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Hyperpolarization-activated cyclic nucleotide-gated channels (HCNs) are expressed in the ventricles of fetal
hearts but are normally down-regulated as development progresses. In the hypertrophied heart, however,
these channels are re-expressed and generate a hyperpolarization-activated, nonselective cation current (Ih),
which evidence suggestsmay increase susceptibility to arrhythmia. To test this hypothesis,we generated and an-
alyzed transgenic mice overexpressing HCN2 specifically in their hearts (HCN2-Tg). Under physiological condi-
tions, HCN2-Tg mice exhibited no discernible abnormalities. After the application of isoproterenol (ISO),
however, ECG recordings from HCN2-Tg mice showed intermittent atrioventricular dissociation followed by
idioventricular rhythm. Consistent with this observation, 0.3 μmol/L ISO-induced spontaneous action potentials
(SAPs) in 76% of HCN2-Tg ventricular myocytes. In the remaining 24%, ISO significantly depolarized the resting
membrane potential (RMP), and the late repolarization phase of evoked action potentials (APs) was significantly
longer than in WT myocytes. Analysis of membrane currents revealed that these differences are attributable to
the Ih tail current. These findings suggest HCN2 channel activity reduces the repolarization reserve of the ven-
tricular action potential and increases ectopic automaticity under pathological conditions such as excessive
β-adrenergic stimulation.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hyperpolarization-activated cyclic nucleotide-gated channels
(HCNs) are widely expressed in a variety of tissues [1]. Among the
four HCN subtypes (HCN1-4), HCN2 and HCN4 are abundantly ex-
pressed in the pacemaker cells of the sinoatrial node, where they gener-
ate a hyperpolarization-activated, nonselective cation current (If/Ih),
which plays a key role in cardiac pacemaker activity [2]. HCN2 and 4
are also expressed in ventricular myocytes early during fetal develop-
ment but are down-regulated at later stages [3,4].

As many as 50% of patients with heart failure die from sudden car-
diac death, most likely caused by a lethal arrhythmia [5]. In heart failure
and cardiac hypertrophy, the cardiac remodeling process reactivates
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ventricular myocardial expression of such fetal cardiac genes as HCN2
and HCN4 as well as CACNA1G and CACNA1H, which encode T-type
Ca2+ channel subunits [6–8]. Although the mechanisms responsible
for lethal arrhythmias in failinghearts remain unresolved, evidence sug-
gests re-expression of fetal type cardiac ion channels contributes to the
arrhythmogenicity. Indeed, when we generated transgenic mice that
selectively expressed a dominant-negative neuron-restrictive silencer
factor mutant in their hearts (dnNRSF-Tg mice), we found that these
mice experienced sudden arrhythmic death and that there was a con-
comitant up-regulation of fetal type cardiac ion channels [9]. However,
the contribution of each fetal cardiac channel to the arrhythmogenicity
remains uncertain.

We previously reported that pharmacological blockade of HCN
channels partially suppressed sudden arrhythmic death in dnNRSF-Tg
mice [9]. We also carried out a preliminary analysis of transgenic mice
overexpressing HCN2 in their hearts (HCN2-Tg) and reported that
they were vulnerable to β-adrenergic-induced abnormal electrical ac-
tivity [10]. In the present study, we carried out a detailed analysis of
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the electrocardiographic and electrophysiological properties of single
ventricular myocytes from HCN2-Tg mice. Our findings demonstrate
that HCN2 channel activity reduces the repolarization reserve of the
ventricular action potential (AP) and increases the ectopic automaticity
of ventricular myocytes.

