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Importance of Clinical Analysis
in the New Era of Molecular

Genetic Screening*

Wataru Shimizu, MD, PuD

or the past 2 decades, a number of inherited

cardiac arrhythmia syndromes have been

shown to be linked to mutations in genes
encoding cardiac ion channels or other membrane
components. These include congenital and acquired
long-QT syndrome (LQTS), Brugada syndrome (BrS),
progressive cardiac conduction defect, catecholamin-
ergic polymorphic ventricular tachycardia (CPVT),
short-QT syndrome, early repolarization syndrome,
and familial atrial fibrillation (AF) (1). In congenital
LQTS, 13 genotypes have been identified in approxi-
mately 75% of subjects with clinically diagnosed
congenital LQTS (1,2), and genotype-phenotype

SEE PAGE 66

correlations have been investigated in detail. Thus,
genetic testing is now a gold standard for diagnosing
congenital LQTS, enabling risk stratification of cardiac
events and better patient management (i). Mutations
in the RyR2 gene or calsequestrin gene can be identi-
fied in approximately 60% of typical patients with
CPVT associated with bidirectional and/or multifocal
ventricular tachycardia (1,2). However, the yield asso-
ciated with disease-specific genetic testing is far short
of 100%, even in congenital LQTS or CPVT. Moreover,
causative mutations have been identified in a small
number of patients with other inherited arrhythmia
syndromes (1). The yield of disease-specific genetic
testing is only 20% to 30% in BrS and is still unknown
in progressive cardiac conduction defect, short-QT
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views of JACC or the American College of Cardiology.
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syndrome, early repolarization syndrome, and famil-
ial AF (1,2).

In BrS, the first mutation was identified in an alpha
subunit of a sodium channel gene, SCN54, in 1998 (3).
Subsequently, genetic studies have identified 13
responsible genes on chromosomes 1, 3, 7, 10, 11, 12,
17, and 19 (1). Among 13 genotypes, more than 300
mutations have been identified in the major player,
SCN5A (>75% of genotyped cases); however, a
worldwide cohort reported that SCN5A accounts only
for 11% to 28% of clinically diagnosed patients with
BrS (4). Moreover, the majority of mutations were
found in a single family or a small number of families.
Therefore, a genotype-phenotype correlation is not
available in most cases (1,5).

The relatively lower yield of disease-specific ge-
netic testing except for congenital LQTS or CPVT is due
mainly to the technology of genetic testing. Candidate
gene analysis has long been used to identify a causa-
tive mutation in a gene, which is expected to relate to
the pathophysiology of each inherited arrhythmia
syndrome, such as cardiac ion channel genes. How-
ever, causative mutations do not always involve genes
of ion channels or membrane components. Innovative
advances in molecular genetic testing are overcoming
this issue with the advent of more powerful molecular
genetic screening tools, including genome-wide as-
sociation study (GWAS) using gene array, as well as
targeted, whole-exome and whole-genome next-gen-
eration sequencing techniques.

Several recent GWASs have disclosed significant
association of numerous loci in some genes with
electrocardiographic markers or arrhythmia syn-
dromes. Arking et al. (6) first identified NOS1AP
(CAPON), aregulator of neuronal nitric oxide synthase,
as a gene that is significantly associated with QT-
interval variation in a general population derived
from 3 cohorts (6). Subsequently, 2 groups conducted a
meta-analysis of the GWAS and observed associations
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of single-nucleotide polymorphisms (SNPs) in several
genes in addition to NOS1AP with QT interval, sug-
gesting that these genes are candidate genes for LQTS
or sudden cardiac death (7,8). Several GWASs also
identified associations of SNPs in several genes,
including SCN10A, with cardiac conduction parame-
ters, such as QRS duration and PR interval (9-11).
Regarding associations with cardiac arrhythmias,
some SNPs in several genes, including ZFHX3 and
KCNN3, have been reported to be associated with
AF (12-14). The association of a SNP in CXADR with
ventricular fibrillation in acute myocardial in-
farction also has been reported (15). However, no
responsible mutations have thus far been reported
in these candidate genes in patients with clinically
diagnosed inherited arrhythmia syndromes, such as
congenital LQTS, familial AF, and familial conduction
abnormalities.

Bezzina et al. (16) recently conducted a GWAS in
312 patients with BrS with type 1 electrocardiographic
pattern and 1,115 controls. They detected 2 significant
association signals at the SCN10A intronic locus
(rs10428132) in chromosome 3p22 and near the HEY2
gene (1s9388451) in chromosome 6g22 with BrS.
SCN10A, which encodes the sodium channel isoform
Nav1.8, was originally reported as highly expressed in
cardiac neurons. Recent evidence indicates that
SCN10A also is expressed in the working myocardium
and the specialized conduction system, indicating a
possible role for Nav1.8 in cardiac electrical function.
HEY2 is involved in patterning Navi.5 (SCN5A)
expression across the ventricular wall. In an experi-
ment using HEY2 knockout mouse, Bezzina et al. (16)
suggested that loss of HEY2 might affect the trans-
mural expression gradient of sodium channel impli-
cated in BrS.

In this issue of the Journal, Hu et al. (17) reporton a
clinical analysis and direct sequencing of SCN104 and
all known BrS genes in 150 unrelated patients with
BrS and 17 family members, as well as more than 200
ethnically matched healthy controls. They identified
17 SCN10A mutations in 25 of 150 patients with BrS
(a yield of 16.7%). Twenty-three of the 25 (92.0%)
displayed overlapping phenotypes, such as early
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repolarization syndrome and cardiac conduction
defect. Patients with BrS with SCN10A mutations
were more symptomatic and displayed significantly
longer PR and ORS intervals than SCN10A-negative
patients with BrS. Heterologous coexpression of
SCN10A mutants (R14L and R1268Q) with wild-type
SCN5A caused 79.4% and 84.4% reductions in so-
dium channel current, strongly implicating SCN10A
as a major susceptibility gene for BrS. This study
provides the first major step forward in more than
16 years in the identification of new BrS susceptibility
genes, advancing the yield for detection of a geno-
type to more than 50%.

