HW (mg) BW (g) HW (mg)/BW (g)
31 180 25.25 713
36 140 27.50 5.09
36 140 25.38 5.52
38 210 34.58 6.07
38 180 26.15 6.88
40 150 25.66 5.85
EFCC
Weeks HW [mg]) BW [g) HW [mg)/BW (g)
30 360 19.63 18.34
35 640 25.47 25.12
36 320 25.66 12.47
36 260 22.49 11.56
40 410 23.66 17.33
42 120 16.22 7.40

not induce detectable translocations in such a rare cell type.
Perhaps eSZ cell-specific Cre expression may enable the induction
of Ewing’s sarcoma by somatic Ewsrl and Flil translocation, and
efficient Cre expression in the specific spatiotemporal manner in
the eSZ cell may be achieved using the promoter/enhancer ele-
ments of Gdf5 or Erg genes'”™,

Expression of Ews-Flil in the majority of primary cells induced
cellular apoptosis or senescence'*'. Activation of the Casp3 pro-
moter by EWS-FLI1 was reported, and the activation of caspase 3-
dependent signals may be responsible for apoptotic processes in
mouse embryonic fibroblasts (MEFs) with ectopic Ews-Flil
expression”. Indeed, Ews-Flil expression in cardiac myocytes
induced apoptotic cell death, though activation of caspase 3 was
not detected in cardiac myocytes unlike in MEFs (data not

4, DD 60- FS 100 EF
0 4
3. 5 80 *
40 * 6
2- 304
201 40
Y 10 20
. 0- o
EF;wt EFCC EF;wt EFCC EF;wt EFCC
*p <0.01

Figure 5 | Echocardiographic analysis of 37-week-old EFCC and EF;wild-
type mice. Analysis of cardiovascular function (top). DD, diastolic
diameter of left ventricle; FS, fractional shortening; EF, ejection fraction.
Representative echocardiogram for wild-type and EFCC mice (bottom).
EDD, end-diastolic diameter; ESD, end-systolic diameter, IVS,
interventricular septum; LV, left ventricle; PW, posterior wall.

shown). Thus, the low capacity for cardiac myocyte regeneration
after birth could not support cardiac homeostasis. This limitation,
therefore, could result in gradual but irreversible cardiac damage.
In support of this idea, the Ews-Flil fusion was not detected in the
severely degenerated area but remained in relatively normal parts
of the heart in EFCC mice. Moreover, introduction of Ews-Flil
cDNA significantly induced apoptosis in primary cardiac myo-
cytes, indicating the cardiac toxicity of the fusion gene. The cell
type-specific epigenetic status may modulate growth inhibitory
and tumorigenic activities of EWS-FLI1. Indeed, different chro-
matin modification was observed between Ewing’s sarcoma-sens-
itive eSZ and -resistant eGP cells'. It is noted that wild-type FLI1
protein represses Collal expression, inhibiting cardiac fibrosis®.
Interestingly, EWS-FLI1 enhanced COLIAI expression in human
cardiac fibroblasts, suggesting that it might accelerate fibrotic pro-
cesses in cardiomyopathy.

A pumber of transcription factors are associated with the
development and maintenance of cardiac myocytes, and muta-
tions in these factors affect cardiac homeostasis, structure and
functions®. Over-expression of E2F6 activates gene expression
in myocardium and induces dilated cardiomyopathy in mice,
Moreover, mutations in NKX2-5 and PDRM16 were found assoc-
iated with human congenital dilated cardiomyopathy*>**, It has
been proposed that these proteins regulate genes involved in the
ubiquitin proteasome system or proliferation of cardiomyocytes,
suggesting different aspects of myocardial damage from the pre-
sent model. Nevertheless, similar phenotypes shown in these mod-
els indicate the importance of cardiac-specific transcriptional
regulation by transcription factors, given the low regenerative
activity of adult cardiomyocytes.

Methods

Mice and gene targeting. The Ewsrl and Flil targeting vectors were assembled in a
pBSKSTKLoxPNeoGFP plasmid containing appropriate loxP sites, a loxP-flanked
thymidine kinase (Tk) promoter-driven neo gene and a Tk promoter-driven
diphtheria toxin gene. A Gfp gene was inserted immediately downstream of the 3
loxP site for the Ewsr1 vector. The homologous regions of the Ewsrl vector consisted
of an 8.4 kb genomic fragment containing Ewsrl exons 5 to 7 and a 1.3 kb flanking
exon 8 (Fig. 1a). Similarly, the Flil vector included a 5.4 kb genomic fragment of Fli1
intron 5 and a 2.0 kb fragment flanking exon 6. A CMV promoter sequence was also
inserted immediately upstream of the 5’ loxP site of the Flil vector. To establish mice
carrying a single loxP allele of Ewsrl or Flil genes, the linearized targeting vectors
were electroporated into E14 ES cells, and drug-resistant colonies were screened for
homologous recombination. To remove the loxP-flanked neomycin-resistant gene
cassette, the pMCCreGKPuro vector was electroporated into the ES cells, and
puromycin-resistant colonies were selected. Targeted clones were injected into
C57BL/6 blastocysts and the resultant chimeric mice were bred to produce progeny
having germ line transmission of the mutated allele. Mice harboring a targeted Ewsrl
allele (Ewsr ") and a targeted FIi1 allele (Fli"*) were crossed to establish the mice
that possessed loxP sites both in Ewsrl intron 7 and in Flil intron 5. The resultant

