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Abstract
BACKGROUND—A potential concern about biological pacemakers is their possible malfunction
to create ventricular tachycardias (VT).

OBJECTIVE—We hypothesized that should VT complicate implantation of HCN-channel-based
biological pacemakers, they would be suppressed by inhibitors of the pacemaker current, If.

METHODS—We created a chimeric channel (HCN212) containing the N- and C-termini of mouse
HCN2 and the transmembrane region of mouse HCN1 and implanted it in HEK293 cells. 48h later,
in whole-cell patch clamp recordings, mean steady-state block induced by 3 μM ivabradine (IVB)
showed HCN1=HCN212>HCN2 currents. The HCN212 adenoviral construct was then implanted
into the canine left bundle branch in 11 dogs. Complete AV block was created via radiofrequency
ablation and a ventricular demand electronic pacemaker was implanted (VVI 45 bpm). ECG, 24h
Holter monitoring and pacemaker log record check were performed x 11d.

RESULTS—All dogs developed rapid VT (>120 bpm, maximum rate=285±37 bpm) at 0.9±0.3 d
after implantation that persisted through 5±1d. IVB, 1 mg/kg over 5 min was administered during
rapid VT, and 3 dogs received a second dose 24h later. While VT terminated with IBV in all instances
within 3.4±0.6 min, no effect of IVB on sinus rate was noted.

CONCLUSION—We conclude that: (1) If-associated tachyarrhythmias - if they occur with HCN-
based biological pacemakers - can be controlled with If inhibiting drugs such as IVB; (2) In vitro,
IVB appears to have a greater steady-state inhibiting effect on HCN1 and HCN212 isoforms than
HCN4; and (3) VT originating from the HCN212 injection site is suppressed more readily than sinus
rhythm. This suggests a selectivity of IVB at the concentration attained for ectopic over HCN4-based
pacemaker function. This might confer a therapeutic benefit.
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Introduction
In recent years the possibility of developing biological pacemakers as adjuncts to or
replacements for electronic pacemakers has been investigated.1–10 A potential concern about
biological pacemakers is the possibility that they might malfunction to create ventricular or
atrial tachyarrhythmias originating at the implant site. We have focused on the HCN family of
pacemaker channel genes to create biological pacemakers and have seen no arrhythmic activity
using viral vectors or adult human mesenchymal stem cells (hMSC) as delivery platforms.6–
10 However, in preliminary experiments we found that canine left bundle branch implantation
of an adenoviral construct of HCN212, a chimera we constructed to increase basal rates of
HCN-based biological pacemakers, induces rapid ventricular tachycardia (VT). We
hypothesized that if the VT were the functional result of the pacemaker current If, then
ivabradine (IVB), a selective inhibitor of If

11 that substantially reduces the rate of spontaneous
action potential firing in sinoatrial node12 would suppress it. Moreover, previous data had
suggested that IVB may show isoform-selectivity in suppressing HCN currents.13 Specifically,
it expresses a greater effect to inhibit HCN1 than HCN2 or HCN4 isoforms. This suggested to
us that there might be a selective effect of IVB on an HCN212-based chimera over sinus rhythm,
which is largely HCN4-driven.

Methods
Experiments were performed using protocols approved by the Columbia University
Institutional Animal Care and Use Committee and conform to the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 85-23, revised 1996). IVB was kindly provided
by Servier Laboratories (Courbevoie, France).

Adult rat ventricular myocytes isolation and infection
Male Wistar adult rats weighing 300–350 g (10–12 weeks old) were anesthetized before
cardiectomy and freshly isolated ventricular myocytes were prepared using an enzymatic and
mechanical procedure previously described by us.14 Single myocytes were then resuspended
in serum-free medium (ACCTI15) and plated onto laminin-coated 9×22 mm glass coverslips.
Two to three hours later they were infected with adenoviral constructs of mouse HCN2 or
HCN212. In some experiments the channel was coinfected with a green fluorescent protein
adenoviral construct (GFP). The culture medium was removed from the coverslips and 200
μl/coverslip of pre-warmed culture medium mixed with adenovirus was added. The coverslips
were kept at 37°C in a CO2 incubator during the 2-hour adsorption period, then the inoculum
was discarded and the coverslips washed and the dishes refilled with the appropriate culture
medium. The multiplicity of infection (MOI, ratio of viral units to cells) was 60 for both HCN2
and HCN212 and 40 for GFP. Whole-cell patch clamp techniques were employed to record
HCN2 and HCN212 currents from adult rat ventricular myocytes overexpressing the two
channels 24 h after infection.