New molecular genetic screening technologies,
such as GWAS and whole-exome and whole-genome
next-generation sequencing, are promising tools for
identifying new candidate genes responsible for
inherited arrhythmia syndromes. However, no res-
ponsible mutations have been reported in the candi-
date genes identified by GWAS in patients with
clinically diagnosed inherited arrhythmia syndromes.
To the best of my knowledge, the SCN10A is the first
gene to be suggested as a BrS susceptibility gene
by both GWAS and direct sequencing techniques.
Direct sequencing using the Sanger technique com-
bined with a detailed clinical analysis, including
genotype-phenotype correlation and functional
expression studies, continue to play an important role
in molecular genetic testing, even in the new era in
which gene arrays and next-generation sequencing are
available. The importance of a detailed clinical anal-
ysisincluding genotype-phenotype correlation as well
as functional expression studies cannot be over-
emphasized. Even in GWAS and whole-genome or
whole-exome studies, clinical misdiagnosis can
contribute to confounding genetic noise. A detailed,
precise clinical diagnosis is therefore a prerequisite for
the identification of new potential candidate genes.
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Inhibition of N-type Ca’* channels ameliorates an
imbalance in cardiac autonomic nerve activity and
prevents lethal arrhythmias in mice with heart failure
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Aims Dysregulation of autonomic nervous system activity can trigger ventricular arrhythmias and sudden death in patients with
heart failure. N-type Ca** channels (NCCs) playanimportant role in sympathetic nervous system activation by regulating
the calcium entry that triggers release of neurotransmitters from peripheral sympathetic nerve terminals. Ve have inves-
tigated the ability of NCC blockade to prevent lethal arrhythmias associated with heart failure.

Methods We compared the effects of cilnidipine, a dual N- and L-type Ca>* channel blocker, with those of nitrendipine, a selective

and results L-type Ca*" channel blocker, in transgenic mice expressing a cardiac-specific, dominant-negative form of neuron-
restrictive silencer factor (dnNRSF-Tg). In this mouse model of dilated cardiomyopathy leading to sudden arrhythmic
death, cardiac structure and function did not significantly differ among the control, cilnidipine, and nitrendipine
groups. However, cilnidipine dramatically reduced arrhythmias in dnNRSF-Tg mice, significantly improving their
survival rate and correcting the imbalance between cardiac sympathetic and parasympathetic nervous system activity.
A B-blocker, bisoprolol, showed similar effects in these mice. Genetic titration of NCCs, achieved by crossing
dnNRSF-Tg mice with mice lacking CACNA1B, which encodes the a1 subunit of NCCs, improved the survival rate.
With restoration of cardiac autonomic balance, dnNRSF-Tg;CACNA1B™ ™ mice showed fewer malignant arrhythmias
than dnNRSF-Tg,CACNATB** mice.

Conclusions Both pharmacological blockade of NCCs and their genetic titration improved cardiac autonomic balance and prevented
lethal arrhythmias in a mouse model of dilated cardiomyopathy and sudden arrhythmic death. Our findings suggest that
NCC blockade is a potentially useful approach to preventing sudden death in patients with heart failure.

Keywords lon channel e Nervous system e Autonomic e Heartfailure e Arrhythmia ¢ N-type Ca®* channel
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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, it is 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 (a1B 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.B 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, 1 amplitude.® 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 reportedly
alters autonomic activity in both human patients and animal
models.” "' 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.

2.1 Animal experiments

The animal careand 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 CACNA1B heterozygous knockout mice to obtain dnNRSF-Tg;
CACNATB™™ mice and control dnNRSF-Tg,CACNATB™* littermates.
CACNATB ™™ 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

Weinitially confirmed that there is little expression of CACNA 1B, 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**currents are
detected.”"" To evaluate the potential therapeutic effect of modulating
autonomic nervous systemactivity through NCC blockade on the devel-
opment of malignant arrhythmias 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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Figure | Pharmacological blockade of NCCs by cilnidipine improves survival among dnNRSF-Tg mice. (A) Relative levels of CACNATB mRNA in brains
(B) from WT, kidney (K) from WT, cardiac ventricle (V) from WT, and cardiac ventricle (V) from 8-week-old dnNRSF-Tg mice (Tg); levels in cardiac ven-
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and n = 20 for Tg + Nit). The numbers of mice alive in each group at the end of each period are shown at the bottom of the figure. All data except survival
curves are shown as means + SEM.
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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, 101.40 + 1.48; Tg, 96.0 + 1.75; Tg + cilnidipine, 96.67 + 1.64;
Tg + nitrendipine, 9547 + 1.92mmHg and Heart rates: 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 +0.31; Tg, 594 + 0.24; Tg+ cilnidipine, 5.61 + 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 + 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).°
Consistent with these findings, there was no significant difference in
the expression of two cardiac stress marker genes, ANP and SERCA2,
among the three groups, whereas their expression did differ between
untreated WT mice and dnNRSF-Tg mice, as described previously
(Figure 2Gand H).2

Expression of the fibrosis-related genes Col7al, Col3al, and FNT,
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, HCNZ2, 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 S1D—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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Figure 2 Cilnidipine does not affect cardiac structure or function in- dnNRSF-Tg mice. (A and B) Heart-to-body weight (HW/BW) ratios (A} and .
lung-to-body weight (LungW/BW) ratios (B) in 20-week-old untreated WT (WT-cont), untreated Tg (Tg-cont), Cil-treated Tg (Tg-Cil), and Nit-treated
Tg (Tg-Nit) mice (n = 5 for untreated WT, n = 4 for Tg-cont, n = 4 for Tg-Cil, and n = 3for Tg-Nit). (C) Histology of hearts from 20-week-old untreated
WT, Tg-cont, Tg-Cil, and Tg-Nit mice: H-E, haematoxylin-eosin staining; Sirius-red, Sirius-red staining. Scale bars = 100 pum. (D) ‘Vflbrotlc area in -
20-week-old untreated WT, Tg-cont Tg-Cll and Tg—Nlt mice (n = 5 for Tg-cont; n = 7.for Tg-Cil). N.S:: not s:gmﬁcant (Eand F) LvDd (E) and EF )
assessed echocardlographncally in Untreated WT, Tg-cont, Tg-Ci, and Tg-Nit mice. *P < 0.05. N.S.: not significant. (n =5 each for untreated WT,
Tg-cont, and Tg-Cik; n =7 for Tg-Nnt) (G and H) Relative levels of ANP (G) and SERCA2 (H) mRNA in cardiac ventricles from untreated WT,
Tg-cont, Tg-Cil, and Tg-Nit mice; levels in untreated WT were assigned a value of 1.0. N.S: not SKgmflcant (h=4 each). ANOVA wnth post hoc