E/F; wt (n=3) EFCC (n=4)
Echocardiographic data
LVDd (mm) 3.01 £0.06 3.45+0.13
LVDs (mm) 1.43 = 0.07 243 +£0.14
IVST {mm) 1.07 =0.03 0.78 = 0.08
LVPWT (MM) ** 1.06 = 0.01 0.76 = 0.04
FS (%)* 52.67 + 2.67 29.25 + 2.43
EF (%)* 89.67 = 1.67 64.75 = 3.75
Hemodynamic data
HR (bpm} 580.7 = 36.7 631.5+11.9
sBP (mm Hg) 1043 + 3.8 105.5 + 1.4
dBP (mm Hg) 577 x7.4 508+ 4.5
Values are means = SEM, LVDd, left ventricular end-diastolic dimension; LVDs, LV end-systolic
dimension; IVST, inferventricular septum thickness; LYPWT, left ventricular posterior wall thickness;
FS, fractional shorfing; EF, ejection fraction; HR, heart rate; sBP, systolic blood pressure; dBP,
diastolic blood pressure; *, p < 0.01; **, p < 0.05.
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Figure 6 | The cardiac lesion in the EFCC mouse and Ewsr1-Flil translocation. (A) Detection of Ewsr!-Fli] translocation in the myocardium. The frozen
section of the cardiac tissue from the EFCC mouse was laser microdissected for the indicated areas (1-4) (left). Genomic PCR using DNA samples
obtained by laser microdissection (right). (B) A TUNEL assay showed a significantly greater increase of apoptotic cell death in the myocardium of the
EFCC mouse than in that of the wild-type mouse (left). High power view of the apoptotic cell is shown in the magnified inset. Frequencies of TUNEL-
positive cells per section are compared between wild type and EFCC mice (right). (C) EwsrI-Flil cDNA expression induced apoptotic cell death of cardiac
myocytes in vitro. The apoptotic cells were measured by positive signals in a TUNEL assay (left). Ewsrl-Flil-induced cell death was further analyzed by
Annexin V/PI staining and FACS analysis. The lower right quadrant (Annexin V+/PI-) represents early apoptosis, while the upper right quadrant
(Annexin V+/PI+) and the upper left quadrant (Annexin V-/PI+) represent late apoptosis and necrosis, respectively. Data are representatives of three
independent experiments with similar results (center). The expression of EWS-FLI1 protein in cardiac myocytes was detected by Western blotting using
anti-FLAG M2 antibody (right). (D) Quantitative real-time RT-PCR for COL1A1 in human cardiac fibroblasts with or without Ewsr1-Flil (left).
Expression of EWS-FLI1 protein was detected by Western blotting using anti-FLAG M2 antibody (right). (E) Expression of the Cre protein in the heart of
EFCC mice and other Cre transgenic lines of variable expression levels'2,

Ewsr"* and Flil"* mice were further crossed with CAG-Cre, MxI-Cre or Rosa26- Fluorescence in situ hybridization (FISH). The BAC clones, RPCI-23 64E17

CreER mice” . Genotyping of the mice was performed using primers described downstream from Ewsr] on mouse chromosome 11 and RPCI-23 218031 upstream
below. Animals were handled in accordance with the guidelines of the animal care from Flil on chromosome 9 were purchased from Invitrogen (Carlsbad, CA) for FISH
committee at the Japanese Foundation for Cancer Research, which gave ethical analysis. The FISH analysis using metaphase spreads obtained from embryonic

approval for these studies. fibroblasts of the Ewsr F**:FliP"*:CAG-Cre (EFCC) mouse was performed according

to the methods previously described®.
Southern blotting. Southern blotting was carried out using standard procedures™.
Genomic DNA samples were digested with Xbal or Sacl and probed with genomic Genomic and reverse transcription-polymerase chain reaction (gPCR and RT-
DNA fragments derived from Ewsrl or Flil loci (Fig. 1a). PCR). Genomic DNA (100 ng) was subjected to 35 cycles of PCR amplification. The
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PCR primers to detect the Ewsrl-Flil fusions were as follows. For Ewsrl-Flil, Ewsrl
forward primer 5'-ccccagtgetiatecttacatttg-3" and Flil reverse primer 5'-
cctgaceegtgtetttgtag-3', and for Flil-Ewsrl, Flil forward primer 5'-
agagaacccactgcttactgg-3" and Ewsrl reverse primer 5'-accacgecctecaggttcac-3' were
used. To detect the rare translocation in Rosa26-CreER and MxI-Cre transgenic mice,
genomic DNA samples were pre-amplified using 35 cycles of PCR using the following
primers. For Ewsrl, the 5’ primer was 5’-ccaagtagggectctgtcag-3' and for Flil, the 3’
primer was 5'-ggagctgaageagtaggaag-3'. For Flil, the 5’ primer was 5'-
geeccattgacgeaaatggg-3' and for Ewsrl, the 3 primer was 5'-gggglacttggtgaaggtgc-3'.
Genomic PCR for the wild-type Ewsrl transgene, Cre recombinase or Tribl was
performed using the following primers: Ewsrl, forward, 5'-cccagtgettatecttacatttg-3'
and GFP, reverse, 5'-accacgcectecaggticac-3', Cre, forward, 5'-
catacctggaaaatgcttctgtee-3” and Cre, reverse, 5’ -attgctgtcacttggtegtgge-3', or Tribl,
forward, 5’-cagtctctectteeaagtcate-3' and Tribl, reverse, 5'-gattgttgctgctgtigtic-3'.
The PCR products were analyzed by 2% agarose gel electrophoresis.

RT-PCR was carried out using cDNA generated from total RNA of systemic organs
as previously described®. The Ewsr1-Flil fusion transcript was amplified using Ewsrl
exon 7 primer (5'-tcctettcacageegac-3") and Flil exon 6 primer (5-ctgctcagtgttcttgee-
3). The primers for Cre recombinase (forward, 5'-cggtctggeagtaaaaactat-3'; reverse,
5'-cagggtgttataagcaatcee-3') and Hprt (forward, 5-getggtganaaggacctct-3'; reverse,
5’-cacaggactagaacacctge-3) were also used. The PCR products were purified, sub-
cloned into a plasmid and sequenced. Real-time quantitative RT-PCR was performed
by using a Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). The
primers for human COLIAI (forward, 5'-catgaccgagacgtgtggaa-3'; reverse, 5'-
tttcttggteggtgggtgac-3') and GAPDH (forward, 5'-acctgaccigecglctagaa-3'; reverse,
5'-aaagtggtcgtigagggcaa-3') were used.

Echocardiography. Transthoracic echocardiography was performed on conscious,
gently restrained mice using a 15-MHz linear probe (Power-Vision 8000, Toshiba,
Tokyo, Japan), as described previously®. Parasternal long-axis view and short axis
view of the left ventricle at the level of the papillary muscles were obtained. 2D-guided
M-mode recordings were obtained from short axis view at the level of the papillary
muscles. Measurements of interventricular septum thickness (IVST) and left
ventricular posterior wall thickness (LVPWT) were made from M-mode recordings
in diastole. Left ventricular internal diameter at end-diastole (LVDd) and end-systole
(LVDs) were measured from M-mode recordings. Fractional shortening (FS) was
calculated as 100 X [(LVDd — LVDs)/LVDd] (%). Ejection fraction (EF) was
calculated using the Teichholtz method.

Cell culture and recombinant lentivirus infection. Primary neonatal ICR mouse
ventricular myocytes were purchased from Cosmo Bio (Tokyo, Japan), and cells were
cultured with D-MEM/F-12 medium supplemented 10% fetal bovine serum
(HyClone, South Logan, UT). Human cardiac fibroblasts were purchased from
PromoCell (Heidelberg, Germany), and cells were cultured with Fibroblast Medium
(ScienCell, Carlsbad, CA). The human EWSRI-FLI1 cDNA (a kind gift from Susanne
Baker) was FLAG-tagged and inserted into the pLVSIN-CMV-neo plasmid (Takara
Bio, Tokyo, Japan) and HEK 293 cells were transfected with the plasmid using
Lipofectamine 2000 (Invitrogen). Cells were harvested 48 h after lentiviral infection
and subjected to further analyses.

