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GETTING TO KNOW APHRS LEADER
Name & Title:

Kyoko Soejima

MD. Professor of Medicine
Organization:

Kyorin University School of Medicine

Why did you choose to enter medicine and above
all, prefer to specialize in Electrophysiology?
I decided to enter medicine when I was in elementary
school. I read a biography of Albert Schweitzer and
was fascinated. I wanted to specialize in tropical
medicine until I saw the disappearance of delta wave
by catheter ablation during my residency. The patient
used to visit ER frequently for SVT. Interpretation of
ECG, confirmation of the site of accessory pathway,
and elimination — this “hop, step, jump” charmed
me immediately.
What do you regard as the most significant
development in Electrophysiology in the recent
past?

Who has inspired you the most in your life and
why?
My mother, Michiko Tanigawa. She taught me to
become a good person, philosophy, aspect of life.
Bill Stevenson is not only my mentor, but also a great
teacher of life.
What are your hobbies and interests outside of
medicine?
Yoga, exercise and hiking. Visiting temples and
shrines.
What is your best life advice, motto or favorite
quote?

Detailed visualization of the substrate of the
arrhythmia-both anatomical and functional.
Also, leadless pacemaker.

Believe in yourself and follow your passion. Help
people that you work with. They will be your biggest
support. Dali Lama’s “3Rs” — Respect for self,
Respect for others, and Responsibility for all your
actions.

Can you talk about an accomplishment that
you’re particularly proud of?

What advice would you give to your younger
self?

Trained a wonderful group of fellows. Now they have
established themselves as EP experts.

You have to believe that the dots will somehow
connect in your future.

If you could have an alternative career, what
would it be and why?

What are your thoughts about some of the
emerging technologies, and the way they will
shape the future care of arrhythmia patients?

Actress - fun to play the different personality and
different job.
Politician- so frustrated at the current politics in my
country. Want to change it.