Fisher's tests was used for analysis. All data are shown as means + SEM,
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Table | Echocardiographic parameters in 20-week-old mice
WT dnNRSF-Tg
Control G G
Pharmacological inhibition
LVDd {mm) 334013 39 4+ 019 40+ 0.11 3.8 4+ 0.08
LVDs (mm) 2.1+ 0.08 3.1+ 017 31401 2.9 +0.10
VST (mm) 0.76 + 0.02 0.72 + 0.02 0.72 £ 0.02 0.71 + 0.03
PWT (mm) 0.76 + 002 0.74 + 0.02 0.76 + 002 0.76 + 0.03
FS (%) 36.1+£23 203 + 14 233427 238 424
EF (%) 732427 490+ 23 554 +42 57.0 +£43
dnNRSF-Tg
- (- .1"'3.;."; ................................... 1 él/-' ..........
Genetic titration

LVDd (mm) 324010 334008 414012 3.3 4+ 0.07*
LVDs (mm) 224012 22+ 006 324013 2.3 + 0.08*%
VST (mm) 0.66 + 0.01 0.68 + 0.02 0.66 + 0.02 0.69 4 0.02
PWT (mm) 0.68 -- 0.02 0.67 + 0.02 0.66 + 0.02 0.68 + 0.02
FS (%) 318+ 18 331419 204 + 13 304 + 1.3*%
EF (%) 66.4 + 2.4 68.9 - 2.6 49.0 + 24 64.3 + 1.8*

Valuesare means + SEM. Cil, cilnidipine; Nit, nitrendipine; 1 B, CACNAIBY H 1B CACNATBE™ ~; LVDd, left ventricular diastolic dimension; LVDs, left ventricular systolic dimension;
FS. fractional shortening; IVST, intraventricular septum wall thickness; PWT, posterior wall thickness. Number's of mice tested in the pharmacological inhibition study are as follows: n == 5 for
WT, untreated dnNRSF-Tg, and Cil-treated dnNRSF-Tg; n = 7 for Nit-treated dnNRSF-Tg (upper panel). Numbers of mice tested in the genetic titration study are as follows: n == 13 for
18+, n = 14 for 1B, n = 11 for dnNRSF-Tg1B"'™, and n = 15 for daNRSF-Tg; 18"/~ (lower panel). ANOVA with post hoc Fisher's tests was used for the analysis.

#P < 0.05 vs. dnNRSF-Tgi 184+,

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 faiture 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 activity‘z' 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/sz) were markedly lower
thanin WT mice (LF,4.331 £ 0.706; HF,2.412 + 0.089 m/sz), 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/sz) (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).

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 + 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, 04 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 -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, 1075 + 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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Figure 3 Cilnidipine restores cardiacautonomic nervous systembalanceand reduces arrhythmias in anRSF -Tgmice. (A and B) Average power of thelF
(A)and HF (B) components of HRV recorded overa24-h perlod in20-week-old untreated WT(WT- cont) untreated Tg (Tg—cont) Cil-treated Tg(Tg-Cil),
and Nit-treated (Tg-Nit) mice.*P < 0.05. N.S.: not significant (n = 5 for WT,n = 6 for Tg-cont,n = 8forTg-C|l and n==6 forTg-Nlt) © Urmary nor-
epinephrine (NE) levels in 20-week-old WT-cont, Tg-cont, Tg-Cil, and Tg-Nit mice. *P < 0.05. N.S.: not significant (n =7forWT,n= 7forTg-cont,n =5
for Tg-Cil, and n = 4 for Tg-Nit). (D and E) Numbers of PVC (D) and VT (E). recorded with: atelemetry system in 20-week-old WT-=cont, Tg-cont, Tg- -Cil,
and Tg-Nitmice are shown by dot plots. *P < 0.0083,N.S::not significant (n = 5 for WT-cont,n = 6 for Tg-cont, n = 8 for Tg-Cil, and n = 6 for Tg-Nit). (F
and G) Systolic blood pressures (F) and heart rates (G)in 20-week-old untreated WT (WT-=cont), bisoprolol (Bis)-treated WT (WT-Bis), untreated Tg
(Tg-cont), and Bis-treated Tg (Tg-Bis) mice (n = 4for WT-cont; n = 3 for WT-Bis,and n = 5 for Tg:cont and Tg-Bis). (Hand l}LVDd (H ) and EF (/) assessed
echocardlographlcallyln W =cont, WT-Bis, Tg-cont, and Tg-Bis mice. *P < 0.05.N.S.:not significant. (n.= 4for WT-cont,n = 3for WT-Bis,andn'=5for
Tg-cont and Tg-Bis). (J and K) Average power of the LF (/) and HF (K) components of heart rate variability (HRV) recorded over a 24| h period in
20-week-old WT-cont, Tg-cont, and Tg-Bis mice. P < 0. 05. N.S.: not significant (n = 4 for WT-cont, n-= 6 for Tgcontandn=7 for Tg-Bis). (Land
M) Numbers of PYC (1) and VT (M) recorded with a te&emetry system in 20-week-old Tg-cont and Tg-Bis mice are shown by dot plots *P < 0.05
(n=6for Tg—cont n=17 for Tg-Bls) ANOVA with post hoc Fisher's tests was used for analysis, except for numbers of arrhythmnas (D,E L, and M).
Numbers of arrhythm:as among the four g groups were analyzed using Kruskal— Walhs non-parametric ANO\/A followed by the Bonferroni correction
(D and E). Numbers of arrhythmias between two groups were analyzed using non- parametrlc Mann—Whltney test (L and M). (N) Kaplan—Meyer survival
curves for untreated Tgand Bis-treated Tg (T g+ BIS) overa90-day drug administration period (from 12t0 25 Weeks of age): Log-rank test was used forthe
survival analysis: *P < 0.05 (n'= 15each). The numbers of mice alive in each group at the end of each peruod are shown at the bottom of the flgure All data
except numbers of arrhythmlas and survival curves are shown as means + SEM. i : i i

604.7 + 38.3; Tg, 601.6 + 10.1; Tg + bisoprolol, 558.6 + 12.0/min)
(Figure 3G). At the dose tested, bisoprolol also did not affect cardiac sys-
tolic function assessed echocardiographically in dnNRSF-Tg mice
[LVDd: WT, 3.3 + 0.2; WT + bisoprolol, 3.2 +0.1; Tg, 3.9 +0.1;
Tg + bisoprolol, 3.9 + 0.1 mm and ejection fraction (EF): WT, 84.5 +
4.0; WT + bisoprolol, 83.0 + 1.5; Tg, 46.0 + 1.6; Tg + bisoprolol,
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