TUNEL assay and Annexin-V analysis. Formaldehyde-fixed and paraffin-
embedded cardiac tissue sections or methanol-fixed murine primary cardiac
myocytes were subjected to TUNEL assays using the DeadEnd Colorimetric TUNEL
System (Promega, Madison, WI) according to the manufacturer’s protocol. For the
Annexin V analysis cells were stained with Annexin V-FITC and propidium iodide
(PI) according to the manufacturer’s instruction (BD Bioscience Pharmingen, San
Diego, CA). The stained cells were immediately evaluated using a FACSCalibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ).

Western blotting. Western blotting was performed as previously described®. A
monoclonal anti-FLAG M2 antibody was purchased from Sigma (St Louis, MO),
anti-Cre from Chemicon (Temecula, CA), anti-o-tubulin from Sigma and anti-
GAPDH from HyTest (Turku, Finland).

Statistical analysis. Results are shown as means = standard errors of the mean
(SEM). Continuous distributions were compared with two-tailed Student’s ¢-tests.
Survival analysis was performed using the Kaplan-Meier life table method, and the
survival between groups was compared with the log-rank test. All P values were two-
sided, and a P value of less than 0.05 was considered significant.
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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 (I),
which evidence suggests may 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-
Keywords: tions, HCN2-Tg mice exhibited no discernible abnormalities. After the application of isoproterenol (ISO),
HCN2 however, ECG recordings from HCN2-Tg mice showed intermittent atrioventricular dissociation followed by
idioventricular rhythm. Consistent with this observation, 0.3 pmol/L ISO-induced spontaneous action potentials
(SAPs) in 76% of HCN2-Tg ventricular myocytes. In the remaining 24%, 1SO 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 I, 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

B3-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/).

Arrhythmia

Ion channel
Cardiomyocyte
Electrophysiology

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 (Ig/l),
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

* Corresponding author at: Department of Physiology, Kurume University School of
Medicine, 67 Asahi-machi, Kurume 830-0011, Japan. Tel.: 481 942 31 7543; fax: +81
942 31 7728.

E-mail address: takanom@med.kurume-u.acjp (M. Takano).

http://dx.doi.org/10.1016/j.yjmcc.2014.12.019

ventricular myocardial expression of such fetal cardiac genes as HCN2
and HCN4 as well as CACNA1G and CACNA1H, which encode T-type
Ca?* channel subunits [6-8]. Although the mechanisms responsible
for lethal arrhythmias in failing hearts 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 R-adrenergic-induced abnormal electrical ac-
tivity [10]. In the present study, we carried out a detailed analysis of

0022-2828/© 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/).
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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 overexpressed mouse HCN2 cDNA in the hearts of C57BL/6 mice
using the o-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.

HCN1 HCN2

24. 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 (TagMan assay ID: Mm00468832_m1), HCN2
(Mm00468538_m), HCN3 (Mm01212852_m1), HCN4 (Mm01176086_
m1), Kir2.1 (MmO00434616_m1), Cavl.2 (MmO01188822_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 TagMan Gene Expression
Assays (Applied Biosystems, Inc.). Relative levels of mRNA were 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 1I) were recorded and ana-
lyzed using a PowerLab Data Acquisition System with LabChart software
(AD Instruments Inc.). Vector ECGs were reconstructed using lead I and
lead aVF. Lead aVF was calculated using following equation:

lead aVF :% x (2 x lead I—lead I)

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

HCN3 HCN4

20 um

Fig. 1. Expression levels of HCN subtypes in the ventricles of HCN2-Tg mice (A-D) qPCR analysis of the relative mRNA level of HCN family proteins in ventricles from WT (white bars, n = 5)
and HCN2-Tg (black bars, n = 5) mice. Note that the expression level of HCN2 mRNA is significantly higher in HCN2-Tg than WT hearts (p < 0.01). (E, F) Immunohistochemical staining for
HCN2 demonstrating the subcellular localization of HCN2 in WT (E) and HCN2-Tg (F) ventricles. Nuclei were stained blue with DAPI. Bars represent 20 um.
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Fig. 2. ECG parameters in WT and HCN2-Tg mice (A, B) Representative ECG traces in WT (A) and HCN2-Tg (B) mice. Definitions of the PQ, QRS and QT intervals and the T-wave amplitude
are indicated. (C) ECG parameters in WT (white bars, n = 5) and HCN2-Tg (black bars, n = 5) mice. In HCN2-Tg mice, RR intervals were significantly shorter than in WT mice. Other pa-
rameters (PR interval, QRS interval, QT interval, QTc (Bazett's Formula)) did not significantly differ between WT and HCN2-Tg mice. (D) Relative T-wave amplitudes in WT (white bar) and

HCN2-Tg (black bar) mice.

which serial 5-um sections were cut with a cryostat (CM3050S, Leica
Microsystems, Wetzlar, Germany). The tissue sections were washed in
PBS and then blocked with 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

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-
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Fig. 3. Idioventricular rhythm induced by ISO in HCN2-Tg mice (A, B) Representative ECG traces in WT (A) and HCN2-Tg (B) mice. Under control conditions, we observed no arrhythmias in
WT or HCN2-Tg mice. ISO (0.1 mg/kg) was intraperitoneally injected at 0 s. Note that in HCN2-Tg mice the ECG trace showed atrioventricular dissociation followed by idioventricular
rhythm. The blue arrows indicate P waves to emphasize the AV dissociation. (C) Representative vector ECG in WT mice before (black) and after (red) ISO application.
(D) Representative vector ECG in HCN2-Tg mice. ISO induced ectopic ventricular rhythm in HCN2-Tg hearts. (E) Heart rates in WT (open bar) and HCN2-Tg (filled bar) mice before
(black) and after (red) ISO administration. With or without ISO, heart rates in HCN2-Tg mice were significantly faster than in WT mice.
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test were used for data analysis. Differences were considered significant
when p <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. gPCR 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
>100 times higher in HCN2-Tg than WT myocytes (Figs. 1A-D). Immu-
nostaining confirmed that virtually no HCN2 was present in WT ventric-
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