The preparation of the mouse HCN2 adenovirus has been previously described, using a shuttle
vector from Microbix Systems16 and a similar approach was employed to produce an HCN212
adenovirus. The HCN1 and the chimeric HCN212 clones were provided by Dr. S. Siegelbaum.
HCN212 consists of the N- and C-termini of mouse HCN2 and the transmembrane region of
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mouse HCN1, such that amino acids D182–L442 of HCN2 were substituted by D129–L389
of HCN1.17

HEK cells and transfection
HEK 293 cells were cultured in Dulbecco’s MEM supplemented with 10% fetal calf serum
(Gibco, Invitrogen Corp.) and antibiotics (1x Penicillin-Streptomycin-Glutamine; Gibco,
Invitrogen Corp.) at 37°C in 5% CO2. Murine HCN1, HCN2 or HCN212 cDNA and GFP
cDNA were co-transfected in HEK cells using Gene Jammer Transfection Reagent
(Stratagene). The transfection procedure was performed according to manufacturer’s
instructions. Two μg of channel cDNA and 1 μg of GFP were used for each 35 mm Petri dish.
Cells were used 2–3 days after transfection to permit a good level of protein expression. Cells
were dispersed using the PBS-based Cell Dissociation Buffer (Gibco, Invitrogen Corp.) and
re-plated at a low density onto 9×22 mm glass coverslips on the morning of each experiment.
Whole-cell patch clamp was employed to record HCN2, HCN1 and HCN212 currents from
HEK cells overexpressing these channels.

Intact canine studies
Anesthesia was initiated with propofol 6 mg/kg IV and maintained with inhalational isoflurane
(1.5%–2.5%) in 6 adult mongrel dogs weighing 22–25 kg. Using a steerable catheter the
HCN212 viral construct was injected into the left bundle branch (LBB) as described by us
previously.7 Complete atrioventricular (AV) block was induced via radiofrequency ablation
of the AV junction and each site of injection was paced via the catheter electrode to permit
pace-mapping of the origin of the idioventricular rhythm during follow up. Data from an
additional 10 dogs (5 administered HCN2 and 5 administered saline, using the same protocol)
were included as comparison groups. Although these data have been in part reported earlier8
the experiments overlapped temporally with some of the HCN212 experiments and the animals
were viewed as appropriate controls.

An electronic pacemaker (Guidant, Discovery II, Flextend lead) was implanted and
programmed in demand mode VVI 45 bpm. ECG(PC-EKG, Dr. Vetter GmbH, Baden-Baden,
Germany), 24-h Holter monitoring (Digital Holter Analysis System, Rozinn Electronics, Inc,
Glendale, NY), and pacemaker log record checks were performed daily for the 14 day duration
of each experiment. If VT was observed during resting ECG recordings, then during continuous
ECG recording the electronic pacemaker was turned off and IVB, 1 mg/kg was administered
intravenously over 5 min. The ECG was monitored continuously for 30 min to evaluate the
effect of treatment and additional ECGs were recorded 1h after IVB administration. When this
acute phase of the experiment ended electronic pacing was reinitiated. The maximal rate of
VT, time to reoccurrence of VT, and time to the last episode of VT after implantation was
evaluated using 24-h Holter monitoring.

Statistical analysis
In cell culture studies, experimental data were compared using a Student’s t test or Chi-square
test with Yates’ correction, as appropriate. When making comparisons, matched cells from the
same cultures were used, and data from at least 3 separate cultures were pooled for each
comparison. Data from intact animals were analyzed using two-way repeated measures
ANOVA. Subsequent analysis was done using either Bonferroni’s test where equal variances
were assumed, or the Games-Howell test where variances were unequal. One-way repeated
measures ANOVA or independent samples t-test were used to analyze influence of one factor
on a dependent variable.
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Data are presented as means ± SEM. Data were analyzed using SPSS for Windows software
(SPSS, Inc, Chicago, IL.). P<0.05 was considered to be significant.