WT, 5.19 + 0.37; Tg, 1.36 + 0.14; Tg + bisoprolol, 3.34 + 0.39 m/s*
and HF: untreated WT, 2.12 £ 0.24; Tg, 0.86 + 0.12; Tg + bisoprolol,
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,
989 + 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 confirm the 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 a1B 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-TgGCACNATB ™+ mice with those of
dnNRSF-TgCACNATB Y™ mice, in which NCC expression is reduced
to ~52.9% of that in dnNRSF-TgCACNATBH+ mice (Figure 4A). The
gross appearance of CACNAT B*" mice is normal, and they show no
early mortality. Systolic blood pressures in dnNRSF-TgCACNATB '~
and dnNRSF-TgCACNATB '+ mice did not significantly differ, but they
were mildly lower than in control WT (CACNATB**) mice (WT,
10125 + 7.26; CACNATBY ™, 9125 + 2.78; dnNRSF-Tg, 92 + 4.38;
dnNRSF-Tg;CACNATB Y™, 89.25 + 2.14 mmHg) (Figure 4B). Similarly,
heart rates did not differ between dnNRSF-TgCACNATBY* and
dnNRSF-TgCACNATBY ™ mice, although they were slower in
dnNRSF-TgCACNATB™* than in control WT mice, as reported
previously (WT, 63225 + 26.36; CACNATB™ ™, 594 + 33.39;
dnNRSF-Tg, 51525 + 14.71; dnNRSF-Tg,CACNATBY ~, 5215 +
23.32/min) (Figure 4C).® Body weights were comparable between
the two dnNRSF-Tg groups (WT, 31.08 + 1.11; CACNA1BY~,
2953 + 1.37; dnNRSF-Tg; 28.86 + 1.19; dnNRSF-Tg,CACNATB™ ™,
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, 4.44 +0.04; CACNA1BY ™,
451+ 014, dnNRSF-Tg 5.68 + 021, dnNRSF-TgCACNATB™ ™,
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;
CACNA1B* ™, 552 4 0.26 mglg) (Figure 4F). Echocardiographic anal-
ysis showed that left ventricular diastolic dimension (LVDd) was higher
in dnNRSF-Tg:CACNA 8™ than in WT mice, whereas EF was lower in
dnNRSF-Tg;CACNATB™'* than in WT mice, as was reported previously
(Figure 5A and B).® In addition, LVDd was lower and EF was higher
in dnNRSF-TgCACNATB*™ than in dnNRSF-TgCACNATB™™ 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-
TgCACNATB™ ™ than in dnNRSF-TgCACNATBH* mice (Figure 5C
and D). Expression of the fibrosis-related genes ColTal, Col3al, and
FN1 did not significantly differ between dnNRSF-TgCACNA1BH*
and dnNRSF-TgCACNATB* ™ mice (see Supplementary material
online, Figure S3A—C), though there was a significant difference in the
expression of ANP and SERCAZ 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;CACNATB™ ™ mice was dramatically and significantly

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-
TECACNATB™ ™ and dnNRSF-Tg:CACNATB ™+ mice. In HRV analyses,
the reductions in LF and HF power otherwise seen in dnNRSF-
TgCACNAIB™ Y mice (LF, 1.288 + 0.16; HF, 1.168 + 0.108 m/s?)
were significantly ameliorated in dnNRSF-Tg;CACNATB™ ™ 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 éB and C). In addition, we found that the increase in urinary
excretion of norepinephrine seen in dnNRSF-Tg,CACNATB ™™™ mice
(0.428 + 0.07 pg/day) was significantly ameliorated in dnNRSF-
TgCACNATBY ™ mice (0.154 - 0.05 wg/day) (Figure 6D). Finally,
evaluation of arrhythmicity revealed that the incidences of both PVCs
and VT were significantly tower in dnNRSF-Tg;CACNA1B™ ™ than
in dnNRSF-Tg;CACNATBH* mice (PVC: WT, 0 + 0; CACNA1BY ™,
0+40; dnNRSF-Tg, 239.08 4+ 27.93; dnNRSF-TgCACNATB™ ™,
321+ 321 and VT: WT, 0+ 0; CACNATB*™, 0 + 0; dnNRSF-Tg,
413 + 12.69; dnNRSF-Tg:CACNA18Y ™, 0.36 + 0.36/h) (Figure 6F
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 malignant arrhythmias in 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.2?%%* NCCs play a major role in the release of norepinephrine
at sympathetic nerve terminals.”** Consequently, mice lacking
CACNAT1B, the gene encoding the a1 subunit of NCCs, exhibit a signifi-
cantly impaired positive inotropic response.7 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 d\/sfunctiorL8 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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Figure 4 Effects of genetic titration of CACNA 1B on hemodynamics and heart size in WT and dnNRSF-Tgmice. (A) CACNA1B mRNA expression in
brains from 8-week-old CACNA1B**, CACNA1BY 7, and CACNA1B ™™ mice; thelevelin CACNA1B** brain was assigned avalue of 1.0, (Band C) Systolic
blood pressures (B) and heart rates (C) in 20-week-old CACNA1B™*, CACNA1TB™ ™, dnNRSF-Tg;CACNATB™¥, and dnNRSF- “TgCACNA1 B mice.
NLS.: not significant (n =4 each). (D, E, and F) body weights (BW)(D), heart-to-body. weight ratios (HVV/BW) (E), and lung-to-body weight ratios (LungWV/
BW) (F)in 20 -week-old CACNA1BY* CACNAIBY , dnNRSF-Tg;CACNA1B*'*, and dnNRSF- -Tg;CACNA1 B*'~ mice. *P.< 0.05. N.S.: not significant.
(BW and HW/BW: n = 4 for CACNAT B+’+, n =6 for CACNA1BY'~, n'= 5 for dnNRSF-TECACNATB™™, and n'= 7 for dnNRSF-TgCACNATR* 7
LungW/BW n=4 for CACNA1 B'H"', n=6 for CACNA1 B"'/“ and dnNRSF-Tg,CACNA1B B, and n=25 for dnNRSF- Tg CACNA1B* ). ANOVA,
with post hoc Fishers tests was used for analysns Al dataare shown as means & SEM. '

interventions that stimulate cardiac sympathetic activity provoke malig-
nant arrhythmias.**® In patients with heart failure, B-adrenoreceptor
blockade reduces the incidence of sudden death;”*® however,
B-blockers are not completely protective, and mortality remains high
among patients with cardiac dysfunction, despite optimal B-blocker
therapy.”*® It is therefore necessary to find other approaches to

modulate sympathetic or parasympathetic activity. In that context, aclin-
ical trial testing the effect of central modulation of sympathetic activity
using moxonidine SR in patients with heart failure was terminated
early due to an increase in mortality and morbidity in patients receiving
the drug*” Thus, strong central inhibition of the sympathetic nervous
system through imidazoline receptor stimulation appears not to
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value of 1.0. *P < 0.05. ANOVA with post hoc Fisher's tests was used for analysis. All data are shown as means + SEM.

protect against lethal arrhythmias. NCCs are localized at peripheral
sympathetic nerve terminals, where they regulate the release of neuro-
transmitters (e.g. catecholamines), thereby modulating sympathetic ac-
tivity.*”® Our findings suggest that, by correcting their autonomic
dysregulation, NCC blockade could be an effective approach to prevent-
ing sudden arrhythmic death in patients with heart failure.

