of 400 ms duration were administered to establish
V j gradients of identical amplitude with either polarity. V j

was then altered from ±10 to ±150 mV using increments
of 20 mV. In the record shown in Fig. 1D the duration
of the pulse was prolonged to 5 s, and V j was altered
from ±10 to ±110 mV. The data are summarized in
Fig. 1E. Heterologous coupling between canine myocyte
and hMSC, or HeLa cells, or hMSC and rat neonatal
myocyte ranged from 1–20 nS over the 96 h interval.

Half-maximal coupling for each group occurred between
48 and 72 h.

Expression of pacemaker (HCN2) currents

The functional expression of HCN2 in transfected hMSCs,
HeLa or HEK293 cells is shown in Fig. 2 in comparison
with canine ventricular myocytes which lack significant
functional endogenous HCN2 currents. We previously
illustrated that hMSCs possess no endogenously expressed
HCN2 channels and can be stably transfected with HCN2
(Potapova et al. 2004). Voltage step protocols like that
in Fig. 2A when applied in whole cell patch clamp
on single canine ventricular myocytes display small if
any I f currents (Fig. 2B). Using the same voltage step
protocol on hMSCs, HeLa and HEK293 cells trans-
fected with HCN2 revealed robust HCN2-induced inward
currents. Examples for all three transfected cell types are
shown in Fig. 2C–E. Non-transfected cells did not display
time-dependent currents activated by hyperpolarization
(data not shown) and resembled currents shown in Fig. 2B
for the non-transfected canine myocyte.

Cell–cell transfer of pacemaker currents

Figure 3 establishes the degree of electrical coupling
needed to transfer HCN2 current from the
HCN2-expressing cell in a pair to the one that is
non-HCN2 expressing. In Fig. 3A one cell of a pair
expresses eGFP and HCN2 (green cell in the right panel)
and the other expresses RFP (red cell). We routinely used
this tagging method to identify and dual patch clamp cell
pairs where one cell of a pair expressed HCN2 while the
other did not. Figure 3B shows that no HCN2-induced
current was observed in the cell not expressing HCN2,
i.e. the RFP-expressing cell (middle panel) when gap
junctions were not functioning (cells were not coupled
yet) and no intercellular current flow was recorded (right
panel). During this recording, cell 1 was held in whole cell
voltage clamp (VC) mode and cell 2 was in cell attached
mode. In contrast, the HCN2-expressing cell produced
HCN2 currents (middle panel). When the cells in a pair
were coupled, as illustrated (Fig. 3C right panel) then
HCN2 currents were also observed in the RFP-expressing
cell 1 (left panel) (cell 2 was in current clamp mode).

We also tested whether an HCN2 source cell can
couple to a ventricular myocyte such that HCN2-induced
currents are observed in both cells in the pair. Figure 4A
shows a HeLa cell (cell 2) expressing Cx43, HCN2 and
GFP in close apposition to a canine myocyte (cell 1). The
right panel shows the fluorescent image of the HeLa cell.
Both the HeLa cell and the myocyte were subsequently
patch clamped. In both cells, a hyperpolarizing voltage
step protocol induced robust HCN2-induced currents.
Figure 4B, left panel, shows currents from the myocyte
when HeLa/HCN2 cell was in current clamp mode, and
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in the right panel are currents recorded from HeLa/HCN2
cell when the myocyte was held in current clamp mode. A
10 mV voltage step applied to one cell of this heterologous
HeLa/HCN2–myocyte cell pair shown in Fig. 4A revealed
gap junctional coupling of ∼15 nS (Fig. 4C).