Preliminary results from this study were communicated at the an-
nual meeting of the Japanese Physiological Society (Tokyo 2013) and
at the Congress of the International Union of the Physiological Society
(Birmingham 2013) [11].
2. Materials and methods

All animal experiments were approved in advance by the Animal
Ethics Committee of Kurume University (No. 23-11). Animal care and
experiments conform to the Guidelines for the Care and Use of Labora-
tory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).
2.1. Experimental animals

We overexpressedmouse HCN2 cDNA in the hearts of C57BL/6mice
using the α-MHC promoter (HCN2-Tg) [10]. HCN2-Tg and their wild-
type (WT) littermates were used while they were between 10 and
14 weeks of age.
2.2. Cell isolation

After deeply anesthetizing mice using 3.0% sevoflurane, their hearts
were quickly removed and the ventricular myocytes were isolated
through collagenase digestion [12].
2.3. Heterologous expression experiment

Mouse HCN2 cDNA was subcloned into pCDNA3 vector, which was
then transfected into CHO cells using Attractene (QIAGEN). Electro-
physiological studies were carried out 2 days after the transfection.
Fig. 1.Expression levels ofHCNsubtypes in the ventricles ofHCN2-Tgmice (A–D)qPCRanalysis
andHCN2-Tg (black bars, n=5)mice. Note that the expression level of HCN2mRNA is significa
HCN2 demonstrating the subcellular localization of HCN2 in WT (E) and HCN2-Tg (F) ventricle
2.4. Electrophysiological measurements

APs and membrane currents were recorded from ventricular
myocytes using ruptured and perforated whole-cell patch clamp
methods. The composition of the pipette solutions and the bathing solu-
tions are available in the on-line data supplement. All the experiments
were carried out at 33–35 °C.

2.5. Quantitative RT-PCR analysis

Levels of mouse HCN1 (TaqMan assay ID:Mm00468832_m1), HCN2
(Mm00468538_m), HCN3 (Mm01212852_m1), HCN4 (Mm01176086_
m1), Kir2.1 (Mm00434616_m1), Cav1.2 (Mm01188822_m1),
Kv4.2 (Mm00807577_m1), Kchip2 (Mm00518915_g1) and Kv11.1
(Mm01161732_m1) mRNA were determined using quantitative
real-time RT-PCR (qPCR) in predesigned TaqMan Gene Expression
Assays (Applied Biosystems, Inc.). Relative levels of mRNAwere nor-
malized to the level of 18S rRNA.

2.6. ECG recording

Mice were anesthetized using 2.0% sevoflurane and placed in a su-
pine position on a warming plate to maintain body temperature at
around 37 °C. Two-lead ECGs (lead I, lead II) were recorded and ana-
lyzed using a PowerLabData Acquisition Systemwith LabChart software
(AD Instruments Inc.). Vector ECGs were reconstructed using lead I and
lead aVF. Lead aVF was calculated using following equation:

lead aVF ¼ 1
ffiffiffi

3
p � 2 � lead II−lead Ið Þ

2.7. Fluorescence immunohistochemistry

Mice were anesthetized with 3% sevoflurane and perfused through
the left ventricle with heparinized saline followed by 4% paraformal-
dehyde in PBS. The hearts were removed and post-fixed for 2 h with
4% paraformaldehyde, cryoprotected for 18 h in 30% sucrose, and
mounted in OCT Embedding Compound (Sakura Finetek, Japan), after
of the relativemRNA level of HCN family proteins in ventricles fromWT (white bars, n=5)
ntly higher inHCN2-Tg thanWT hearts (p b 0.01). (E, F) Immunohistochemical staining for
s. Nuclei were stained blue with DAPI. Bars represent 20 μm.



Fig. 2. ECG parameters inWT and HCN2-Tgmice (A, B) Representative ECG traces inWT (A) and HCN2-Tg (B)mice. Definitions of the PQ, QRS and QT intervals and the T-wave amplitude
are indicated. (C) ECG parameters inWT (white bars, n=5) and HCN2-Tg (black bars, n=5)mice. In HCN2-Tg mice, RR intervals were significantly shorter than inWTmice. Other pa-
rameters (PR interval, QRS interval, QT interval, QTc (Bazett's Formula)) did not significantly differ betweenWT andHCN2-Tgmice. (D) Relative T-wave amplitudes inWT (white bar) and
HCN2-Tg (black bar) mice.
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which serial 5-μm sections were cut with a cryostat (CM3050S, Leica
Microsystems, Wetzlar, Germany). The tissue sections were washed in
PBS and then blockedwith 5% normal goat serum (NGS) in PBS contain-
ing 0.05% Triton X-100. Thereafter, the sections were incubated with a
polyclonal rabbit anti-HCN2 antibody (1:1000 dilution, Alomone Labs,
Jerusalem, Israel) for 1 day at 4 °C, followed by incubation with Alexa
Fluor 568 goat anti-rabbit IgG (1:2000 dilution, Invitrogen, Carlsbad,
CA) for 2 h at room temperature. Images were captured using a
Fig. 3. Idioventricular rhythm induced by ISO inHCN2-Tgmice (A, B)Representative ECG traces
WT or HCN2-Tg mice. ISO (0.1 mg/kg) was intraperitoneally injected at 0 s. Note that in HCN
rhythm. The blue arrows indicate P waves to emphasize the AV dissociation. (C) Repr
(D) Representative vector ECG in HCN2-Tg mice. ISO induced ectopic ventricular rhythm in H
(black) and after (red) ISO administration. With or without ISO, heart rates in HCN2-Tg mice w
Fluoview 1000 laser-scanning confocal microscope system (Olympus,
Tokyo, Japan).
2.8. Statistical analysis