Cilnidipine failed to prevent the decline in cardiac function in
dnNRSF-Tg mice, whereas genetic titration tended to ameliorate the
adverse cardiac remodelling and cardiac dysfunction seen in dnNRSF-Tg
mice (Figures 2A—H, 4E, and 5A—F and Table 7). The reasons for the dif-
ference in the effects on cardiac function between cilnidipine and genetic
titration of NCCs remain unclear at present. It may be that cilnidipine’s
ability to block L-type Ca>* channels has a detrimental effect on cardiac
function, as L-type Ca** channel blockers can adversely affect the pro-
gression of heart failure.”® Other possibilities are that the relatively low
dose of cilnidipine used in this study was not sufficient to prevent the
progression of cardiac dysfunction, though it did prevent lethal arrhyth-
mias, or that the NCC inhibition achieved in CACNATB™ ™ mice was
more prolonged and more stable than that achieved with cilnidipine,
which was not started until the mice were 8 weeks of age. The effects
on NCCs expressed in the central nervous system could also differ
between cilnidipine and genetic titration, as cilnidipine has little ability
to cross the blood—brain barrier.®’ These differences suggest the

underlying mechanisms involved in the reduced incidence of lethal
arrhythmias, and the prolonged survival differ somewhat between cilni-
dipine treatment and genetic titration of CACNA1B in this study. Cilni-
dipine treatment, which improved autonomic imbalance and reduced
lethal arrhythmias without affecting cardiac remodelling, mainly sup-
pressed the triggering of lethal arrhythmias induced by autonomic
imbalance. On the other hand, genetic titration of CACNA1B, which
improved autonomic imbalance and also tended to prevent adverse
cardiac remodelling, suppressed lethal arrhythmias and improved sur-
vival in two ways: it inhibited the triggering of arrhythmias and also sup-
pressed the generation of arrhythmogenic substrates. In both cases,
correcting the autonomic imbalance associates with a reduction in the
incidence of sudden death attributable to lethal arrhythmias in
dnNRSF-Tg. However, because it is not possible to completely
exclude the possibility that some dnNRSF-Tg mice (especially older
mice) die due to congestive heart failure, irrespective of arrhythmias,
there is a possibility that genetic deletion of NCC may also prevent
this mode of death in addition to sudden arrhythmic deathin dnNRSF-Tg
mice through suppression of excessive sympathetic activity.

In the present study, both pharmacological blockade of NCCs and
their genetic titration not only repressed sympathetic activity, as demon-
strated by a reduction in urinary norepinephrine levels, butalso restored
parasympathetic activity, as indicated by HRV analyses. The precise
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mechanism by which NCC inhibition improves parasympathetic activity
is not clear at present. However, accumulating data indicate the sympa-
thetic and parasympathetic nervous systems interact via several mechan-
isms at both the central and peripheral levels of the neuraxis.** NCC
inhibition-induced reductions in sympathetic activity may affect these
interactions, ameliorating the reduction in parasympathetic activity, as
was observed in dnNRSF-Tg mice. In humans, cilnidipine reportedly
enhances parasympathetic activity in hypertensive patients while exert-
ing a concomitant sympathoinhibitory effect.”*"* Moreover, there is
now much evidence showing the anti-arrhythmic effects of parasympa-
thetic nervous activation. This suggests that, in addition to a reduction
in sympathetic activity, an increase in parasympathetic activity likely
contributes to the protective effects of NCC inhibition observed in
this study.”’” Although further investigation is necessary, our study
suggests that agents able to selectively block NCCs could be clinically
useful for the prevention of sudden arrhythmic death in patients with
heart failure.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Isolation of Canine Coronary Sinus Musculature
From the Atria by Radiofrequency Catheter Ablation
Prevents Induction of Atrial Fibrillation

Hiroshi Morita, MD; Douglas P. Zipes, MD; Shiho T. Morita, MD; Jiashin Wu, PhD

Background—The junction between the coronary sinus (CS) musculature and both atria contributes to initiation of atrial
tachyarrhythmias. The current study investigated the effects of CS isolation from the atria by radiofrequency catheter
ablation on the induction and maintenance of atrial fibrillation (AF).

Methods and Results—Using an optical mapping system, we mapped action potentials at 256 surface sites in 17 isolated
and arterially perfused canine atrial tissues containing the entire musculature of the CS, right atrial septum, posterior
left atrium, left inferior pulmonary vein, and vein of Marshal. Rapid pacing from each site before and after addition of
acetylcholine (0.5 pmol/L) was applied to induce AF. Epicardial radiofrequency catheter ablation at CS-atrial junctions
isolated the CS from the atria. Rapid pacing induced sustained AF in all tissues after acetylcholine. Microreentry within
the CS drove AF in 88% of preparations. Reentries associated with the vein of Marshall (29%), CS-atrial junctions (53%),
right atrium (65%), and pulmonary vein (76%) (frequently with 2-4 simultaneous circuits) were additional drivers of
AF. Radiofrequency catheter ablation eliminated AF in 13 tissues before acetylcholine (P<0.01) and in 5 tissues after
acetylcholine. Radiofrequency catheter ablation also abbreviated the duration of AF in 12 tissues (P<0.01).

Conclusions—CS and its musculature developed unstable reentry and AF, which were prevented by isolation of CS
musculature from atrial tissue. The results suggest that CS can be a substrate of recurrent AF in patients after pulmonary
vein isolation and that CS isolation might help prevent recurrent AF. (Circ Arrhythm Electrophysiol. 2014;7:1181-1188.)