Leadless pacer will be implanted in latest activated
LV as CRT. Also, self-charging pacer
Mapping technology to identify the intramyocardial
substrate and circuit. Accurate ablation lesion
formation and visualization.
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INTRA-ATRIAL INTER-NODAL CONDUCTION AT
THE HEART SPECIMEN
Jeong-Wook Seo1, Ja Kyoung Yoon2, Jungsun Kim3, Hsuan-Ming Tsao4 and Seil Oh1
1
Seoul National University, 2Sejong Cardiovascular Center, 3Sungkyunkwan University, Korea and
4
National Yang Ming University, Taiwan
The conduction pathway within the atrial chambers and between the sinus node and the atrioventricular node is
illustrated at the human heart specimen. The pathway was described simply as non-existent or three inter-nodal
pathways in the previous literature. We found the pathway becomes more important for the understanding
on the macro-reentry circuit in atrial flutter and for designing the additional ablation lines or surgical lines for
complex atrial fibrillation. Some congenital cardiac defects (atrioventricular septal defects and others) at their
grown-up ages may have atrial fibrillation and the therapeutic plans need more precise understanding on the
atrial conduction.
We used “very old” human heart specimens for visualizing the muscular anatomy of the atrial wall. Those “old”
hearts were more than 30 years after being harvested for cadaver anatomy laboratory for medical students such
that epicardial fatty tissue was easily removed. We also used 3 dimensional modeling for human hearts from CT
angiographic data. We could “erode” the layers of the muscle in the atrial wall so that thick muscle bundles were
visualized.
Our data are shown at the inner and outer atrial walls (Figs. 1, 2). We also illustrated those pathways over the 3
dimensional casts of the right and left atrial chambers (Fig. 3).
Our study is not a final conclusive summary but is a kind of proposal for further study. We would suggest to study
more heart specimens and also to correlate the clinical electrical mapping of the atrial wall with the anatomical
features as described below.
The first inter-nodal tract (the anterior tract, #1) is a broad span of myocardial fibers from the sinus node at the
right atrial wall facing the aorta (the wall at the transverse pericardial sinus). After the initial short descend, the
bundles branch into three parts (#1-1, #1-2, #1-3) (Fig. 1). One (#1-1) is those approaching to the AV node at the
shortest distance and the second (#1-2) branches to the right and left parts of the Bachmann’s bundle. The third
(#1-3) is at the vestibule of the tricuspid valve. (Fig. 2) The second branch forms the right and left sub-branches
Figure 1. Atrial wall at the epicardial surface. A. The
anterior wall of the right and left atrial chambers at
the transverse pericardial sinus. The second branch
of the anterior inter-nodal tract (#1-2) arises from
the sinus node (red circle) to form the Bachmann’s
bundle. B. the atrial wall after removal of the
epicardium shows Bachmann’s bundle running to
the right (R-1) and left atrial wall. The Bachmann’s
bundle to the left atrium has three sub-branches.
The sub-branch L-1 is at the superior wall between
the right and left upper pulmonary veins. The second
sub-branch (L-2) is at the lateral ridge between the
left upper pulmonary vein (LUPV) and the left atrial
appendage (LAA). The third sub-branch (L-3) is the
myocardium along the vestibule of the left atrium.
C. The left lateral aspect of the heart shows the left
appendage and the sub-branches. The proximal
part of the L-3 is close to the left circumflex coronary
artery. D. The posterior wall of the left atrium shows
approaches from the inter-nodal tracts #1-3. The
distal part of L-3 is close to the coronary sinus (CS).
The inter-nodal tract from the crista terminalis (#3)
approaches to the AV node and the third branch of
the first inter-nodal tract (#1-3) also approaches to
the posterior aspect.
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of the Bachmann’s bundle to the right and left atrial walls (R-1, L-1, L-2, L-3: See figs. 1 and 3 for details).
The second inter-nodal tract (the middle tract, #2) arises from the sinus node as a broad span of myofibers at
the right posterior aspect of the sinus venarum (Figs. 2, 3) which is the opposite direction of the first inter-nodal
tract (#1). They form the upper part of the atrial septum and the lower border is the limbus part of the oval fossa.
These fibers at the atrial septal wall of the second tract unites the first inter-nodal tract and contributes the socalled fast pathway to the AV node. The other part of the second tract covers two layers of the atrial wall at the
Waterstone groove and then to the left atrial wall between the right upper and right lower pulmonary veins.
The third inter-nodal tract (the posterior tract, #3) is a condensed group of muscle fibers at the crista terminalis
(Figs. 2, 3). During their descend through the junction between the appendage and the sinus venarum the third
tract give rise to parallel fibers to right anterior wall of the right appendage, being pectinate muscles. Caudal
end of the crista terminalis is continued to the Eustachian ridge or valve in front of the opening of the interior
vena cava to the right atrium (Fig. 2B).
Our observation details the anterior approach to the atrioventricular nodes from the anterior and middle internodal tracts which are in front of the oval fossa. The posterior approach to the atrioventricular node is mainly
through the crista terminalis and Eustachian ridge (the posterior tract) but the anterior tract also contributes
through the supra-tricuspid vestibular muscle. The major conduction to the left atrial wall is through the
Bachmann’s bundles and their branches from the anterior tract. A minor contribution is through the middle internodal tract.
Note. This article was presented at the Asia Pacific Cardiovascular Intervention and Surgery (APCIS) 2020 on
September 19, 2020. You may refer to the video explaining this article at APCIS2020.
https://www.youtube.com/watch?v=Mxm5_E9v-pc&t=1452s
Figure 2. Internal aspect of right atrium. Three
inter-nodal tracts arise from the sinus node (red
circle) to the atrioventricular (AV) node (yellow
circle). A. Anterior inter-nodal tract is from the
sinus node (red circle) running the medial wall
of the right atrium in front of the opening of the
superior vena cava (asterisk) and then give rise
to three branches. The branch #1-1 goes anteriorly and descend to the AV node (yellow circle)
in a short pathway. The branch #1-2 spans to the
anterior wall of the left and right atrial chambers
to form the Bachmann’s bundle. The branch #1-3
runs the long pathway through the tricuspid annulus and then approaches to the posterior part
of the AV node. B. Middle inter-nodal tract (#2)
runs the posterior wall of the sinus venarum and descend to the anterior aspect of the AV node through the anterior limb part of the limbus
of oval fossa (FO). This tract also supplies the left atrial wall between the upper and lower pulmonary veins (not shown in this figure. See
Figs. 1-12, 13. The posterior inter-nodal tract (#3) is the crista terminalis and approaches to the AV node through Eustachian ridge in from of
inferior vena cava (IVC). CS, coronary sinus; ATL, anterior tricuspid leaflet; STL, septal tricuspid leaflet.