Data are shown as mean ± SD. Repeated-measures one-way analy-
sis of variance (ANOVA) followed by the Tukey test and the Student's t-
inWT (A) andHCN2-Tg (B)mice. Under control conditions,we observedno arrhythmias in
2-Tg mice the ECG trace showed atrioventricular dissociation followed by idioventricular
esentative vector ECG in WT mice before (black) and after (red) ISO application.
CN2-Tg hearts. (E) Heart rates in WT (open bar) and HCN2-Tg (filled bar) mice before
ere significantly faster than in WT mice.
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test were used for data analysis. Differences were considered significant
when p b 0.05.

3. Results

3.1. Isoproterenol (ISO) induces idioventricular rhythm in HCN2-Tg mice

Recent studies suggest that in addition to HCN2, HCN1 and HCN3
may also be involved in generating murine ventricular APs [13,14].
We therefore first examined whether the expression of these channels
was altered in HCN2-Tg myocytes. qPCR experiments showed that
there were no secondary changes in the expression of HCN1, HCN3 or
HCN4 in HCN2-Tg myocytes. On the other hand, HCN2 expression was
N100 times higher in HCN2-Tg thanWTmyocytes (Figs. 1A–D). Immu-
nostaining confirmed that virtually noHCN2was present inWTventric-
ular ventricles. In HCN2-Tg hearts, however, HCN2-immunoreactivity
was ubiquitous throughout the ventricle (Fig. 1F).

Free moving, telemetric ECG records from HCN3 knockout mice
(HCN3−/−) revealed significant changes in the waveform: the QT
Fig. 4. ISO-induced SAP in HCN2-Tg myocytes (A) Continuous trace of a current-clamp recordi
using the perforated patch method. The application of 0.3 μmol/L ISO is indicated by the red ba
indicates the percentage ofmyocytes exhibiting SAPs (76%). (C) Scatter plot ofMDPs and firing
recorded using the perforatedwhole-cell patchmethod; black symbols, rupturedwhole-cell pa
trains of SAPs; inter-AP intervalsweremeasured from the onset of SAPs to the termination of IS
right) myocytes. In HCN2-Tg, depolarization of RMPwas observed at even lower concentration
depolarization. InWT, ISO (red line) neither induced depolarization of RMP nor SAP. (E) RMPs i
black bars; with ISO, red bars; with ISO and IVA, green bar (repeated-measures one-way ANOV
interval was prolonged at lower heart rates in HCN3−/− mice, and the
amplitude of the T-wave was greater [14]. By contrast, the only signifi-
cant change in the ECGwaveform in HCN2-Tgmice was a shortening of
the RR interval (Fig. 2). The relative amplitude of the T-wave (normal-
ized to the amplitude of the R-wave) varied considerably, and there
was no significant difference between the WT (7.9 ± 1.5%, n = 5) and
HCN2-Tg (6.5 ± 4.1%, n = 5, p = 0.49) hearts.