Results
Comparison of HCN2 and HCN212 effects in adult rat ventricular myocytes

Representative normalized current traces obtained at test potentials ranging from −35 to −95
mV, from a holding potential of −35 mV, are shown in Figure 1A, which demonstrates that
HCN212 current shows faster activation kinetics than HCN2. We analyzed the percentage of
myocytes expressing the HCN2 and HCN212 currents (Figure 1B) and the current density at
−135 mV (Figure 1C). HCN2 and HCN212 channels gave rise to currents with similar levels
of expression (91.3%, n=23 vs 81.5%, n=27; p>0.05) and current density (−12.5±2.2, n=5 vs
−14.5±3.0, n=9; P>0.05). That HCN212 and HCN2 channels manifest similar voltage
dependence of activation is evident from the mean current-voltage relationships shown in
Figure 1D. For statistical analysis individual activation curves were fit to the Boltzmann
equation and the calculated midpoint (V1/2) and slope factor (s) from all cells averaged and
compared. Mean parameters for HCN2- and HCN212-expressing cells (n= 5 and 9
respectively) were: V1/2 = −81.2±2.6 mV and −75.7±2.6 mV (P>0.05) and s= 10.3±1.1 mV
and 8.3±1.0 mV (P>0.05). Analysis of activation kinetics revealed that the mean activation
time constants of HCN212 current are faster than those of HCN2 current at each voltage
analyzed (Figure 1E). Faster kinetics would be expected to result in more current being passed
earlier in diastolic depolarization with HCN1 than with HCN2 so that a faster basal rate would
be expected in HCN212-based biological pacemakers.

Whole-cell patch clamp was then employed to record HCN2, HCN1 and HCN212 currents
from HEK cells overexpressing the channels and state-dependence of IVB block of these
channels was investigated. We employed a concentration of 3×10−6M/L because this is
approximately 2x the published half-maximal concentration for block of cloned HCN channels
and native pacemaker current.13,18 At this concentration, IVB is selective for the pacemaker
current.19 Representative time-courses of normalized HCN1, HCN2 and HCN212 current
amplitude measured at −100 mV and the current traces recorded before (a) and just after
resuming the pulsing protocol (b) are shown in Figure 2A, B and C. In agreement with previous
results,13 IVB shows affinity for the closed conformation of HCN1 channels since the current
amplitude of the trace recorded before (a) the period at −35 mV is bigger then that recorded
just after (b). In n=5 cells the mean ratio b/a calculated was 0.88± 0.02 (P<0.05).

In contrast, IVB did not show appreciable affinity for the closed conformation of HCN2 (panel
B) and HCN212 (panel C) channels as, for both currents the traces (a and b) had similar
magnitudes. The mean ratio between the current amplitudes recorded just after (a) and just
before (b) was 0.97±0.01 (P>0.05, n=6) and 0.97±0.03 (P>0.05, n=6) for HCN2 and HCN212
respectively. These results argue in favor of the hypothesis that drug molecules block HCN2
and HCN212 channels only when the channel gate is open, as previously reported for HCN4
and native sinoatrial f-channels.13,18

As expected, resumption of the pulsing protocol in the presence of IVB caused the current to
decrease until steady state block was reached. HCN2, HCN1 and HN212 current inhibition
developed over a similar time-course with a mean time constant of 102± 27 s for HCN2 (n=6),
196 ± 36 s for HCN1 (n=4) and 184± 26 s for HCN212 (n=5) (P>.05). The mean percent steady-
state current block induced by IVB 3 μM and that previously reported for HCN4 channels were
compared using ANOVA as shown in Figure 2D. IVB 3 μM more completely blocked HCN1
and HCN212 than HCN2 and HCN4 (P<.05).
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Intact animal studies
Our prior and concurrent studies using HCN2 with either viral or stem cell platform delivery
demonstrated a stable, basal rhythm of 50–60 bpm.7–10 In contrast, with HCN212 we saw
only VT of varying rates. The first episode of rapid, bursting VT was noted in all 6 dogs injected
with HCN212 at 0.9±0.3 days after implantation and persisted for 5±1 days. The maximal VT
rate was 285±37 bpm as registered during 24-h monitoring. This did not happen concurrently
or subsequently in any of the animals administered HCN2 or saline and reported by us
separately.8 Summary data are provided in Figure 3. The QRS configurations of the VT
resembled those of impulses pace-mapped to the injection site during the implantation
procedure and the VT could itself be overdrive-suppressed.