The magnitude of cell to cell coupling needed
to observe HCN2 currents in the recipient myocyte
of a heterologous cell pair is another critical component
in a gap junction-based cellular delivery system.
We used different HCN2 cell sources to couple to

Figure 1. Coupling between hMSCs and myocytes
A, upper panel: heterologous pair of hMSC (cell 1) and neonatal rat ventricular cell (cell 2) on first day in co-culture.
Lower panel: hMSC stained with cell tracker green for identification. Scale bar, 20 μm. B, gap junction currents
(Ij) elicited from an above-shown hMSC–neonatal rat ventricle pair exhibit voltage dependence. The junctional
conductance was ∼3 nS. C, upper panel: a canine ventricle cell (cell 1) and hMSC (cell 2) after 3 days in co-culture.
Lower panel: eGFP fluorescence indicates expression of mHCN2 gene in the hMSC (see Methods). Scale bar, 20 μm.
D, gap junction currents recorded from the above-shown heterologous cell pair of hMSC and canine ventricular
myocyte. The junctional conductance was ∼9 nS. E, summary plot of junctional conductance (mean ± S.E.M.) versus
time obtained from heterologous cell pairs of cardiac myocytes and hMSC or HeLaCx43 cells: hMSC–neonatal
rat myocyte (•, n = 17); hMSC–canine myocyte (◦, n = 12); HeLaCx43–canine myocyte (�, red triangles n = 33).
Electrical coupling increased with time in co-culture. For hMSC–canine myocyte cell pairs individual data points
are plotted with no standard error of mean plotted.
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neonatal rat myocytes, canine myocytes and a cell
line (N2A) to determine the relative efficiency of
HCN2-induced current transfer from cell to cell.
Figure 4D shows a summary graph of normalized HCN2
current (ratio of HCN2-induced currents recorded
from non-transfected and HCN2-transfected cells of a
pair) versus junctional conductances, illustrating that a

junctional conductance of ∼15 nS allows ∼80% HCN2
current transfer between cell pairs. The current transfer
demonstrates that membrane impedances match for
these cells. Overall in our experimental conditions,
canine ventricular myocytes had an average input
resistance of 52 ± 4 M� (n = 15) and resting potentials of
−75 ± 0.9 mV (n = 24). Coupled HCN2-transfected cells

Figure 2. Functional expression of pacemaker current in cells transfected with mHCN2 gene
Im elicited by hyperpolarizing pulses (A) (from −40 mV to −140 mV) in non-transfected canine ventricle myocyte
cell showed little time-dependent activation (B). Im increased with Vm, and hyperpolarization induced voltage- and
time-dependent inward currents in hMSC (C), HeLaCx43 cell (D) and HEK293 cell (E) transfected with mHCN2.
Fluorescent insets indicate expression of eGFP which is expressed with mHCN2 in these cells (see Methods). 2 mM

BaCl2 and 2 mM 4-aminopyridine were added to the bath solution to block voltage-activated K+ currents and
unmask HCN2 currents. Scale bar, 10 μM.
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and myocyte pairs had resting potentials of −65 ± 1.0 mV
(n = 37).

Pacemaker activity in a two-cell syncytium:
the role of gap junctions

Figures 1–4 demonstrate that the inward current produced
by HCN2 gene expression can be transferred efficiently
from a source cell to a canine ventricular myocyte.
We next asked whether an HCN2 source cell

coupled to a canine ventricular myocyte generates
spontaneous pacing activity and if so if the appropriate
channel blockers (carbenoxolone for gap junctions and
9-amino-1,2,3,4-tetrahydroacridine (THA) for HCN2)
inhibit or eliminate pacing.

Figure 5A shows a single ventricular myocyte and an
action potential generated by electrical stimulation via
the patch electrode. Co-culturing ventricular myocytes
with HeLa cells transfected with Cx43 and HCN2
produced spontaneous electrical activity in the cell pairs.