Key Words: atrial fibrillation m catheter ablation m coronary sinus ® optical Vm mapping

Radiofrequency catheter ablation (RFCA) is a common
treatment of atrial fibrillation (AF). The pulmonary
veins (PVs) are frequent sources of AF, and thus are major
targets of RFCA.' PVs contain muscular sleeves extending
from the left atrial (LA) myocardium. Similar to PVs, the
coronary sinus (CS) also has a muscular sleeve that connects
the right atrium (RA) and LA.>* Atrial tachyarrhythmias can
arise spontaneously from the musculature of the CS*° or
after PV isolation by RFCA.%7 In some patients, macroreen-
trant atrial tachycardia (AT) in association with the CS® or by
a focal atrial firing arising from the CS® initiates and drives
AF. Thus, the CS is a possible ablation target to eliminate
recurrent AF810

Clinical Perspective on p 1188

The CS musculature can also be a source of triggered activ-
ity'! and delayed conduction at the CS musculature and junc-
tions between the CS and both atria. Such conduction delay
also provides substrates for macroreentrant activity.'>'S The
vein of Marshall (VOM), which is a branch of the coronary
veins connected to the LA and CS, is a substrate for reentrant

circuit and foci of repetitive rapid responses.'® Recently, we
showed that muscular junctions between the CS musculature
(including VOM) and both atria contributed to initiation of
the atrial tachyarrhythmias by rapid pacing.' Rate-dependent
conduction block in these pathways led to unstable reentry
and AF-like activities.

Clinical and experimental observations indicate that isola-
tion of the CS musculature from both atria by RFCA can be a
secondary target for curing AF after completion of PV isola-
tion.®-10.11718 Ty the current study, we investigated the relation-
ship of the CS musculature to persistent AF induced by rapid
atrial pacing with acetylcholine administration and the effects
of CS isolation on the induction and maintenance of AF.

Methods

Arterially Perfused Atrial Tissue Preparations

The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the National Academy of Sciences
(8th edition, Washington DC, 2011) and follows in accordance with
our institutional guidelines. We prepared tissues with procedures
similar to those used previously.'?
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We harvested hearts from 17 anesthetized adult male mongrel
dogs and isolated atrial tissue preparations that contained the ostium
of the CS (CSos), the CS musculature, the ligament of Marshall,
the left inferior PV and lower interatrial septum of the RA, and the
posterior LA from the posterior portion of the atrium and removed
the free wall of the RA (Figure 1A). Each preparation contained
the right coronary artery and the circumflex branch of the left coro-
nary artery (diameter, =1-1.5 mm), into which separate perfusion
and pressure monitoring cannulas were inserted. The tissues were
mounted in a warmed chamber with epicardial surface in the focal
plane of the mapping camera and were perfused with Tyrode’s solu-
tion. Two silver electrodes were placed in the bath, 5 mm away from
the LA (anode) and the RA (cathode) sides of the tissue, to register
an ECG."

The tissue preparations were stained with a voltage-sensitive
fluorescent dye di-4-ANEPPS (Biotium, Inc, Hayward, CA, =4
mmol/L) and immobilized with cytochalasin D (Fermentek Ltd,
Jerusalem, Israel, 20-30 pmol/L), which does not influence canine
atrial action potentials (APs)."” An optical mapping system with a
256-element (16x16) photodiode camera collected the fluorescence
from a 33.6x33.6 mm® observation area on the tissue surface for
general mapping and 19.5%19.5 mm?® for detailed mapping of mi-
croreentry and converted it into 256 channels of electric signals. We
recorded APs and ECG sequentially after 10 pacing stimuli at the
cycle lengths (CLs) of 500 and 200 ms using a custom data acquisi-
tion system.'*

The protocol for the experiments consisted of 5 parts and we exam-
ined all tissues during each part: (1) AF induction without acetylcho-
line, (2) AF induction with acetylcholine, (3) RFCA, (4) AF induction
without acetylcholine after ablation, and (§) AT/AF induction with
acetylcholine after ablation.

To induce atrial tachyarrhythmias, we paced the tissues with trains
of 5 to 15 pacing stimuli, first at 180 ms CL and then repetitively with
progressively abbreviated CLs in 10-ms steps until the occurrence of
2-to-1 conduction at each pacing site, including the CS, RA, LA, left
inferior PV, and VOM. The above sequences of data recording were
performed after tissue stabilization and verification (as the baseline
control data) and then again after 10 minutes of stabilization after
the addition of 0.5 umol/L. acetylcholine (Sigma-Aldrich, St. Louis,
MO). Acetylcholine shortened AP duration and thus mimicked va-
gally induced AF in patients.*

We analyzed the shortest CL of 1:1 conduction at the CS, RA,
LA, PV, and VOM, which indicated the longest refractory period
in these pathways. We also analyzed the distributions of AP dura-
tion at the LA, RA, and the musculature of the CS during pacing
CLs of 500 and 200 ms. We determined the muscular connections
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between the CSos-RA and CS-LA as reported previously.>*" For
case of reference, the proximal CS-LA (CSp~LA) junction was
defined as the proximal or first half of the CS, whereas the distal
CS—LA (CSd-LA) junction was defined as the distal or second half
of the CS.

We analyzed conduction patterns of sustained (20.5 seconds)
atrial tachyarrhythmias that were induced by rapid pacing from each
site."” We defined AF as an atrial tachyarrhythmia with polymorphic
changes of f waves in the ECG recorded between the RA and LA.".
Although there are no standard definitions of microreentry and mac-
roreentry, we separated them by diameter of the reentrant circuit:
macro >1 cm and micro <1 em.

Radiofrequency Catheter Ablation to Isolate the CS

After induction of sustained atrial tachyarrhythmia with acetylcho-
line, we performed RFCA at the junctions between the CS muscula-
ture and both atria (Figure 1B) with a 4-mm tip catheter (Medtronic
Conductor, Medtronic, Minneapolis, MN). Radiofrequency current
(Atakr; Medtronic, Minneapolis, MN) was delivered between the
catheter tip electrode and an Ag-Cl pad (1.5x1.5 cm?) applied to edge
of the tissue bath (510 W for 20-30 seconds; temperature <55°C).»!
We first applied RFCA energy around the CSos to isolate the CS mus-
culature from the RA, and then performed linear ablation along the
CSp-LA junctions. We evaluated the activation patterns during CS
pacing after each ablation step. We additionally ablated the CSd-LA
junction, if the LA was activated from the CSd-LA junction or from
VOM after blockade of the CSp-LA junction. After isolating the CS
from the atria, we evaluated the recurrence of conduction across the
CS-atrial junctions for 20 minutes. Any remaining conduction be-
tween the CS and atria was then eliminated with additional RFCA.
We repeated the pacing protocol to induce atrial tachyarrhythmias
with and without acetylcholine after isolating the CS from the atria.
To avoid excessive heat around the catheter, we superperfused the tis-
sue at the ablation site with 60 mL/min Tyrode’s solution (28-30°C)
during RFCA.2

Statistics

Continuous data were expressed as meanxSD. Comparisons among
mean values were performed with 2-way ANOVA coupled with
Dunnett test. Comparisons of 2 groups were made with Student 7 test
for unpaired data and paired data, as appropriate. We verified normal-
ity of the continuous data. Ordinal data were analyzed with Kruskal—
Walis test. Fisher exact test was performed for the comparison of
proportions among groups. Significance was defined as P<0.05.