Figure 3. Painting the muscular bundles at the
3d printed atrial chambers. A. The atrial chambers from the anterior aspect. The second
branch of the first inter-nodal tract (#1-2) arises
from the sinus node (red circle) and descends
at the anterior wall of the right atrium to form
the Bachmann’s bundle to the right (R-1) and
left atrial chambers. The left Bachmann’s bundle
branches to the L-1, L-2 and L-3. B. The atrial
chambers from the posterior aspect shows the
second inter-nodal tract (#2) and the third tract
at the crista terminalis (#3). RA, right atrium; LA,
left atrium; Ao, aorta; SVC, superior vena cava;
IVC, inferior vena cava; RUPV, right upper pulmonary vein; RLPV, right lower pulmonary vein; LUPV, left upper pulmonary vein.
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THE APPLICATION OF MULTIMODALITY IMAGING
FOR ABLATION OF PREMATURE VENTRICULAR
CONTRACTION ORIGINATED FROM
PAPILLARY MUSCLE
Ling Kuo, MD; Tôn
Khánh An, MD; Fa-Po Chung, MD, PhD;
Yenn-Jiang Lin, MD, PhD; Shih-Ann Chen, MD
This is a 66-year-old male with the underlying disease of type 2 diabetes mellitus, complaining of chest tightness
for one month. A 12-lead ECG showed sinus rhythm with different morphologies of premature ventricular
contraction (PVC) originated from anterolateral (AL) and posteromedial (PM) papillary muscle (PAP) (Figure 1A).
The 24-hours Holter study was performed, and multiform PVCs with a burden of 28% of total daily beats were
noted. Transthoracic echocardiography disclosed normal left ventricular (LV) ejection fraction with mild mitral
regurgitation. Cardiovascular magnetic resonance (CMR) imaging demonstrated the delayed enhancement at
both AL and PM PAP on late gadolinium enhancement (LGE)-CMR imaging (Figure 1C, 1D, 1F, 1G), which was
correlated to clinical suspicion of the arrhythmogenic substrate at PAPs according to PVC morphologies.
The patient was refractory to the antiarrhythmic drug of mexiletine and
radiofrequency ablation was arranged.
Intracardiac echocardiography (ICE, from
Abbott) depicted hyperechoic signals at
AL and PM PAP of LV. The parameters
of dominant PVC morphology were
as follows: QRS duration of 159ms,
coupling interval of 396ms, right bundle
branch block pattern, superior axis, V5
precordial transition, pseudo-delta wave
of 24ms, and maximum deflection index
of 35ms. LV angiogram was performed
and a three-dimensional (3D) electroanatomical activation map was created
by Duo-Decapolar catheter using
Precision navigation system under the
guidance of fluoroscopy and ICE. The
earliest activation site of dominant PVC
was identified at PM PAP with QS pattern
at unipolar signal, which was 36 ms
preceding the onset of PVC (Figure 2).

Figure 1(A) A 12-lead ECG with two different
morphologies of PVC, which was suspected to
originate from AL PAP and PM PAP; (B)(E) Steadystate free precision cine images of LV (short-axis
[SAX] view); (C)Delayed enhancement at AL PAP on
LGE images (SAX view); (D) Delayed enhancement
at AL PAP on LGE images (four-chamber view); (F)
Delayed enhancement at PM PAP on LGE images
(SAX view) (G) Delayed enhancement at PM PAP
on LGE images (four-chamber view).
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Radiofrequency energy was delivered at the earliest activation site of the medial aspect of PM PAP using
Flexbility ablation catheter, while an increase of hyperechoic lesion was observed on the ICE imaging. The PM
PAP PVCs were successfully eliminated and no recurrences were confirmed with and without isoproterenol 4ug/
min infusion. Notably, the hyperechoic area of PM PAP had decreased in size from 14mm to 7mm, implying the
transient focal edema surrounding the ablation lesion. (Figure 3).
This case demonstrates the utilization of LGE-CMR imaging to evaluate the arrhythmogenic substrate before
ablation, ICE-assisted localization of PAP in addition to fluoroscopy and 3D high-density electro-anatomical map
during ablation, and visualization of scar formation after ablation.
The application of different imaging modalities is valuable in pre-procedural planning, precise localization of
target, confirmation of adequate catheter contact to the myocardium, and real-time visualization of leasion
formation after energy delivery. This case also highlighted the importance of the combination of multimodality
images to understand the mechanism of ventricular arrhythmogenesis and achieve successful ablation.