0.3 uM isoproterenol
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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 ECG waveform in HCN2-Tg mice 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 3-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,
1SO-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
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Fig. 4. 1SO-induced SAP in HCN2-Tg myocytes (A) Continuous trace of a current-clamp recording from an HCN2-Tg myocyte. In this experiment, the membrane potential was recorded
using the perforated patch method. The application of 0.3 umol/L SO is indicated by the red bar. (B) Fractions of 1SO-treated HCN2-Tg myocytes with and without SAPs. The black sector
indicates the percentage of myocytes exhibiting SAPs (76%). (C) Scatter plot of MDPs and firing rates (beats per min; bpm) of SAPs in ISO-treated HCN2-Tg myocytes: white symbols, data
recorded using the perforated whole-cell patch method; black symbols, ruptured whole-cell patch method. Firing rates were calculated by successively averaging the inter-AP intervals in
trains of SAPs; inter-AP intervals were measured from the onset of SAPs to the termination of ISO application. (D) Representative induced AP waveform in WT (left) and HCN2-Tg (center,
right) myocytes. In HCN2-Tg, depolarization of RMP was observed at even lower concentration (0.03 pmol/L ISO). It should be noted that 10 umol/L ivabradine significantly reversed the
depolarization. In WT, ISO (red line) neither induced depolarization of RMP nor SAP. (E) RMPs in WT myocytes (open bars, n = 6) and in HCN2-Tg myocytes (filled bars, n = 10); control,
black bars; with 1SO, red bars; with ISO and IVA, green bar (repeated-measures one-way ANOVA followed by Tukey test, *p < 0.05). '
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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. IS0 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
pmol/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 ruptured whole-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 Ca®*, 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, DAD was 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 Ca®*-dependent
mechanism may not be involved in this automaticity.

In HCN2-Tg myocytes, ISO depolarized RMP even at lower concen-
tration; 0.03 pmol/L ISO depolarized RMP from —80.2 + 1.9 mV to
—75.9 4+ 1.6 mV (Fig. 4E, n = 10, p < 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 < 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 umol/L1SO, respectively (Fig. 4E, n = 6).150 (0.3 pmol/L) also failed
to induce SAP or depolarization in WT myocytes (data not shown).

To clarify the mechanisms underlying I1SO-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 Iy,
using 1 mmol/L Ba®*+ unmasked a time-dependent inward current acti-
vated by hyperpolarizing pulses (i.e., I) in HCN2-Tg myocytes. In WT
cells, I, 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 I, (open circles)
and the background current (filled circles) are shown in Fig. 5D.

We also compared the amplitudes of the inward-rectifier K* current
(Ix1) measured as a Ba?*-sensitive component. The I-V relationships in
Fig. 5B show that I; 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 I;, could be activated at membrane potentials
close to the MDP or depolarized RMP in HCN2-Tg myocytes, we ana-
lyzed voltage-dependent, steady-state I, 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 — Va12) /5))), where V, ;, is the membrane potential at
which activation is half-maximal, V;, is the membrane potential, and s is
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the slope factor. It is clear from Fig. 5E that Vy,; was shifted from
—118.5 £ 2.9 mV to —90.2 -+ 1.5 mV by ISO application (n = 4, p <
0.01). These activation curves suggest that under control conditions
7% of I, is activated at RMP, whereas in the presence of SO as much as
25% of I 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 I, in HCN2-Tg myocytes
(Fig. 5F). As indicated by the dashed lines, the activation kinetics of I
at — 80 mV were so fast that the current could be sufficiently activated
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Fig. 5. Shift of the I}, activation curve underlies the depolarization of RMP in HCN2-
Tg myocytes. (A) Representative current traces recorded from WT (left) and HCN2-
Tg (right) myocytes after the application of 1 mmol/L Ba®*. A robust I;, was re-
vealed after complete inhibition of I. The pulse protocol is indicated above the
traces. (B) I-V relationship for Ix; in WT (open triangles) and HCN2-Tg (filled tri-
angles) myocytes. Ix; amplitude was measured as the Ba®*-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 Iy, in
HCN2-Tg myocytes (filled circles) in the presence of 0.3 umol/LISO. The amplitude
of the time-dependent component during the conditioning pulse was measured as
Iy 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 I, in the presence (red circles) and ab-
sence (black circles) of 0.3 pmol/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 I;, activation in HCN2-Tg myocytes at — 80
and — 90 mV. The membrane current was recorded in bathing solution containing
1 mmol/L Ba?* and 0.3 pmol/L ISO.
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at MDP during the beat-to-beat intervals between SAPs. This strongly
suggests that in HCN2-Tg myocytes, 1SO-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
HCNS3 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 and WT myocytes. AP duration at 90% repolar-
ization (APDgg) was significantly longer, whereas APDsq and APD-q
were significantly shorter in HCN2-Tg myocytes. Fig. 6B depicts the AP
waveforms recorded in the presence of 0.3 pmol/L 1SO. 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 overshoot was reduced, most probably due to the inac-
tivation of voltage-gated Na™ current at depolarized RMP. Action poten-
tial parameters are summarized in Fig. 6C; APA was significantly smaller
in HCN2-Tg. The differences of APDgp, APDsg, and APD,, were even
more apparent in the presence of ISO.

At the given composition of the intra- and extracellular solutions,
predicted reversal potential of I, was — 35 mV. During repolarization
phase, it is therefore anticipated that outward tail current of I, short-
ened APD at the membrane potentials more positive than —35 mV,
and inward tail current of I, prolonged APD at the membrane potentials
more negative than — 35 mV. 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
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mvV

APA
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easy to isolate I, tail currents from the background current. We first ac-
tivated I, 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 I, was almost completely blocked, but the outward tail current
was less sensitive to this solutions.

In the same cell, we activated I, 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 I,
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 between WT and HCN2-Tg myocytes.
Furthermore, we detected no secondary changes in the densities of L-
type Ca®* 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 the mouse transverse
aortic constriction (TAC) model, however, the amplitude of I;, is signifi-
cantly increased, but there is a concomitant up-regulation of only HCN1
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Fig. 6. Action potential parameters of induced APs (A) Representative AP traces of WT (black line) and HCN2-Tg myocyte (red line) under control condition. (B) AP traces
in the presence of 0.3 umol/L1SO. Black and red lines, same as in (A). As emphasized by the red dash line, depolarization of RMP was observed only in HCN2-Tg myocytes.
(C) Summaries of APA, APDgg, APDsg, APD5q: black bars, WT; red bars, HCN2-Tg; open bars, without ISO; filled bars, with 0.3 pmol/L ISO. Bars depict means + S.D.,

*p <0.05.
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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 CACNATH, two T-type Ca®*
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 CACNA1G does not, by itself, provoke arrhythmias or SAPs
in mouse ventricular myocytes; it only increases Ca* " 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
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 the mechanism of ectopic auto-
maticity in HCN2-Tg may be fundamentally different from that in
hypertrophied heart.