CS musculature C‘ 0s

Figure 1. Tissue preparation and musculature of the
coronary sinus. A, Posterior region of the atria that
includes coronary sinus (CS). B, The epicardial area
of 256-channel mapping usually covers the entire
CS musculature, right atrial (RA) side of intra-atrial

CS musculature
BB EER g

*
Fa
“gkﬁlﬁ**“ FTEvapunan®

33.6x33.6 mm

septum (IAS), left atrium (LA), left inferior pulmonary
vein (LIPV), and vein of Marshall (VOM). C, Ablation
points (red circles) electrically isolated CS from both
atria in 3 steps: (1) circular ablation around ostium
of CS (CSos), (2) linear ablation along the borderline
between the CS musculature and LA, and (3) distal
region of the CS in which VOM inserted to CS.
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Results

Anatomy and Electrophysiological Properties of the
CS Musculature

The visible CS musculature from the CSos to the distal end was
31+6 mm long and the diameter of the CSos orifice was 7+1
mm (Figure 1A). Muscular connections from the RA extended
into the CSos and LA musculature directly to the CSp. The
ligament of Marshall contained veins within the musculature
that connected to the CS musculature in all tissues.

There were no statistical differences in AP duration and mor-
phology between the LA, RA, PV, and CS musculature. Rapid
pacing abbreviated the AP duration (Figure 2A). There were no
statistical differences in the shortest pacing CL for 1:1 conduc-
tion among atrial sites (CS, 12129 ms; RA, 124425 ms; LA,
121£17 ms; PV, 12318 ms; and VOM, 123x14 ms; P=0.9770),
indicating similar longest refractory periods. Acetylcholine
abbreviated AP duration at all sites. These data suggested similar
electrophysiological properties among these muscular structures.

Induction of AF

At baseline, rapid pacing induced unstable macroreentry in
association with conduction block at the CS-atrial junctions
(Figures 3A and 4), resulting in AF-like ECG activity for
4.0+£2.8 seconds (range, 1.5-12.0; median, 2.6 seconds). The
average pacing CL that induced AF was 130+21 ms. LA pac-
ing frequently induced AF, but the difference compared with
other pacing sites did not reach statistical significance (inci-
dence of induced AF: CS pacing 71%, RA pacing 77%, LA
pacing 88%, and PV pacing 82%; P=0.6209). During AF, the
RA had the longest mean CL of local activation among all
atrial sites (Figure 2B). Unstable reentry usually appeared in
association with the CS musculature and its atrial junctions,
the VOM, PV, and intra-atrial septum (Figure 4), and usually
1 to 2 reentrant circuits existed simultaneously. During pac-
ing-induced AF episodes at baseline, reentrant circuits were
frequently associated with the CS musculature and the left
inferior PV (Figure 2C).

Coronary Sinus Isolation by Ablation 1183

After administration of acetylcholine, all tissues had sus-
tained AF (>8 minutes) that either was induced by rapid pac-
ing (pacing CL, 137+26 ms; n=14) or occurred spontaneously
(n=3; Figure 3B). Because of the continuation of induced AF
after acetylcholine, we could not evaluate 1:1 conduction sys-
tematically at all pacing and induction sites (induced pacing
sites: S tissues at LA, 4 at PV, 4 at CS, and 1 at RA). Mean CL
of local activation during AF with acetylcholine was shorter
than at the baseline (Figure 2B). Compared with the RA and
LA, CS and PV had shorter CLs of local activation during
AF. AF after acetylcholine treatment had similar (usually 24
simultaneous) unstable reentrant circuits as the AF at the base-
line and was associated more frequently with microreentry
within the intra-atrial septum, PV and VOM (Figures 2C, 4C~
4F, and 5) than with macroreentry between the CS and atria
using CS-atrial junctions (Figures 4A and 4B). Moreover,
microreentry within the CS musculature appeared frequently
during AF after acetylcholine treatment (Figures 4F and 5).
All AF episodes terminated spontaneously 2.3x1.7 minutes
(median, 1.7 minutes) after acetylcholine washout.

CS Isolation From Both Atria

We isolated the CS with 3 RFCA steps and evaluated conduc-
tion during CS pacing. First, we performed circular ablation
of the CSos (8.4+1.0 applications of RF energy) to block elec-
tric conduction between the CSos and RA (step 1, ablation
of CSos-RA junction). Then a 13.8+£7.5-mm linear ablation
(range, 7-27; median, 12 mm) was performed (4.2+1.3 appli-
cations) along the CSp-LA junctions from CSp to CSd on
the epicardium (step 2, ablation of CSp-LA junction). After
step 2, connection between the CSd and LA was found in 12
tissues. These tissues subsequently received 2.9+1.1 applica-
tions RF energy to the CSd junction, resulting in 8.3+2.5-mm
linear lesion (range, 5—14; median, 8 mm; step 3, ablation of
CSd-LA junction; Figure 1B). The CSd-LA junction usu-
ally existed in association with branching of the VOM from
the CS. We concluded that there was successful separation of
the CSd-LA junction from the CSp-LA junction when their

Figure 2. Action potential (AP) and its conduction
in the atrium. A, AP duration (APD) in the left and
& right atria (LA and RA) and coronary sinus (CS).
: There were no statistical differences in APDs among
the LA, RA, and CS. Short pacing cycle length (CL;
Py 200 ms) abbreviated APDs. Acetylcholine (ACh)
= shortened APD at all sites. **P<0.01 vs CL=500 ms.
1P<0.01. B, Mean CL during induced atrial fibrillation

PV (AF) at each site. RA had the longest CL. during AF at
baseline. Acetylcholine abbreviated AF-CLs. AF-CLs
were shorter in the CS and pulmonary vein (PV) than
in the atria. *P<0.01 and *P<0.05 vs CS. $P<0.01
vs. baseline. C, Reentry. At baseline, reentry usually

*x occurred in association with CS and its atrial junc-
tions. Acetylcholine increased microreentry in the
PV, intra-atrial septum (IAS), vein of Marshall (VOM),
and CS. D, Activation times of the RA and LA during
CS pacing. Ablation prolonged atrial tachycardias
(ATs) in both atria. **P<0.01 vs control. $1P<0.01 vs
RA (N=17). Comparisons were performed with 2-way
ANOVA coupled with Dunnett test (A, B, and D). OS
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P abi abl indicates ablation at ostium of CS; and P abl,
(Step 2) ablation at proxymal portion of CS.
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Figure 3. Atrial ECG characteristics of the induced
atrial fibrillation (AF). A, Rapid pacing induced AF
(duration: 1.9 s) at the baseline. B, After acetylcho-
line administration, rapid pacing induced sustained
AF with finer waves than the baseline. C, After
isolation of the coronary sinus (CS), rapid pacing
induced only 1 to 2 echo beats. D, After isolation
of the CS, administration of acetylcholine and rapid

pacing induced short organized atrial tachycardia.
Note these ECGs show atrial electrogram and do
not include QRS complex.