Figure 2 (A) Activation map of LV of
PM PAP PVC; (B) Earliest activation
site at PM PAP with QS pattern at
unipolar signal; (C) Local fractionated
electrogram mapped at PM PAP
PVC with 36 ms earlier than surface
QRS;(D) Green ball: efficient targets for
elimination of PVCs; (E) Hyperechoic
region on ICE imaging at PM PAP; (F)
Thermocool ablation catheter at PM
PAP; (G) LV angiogram showed filling
defect at PAPs; (H) ablation catheter
at PM PAP (RAO 30°view); (I) Postablation 3D electro-anatomical bipolar
voltage map; (J) Ablation scar on realtime ICE imaging.

Figure 3 (A) 14mm ablation scar right
after energy delivery on ICE imaging;
(B) Residual 7mm ablation scar 40
minutes after ablation.

07 CALMODULINOPATHY: FROM BENCH TO BEDSIDE

CALMODULINOPATHY: FROM BENCH TO BEDSIDE
Wen-Chin Tsai, Peng-Sheng Chenb,c, Michael Rubartc,d

Department of Cardiology, Cardiovascular Research Center, Hualien Tzu Chi Hospital, Buddhist Tzu Chi Medical
Foundation, and Tzu Chi University, Hualien, Taiwan,
b
Department of Cardiology, Cedar-Sinai Medical Center, Los Angeles, CA, USA,
c
Krannert Institute of Cardiology and Division of Cardiology, Department of Medicine, Indiana University School
of Medicine, Indianapolis, Indiana, USA,
d
Department of Pediatrics, Wells Center for Pediatric Research, Indiana University School of Medicine,
Indianapolis, Indiana, USA
a

1. Introduction
Inherited arrhythmia syndromes are electrical abnormalities of the heart caused by mutations in genes encoding
a variety of cardiac ion channels or their interacting proteins.1 Unfortunately, sudden cardiac death can be
the first clinical presentation in patients with inherited arrhythmia syndromes, especially in young individuals.
Calmodulinopathy is a new entity of inherited arrhythmia syndromes associated with mutations in genes encoding
for the calcium-binding protein, calmodulin (CaM). An association between the clinical arrhythmia and a CaM
mutation was initially established in members of a large Swedish family presenting with syncope and sudden
death.2 Since then, other human genetic studies as well as experimental approaches have provided evidences
in support of a role of a number of CaM mutations in causing inherited arrhythmia syndromes. Here, we will
summarize currently available knowledge on calmodulinopathy from the perspective of the clinical phenotype
to proposed mechanisms, based on up-to-date basic research data including a first mouse model of a human
calmodulinopathy.3
2. Calmodulinopathy associated arrhythmia syndromes
CaM mutation-related inherited arrhythmias have been discovered in patients with a severe cardiac phenotype,
including ventricular arrhythmias leading to, syncope and sudden cardiac death at a young age. Although the
incidence is low, early diagnosis helps to initiate therapies to reduce the risk of sudden cardiac death. In 2012,
Dr. Nyegaard and colleagues first identified two de novo missense mutations in the CALM1 genes of 2 unrelated
carriers presenting with the early-onset catecholaminergic polymorphic ventricular tachycardia (CPVT; p.Asn54Ile)
or stress-induced polymorphic ventricular ectopy (p.Asn98Ser). 2 In 2013, Crotti and her colleagues discovered
three heterozygous de novo mutations in either CALM1 (p.Asp130Gln; p.Phe142Leu) or CALM2 (p.Asp96Val)
genes, either one causing pronounced QT interval prolongation and recurrent cardiac arrest.4 Since then, more
mutations in the all three CaM-encoding genes CALM1, CALM2 and CALM3 have been reported and linked to
ventricular arrhythmias manifesting with features of CPVT and/or long QT syndrome (LQTS).4-13
CPVT is an inherited arrhythmia syndrome, characterized by a normal resting electrocardiogram and polymorphic
ventricular tachycardia induced by exercise or emotional stress in the absence of structural heart disease.14
Heterozygosity for mutations in the ryanodine receptor 2 gene (RYR2 [MIM 180902], CPVT1)15 is known to
cause the autosomal dominant pattern of inheritance, accounting for nearly 60-65% of CPVT patients. CALM1
and CALM2 mutations associated with CPVT were named CPVT4.16 The congenital LQTS is a primary cardiac
electrical disorder with the characteristics of QT interval prolongation, propensity to unexplained syncope or
even cardiac arrest, mainly triggered by emotional or physical stress.17 Mutations in KCNQ1 (LQT1, voltagegated potassium channel), KCNH2 (LQT2, voltage-gated potassium channel), and SCN5A (LQT3, voltage-gated
sodium channel) account for at least 75% of congenital LQTS. 9, 18 LQTS caused by mutations in CALM1, 2 and 3
genes are categorized as LQT 14, 15 and 16, respectively.19
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Overview of calmodulin structure and associated inherited arrhythmia phenotypes in human.
Figure 1. Schematic presentation of the calmodulin 149 amino acid sequence composed of N- and C-domain
(1-80; 81-149), each containing two Ca2+ binding EF-hands (in orange). The locations of all published CALM 1, 2
and 3 mutations (Table 1) are labelled in blue. The CALM1 mutation (p. N98S) in our mouse model is highlighted
in red and white.3