IVB was administered to all dogs and in 3 of them a second IVB administration was performed
24 h after the first treatment. For the purpose of analysis we pooled all IVB administrations (9
in 6 dogs). IVB terminated VT in all 9 episodes at 3.4±0.6 min after completing administration.
VT reoccurred in all cases in 16.5±1.0 h. A representative experiment is shown in Figure 4.
Of interest is that the effect of IVB on the ectopic pacemaker rate was greater than on sinus
rate. Summary data are presented in Figure 5.

Discussion
We employed the HCN212 chimera because we were seeking a modified HCN channel that
might incorporate the favorable activation kinetics of HCN1 as well as the more robust cAMP
response of HCN2. We reasoned that this would create a pacemaker that had a faster basal rate
than the HCN2 biological pacemaker we had previously reported6–8 and yet maintained the
catecholamine sensitivity that is greater for HCN2 than HCN1. In fact, the HCN212 chimera
overshot our expectations in that it manifested VT having excessively rapid rates. In other
words, while the basic concept underlying the design of the chimera was sound, the specific
design, itself, was flawed. The resultant VT had the following characteristics: at its maximum
rate it pace-mapped to the injection site of the HCN212 construct and manifested a rate well
over 200 bpm; it overdrive-suppressed both itself and the endogenous idioventricular rhythms
of the dogs, resulting in long pauses; and it was highly sensitive to the If inhibitor, IVB. These
characteristics all are clearly those of an automatic tachycardia and an association with If as a
contributory current. While automatic tachycardias in otherwise normal ventricles are not
classically associated with rates this rapid, one must remember that this is not a naturally
occurring HCN isoform but rather a fabricated chimera.

Despite the undesirable outcome with HCN212 there were several novel and potentially useful
findings: first, the isoform specificity of IVB for HCN1 over HCN2 and HCN4 channels in
situ13 is consistent with and may contribute to the greater sensitivity of the biological than
native pacemaker to the drug; second, IVB may offer a useful tool for suppressing automatic
tachycardias in vivo and/or as a diagnostic identifier of automaticity in clinical arrhythmias;
and third, to the extent that HCN channels might contribute to the occurrence of biological
pacemaker malfunction, IVB might confer therapeutic benefit.

We shall discuss each of these points in sequence:

The isoform specificity of IVB for HCN1 over HCN2 and HCN4 channels in situ is consistent
with and may contribute to the greater sensitivity of the biological than native pacemaker to
the drug

An earlier study13 determined that HCN4 channels are predominantly sites of open channel
block by IVB. The present study suggests strongly that this is the primary mechanism for IVB-
induced channel block of HCN2 and HCN212 as well. This differs from block of HCN1, which
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both we and the earlier study found to be dependent on the channel being closed. Thus, the
state-dependent nature of IVB block does not account for the differential sensitivity we
observed between the biological and native pacemakers in vivo. Further, since HCN212
behaves like HCN2 rather than HCN1, it suggests that residues in the N- and/or C-termini are
critical for open channel block by IVB. Regarding steady-state block it appears that block of
HCN212 and HCN1 channels with 3μM IVB is significantly greater than that of HCN4 and
HCN2 (see Figure 2D). Because we studied only a single concentration near the half-maximal
response, we cannot say if this reflects an isoform difference in the dose-response relation or
in the maximal inhibition. Nonetheless, one important interpretation of these results is that the
pore-forming unit of the HCN212 channel is truly functional in the same way as HCN1.