$55555555555S
ablation lines were 27 mm apart because single RECA made a
lesion of 3.8+£0.9 mm diameter in these experiments.

Figures 2D and 6 show the changes in activation pat-
tern in the RA and LA during CS pacing following each
RFCA step. Before RFCA, excitation evoked by CS pacing
propagated via the CS—atria junctions directly into both the
RA and the LA (Figure 6A) with slightly earlier activa-
tion in the LA than in the RA (Figure 2D). After step 1 of
RFCA, the RA was activated with significant delay via the
interatrial septum (Figure 6B) from the LA, which was also
delayed slightly. After step 2, the LA was activated from
the CSd~LA junction. Both the LA and the RA activated
significantly later than before step 2 (Figure 6C). Step 3
ablation fully isolated the CS, resulting in complete exit
and entrance block (Figure 6D). Three tissues had reap-
pearance of conduction at the CS-atrial junctions and
required additional ablations to achieve electric isolation
of the CS musculature.

Macroscopic observation after RFCA is shown in Figure 7.
CS musculature connected directly to the LA at the upper side
of the CS in CSp. Radiofrequency energy ablated the muscular
connection of the CSp-LA junctions as well as the upper third
of the CS musculature. At the CSd in which direct muscular

A CSp-CSos B CSd-CSp/or CSos

\_) Septun Septum
“Az S

E mt(aatriai septum
Septum - %

Yy \?‘

VN

C VOM-LA- CS

F intra CS

S: pacing stimulus

connection was eliminated, small muscular bundles and VOM
connected the CS and LA.

Effect of Isolation of CS Musculature From Both
Atria on Induction of AF

We repeated electric stimulation after CS isolation. Although
rapid pacing (CL, 132+22 ms) induced atrial tachyarrhythmias
(20.5 seconds) in 4 tissues without acetylcholine, the duration
of the tachyarrhythmias was significantly shorter than before
RFCA (duration after RFCA, 0.4+0.8 seconds; range, 0-2.7
seconds; median, 0 second; P<0.01 versus before RFCA; Fig-
ure 3C). Short runs of reentrant tachycardia occurred in the
interatrial septum (n=2) and left inferior PV (n=3).

Rapid pacing (CL, 128+18 ms) with acetylcholine induced
atrial tachyarrhythmias (0.5 seconds) in 12 tissues. In con-
trast to the induced AF before RFCA, CS isolation organized
the induced tachyarrhythmias into ATs having short dura-
tions (after CS isolation, 8.6+20.9 seconds; range, 0.9-81
seconds; median, 1.7 seconds; P<0.01 versus before RFCA;
Figure 3D). Only 2 tissues had sustained AT (duration, 40 and
81 seconds, respectively) in association with the VOM and PV
after RFCA. Residual reentry appeared in the left inferior PV
(n=7; Figure 8A), intra-atrial septum (n=4; Figure 8B), and

Figure 4. Schematic drawings of the unstable
reentry induced by rapid pacing. A, Induced mac-
roreentry of proximal coronary sinus (CSp)—left
atrium (LA)— right atrium (RA)—ostium of

CS (CSos)—coronary sinus (CS)—-CSp. B,
Induced macroreentry of distal coronary sinus
(CSd)—LA—RA—CS0s/CSp—CS—CSd. C, Reen-

509‘“’“ try of vein of Marshal (VOM)—LA—CSd—VOM. D,

Microreentry associated with left inferior pulmonary
vein (PV). E, Reentry associated with intra-atrial
septum. F, Microreentry within the CS musculature.
These reentrant circuits were usually unstable,

03 resulting in atrial fibrillation-like ECG activity.

------ Functional biock line at the CS-LA junctions
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Figure 5. Microreentry during atrial fibrillation (AF) induced by rapld pacing and acetylcholine. A, Activation time map of the AF and action
potentials. Activation time map showed that 2 microreentry appeared in the vein of Marshal (VOM) and coronary sinus (CS) simultane-
ously. B, CS was activated by rapid figure-of-8 microreentry and propagated 2:1 to the atria. C, VOM was activated from the proximal to
distal and then propagated to left atrium (LA). Mapping area: 33.6x33.6 (A), 19.5x19.5 (B and C) mm?. ECGs represent atrial electrogram

and do not include QRS complex. RA indicates right atrium.

VOM (n=2; Figure 8C). Intra-CS reentry did not sustain for
>0.5 seconds after CS isolation. Additional ablation to the
residual reentrant circuits eliminated ATs in 9 tissues.

Discussion
We observed that rapid pacing-induced unstable macroreen-
try was associated with conduction slowing in the CS mus-
culature and its atrial junctions, consistent with our previous
findings."” New in this study, however, is that in addition to
macrorentry, acetylcholine promoted microreentry involving
the PV, VOM, and CS musculature and resulted in sustained

AF. Importantly, microreentry within the CS musculature
appeared only during AF induced by acetylcholine. Isolation
of the CS musculature from both atria prevented induction of
macroreentry in the CS musculature and organized AF into
short-term ATs. Additional RFCA to the reentrant circuits
associated with the ATs eliminated residual microreentry in
the PV, VOM, and interatrial septum.

In addition to the initiation of AF from the PVs,' the muscu-
lature of the CS also has inherent arrhythmogenicity and can
be a source of AT/AF.*5-113-151722 The CS has been associ-
ated with initiation and maintenance of AF in 35% of patients

Figure 6. Activation of the atria during coronary
sinus (CS) pacing before and after stepwise abla-
tion. A, Atrial activation before ablation (ABL). Right
atrium (RA) and CS were activated from ostium

of CS (CSos) and proximal CS (CSp) junctions,
respectively. B, Atrial activation after CSos-ABL.
RA was activated from left atrium (LA) via CSp
junction. C, Atrial activation after CSp-ABL. LA was
activated from the distal CS (CSd; vein of Marshall)
junction and then propagated to RA. D, Atrial acti-
vation after CS isolation. Activation during CS pac-
ing did not propagate to both atria.
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