Table 1.

List of published calmodulin mutations-related
inherited arrhythmia syndromes

Figure 1 and Table 1 summarize all
mutations in the three CaM-encoding
genes. Most patients develop symptoms
in early life, even at the gestational stage.
LQTS is the dominant phenotype of
calmodulinopathy and there is no overt
sex prevalence. Interestingly, carriers of
the p.N98S, p.D132E, and p.Q132P CaM
mutations displayed combined electrical
phenotypes of CPVT and LQTS. In line
with the most extensive International
Calmodulinopathy Registry,6 among 74
subjects carrying a pathogenic CaM
mutation, the predominant phenotype
is LQTS (49%), followed by CPVT (28%).
Most pathogenic mutations present
de novo with median onset ages of 1.5
years for LQTS and 6 years for CPVT.
Undoubtedly, calmodulinopathy has
become one of the arrhythmic entities
among patients with inherited arrhythmia
syndromes.

Gene

Mutation

Phenotypes

Sex

Age of
Onset (ys)

Ref.

CALM 1

p.N54I

CPVT

M

12

2

p.F90L

IVF

M

16

20

p.N98S

CPVT; LQTS

F;M

4; 5

2, 21

p.E105A

LQTS

M

6

12

p.D130G

LQTS

F;M

<1

4

p.D132V

LQTS

M

3

22

p.E141G

LQTS

M

4

5

p.E141V

LQTS

M

<1

13

p.F142L

LQTS

F/M

All <1

4,5

p.D96V

LQTS

F

<1

4

p.N98S

LQTS/CPVT
LQTS+CPVT

M/F
M

5/4
7

10,8

p.N98I

LQTS

M

17

10

p.D130G

LQTS

F

<1

5

p.D130V

LQTS

M

<1

5

p.D132E

LQTS+CPVT

F

<9

10

p.D132H

LQTS

M

<1

22

p.D134H

LQTS

F

<1

10

p.Q136P

LQTS+CPVT

F

8

10

p.D94A

LQTS

F

8

21

p.D96H

LQTS

F

<1

23

p. A103V

CPVT

F

10

7

p.D130G

LQTS

M;F

<1

11,13

p.E141K

LQTS

F;M

<1

13

p.F142L

LQTS

F

<1

23

CALM 2

CALM 3
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3.