In the present study, P-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

A

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 Iy, density
may determine whether or not HCN2-Tg myocytes exhibit SAPs. In ad-
dition, Iy, and the T-type Ca?* current (Ica.1) are activated at a similar
range of membrane potentials [21]. Thus, the simultaneous overexpres-
sion of Ic,.t and I;, 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 p-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 I, the fast- and slow de-
layed rectifier K™ currents (I, and Iy also known as HERG and
KVLQT1), and Iy [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
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Fig. 7. Contribution of I, tail currents to the repolarization phase of induced APs (A) HCN2 channels heterologously expressed in CHO cells were activated using a square pulse protocol
(shown in the right panel). Family of I, current before (left) and after (center) the application of 10 mmol/L Cs*. The pipette solution contained 1 mmol/L cAMP. Note that the direction
of the tail current reversed between — 30 and —40 mV. (B) AP-shaped command pulses (inset) were applied to HCN2-expressing CHO cells at 0.5-5 Hz. The AP shape was sampled from
HCN2-Tg myocytes in the presence of 0.3 pmol/L ISO. Left: the black trace depicts the membrane current recorded in control PBS; magenta, in 5.4 mmol/L K* 10 mmol/L Cs™ bathing so-
lution. Right: I-V relationship for the HCN2 current (black line) reconstructed from the repolarization phase of the AP clamp experiment in the left panel. The magenta line, recorded in 5.4

mmol/L K¥, 10 mmol/L Cs* bathing solution.
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the reduction of inward I tail current at the membrane potentials more
negative than — 35 mV[14]. In our earlier report, this phenomenon may
have been underestimated because we recorded the APs using the
perforated patch method [10]. With that method, the Na*-Ca®* ex-
changer current driven by the intracellular Ca?* transient reportedly af-
fects the plateau phase of mouse ventricular APs at around —40 mV and
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 I, density was signifi-
cantly increased and APD was significantly prolonged [13]. Reduction in
repolarization reserve caused by I, appears to be dependent on the time
course of the I;, deactivation upon depolarization. Among the HCN sub-
types, the order of the deactivation times at —60 mV was
HCN3 > HCN4 > HCN1 > 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 I, 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 Ca®’* permeability and re-
expression of HCN channels may increase Ca®* influx in hypertrophied
heart [16]. The depolarization of RMP may also decrease driving force of
Na*/Ca? T exchanger, thereby increasing intracellular Ca®* concentra-
tion. Therefore, the pharmacological blockade of I, may exert anti-
arrhythmogenic effect by maintaining intracellular Ca®* 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 3-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 Ca?* transient. We therefore used Ca®™
buffering condition in order to evaluate the change of repolarization re-
serve in HCN2-Tg myocytes. On the other hand, HCN2 reportedly pos-
sesses Ca®* permeability, which may potentially affect intracellular
Ca®™ transient, giving rise to DADs and ventricular arrhythmia. This ar-
rhythmogenic mechanism may be underestimated in the present study.
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1. Introduction

Approximately 50% of deaths among patients with heart failure are clas-
sified as sudden death, mainly caused by lethal arrhythmias.! Despite
recent progress, pharmacological interventions for the treatment and
prevention of lethal arrhythmias associated with chronic heart failure
remain unsatisfactory. Nonetheless, itis anticipated that a better under-
standing of the molecular basis of arrhythmicity in failing hearts will
enable identification of therapeutic targets that can serve as the basis
for the development of new pharmacological treatments.

Autonomic dysregulation leading to increased sympathetic nerve ac-
tivity and decreased parasympathetic nerve activity contributes to the
increased arrhythmicity seen in patients with chronic heart failure.*?
N-type voltage-dependent Ca*™ channels (NCCs), encoded by the
CACNATB (o1B subunit) gene, are predominantly localized in the
nervous system, where they play a pivotal role in modulating a variety
of neuronal functions, including neurotransmitter release at sympathetic
nerve terminals.*~® Mice lacking CACNATB show functional deterior-
ation of their sympathetic nervous system,” and the ability of NCC
blockade to prevent malignant arrhythmias and sudden death associated
with heart failure remains unevaluated.

We previously reported that transgenic mice cardiac-selectively
expressing a dominant-negative form of neuron-restrictive silencer
factor (NRSF, also called REST) (dnNRSF-Tg), a transcriptional re-
pressor important for regulation of the fetal cardiac gene program,
showed progressive cardiomyopathy and sudden arrhythmic death
beginning at about 8 weeks of age.? We have also reported several ab-
normalities in cardiac electrophysiological properties and ion channel
expression in these dnNRSF-Tg mice.”"® The dnNRSF-Tg hearts
showed increased expression of fetal-type ion channel genes, includ-
ing CACNATH, which encodes the T-type Ca** channel (TCC) a1
subunit, and a corresponding increase in I, T a.mpli‘cude.8 In that
earlier study, we demonstrated that TCC blockade could prevent
sudden death in dnNRSF-Tg mice by both restoring the normal elec-
trophysiology of ventricular myocytes and correcting the cardiac
autonomic dysfunction observed in dnNRSF-Tg mice.'’ Because
TCC expression, and thus functional TCC currents, is increased
in the myocardium of dnNRSF-Tg mice, TCC blockade directly
affects the electrophysiological properties of ventricular myocytes in
dnNRSF-Tg mice. On the other hand, the impact of modulating auto-
nomic nervous system balance on the incidence of lethal arrhythmias
in dnNRSF-Tg mice remains unclear.

Pharmacological blockade or genetic deletion of NCCs reportedtly
alters autonomic activity in both human patients and animal
models.”'>"3 On the other hand, little or no NCC expression has
been detected in the ventricular myocardium. Therefore, to evaluate
the extent to which correcting the autonomic imbalance prevents the
lethal arrhythmias associated with heart failure, we assessed the
effects of pharmacological blockade of NCCs and their genetic titration
on arrhythmicity and sudden death in dnNRSF-Tg mice. Our findings
demonstrate the importance of an imbalance between sympathetic
and parasympathetic nerve activities in the generation of lethal arrhyth-
mias in failing hearts and suggest that restoring autonomic nervous
system balance through NCC inhibition can be an effective approach
to preventing sudden arrhythmic death associated with heart failure.