Figure 3. Cell–cell spread of HCN2 currents
A, N2ACx43 cell pair where one cell was transfected with mHCN2 and eGFP (green cell) and the other transfected
with RFP only (red cell). Scale bar, 10 μm. B, left panel: hyperpolarizing voltage steps did not induce HCN2 current
in the red cell, but did so in the HCN2-transfected cell (middle panel) showing that there is no HCN2-induced
current transfer in these uncoupled cells (cell 1, whole cell voltage clamp mode (VC); cell 2, cell attached mode).
Voltage steps applied to cell 1 revealed no gap junction current (I2 = 0) in this cell pair, i.e. gj = 0 nS (right panel);
cell 1 and cell 2, both in VC mode. C, left panel: Im elicited by hyperpolarizing pulses in HCN2 non-transfected cell
(red) showed a slow voltage- and time-dependent activation, attributable to HCN2 currents: cell 1, VC mode; cell
2, current clamp (CC) mode. Middle panel: the mHCN2-transfected cell (green) exhibited larger inward currents
(cell 1, CC; cell 2, VC). Right panel: voltage steps applied to cell 2 induced voltage-gated gap junction currents
(I1), exhibiting gj of ∼ 9 nS (image not shown); cell 1 and cell 2, VC mode.
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Figure 5B illustrates pacing in a cell pair incorporating
a HeLaCx43/HCN2 cell coupled to a canine ventricular
myocyte. The HeLa cell expressing HCN2 (cell 1) is
identified based on eGFP fluorescence (right panel).
The lower panel of Fig. 5B shows spontaneous action
potentials (APs) recorded from the ventricular myocyte
(cell 2) of the cell pair. In summary, this demonstrates
that a heterologous cell pair consisting of a genetically
engineered cell expressing Cx43 and HCN2 channels and
a primary ventricular myocyte can function as a pacemaker

unit. If a HCN2 transfected cell is eliminated from such
a two-cell pacemaker unit, the pacing function is lost
(see online Supplementary Fig. 1A and Supplementary
Movie 1).

Figure 6 provides a similar example when an hMSC
(Fig. 6A, cell 2) is the HCN2 source and illustrates an
example of an hMSC and myocyte pair working as
a pacemaker unit. It further demonstrates the effects
of the gap junction channel blocker carbenoxolone
which reversibly inhibits pacing. Application of

Figure 4. HCN2 currents transfer to ventricular myocytes
A, cell 1, canine ventricle myocyte; cell 2, HeLaCx43 cell transfected with the mHCN2 gene. Scale bar, 20 μm. B,
right panel: HCN2-induced currents recorded from mHCN2-transfected HeLaCx43 cell (cell 1, CC mode; cell 2, VC
mode). Left panel: canine ventricular myocyte exhibits HCN2-induced currents (cell 1, VC mode; cell 2, CC mode).
C, voltage steps (10 mV, 50 ms) applied to cell 1 and cell 2 induced currents in heterologous HeLaCx43–canine
ventricular myocyte cell pair corresponding to gj of ∼15 nS. D, relative efficiency of HCN2-induced current transfer
from cell to cell. Summary plot of relative HCN2-induced current versus junctional conductance. Relative HCN2
current ratios of HCN2-induced currents recorded from pairs of non-transfected and HCN2-transfected cells:
N2ACx43–N2ACx43/HCN2 (�), neonatal rat myocyte–N2ACx43/HCN2 (•), canine myocyte–HeLaCx43/HCN2
(red triangles) and canine myocyte–hMSCs (◦). Continuous line represents best fit of data to sigmoidal regression
with the following parameters: maximum current, IHCN2,max = 0.83 and conductance at which current reaches
half the maximum value, gj,o = 10 nS.
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200 μM carbenoxolone abolished spontaneous APs when
pacemaker current flow was blocked between the hMSC
and the myocyte (Fig. 6B). However, in the background of
carbenoxolone, single APs were still evoked by an external
electrical stimulus, S1 (right-hand side in Fig. 6B), and
hyperpolarizing voltage steps applied to the stem cell
(cell 2) induced HCN2 currents (Fig. 6C). Thus, we are
able to record spontaneous APs which require functional
gap junctions so that HCN2-induced current can be
delivered to an otherwise quiescent myocyte.