We previously reported that β-adrenergic stimulation increased the
occurrence of ventricular arrhythmias during telemetric recording of
ECGs in HCN2-Tg mice [10]. To explore the mechanism of this arrhyth-
mia, we carried out electrocardiographic vector analysis under general
anesthesia [15]. In WT mice, the intraperitoneal application of ISO
(0.1 mg/kg) simply induced sinus tachycardia; no ventricular arrhyth-
mias were observed, and the polarity of the QRS complex and the mor-
phology of the vector loop were not significantly changed. By contrast,
ISO-induced atrioventricular dissociation in HCN2-Tg mice, followed
by idioventricular rhythm (Fig. 3B). These ventricular rhythms occurred
intermittently and returned to sinus rhythm when the AV dissociation
disappeared. Vector ECG revealed that upward vector loop and left
ng from an HCN2-Tg myocyte. In this experiment, the membrane potential was recorded
r. (B) Fractions of ISO-treated HCN2-Tg myocytes with and without SAPs. The black sector
rates (beats permin; bpm) of SAPs in ISO-treated HCN2-Tgmyocytes: white symbols, data
tchmethod. Firing rateswere calculated by successively averaging the inter-AP intervals in
O application. (D) Representative induced APwaveform inWT (left) and HCN2-Tg (center,
(0.03 μmol/L ISO). It should be noted that 10 μmol/L ivabradine significantly reversed the
nWTmyocytes (open bars, n=6) and in HCN2-Tgmyocytes (filled bars, n=10); control,
A followed by Tukey test, *p b 0.05).



Fig. 5. Shift of the Ih activation curve underlies the depolarization of RMP in HCN2-
Tg myocytes. (A) Representative current traces recorded fromWT (left) and HCN2-
Tg (right) myocytes after the application of 1 mmol/L Ba2+. A robust Ih was re-
vealed after complete inhibition of IK1. The pulse protocol is indicated above the
traces. (B) I–V relationship for IK1 in WT (open triangles) and HCN2-Tg (filled tri-
angles) myocytes. IK1 amplitude was measured as the Ba2+-sensitive component.
(C) qPCR analysis of the relative levels of Kir2.1 mRNA in WT (open bar) and
HCN2-Tg (filled bar) hearts (n = 5 in each group). (D) I–V relationship for Ih in
HCN2-Tg myocytes (filled circles) in the presence of 0.3 μmol/L ISO. The amplitude
of the time-dependent component during the conditioning pulse was measured as
Ih and normalized to the cellular membrane capacitance. In WT myocytes, only the
time-independent background current was observed (open circles). (E) Voltage-
dependent steady-state activation curve for Ih in the presence (red circles) and ab-
sence (black circles) of 0.3 μmol/L ISO. (F) Upper panel shows an expanded SAP
trace. The MDP was −78.5 mV, and the peak-to-peak interval was 209 ms. The
lower panel shows the time course of Ih activation in HCN2-Tg myocytes at −80
and −90 mV. The membrane current was recorded in bathing solution containing
1 mmol/L Ba2+ and 0.3 μmol/L ISO.
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axis deviation were consistently induced during the idioventricular
rhythm (Fig. 3D). These findings suggest that ISO increased ectopic
pacemaker activity in the ventricles of HCN2-Tg hearts (Figs. 3A, C).

3.2. ISO induces depolarization and spontaneous APs in HCN2-Tg myocytes

To obtain insight into the cellular mechanism underlying the ec-
topic ventricular rhythm in HCN2-Tg mice, we recorded the mem-
brane potentials of HCN2-Tg myocytes using pipette solution
containing 5 mmol/L EGTA. As shown in Fig. 4A, the application of 0.3
μmol/L ISO depolarized the resting membrane potential (RMP) and
often induced an irreversible train of spontaneous APs (SAPs);
i.e., SAPs were observed in 76% of cells tested (32 of 42 cells, Fig. 4B).
Fig. 4C summarizes the relationship between the average firing rates
and the maximal diastolic potentials (MDPs) of SAPs in HCN2-Tg
myocytes. The white symbols depict the values recorded in the perfo-
rated whole-cell patch experiments (n = 9), while the black symbols
represent those recorded in the rupturedwhole-cell patch experiments.
However, the occurrence of SAPs did not differ between the experimen-
tal configurations. Twenty-four percent of ventricular myocytes isolat-
ed from HCN2-Tg hearts, ISO depolarized the RMP, but did not
induced SAPs (data not shown). It was recently reported that HCN2
channel possessed permeability to Ca2+, as well as Na+ and K+,
which may induce delayed after depolarization (DAD) [16]. To test
this possibility, we carried out fast pacing of HCN2-Tg myocytes. As
shown in Supplementary Fig. 1, DADwas not induced both in the pres-
ence and absence of ISO, when recorded with 5 mmol/L EGTA pipette
solution. These findings suggested that intracellular Ca2+-dependent
mechanism may not be involved in this automaticity.

