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Résumé en Francais

Changements dans le cycle du calcium et ses mécanismes dans
le nceud sino-auriculaire sous- jacent a l'insuffisance cardiaque

induite par le TAC chez la souris

Mots clés : Insuffisance cardiaque ; nceud sino-auriculaire ; récepteurs de la ryanodine ; Ca**

Introduction

La circulation sanguine est controlée par les battements spontanés du coeur. Avec une fréquence
de 50 a 90 battements par minute au repos, le coeur humain bat 10° fois par jour, soit 2 milliards de
battements de coeur au cours d'une vie. Ces battements cardiaques sont initiés par la génération
spontanée cyclique d'une activité électrique dépolarisante, qui quand elle atteint un seuil déclenche
un potentiel d'action (PA) au niveau des cardiomyocytes du nceud sino-auriculaire (SAN). De maniére
générale, les mécanismes responsables de cette dépolarisation diastolique sont groupés en deux
horloges : une « horloge membranaire », et une « horloge calcique », qui agissent en synergie de
maniére couplée ou redondante pour déclencher le PA des cellules du SAN. Cette impulsion
électrique dépolarisante est ensuite transmise au reste de coeur générant des PAs qui entrainent la

contraction cardiaque par le mécanisme de couplage excitation-contraction.

L'horloge membranaire est composée de canaux ioniques voltage-dépendants au niveau du
sarcolemme, principalement le courant pacemaker (le courant Ir « funny »), mais aussi, les courants
Ca** de type T (Ica1), et de type L (Ica) par le canal Cav1.3, le Cav1.2 étant impliqué dans le PA lui-

méme.

L'horloge calciques est initiée par des canaux non-voltage-dépendants situés au niveau de la
membrane intracellulaire du réticulum sarcoplasmique (SR) : les canaux de libération calcique, appelé
récepteur a la ryanodine (RyR). Le Ca®** libéré par ce canal pendant la derniére phase de
dépolarisation diastolique, est expulsé de la cellule par I'échangeur Na*/Ca®* sarcolemmal, qui
extrude 1 ion Ca?* contre I'entrée de 3 ions Na* générant ainsi un courant dépolarisant. Ce courant,

Inaca, accélére la dépolarisation de la membrane, jusqu’au seuil de déclenchement du PA.



L'insuffisance cardiaque (IC) est un syndrome manifestant l'incapacité du coeur d'assurer sa
fonction de pompe afin de maintenir le flux sanguin pour répondre aux besoins du corps, d'abord a
I'effort, puis aussi au repos. En 2015, I'IC a touché environ 40 millions de personnes dans le monde.
On considere qu’environ 2 % des adultes souffrent d'IC et chez les personnes de plus de 65 ans, cela

passe a 6-10 %, voire au-dela pour les plus de 75 ans.

Les patients présentant IC présentent un remodelage significatif de la fonction du SAN caractérisée
par une diminution de la fréquence cardiaque intrinseque. Il a été montré, dans des modeles
expérimentaux de lapin et chien, que cela est dG a |'altération des éléments de I'horloge membranaire,

notamment une diminution du courant I.

A ce jour, peu de choses et souvent controversées ont été rapportées sur I'nhnoméostasie Ca>* des
cellules du SAN dans le cadre de la IC. Cela peut étre di aux différents modeles utilisés (souris, lapin
ou canine) et a la maniere différente d'induire I'IC (rythme rapide imposé ou constriction de 'aorte

transversale (TAQC)).
Objectifs

Le SAN est le pacemaker primaire du coeur. De nombreuses conditions pathologiques telles que
I'lC, peuvent influencer la fonction SAN. L’'homéostasie Ca®* joue un réle clé dans la régulation de la
fonction de SAN. Le but de cette étude était d'analyser comment la fonction intrinseque des cellules
du pacemaker cardiaque est modifiée dans I'IC et si 'homéostasie de Ca®* est impliquée dans cette
dysfonction. En outre, notre travail c'est également penché sur le mécanisme possible sous-jacent
au changement de I'homéostasie Ca** Le but était de fournir une compréhension plus compléte du

dysfonctionnement pacemaker cardiaque au cours de I'IC afin de fournir des perspectives cliniques

prometteuses.



Résultats

Partie 1

Nous avons analysé I'horloge calcique dans un modele expérimental d'IC par constriction aortique
transversale (TAC) chez la souris. Les animaux témoins (Sham) ont été soumis a une chirurgie factice.
L'IC a été déterminée par une fraction d'éjection diminué, estimée par échocardiographie en mode
M. L'IC congestive a été déterminé par une augmentation du rapport poids de poumons/longueur
du tibia. Les électrocardiogrammes enregistrés par télémétrie n‘'ont pas montré de modification du
rythme cardiaque (HR) de base. Cependant, la variabilité du HR était plus faible chez les souris IC,
ainsi que le HR intrinseque du SAN, apres blocage du systéme nerveux autonome (SNA) par injection
intrapéritonéale d'atropine et de propranolol (2 mg / kg chacun). Ces résultats montrent un

dysfonctionnement intrinseque du SAN chez les souris IC.

Afin d'analyser le mécanisme sous-jacent, le SAN a été disséqué, chargé avec un indicateur
fluorescent de Ca®*, le fluo-4 AM, et observé par microscopie confocale. La fréquence des transitoires
[Ca?*]; était plus lente dans de SAN d'IC et leur décours significativement plus longue, suggérant une
altération de la fonction de la Ca®*-ATPase du RS (SERCA) et/ou de I'échangeur Na*/Ca?* (NCX). De
fait, dans le groupe IC, I'expression protéine de NCX était déprimée, avec une expression accrue de
phospholamban (PLB, un inhibiteur naturel de SERCA lorsqu'il n'est pas phosphorylé) ainsi qu'une
moindre phosphorylation au site T17, site phosphorylation par la Ca**/Camoduline Kinase II (CaMKII).
Ainsi, le temps de décroissance plus long des transitoires [Ca**]; pourrait étre le résultat d'une
moindre d'expression de NCX et/ou d'une plus grande inhibition de SERCA. La diminution de la
fonction de la SERCA diminuait la charge calcique du SR, comme cela a été constaté par une

perfusion rapide de caféine dans les cellules isolées du SAN du groupe IC.

Afin d'évaluer l'activité des récepteurs a la ryanodine (RyR2), nous avons analysé les transitoires
calciques localisés (Ca** sparks), événements élémentaires produits par I'activation d'un cluster de
RyR2s. La fréquence des sparks Ca®* est plus petit dans le groupe IC, avec une amplitude et une
durée aussi réduite. Anisi, la quantité de Ca** libéré pendant la diastole par les Ca®* sparks était plus

petite dans le groupe IC, indiquant une diminution de la fonction de I'horloge Ca**.

Nous avons ensuite étudié plus en détail les altérations des RyR2s au niveau moléculaire, par

immunoblot. Avec I'IC, le niveau d'expression des RyR2s était significatif diminuée, ainsi que leur



phosphorylation relative au site S2814. Combiné avec la réduction de la phosphorylation relative du
phospholambane (PLB) au site T17, ces résultats suggerent une activation moindre de la CaMKII dans
IC SAN. De fait, si I'expression de CaMKII était semblable dans les deux groupes, son niveau de
phosphorylation était significativement réduit, indiquant une activation moindre. Pour tester la
signification fonctionnelle de cette derniére diminution, nous avons perfusé un inhibiteur de la
CaMKII, le KN93, sur le tissu SAN et analysé les mouvements de Ca®*. Si le KN93 réduisait
significativement la fréquence spontanée des transitoires [Ca**]; dans les deux groupes, indiquant
une certaine activation basale, son effet était proportionnellement plus importante dans les groupes

IC, conduisant a une fréquence encore plus rapide.

Pour conclure, nous avons mis en évidence que la CaMKII est moins activé dans le SAN des souris
IC. Cela conduit & une moindre phosphorylation du PLB et de RyR2, ce qui ralentit I'horloge Ca®*. De
plus, les niveaux d'expression de RyR2 et de NCX, deux éléments principaux de I'horloge Ca?*, est

diminué, ce qui altére davantage la fonction du nceud sinusal avec I'IC.

Partie 2

Alors que toutes les souris soumises a la TAC ont montré une hypertrophie cardiaque et une
fraction d'éjection déprimée, seulement quelques-uns des animaux ont présenté des signes
d'insuffisance cardiaque congestive, et d'autres n‘ont montré aucun signe de congestion (poids du
poumon par rapport au poids corporel). Nous avons en parallele du travail de la partie 1 aussi analysé

ce groupe, nommé groupe hypertrophqueie (Hyp).

L'analyse in vivo du HR n'a montré aucune différence entre le groupe Hyp et le groupe IC, avant

ou apres l'inhibition d'ANS, présentant ainsi un dysfonctionnement du pacemaker cardiaque.

Les caractéristiques des transitoires [Ca®*]; et de sparks Ca** du groupe Hyp ont montré la méme
tendance que le groupe IC comparé au groupe de Sham. Les différences significatives observaient
occasionnellement entre les deux groupes peuvent se référer aux différents degrés du

dysfonctionnement de pacemaker cardiaque avec la sévérité pathologique.

Le niveau d'expression de la CaMKII était similaire entre les deux groupes, non différent groupe
Sham, et le niveau de phosphorylation de la CaMKII était diminué de fagon similaire entre les deux
groupes TAC. Cependant, le niveau de phosphorylation de RyR2 et de PLB sur le site de PKA était

significativement augmenté dans le groupe Hyp comparé aux groupes Sham et IC.



Nous proposons que le groupe Hyp est juste au milieu du chemin du groupe IC congestif.
Considérant la fonction cardiaque, le groupe d'Hyp est sensiblement différent du groupe Sham et
est plus semblable au groupe IC mais plus faiblement diminué. Le dysfonctionnement du pacemaker
cardiaque s'est également produit dans ce groupe et la signalisation de CaMKII est également
diminuée de maniere significative dans le SAN de deux groupes TAC. Cependant, la voie de

signalisation PKA est activée seulement dans le groupe Hyp.

Partie 3

L'IC résulte de plusieurs pathologies qui imposent chroniquement un travail supplémentaire au
cceur. Le diabéte, une condition ou la glycémie est élevée, peut étre associé a I'IC. Puisque I'étiologie
de I'IC au cours du diabete est tres différente de celle apres surcharge de pression comme la TAC,
les voies de signalisation activées et ainsi les altérations cellulaires pourrait étre différentes. Dans un

2 +

travail collaboratif, nous avons analysé la signalisation Ca“ * intracellulaire des cellules du SAN de

souris diabétiques de type 2 suite a une obésité (db/db, et leurs controles db/+).

Les souris souffrant de diabete et présentant une IC, ont montré aussi un dysfonctionnement de
pacemaker cardiaque. Par contre, dans ce modéle, le HR était accélérée. En accord, les sparks Ca?*
sont plus fréquentes a I'état basal, montrant une accélération de I'horloge calcique, contrairement
au modele TAC. La stimulation beta-adrénergique par l'isoprotérenol (ISO, 20nM) augmentait encore
plus cette libération diastolique de Ca?* dans les SAN db/db IC. Une activation muscarinique par le
Carbachol (500nM) avait I'effet opposé et diminuait la fréquence des transitoires [Ca*]; et aussi la
fréquence des sparks Ca®* dans les cellules SAN db/db, ramenant au niveau des souris db/+. Ainsi,
le tonus parasympathique peut corriger le dysfonctionnement du SAN au cours de I'IC suite au
diabete. Considérant que chez les patients IC, le tonus sympathique généralement plus activé et le
ton usparasympathique est relativement inhibé, la conclusion de ces résultats fournit une perspective

inspirante.

Discussion

Le SAN est le principal pacemaker cardiaque. Il génére spontanément le signal électrique
conduisant la contraction du cceur, qui pompe le sang dans tout le corps et soutient la vie. Il est
maintenant largement admis que l'automaticité du SAN provient d'un systeme d'horloge couplé,

composé d'une horloge membranaire et d'une horloge Ca** De nombreuses conditions



pathologiques peuvent influencer la fonction SAN, comme I'hypertrophie et l'insuffisance cardiaque.
L'insuffisance cardiaque est un trouble mortel et colteux. Récemment, certaines études ont montré
que l'insuffisance cardiaque réduit I'activité du pacemaker cardiaque par altération de I'horloge de
voltage. L'horloge Ca?** dans les cellules SAN du cceur défaillant est sous-étudié. Nous avons constaté
que la CaMKII est moins activé dans le SAN des souris IC, bien que dans le ventricule c'est 'opposée.
L'activation inférieure de cette kinase conduit a une diminution du taux basale de phosphorylation
PLB et RyR2. De plus, l'altération dans les niveaux d'expression de ces deux protéines (augmentation
du PLB et diminution du RyR), ralentie I'horloge Ca?*. De plus, la partiale compensation qui peut
proportionner I'activation de la voie de signalisation PKA que nous avons trouvé dans I'hypertrophie,
n'est plus n'est plus trouvé dans I'IC plus avancée. En outre, la diminution de I'expression du NCX,
qui est fondamental pour que le fonctionnement de I'horloge Ca®*, en traduisant la libération du
Ca** du SR en une dépolarisation de la membrane, va aussi dans le sens de ralentir 'automaticité du
SAN. Tandis que dans IC induite par le diabéte nous avons constaté que le taux intrinseque de
pacemaking est plus rapide que les contréles, avec une augmentation de I'horloge Ca®* évidente par
une augmentation de la fréquence des sparks Ca**. Ces résultats opposés dans ce modéle, indiquent
que l'étiologie de la dysfonction cardiaque est importante pour déterminer les altérations du

pacemaker.
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Chapter 1 Introduction

1.1 Overview of heart function, action potentials and CICR

1.1.1 Heartbeat and electrocardiogram

The heart beats spontaneously to provide blood circulation. The human heart beats 10° times a
day resulting in 2 billion heartbeats during a lifetime.

In 1791 Luigi Galvani discovered that electrical stimulation of a frog's heart lead to cardiac
muscle contraction (De viribus Electritatis in motu musculari Commentarius. Galvani.1791). Then, the
idea that heart may be driven by electricity was raised. Based on the improvement of the
instrumentation, mainly electrodes and galvanometers (to which Galvani's name is given), the
recording electrical signals from heart became possible and that is the electrocardiogram (ECG).

Under normal physiological situation, the heart beat is initiated by the sinoatrial node (SAN)
which is described as the primary pacemaker of the heart since more than 100 years ago [1]. The
SAN can generate electrical impulse automatically and anticipates to atrioventricular (AV) node and
Purkinje fibers network (PFN), which can also generate pacemaker activity. However, these two only
drive the heart when the SAN or the heart is in pathological condition. For instance, AV node can
become dominant during SAN block or heart failure, and PFN can also lead a viable rhythm during

AV block. Therefore, this system can also maintain heartbeat under pathological situation (Fig.1).

Sinoatrial i
(SA) node | ==

Atrioven-
tricular
(AV) node

Left atrium

Atrioven-
tricular

(AV) bundle T\l NARY Left ventricle

Left and right
bundie branches

Purkinje fibers ” Apex

Fig. 1 Schematic diagram of the heart structure. (Picture is from MedicTests.com Facebook)

SAN is located at the right atria near the entrance of the superior vena cava (SCV) and
bordered by the crista terminalis (Fig.1). As the primary pacemaker, it initiates the electrical
impulse, and spreads across the right and left atria and induce the atrial depolarization and
contraction, which is the atrial systole. On the surface ECG, this process corresponds to the P wave

(0.08s in human) (Fig.2). Then the impulse will reach to the AV node, and it will slow down because



of the conduction property of the AV node. This delay can make sure all the blood has been
ejected to the ventricles before ventricular contraction. It corresponds to PR segment (0.04s in
humans). While the PR intervals represent the duration from the beginning of atrial depolarization
until ventricular depolarization. Then the AV node will pass the signal to His bundles into the left
and right ventricles branches. Then, the signal passes to Purkinje fibers and go through both
ventricles, initiating the ventricular depolarization and contraction. Thus, the blood will be
pumped throughout the body. On the ECG, ventricular depolarization corresponds to the QRS
complex (0.12s in human). Meanwhile the atrial repolarization occurs, and this process will be

buried in the QRS complex. The ventricular repolarization is corresponding to the T wave.
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Fig. 2 ECG of a heart in normal sinus rhythm. The PR interval goes from the beginning of the P wave
to the beginning of the QRS complex, while the QT interval is from the beginning of QRS complex until the
end of T wave. The PR segment goes from the end of P wave until the beginning of Q wave, and the ST segment
/s between the end of S wave and the beginning of T wave. (Picture is from Wikipedia
http.//en.wikijpedia.org/wiki/Electrocardiography

QT Interval

1.1.2 Action potential

Nearly all cell membranes in animals, plants and fungi maintain a voltage difference between
the exterior and interior of the cell, called the membrane potential. An action potential is a rapid rise
and subsequent fall in membrane potential across a cellular membrane with a characteristic pattern.
In 1939, A. L. HODGKIN & A. F. HUXLEY made the first direct recording of the electrical changes
across the neuronal membrane that mediate the action potential [2]. The first recorded AP in cardiac
muscle was performed by E. Coraboeuf” and S. Weidman and published in the annals of the meeting
of the Biology Society (Coraboeuf E, Weidman S. Potentiel de repos et potentiel d'action du muscle

cardiaque, mesures a l'aide de microelectrodes. CR Séances Soc Biol Fil 7949 143: 1329-31. 3.). And



in 1950, L. A. WOODBURY, J. W. WOODBURY, and H. H. HECHT reported the first action potential on

single cardiac myocyte [3].

*Anecdote

When I began to write my long introduction part of my PhD thesis, I did not really know who
really was Edouard Coraboeuf. Until my supervisor, Ana Maria Gomez, also the director of the Lab
UMR-S11780 “Laboratoire de Signalisation et Physiopathologie Cardiovasculaire” mentioned in the
comments that this lab is somehow the continuation of the one built by Edouard Coraboeuf. And in
whose heritage, [ am doing my thesis. Thus, to be honest I feel amazing and a bit honor for the career.
Also, Iwould like to show my sincerely regards and acknowledgments to Edouard Coraboeuf and his
pioneer work in the development of the cardiac electrophysiology.

The cardiac AP morphology between cardiomyocytes varies dramatically in different regions of
the heart. This is because the AP is result of multiple ion channels, pumps and exchangers that open
and close generating both inward (depolarizing) and outward (repolarizing) currents at different and
or overlapping times [4,5]. However, these components can be different from one tissue to another
among the whole heart.