2. Methods

An expanded Methods section is available in Supplementary material online.
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2.1 Animal experiments

Theanimal care and all experimental protocols were reviewed and approved
by the Animal Research Committee at Kyoto University Graduate School of
Medicine, and conformed to the US National Institute of Health Guide for
the Care and Use of Laboratory Animals. Beginning at 8 weeks of age,
dnNRSF-Tg mice were left untreated (control) or were treated for 24
weeks with cilnidipine (10 mg/kg/day po) or nitrendipine (10 mg/kg/day
po). The drug dosages were chosen based on earlier reports and our prelim-
inary studies."*'® Cilnidipine was supplied by Mochida Pharmaceutical Co.,
Ltd (Tokyo, Japan). Nitrendipine was purchased from Wako Pure Chemical
Industries, Ltd (Osaka, Japan). Bisoprolol was supplied by Mitsubishi Tanabe
Pharma Corporation (Osaka, Japan). Cilnidipine exerts a much more potent
inhibitory effect on N-type Ca*" currents than does nitrendipine, which has
little effect on N-type Ca*" currents, particularly under conditions in which
L-type Ca*" current inhibition is comparable between the two drugs.'®"’
We then selected the doses of both drugs that similarly and minimally
affected blood pressure. In another experiment, dnNRSF-Tg mice were
bred with CACNATB heterozygous knockout mice to obtain dnNRSF-Tg;
CACNATB™ ™ mice and control dnNRSF-TgCACNATB** littermates.
CACNA18™ ™ mice were described in an earlier report.” For the isolation
and analysis of hearts, mice were anaesthetized with 3.0% of isoflurane
and sacrificed by cervical dislocation.

2.2 Statistical analysis

Data are presented as means + standard errors of the mean (SEM) unless
indicated otherwise. Survival was analysed using the Kaplan—Meier
method with the log-rank test. Comparisons among multiple groups
were made using ANOVA with post hoc Fisher’s tests, except for
numbers of arrhythmias. Values of P < 0.05 were considered significant.
Numbers of arrhythmias between two groups were analysed using the
Mann—Whitney test. Values of P<<0.05 were considered significant.
Numbers of arrhythmias among four groups were analysed using Kruskal—
Wallis non-parametric ANOVA followed by the Bonferroni correction.
Values of P < 0.0083 were considered significant in that analysis.

3. Results

3.1 The dual N- and L-type Ca*" channel
blocker cilnidipine improves survival among
dnNRSF-Tg mice without affecting cardiac
structure or function

We initially confirmed that there s little expression of CACNA1B, encod-
ing the a1 subunit of NCCs, in either wild-type (WT) or dnNRSF-Tg
hearts, which is in contrast to its obvious expression in brain
(Figure 1A). On the other hand, we detected substantially greater ven-
tricular expression of CACNATH, encoding the a1 subunit of TCCs,
and CACNATC, encoding the a1 subunit of L-type Ca®* channels
(Figure 1B). Although ventricular expression of CACNA1B is increased
in dnNRSF-Tg hearts, probably due to the presence of NRSF-binding
element in the gene, the levels are still lower than those of CACNATH
in WT hearts, where no functional T-type Ca*Tcurrents are
detected."""® To evaluate the potential therapeutic effect of modulating
autonomic nervous system activity through NCCblockade on the devel-
opment of malignantarrhythmias and sudden death in dnNRSF-Tg mice,
we administered subpressor doses of cilnidipine, a dual N- and L-type
dihydropyridine Ca** channel blocker, or nitrendipine, a more
L-type-selective dihydropyridine Ca** channel blocker, to dnNRSF-Tg
mice for 24 weeks, beginning when they were 8 weeks of age. Under
our experimental conditions, systolic blood pressures and heart rates
did not differ among the control, cilnidipine, and nitrendipine groups
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of dnNRSF-Tg mice, though blood pressures were slightly lower
and heart rates were significantly slower in dnNRSF-Tg mice than in
untreated WT mice, as previously reported (systolic blood pressure:
WT, 10140 -+ 1.48; Tg, 96.0 + 1.75; Tg + cilnidipine, 96.67 -+ 1.64;
Tg + nitrendipine, 9547 -+ 1.92 mmHg and Heart ratess WT,
682.3 + 27; dnNRSF-Tg, 590.6 + 10.9; Tg+ cilnidipine, 567.13 +
17.58; Tg -+ nitrendipine, 568.8 + 11.07/min) (Figure 1C and D).® We
found that cilnidipine dramatically improved the survival rate among
dnNRSF-Tg mice, compared with mice treated with nitrendipine or un-
treated control (Figure 1E). Although heart-to-body weight ratios were
higher in dnNRSF-Tg than in WT mice, as reported previously,®
heart-to-body weight ratios did not significantly differ among the
control, cilnidipine, and nitrendipine groups of dnNRSF-Tg mice
(WT, 4.08 + 031, Tg 594 4 0.24; Tg+ cilnidipine, 5.61 4 0.48;
Tg + nitrendipine, 5.94 + 0.36 mg/g) (Figure 2A). Lung-to-body weight
ratios also did not differ among these three groups (WT, 5.28 4+ 0.37;
Tg, 6.07 +0.22; Tg+ cilnidipine, 5.93 + 0.79; Tg + nitrendipine,
5.9 + 0.29 mg/g) (Figure 2B). In addition, histological analyses, including
determination of the %fibrotic area, and echocardiographic analyses
also showed no significant differences among these three groups
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(Figure 2C~F and Table 1). In contrast, the echocardiography and hist-
ology showed that, compared with untreated WT mice, left ventricular
systolic function was diminished and %fibrotic area was increased in
dnNRSF-Tg mice, as reported previously (Figure 2C~F and Table 1).2
Consistent with these findings, there was no significant difference in
the expression of two cardiac stress marker genes, ANP and SERCAZ,
among the three groups, whereas their expression did differ between
untreated WT mice and dnNRSF-Tg mice, as described previously
(Figure 2G and H).2

Expression of the fibrosis-related genes ColTal, Col3al, and FN1,
encoding collagen typelal, collagen type3al, and fibronectin 1,
respectively, was not affected by the drug treatments (see Supplemen-
tary material online, Figure STA—C). Expression of genes encoding
the fetal-type ion channels CACNATH, HCN2, and HCN4 was higher in
untreated dnNRSF-Tg ventricles than in control WT ventricles, as
reported previously, and cilnidipine did not affect expression of these
genes in dnNRSF-Tg ventricles (see Supplementary material online,
Figure $1D—F). Collectively, all of these data indicate that cilnidipine sup-
presses sudden death in dnNRSF-Tg mice without significantly affecting
cardiac structure or function.
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dnNRSF-Tg

Pharmacological inhibition
LvDd (mm)
LVDs (mm)
VST (mm)
PWT (mm)
FS (%)
EF (%)

33 +£013

2.1 £0.08
0.76 + 0.02
0.76 +0.02
361 +£23
732 £27

Genetic titration
LVDd (mm)
LVDs (mm)
IVST (mm)
PWT (mm)
FS (%)

EF (%)