Interestingly, our findings also suggest that the in situ demonstration of differing isoform
selectivity of IVB may have a clinical counterpart. As shown in Figure 5, atrial rate, which is
primarily contributed to by HCN4 is unaffected by the dose of IVB (1mg/kg IV over 5 min)
that terminates the function of the HCN212 pacemaker. There are several possible
interpretations of this finding: (1) to the extent that any HCN1-based mechanisms might
contribute to automatic arrhythmias in vivo, IVB would suppress them while leaving the basic
sinus mechanism of the heart unaltered. This result might appear at odds with the primary
recommended clinical use of IVB today, which is to slow sinus rate in the setting of angina.,
20 However, the present study was not intended to explore the possibility of sinus slowing.
The latter would have required a dose-response relationship using bolus plus infusion. Had a
higher dose and sustained plasma level been maintained we might have seen slowing of sinus
rate. (2) It is possible that catecholamine release was augmented in the setting of a rapid and
unstable VT. This might have increased sinus rate, counteracting the effect of IVB to suppress
the sinus pacemaker. Further, the use-dependent nature of IVB block of pacemaker channels
is such that tissue firing at a faster rate would be expected to exhibit greater sensitivity than
that firing at a slower rate. (3) In transfecting myocytes with HCN212 we created a population
of cells whose balance between IHCN212 and resident ion channels was unique. The differing
ratios of channels contributing to pacemaker function in sinus node would be anticipated to
maintain sinus rhythm in a manner different from that in the transfected biological pacemaker.

IVB may offer a useful tool not only for suppressing automatic tachycardias in vivo, but as
a diagnostic test of automatic versus other mechanisms for clinical arrhythmias

In making this suggestion we are accepting the premise that If is a major driver of automatic
rhythms. Indeed there are significant data that support this view. The pioneering work of
DiFrancesco demonstrated that pacemaker function was initiated by a hyperpolarization-
activated inward current, designated If, and subsequent research catalogued both the properties
of the responsible channel and the importance to its function of cAMP binding.21,22 However,
it is clear that If is not the only current contributing to pacemaker function. Not only are inward
Ca currents (ICa,T and ICa,L) important, but there is a modulatory action of repolarizing K
currents which, as they increase or decrease may contribute respectively to decreases and
increases in automatic rate (reviewed in 23). Most recently, the role of Na/Ca exchange current
has been investigated and this too appears to be an important contributor.24,25 That all these
currents interact to provide the pacemaker potential is part of the beauty of the system’s design:
failure of one component (or its pharmacological block) may slow pacemaker rate, but the
other components can still operate to ensure continuity of pacemaker function.

How does this information potentially relate to clinical cardiac arrhythmias? It is generally
recognized that most clinical arrhythmias are reentrant, but it is also clear - based on
characteristics of onset and offset, modification by electrophysiologic testing or by drugs, and
studies of basic mechanism - that a subset are triggered by afterdepolarizations and another
subset are automatic.26 Clinical diagnosis of mechanism is hampered by several obstacles:
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first, While pacing and transient entrainment are aids in identifying reentry (e.g.27–29) there
is no “clean” pharmacologic identifier of reentrant arrhythmias. Second, the diagnosis of
triggered activity has been helped by pacing and by use of various drugs, most importantly
adenosine30 and flunarazine.31 However, there is no single drug or pacing response that we
can say with certainty identifies an arrhythmia as being unimpeachably triggered (whether by
early or delayed after depolarizations). Third, while a characteristic response to overdrive
pacing is an identifier of automatic rhythms, there is no unique pharmacological identifier of
these rhythms.

How does IVB fit into this setting? As the product of research on a series of compounds that
have with increasing selectivity singled out If as the target current, it would be reasonable to
conclude that response of an arrhythmia to IVB would suggest a role for If in that arrhythmia.
This should not be overinterpreted as indicating that a positive response to IVB means If is the
sole determinant of an arrhythmia. However, for the population of arrhythmias that is automatic
a beneficial response to IVB (although not necessarily cessation of the arrhythmia altogether)
should be expected.

To the extent that HCN channels might contribute to the occurrence of biological pacemaker
malfunction, IVB might confer therapeutic benefit

In a practical sense, this is the least important of the three unique findings of this study. We
state this because at present there are no clinically available biological pacemakers. Yet, we
do believe that given the critical mass of investigators involved in the field1–10 and the general
interest in seeing the benefits of biological pacemaking become a reality this goal will
eventually be realized. And when it is realized, there is the possibility that runaway function
may materialize in some cases. We state “may” because the only time we have seen this happen
using HCN constructs is with a design whose clinical applicability is flawed, as with the
chimera used in this study. We would expect such design flaws to be engineered out of the
system before it is clinically developed. But as long as there is the possibility that
tachyarrhythmia might occur, it is useful to know that there already is at least one
pharmacologic agent that would be a suitable treatment.