The AP of ventricular cells can be divided into four phases. The resting membrane potential is
maintained by Ik; of the Kir2.1 potassium channel. After a ventricular myocyte is excited, the voltage
dependent Nay1.5 sodium channels will be activated generating a rapid inward Na™ current (Ina) and
lead to a rapid membrane depolarization constituting the upstroke of the AP (phase 0). This
depolarization induces the inactivation of Nay1.5 channel and activation of voltage-dependent K*
channels (Kv4.3 and Kv1.4), which generates a rapid repolarization current (I:o) (phase 1). Then, the
voltage-dependent Ca?* channels (Ca,1.2) are activated, producing an inward Ca®* current (Ica1)
slowing down the speed of repolarization. The activation of outward rectifying K* currents (Ikur, Ik
and Is via Kv1.4, Kv11.1 and Ky7.1, respectively) and Ica. at overlapping voltages, result in the plateau
phase of AP (phase 2). Inactivation of Cay1.2 induces the predominance of K* currents and further
membrane depolarization (phase 3). In the end, Kir2.1 is re-activated, which generates the Ix1 current

and makes the membrane potential back to the resting level (Fig.3 Left)
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Fig.3 Action potential in ventricular myocyte (Left) and in sinus node (Right). non-pacemaker cells
have a true resting membrane potential (phase 4) that remains near the equilibrium potential for K* (Ex). The
resting membrane potential is very negative during phase 4 (about -90 mV) because potassium channels are
open (K* conductance [gK*] and K* currents [Ixi] are high). As shown in the figure phase 4 is associated with
K* currents, in which positive potassium ions are leaving the cell and thereby making the membrane potential
more negative inside. At the same time, fast sodium channels and (L-type) slow calcium channels are closed.SA
nodal action potentials are divided into three phases. Phase 4 is the spontaneous depolarization (pacemaker
potential) that triggers the action potential once the membrane potential reaches threshold between -40 and
-30 mV). Phase 0 is the depolarization phase of the action potential. This is followed by phase 3 repolarization.
Once the cell is completely repolarized at about -60 mV, the cycle is spontaneously repeated. (The picture is
from Cardiovascular Physioloqy Concepts; Richard E. Klabunde, PhD)

The morphology of AP in automatic cells, as SAN cells, is different from that of ventricular
myocytes (Fig.3 Right). The SAN cells can spontaneously generate regular and cyclic AP. The SAN cell
does not have real resting membrane potential. The most negative potential the SAN reaches is
named maximum diastolic potential. The phase 4 includes the slow increase in membrane potential
toward an excitation threshold, at which the action potential fires. Regarding the mechanisms of
autonomic diastolic depolarization (DD), one important factor involved is the funny current (Iy) carried
by hyperpolarization-activated cyclic nucleotide-gated channels (HCN channels), which depolarizes
the membrane. Other currents also contribute to the progression of depolarization, such as Icat, Incx
and Ic,, carried respectively by T-type Ca?* channel (Cav3.1, Cav3.2), sodium-calcium exchanger (NCX),
L-type Ca** channel (Cav1.2, Cay1.3). The phase 4 consists of two components, a linear component
(the first two-thirds of DD) and a nonlinear, exponentially rising component (the last third of DD).
The nonlinear component is proposed to occur along with the subsequent cytosolic Ca®* increase
induced by local Ca** release by SR and concomitant inward NCX activation. The rapid upstroke
(phase 0, Figure 3) of SAN AP is much faster than diastolic depolarization, but still slower than that
of ventricular myocytes as it's carried out by slow Ca®* current in SAN instead of the fast Na* current
in ventricular myocytes. The initial repolarization phase (phase 1) in ventricular myocytes is
completely absent, and the plateau of phase 2 is replaced by a slow velocity repolarization phase. In
the end, the Em is driven to maximum diastolic potential (MDP) by potassium channels. The AP of

SAN has a relatively positive MDP of around -50mV due to the absence of Ik;.

1.1.3 Calcium induced calcium release (CICR)

Calcium induced calcium release (CICR) describes a biological process whereby ‘a little amount’
of calcium is able to activate calcium ‘mass release’ from intracellular Ca®* stores (endoplasmic
reticulum or sarcoplasmic reticulum). Bianchi and his co-workers first proposed, although without

the direct evidence, that calcium ion itself might trigger the calcium release from SR [6,7].Then, in



1968, Ford and Podolsky [8] and Endo et al. (PFOC. Intern. Congr. Physiol. Sci., 24th. 1968, vol. 7) first
reported independently that calcium ion can induce a release of calcium.

CICR was firstly proposed as a mechanism in skeletal muscle in the 1970s [9].Then in 1980s,
Fabiato et Fabiato did a series of outstanding work to show CICR is also crucial for excitation-
contraction coupling in cardiac muscle [10].

The CICR gives rise to a ‘paradox of control’ because the released calcium would be expected to
trigger further release, leading to a regenerative, nearly all-or-none event. In 1992 Stern proposed
the local control model theory to solve this paradox [11]. This model describes the whole event as
the trigger for calcium release is the local calcium microdomain generated by influx through
sarcolemmal calcium channels, and most of the gradation of release is due to statistical recruitment
of localized release events. Only in one year, Cheng, Lederer & Cannell [12] discovered the localized,
stochastic release events, named as the ‘calcium sparks’, the elementary events of cardiac excitation-
contraction coupling. The whole cell calcium release could be viewed as the summation of these
events. [13]. To be more detailed, a small group of RyR2 channels near the L-type Ca®* channels form
an autonomous Ca** release unit (CRU) in the microanatomical dyad structure [14]. Different CRUs
are separated by several hundred nanometers. The activation of one or small amount of RyR2 inside
one CRU will lead to rapid recruitment of RyR2 only in that CRU and form a Ca** spark. However, the
adjacent CRUs are not usually activated because of the diffusion and buffering of Ca®* outside the
source dyad (Fig.4).
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Fig.4 Diagram of Dyad in cardiomyocytes. Ca release unit is formed by a cluster of ryanodine receptors
(RyR2) in the junctional sarcoplasmic reticulum (SR) and L-type Ca channels (LTCC) in the sarcolemma. During
systole, inward Ca current through the LTCC activates RyR2 by the mechanism called Ca-induced Ca release
(CICR). A global Ca transient causes activation of the contractile apparatus and thus myocyte contraction.
During diastole, cytosolic Ca is pumped back into the SR by the Ca-ATPase (SERCA) and extruded from the cell
by the Na-Ca exchanger (NCX). (The picture is adapted from Nikolaienko, R [15])



However, the paradox of control was not really solved by this model. Inside one CRU, once the
RyR2 is activated, a Ca** spark could progress independently of the trigger because of regenerative
CICR within the dyad junction itself. Of course, this is not consistent with the actual situation. CICR is
a process that can stop spontaneously at the right time.

To date, the mechanisms responsible for the control of SR release termination remain unclear.
There are several potential mechanisms: (1) time-dependent inactivation and/or “adaptation” of the
RyR2 channel; (2) stochastic attrition, all or most of the RyR2 channels in one CRU close at the same
time to decrease the amount of the Ca®* release and terminate the CICR; (3) allosteric coupling
between RyR2s so that spontaneous closure of one RyR2 promotes closure of the others; (4) Ca®*-
dependent RyR2 gating changes, caused by the Ca®* sensor of RyR2 in luminal side and also via an
accessory protein such as calsequestrin (CSQ); (5) induction decay wherein a decreasing RyR2 release

flux leads to local cytoplasmic Ca** levels becoming insufficient to maintain CICR [16].

1.2 Sinoatrial node (SAN) automaticity

This session serves to introduce SAN action potential and the generation of pacemaker activity.

In 1907, Keith, A., & Flack, M [1] firstly found an area at the junction of the superior cava vein
with the right atrium. It was muscular but quite different from the surrounding musculature. They
called it as sino-auricular node. Later on, in 1910, Lewis T, Oppenheimer BS, Oppenheimer A. began
to call it as the pacemaker of the heart due to their brilliant work on the origin of the heart-beat in
the dog [17].

Sinus node cells exhibit spontaneous diastolic depolarization, resulting in a positive “pacemaker
potential,” which triggers an action potential when a threshold potential is reached. The depolarizing
pacemaker potential is the sum of individual ionic currents, each flowing through a unique ion
channel type.

Diastolic depolarization during phase 4 of the sinus node action potential is the fundamental
pacemaker potential and underlies sinus node automaticity [18]. It brings the membrane potential
to a triggering threshold, thereby initiating the next heartbeat. The interaction of several individual
membrane currents and intracellular currents, some under autonomic influence, execute this
depolarization. In general terms, there are five main ionic currents which make up two key ionic
systems, the membrane current or “voltage clock,” and the “calcium clock.” These two systems act
synergistically in a coupled fashion to produce the sinus node action potential. [19]

The voltage clock is composed of time-dependent and voltage-dependent decay of the outward

rectifier potassium current Ix, and voltage-dependent activation of at least three inward currents: the



It “funny” current, the Icai, L-type Ca®* current, and the Icr T-type Ca?* current.

The calcium clock including Inaca current is initiated by a Ca** handling mechanism, which is in-
herently linked with the voltage clock and has also an important contribution to automaticity. It in-
volves ryanodine receptor-mediated calcium release from the sarcoplasmic reticulum resulting in
sarcolemmal Na*/Ca** exchange and has an important role in regulating sinus rate. The key ion chan-
nels and their temporal currents involved in producing the sinus node pacemaker action potential

are depicted in Fig.5
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Fig.5 Ionic currents involved in producing the sinus node pacemaker potential in a sinus node
myocyte. A typical action potential of spontaneously beating rabbit sinus node is shown on the top (red trace).
The different phases are labeled, with phase 4 representing diastolic depolarization, the defining feature of
pacemaking cells. The timing and magnitude of the components of the “voltage clock” is shown in the middle
(green bracket). There is voltage-dependent decay of the outward rectifier K current Iy, and voltage-
dependent activation of inward currents: Iy Ica, and Icar. The timing and magnitude of the components of the



“Ca#*clock” are shown at the bottom (dark blue bracket). C&* entry into the cell via Icy and Icr results in
spontaneous local C&* release (LCRs) from the sarcoplasmic reticulum though RyR2 channels. During phase 4,
this rise in total intracellular calcium activates the NaCa exchanger NCX1 which generates the net inward Incx (or
Ivsca) current. Toward the end of diastole, activation of L-type Ca** channels cause Ca** induced Ca* release
from the SR via ryanodine receptors, resulting in the whole cell C&#* transient. Cytoplasmic C&* is then
removed by the SR C#* pump SERCA, and by the sarcolemmal sodium-calcium exchanger. MDP maximum
diastolic  potential, DD diastolic ~ depolarization, I car T-type  voltage-dependent Ca* current, I ca L-type
voltage-dependent C&* current, I ncxsodium-calcium exchange current, I xdelayed rectifier potassium
current Ir funny current SR sarcoplasmic reticulum, SERCA sarco-endoplasmic reticulum ATPase LCRs local
C&* releases.[20]

1.2.1 Voltage clock theory

Before introducing the voltage clock, we will simply discuss the ion channels involved in voltage
clock.

AP’s from the SAN were first recorded by microelectrodes by West in 1955 [21]. Further
successful development of quantitative membrane excitation theory by Hodgkin and Huxley in 1952
(The Nobel Prize in 1963) and its application to heart in 1960 [22]. At that time, the search for the
surface  membrane cardiac pacemaker mechanism was initially and mainly studied, both
experimentally and theoretically (from approx. 1950 to 1980), not in true pacemaker cells, that is,
SANC, but rather in Purkinje fibers [23]. A "pure K* selective” Iko current redefined further as I, a
“funny” non-selective monovalent cation current activated by membrane hyperpolarization [24], was
acclaimed as the true “pacemaker current”. However, several early [25,26] and later studies [27] which
specifically compared the contribution of different ion currents to the pacemaker activity, concluded
that there is no single pacemaker current in the SAN. As the result, net membrane current is currently

viewed as being spread among numerous components and subcomponents (Table 1) [23].

Table 1. Ion currents reported in sinoatrial node cells of various species [23]

Group of currents Current
I 1 1
Voltage-gated monovalent Hyperpolarization-activated, “funny” current, It
Cation non-selective currents Sustained non-selective current I
I I 1
Voltage-gated Ca®* currents Ica, High voltage-activated, L-type Ca current

(Ica = ICaL + ICaT) Icat, Low voltage-activated, T-type Ca current




lio, 4-AP sensitive transient K* current
Isus, 4-ap sensitive sustained K current
(the sustained part of initially discovered Ii, or L4 ap)
Voltage-gated K* currents Ik, the rapidly activating component of Ik exhibiting strong
(Ig-ap = Lo + Lsus and Ix = Ixr + Iks) inward rectification (mouse, rat, guinea pig, rabbit)
Iks, the slowly activating component of Ik exhibiting only weak
rectification (guinea pig, pig)
Ik1, inwardly rectifying K* current (mouse, rat, and monkey

Voltage-gated Na* current Ina (@bsent in primary SANC)

Background Na* current, Ib,Na
Background K* current, Ixach
Background and ion transporter Na+/K+ pump current, Inak or I,
currents Na+/Ca2+ exchanger current, Inaca OF Incx
Cl™ current, Ig
Present in one third of SANC

1.2.1.1 HCN channels and funny current

HCN channels
The hyperpolarization-activated cyclic nucleotide-gated (HCN) channel belongs to the

superfamily of voltage-gated pore loop channels, expressed widely in nervous system and in heart.
They are located on plasma membrane. As a voltage-gated channel, HCNs can sense the changes of
the electrical membrane potential, be activated by membrane hyperpolarization (around -50/-65 mV)
and generate a unique inward current, termed as the funny current, I. The activation could be
facilitated by direct interaction with cyclic adenosine monophosphate (cCAMP), via binding with the
C-terminus of the channel. Other regulators have also been described, including phosphatidylinositol
4,5-bisphosphate (PIP2), kinases and phosphatases.

Four members of this family (HCN 1-4) have been cloned so far. HCN1 channel shows fastest
opening kinetics and the lowest sensitivity to cAMP. While HCN4 channel is the slowest activation
isoform, and markedly sensitive to cAMP. HCN2 and HCN3 represent intermediate properties in
between. All four HCN channel isoforms have been detected in the heart. In the SAN, HCN4 is the
predominant isoform and accounts for 80% of I1, whereas the expression of HCN1 and HCN2 are also
found and responsible for the remaining 20%. While HCN2 is the dominant ventricular isoform.

HCN4 channel is essential for the development of cardiac conduction system. For instance,
global or heart-specific deletion of HCN4 channels will induce embryonic lethality. HCN4-deficient
embryos had significantly slower heart rate, suppression of It and AV block compared with wild type.

On the other hand, temporally controlled deletion of HCN4, will lead to a reduction of It (about 75%)



and a slight response to isoproterenol. HCN4 is also necessary for generating and maintaining a
stable cardiac rhythm. Patient carrying HCN4 mutation L573X exhibits severe sinus bradycardia and
intermittent episodes of atrial fibrillation, chronotropic incompetence during exercise.

It current
It current, carried by HCN4, is activated upon membrane hyperpolarization at the end of the

repolarization phases of an action potential. When If is activated, it shifts the current flow from
outward to inward, which reverses the action potential at maximum diastolic potential (MDP). It ends
the repolarization process and initiates the first part of depolarization process until the activation of
voltage-dependent Ca** channels (TTCC) is achieved (~ -40mV).

The low activation voltage of It may also protect SAN cells from hyperpolarizing, bradycardiac
effect of surrounding atrial myocardium. Thus, it was also proposed that I is responsible for a slower
DD in the pacemaker range of < -65mV of subsidiary pacemaker cells rather than of SAN cells, due
to its low activation voltage and slow activation kinetics. The activation of Ir could be facilitated by
direct interaction with cyclic adenosine monophosphate (cCAMP), produced at the sarcolemma from
adenosine triphosphate (ATP) by adenylate cyclases (ACs) in basal condition and during
sympathetic/parasympathetic stimulation.

The physiological contribution of Ircurrent in SAN pacemaker activity is still under debate. For
instance, it is absent in some SAN cells from monkey and rat, although it is questioned that this could
be artificial effect produced by dialysis of the intracellular medium with the pipette solution.

It is notable that blockade of Is only results in a modest prolongation of cycle length, for instance,
Cs™ (2mM) decreases beating rate of rabbit SAN cells by 30% and human SAN cells by 26%. Yet, this
idea is challenged by DiFrancesco and his coworkers, who mentioned that Cs* does not fully block I
and the blockade is voltage dependent. Thus, the partially unblocked It would still be able to drive
the automaticity, and the membrane potential changes further unblock I:.

Ivabradine is also applied as a HCN4 blocker in later experiments. A low concentration of
ivabradine (<3uM) specifically inhibits Ir without suppressing IcaL or other membrane ion currents.
Ivabradine slows automaticity by ~20% at concentration of 3uM in isolated rabbit SAN cells and
reduces the heart rate in vivo in mice and conscious dogs, but still it does not block pacemaking. It
is also noticeable that 3uM ivabradine also perturbs Ca®* clock with reduced SR Ca®* load, slowed
intracellular Ca®* cycling kinetics, and prolonged the period of spontaneous LCRs occurrence during
diastolic depolarization. A higher concentration of ivabradine (10uM) also suppresses Ic,, . Therefore,

these data again suggest that s is probably not an absolute prerequisite for SAN automaticity.



1.2.1.2 L-type Ca®** Channel (LTCC)

In 1953, Paul Fatt and Bernard Katz discovered voltage gated calcium channels in crustacean
muscle and in the Heart, calcium current was discovered in 1960s [28-30]. The voltage-dependent
Ca** channels (VDCCs) are an important way for Ca®* to entry in pacemaker cells in which the L- and
T-type VDCCs have been consistently recorded in spontaneously active SAN and AVN cells [31,32].

The L-type calcium channel (also known as the dihydropyridine receptors in the EC field,
or DHPR) is part of the high-voltage activated family of voltage-dependent calcium channel which is
activated at around — 40 mV [30]. It has a slow kinetics of current decay, so that was named as L-
type calcium current (L for long-lasting, Za.). To date, there are 4 members identified in the L-type
calcium channel family, they are named as Cav1.1~1.4 corresponding to al1S, a1C, a1D and a1F [32].
The Ca,1.1 is responsible for excitation-contraction coupling in skeletal muscle [33]. Ca,1.4 is
expressed in the retina, spinal cord, and immune cells [34]. These LTCCs play a role in cell secretion,
neurohormones and neurotransmitters regulation, gene expression, mMRNA stability, neuronal
survival, ischemic-induced axonal injury, synaptic efficacy, and both activation and deactivation of
other ion channels [35].

The Cav1.2 is the major Ica in ventricular myocytes [36]. The Ca,1.2 knockout mice die during
early embryonic development, probably due to the cardiovascular failure [37]. This type of LTCC is
essential for excitation—contraction coupling (ECC) because it is the major trigger for Ca®* release
from the sarcoplasmic reticulum (SR, via the Ca**-induced Ca®*-release mechanism, CICR) [38]. Some
studies showed that in heart failure, the failing myocytes show a reduced SR Ca2+ release triggered
by the LTCC [39]. While the Ic, density is usually maintained in HF [40], the Ic, efficacy to trigger Ca*
release is usually decreased due to LTCC-RyR2 coupling efficiency decreasing [39], underlying the SR
Ca** load and T-tubules density reduction in failing cells[41].

Cav1.3 produces currents endowed with a more negative activation threshold and faster kinetics
compared to classical Ica. [30]. Cav1.3 channels have also reduced sensitivity to DHPs [42]. Both the
Cav1.2 and Cav1.3 are expressed in SAN [32]. Isolated SAN cells from Cav1.3 gene inactivation mice
showed a ~70% reduction in Ic,. density, demonstrating the major contribution of Ca,1.3 to total IcaL
in mouse SAN cells and CaV1.2-mediated Ic,. accounts for the residual Ic,.[43]. In the past two
decades, evidence accumulated showing that LTCC contribute directly to pacemaking [44,43]. The
possible role for Cav1.2 in pacemaking is controlling the Ca®>* dependent upstroke phase of action
potential [43]. While the Cav1.3 play a major role in the generation of cardiac pacemaker activity by

contributing to diastolic depolarization in SAN pacemaker cells [44]. Recently, this “contributing to



diastolic depolarization” effect was proposed more precisely by Mangoni M.E and his collegues. The
Cav1.3-mediated k.. regulates the local [Ca**]i release (LCR) of SAN pacemaker cells. For the first
time, they demonstrated that Ca,1.3 channels stimulate and synchronize RyR2-dependent [Ca®*];
release during normal SAN pacemaker activity. And since the LTCC also plays a key role in driving
inward current in the diastolic depolarization phase, it is tempting to speculate that these channels

constitute an unexplored functional bridge between ‘Ca** clock’ and "Voltage clock’[45].

1.2.1.3 T-type Ca** chanel (TTCC)

T-type Ca* channel (TTCC) is also a voltage gated channel on sarcolemmal membrane as LTCC.