32 +0.10

224012
0.66 + 0.01
0.68 + 0.02
318+ 18
664 + 2.4

3.2 Cilnidipine improves cardiac autonomic
nervous system function and reduces
arrhythmicity in dnNRSF-Tg mice

We hypothesized that correcting autonomic balance through NCC
blockade reduces arrhythmogenicity, thereby improving survival
among dnNRSF-Tg mice. Heart rate variability (HRV) is a widely
accepted index of cardiac autonomic nervous system ac‘civity.19 Earlier
frequency domain analysis of HRV revealed that patients with severe
heart failure show a progressive reduction in power in both the low-
frequency (LF) and high-frequency (HF) ranges,"® and that a reduction
in the LF power range is a significant predictor of sudden cardiac
death in patients with heart failure.?° We used HRV as an index to evalu-
ate cardiac autonomic function in WT and dnNRSF-Tg mice, and exam-
ined the effects of cilnidipine on HRV." In mice, HRV predominantly
correlates with parasympathetic activi’cy.21 As we showed previously,
both the LF and HF powers averaged over 24 h in dnNRSF-Tg mice
(LF, 1.228 + 0.198; HF, 0.823 + 0.186 m/s*) were markedly lower
than in WT mice (LF,4.331 4 0.706; HF, 2.412 + 0.089 m/s?), indicating
a general reduction in parasympathetic activity in dnNRSF-Tg mice
(Figure 3A and B). Cilnidipine dramatically increased the power in both
the LF and HF ranges of HRV (LF, 3.308 + 0.338; HF, 2.228 +.
0.283 m/s?), whereas nitrendipine had little effect on HRV (LF,
0.538 + 0.447; HF, 1.383 + 0.57 m/s?) (Figure 3A and B). We also
found that urinary excretion of norepinephrine, which is indicative of
the level of sympathetic nerve activity, was significantly higher in
dnNRSF-Tg than in WT mice, and that norepinephrine excretion was
significantly reduced only by cilnidipine (WT, 0.09 £+ 0.02; Tg, 0.33 +
0.04; Tg + cilnidipine, 0.15 £ 0.03; Tg + nitrendipine, 0.32 + 0.1 pg/
day) (Figure 3C).
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0.72 £ 0.02
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0.66 + 0.02
0.66 + 0.02
204 +13
490 + 24

We next used an implanted telemetric monitoring system to examine
the effects of cilnidipine and nitrendipine on electrocardiographic
parameters in dnNRSF-Tg mice. We found that only cilnidipine signifi-
cantly suppressed the number of premature ventricular contractions
(PVCs) in dnNRSF-Tg hearts (WT, 0+ 0; dnNRSF-Tg, 502.66 +
305.69; dnNRSF-Tg + cilnidipine, 1.0 4+ 0.66; dnNRSF-Tg + nitrendi-
pine, 326.17 + 147.24 /h) (Figure 3D). More importantly, it dramatically
reduced the number of episodes of ventricular tachycardia (VT)
(WT, 0+£0; dnNRSF-Tg, 14.92 + 4.95; dnNRSF-Tg + cilnidipine,
0.06 + 0.06; dnNRSF-Tg + nitrendipine, 12.75 + 5.16/h) (Figure 3E
and Supplementary material online, Figure S2A and B). These lines of evi-
dence suggest that by restoring autonomic nervous system balance, cil-
nidipine reduces the incidence of lethal arrhythmias in dnNRSF-Tg mice.

3.3 B-Adrenergic receptor blockade
prevents lethal arrhythmias and sudden
death in dnNRSF-Tg mice

To verify the importance of correcting autonomic nervous system
imbalance for the prevention of lethal arrhythmias and sudden death
in dnNRSF-Tg mice, irrespective of effects on structural remodelling,
we examined the effects of treating these mice with a B-adrenergic re-
ceptor blocker. We administered a subpressor dose of the lipophilic
B-adrenergic receptor blocker bisoprolol (1 mg/kg/day po) to WT
and dnNRSF-Tg mice. Although systolic blood pressures did not differ
between untreated control and bisoprolol-treated mice (untreated
WT, 107.5 + 1.6; WT + bisoprolol, 108.0 + 1.2; untreated Tg,
98.6 + 2.0; Tg + bisoprolol, 98.6 + 1.7 mmHg) (Figure 3F), heart rates
were significantly slower in bisoprolol-treated than in untreated WT
and dnNRSF-Tg mice (untreated WT, 697.8 + 8.3; WT + bisoprolol,
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tolic function assessed echocardiographically in dnNRSF-Tg mice
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51.5 + 2.7%)] (Figure 3Hand ). On the other hand, bisoprolol significant-
ly restored power in both the LF and HF ranges of HRV (LF: untreated
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1,62 = 0.22 m/s?) (Figure 3] and K) and reduced the incidence of PVCs
and VTs in those mice (PVC: Tg, 408.3 + 122.9; Tg + bisoprolol,
98.9 + 42.2/h; VT: Tg, 282+ 12.1; Tg+ bisoprolol, 7.6 + 1.7/h)
(Figure 3L and M). As a result, bisoprolol significantly improved survival
rates among dnNRSF-Tg mice (Figure 3N). These results strongly
support our finding that imbalance of autonomic nervous system
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activities is critically involved in the occurrence of sudden arrhythmic
death in dnNRSF-Tg mice.