In HCN2-Tg myocytes, ISO depolarized RMP even at lower concen-
tration; 0.03 μmol/L ISO depolarized RMP from −80.2 ± 1.9 mV to
−75.9 ± 1.6 mV (Fig. 4E, n = 10, p b 0.05). The depolarization of
RMP was significantly reversed by the application of HCN channel
blocker, ivabradine from −75.9 ± 1.6 mV to −77.6 ± 1.7 mV (Fig. 4E,
n = 10, p b 0.05). In WT myocytes, ISO neither induced SAPs (data not
shown) nor depolarized the RMP (Fig. 4D, left panel), which were
−80.6 ± 1.3 mV and −81.0 ± 1.3 mV in the absence and presence of
0.03 μmol/L ISO, respectively (Fig. 4E, n=6). ISO (0.3 μmol/L) also failed
to induce SAP or depolarization in WT myocytes (data not shown).

To clarify the mechanisms underlying ISO-induced depolarization
and SAPs, we next evaluated the membrane currents that contribute
to the RMP. As shown in the right panel of Fig. 5A, inhibition of IK1
using 1mmol/L Ba2+ unmasked a time-dependent inward current acti-
vated by hyperpolarizing pulses (i.e., Ih) in HCN2-Tg myocytes. In WT
cells, Ih was negligibly small or absent when the K+ concentration in
the bathing solution was within the physiological range (Fig. 5A, left
panel). The current–voltage (I–V) relationships for Ih (open circles)
and the background current (filled circles) are shown in Fig. 5D.

We also compared the amplitudes of the inward-rectifier K+ current
(IK1) measured as a Ba2+-sensitive component. The I–V relationships in
Fig. 5B show that IK1 density did not significantly differ between WT
(open triangles) and HCN2-Tg (filled triangles) myocytes. Consistent
with this observation, qPCR revealed that levels of Kir2.1 mRNA also
did not significantly differ between WT and HCN2-Tg myocytes
(Fig. 5C).

To determine whether Ih could be activated at membrane potentials
close to the MDP or depolarized RMP in HCN2-Tg myocytes, we ana-
lyzed voltage-dependent, steady-state Ih activation curves before and
after the application of ISO (Fig. 5E). We used a 2-step pulse protocol,
in which conditioning pulses (to −50 and to −150 mV for 1250 ms)
were followed by a test pulse to −150 mV, as shown in the upper
panel of Fig. 5A. The amplitudes of the time-dependent components at
the onset of test pulse were normalized as %activation and plotted.
We then fitted the Boltzmann equation to each data set: %activation =
1/(1+ exp((Vm − V1/2) / s))), where V1/2 is the membrane potential at
which activation is half-maximal, Vm is themembrane potential, and s is
the slope factor. It is clear from Fig. 5E that V1/2 was shifted from
−118.5 ± 2.9 mV to −90.2 ± 1.5 mV by ISO application (n = 4, p b

0.01). These activation curves suggest that under control conditions
7% of Ih is activated at RMP, whereas in the presence of ISO as much as
25% of Ih is activated at the MDP (−77.1 ± 4.7 mV) of SAPs.

Finally, we compared the time course of the diastolic depolarization
of SAPs and the activation time course of Ih in HCN2-Tg myocytes
(Fig. 5F). As indicated by the dashed lines, the activation kinetics of Ih
at−80 mV were so fast that the current could be sufficiently activated
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at MDP during the beat-to-beat intervals between SAPs. This strongly
suggests that in HCN2-Tg myocytes, ISO-induced depolarization of
RMP and diastolic depolarization of SAPs are due to ISO-induced activa-
tion of HCN2.