In 1975, Hagiwara et al. firstly revealed Ca** currents with different properties with LTCC [46] .
And these currents were subsequently characterized during 1980s [47,48]. Comparing with LTCC,
these calcium currents activated at much more negative membrane potentials (~-70mV), inactivated
rapidly. They were designated as T-type Ca* currents for their ‘Transient’ openings [48].

There are three known types of T-type calcium channels, each associated with a specific
al subunit. They are Ca,3.1 with a1G; Ca,3.2 with a1H and Ca,3.3 with a1l. Ca,3.1 is expressed in
cardiac muscle, skeletal muscle and neurons, while Ca,3.2 is expressed in cardiac muscle and neurons,
and Ca,3.3 is only expressed in neurons [49-52].

TTCC generates the I, 1 (Fig.5) so that takes part in the control of pace-making activity of the SA
Node. However, the mechanism under the contribution of TTCC to SAN automaticity is not fully
understood. The low activation voltage may indicate its involvement in initiation of diastolic
depolarization and SAN automaticity. Moreover, a research suggested that Ic.t triggers Ca®* sparks
from the SR, which in turn stimulate NCX activation and depolarize the pacemaker membrane

potential to threshold in cat SAN cells [53,54].

1.2.1.4 Sodium Channel

The upstroke of SAN AP is relatively slower than in ventricle, as it is driven by Ca** channels
rather than Na* channels in ventricular cardiomyocytes. Most authors tend to attribute it to the lack
of Na* channels in SAN cells. However, recent evidence showed the existence of Na* channels in SAN,
although with heterogeneous distribution.

There are two sodium currents have been identified in SAN: the TTX-resistant isoform encoded
by Nay1.5, and the TTX-sensitive neuronal isoforms (Nay1.1 in rat, Nay1.1 and Nay1.3 in mouse)

[55,56].



Some studies have shown from the atrium to the SAN center, the Na,1.5 is substituted by Na,1.1
[57,58]. Although some recent study indicates that Nav1.5-mediated Ina does not participate in the
generation of automaticity but influences heart rate by contributing to impulse propagation within
the SAN and from the SAN to the atrium [59].

However, the Nay1.1 is present throughout the SAN, while blockage of this current results in
significant reduction of spontaneous pacemaking. It has also been reported that the TTX-sensitive

sodium current accounts for spontaneous activity in the SAN cells from newborn rabbits [60-62].

1.2.1.5 Potassium Channels

To date, there are several types of K* channels reported in SAN. They are inward rectifier K*
channel (Ik1); voltage dependent K* channels (Including Lo, Lus, Ik, Iks); ATP dependent K* channel
(Ikate), acetylcholine-activated K* channel (Ikacn), calcium-activated K* channel (Ikca) [55,63].

Inward rectifier current (Ixs) mainly expresses in ventricle and is responsible to maintain the
resting membrane potential [64]. It has been reported that Ik is absent in guinea pig, rabbit and pig
SAN, but present in mouse, rat and monkey SAN [65]. However, a much lower density of Iks was
found in mouse and rat SAN than in ventricle [66,67].

The acetylcholine-activated K* current (Ikacn) has been described in SA node, atria and AV node
[68-70]. Two subunits of the G-protein activated inwardly rectifying K* channels (GIRK1 and GIRK4)
which belong to the GIRK/Kir3 subfamily assemble as heterotetramers to form cardiac Ikach channels
[71]. Ikacn is activated by muscarinic receptors via the G protein By subunit [72]. It is an outward
current, can decrease the activity of the pacemaker and is required for normal recovery of resting
heart rate after stress and [B-stimulation [73]. A recent study showed that Ikach could be the
therapeutic target treating the sick sinus syndrome (SSS) induced by the Cay1.3 knock-out (LTCC loss
of function) in mouse [71]. Abolition or pharmacological inhibition of Ikach strongly ameliorates SAN
dysfunction, prevents tachycardia-bradycardia syndrome, and normalizes AV impulse conduction in
a mouse model of human SSS [71].

The calcium-activated K* channels are activated by elevation of cytosolic calcium and accounts
for the membrane hyperpolarization [74,75]. Based on the channel conductance, calcium-activated
K* channels can be divided into three subfamilies: Bk, Sk and Ik, which refer to “big”, “small” and
“intermediate” conductance, respectively [74,75]. The Bx channels (Kca1.1) are expressed in central
nervous system, smooth muscle, and the SAN [76,77]. Recently some studies demonstrated that the

Bk channels are involved in the regulation of cardiac automaticity [78,79]. IK channels (Kcaz.1 also be



called as SK4[80] [81]) are primarily located in non-excitable cells [81]. It is very similar to BK channels
on structure. However, main differences between these two channels is the conductance, and the
methods of modulation. It is known that IK channels are modulated by calmodulin, whereas BK
channels are not. However, recent study showed that this channel regulates sinoatrial node firing
rate and cardiac pacing in-vivo[82]. Small conductance calcium-activated potassium Ski (Kca2.1), Sk2
(Kca22) and Sks (Kcaz3) are identified in human and mouse atria and ventricles [83,84] and play a
fundamental role in heart [75]. For example, genetic knock-out of Sk» channels leading to a
prolongation of action potential duration especially in repolarization in atrial myocytes, and related
to atrial fibrillation [85,86].

The delayed rectifier potassium currents, I, and Iks are characterized by an increased positive
slope at more positive membrane potential and slow deactivation kinetics [87]. Ik is a “rapidly
activating” delay rectifier K* current, activated by depolarized membrane potentials from -50mV [88]
while I is slower activated and faster deactivated than I [89]. Only I is recorded in mouse SAN,
while both Ik, and Ik exist in the rabbit and guinea pig SAN [90]. Besides, blockage of Ik by
micromolar E-4031 decreased the pacemaking activity in SAN cells of rabbit and guinea pig [91,92]
and in isolated rabbit right atrial preparations [93].

Other potassium channels including the transient outward current (Io) which is characterized by
rapid activation and inactivation kinetics, and sensitivity to 4-AP; the sustained outward K* current
(Isus) is the sustained part of initially discovered I, or Li.ap [94] and the ATP-dependent K* current
(Ikatp) is identified in rabbit and rat SAN which is activated by stretch or by low levels of intracellular

ATP and decreases the pacemaker activity [95]

1.2.1.6 TRP channels

Two kinds of transient receptor potential (TRP) channels were found in SAN. They are TRPC (C is
for canonical) and TRPM (M is for melastatin).

TRPC channels are nonselective cation channels that regulate ion homeostasis and intracellular
Ca** signaling in numerous cell types [96]. The TRPC subfamily contains seven isoforms (TRPC1-7).
Based on the sequence alignments and functional comparisons, these isoforms can be divided into
three groups: TRPC1/4/5, TRPC3/6/7 and TRPC2 which is not expressed in human [97]. TRPC3/6/7
are activated by diacylglycerol (DAG), produced by PLC-mediated hydrolysis of phosphatidylinositol
4, 5-bisphosphate (PIP2). TRPC1/4/5 are activated by SR Ca** depletion or by stretch [98,99]. In SAN,
TRPC1-4, 6 and 7 are detected, but not TRPC5 [100,101].



The stromal interaction molecule 1 (STIM1) is located in the SR acting as a Ca®* sensor and
oligomerized when SR Ca?* is depleted, which in turn activates Orai1 and TRPC1/4/5 via direct
binding [102,103]. STIM1 also indirectly activate TRPC3/6, but not TRPC7 [104]. Besides, it has also
been suggested that Orai and TRPC form complexes that participate in SOCE [104] since it is observed
that TRPCs are colocalized with STIM1 and Orai in lipid raft domains [105]. Activation of TRPCs
promotes cardiac hypertrophy by Ca®* influx and subsequent calcineurin activation[106,107]. TRPCs
related SOCE is probably involved in modulation of heart rate rhythm [108].

TRPM4 and TRPM7 were detected in SAN, and both of them participate in SAN automaticity
generation. TRPM4 is a Ca®*-activated nonselective cation channel driving sodium and potassium
inward current [109-111]. Pharmacological inhibition of TRPM4 reduces the automaticity associated
with a reduction in diastolic depolarization slope in mouse or rat heart. TRPM7 is a divalent permeant
channel [112]. Mice with global or SAN restricted TRPM7 deletion show sinus pauses and AVN block
with slower diastolic depolarization and reduced HCN4 mRNA, suggesting that TRPM7 may influence

SAN automaticity via regulation of HCN4 expression [112].

1.2.1.7 Other channels

The sustained inward current () was identified in SAN of many species including mouse, rabbit,
rat, guinea pig, and also in rabbit AVN [66,55,67]. It is activated at membrane potential of around -
70mV, reaches to the peak around -50mV, and shows little inactivation during depolarization [113].
These characteristics indicate its role for the membrane depolarization and SAN automaticity
generation. This current is carried mainly by Na*, but unlike In,, this current is TTX-insensitive, can be
blocked by DHP antagonists, facilitated by BAY K 8644 and inhibited by divalent cations. These
characteristics also suggest that I;: might be mediated by a novel subtype of LTCC [55].

Other electrogenic molecules, for example, the Na*-K* pump also exist on sarcolemmal
membrane of SAN cells and plays a role in the maintenance of the ionic homeostasis and the normal
SAN automaticity. The Na*-K* pump extrudes three Na* ions and brings in two K* ions, which also

influences the pacemaker activity of SAN cells [114].

1.2.1.8 Voltage clock

The ensemble of sarcolemmal electrogenic molecules forms a voltage membrane oscillator,
known as voltage clock or voltage clock. According to voltage clock, the SAN action potential is

predominantly generated by the funny current (Ir), which is activated by membrane hyperpolarization.



It depolarizes the membrane, and then activates multiple voltage-gated ion channels. The first one
is the TTCC which depolarizes the membrane further. TTCC inactive rapidly, then LTCC will get
involved [115,116]. LTCC will induce upstroke of the action potential while also initiate the CICR (Fig.
5). And during all the way, another current, the sodium-calcium exchanger current (NCX current,
discussed later) takes part. Then, the membrane potential is repolarized to the maximum diastolic

potential by K* channels.

1.2.2 Ca** clock theory

In the late 1980s, studies began to reveal on the role of Ca®* in pacemaker function under normal
physiologic conditions mainly based on improvement of confocal microscopy technology. It
permitted detection of a more subtle form of spontaneous Ca®* releases. Recent studies showed that
sarcoplasmic reticulum (SR), as the major Ca®* store, can spontaneously and rhythmically oscillate
Ca** uptake and release (as the Ca®* sparks). Thus, forming an additional oscillator mechanism in

pacemaker cells, termed Ca**-clock.

1.2.2.1 RyR2 in Ca*" clock

In 1989, D S Rubenstein and S L Lipsius firstly found that application of ryanodine slowed the
pacemaker activity. Under 1uM of ryanodine, the cycle length increased 172% in the cat [117]. In
1996. Some studies illustrated that both ryanodine (RyR blocker) and cyclopiazonic acid (SERCA
blocker) reduced pacemaker activity in guinea-pig SAN tissue [118] and proposed the "possibility’
that the calcium released from the SR might play a role in in pacemaking through the regulation of
sarcolemmal ionic currents, mainly RyR2. In single SAN cells, a concentration of 3uM of ryanodine
abolished activity in 50% of isolated-rabbit SAN cells [119]. More recent study (in 2012) on cardiac-
specific knockout of RyR2 with acute ~50% loss of RyR2 protein was sufficient to cause bradycardia
and arrhythmias[120]. And interestingly, the conclusion is also more convincing as the RyR2 ‘controls’
the heart rate. These studies point to the idea that the SR Ca" release through RyR2 plays an

important role in pacemaking.

1.2.2.2 Ca** sparks and sarcoplasmic reticulum Ca®* load

Ca** spark was firstly observed in ventricular cells by Cheng et al. in 1993 [12]. And in 2000 Huser

et al. firstly suggested the Ca** sparks associating with the NCX currents precede the depolarization



of the membrane in both subsidiary pacemaker and normal pacemaker cells in the cat [53].
Interestingly, they found the Ca®* sparks (or the local Ca* release, LCR) may be triggered by TTCC,
since it happened around -60 mV, and this low voltage-activated Ca** release only happen in the
pacemaker cells which may be the essential difference between the pacemaker with other kinds of
cardiac myocytes.

Extensive work from the Lakatta laboratory indicates that in the basal state, such LCR’s are
frequent and powerful enough to initiate the SANC duty cycle and thereby sustain robust normal
automaticity [121-125].

The following question could be why pacemaker cells can generate LCR automatically. A simple
explanation could be there is higher Ca®* concentration in pacemaker cells. However, this idea was
proved not correct by direct measurements of [Ca®*]; in SAN cells in rabbit [126,123,127].

The sarcoplasmic reticulum (SR) is a membrane-bound structure found within myocyte
(including cardiac myocyte) that is similar to the endoplasmic reticulum in other cells. The main
function of the SR is to store calcium ions (Ca®*). Although the concentration of the Ca** is not the
decisive factor for pacemaking, however to date, many studies have shown the SR Ca** load will
influence the Ca®* sparks frequency. On the SR there is one Ca** pump, called the sarco/endoplasmic
reticulum Ca**-ATPase (SERCA), whose function is to transport calcium from the cytosol back to the
sarcoplasmic reticulum to maintain the Ca** homeostasis in the cell. SERCA function could influence

the SR Ca®* load and then further influence the pacemaking.

1.2.2.3 Sodium-calcium exchanger (NCX)

Sodium-calcium exchanger (NCX) is a high-capacity, voltage-dependent, Ca®*-dependent and
time-independent electrogenic protein. It is one of the major electrogenic molecules that maintain
Ca** homeostasis in SAN cells and can also contribute to diastolic depolarization in SAN cells [128].
NCX activity can be enhanced by the LCR during diastolic depolarization [53]. For each transport, it
extrudes one Ca®* from the cell and brings in 3 Na* inside the cell. Thus, NCX produces an inward
current (Incx) that depolarizes the membrane (Fig.5) [129]. Some studies suggest that there are
crosstalk between RyR2-NCX-SERCA and this cross talk ensure the SAN function [130]. Meanwhile
acute blockade of the NCX via inhibitor (KB-R7943), or via rapid substitution of Na* by Li* abolishes
SAN cells beating [131,132]. These data indicate that Incx is attributed to elevated membrane
potential and via RyR2-NCX-SERCA crosstalk contributing to SAN pacemaking.

To date, three kinds of NCX isoforms (NCX1-3) have been found. NCX1 is expressed widely in



mammalian tissues and considered as the cardiac isoform [133-135]. NCX2 is predominantly
expressed in smooth muscles and brain, and NCX3 is mainly expressed in skeletal muscle.

The NCX1 genetic knock out results in lack of spontaneously heart beating and embryonic
lethality [136]. The study in the incomplete NCX1 knockout mice suggested that NCXT1 is critical for
fight or flight reaction of SAN, but is not required for resting heart rate [137]. However, this result
was challenged by Maltsev et al. [138]. They indicated that the local crosstalk between Ca®* cycling
proteins and NCX could compensate the low expression of NCX1. The lower NCX1 expression
encourages CICR and in turn stabilizes the density of Incx. In their study, the mice selectively lacking
NCX1 in cardiac pacemaking and conduction system, showed slower heart rate accompanied by
severe arrhythmias. Thus, they suggested that NCX1 is critical for both SAN “fight or flight” reaction

and maintenance of basal automaticity.
1.2.2.4 Ca** clock

The SR generates Ca** release (local Ca®* release, LCR) via RyR2 rhythmically. The LCRs activate
NCX, which generates depolarizing current and causes the slow increase in membrane potential
toward an excitation threshold for action potential firing, resulting in pacemaking (Fig.5). Then the
cytosolic Ca®* is extruded by NCX or pumped back into SR by SERCA (sarcoplasmic/endoplasmic
reticulum Ca?*-ATPase) to complete the Ca®* cycle. In this process, the amount of Ca®* extruded by
NCX should quantitatively match the Ca®* entry through the currents on the membrane including I,

TTCC and LTCC. The Ca?* transferred by SERCA needs to match the Ca®* released by RyR2.

1.2.3 Coupled clock theory

For more than 50 years, the identities and the relative roles of the control mechanisms within
heart pacemaker cells that ignite the AP have been debated. The predominant theory, named “M-
clock” for voltage clock advocated that the ensemble of surface membrane ion channels was
sufficient to ignite spontaneous AP [139]. In the late 1980s, some studies began to infer the role of
Ca®* in pacemaking function under normal physiologic conditions [140,117,141]. The related theory
was later named as Ca**-clock. To date, a more comprehensive theory is that to ignite an AP, the
Ca**-clock communicates with the M-clock via multiple Ca®* and voltage-dependent mechanisms.
This theory is the so-called "Coupled clock theory”: the SR rhythmically discharges local diastolic
Ca** releases (LCRs) beneath the cell surface membrane; LCRs activate an inward Na*/Ca?* exchange

(NCX) current which depolarizes the membrane potential and also provoke the other membrane



currents (M clock). In this way the ensemble of the two clocks work together to generate an AP [139].

The two clocks can influence each other. For example, the LCR Ca®* signal is regulated by the
phosphorylation status of M-clock proteins, T-type Ca** channels. The Ca®* ions entering cells
through TTCC could enhance the Incx, and also, some studies suggest the TTCC also related to the
Ca** sparks generation [53,54]. And in turn, LCR signals affect Ca** -dependent electrogenic pro-
cesses for example, also through the Incx, to reach the threshold for voltage-dependent Ca®* fluxes
(such as L-type Ca®* channels). Therefore, the LCR Ca®* signal can be ‘sensed’ by M-clock proteins.
This kind of cross talk can have more profound effect on the modulation mechanism. For example,
the crosstalk determines cell Ca®* which, in turn, activates adenylyl cyclase (AC)-dependent protein
kinase A (PKA) and Ca**/calmodulin-dependent protein kinase II (CaMKII) [142-145]. The following
phosphorylation signaling cascades can act on both SR (phospholamban and RyR2) and M-clock

proteins (such as L type Ca®* channels and K* channels) (Fig.6).
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Fig. 6 Schematic illustration of the interplay of Ca**. Basal C&* -activated AC, cAMP, PDE activity and
PKA and CaMKII activity, cast in the context of sarcoplasmic reticulum Ca°* cycling, L-type C#* channels, and
other ion channels. Spontaneous but rhythmic local submembrane C&* releases during the later DD activate
Incx, causing the DD to increase exponentially to achieve the threshold for Ica activation and the generation of
the next AP [146].

Moreover, some recent studies indicated that the LCR periods vary among individual LCRs

occurring within each spontaneous AP cycle [147]. This variability is very similar to the action



potential beating interval variability (AP BIV) among different cycles [148,149]. Based on the coupled-
clock theory, the stochasticity of LCR Ca?* signal depends on stochastic RyR2 activation [148] and
the cell Ca®* balance that in turn is determined, in part, by stochastic sarcolemmal ion channel
openings and closings. The occurrence of an AP synchronizes global stochastic RyR2 activation, and
therefore synchronizes subsequent generation of LCRs by the RyR2s during the diastolic
depolarization phase [139].

The BIV will influence the heart rate variability (HRV). HRV is believed to be determined by the
autonomic nerve system, but these results show that an intrinsic rhythm exists in the SAN pacemaker
due to the coupled clock. However, as shown in the Fig.6, the whole SAN and the coupled clock are
under the control of autonomic modulation, the G-protein coupled -adrenergic and the cholinergic
receptor pathway. So maybe the BIV is just the HRV under the ANS modulation on the more

microscopic, the intracellular dimension.

1.3 Cardiac innervation and Autonomic regulation

1.3.1 Cardiac innervation

In 1794, Scarpa published the first paper concerning the cardiac innervation. Now it has been
more than 200 years. The intracardiac nervous system (ICNS) modulates several domains of cardiac
physiology, including the rhythm of the heart, the conduction system and coronary circulation
[150,151]. The ICNS is a neural network located in the heart that acts as an integration site for the
regulation of the autonomic efferent cardiac output. This intrinsic system is believed to be a short
cardio cardiac feedback control loop within the cardiac regulation hierarchy, adapting an appropriate
response to vascular impedance and body metabolic demands. This hierarchy includes neural
networks located not only in the heart, but also in intrathoracic extracardiac ganglia and in the central
nervous system [152].