Mechanisms of Calmodulinopathy

Calcium ions (Ca2+) influence nearly every aspect of cellular life by carrying messages to conduct all important
functions. CaM is a ubiquitously expressed Ca2+- binding protein that participates in a wide spectrum of cellular
functions including metabolism, gene expression, proliferation, contraction, and proteolysis.24 Indeed, CaM
spotlights the evolutionary importance of Ca2+ signaling. An identical, 149 amino acid protein is encoded by three
different genes (CALM1, CALM2 and CALM3), located on three different chromosomes (14q32.11, 2p21 and
19q13.32, respectively). Intriguingly, the evolutionary importance of CaM is highlighted not only by the presence of
three different genes in three different chromosomes but also by the highly conserved protein sequence across
all vertebrates.25 As shown in Figure 1, CaM consists of two Ca2+ binding lobes one each at its N- and C-terminus,
connected by an -helix linker. In turn, each lobe contains two EF-hand motifs, each one binding one Ca2+ ion.
The lobes function cooperatively with faster Ca2+ binding at the N-lobe and higher Ca2+-binding affinity at the
C-lobe, thus allowing CaM to function either as a rapid or slow Ca2+ sensor.26 Ca2+ binding leads to conformational
changes, exposing a methionine-rich hydrophobic patch, at either N- or C-lobe of CaM, suitable for peptide
binding sequences in its target molecules.27 The interaction between CaM and its targeted ion channels and/or
associated proteins significantly impacts ionic homeostasis of cardiomyocytes. Therefore, CaM gene mutations
result in dysfunction of cardiac ion channels and calcium handling, leading to cardiac arrhythmias.
The L-type calcium channel (CaV1.2) and the cardiac ryanodine receptor 2 (RyR2) are the two major Ca2+ channels
involved in Ca2+ handling in cardiomyocytes. The effects of CaM mutations on CaV1.2, RyR2 and heart rhythm have
been investigated using different experimental model systems. The human N54I and N98S mutations in Calm1
were associated with CPVT.2 In agreement with clinical CPVT type, zebrafish injected with mRNA of CaM-N54I
and-N98S displayed increased heart rate compared to wild-type CaM mRNA under beta-adrenergic stimulation,
demonstrating a conserved dominant cardiac specific effect between zebrafish and human carriers of these
mutations.28 Conversely, LQT syndrome-associated CaM mutation, D130G, led to bradycardia and an arrhythmic
phenotype in a subset of the analyzed zebrafish.29
Attenuation of Ca2+-CaM-dependent inactivation (CDI) of L-type channels has been implicated in the genesis
of LQTS associated with some CaM mutations, including D96V, D130G, F142L, and E141G. Indeed, HEK293
cells co-expressing human cardiac
pore-forming -subunits, rat
and
auxiliary subunits as well as
wild-type and mutant CaM in different ratios (D96V, D130G, F142L, and E141G) exhibited impairment of CDI
as did guinea-pig ventricular myocytes transfected with varying ratios of wild type and mutant CaM. Expression
of either one of these 4 CaM mutations was also associated with pronounced APD prolongation in guinea-pig
ventricular myocytes. Human induced pluripotent stem cell (iPSC)-derived cardiomyocytes expressing LQTSCaM mutations D132H or D132V exhibited impaired CDI, concomitant with clinical evidence of QT interval
prolongation. Furthermore, several recent studies have demonstrated that prolonged action potential duration,
caused by a strong dominant-negative effect of single mutant CaM alleles on CDI of L-type channels could be
rescued by selectively knocking out the mutant allele in iPSC-derived cardiomyocytes derived from LQTS patients
heterozygous for mutations in one CaM gene (CALM1-F142L; CALM2-N98S/D130G).30-32
RyR2 plays a role in the excitation-contraction coupling of the heart via maintaining intracellular Ca2+ hemostasis.
Mutations in RyR2 gene cause a diastolic Ca2+ leak from the sarcoplasmic reticulum, leading to a transient inward
current through the activation of sodium-calcium exchanger, and results in delayed after-depolarization which in
turn can lead to triggered arrhythmias.33 CaM is a Ca2+-binding protein that binds to, and inhibits activity of RyR2.
It is reasonable to speculate that malfunction of RyR2 contributes to the arrhythmogenic mechanism in patients