3.3. Repolarization reserve in HCN2-Tg myocytes

Fenske et al. [14] recently reported detecting faint expression of
HCN3 in ventricular myocytes from adult mice. They also reported
that in HCN3 knockout (HCN3−/−) mice, AP duration (APD) was short-
ened along with alteration of T-wave amplitude on ECGs. We therefore
used ruptured whole-cell patch methods to evaluate the shape of APs
induced in HCN2-Tg myocytes.

In Fig. 6A, AP was recorded in the absence of ISO. The black and red
lines indicate APs of WT and HCN2-Tg, respectively. As summarized in
Fig. 6C, the amplitude of action potential (APA)was not significantly dif-
ferent between HCN2-Tg andWTmyocytes. AP duration at 90% repolar-
ization (APD90) was significantly longer, whereas APD50 and APD20

were significantly shorter in HCN2-Tg myocytes. Fig. 6B depicts the AP
waveforms recorded in the presence of 0.3 μmol/L ISO. APs were in-
duced in the same cells as in Fig. 6A. In HCN2-Tg myocyte, the RMP
was depolarized due to the activation of HCN2. At the same time, and
the amplitude of overshootwas reduced,most probably due to the inac-
tivation of voltage-gatedNa+ current at depolarized RMP. Action poten-
tial parameters are summarized in Fig. 6C; APAwas significantly smaller
in HCN2-Tg. The differences of APD90, APD50, and APD20 were even
more apparent in the presence of ISO.

At the given composition of the intra- and extracellular solutions,
predicted reversal potential of Ih was −35 mV. During repolarization
phase, it is therefore anticipated that outward tail current of Ih short-
ened APD at the membrane potentials more positive than −35 mV,
and inward tail current of Ih prolonged APD at themembrane potentials
more negative than−35mV. To test this idea, we carried out AP clamp
experiments in CHO cells expressing mouse HCN2 cDNA. We used CHO
cells because they do not express voltage-gated K+ currents, and it was
Fig. 6.Action potential parameters of induced APs (A) Representative AP traces of WT (
in the presence of 0.3 μmol/L ISO. Black and red lines, same as in (A). As emphasized by
(C) Summaries of APA, APD90, APD50, APD20: black bars, WT; red bars, HCN2-Tg; op
*p b 0.05.
easy to isolate Ih tail currents from the background current. We first ac-
tivated Ih using a square pulse protocol with high-K+ pipette solution
containing 1 mmol/L cAMP (Fig. 7A). It should be noted that the direc-
tion of the tail current reversed between −40 and −30 mV. When
we then perfused 5.4 mmol/L K+, 10 mmol/L Cs+ bathing solutions, in-
ward Ih was almost completely blocked, but the outward tail current
was less sensitive to this solutions.

In the same cell, we activated Ih using a command pulse shaped like
an AP sampled from an HCN2-Tg myocyte in the presence of ISO (Fig.
7B, inset). In the left panel of Fig. 7B, the black line was recorded in
the control bathing solution, the green line in the 5.4 mmol/L K+, 10
mmol/L Cs+ bathing solution. It is clear that a Cs+-sensitive component
was recorded during all phases of the AP. In the right panel of Fig. 7B, the
I–V relationship was obtained from the repolarization phase in the AP
clamp experiment (n = 6). The intersections between black line and
magenta line show that the reversal potential of the Cs+-sensitive com-
ponent was close to−35 mV. It is evident from these results that the Ih
tail current could participate in the repolarization phase of the mouse
ventricular AP.

Finally, we confirmed that the expression of ion channels that could
potentially affect APD was unchanged in HCN2-Tg myocytes. qPCR
analyses showed that the expression of Cav1.2, Kv11.1, Kv4.2 and
Kchip2 did not significantly differ betweenWT and HCN2-Tg myocytes.
Furthermore, we detected no secondary changes in the densities of L-
type Ca2+ currents and 4-AP-sensitive transient outward currents in
HCN2-Tg myocytes (Supplementary Fig. 2).