Based on the different morphology, neurochemistry, and function, ICNS can be divided into
several subpopulations, resulting in the forming of the intracardiac ganglia (ICG) by complex array
of neurons. Each ICG is composed by 200 to 1000 intracardiac neurons in humans, acting as a major
local integration center of the ICNS [153,154]. Groups of ICG are typically associated with
interconnecting nerves forming ganglionated plexi (GP). The GP are gathered in the atria, the
sinoatrial (SA) and atrioventricular (AV) nodes, the interventricular septum, and both ventricles. Each
group of ICG contains efferent, sensory, and local circuit neurons that control multiple cardiac

properties. The interconnections between individual ganglia, alongside the interactions between



neurons within ICG, provide an anatomical and functional basis of the complex nervous network of
the heart, also called its “little brain” [152].

The ICG neural network comprises a heterogeneous population of neurons made up of
autonomic (parasympathetic and sympathetic) efferent neurons, local circuit neurons, and afferent
neurons[155] (Fig. 7). Within the ICG, the autonomous efferent neurons can be activated by local or
chemical stimuli, subsequently transmitting this information to local circuit neurons and/or
autonomous efferent neurons in order to convey an appropriate modulatory response. The
autonomic efferent neurons can still receive sympathetic and parasympathetic pre-ganglionic
information from the higher neuronal hierarchy[156]. In addition, circulating catecholamines may

also exert direct effects on ICNS affecting the cardiac motor output to the heart [152,157].
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Fig. 7. Schematic drawing of an ICG, showing the different intracardiac neurons (autonomic efferent
neurons, local circuit neurons and afferent neurons) and their projections [152].

The SAN is strongly influenced by the autonomic nervous system. There are a variety of
neurotransmitters [catecholamines such as norepinephrine (NE) and epinephrine, ACh, histamine,
serotonin (5-HT)], and neuropeptides [158]. These substances bind to a G-protein-coupled-receptor
(for example the a- and [B-adrenergic receptors and M2-receptor) leading to a conformational
change in its cytoplasmic domains, separating its subunits (Ga and GBy), which results in activation
[159-161]. For the SAN, the most important Ga isoforms are Gas , Gai/o, and Gag/11 [162]. And while

the Ga subunits initiate the primary signaling cascades, Gy subunits may also be involved [161].

1.3.2 Sympathetic modulation

Catecholamines (Norepinephrine, NE, and Epinephrine, E) are released from sympathetic

neurons of the ANS [158]. NE and E bind to a- and B-adrenergic receptors (AR). There are four



subtypes of B-AR: $1/2/3-AR are expressed in the heart while B1-AR is the most abundant in the
heart (75-80%); and B4-AR have not yet been thoroughly characterized [163].

The adenylyl cyclase (AC) in mammalian consists of nine isoforms [164]. AC5 and AC6 are the
major isoforms in the heart activated by B-AR stimulation [165], while AC5 is predominantly
expressed in mature adult ventricle and AC6 is mainly in fetal ventricle. Meanwhile, AC1 and AC8 are
activated by Ca®*/CaM [166] indicating that basal Ca®* cycling regulates Ca**-activated AC-cAMP
pathway resulting in rhythmic LCRs and driving the generation of rhythmic action potential [144].

B1-AR are coupled with G proteins, and can initiate the stimulatory AC/cAMP/PKA cascade (Fig.
8), which has been proved to be essential for the increase in HR during adrenergic stimulation in
rabbit SAN myocytes [167]. The increasing of the HR by B1-AR stimulation in the SAN is through Gs-
activation of AC (mainly AC5/6), leading to an increase in cAMP. The cAMP, when binding to the
cyclic nucleotide-binding domain (CNBD) of HCN channels, can enhance channel activity [168].
Recently, some studies show that through Epac (exchange protein directly activated by cAMP), there
is a link between B-AR/cAMP signaling and CaMKII activation, and is independent of PKA [169]. PKA,

which is also known as cAMP-dependent protein kinase, can also be directly activated by cAMP [170].
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Fig. 8 The B:-AR sympathetic modulation. [3;- adrenergic receptor (AR) signaling cascades in a
sinoatrial node myocyte. AC adenylyl cyclase; Ca*, calcium; CaMKI Ca*/calmodulin-dependent protein
kinase: CAMP, cyclic adenosine monophosphate, £, epinephrine: GDP, guanosine djphosphate; GTP, guanosine
triphosphate; Ic., long-lasting (L-type) Ca&* current: I, “funny” current: las rapid/slow delayed rectifier
K* current: Ivax, Na’*-K* ATPase current Ivcx, Na’-Ca’* exchanger current: NE norepinephrine; P,
phosphorylation; PKA, phosphokinase A; PLB phospholamban, RyR2, ryanodine receptor, SERCA,
sarco/endoplasmic reticulum C&*-ATPase; SR, sarcoplasmic reticulum.(adapted from Eilidh A MacDonald et.al



[162])

PKA can also increase It by a phosphorylation-driven shift of its voltage-dependence of
activation, as shown in mouse SAN myocytes [171]. PKA also phosphorylates many other coupled-
clock components that enhance the automaticity. For example, PKA phosphorylates the a1 subunit
of LTCC, purified from bovine hearts, increases their open probability, so that increase the current
[172]. Besides, it has been shown that the Gas-subunit can directly stimulate LTCC [173]. However,
on the other hand, the TTCC is not affected by B1-AR stimulation in rabbit SAN myocytes [174].

PKA also phosphorylates the phospholamban (PLB) on PLB- Ser'® site [175]. PLB is a SR protein
and can inhibit SERCA function. After phosphorylation, the inhibitory function will be dismissed and
causing more rapid Ca** re-uptake into the SR, which increases SR Ca®* content [162]. Thus, PKA
could increase the SERCA function by phosphorylating PLB and enhancing the pacemaking activity.
As well, PKA phosphorylates RyR2 at RyR2-52808 site and plays an important role in regulation of SR
Ca** release during B-adrenergic receptor stimulation or in heart failure [176-178]. Studies in
different models including the mouse [179], guinea pig [180], and dog [181] have all demonstrated
that blockade of RyR2 with ryanodine diminishes the chronotropic response to f1-AR stimulation,
indicating a critical role for Ca®* release from the SR.

CaMKII is also a kinase which can phosphorylate PLB, RyR2 and LTCC at different sites than PKA
[182,183]. Basal levels of CaMKII-dependent phosphorylation of RyR2, PLB, and LTCC are present in
rabbit (but not mouse) SAN myocytes [184-186], suggesting a species-dependence of the role that
CaMKII plays in the maintenance of basal HR. In both mouse and rabbit, CAMKII is important under
physiological stress, with CAMKII levels increased by sympathetic stimulation [185]. For instance,
when CaMKII is inhibited, mice are less responsive to B1-AR stimulation [179].

Further, the B1-AR stimulation has some other targets, including the Delayed-rectifier K*
channels [187], Na*-K* ATPase [188] and NCX [125]. Finally, while sympathetic stimulation in the SAN

primarily acts through B1-AR, automaticity may also be affected by activation of $2-, f3-, and a1-AR.

1.3.3 Parasympathetic modulation

The parasympathetic modulation of the ANS counterbalances sympathetic effects.
Parasympathetic neurons release Acetylcholine (Ach), which binds to muscarinic receptors in the
sarcolemma [189]. There are five muscarinic subtypes that have been identified, and within
mammalian heart the M, receptor plays a prominent role while other muscarinic receptor subtypes

localize in the human heart (M1, M3 and Ms) [189].



In the SAN, ACh activation of MR leads to decreased HR as it is coupled to Gi-proteins (Fig. 9)
[190]. In rabbit SAN, the decrease of HR is associated with a negative shift of maximum diastolic
potential (MDP), a decrease in spontaneous diastolic depolarization (SDD) rate, and many MR-
mediated pathways including the activation of Ikach, inhibition of I, and inhibition of Ca?*-clock
components [191]. After Ach binding MR, the Gg, subunit will activate G-protein regulated K (GIRK)
channels. GIRK; and GIRK;4 are both expressed in the heart and form the channel Ixach [192].

Ikach is the fastest-muscarinic pathway, with the response occurring in less than 2 s in rabbit SAN
cells, and no cytosolic components are required for current activation [191]. And causes a negative
shift of MDP with the efflux of K*, slows the HR [193]. Interestingly, the basal HR of GIRK4 knockout
mice is similar to control, but GIRK, is indispensable for the generation of Ikacn, Which accounts for
approximately half of the HR reduction provoked by vagal stimulation [194].

The slower effect causing decreased HR upon MR stimulation are based on the second
messenger cascades. The activated G subunit reduces AC activity, leading to the opposite effect
than Ges including the decrease of cCAMP levels, fewer active HCN channels (due to a negative shift
in the voltage dependence of activation of Iy), and a reduction in the SDD slope [191,195]. Activation
of MzR with carbachol in rabbit SAN has been proved to have a dose-dependent effect via Gi-
dependent pathway [196] and dependent upon cAMP/PKA phosphorylation both in single rabbit
SAN cells and in a computational rabbit SAN cell model [197,198]. As shown in Fig.9, it is the negative
chronotropic and is opposite than the positive one induced by G« subunits (the sympathetic
stimulation). Briefly, the phosphorylation level of the PLB, RyR2, LTCC will decrease. And combined
with the activity decrease of CaMKII, the phosphorylation level will further decrease on the CaMKII
phosphorylation site. Thus, leading to a suppression of the Ca** cycling and Ca** clock.

Further, the activation of MR also coupled with NO synthesis, mediated by endothelial NO
synthase (eNOS) [199]. NO generation activates GC receptors, causing an increase in cGMP levels,
PDE2 activation, decrease in cAMP, reduced L-type Ca®* channel phosphorylation, and ultimately
decreased Ic. [200].

To conclude, the combination of the direct effects of MR stimulation, including a more negative
MDP due to Ixach activation and a slower SDD due to reduced Ir and Ca?* cycling, along with indirect

NO/cGMP-mediated effects, leads to a decrease in HR in response to ACh release [162].
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Fig.9 Muscarinic acetylcholine receptor (M:-R) signaling cascade in a sinoatrial node myocyte. AC,
adenylyl cyclase: ACh, acetylcholine, cAMP, cyclic adenosine monophosphate’ Ic., long-lasting (L-type)
C&* current I, “funny” current: Ikacy, acetylcholine-activated K* current: Iy rapid/slow delayed rectifier
K* current: Ivax, Na*-K* ATPase current: Ivcx, Na’-Ca* exchanger current: P, phosphorylation; PKA,
phosphokinase A; PLB, phospholamban, RyR, ryanodine receptor, SERCA, sarco/endoplasmic reticulum Ca** -
ATPase; SR, sarcoplasmic reticulum.[162]

It is also worth to note that sympathetic and vagal activations induce shifts in the leading
pacemaker site, which could be explained by the regional densities of adrenergic and muscarinic
receptors within SAN [55]. The ratio between vagal and sympathetic input differs among species and
causes different basal heart rates in mammals, which are inversely correlated with the body weight,
although the intrinsic properties of pacemaker cells in different species also account [201]. For
example, in mice, the sympathetic tone is dominant, while dogs and humans show vagal
predominance. The ratio between vagal and sympathetic input could also be influenced. For instance,
long-term endurance training increases parasympathetic activity and decreases sympathetic activity
in human heart at rest, termed cardiovascular adaptation. This enhanced vagal tone could also
explain the bradycardia observed in the trained athlete, although the local factors should also be

considered, such as downregulation of HCN4 channel [202].

1.3.4 Autonomic modulation on Heart rate variability (HRV)

Alterations of the heart rate is easily measured clinically from ECG recordings and is used to



quantify cardiac autonomic modulations as HRV [203]. HRV reflects the variation of the interbeat
intervals of the heart (RR-intervals) and is considered to reflect the organism’s capacity to adapt to
changes of endogenous and exogenous influences to match the needs of blood supply [204].
Therefore, the interest concerning the analysis of HRV keeps increasing in various fields of research.
In 1963, the clinical use of HRV was described for the first time [205]. Then it became a strong and
important factor in the death cases after heart failure during the 90s. Nowadays, HRV can be used as
a biomarker [206] for assessing the integrity of the interactivity of the cerebral and cardiovascular
systems and autonomic regulation of the myocardium, respectively [207,208]. The central autonomic
network affects the autonomic neural activity and remotely regulates oscillations of heart rate [209].
Thus, HRV is viewed as "“a window into autonomic control of HR" [210] and also considered as a
measure of neurocardiac function that reflects interactions between heart, brain and autonomic
nervous system dynamics [211].

There are two main methods to analyze the HRV, the time domain and frequency domain
methods [212]. The time domain method utilizes either statistical or geometric approaches and rely
on a continuous electrocardiographic (ECG) record, which allows the calculation either of heart rate
at any point in time or the intervals between successive normal beats. Descriptive time domain
variables are the mean normal-to-normal (NN) interval, mean heart rate, and the range for a given
time interval. In addition, the Standard Deviation of the NN interval (SDNN) is one of the most widely
used time domain indices of HRV and quantifies the total variability that arises from both periodic
and random sources. The Root Mean Sum of Squared Successive Differences (RMSSD) and the
proportion of NN differences exceeding 50 milliseconds (pNN50), (which in mice considering the
high HR they have, pNN5 or pNN6 is commonly used) rank among the most commonly used time
domain measures of short-term variation and signify high frequency variations in heart rate of mainly
parasympathetic origin [213]. These measures are highly correlated and have been found, among
others, to signal risk for coronary lesions unstable angina pectoris [214]. SDNN, SDNN index and
RMSSD have proven useful in clinical research [215].

It should also be noted that the total variance of HRV increases with the length of analyzed
recording[216]. Thus, on arbitrarily selected ECGs, SDNN is not a well-defined statistical quantity
because of its dependence on the length of the recording period. In practice, it is inappropriate to
compare SDNN measures obtained from recordings of different durations. On the contrary, durations
of the recordings used to determine SDNN values (and likewise other HRV measures) should be
standardized. Short-term 5-minute recordings and nominal 24-hour long-term recordings appear to

be appropriate options [217].



Frequency domain methods divides the total variance of a continuous series of beats into
frequency components. Power spectral density analysis provides the basic information of how power
distributes as a function of frequency. In this way, oscillatory components hidden in the variability
signal can be detected [213].

Three main spectral components can be distinguished in a spectrum calculated from short-term
recordings of 2 to 5 minutes [218,219]: Very Low Frequency (VLF), Low Frequency (LF), and High
Frequency (HF) components. The distribution of the power and the central frequency of LF and HF
are not fixed but may vary in relation to changes in autonomic modulations of the heart period
[220,221]. The physiological explanation of the VLF component is less well defined, and the existence
of a specific physiological process attributable to these heart period changes might even be
questioned. VLF assessed by means of short-term recordings (< 5 minutes) is not a reliable measure

and should be avoided when the PSD of short-term ECGs is interpreted [217].

Measurement of VLF, LF, and HF power components is usually made in absolute values of power
(milliseconds squared). LF and HF may also be measured in normalized units [220,221] which repre-
sent the relative value of each power component in proportion to the total power minus the VLF
component. The representation of LF and HF in normalized units emphasizes the controlled and
balanced behavior of the two branches of the autonomic nervous system. Moreover, normalization
tends to minimize the effect of the changes in total power on the values of LF and HF components.
Nevertheless, normalized units should always be quoted with absolute values of the LF and HF power

in order to describe the overall distribution of power in spectral components [217].

Spectral analysis also may be used to analyze the sequence of NN intervals of the entire 24-hour
period. The result then includes an ULF component, in addition to VLF, LF and HF components. The
slope of the 24-hour spectrum can also be assessed on a log-log scale by linear fitting of the spectral

values. Selected frequency domain measures are outlined in Table 2 [222].

Table 2: Summary of heart rate variability measures in the PhysioZoo software [222]



Measures Units Definition
Time domain

AVNN [ms] Average NN interval duration
SDNN [ms] Standard deviation of NN interval duration
RMSSD [ms]  The square root of the mean of the sum of the squares of
differences between adjacent NN intervals
pNN5 [%] Percent of NN interval differences greater than 5
milliseconds
Frequency
Total power [ms?] Total power
VLF [ms?] Power in the very low frequency band
LF [ms?] Power in the low frequency band
HF [ms?] Power in the high frequency band
VLF norm  [%] Low frequency power in normalized units LF/
(Total power) x 100
LF norm [%] Low frequency power in normalized units LF/
(Total power —VLF) x 100
HF norm [%] High frequency power in normalized units: HF/
(Total power — VLF) x 100
LF/HF [n.u]  Low frequency band to high frequency band power ratio
(LF/HF)

In heart failure, markedly reduced HRV has been demonstrated which coincides with the severity
of HF as well as being an independent marker of sympatho-excitation [217]. There is strong evidence
that sympathetic efferent neuronal activity is increased in CHF [223]. Such sympathetic activation in
HF can also trigger malignant arrhythmias. An average SDNN <50 ms for more than four weeks in a
row is associated with a three-fold increase in mortality risk [224]. Moreover, a reduced VLF power is
a powerful and independent risk predictor of mortality in these patients [225]. Some studies

[226]suggest that short-term HRV recordings should be routine in chronic heart failure (CHF) patients.

1.4 Heart failure and HF related pacemaker dysfunction

1.4.1 Overview of Heart failure

Heart failure (HF) is a condition when the heart is unable to pump sufficiently to maintain blood
flow to meet the body's need, first at effort and then also at rest. When there are body fluids retention
is known as congestive heart failure (CHF) and congestive cardiac failure (CCF). The clinical syndrome
of heart failure is the final pathway for myriad diseases that affect the heart. It is a costly and deadly
disorder. In 2015 heart failure affected about 40 million people globally [227] . Overall around 2% of
adults have heart failure [228] and in those over the age of 65, this increases to 6-10% [229,230].

Above 75 years old rates are greater than 10% [228]. In the USA, the total medical costs for patients



with HF are expected to rise from US$20.9 billion in 2012 to $53.1 billion by 2030 [231].
CHF develops when the ventricles cannot pump enough blood volume to the body. Eventually,
blood and other fluids can back up inside the lungs, abdomen, liver, lower body and cause the

congestion. (Fig. 10)
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Fig. 10 Signs and symptoms of severe heart failure (Picture is from Wikipedia
https.//en.wikipedia.org/wiki/Heart failure)

Left-sided CHF is the most common type of CHF. There are two kinds of left-sided heart failure:
1. Systolic heart failure occurs when the left ventricle fails to contract normally. This reduces the
level of force available to push blood into circulation. Without this force, the heart cannot pump
properly. 2. Diastolic failure, or diastolic dysfunction, happens when the muscle in the left ventricle
becomes stiff. Because it can no longer relax properly, the heart cannot quite fill with blood between
beats. Left-sided heart failure affects the transportation of oxygen-rich blood from the lungs to the
rest of the body, causing retention of blood, and therefore congestion in the lungs. This congestion
affects breathing and thus causes increased fatigue and reduced oxygenation in the blood. Other
clinical manifestations of heart failure include enlargement of the heart, due to compensation by the
left ventricle.

Right-sided heart failure often results from pulmonary heart diseases like pulmonary
hypertension and pulmonary artery stenosis but can also result from left-sided heart failure. Physical
observations include peripheral edema, ascites, and liver enlargement, while increased pressure in
the jugular vein will be present as a marker of fluid retention. Right-sided heart failure thus leads to
congested systemic capillaries generating excess fluid accumulation in the body (edema) as well as

potential Nocturia (frequent nighttime urination). In increasingly severe cases, ascites and liver



enlargement may develop with subsequent complications [232].