To test the effect of carbenoxolone on HCN2 current
a series of experiments on single HEK293 cells trans-
fected with HCN2 were performed. Figure 6D shows a
representative example where HCN2 currents from a
HEK293/HCN2 cell were evoked by repetitive hyper-

polarizing voltage (−100 mV, 2 s duration) pulses.
HCN2-induced currents remained largely unchanged
during application of carbenoxolone over 5 min.
The HCN2 currents recorded from seven cells were
1326 ± 310 pA and 1064 ± 270 pA (P = 0.17, paired t test)
before and 5 min after application of carbenoxolone,
respectively. This insignificant decrease of HCN2 currents
reflects the typical rundown of HCN2 currents.

In Fig. 7, the HCN2 source was a HEK293 cell
transfected with HCN2. Figure 7A shows recordings
of APs from a canine myocyte–HEK293/HCN2 cell
pair. Spontaneous APs were abolished by superfusion
with 200 μM carbenoxolone and recovered during the
followed washout (see also Supplementary Fig. 1B and
Movie 2 online). Single stimulus-driven (S1) APs were

Figure 5. Pacemaker function in cells in culture
A, single AP derived from a canine ventricle myocyte co-cultured with non-transfected cells and excited by external
stimulus (S1). B, upper panels: co-culture of canine ventricular myocytes (2) and HeLaCx43 cells (1) transfected with
mHCN2 gene. Lower panel: spontaneous electrical activity of canine myocyte recorded from the above-shown
co-cultured cells (3 days). Scale bar, 20 μm.
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Figure 6. Regulation of spontaneous activity by gap junction blocker carbenoxolone
A, cell 1, canine ventricle myocyte; cell 2, hMSC transfected with mHCN2. Scale bar, 20 μm. B, spontaneous action
potential (AP) recorded from canine myocyte of the above-shown myocyte–hMSC/HCN2 cell pair. Application of
200 μM carbenoxolone abolished spontaneous activity in a time-dependent manner. Application of an external
stimulus (S1) evoked a single AP. Inset: APs on expanded time scale before application of carbenoxolone and
during application of carbenoxolone evoked by stimulus S1. C, HCN2 currents recorded from hMSC/HCN2 cell
after abolishing spontaneous activity with carbenoxolone. D, HCN2 current recorded from HEK293/HCN2 cell, in
response to hyperpolarizing voltage pulses to −100 mV. Inset: segments of HCN2 current records on expanded
time scale before and during application of carbenoxolone. Application of 200 μM carbenoxolone did not affect
HCN2-induced current over time (see details in text).
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Figure 7. Carbenoxolone and spontaneous activity
A, spontaneous AP from canine myocyte–HEK293/HCN2 cell pair was abolished by perfusion with carbenoxolone
and recovered during the washout that followed. Recordings were made from a canine myocyte. Inset: APs on
expanded time scale evoked by extra stimulus S1 at the beginning of carbenoxolone washout. B, gap junction
currents Ij recording from HEK293 cell pair. Application of carbenoxolone almost blocked Ij which later recovered
during washout. C, APs recorded from single canine myocyte which exhibited spontaneous activity. Application of
200 μM carbenoxolone did not abolish spontaneous activity. Right inset: segment of AP recording on an expanded
time scale.
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recorded after abolishing spontaneous activity during
carbenoxolone application and early washout (inset in
Fig. 7A). Figure 7B shows gap junctional currents I j

recorded from the HEK293 cell pair. Application of
carbenoxolone effectively blocked gap junctional current.
The cell–cell coupling recovered during washout.

Occasionally single myocytes exhibited spontaneous
activity. Myocyte spontaneous activity could in part be
the result of down-regulation of Ik1. The results presented
in Supplementary Fig. 2 show that Ik1 down-regulation
occurs within the first day after cell isolation and stabilizes
for the next 2–4 days (Veldkamp et al. 1999; Zobel et al.
2003). Figure 7C shows that such spontaneous activity
in single myocytes is insensitive to carbenoxolone and
therefore is distinguishable from HCN2-induced pacing in
a two-cell pacing unit. Carbenoxolone also did not affect
Ik1 (Supplementary Fig. 2C).