4. Discussion

Evidence from numerous studies is suggestive of the potential
arrhythmogenicity of HCNs in failing hearts but much remains unclear.
For example, HCN2 and HCN4 are up-regulated in hypertrophied rat
hearts and in the human failing heart [8,17,18]. In themouse transverse
aortic constriction (TAC) model, however, the amplitude of Ih is signifi-
cantly increased, but there is a concomitant up-regulation of only HCN1
black line) and HCN2-Tg myocyte (red line) under control condition. (B) AP traces
the red dash line, depolarization of RMP was observed only in HCN2-Tg myocytes.
en bars, without ISO; filled bars, with 0.3 μmol/L ISO. Bars depict means ± S.D.,
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expression; expression of HCN2 and HCN4 is unaffected [13]. Moreover,
none of the animal models of cardiac hypertrophy develop lethal ar-
rhythmias. On the other hand, transgenic mice overexpressing a domi-
nant-negative neuron-restricted silencing factor mutant (dnNRSF-Tg)
die from ventricular tachyarrhythmia [9]. In the dnNRSF-Tg ventricle,
robust increases in the expression of fetal cardiac channels, including
HCN2 and HCN4 as well as CACNA1G and CACNA1H, two T-type Ca2+

channel subunits, have been reported [9], and blockade of HCN channels
using ivabradine was recently shown to improve survival among
dnNRSF-Tg mice [10]. This result is consistent with the potential
arrhythmogenicity of HCN channels. It appears, however, that the over-
expression of CACNA1Gdoes not, by itself, provoke arrhythmias or SAPs
inmouse ventricularmyocytes; it only increases Ca2+ transients and in-
duces mild cardiac hypertrophy [19]. Likewise, we showed that the
overexpression of HCN2 is not, by itself, sufficient to induce lethal ar-
rhythmia, but it induced an idioventricular rhythm under excessive β
adrenergic stimulation. DADs are frequently observed in the myocytes
isolated from hypertrophied heart. However, as shown in the present
study, DADs were not induced by the overexpression of fetal type cardi-
ac channels. These result suggested that themechanismof ectopic auto-
maticity in HCN2-Tg may be fundamentally different from that in
hypertrophied heart.

In the present study, β-adrenergic stimulation consistently
depolarized the RMP of HCN2-Tg myocytes. However, the magnitude
of the depolarization did not directly correlate with the occurrence of
SAPs, as depolarized RMPs in quiescent HCN2-Tg myocytes did not
significantly differ from the MDPs of the SAPs. Why some cardiac
myocytes (76%) exhibited SAPs while others (24%) did not remains un-
clear. In studies attempting to generate a “biological pacemaker” by
Fig. 7. Contribution of Ih tail currents to the repolarization phase of induced APs (A) HCN2 cha
(shown in the right panel). Family of Ih current before (left) and after (center) the application
of the tail current reversed between−30 and−40mV. (B) AP-shaped command pulses (inset)
HCN2-Tg myocytes in the presence of 0.3 μmol/L ISO. Left: the black trace depicts the membran
lution. Right: I–V relationship for the HCN2 current (black line) reconstructed from the repolariz
mmol/L K+, 10 mmol/L Cs+ bathing solution.
overexpressing HCN2 in ventricular myocytes, the simultaneous over-
expression of voltage-gated Na+ channels (SkM1)was required for sta-
ble firing of SAPs [20]. This suggests, cell-to-cell variation in INa density
may determine whether or not HCN2-Tg myocytes exhibit SAPs. In ad-
dition, INa and the T-type Ca2+ current (ICa-T) are activated at a similar
range of membrane potentials [21]. Thus, the simultaneous overexpres-
sion of ICa-T and Ih might induce stable SAPs in transgenic model mice
and in hypertrophied hearts.

The firing rates of SAPs in HCN2-Tg myocytes were much less than
600 bpm. Because the heart rates of mice can easily increase to more
than 700 bpm during β-adrenergic stimulation, the automaticity of
HCN2-Tg ventricular myocytes may be masked by physiological pacing
mediated via the cardiac conduction system [22,23]. Indeed, in this
study ISO-induced ectopic ventricular rhythm in HCN2-Tg mice consis-
tently preceded AV dissociation. Under physiological conditions, the
pacemaker activity of the SA node might overdrive the idioventricular
rhythm.