It is possible to have left-sided and right-sided CHF at the same time. Usually, the disease starts
in the left side and then extend to the right when left untreated.

There are a variety of tests used to diagnose heart conditions: Electrocardiogram (EKG or
ECG) records heart's electrical activity. Echocardiogram to record the heart’s structure and motion
and test for the blood flow, muscle damage, or a heart muscle that does not contract normally. MRI
takes both still and moving pictures_of heart with more resolution than echocardiography. Stress
tests show how well heart performs under different levels of stress. Blood tests can check for
neurohumoral factors. For example, the level of biomarkers such as BNP, a hormone that rises with
heart failure. Cardiac catheterization can show blockages of the coronary arteries [233].

Different stages of HF

The American College of Cardiology and the American Heart Association have published a
guideline for the evaluation and management of chronic heart failure [234]. It defined four stages of
heart failure according to the evolution and progression of the HF: Patients with stage A heart failure
are at high risk for the development of heart failure but have no apparent structural abnormality of
the heart. Patients with stage B heart failure have a structural abnormality of the heart but have no
symptoms of heart failure or would be considered to have New York Heart Association (NYHA) class
I symptoms. Patients with stage C heart failure have known structural heart disease and current or
previous symptoms of heart failure. Their symptoms may be classified as NYHA class I, II, III, or IV.
Patients with stage D heart failure have end-stage symptoms of heart failure that are refractory to

standard treatment, all such patients would be considered to have NYHA class IV symptoms. [235].
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Figure 11. Stages of Heart Failure and Treatment Options for Systolic Heart Failure. Patients with
stage A heart failure are at high risk for heart failure but do not have structural heart disease or symptoms of
heart failure. This group includes patients with hypertension, diabetes, coronary artery disease previous
exposure to cardiotoxic drugs, or a family history of cardiomyopathy. Patients with stage B heart failure have
structural heart disease but have no symptoms of heart failure. This group includes patients with left ventricular
hypertrophy, previous myocardial infarction, left ventricular systolic dysfunction, or valvular heart disease, all
of whom would be considered to have New York Heart Association (NYHA) class I symptoms. Patients with
stage C heart failure have known structural heart disease and current or previous symptoms of heart failure.
Their symptoms may be classified as NYHA class [ I[ I], or IV. Patients with stage D heart failure have refractory
symptoms of heart failure at rest despite maximal medical therapy, are hospitalized, and require specialized
interventions or hospice care. All such patients would be considered to have NYHA class IV symptoms. ACE
denotes angiotensin-converting enzyme, ARB angiotensin-receptor blocker, and VAD ventricular assist device.
[236]

The goal of treatment in stage A is to prevent remodeling. The goals of therapy for patients with
heart failure (in stage B-D) and a low ejection fraction are to improve survival, slow the progression
of disease, alleviate symptoms, and minimize risk factors.

Modifications of lifestyle can be helpful, for example less sodium intake and regularly scheduled
exercise. Application of ACE inhibitors, or Beta-blockers can improve in survival, the rate of
hospitalization, symptoms, cardiac performance, neurohormonal levels. Such beneficial effects were
associated with so-called reverse remodeling, in which the therapy promoted a return to a more
normal ventricular size and shape [237-240]. The reverse-remodeling process is a mechanism
through which a variety of treatments palliate the heart-failure syndrome.

Cardiac resynchronization therapy is an innovative, pacemaker-based approach to the treatment
of patients with heart failure who have a wide QRS complex on 12-lead electrocardiography. The

purpose of resynchronization is to provide electromechanical coordination and improved ventricular



synchrony in symptomatic patients who have severe systolic dysfunction and clinically significant
intraventricular conduction defects, particularly left bundle-branch block.

A percutaneous, three-lead, biventricular pacemaker system is used; one lead is placed in the
right atrium, one is placed in the right ventricle, and a third is passed through the right atrium,
through the coronary sinus, and into a cardiac vein on the lateral wall of the left ventricle. This left
ventricular lead constitutes the key difference between resynchronization therapy and standard dual-
chamber pacing. Beneficial effects include reverse remodeling, resulting in decreased heart size and
ventricular volumes, improved ejection fraction, and decreased mitral regurgitation. Clinical
improvements in exercise tolerance, quality of life, and the rate of hospitalization have been
documented [241-243]. To date, however, resynchronization therapy has not been shown to enhance
survival.

Finally, the role of mechanical devices that serve to support patients who are awaiting heart
transplantation or are definitive therapy for end-stage (stage D) heart failure continues to evolve,
and such devices offer great hope to many patients who are not eligible for cardiac transplantation
[244].

It is noticeable that it is estimated that 20 to 50 percent of patients with heart failure have
preserved systolic function or a normal left ventricular ejection fraction. Although such hearts
contract normally, relaxation (diastole) is abnormal. Mortality among these patients may be as high
as that among patients with systolic heart failure, and the rates of hospitalization in the two groups
are equal [245]. Unfortunately, unlike heart failure due to systolic dysfunction, diastolic heart failure
has been studied in few clinical trials, so there is little evidence to guide the care of patients with this
condition. And furthermore, although substantial efforts have been made to treat HF patients, the
large epidemiologic surveys have not documented any meaningful change in overall death rates.
(Death seems to have been delayed, however, and occurs a longer time after major cardiac events
such as a myocardial infarction.) Symptomatic heart failure continues to confer a worse prognosis
than most cancers in this country, with one-year mortality of approximately 45 percent. So, more

investigation needs to be taken in the field.

1.4.2 Ventricular dysfunction and Cardiac Hypertrophy (Hyp)

The heart must continuously pump blood to meet the body needs.
Mammalian cardiomyocytes generally exit the cell cycle soon after birth, so most cardiomyocytes are

terminally differentiated in adults and do not proliferate under physiological conditions. However,



cardiac tissue exhibits plasticity to adapt to the changes of systematic demand, the heart is equipped
with multiple complex biological systems. The processes of growth (hypertrophy), angiogenesis, and
metabolic plasticity are critically involved in maintenance of cardiac homeostasis.

Cardiac hypertrophy is classified as physiological when it is associated with normal cardiac
function or as pathological when associated with cardiac dysfunction. Primary triggering events of
cardiac hypertrophy are mechanical stress and neurohumoral stimulation, and these contribute for
the modulation of various cellular responses including gene expression, protein
synthesis, sarcomere assembly, cell metabolism, leading to the development and progression of
cardiac hypertrophy [246-248]. Accumulating evidence indicates that pathological and physiological
hypertrophy differs in the signaling pathways. Physiological hypertrophy of the heart occurs in
response to normal growth of children or during pregnancy, as well as in athletes. Pathological
hypertrophy is induced by factors such as prolonged and abnormal hemodynamic stress, due to

hypertension, myocardial infarction [249].

Physiological Hypertrophy
Normal physiological enlargement of the heart mainly occurs through hypertrophy of cardio-

myocytes in response to growth of the body, exercise or pregnancy, and the enlarged cardiomyo-
cytes receive adequate nourishment due to corresponding expansion of the capillary network. For
example, there is a linear relationship between the increase of body weight and cardiac weight. The
increase of cardiac weight during growth is largely attributable to enlargement of cardiomyocytes,
and there is an almost 3-fold increase of cardiomyocyte diameter in humans during development
from infants to adults [249].

Physiological hypertrophy is characterized with normal or enhanced contractile function cou-
pled with normal architecture and organization of cardiac structure [250]. Negative cardiac remod-
eling including fibrosis does not predominantly develop and is generally not considered to be a risk
factor for heart failure and even beneficial in healthy individuals.

Physiological cardiac hypertrophy develops through finite signals from growth hormones and
mechanical forces. Within a physiological range, growth hormones such as insulin, insulin-like growth
factor1 and thyroid hormone, and mechanical forces induce physiological cardiac hypertrophy via
the activation of several signaling pathways such as PI3K (phosphoinositide 3-kinase), Akt, AMP-ac-

tivated protein kinase and mTOR (mammalian target of rapamycin) pathways [246,251-255].
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Fig. 12. Geometry of the heart and signaling pathways contributing mainly for physiological car-
diac hypertrophy. Cardiac hypertrophy can also be classified as eccentric or concentric hypertrophy based on
the geometry of the heart. Mechanotransduction and Insulin/IGF-1/Akt signaling induce physiological hyper-
trophy, but excessive activation of these pathways promotes pathological hypertrophy. Thyroid hormone in-
duces physiological hypertrophy and has the potential to ameliorate pathological hypertro-
phy. SIRT3 and SIRT6 suppresses Akt thereby inhibit hypertrophic responses [249].

Pathological hypertrophy
Enlargement of the heart in response to hypertensive stress, myocardial injury, or excessive neu-

rohumoral activation is associated with cardiac dysfunction and is described as “pathological hyper-
trophy” [256]. In the pathological setting, cardiomyocyte growth exceeds the capacity of the capil-
laries to adequately supply nutrients and oxygen, leading to cardiac hypoxia and remodeling
[257,258] and is an independent risk factor for cardiac events.

The heart initially undergoes a compensatory response to the additional load or cardiac insult
by increasing in size and mass to normalize wall stress and allow normal cardiovascular function at
rest [259] (as a consequence of M, the heart undergoes regional hypertrophy) and this is described
as the adaptive phase. However, sustained pressure overload promotes the transition from the adap-
tive to maladaptive phase, which is characterized by a reduced ejection fraction and left ventricular
dilation. Ventricular wall stress is proportional to both the left ventricular (LV) cavity radius and LV

pressure, while it is inversely proportional to LV wall thickness [260,261]. However, LV hypertrophy



has been reported as an independent risk factor for adverse cardiovascular events, such as heart

failure and arrhythmia.
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Fig. 13 Processes and main signaling pathways involved in cardiac remodeling. A schematic displaying
the morphological, molecular, and biochemical changes and altered signaling pathways associated with the
transition from compensated hypertrophy to decompensated hypertrophy and heart failure. f-AR [-adrenergic
receptors, CaMK calcium-/ calmodulin-dependent protein kinase, ERK extracellular signal-regulated kinase,
gp130 glycoprotein 130, LV left ventricular, PI3K phosphoinositide 3-kinase, PKC protein kinase C, SERCA2a
sarco/endoplasmic reticulum C&*-ATPase [262]

Pathological cardiac hypertrophy is usually associated with increased rates of myocytes death
and fibrotic remodeling, which would promote systolic and diastolic dysfunction, generally predis-
posing to the development of heart failure. The activation of mechano-transduction and neurohor-
monal mechanisms are the initial step that drives pathological hypertrophy preceding heart failure.
Proteins acting as mechano-transducers are crucial for physiological hypertrophy and dysregulation
of this system promotes pathological hypertrophy [246]. Adrenergic nervous system and renin-an-
giotensin system are extensively studied neurohormonal mechanisms, initially activated upon stress
to increase contractility and survival in the early phase and become pathological in the chronic phase.
The B-adrenergic receptor blockers, angiotensin-converting enzyme inhibitors and angiotensin re-
ceptor blockers are well accepted to reduce left ventricular mass and contribute for favorable clinical
outcome in patients with heart failure. Different signaling members are proposed to mediate cardiac

hypertrophy, and several molecules are reported to be involved in pathogenic signaling pathways.
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Fig. 14 Overview of cellular processes that contribute to remodeling in cardiac hypertrophy. ECM
extracellular matrix, eNOS endothelial nitric oxide synthase, FaO fatty acid oxidation, GPCR G protein-coupled
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microRNA, NADPH nicotinamide-adenine dinucleotide phosphate, NCX Na'/CZ* exchanger, PLN
phospholamban, ROS reactive oxygen species, RyRZ2 type 2 ryanodine receptors, SERCAZa sarco/endoplasmic
reticulum C&*-ATPase [262]

Besides, Cardiac dysfunction is also associated with a complex spectrum of pathophysiological
changes, including capillary rarefaction, metabolic derangement, sarcomere disorganization, altered
calcium handling, inflammation, cellular senescence, cell death and fibrosis. Due to such complexity,
no simple therapeutic approach is adequate for the management of this condition.

It is also noticeable that there is some overlap between the mechanisms of physiological and
pathological cardiac hypertrophy, since there is evidence for a central role of Akt signaling or mech-
ano-transduction in physiological hypertrophy, while neurohormonal factors or continuously over-
loaded biomechanical stress induce multiple signaling pathways, including Akt, in pathological hy-

pertrophy.

1.4.3 HF Induced Ca** dysfunction in Cardiac myocyte

The mechanisms that underlie in HF have been investigated from a broad of perspectives during
the few decades [263]. These mechanisms are listed in Table 3 (Adapted from Geoffrey W. Cho et.al

[264]). In this study, we mainly focus on Ca** dysfunction.



Table 3 Summary of current hypotheses explaining HF progression

Hypothesis Description

Alterations in Ca?*-handling and cardiomyocyte ultrastructure lead to impaired
Impaired EC coupling Ca®* cycling that impinge on both systolic and diastolic function. Ca** overload
might trigger mitochondrial dysfunction and cell death

Mitochondrial dysfunction ~ Reduced mitochondrial function, increased ROS production and diminished
ATP production

Increased cell death Necrosis, apoptosis and autophagy contribute to progressive reduction and
remodeling in cardiomyocytes in failing hearts
Alterations in sarcomeric Switch in myosin, actin, troponin, tropomyosin, and titin isoforms
proteins
Adrenergic system Increased adrenergic signaling in HF
Renin-angiotensin Increased activity of this axis leads to maladaptive hypertension and HF
aldosterone axis development
Epigenetic modification Modifications in gene expression associated with cardiac remodeling and HF
and progression
noncoding RNAs
Innate immunity Increased inflammation in HF patients related to left ventricular remodeling and
dysfunction
Reactive oxygen species Activation of unfolded protein response, apoptosis and senescence
Nitric oxide (NO) NO insensitivity. Increased ROS leads to peroxynitrite formation and deficient

NO-cGMP-PKG activity. Impairment in LV
function and endothelial dysfunction

Changes in autophagic flux Increased autophagic activity correlates with hypertrophic and HF progression

(Adapted from Geoffrey W. Cho et.al [264])

Ventricular cardiac myocytes have no automaticity, but they are excitable, being their AP
triggered by the electrical impulse generated by pacemaker cells. The impulse travels rapidly via
membrane invaginations termed the transverse tubular (t-tubule) network. T-tubules dive into the
cell, terminating close to the sarcoplasmic reticulum (SR) to form structures, termed dyads, which are
situated at the Z-line regions of the sarcomere [265]. Membrane depolarization within the t-tubule
triggers Ca>* entry (CICR) from the SR through the type 2 ryanodine receptor (RyR2) mainly through
L-type Ca?* channels (LTCC). Ca®* binding onto the sarcomere relieves actin from troponin C-
dependent inhibition, activating cross-bridge cycling and myocyte contraction. Subsequently, Ca®* is
pumped back into the SR by the SR Ca** ATPase 2a (SERCA2a) [266)]. It is generally accepted that
alterations in Ca®*-handling proteins, coupled with remodeling of the t-tubule architecture,
contribute to HF pathogenesis, promoting impaired contraction and reductions in cardiac output

[39,264] (Fig. 15).
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Fig. 15. Disruption of t-tubule network in HF. In failing cardiomyocytes, there is progressive deterioration
of t-tubule architecture, impeding the normal propagation of action potentials into the cardiomyocyte core. It
has been proposed that “orphan” RyR2 are located outside the junctional cleft triggering a second wave of
CICR that perturbs synchronicity during systole and diastole. As these orphan RyR2 are located distant from
the dyads, they are activated late, contributing to impaired contractile performance. Distorted t-tubule
architecture may also impair signaling elicited by catecholamines and growth factors. [264]

The intracellular calcium [Ca®*]; homeostasis or [Ca**]; cycling is an essential mediator of cardiac
contractile function, and remodeling of [Ca**]i cycling is one important factor contributing to the
mechanical and electrical ventricular dysfunction characteristic of HF [267]. Over the years, numerous
studies, using human and experimental models of heart failure, have highlighted the alteration in
intracellular Ca®* handling in HF. These include down regulation of the SERCA2a pump, or an increase
in the PLB/SERCA ratio [268-270]. Seminal functional analyses in human ventricles manifested a de-
crease in the amplitude of the [Ca®*]; transient, and maintained Ic, density. Thus, a defect in the EC
coupling efficiency is evidenced as contributor to contractile dysfunction in HF [39].

A hallmark of failing cardiomyocytes is altered EC-coupling, including reduced Ca** transients
(Ca** released from SR stores during excitation), as well as delayed onset and decay of those transi-
ents. Together, these changes culminate in reduced force of contraction, delayed onset of contrac-
tion, and slowed relaxation [271]. Alterations in Ca®* handling have been ascribed to impaired func-
tion of the RyR2, SERCA2a, Na*-Ca®* exchanger (NCX), and transient receptor potential cation (TRPC)
channels [264].

RyR2

Number of factors can modulate RyR2 function[272] including cytosolic and SR Ca®* load, ATP,
Mg?* concentrations, oxidation , as well as the PKA-dependent and CaMKII-dependent hyperphos-
phorylation of RyR2 (at S2808 and S2814 respectively) [176,273]. These events increase SR Ca** leak,

which consequently depletes SR Ca?* stores partially and diminishes Ca®* transients after membrane



depolarization and thus, contribute to reduced contractibility in failing hearts. More recently, this
Ca** leak has been associated with mitochondrial Ca®* overload and dysfunction [274]. The RyR2-
mediated Ca®" leak induces: 1) Ca®* redistribution from SR to cytosol, reducing the electrochemical
gradient and diminishing systolic contractile performance; 2) an increase in basal, cytosolic Ca®* con-
centration impairing diastolic function; 3) spontaneous Ca®* release events (“sparks”); 4) membrane
depolarization through the forward mode of NCX (Ca** out/Na* in), triggering delayed afterdepo-

larizations; and 5) excessive energy consumption to restore Ca** gradients[264].

SERCA

SERCA2a drives the process of ATP-dependent re-uptake of Ca®* into the SR after mechanical
contraction. In mouse and rat, SERCA2a activity accounts for x93% of Ca** removal from the cytosol
[266] while in human and rabbit, it represents closer to 74% of Ca** removal [266]. SERCA can be
inhibited by several small proteins, including phospholamban (PLB) [275] and sarcolipin [276]. PLB is
phosphorylated by PKA or CaMKII at different site releasing SERCA from PLB-mediated inhibition
[277] while the dephosphorylation is mediated by protein phosphatase 1 [278]. Reduced SERCA ac-
tivity plus increased SR Ca®* leak synergize to promote systolic and diastolic dysfunction. Supporting
this hypothesis, cardiomyocyte-restricted silencing of SERCA2a triggers HF [279]. Conversely,
SERCAZ2a over-expression improves myocardial contractility in both human and animal models of HF

[280].

NCX

NCX is a bidirectional, electrogenic cation cotransporter that exchanges a single Ca®* ion for
three Na™ ions. Some study showed that NCX activity is up-regulated in failing heart [281] leading to
competition between NCX with SERCA for Ca**. More Ca®* therefore extruded, resulting in a lower
SR Ca** load and a subsequent decrease in SR Ca?* release during ECC [282]. However, on the other
hand, due to reduced Na*/K* ATPase, and possibly increased TRPC channel function in failing hearts
[283,284], cytosolic Na* concentrations are elevated. Na® accumulation diminishes the transmem-
brane Na* gradient, suppressing NCX-dependent Ca** extrusion. This can culminate in arrhythmia or

even cell death due to Ca®* overload.