Carbenoxolone blocked spontaneous activity in
20 heterologous cell pairs (myocyte–HCN2 trans-
fected cell). In 9 of the 20 cases, washout of
carbenoxolone was performed and spontaneous APs
were recovered. In 6 additional cell pairs, carbenoxolone
did not abolish spontaneous activity. The average

frequency of the generated AP in heterologous canine
myocyte–HCN2-transfected cell pairs was ∼1.1 ± 0.05 Hz
(n = 32; only cases with complete abolishment of AP
either by carbenoxolone or THA are included). The
AP frequency was indistinguishable between the various
HCN2-transfected cell types.

Further proof for HCN2-induced pacing arising from
an HCN2-expressing cell coupled to a myocyte is provided
in Supplementary Fig. 3. A histogram of the per cent of
cells contracting for days 2, 3 and 4 is shown. For each
day, percentages were determined for dishes containing
myocytes only, myocytes co-cultured with HEK cells and
myocytes co-cultured with HCN2-expressing HEK cells.
Only the last group had a significant increase in percentage
of pacing units which correlates with the time course of
cell-to-cell coupling.

Figure 8A shows AP frequency plotted versus junctional
conductance from myocyte–HCN2-transfected cell pairs
where junctional conductances were measured. The
minimal coupling measured with induced spontaneous
beating was ∼2 nS. In general, beating frequency
did not show significant dependency on junctional
coupling. Figure 8B illustrates AP frequency changes

Figure 8. Beating frequency and junctional conductance
A, plot of spontaneous AP frequency versus junctional conductance in myocyte–HCN2 transfected cell pairs.
B–D, plots of AP frequency versus time during carbenoxolone application. See text for details.
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during carbenoxolone washin and washout from an
example shown in Fig. 7A. After ∼1 min of perfusion
with carbenoxolone, beating frequency slightly decreased
during the following 1.5 min. Later the beating frequency
increased before spontaneous APs were abolished at about
the 3 min time mark. During washout, i.e. recovery of gap
junction conductance, the beating frequency showed a
gradual increase. Stimulated APs were omitted from this
example.

Although carbenoxolone blocked spontaneous APs
induced by the coupled HCN2-expressing cell there were
no particular patterns in frequency changes. Figure 8C
and D show two more examples of AP frequency changes:
slight frequency increase followed by a rapid decrease
until beating stops (C) or, as in D, no frequency changes
until complete AP abolishment. These data suggest that
a coupling decrease/change does not significantly affect
beating frequency until some critical coupling value is
reached. Therefore the pacemaker unit’s beating frequency
rate is not limited by gap junctions despite wide changes
in coupling between myocyte and the HCN2-transfected
cell.

Figure 9 shows an example of the effects of
9-amino-1,2,3,4-tetrahydroacridine (THA), an I f current
blocker (Difrancesco et al. 1991), on spontaneous activity
driven by HCN2. Figure 9A shows a heterologous pair
including a canine myocyte (cell 1) and a HEK293
cell (cell 2) expressing HCN2/GFP. This pair exhibited
pacing activity and Fig. 9B shows recordings of the
spontaneous APs recorded from the HEK293 cell.
Application of 100 μM THA abolished spontaneous
activity which returned during washout (see also
Supplementary Fig. 1C and Movie 3 online). Application
of an electrical stimulus (S1) evoked single APs during
THA application (shaded area). Figure 9C shows HCN2
currents recorded from a HEK293/HCN2 cell. HCN2
currents gradually decreased to almost zero during
application of THA. However, the gap junctional currents
elicited by bipolar voltage steps (see Fig. 1C and D) in the
canine myocyte–HEK293/HCN2 cell pair (Fig. 9D) was
not affected by THA. Thus, the loss of pacing results from
HCN2 inhibition by THA.