Conclusions
We have demonstrated that rapid VT induced by a chimeric pacemaker channel HCN212 is
readily suppressed by the If inhibitor, IVB. We have found as well a greater effect of the IVB
concentration attained on HCN212 and HCN1 channels over HCN4 and HCN2, and that open
channel block appears to be the mechanism for drug effect. To the extent that it selects for the
If current over other ion channel contributors to cardiac electrical activity, IVB would appear
to be a potential therapeutic agent for automatic tachycardias in general, and potentially
malfunctioning biological pacemakers in particular. Although the lack of measurement of
plasma levels of IVB is a limitation of this study, that the drug had a clear, reproducible and
reversible effect is unequivocal.
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LIST OF ABBREVIATIONS USED IN MS
AV  

atrioventricular

GFP  
green fluorescent protein

HCN  
hyperpolarization-activated, cyclic nucleotide-gated

hMSC  
adult human mesenchymal stem cell

If  
hyperpolarization-activated inward pacemaker current (“funny” current)

IVB  
ivabradine

MOI  
multiplicity of infection

VT  
ventricular tachycardia
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Figure 1.
Electrophysiological characterization of murine HCN2 and HCN212 channels overexpressed
in adult cardiac myocytes. A. Sample IHCN2 (left) and IHCN212 (right) normalized current traces
recorded during hyperpolarizing steps (from −35 to −95 mV (15 mV step) from a holding
potential of −35 mV.
B. Percentage of cells patched expressing HCN2 or HCN212 currents. C. HCN2 and HCN212
current density measured at −135 mV. D. Mean steady-state activation curves for HCN2 (n=5,
squares) and HCN212 (n=9, circles). Solid lines show fit of Boltzmann relation. E. Mean
activation time constants of HCN2 (squares) and HCN212 (circles) obtained between −140
mV and −65 mV. Each point represents the mean of 3–5 values for HCN2 and 7–9 values for
HCN212. *P< 0.05 vs. HCN212.
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Figure 2.
Block of murine HCN1, HCN2 and HCN212 channels by IVB. Time-course of normalized
IHCN1 (A, right), IHCN2 (B, right) and IHCN212 (C, right) current amplitude. We used a voltage
protocol in which activating/deactivating steps (−100/+5 mV, every 6 s) were applied from a
holding potential of −35 mV for tens of seconds. Then, at the time of IVB (3 μM) application
membrane voltage was held at −35 mV for 90 s. At this voltage the HCN channels are closed.
Then, in the continuous presence of IVB, the pulsing protocol was resumed. Sample normalized
current traces recorded at the times indicated are shown on the left side of each panel. D. Mean
percentage steady-state block of human HCN4, and murine HCN2, HCN1 and HCN212
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currents induced by IVB 3 μM (n=4–6). Values reported for HCN4 current (gray bar) are taken
from.13 *P<0.05 vs. HCN4 and HCN2.
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Figure 3.
Maximal rate of rhythm that pace-mapped to injection site, recorded during daily 24 h Holter
monitoring. The maximal rate was significantly faster during the first week after implantation
in animals injected with the murine HCN212 chimera (black bars) compared to animals
receiving saline (white bars) and those injected with HNC2 gene (striped bars) on days 2–4
and 5–7.
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Figure 4.
ECG recorded before, during, and after IVB administration from a dog in complete AV block
implanted with HCN212 chimera. Each panel shows continuous traces. The top panel depicts
bursts of VT having a rate of 200 bpm and a QRS configuration that pace-mapped to the
implantation site. Four min after completing IVB infusion (1 mg/kg IV) over 5 min (middle
panel) VT slowed and bursts were shorter. Ten min after IVB infusion (bottom panel) a slow
idioventricular rhythm having a wider QRS complex and apparently originating from another
site was observed. Atrial rate remained stable during the entire period of observation. ECGs
recorded with electronic pacemaker turned off and at paper speed = 25 mm/sec
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Figure 5.
Atrial and ventricular rates recorded during and after IVB administration. Ventricular rate
(white bars) significantly slowed after IVB infusion. In contrast, IVB had no significant effect
on atrial rate (black bars) during the period of the experiment.
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