TRPC channels

TRPC channels participate in store operated Ca®* entry (SOCE), serving to refill depleted SR
Ca** stores. TRPC channel expression increases during pathological hypertrophy and HF [284], pos-
sibly as an adaptive mechanism to compensate for SR Ca** leak and consequent Ca** depletion. TRPC

channels conduct Ca®* and Na* [285], and their activation can contribute to Ca’* and Na* overload



in failing cardiomyocytes. Inhibition of TRPC subfamilies represses both pressure overload- and an-
giotensin II-induced cardiac hypertrophy [286]. Furthermore, TRPC channels are implicated in ven-
tricular pathological remodeling, increases in RyR2 leak [287] and increases ischemia/reperfusion

(I/R)-induced apoptosis [288], referring to a deleterious role of TRPC channels in HF.

T-tubule network

Recently, it has been proposed that t-tubule network remodeling is a progressive process that
commences early and contributes to HF pathogenesis [289]. Intricately organized dyads along the
myocyte promote coordinated Ca** release responses and synchronous activation of the sarcomeres.
The t-tubule remodeling generates “orphan RyR2s”, which refers to the SR Ca®*-release channels
localized relatively distant from the dyad. Activation of these isolated RyR2s can generate a second
wave of Ca* release triggered by delayed arrival of Ca?* diffusing from normal RyR2 channels local-
ized appropriately at the dyad. This, in turn, elicits asynchronicity in EC coupling, perturbing both

systolic and diastolic function and promoting arrhythmia [290].

Disruption of the t-tubule architecture may also disrupt cell signaling. In HF, B.-adrenergic re-
ceptors are redistributed from deep within the t-tubules to the cell surface, disrupting localized [.-
adrenergic signaling [291]. In addition, the remodeling of T-tubule network can also influence the
IGF-1 (insulin-like growth factor-1) signaling in cardiomyocytes [292] which requires the precise or-
ganization of the t-tubule network in cardiac myocyte. IGF-1 is notable for its anti-apoptotic and
pro-survival effects in cardiomyocytes and has been proposed as a therapeutic approach for HF

[293,294].

Mitochondrial Ca?*

In addition to their vital role as fuel burning sources of energy, mitochondria function as sinks
for intracellular Ca*. Indeed, mitochondrial Ca** is required for normal functioning of metabolic en-
zymes, serving as a cofactor for several of them. In HF, however, elevated cytosolic Ca®* facilitates
accumulation of Ca®* within mitochondria, which promotes ROS generation, impairs mitochondrial
function, and can activate cell death pathways. ROS generation induced by mitochondrial Ca®* over-
load may increase RyR2 oxidation, thereby exacerbating cytosolic Ca** accumulation and mitochon-
drial Ca®* overload [274,264].

HFrEF vs. HFpEF
It is noticeable that most of the information above is due to the research on the HFrEF (Heart



failure with a reduced ejection fraction). In contrast with the considerable literature on HFrEF, the
alterations in Ca®** handling associated with HFpEF (preserved ejection fraction) are poorly defined.
A major limitation to investigation of cardiomyocyte Ca®** homeostasis in HFpEF is limited availability
of cardiac tissue from HFpEF patients, as this HF population rarely undergoes cardiac transplantation.
Complicating the lack of studies from human tissue is the paucity of animal models that recapitulate
the complex clinical progression of HFpEF [295].

Therapies which target cardiomyocyte Ca®* handling mechanisms are effective in HFrEF, where
cardiac dysfunction is intrinsic to the cardiomyocyte. Cardiac dysfunction in HFpEF is complex and in
many cases extrinsic to the cardiomyocyte. Pharmacological treatment of HFpEF is largely ineffective.
However, unfortunately, half of all heart failure patients are diagnosed with HFpEF [295]. There are

still many more mysteries waiting to be unrevealed.

1.4.4 HF induced SAN dysfunction

Patients with HF exhibit significant remodeling of the SAN function characterized by a decrease
in the intrinsic heart rate [296-299], prolonged corrected SAN recovery time and sinoatrial conduc-
tion time, and a caudal shift of the leading pacemaker site [300,301].

Fibrosis is common in HF SAN. In a rabbit model, the study revealed that the SAN in HF exhibited
an automaticity exit block, SAN-PV conduction block, and severe fibrosis[302]. Therefore, the
abnormal conduction may be attributed to increased fibrosis in SAN [303].

The increase in left ventricular end diastolic pressure in HF causes an increase in the intra-atrial
pressure and atrial stretch, which not only results in atrial electrical remodeling but also induces atrial
dilation [304,305]. Stretch of the SAN increases heart rate, however, dilation of RA is unusual in HF
[306,307]. 1t is unclear why HF on the left side of the heart causes dysfunction in the SAN located on
the right side of the heart [303]. More blood retention in the right atrium, may cause chronic

stretching, as well as the neurohormonal activation may play a critical role [300,308].

1.4.4.1 Voltage clock alteration and Ivabradine treatment

Previously, it has been shown that the decreased intrinsic heart rate and prolonged corrected
SAN recovery time were at least due to remodeling of components of the voltage clock. HF impairs
the voltage clock by downregulation of Is in the SAN of rabbit [309] and downregulation of the cor-
responding hyperpolarization-activated (HCN) channel subunits, HCN4 and HCNZ2, both on mRNA

and protein level in the SAN of dogs [310]. In addition, TTX-sensitive neuronal Na* channels, Na,1.1



and Na,1.6, are downregulated in SAN tissue of HF rats [311]. Although the center of the node con-
tains few or no Na* channels. The effects of tetrodotoxin (an Ina inhibitor) on reducing the SAN pace-
maker rate and action potential amplitude are more prominent in the SAN in HF, thus suggesting
that impaired Ina also causes SAN dysfunction in HF [312,308]. Finally, HF upregulates Ixs in HF SAN
cells of rabbit [309], but since Iks plays a limited role in pacemaker activity without adrenergic stimu-
lation [187], this change in voltage clock is hardly involved in the increase in intrinsic cycle length

during HF [309].

Although the intrinsic HR is decreased in the research, on the clinical situation, the patients show
an elevated resting heart rate. The elevated resting heart rate is an independent predictor of
cardiovascular morbidity and mortality in both the general population and in patients with HF,
irrespective of underlying ejection fraction [313-316]. Patients with HF in particular are prone to
higher resting heart rates due to compensatory neurohumoral activation resulting in increased
sympathetic activity [317]. This drives an increase in oxygen demand, reduced ventricular efficiency
and consequently worsens HF [318]. Higher discharge heart rates in patients with HF are associated
with increased mortality and hospital readmission [319]. A meta-analysis of patients with HF indicated
that for every 5 beats per minute (bpm) reduction in heart rate achieved, an 18% reduction in all-
cause mortality is observed [320,321].

Ivabradine (Procoralan, Servier Laborataories Ltd, France and Corlanor, Amgen Inc., USA) is a
selective It ('funny’) channel inhibiting drug, which acts on the sinoatrial node, resulting in a reduction
in heart rate. Ivabradine enters the If channel and binds to its intracellular side, subsequently
disrupting the mixed sodium and potassium ion current flow through the channel. This prolongs the
slow spontaneous phase of diastolic depolarization, and thereby reduces HR. Experimental studies
of ivabradine have demonstrated independent reduction of heart rate without any effects on blood
pressure, myocardial contractility and relaxation, ventricular repolarization or myocardial conduction
[322-324]. The activity of ivabradine is therefore dependent on the opening (during repolarization)
and closing (in depolarization) of the Ir channels, with greater potency seen with faster heart rates.
At higher concentrations, the activity of ivabradine saturates, preventing adverse reductions in the
HR [325,326].

Moreover, in animal models and human hearts with severe ischemic cardiomyopathy, HCN
channels reappear in greater numbers and increasing amplitude in ventricular myocytes. In mouse
models at least thin increase in HCN channels expression has been associated with enhanced
likelihood of automaticity and the development of spontaneous action potentials which may give

rise to arrhythmia, independent of sympathetic mediated tachycardia [327-330]. Ivabradine block of



these channels may lead to a reduction in rates of sudden cardiac death, and it remains a potential
area of focus for future research [331-334].

Finally, we could possibly raise a paradox of ivabradine. Since HF impairs the voltage clock by
downregulation of Isin the SAN of rabbit [309], Ivabradine further block the If current without
influence other possible mechanisms [322-324], it should be so toxic to patients other than an

effective treatment.
1.4.4.2 Ca** handling alteration

SAN dysfunction in HF is also associated with suppression of rhythmic spontaneous
sarcoplasmic reticulum Ca®* release (Ca®* clock), resulting in unresponsiveness and superior shift of
the SAN to isoproterenol and caffeine [335].

Yanni et a/[303] reported that the expression of RyR2 and RyR3, inositol 1,4,5-trisphosphate
(IP3) receptors, calsequestrin 2 (SR Ca®*-binding protein) and plasma membrane Ca®**-ATPase 1 are
significantly increased in the SAN but not in atrial tissue during HF. While other group showed HF
SANs had a lower protein expression of RyR2, which may cause RyR2 dysfunction [312].

Some groups have shown that oxidized calmodulin kinase II (ox-CaMKII) can be a biomarker for
SAN dysfunction in humans and dogs, which triggered SAN cell apoptosis [336]. A CaMKII inhibitor
was shown to improve cardiac function and suppress arrhythmias [337]. Stabilization of the
ryanodine receptor (RyR) decreases intracellular Ca®* leakage and improves diastolic and systolic
function, and is a potential treatment strategy for HF [338-340]. While actually a similar CaMKII
expression level has been found by other group [312]

Finally, different groups found that SERCA function decreased in HF SAN [301], this may due to
the less phosphorylation level of PLB which in turn increased the inhibition of SERCA function [312].
And interestingly, this group tested the PLB-T17 phosphorylation, which is believed as a CaMKII site
and found there is less phosphorylation on PLB-T17 site. This result again contradicts for those results
that showed activated CaMKII can be a biomarker [337,336].

In all, up to date, little is known about the SAN Ca®* handling under HF and there is no consensus
between the existing results. This may be due to the different used models (mouse, rabbit or canine)

and the different way to induce the HF (rapid pacing or TAC).

1.5 Objectives

SAN is the primary pacemaker of the mammalian heart and is predominantly responsible for

cardiac function. Many pathology conditions such as heart failure, can influence the SAN function.



Ca** handling plays a key role in regulating the function of SAN. The aim of this study was to analyze
how the intrinsic pacemaker cell function is altered under heart failure and the relationship between
the function alteration and the changing of Ca®* handling in SAN. Further, the research will also
explore the possible mechanism underlying the changing of the Ca** handling. And the connection
between these mechanisms and the existing research on the membrane-clock, to provide more
comprehensive understanding on heart failure induced pacemaker dysfunction as well as to provide

promising clinical perspectives.



Chapter 2 Material and Methods

2.1 Transverse Aortic Constriction

(TAC, Performed by Susana Gomez)

The study of underlying pathophysiological mechanisms and potential therapeutic approaches
for heart failure require appropriate animal models. These animal models should reliably display
phenotypic features and allow for the measurement of endpoints relevant to clinical heart failure
[341,342].

The murine transverse aortic constriction (TAC) model developed by Rockman et al. [343] is
widely used to characterize the impact of genetic or pharmacologic interventions on cardiac
remodeling in mice. In this study, 10 weeks old of male C57BL/6J mice were used.

Animal study was approved by the French Ministry (Ministere de I'Education Nationale, de
I'Enseignement superieur et de la Recherche) no. B9201901.

Briefly, animals need to be anesthetized and ventilated. The aorta arch is then exposed via a left
thoracotomy with a longitudinal cut made in the proximal portion of the sternum. A constriction of
the transverse aortic archis created using a 6/7-0 ligature between the brachiocephalic and
left carotid arteries (Fig. 16), then a small piece of a blunt needle is located parallel to the transverse
aorta in order to possibly obtain a constriction of a standard diameter. After two knots, the needle is
then removed. Aortic banding does not allow a sufficient enlargement of the aorta lumen and a
restriction of the cardiac output is produced, thus increasing afterload. TAC mimics human aortic

stenosis.

Left common carotid artery

Innominate Left subclavian artery
artery

Transverse aortic
constriction (TAC)

=

Descending aorta

27-gauge needle

Ascending aorta

Fig. 16 Schematic diagram of the transvers aortic constriction (TAC) surgery [344]

TAC initially leads to compensated hypertrophy of the heart, which often is associated with a



temporary enhancement of cardiac contractility. Over time, however, the response to the chronic
hemodynamic overload becomes maladaptive, resulting in cardiac dilatation and heart failure [345].
Generally, cardiac hypertrophy is developed in mice within 1-2 weeks, and cardiac dilatation and
congestive heart failure after 6-8 weeks [346].

However, published mouse TAC studies report varying profiles for the degree and time course
of progression for hypertrophy and cardiac dysfunction, attributed partly to variation in protocol
factors prominently including the severity of aortic constriction but also including size and strain of
experimental animals, timing for hemodynamic and morphometric assessments and overall study
duration [347,348]. Beyond these protocol-based sources of variability, an intrinsic limitation of the
mouse TAC model, for example, banding the aorta require opening the thoracic cavity and mechan-
ically ventilating the lungs. Ventilation results in compensatory physiological responses both at the
whole-body level as well as down to the cellular level. These compensatory mechanisms can con-
found study results and can increase fatality during recovery. Moreover, the inter-individual variation
in the response to pressure overload also exist even when employing a standard severity of aor-

tic stenosis and controlling for animal strain, gender and age [349,347,350]

The cardiac phenotype of this model has been described as compensated hypertrophy (left
ventricular [LV] hypertrophy, or LVH) in some studies [343,351,352] and as HF in others [353,354].
This may be a critical distinction as the presence of HF may be associated with differential activation
of signaling pathways [355,356] and differential response to pharmacologic interventions [357,358].
Furthermore, variability in a model will affect the sample size required to detect the influence of
genetic or pharmacologic interventions on LV structure or function and is particularly important
when small subsets are selected for assessment of different hemodynamic, biochemical, or genetic
parameters [359].

Thus, in this study, the HF was defined as lung/body weight> Mean value+2SD than in sham-
operated mice with remaining mice characterized as compensated LVH [360].

Male C57BL/6J mice, 7 to 10 weeks old and 19 to 26 g body weight are used in this protocol.
Maintain the mice for one week after arrival in the animal facility on a 12h/12h light/dark cycle, in
standard cages, with food and water available ad /ibitum.

The mouse was firstly anesthetized by Isoflurane gas and then placed in a supine position atop
at heating pad (37 °C) to maintain body temperature. A rubber band is placed over the front teeth
of the animal to extend the neck. Hair clippers are used to shave the fur from the neckline to mid

chest level.



A single dose of a mixture of ketamine (90 mg/kg) and xylazine (8 mg/kg) diluted in saline
solution (0.9% NaCl) was Injected intra-peritoneally. Then a 5 mm upper partial sternotomy was
performed under a surgical microscope and the sternum retracted using a chest retractor. Fine tip
45° angled forceps are used to gently separate the thymus and fat tissue from the aortic arch.
Following identification of the transverse aorta, a small piece of a 4.0 silk suture is placed between
the innominate and left carotid arteries. Two loose knots were tied around the transverse aorta and
a blunted 0.385 OD gauge needle (Fig.16) placed parallel to the transverse aorta. The first knot is
quickly tied against the needle, followed by the second and the needle promptly removed to yield a
constriction of 0.38 mm in diameter. In sham control mice, the entire procedure is identical except
for the aorta ligation.

Then, the chest retractor was removed, and the sternum closed using a 6/0 monofilament
polypropylene suture with an interrupted suture pattern. The skin is closed using a 6/0 monofilament
polypropylene suture with an interrupted suture pattern. The animals were then administered 0.03

nug/mg Buprenorphine s.c. and allowed to recover on a heating pad until fully awake.

2.2 Echocardiography and Doppler

(Echo, Performed by Susana Gomez)

Transthoracic echocardiography was performed using an echocardiograph (Vivid 9, GE
Healthcare) equipped with a 15-MHz linear transducer, under 2% isoflurane gas anesthesia in 0.8
L/min 100% O.. The thickness of the left ventricular anterior and posterior walls were measured in
short and long axis at papillary muscle level using two-dimensional-guided (2D) M-mode
echocardiography during systole and diastole, and contractile parameters such as fractional
shortening (FS %) or ejection fraction (EF %) were calculated from these measurements. For
anatomical parameter, the whole heart weight is always normalized to body weight or tibia length.
The left ventricular mass is an echocardiography-based left ventricular mass estimation calculated
by a most commonly used Penn formula for rodents: LV mass (Penn) = 1.04 ([LVIDd + LVPWd +
IVSd]*- [LVID]?).

Echocardiographic examinations were performed in a blinded fashion.

The data analysis and statistic were performed by Jianbin XUE

2.3 Telemetric ECG recording

In order to analyze the basal electrocardiogram (ECG) and arrhythmia we used a telemetry

method, which allows us to record ECG in awake animals and avoids the effects of anesthesia.



2.3.1 The transmitter implantation

(Performed by Susana Gomez)

The electrocardiogram (ECG) is a graphical, accurate and composite record of the electrical
activity generated by the heart (see Introduction), recorded through the electrodes on the body
surface. ECG is used to depict the electrical function of the heart.

While it is possible to measure ECG in humans in awake conditions, for animal recordings, mostly
rodents, it needs anesthesia to immobilize the animal. This may perturb the ECG. Thus, we have used
a telemetry system, which implant the transmitter (7 ETA-F10) subcutaneously in the animal during
surgery. After one-week recovery, the ECG can be recorded in awake animals. As it transmits the data
to receiving equipment without contact, the data can be continuous monitored in the cage when
mice are placed over the receiver. The telemetry monitoring system normally has 3 electrodes or 5
electrodes, including one electrical ground or 2 electrodes like in our case.

Before the surgery, sterilization of ECG transmitters was needed. The transmitters were soaked
by Actril® cold sterilant for a minimum of 5.5 hours at room temperature. They were thoroughly
rinsed in sterile saline at least 3 times until no residues left, detected by detector strips provided by
Actril manufacturer. The sterile transmitters were then soaked in sterile saline for minimum of 5.5
hours up to 48 hours. If the transmitters will not be reused after 48 hours, it should be air dried at
room temperature and stored at dry place. After dry storage, re-sterilization might be necessary.
During the subcutaneous implantation of ECG transmitter, the mouse was placed in an isoflurane
(2.5%) inhalation apparatus for anesthesia induction. Then, the animal was placed on a warm pad
fitted with a device to provide a continuous flow of 1.5% isoflurane in 0.5 L/min oxygen for
maintenance during surgery. On the abdomen (Figure 17) or on the dorsum of the mouse, a midline
incision was made in the skin to free a subcutaneous pocket for placing the transmitter. The ECG
electrodes were positioned as shown in Figure 26. The electrode with white sheath was placed on
the upper right chest, and the one with red sheath was placed on the left side of the abdomen below
the diaphragm. If the transmitter was placed on the abdomen, a blunt scissor was used to detach the
skin from the muscle from the incision until the final electrode sites. Then, the electrodes were
anchored to the underlying muscle/peritoneal tissue by suture to make a good electrical contact.

When the transmitter was placed on the dorsum, two incisions on the position where the
electrodes should be placed were cut, and two tunnels from the dorsal incision until each electrode
incision were made. And then, the electrodes were pulled through the tunnels and anchored. The

incision was closed by suture. During the surgery, tissue was maintained wet by the sterile saline.



Betadine was applied to the wound. Post-operative analgesia was provided in the drinking water

(0.5 ml of Ibuprofene syrup for 100 ml of water) for 24 hours.

Fig. 17 Telemetry implantation on the abdomen of the mouse with proper positive and negative
electrode sites. (Adpated from McCauley and Wehrens, 2070 [367])

2.3.2 ECG recordings

At least one week after surgery, to allow recovery, basal and challenged ECGs were recorded.
Basal ECGs were recorded during day and night time. The animals were kept in a cycle of 12 hours
light (from 8 to 20h) and 12 hours dark. We analyzed separately day time (rest time for mice, because
they are nocturnal) and night time (activity period). The first hour of each light change was discarded.