with CaM mutation related CPVT. In murine ventricular cardiomyocytes, the CPVT-associated CaM mutations
N54I, N98S, and A103V would increase the open probability of RyR2, 7, 28, 34 implying similar mechanisms for the
CPVT-causing CaM and RyR2 mutations33, 35 However, the results are mixed and contradictory among studies,
partially because RyR2 are regulated by Ca2+ in CaM-dependent and-independent ways, which complicates the
investigation of CaM’s role in RyR2 function.
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4. First mouse model of calmodulinopathy
In 2012, Nyegaard et al identified a de novo heterozygous missense mutation in exon 5 of the CALM1 gene,
substituting the asparagine with serine at the position 98. The index patient is a 4-year-old girl, presenting with
sinus bradycardia, stress-induced bidirectional ventricular ectopy, and sudden cardiac death.2 Accordingly, we
used the CRISPR/Cas9 gene editing approach to generate knock in mice heterozygous for the N98S mutation
in the Calm1 gene (Calm1N98S/+ mice).3 Intriguingly, two biologically independent knock-in mouse lines of either
sex exhibited identical phenotypes of sinus bradycardia, QT interval prolongation and CPVT upon the coadministration of epinephrine and caffeine, providing solid proof that this N98S mutation in the Calm1 gene
is directly causative of the type of stress-induced ventricular arrhythmias seen in human patients. In addition,
our Calm1N98S/+mouse model displayed QT interval prolongation which was strictly dependent on stimulation of
cardiac -adrenergic receptors. Recently, adrenergically induced LQTS exacerbation has also been reported in a
5-year-old boy carrier of the N98S mutation in the Calm2 gene.21
In terms of the arrhythmia mechanisms, our in vitro studies showed that delayed-afterdepolarizations (DADs)
induced triggered activities in isoproterenol-treated Calm1N98S/+ ventricular myocytes at high pacing rates in
the presence of the non-selective -adrenergic receptor agonist isoproterenol. Microelectrode studies showed
that His-Purkinje network of Calm1N98S/+ hearts had a markedly higher incidence of pause-dependent earlyafterdepolarizations (EADs) than the His-Purkinje network in hearts of wild-type littermates. VT-initiating ventricular
extra-beats exhibited concentric epicardial breakthrough patterns in the right ventricle that were identical to
those seen during sinus rhythm, suggesting the His-Purkinje network as a source of arrhythmias in Calm1N98S/+
hearts. Thus, EADs in the His-Purkinje network and DADs in the working myocardium may serve complementary
roles in initiating and maintaining, respectively, arrhythmias in our model.
Regarding the mechanisms of QT prolongation, our in-vivo study with pharmacological blockade and activation of
beta-adrenergic receptors rescued and exacerbated the long QT phenotype of Calm1N98S/+ mice. In vitro studies
with epicardial voltage maps in Langendorff hearts as well as action potential recording in isolated cardiomyocytes
revealed beta-adrenergic stimulation delayed ventricular repolarization in Calm1N98S/+, but not in Calm1+/+, mice.
In connecting with ionic mechanisms, beta-adrenergic stimulation augmented peak ICa.L density, reduced ICa.L
inactivation and left-shifted the activation curve significantly more in Calm1N98S/+ than in Calm1+/+ ventricular
myocytes, increasing late ICa.L leading to the long QT phenotype in Calm1N98S/+ mice. The molecular mechanisms
underlying N98S CaM-mediated potentiation of -adrenergic effects on cardiac L-type currents remain to be
determined.
5. Conclusion
Since its first identification, CaM mutations have emerged as a novel cause of human inherited arrhythmia
syndromes. Thus far, more than 30 different CaM mutations manifesting with divergent arrhythmia syndromes
have been recognized. Several studies have demonstrated that CaM mutations affect gating of L-type channels
and cardiac ryanodine receptor Ca2+ release channels. Our new mouse model of a human calmodulinopathy,
presenting with an overlap of CPVT and LQTS,3 will enable investigations on arrhythmogenic mechanisms as well
as possible treatment options for patients suffering from mutant CaM-associated inherited arrhythmia syndromes.
Further studies on this novel mouse model would further expand the understanding of calmodulinopathy in
humans.
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