Discussion

As mentioned in the Introduction, a variety of genetic
and cellular approaches have successfully produced
biological pacemakers in small and large mammalian
hearts (Edelberg et al. 1998; Miake et al. 2002; Qu
et al. 2003; Potapova et al. 2004; Kehat et al. 2004).
If cells are to be employed there are two questions
that must be answered. First, do the cells have the
necessary complement of native ion channels to both
initiate and conduct an action potential? Second, how can
these delivery cells be integrated into the native cardiac

syncytium? The answer to the first question depends on
the stem cell type. Human embryonic stem cells, and auto-
logous sinus node myocytes, express the necessary proteins
to both initiate pacemaker activity and conduct the cardiac
impulse (Kehat et al. 2002; He et al. 2003; Sartiani et al.
2007; Zhang et al. 2008). Human mesenchymal stem cells
do not natively express the channels for either function
but can be transfected with HCN genes to provide a
pacemaker current. As to the second question, there are
two ways to introduce cells into the syncytium, either by
gap junctions (Valiunas et al. 2004a; Potapova et al. 2004)
or by membrane fusion (Cho et al. 2007). Membrane
fusion is induced by an agent (polyethylene-glycol) which
may have toxic side effects, and the long-term effects of
this fusion on cell properties is unknown. In the current
study, we have investigated gap junctional coupling as a
means to induce pacemaker activity.

We have tested the hypothesis that an HCN2-expressing
non-myocyte cell coupled by gap junction channels to
a canine ventricular myocyte could drive spontaneous
activity in the ventricular myocyte, effectively creating
a two-cell pacemaker syncytium. The endogenous
expression of an HCN gene in sinus node myocytes
generates the inward current necessary for cardiac
excitation. In this study, we used cell types endogenously
expressing or stably transfected with Cx43 and trans-
fected with HCN2 and expressing mHCN2-induced
current. These HCN2-transfected cells, unlike SA node
cells, are not excitable because of the lack of the
complement of channels required for action potential
generation. However, these cells can serve as HCN donors,
generating depolarizing current which spreads to coupled
myocytes, inducing spontaneous activity in otherwise
quiescent ventricular myocytes. Supplementary Fig. 4
further demonstrates that HCN2 currents were perio-
dically activated in transfected cells during AP wave-
form stimulation. Our data show that as long as the
non-myocyte cells express the pacemaker current and
couple to cardiac myocytes via gap junctions, they will
function as a pacemaker unit in a fashion analogous to the
normal sinoatrial node pacemaker.

Previous studies have provided evidence in support
of this hypothesis. The first requirement is adequate
expression of connexins. The non-myocytic hMSCs and
HEK293 cells both express connexins, the former, Cx43
and Cx40, the latter Cx43. In addition, these cell types
form functional channels with other homologous cells
(Valiunas et al. 2001, 2002, 2004a; Gemel et al. 2004).
HeLa cells do not normally express connexins but for the
studies shown here we use a HeLa cell line that stably
expresses Cx43 (Valiunas et al. 2002).

A second requirement is heterologous coupling of
non-myocyte to myocyte. HMSCs couple heterologously
to myocytes in vitro (Valiunas et al. 2004a) and to
ventricular myocytes in vivo (Potapova et al. 2004).
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Further, our steady-state I–V curves for all three cell types
have revealed single whole cell resistances of 1 G� and
above, and resting potentials between −40 and −60 mV.
These values are compatible with data for these cell types
published by others (Niemeyer et al. 2001; Potapova

et al. 2004; Splettstoesser et al. 2007; Tao et al. 2007).
The whole cell resistance values are large enough to
eliminate these cells as significant sinks once coupled
to a ventricular myocyte which has an input resistance
of ∼25 M� to 50 M� (when calculated from reported