3.4 Genetic titration of NCC improves
survival among dnNRSF-Tg mice

To further confirmthe benefit of NCCinhibition for prevention of sudden
death in dnNRSF-Tg mice, we next genetically titrated NCC expression
by crossing dnNRSF-Tg mice with mice lacking CACNA1B, encoding
the 1B subunit of NCC. Because the CACNATB™ ™ genotype has a
high incidence of early mortality from an as yet unknown cause, we com-
pared the phenotypes of dnNRSF-Tg,CACNAT8™* mice with those of
dnNRSF-Tg:CACNATB™ ™ mice, in which NCC expression is reduced
to ~52.9% of that in dnNRSF-Tg;CACNA1TB** mice (Figure 4A). The
gross appearance of CACNA1B™ ™ mice is normal, and they show no
early mortality. Systolic blood pressures in anRSF—Tg;CACNMB”_
and dnNRSF-Tg:CACNATB** mice did not significantly differ, but they
were mildly lower than in control WT (CACNATBTY mice (WT,
10125 + 7.26; CACNATBY ™, 9125+ 2.78; dnNRSF-Tg, 92 + 4.38;
dnNRSF-TgCACNATB™H ™, 8925 + 2.14 mmHg) (Figure 4B). Similarly,
heart rates did not differ between dnNRSF-TGCACNATB™* and
dnNRSF-Tg:CACNATB* ™ mice, although they were slower in
dnNRSF-Tg:CACNATB** than in control WT mice, as reported
previously (WT, 6322542636, CACNATBY ™, 594 +3339;
dnNRSF-Tg, 51525 + 14.71; dnNRSF-Tg,CACNATBY~, 5215 +
23.32/min) (Figure 4C).2 Body weights were comparable between
the two dnNRSF-Tg groups (WT, 31.08 + 1.11; CACNATBY™,
29.53 + 1.37; dnNRSF-Tg; 28.86 + 1.19; dnNRSF-TgCACNA1BH ™,
2741 +1.09 g) (Figure 4D), but heart-to-body weight ratios were
higher in dnNRSF-Tg;CACNATB*™ than in WT (CACNATB™*) mice
and were significantly lower in dnNRSF-TgCACNATB™ ™ than in
dnNRSF-TgCACNATB™ ™ mice (WT, 444 +0.04; CACNATB™™,
4514014, dnNRSF-Tg 5.68 + 021; dnNRSF-Tg:CACNA1B™ ™,
4.86 + 0.18 mg/g) (Figure 4E). Lung-to-body weight ratios were
comparable between the two dnNRSF-Tg groups (WT, 5.06 + 0.22;
CACNATBY'™, 468+ 0.96; dnNRSF-Tg; 541 + 0.09; dnNRSF-Tg;
CACNA1BY ™, 552 4 0.26 mglg) (Figure 4F). Echocardiographic anal-
ysis showed that left ventricular diastolic dimension (LVDd) was higher
in dnNRSF-Tg;CACNA1B™* than in WT mice, whereas EF was lower in
dnNRSF-Tg,CACNATB™* than in WT mice, as was reported previously
(Figure 5A and B).2 In addition, LVDd was lower and EF was higher
in dnNRSF-Tg;CACNATB™ ™ than in dnNRSF-Tg:CACNATB™'™ mice
(Figure 5A and B and Table 1).

Histological analysis revealed no significant difference between
dnNRSF-Tg:CACNATB™'* and dnNRSF-Tg;CACNATB™ ™ mice, although
%fibrotic area showed a trend towards being smaller in dnNRSF-
Tg,CACNATBY ™ than in dnNRSF-TgCACNATB** mice (Figure 5C
and D). Expression of the fibrosis-related genes Col1a?, Col3at, and
FNT did not significantly differ between dnNRSF-TgCACNATB™*
and dnNRSF-TgCACNATB™ ™ mice (see Supplementary material
online, Figure S3A-C), though there was a significant difference in the
expression of ANP and SERCA2 between these two genotypes
(Figure 5E and F). Genetic reduction in CACNATB also significantly
affected expression of CACNATH and HCN2, but not HCN4, in
dnNRSF-Tg ventricles (see Supplementary material online, Figure
S3D—F). All of these data demonstrate that genetic reduction of
CACNA1B tends to ameliorate impaired cardiac function and patho-
logical remodelling in dnNRSF-Tg mice. Furthermore, survival among
dnNRSF-Tg;CACNATBY ™ mice was dramatically and significantly
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better than among control dnNRSF-Tg,CACNATB ™™ mice (Figure 6A),
demonstrating that reduction of NCC prevents sudden arrhythmic
death in dnNRSF-Tg mice.

3.5 Reducing CACNA1B expression
improves autonomic function and decreases

the occurrence of arrhythmias in
dnNRSF-Tg mice

We also assessed autonomic nervous system activity in dnNRSF-
TgCACNA1B™ ™ and dnNRSF-Tg;CACNA 18+ mice. In HRV analyses,
the reductions in LF and HF power otherwise seen in dnNRSF-
TgCACNAIBT+ mice (LF, 1.288 + 0.16; HF, 1.168 + 0.108 m/s?)
were significantly ameliorated in dnNRSF-TgCACNATBY ™ mice
(LF, 3.54 + 0.47; HF, 3.075 + 0.468 m/s%), indicating a restoration
of parasympathetic activity through reduction of NCC function
(Figure 6B and C). In addition, we found that the increase in urinary
excretion of norepinephrine seen in dnNRSF-Tg;CACNA1BH™* mice
(0428 + 0.07 pg/day) was significantly ameliorated in dnNRSF-
TgCACNATB™ ™ mice (0.154 + 0.05 pg/day) (Figure 6D). Finally,
evaluation of arrhythmicity revealed that the incidences of both PVCs
and VT were significantly lower in dnNRSF-TgCACNATB™ ™ than
in dnNRSF-Tg:CACNATB™* mice (PVC: WT, 0 + 0; CACNATB™ ™,
0+ 0; dnNRSF-Tg, 239.08 +27.93; dnNRSF-TgCACNA1R™ ™,
321+ 321 and VT: WT, 0 + 0; CACNATB*™, 0 + 0; dnNRSF-Tg,
413 + 12.69; dnNRSF-TgCACNATB™ ™, 0.36 4 0.36/h) (Figure 6E
and F). These results demonstrate that genetic titration of CACNATB,
encoding NCC, corrected an imbalance between sympathetic and
parasympathetic nervous system activities, which, at least in part, contri-
butes to reducing malignantarrhythmiasin dnNRSF-Tg mice ina manner
similar to pharmacological NCC blockade.

4, Discussion

Autonomic dysregulation leading to increased sympathetic nerve activ-
ity and reduced parasympathetic nerve activity is reportedly associated
with the increased arrhythmicity seen in patients with chronic heart
failure.***% NCCs play a major role in the release of norepinephrine
at sympathetic nerve terminals.”?* Consequently, mice lacking
CACNA1B, the gene encoding the a1 subunit of NCCs, exhibit a signifi-
cantly impaired positive inotropic response.” In the present study, we
found that pharmacological blockade of NCCs or their genetic titration
improved the balance between sympathetic and parasympathetic nerve
activities and prevented the sudden death and arrhythmicity otherwise
seen in dnNRSF-Tg mice, a mouse model of sudden arrhythmic death
associated with cardiac dysfunction.® The mode of death in these
model mice is sudden and without overt oedema, pleural effusion, or ap-
parent lung congestion, and all the telemetry data obtained at the time
of death indicate VT/VF to be the cause.® Moreover, in an earlier
study, we found that systemic administration of isoproterenol induced
VT more frequently in dnNRSF-Tg than in WT mice." Conversely,
administration of a B-blocker led to a significant reduction in the inci-
dence of sudden death among dnNRSF-Tg mice under conditions in
which cardiac systolic function and remodelling were not affected
(Figure 3H—N). These findings suggest that NCC blockade or genetic ti-
tration of NCC reduces the likelihood of sudden arrhythmic death,
thereby improving survival.

Pharmacological interventions that reduce cardiac sympathetic

activity have been shown to protect against arrhythmias,®® while
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