We also analyzed ECG response to sympathetic stimulation. We injected isoprenaline (ISO,
Sigma, 1 mg/kg i.p., in sterilized saline solution, freshly prepared). ECG was continuously monitored
and analyzed when the RR intervals reached the maximal effect. At least two hours later (HR had
already regained basal levels), Propranolol plus Atropine mixed solution (Sigma, 2mg/kg each), which
inhibit the autonomic nerve system, was injected and data analyzed as before. The ECGs were
recorded at least two hours after injection for full response. Data was collected and analyzed with
ECG AUTO software (EMKA Technologies).

At the end of the experiments, mice were sacrificed, and the ECG transmitters were extracted for
reuse. Upon extraction, all possible attached tissue and sutures were gently removed. Then, the
transmitters were rinsed with water. Attached tissues rests were dissolved in a 1% (w/v) solution of
Terg-A-Zyne® for a minimum of 4 and maximum of 72 hours at room temperature. After thorough

rinse, the transmitters were air dried at room temperature and stored in a dry place.

2.3.3 ECG analysis
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Fig. 18 A normal human ECG waveform. The PR interval goes from the beginning of the P wave to the
beginning of the QRS complex, while the QT interval is from the beginning of QRS complex until the end of T
wave. The PR segment goes from the end of P wave until the beginning of Q wave, and the ST segment is
between the end of S wave and the beginning of T wave (the picture is from
https.//fr. 123rf.com/photo_55067903_ecg-normal-%C3%A9lectrocardiogramme-onde-p-segment-de-pr-/-
intervalle-pr-qrs-intervalle-qt-le-segment-st.htm/ image ID: 55067903)

The ECG waveform is shown in Fig. 18. The electrical activity is initiated from SAN as mentioned
previously. It spreads across both right and left atrium and induces the atria depolarization. This
process corresponds to P wave on ECG. Then the impulse goes through the AV node, which
corresponds to PR segment, a flat line following the P wave. The PR interval represents the duration
from the beginning of atrial depolarization until ventricular depolarization. After that, the impulse
travels to His bundle, bundle branches and Purkinje fibers, inducing ventricular depolarization. On
the ECG, it is represented by QRS complex. Meanwhile, the atrial repolarization occurs, although it is
buried in QRS complex. The Q wave depicts the septum depolarization, from left to right. When the
depolarization travels throughout the ventricles, the R wave and S wave show up. Then another flat
line, ST segment (Fig. 18), indicates no large electrical vector, while ventricle is contracting. The
ventricle repolarization represented by T wave. As the epicardial cells repolarize before the
endocardial cells, the T wave reflects positively.

For ECG analysis, all the recordings were analyzed firstly with ECG-auto (EMKA tech. version
3.3.0.5). Heart rate and RR interval (RR, duration of adjacent R waves), P, PR interval and QT interval

were quantified. The preliminary data was further statistically analyzed by Origin 9.0 (Microcal)



2.3.4 HRV analysis based on ECG

(Physiozoo platform was performed by Moran Davoodi)

Briefly, the analysis was performed with Physiozoo platform [362]. Each RR signal was cut into
10-20 minutes, non-overlapping window and then was sent to analysis. Any extracted window was
also checked to have less than 10% outliers which we have defined to be less or more than 2xstd of
the 10 min window. Every window was also cut into windows of 3 minutes in order to average the

results.

2.4 SAN Preparation

Most of the analyses presented in this thesis were taken from isolated SAN preparation. In some
experiments, after dissection, single SAN cardiomyocytes were obtained by enzymatic method (see

below).

2.4.1 SAN dissection

The mice were anaesthetized by i.p. injection of around 100 mg/kg Na pentobarbital (Ceva Sante
Animale) with 0.1mI50U/ml heparin (Sigma) to avoid blood coagulation. When the mouse lost
consciousness and failed to respond to leg pinch, we opened its chest extracted the heart into
oxygenated Tyrode solution (NaCl 140 mM, KCI 5.4 mM, CaCl; 1.8 mM, MgCl, 1 mM, HEPES 5 mM,
and glucose 5.5 mM, pH 7.4, titrated with NaOH). Tyrode solution is widely used as a physiological
bathing medium to reproduce the extracellular environment in vivo. It mimics the ionic composition
and pH of blood. For SAN dissection, heparin (50 U/ml) was also added into tyrode solution as
anticoagulant.

The heart was fixed onto a homemade silicon dish in posterior position under binocular lenses.
Ventricles were separated from atriums and then divided left and right ventricle, frozen in liquid
nitrogen then stored in -80°C for further use. The right atrium was fixed with pins, and SAN was
exposed between superior vena cava and inferior vena cava. Then the tissue was moved and pinned
down to the bottom of the homemade dish for confocal microscope recording as shown in Fig. 19.
It was bathed with 37°C Tyrode solution during all the procedures. The body weight, heart weight,

lung weight and tibia length were measured along the way of SAN preparation.
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Fig. 19 Photograph of typical preparation and SAN location on a homemade dish. SAN, sinoatrial
node’ SCV, superior vena cava, RA, right atrium, ICV, inferior vena cava, LA, left atrium.

2.4.2 Isolation of sinoatrial node myocytes

2+n

SAN tissue were cut into strips and transferred into a “low-Ca**-low-Mg®*" solution containing
(in mM/L) 140 NaCl, 5.4 KCl, 0.5 MgCl,0.2 CaCl,, 1.2 KH2POs, 50 taurine, and 5.5 D-glucose; 1 mg/mL
BSA; and 5 HEPES-NaOH, adjusted to pH 6.9 with NaOH. Tissue was digested by Liberase TH (229
U/mL; Roche Diagnostics), elastase (1.9 U/mL; Boehringer Mannheim), and 200 uM CaCl,. Digestion
was carried out for 9-13 minutes at 37°C, under manual mechanical agitation. Tissue strips were then
washed and transferred into a modified Kraftbruhe (KB) medium containing (in mM/L) 70 L-glutamic
acid, 20 KCl, 80 KOH, 10 (+)D-B-OH-butyricacid, 10 KH,PO,, and 10 taurine; 1 mg/mL BSA; and 10
Hepes-KOH, adjusted to pH 7.4 with KOH. Single SAN myocytes were then isolated by agitation in
KB solution at 37 °C. Cellular automaticity was restored by readapting the cells to a physiological
extracellular Ca®*concentration by addition of a solution containing (in mM/L) 10 NaCl, 1.8 CaCl, and
normal Tyrode’s solution containing BSA (1 mg/mL). The final cell storage solution contained (in
mM/L) 100 NaCl, 35 KCl, 1.3 CaCl, 0.7 MgCly, 14 L-glutamic acid, 2 (£)D-B-OH-butyric acid, 2 KH,POy,
and 2 taurine; and 1 mg/ml BSA (pH 7.4).

2.5 Ca?* handling recording by confocal microscopy

2.5.1 Principles on the confocal microscopy

Intracellular Ca** was analyzed by confocal microscopy in SAN cells isolated or within the tissue

loaded with the fluorescence calcium dye Fluo-4.
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Fig.20 Jablonski energy diagram of fluorescence. (Adapted from httos.//www.thermofisher.com)

To visualize the Ca** dynamics in SAN cells, the SAN was loaded with fluorescence Ca®* dye
Fluo-4. Fluorescence is the property that have some molecules of emitting light when illuminated.
They absorb energy and emit energy in the form of photons. During the excitation, the electrons of
the molecule go into an excited electronic state (Fig.20)., and then returns to the ground state losing
the energy by emitting light (fluorescence, Fig.20). While in the exited state, there is some energy
dissipation due to molecular vibrations. Thereby the emitted light has lower energy than the
absorbed energy, and thus the emitted light has longer wavelength than the exciting light. Thus, the
emitted fluorescence can be distinguished from the excitation light. The excitation and emission of

molecule is cyclical, which means it can be excited repeatedly until irreversibly damaged.
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Fig.21 Fluorescent excitation (blue) and emission (red) spectra of Fluo-4. (Adapted from
httos.//www.thermofisher.com/order/catalog/product/F14207)
Fluo-4 is a calcium indicator used to analyze the spatial dynamics of Ca?* ions. It displays high

sensitivity to Ca®* and large fluorescence increase upon excitation (Fig.21). Fluo-4 is excited at peak
488 nm (Fig.21), and the fluorescence is emitted between 500 and 650nm. The Fluo-4 AM
(acetomethil esther) is a cell permeable form. The AM ester helps the Fluo-4 pass through the lipid
membrane and enter the cell. Once inside the cell, esterases in the cytosol cleave the AM residue
and release the active Fluo-4. Fluo-4 is only fluorescence when bound to Ca**.

In this work, we dissolved Fluo-4 AM in DMSO with 20% Pluronic acid. Pluronic acid was used
to prevent aggregation of Fluo-4 AM and help uptake by the cell. Fluo-4 AM was loaded to the SAN
tissue at concentration of 30uM (diluted by Tyrode solution) for Th at 37°C on a rocking device. After

Fluo-4 AM incubation, the SAN tissue was loaded with Tyrode solution contained Blebbistatin (5uM,



Sigma) 10 mins before recording to avoid contraction artifacts. To evaluate Ca®* dynamics in SAN
cells, the SAN tissue was detected under confocal microscopy after Fluo-4 AM loading. Confocal
microscopy is one of the fluorescence microscopies with a pinhole to eliminate out-of-focus light
away from the focal plane, which provides possibility for high-quality images recording of fixed or
living cells and tissues.
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Fig. 22 The diagram of a confocal microscopy.
(Adapted from http.//www.olympusconfocal.com/theoryy)
A confocal microscope contains laser for excitation source, the beam splitter, the detector

pinhole with variable aperture, and the detector (Fig.22). The laser emitted by the laser excitation
source passes through the excitation filter, and it is reflected by the beam splitter mirror with a
scanning head to scan across the specimen. It directs to a point of fluorophore-labeled specimen,
and scans across the specimen. The labeled specimen then emits fluorescence, which passes back
through the beam splitter mirror and toward the pinhole aperture (termed detector pinhole aperture
in Fig.22) to eliminate fluorescence outside the focal plane. The mirror is set to match the spectral
excitation and emission characteristics of the fluorophore and scan the specimen at a given speed.
The pinhole aperture is positioned in front of the detector to select the emitted fluorescence from
the focal plane of the specimen, and excludes lights emitted from the above and below planes
(termed out-of-focus light rays, Fig.22). Thus, the emitted fluorescence becomes confocal through
this pinhole aperture, and then detected by the detector. Only a small fraction of the out-of-focus
fluorescence emission is delivered through the pinhole aperture, most of this extraneous light is not
detected and does not contribute to the resulting image. The confocal microscope equipped with a
resonant scanning mirror can generate the necessary speed of 8000 Hz for ultrafast time line scan

imaging.



2.5.2 SAN tissue preparation recording

In this work, SAN tissues were recorded under a resonant scanning confocal microscope (Leica
SP5) equipped with a x 40 water immersion objective and a white laser that we tuned to 500 nm, and
from different regions of the SAN as basal condition. To visualize the response of each compound,
SAN perfused with the compound (such as ISO 20nM, KN-93 3uM) Then the same SAN cells recorded
in the basal conditions were recorded again in the presence of the compound. Both line-scan images
and 2D images are captured, at a scanning speed of 8000 Hz. In order to get better signal to noise,
4-line average were used on line-scan, thus the final speed was 0.25 ms per line. A small window of
only one cell was used in the 2 D images to optimize the time between 2 consecutives images. All

the recordings are performed at 37°C. The fluorescent emission is collected above 510 nm.

2.5.3 Single SAN Cell recording and Caffeine perfusion

Fresh SAN cells were incubated for 30 min at room temperature with 7 yM of Fluo-4 AM. The
Fluo-4 Ca®* signal was recorded with a laser scanning confocal microscope (Leica SP5) equipped with
a x 20 water immersion objective. Fluo-4 was excited at 490 nm with a white light laser, and emission
was collected at >510 nm. For SR Ca* load estimation, SAN cells were rapidly perfused with 10 mM

caffeine. The amplitude of the caffeine-evoked [Ca®*]; transients was used to assess the SR Ca** load.

2.5.4 Confocal microscope images analysis

Line-scan images were quantified by IDL (8.5) with homemade programs, and statistically
analyzed by Origin 9.0 (Microcal). Characteristics of [Ca®*]; transients, including time to peak (ms),
amplitude (maximum value of F/FO, where F is the fluorescence signal and FO the fluorescence on
diastolic period) and decay time constant (tau, time constant obtained by fitting the descending
portion of the fluorescence trace to a single exponential function, in ms), were quantified.
Characteristics of [Ca®*]; sparks during diastolic periods were also quantified (Fig. 23), including spark
frequency (number of sparks/s/100um), width at half maximum (W50, um), time to peak (ms),
duration at half maximum (D50, ms) and peak amplitude (F/F0).

Global calcium transients of 2D images were quantified using a Region of Interest (ROI) covering
the whole cell and further analyzed by Origin (9.0), while the mean cycle length (duration between

the peaks of two transients) was measured.
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Fig. 23 Ca’* spark characteristics. The up-left image shows a line-scan image recorded by confocal
microscope. The up-right image corresponds the 250ms depicting in the up-left image, while the linear trace
on its right shows the spatial profile in the blue bracket indicating the W50 of the spark. The down-right image
presents the time profile of two sparks, and the peak (black arrow), D50 (green arrow) and time to peak (red
arrow) of the upper spark. (Picture is from YueYi Wang 2076. NNT: 2016SACLS156)

2.6 Protein measurement
To measure the channel expression, we extracted protein from SAN and performed Western

Blot.

2.6.1 Protein extraction

Protein extraction is the sample preparation step for Western Blot. In this step, the protein is
brought into solution by breaking the tissue or cells, such as homogenization. Lysis and extraction
buffer are also used to efficiently lyse cells or tissue, increase protein solubilization, and avoid protein
degradation. In this work, we used RIPA buffer. RIPA buffer (radioimmunoprecipitation assay buffer)
is a lysis buffer, commonly used for whole cell extracts and membrane-bound proteins. RIPA buffer
contains Tris HCl pH=8 (50 mM), NaCl (150 mM), phosphatase inhibitor (Tablet PhosSTOP, Roche (1
for 5 ml)), protease inhibitor (Tablet Complete, EDTA free, Roche (1 for 5 ml)), Triton X100(1%), DOC
(sodium deoxycholate acid, 0.5%), SDS(0.1%). Tris HCl acts as buffer providing an ionic environment
similar to that of the cell in vivo and maintaining the protein stability. NaCl maintains or increases
the strength of the ionic medium and detergents, to dissolve the cell membranes and concomitantly

facilitates the release of proteins. Phosphatase inhibitor and protease inhibitor are used to avoid the



protein degradation. DOC, SDS and Triton X-100 are detergents, which are used to lyse cells,
solubilize proteins and lipids, etc. DOC and SDS could denature and solubilize the protein, and Triton
X100 facilitates lysis.

To extract protein, the intact SAN tissue samples were placed into Bertin tubes with 4-5 beads
and RIPA buffer (50ul for each sample), and homogenized Bertin homogenizer (6500rpm x 10sec, 2
cycles). Then the samples were centrifuged at 4°C 3000 rpm for 1 minute to eliminate bubbles. The
lysates were taken and put into a new EP tube. The samples can be used immediately, or frozen at -
80°C for later use.

The concentration of cell/tissue lysate protein could be measured by many methods, such as
BCA assay, Lowry protein assay, etc. In this work, we used BCA assay. BCA assay is a high precision
method, which detects the color change of the sample solution from green to purple in proportion
to protein concentration and compares to protein standards. The peptide bonds of protein reduce
the cupric ions (Cu®*) to cuprous ions (Cu*) in an alkaline environment at a higher temperature (37
to 60°C). Then two BCA molecules chelate one Cu+ forming an intense purple complex, which has a
strong linear absorbance at 562nm with the increase of protein concentration.

The protein concentration of the sample is determined by comparing this absorbance with a
standard curve of absorbance from varying bovine serum albumin (BSA).

In this work, we used 96-well flat-bottom plate to perform the BCA. Different BSA concentrations
were used to make absorbance curve (30, 25, 20, 15, 10, 5, 2.5, 1.25 pg). Each sample (2 pl) was mixed
with 98 ul H.0 and 100 ul smart BCA solution (contains 98 ul solution A and 2 pl solution B, iNtRON
Biotechnology). Samples were performed in triplicate. The plate was then wrapped with aluminum,
incubated at 60°C for 20 min, and read by TECAN instrument.

The protein concentration was calculated by comparing the absorbance with the standard curve,
and 10-15ug of total protein was used for Western Blot. Generally, around 40mg protein in total was

extracted from one SAN.

2.6.2 Western Blot

Before running the gel, the lysate protein was loaded with loading buffer. Loading buffer
contains anionic denaturing detergent SDS to denature proteins and make them negatively charged.
SDS removes the secondary and tertiary structure, which facilitates the protein separation by
molecular weight and the following binding with antibody. Meanwhile, the proteins are negatively

charged via attachment to the SDS, with equal charge-densities per unit length as SDS binds to the



majority of proteins at a constant ratio of 1.4mg SDS/gm protein. B-mercaptoethanol and
dithiothreitol (DTT) are reducing agents used to break disulphide bonds. Glycerol is added to the
loading buffer to increase the density of the sample, making the sample easier to load and
maintaining at the bottom of the well. A small anionic dye molecule (e.g. Bromophenol blue) is also
used to track the migration of protein. Since it is anionic and small, it migrates faster than proteins
to provide a migration front and monitor the running progress. Loading buffer also contains Tris-HCI
pH=6.8, which is the same as stacking gel buffer. In this thesis, we used the loading buffer produced
by Sigma. Boiling/heating is also useful to denature the protein. The temperature and heating
duration depends on the protein, which will describe later.

Then, the anionic protein is fractionated on SDS-PAGE (Sodium Dodecy! Sulfate PolyAcrylamide
Gel Electrophoresis) gel. The gel is a sieving electrophoresis matrix formed by three-dimensional
networks of long hydrocarbons crosslinked by methylene groups. The gel is made of acrylamide, bis-
agrylamide, denaturant (such as SDS), a buffer with adjusted pH, and TEMED and APS to initiate
polymerization. During electrophoresis, proteins move through the pores of the gel, and are
separated based on the molecular weight. Larger molecules pass through at slower speeds and
migrate less than smaller molecules. The pore size of a gel is determined by the percentages of
acrylamide and cross-linker (bis-acrylamide). A lower percentage gel provides bigger pore size and
is better for resolving higher molecular weight molecules. Normally, a conventional gel is formed by
two sections, the running gel on the bottom and the stacking gel on the top. The stacking gel has a
lower acrylamide concentration to ensure the proteins enter the gel. The stacking gel also is prepared
with low pH buffer to provide a lower ionic strength, which lines the proteins up at the starting line.
The running gel has a higher acrylamide concentration and higher pH to separate the proteins.

In this study we use the prepared gel. We employ two kinds of gel, one is 4%-20% Tris-Glycine
Gel (Invitrogen Novex Wedgewell) the other is 3%-8% Tris-Acetate Gel (Invitrogen NuPAGE). These
two gels need different running buffer. The buffer for the first one is TG-SDS (Tris-Glycine-SDS buffer,
Euromedex), the other is Tris-Acetate SDS Running Buffer (Novex).

The purposed proteins were separated into two groups according to the molecular weight. The
first group called as the large protein, contains RyR2, HCN4, SERCA and NCX. For this group, the
samples were heated at 50 ‘C for 10 mins, and then were loaded onto the 3%-8% gel. The running
condition was 200V for 40 mins. The second group called as small proteins contains CaMKII, PPP1C
and PLB. All the samples were heated at 95 ‘C for 10 mins, and were loaded onto 4%-20% gel. The
running condition was 150V for 60 mins.