Figure 9. Regulation of spontaneous activity by 9-amino-1,2,3,4-tetrahydroacridine (THA)
A, cell 1, canine ventricular myocyte; cell 2, HEK293 cell transfected with mHCN2. Scale bar, 10 μm. B, spontaneous
action potential (AP) recorded from the HEK293 cell of the myocyte–HEK293/HCN2 cell pair shown in A. Application
of 100 μM THA abolished spontaneous activity which was recovered during washout. Application of an extra
stimulus (S1) evoked single APs during THA application (shaded area). Inset: APs on expanded time scale before
application of THA and after washout from THA. C, HCN2 current recorded from HEK293/HCN2 cell, in response
to hyperpolarizing voltage pulses to −100 mV. Application of 100 μM THA blocked the HCN2-induced current in a
time-dependent manner, but did not block gap junction current Ij recorded from canine myocyte–HEK293/HCN2
cell pair (D).
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specific membrane resistance; Daut, 1982; Sakmann &
Trube, 1984). These values are in good agreement with
input resistance values of 52 M� measured from canine
ventricular myocytes in our experiments.

Our experimental protocols demonstrated that a canine
ventricular myocyte and an HCN2-expressing cell can
function as a pacing unit over a wide range of cell–cell
coupling. This conclusion is based on two types of data
both shown in Fig. 8. First, there is no correlation between
pacing frequency and magnitude of gap junctional
coupling in spontaneously active cell pairs. Second,
application of a gap junctional uncoupler carbenoxolone
did not consistently affect spontaneous pacing rate until
very low values of cell–cell (<2–3 nS) coupling were
achieved. This is a surprising result. Possibly it reflects
two opposing effects of uncoupling: (1) a reduced level
of HCN2-induced current transfer to the pacing cell
which should slow pacing rate, and (2) an increase in
inward current due to hyperpolarization of the myocyte.
This hyperpolarization should increase sodium channel
availability particularly in the depolarized voltage range
studied here (−65 mV for coupled myocytes and −75 mV
for single myocytes) and hyperpolarize the threshold
potential enhancing spontaneous rate. Other inward
currents like INa/Ca could contribute as could the inward
current induced by a significant transjunctional voltage
between the more depolarized HEK cell and the hyper-
polarized myocyte. Alternatively, there may be an intrinsic
pacemaker frequency of the cell pair determined largely
by the kinetics of HCN2 and the membrane resistance
of the myocyte. Detailed computer simulations will be
required to answer this question in a manner similar to
the theoretical studies executed by Joyner et al. 1998)
examining coupling of an SA node myocyte to an atrial
myocyte.

In this study we have demonstrated that the critical
electrical cell–cell coupling between cardiac myocytes and
mHCN2-transfected cells is obtained within 24 to 36 h,
allowing the cell pair to function as a pacemaker unit.
Our data provide clear evidence of the essential role of
gap junction channels composed of Cx43 and possibly
Cx40 in the transfer of HCN2-induced currents from
source cell to myocyte. For any cell expressing HCN2
and a connexin able to form homotypic, heteromeric
or heterotypic channels with Cx43, a two-cell functional
syncytium with a ventricular myocyte is predicted to be
possible.

In summary, if cells are to be used as a delivery system
for electrical regeneration of cardiac function, then an
understanding of their means of integration into the
cardiac syncytium is essential. In this study we have
demonstrated in our in vitro system that a quiescent
adult canine ventricular myocyte can be induced to
pace by coupling it to a cell overexpressing the HCN2
gene. This is the first step towards understanding the

basis of in vivo biological pacemakers created by delivery
of HCN2-transfected hMSCs to the canine ventricle.
Further understanding will require a quantitative picture
of the delivery and target cell geometries in vivo. It will
also require computations employing the slightly larger
Ik1 existing in the myocytes prior to cell culture. The
present study unambiguously demonstrates the viability
of cell-based delivery of pacemaker currents.
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