The repolarization phase of ventricular APs is primarily governed by
activation of multiple K+ currents, including Ito, the fast- and slow de-
layed rectifier K+ currents (IKr and IKs; also known as HERG and
KVLQT1), and IK1 [24–27]. This redundancy of repolarizing currents is
called the “repolarization reserve” [28]. In the present study,we showed
that when APs were recorded using the ruptured whole-cell patch
method, the transgenic overexpression of HCN2 in mouse ventricular
myocytes reduced the repolarization reserve and prolonged APD at
the membrane potentials more negative than −35 mV. These results
appear to be consistent with the observations reported in HCN3−/−

myocytes, although the changes in APD were in the opposite direction
in HCN2-Tg myocytes: in HCN3−/− myocytes, APD was shortened by
nnels heterologously expressed in CHO cells were activated using a square pulse protocol
of 10 mmol/L Cs+. The pipette solution contained 1 mmol/L cAMP. Note that the direction
were applied to HCN2-expressing CHO cells at 0.5–5 Hz. The AP shapewas sampled from
e current recorded in control PBS; magenta, in 5.4 mmol/L K+ 10mmol/L Cs+ bathing so-
ation phase of the AP clamp experiment in the left panel. Themagenta line, recorded in 5.4
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the reduction of inward Ih tail current at themembrane potentials more
negative than−35mV [14]. In our earlier report, this phenomenonmay
have been underestimated because we recorded the APs using the
perforated patch method [10]. With that method, the Na+-Ca2+ ex-
changer current driven by the intracellular Ca2+ transient reportedly af-
fects the plateau phase ofmouse ventricular APs at around−40mVand
might have masked the prolongation of APD in HCN2-Tg hearts [29]. It
should be noted, however, that when the perforated patch method
was used in mouse TAC experiments, ventricular Ih density was signifi-
cantly increased and APDwas significantly prolonged [13]. Reduction in
repolarization reserve caused by Ih appears to be dependent on the time
course of the Ih deactivation upon depolarization. Among the HCN sub-
types, the order of the deactivation times at −60 mV was
HCN3 N HCN4 N HCN1 N HCN2 [14]. In the present study, even HCN2,
which possesses the fastest deactivation time, stayed open during the
AP clamp experiments. In the hypertrophied hearts of larger animals,
the expression of HCN2 and HCN4 is reportedly up-regulated [30].
Since HCN channels form heteromultimers, it would seem reasonable
to expect that the time course of Ih deactivation in hypertrophied hearts
would be intermediate, between those of HCN2 and HCN4, and would
reduce the repolarization reserve in larger animals, whose cardiac
myocytes exhibit longer APDs.

HCN channels reportedly possess Ca2+ permeability and re-
expression of HCN channels may increase Ca2+ influx in hypertrophied
heart [16]. The depolarization of RMPmay also decrease driving force of
Na+/Ca2+ exchanger, thereby increasing intracellular Ca2+ concentra-
tion. Therefore, the pharmacological blockade of Ih may exert anti-
arrhythmogenic effect by maintaining intracellular Ca2+ handling as
well as repolarization reserve in hypertrophied heart [31].

5. Conclusions

Our findings demonstrate that the transgenic overexpression of
HCN2 in the heart induces ectopic automaticity under β-adrenergic
stimulation. The overexpression of HCN2 also reduces the repolariza-
tion reserve of the AP and prolongs APD. These results suggest that
among fetal type cardiac channels re-expressed in heart failure, HCN2
alone is not sufficient to induce lethal arrhythmia, but it increases ar-
rhythmogenic potential. Pharmacological blockade of HCN channels
may therefore reduce the vulnerability of heart failure patients to ven-
tricular arrhythmia.

5.1. Limitation of study

Plateau phase of mouse ventricular action potential is at ~−40 mV
and is affected by intracellular Ca2+ transient. We therefore used Ca2+

buffering condition in order to evaluate the change of repolarization re-
serve in HCN2-Tg myocytes. On the other hand, HCN2 reportedly pos-
sesses Ca2+ permeability, which may potentially affect intracellular
Ca2+ transient, giving rise to DADs and ventricular arrhythmia. This ar-
rhythmogenicmechanismmay be underestimated in the present study.
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