After running the gel, the proteins were transferred from the gel to a nitrocellulose (NC) or



polyvinylidene difluoride (PVDF) membrane. This step uses an electric current to pull proteins from
the gel into the membrane. When an electric field is applied across the gel, the negative charged
proteins migrate from the negative electrode and towards the positive electrode, hence from the gel
to the membrane. The proteins bind to the membrane through the non-specific hydrophobic
interactions. In this thesis, NC membrane (iBlot 2 NC Mini Stacks, Invitrogen) was used. The
procedures were taken flowing the instruction book of the kit.

Then, to avoid the hydrophobic binding between the membrane and the antibodies, the
membrane was blocked by BSA or non-fat dry milk in TBS solution, with a low concentration of
detergent (such as Tween 20 or Triton X-100) to prevent unspecific protein-protein interaction. In
this work, the membranes were incubated in 2% BSA solution (in TTBS), agitated at 20 rpm for 1h.

Finally, the membrane was incubated with the primary antibody which binds to the specific
protein, and then the labeled secondary antibody which binds to the first antibody. Both antibodies
were diluted in 2% BSA TTBS solution. Through the second antibody, the specific protein is detected.
The second antibody is commonly labeled with horseradish peroxidase (HRP). HRP is an enzyme
which oxidizes the chromogenic, fluorogenic, and chemiluminescent substrates that produces
colored, fluorimetric or luminescent derivatives, respectively. In this work, the membrane was
incubated with the primary antibody overnight at 4°C, 20 rpm. The next morning, the first antibody
was collected for reuse (it can be used 3 times) and frozen at -20°C. The membrane was washed with
TTBS (at 70 rpm, 3x 10 min), and incubated with the secondary antibody for 1h at 20 rpm, and after,

washed in TTBS as previously (at 70 rpm, 3x 10 min). The first antibody used in this study were shown

in table 4:
Table 4: List of primary antibodies used for Western Blot
Protein Host Dilution Code Source
RyR2 total mouse 1/1000 MA3-916 Thermo Scientific
RyR2 P-5er2808 rabbit 1/2000 A010-30AP Badrilla
RyR2 P-Ser2814 rabbit 1/2000 A010-31AP Badrilla
CaMK Il P-Thr286 rabbit 1/2000 MA1-047 Thermo Scientific
CaMK Il (pan) rabbit 1/1000 3362S Cell signaling
SERCAZa mouse 1/500 SC-376235 Santa Cruz
PLB total rabbit 1/5000 8495S Cell Signaling
PLB P-Ser16 rabbit 1/5000 A010-12 Badrilla
PLB P-Thr17 rabbit 1/5000 A010-13 Badrilla
PPPTCa +f HRP Rabbit 1/5000 EP1511Y abcam
HCN4 Rabbit 1/200 APC-052 Alomone labs
NCX mouse 1/1000 R3F1 Swant
[-actin HRP mouse 1/20000 SC-47778 Santa Cruz

To visualize the protein, the membrane was loaded with the substrate (PICO, PICO+, DURA or



Femto Luminata Western Substrates, Millipore and Thermo Scientific) depending on the quantity of
the proteins. PICO was used for high signals, and Femto was used for the lowest signals. In this study
we firstly use PICO for SERCA, PICO+ for B-Actin and NCX, Dura for all the others. If the signal is bad,
the stronger one will be applied.

After 3 minutes incubation at room temperature, the membrane was exposed and visualized by
the iBright FL1000 (Invitrogen) appropriately. After saving the images, the membrane was rinsed and
washed with TTBS for around 5 minutes and sealed to clean plastic sheet. Membranes can be stored
at 4°C and reused for re-blotting of other proteins.

To re-blot the protein, we rinsed the membrane with 1x Re-blot Plus Strong solution (Millipore,
10x, in water), (it should be another one) followed by blocking, first/second antibody incubation, and
so on.

The Western Blot images were quantified with Image J, and further statistically analyzed by

Origin (9.0).

2.7 Statistics

One-way ANOVA was used for multiple comparisons. T test was used when data was normally
distributed. The non-parametric Mann-Whitney test was used for non-normally distributed data. An
unpaired f test was used to compare 2 independent groups. A paired f test was used to compare
measurements made in the same mice or in the same cells under 2 different conditions. The ¢ tests
were two-tailed and a value of P < 0.05 was considered significant. Results are expressed as mean *

SEM. The Graph Pad Prism 7 Software and the Origin 9 (Microcal) software were used.



Chapter 3 Results

During my Ph.D. career, I mainly focused on the Ca®* handling in the primary pacemaker-the
sinus node (SAN) in heart failure mouse model. The first manuscript constitutes the main part of the
work. However, some of the data I have obtained in my work were not included in the manuscript
and they are under the second part of the result, called the ‘mysterious hypertrophy group. And the
reason why that part was not included is also discussed in the second part. Then during the time
spend in the lab, I also participated in a collaborative project concerning the pacemaker function in
heart failure due to type 2 diabetes, using the db/db mouse model. Since the diabetes can also
induce heart failure and in this work, after evaluating the cardiac function of the db/db mice we have
used, they were under heart failure condition. So, I also add this manuscript in my thesis as the third
part of the result. In this paper my work was concentrated into the [Ca*]; handling in SAN cells. The

other experiments were done in Denmark.

3.1 Heart failure induces sinus node dysfunction associated
with reduced CaMKII signaling.
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Abstract

Dysfunction of the sinoatrial node (SAN), the natural heart pacemaker, commonly occurs with
heart failure (HF). While SAN spontaneous activity relies on various ion currents in the plasma
membrane (voltage clock), intracellular Ca?* ([Ca?*],) release via Ryanodine Receptor 2 (RyR2) (Ca?*
clock) plays an important synergetic role. Whereas remodeling of voltage clock components has
been revealed in HF, less is known about possible alterations of Ca?* clock. Here, we analyzed
[Ca?*] handling in SAN from a mouse HF model after transverse aortic constriction (TAC) and
compared to sham operated animals. ECG data from awake animals showed heart rate slower in
HF mice upon autonomic nervous system blockade, indicating intrinsic sinus node dysfunction.
Confocal microscopy analyses of SAN cells within the whole tissue showed slower and less frequent
[Ca?*] transients in the HF group. This was correlated with fewer and smaller spontaneous Ca?*
sparks in HF SAN cells, associated with less RyR2 protein expression level and reduced
phosphorylation level of this protein at the CaMKIl site. Moreover, the phosphorylation level of PLB
at the CaMKII site was also decreased in HF, which could lead to the reduced sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA) function and lower sarcoplasmic reticulum Ca?* content, which
further depressed the coupling between the clocks. The inhibition of CaMKII with KN93 slowed
[Ca?*]; transient rate in both SAN groups, but this effect was smaller in HF SAN, consistent with less
CaMKII activation. In conclusion, our data uncover that the intrinsic pacemaker dysfunction in HF
could be due to an alteration in coupled clock function by a mechanism involving reduced CaMKI|

activation.
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Heart failure; Sinus node; Ca?* handling; CaMKII; Coupled clock



Introduction

Heart failure (HF), the condition where the heart cannot optimally pump blood to the body, first
during exercise and then at rest [1], is a serious disease with death rates over 50% at 5 years after
diagnosis [2]. Although death among HF patients is mainly the consequence of pump failure or
ventricular arrhythmias, severe bradyarrhythmias also cause sudden cardiac death (SCD) in HF
patients [3-6], suggesting Sinoatrial node (SAN) dysfunction in HF [7]. Indeed, in HF patients, as well
as in experimental animal models, decrease in the intrinsic heart rate and SAN dysfunction is
common [8,7,9-14]. Improving SAN function could potentially prevent the progression of HF [15]. In
addition, chronotropic incompetence, an abnormal HR response to exercise which might reflect both
an imbalance autonomic nervous system sinus node dysfunction per se [16], have been reported
during the HF process [17-20].

Although SAN dysfunction is a hallmark of HF, the mechanisms and underlying
pathophysiological influences of HR abnormalities in HF are incompletely understood. The SAN
function, the primary heart pacemaker, is accomplished by the automatic generation of action
potentials (APs). Multiple studies showed that the spontaneous diastolic depolarization in SAN
occurs because of a synergistic interaction (“coupled clock” [5]) between the voltage clock mediated
by voltage sensitive membrane ion currents [21,22], and Ca?" clock mediated by rhythmic
spontaneous sarcoplasmic reticulum (SR) Ca?* release and Na*/Ca?* exchanger (NCX) current
activation [23]. Most of the studies about understanding the mechanisms of SAN dysfunction in HF,
have focused on the hyperpolarization-activated (HCN) channel subunits, which carry the I; current,
as well as other ion channel alterations (for review see [24]). However, less is known about the Ca®
handling alteration in diseased SAN. The Ca?" clock is initiated by spontaneous Ca?* release from
the SR through the Ca?* release channel, the ryanodine receptor (RyR2) [25]. This Ca?* is extruded
by the NCX in the outer membrane, generating an inward (depolarizing) current, as it exchanges 3
Na* by each Ca?* [26]. The propensity of RyR2 to release Ca?* is modulated by the amount of Ca?*
stored in the SR, which also depends on the Sarco-Endoplasmic Reticulum ATPase (SERCA)
activity [27,28]. Moreover, the spontaneous Ca?* release activity also determines the degree of
coupling of the clock system.[29].

The elements involved in the Ca?* clock (RyR2, SERCA) are also expressed in ventricular
cardiomyocytes, where they have a key role in excitation-contraction coupling, and they have been
shown to be altered in heart failure (HF) [27,30]. In fact, failing hearts show a decrease in SERCA
function that may be due to diminished expression, or increase in phospholamban (PLB) expression
(its natural inhibitor) or a decrease in phospholamban phosphorylation [31,32]. This may bring to a
reduction in the amount of Ca?* stored in the SR, which may be sufficient of contribute to the
decrease in the amount of Ca?* released to activate contraction [33], although less efficacious EC
coupling due to transverse tubule remodeling also plays a role [34]. However, the function of these
Ca?* handling elements, and in fine whether the Ca?* clock may be involved in SAN dysfunction
during HF, is largely unknown but recognized as pivotal [24].

Here we used an experimental model of HF in the mouse by transverse aortic constriction (TAC).



By Holter telemetry we analyzed basal ECG and after pharmacologic challenge. The HF mice
showed slower heart rate when the autonomic nervous system was blocked, and the dissected SAN
showed slower spontaneous [Ca?*]i transients as well as less frequent and smaller Ca?* sparks. This
was correlated with less activation of the CaMKII and less phosphorylation of its targets, the RyR2
and PLB. Thus, our results show that in HF, the Ca%*/CaMKI| signaling is depressed in the SAN and

this may contribute to impair the coupled clock function.

Methods

Heart Failure Model

Animal study was approved by the French Ministry (Ministere de I'Education Nationale, de
I'Enseignement superieur et de la Recherche no. B9201901). Congestive Heart failure was induced
by transverse aortic constriction (TAC) under anesthesia (intraperitoneal injection of ketamine 90
mg/kg and xylazine 8 mg/kg) in C57BL/6J male mice (8 weeks of age). After thoracotomy, the aortic
arch was constricted between the brachiocephalic and the left carotid arteries with a thread (4.0
Prolene suture) around a blunt needle (& 0.385 mm) [35]. The knots were tied against the needle
before removing it, leaving a region of stenosis which reduced the vascular diameter. Sham-operated
mice underwent the same procedure without aortic ligation and served as controls. Cardiac
contractile function was assessed 8 weeks after the surgery by transthoracic echocardiography,
performed in a blinded fashion using an echocardiograph (Vivid 9, GE Healthcare) equipped with a
15-MHz linear transducer, under 2% isoflurane gas anesthesia in 0.8 L/min 100% O.. The thickness
of the left ventricular anterior and posterior walls was measured in short and long axis at papillary
muscle level using two-dimensional-guided (2D). M-mode echocardiography measurements during
systole and diastole were used to calculate parameters such as fractional shortening (FS %), ejection
fraction (EF %) or left ventricular mass, calculated using the Penn formula for rodents: LV mass
(Penn) = 1.04 ([LVIDd + LVPWd + IVSd]3- [LVIDd]®). After euthanasia under sodium pentobarbital
(100 mg/kg, i.p.) anesthesia, body, heart and lung weights (BW, HW and LW, respectively) were
measured, as well as tibia length (TL). Only mice with a LW/TL greater than that of Sham+2SD
enrolled in the HF group [36].

ECG recording

To monitor ECGs in awake, free moving mice, the sterilized DSI transmitters (7 ETA-F10) were
subcutaneous implanted according to the manufacturer's recommendation [37] after Isoflurane
(2.5%) inhalation anesthesia using MINERVE workstation (0901128). The mice were placed on a
warm pad (37°C), continuously receiving 1.5% isoflurane inhalation. After at least 7 days recovery
period, ECG were recorded for 24 hours. For sympathetic and autonomic challenges, ECG were
recorded at baseline during 20 min and 5 min after Propranolol plus Atropine mixed solution (2mg/kg
each) challenge. Data was collected with ECG AUTO software (EMKA Technologies). Heart rate

variability was analyzed using PhysioZoo platform [38].

In vitro intact SAN cell recording



Mice were anesthetized by sodium pentobarbital (100 mg/kg, i.p.). The hearts were quickly
removed from the animal and placed in Tyrode solution (NaCl 140 mM, KCI 5.4 mM, CaCl; 1.8 mM,
MgCl, 1 mM, HEPES 5 mM, and glucose 5.5 mM, pH 7.4, titrated with NaOH), oxygenated to
saturation and maintained at 37°C. SAN and some surrounding atrial tissue were dissected and
pinned down with the endocardial side up in homemade optical chambers bathed with Tyrode
solution as previously described [39]. The tissue was loaded with 30-uM fluo-4 AM (Invitrogen) during
60 minutes at 37°C. Images were recorded at 37°C with a resonant scanning confocal microscope
Leica SP5, equipped with a white laser fitted to 500 nm. Excitation was collected at > 510 nm. Two-
dimensional and X-Time images were recorded from the primary pacemaker region which is located
in between the superior and inferior -vena cava and bounded by the crista terminalis. The cytosolic
Ca?* variation was analyzed by dividing the peak fluorescence intensity (F) by the average resting
fluorescence intensity (FO) after background subtraction. The time constant of decay (ms), which
was calculated by fitting the decay portion of the fluorescence trace to a mono-exponential function.
Analysis was made in IDL software (Exelis Visual Inc.) by homemade routines.

Isolation of sinoatrial node myocytes

+7

For cell isolation, SAN tissue strips were transferred into a “low-Ca?*—low-Mg?*" solution
containing (in mM) 140 NaCl, 5.4 KCI, 0.5 MgCl,,0.2 CaCl,, 1.2 KH2PO4, 50 taurine, and 5.5 D-
glucose; 1 mg/mL BSA; and 5 HEPES-NaOH, adjusted to pH 6.9 with NaOH. Tissue was digested
by Liberase TH (229 U/mL; Roche Diagnostics), elastase (1.9 U/mL; Boehringer Mannheim) during
15—-20 minutes at 37°C, under manual mechanical agitation. Tissue strips were then washed and
transferred into a modified Kraftbruhe (KB) medium containing (in mM) 70 L-glutamic acid, 20 KClI,
80 KOH, 10 (£)D-B-OH-butyricacid, 10 KH2PO4, and 10 taurine; 1 mg/mL BSA; and 10 Hepes-KOH,
adjusted to pH 7.4 with KOH. Single SAN myocytes were then isolated by agitation in KB solution at
37 °C. Cellular automaticity was restored by readapting the cells to a physiological extracellular
Ca?*concentration by addition of 10 mM NaCl and 1.8 mM CacCl; to the Tyrode’s solution. The final
cell storage solution contained (in mM/L) 100 NaCl, 35 KClI, 1.3 CaCly, 0.7 MgCl, 14 L-glutamic acid,
2 (£)D-B-OH-butyric acid, 2 KH2PO4, and 2 taurine; and 1 mg/ml BSA (pH 7.4).

To image Ca?* on isolated SAN cells, they were loaded with 7 uM Fluo-4/AM for 30 min at room
temperature and viewed with confocal microscopy (see above). The amplitude of the 10 mM

caffeine-evoked [Ca?*]; transients was used as an index of the SR Ca?* load.

Western blot

SAN dissected from Sham and TAC mice were lysed by Bertin homogenizer with RIPA lysis
buffer, run on 4%—20% or 3%-8% discontinuous gradient polyacrylamide gels depending on the M.W
of the proteins, and transferred to NC membranes. NC membranes were incubated with blocking
buffer of TBS with Tween-20 (1%) and BSA (3%). Membranes were then incubated with primary
antibodies (listed in supplementary Table 1) diluted in 3% BSA TBST overnight at 4°C, followed by
the secondary antibodies. Antigen complexes were visualized with iBright FL1000 (Invitrogen by

Thermo Fisher Scientific) and quantified with Image J (NIH).



Statistics

Analysis were conducted on n cells from N mice, using Graph Pad Prism 7 and the Origin 9
(Microcal) softwares. When conditions of parametric tests were meet, statistical comparisons
between two groups were analyzed using Student’s t-test (paired or unpaired for 2 dependent or
independent groups, respectively) and using One- or two-way ANOVA for multiple comparisons, and
results expressed as mean + SEM. The non-parametric Mann-Whitney test was used for WB and
Ca?* spark parameters and presented as box (with median and 25-75% range) and whisker (Min-
Max). A value of p < 0.05 was considered significant.

Results

TAC induced congestive heart failure showed signs of SAN dysfunction.

Since HF is frequently associated abnormalities of the pacemaker system, we first analyzed
ECG in the pressure overload induced mouse model. 8-weeks after TAC, mice showed signs of
congestive heart failure (HF group), characterized by increased Heart weight (HW)/Tibia length (TL),
Lung weight (LW) /TL and left ventricle (LV) mass and reduced ejection fraction (EF) and fraction
shortening (FS) compared to Sham animals (Table 1). Holter telemetric ECG recorded during 24 h
in freely moving mice, as exemplified in fig. 1a (upper panels), showed at baseline longer QT and
PR intervals but normal RR interval in HF group | (Table 2). However, the intrinsic heart rate, or the
heart rate free of autonomic nervous system (ANS) influences, appeared altered (fig. 1a bottom
panels). After ANS inhibition, the HR slowdown is greater in HF group compared with Sham group
(fig. 1b). To reveal the SAN and ANS contributions, we conducted analysis of the HR variability, in
the time- and frequency-domain, before and after propranolol and atropine injection (Table 3). At
baseline, we observed a reduction of pNN5, reflecting a reduced parasympathetic activity in HF
group, whereas the total autonomic variability (SDNN) and vagally mediated short-term HRV (RMSS)
were not modified compared with sham group. The decreased of the time-domain HRV indices
following ANS blockade in Sham group, is prevented in HF group excepted for SDNN, implying on
reduced pacemaker function. In addition, at baseline, the HRV related to baroreceptor activity and
the respiratory cycle, as gauged by Low Frequency (LFreq) and High Frequency (HFreq)
respectively, showed no change in HF group. However, we observed an increased Very Low
Frequency (VLFreq), which denotes an enhanced SAN spectral contribution to HRV in HF group
[40]. After ANS blockade, the LFreq reduction and HFreq increase observed in HF group was less
than those observed in Sham group, whereas VLFreq reduction was greater.

Taken together, these results indicate that our TAC induced congestive HF mouse model
showed SAN dysfunction.

Ca?* handling is depressed in sinoatrial node preparations from HF mice.

SAN automaticity is dependent on synergetic interplay of voltage- and calcium-dependent
mechanisms. Even if we observed a downregulation of protein expression level of HCN4 (fig.1 c) in
HF group, as consistently observed [24], little is known on rhythmic spontaneous sarcoplasmic

reticulum Ca?* release in HF SAN dysfunction. We thus recorded ex vivo the spontaneous [Ca?*];



transients of Fluo-4AM-loaded SAN cells within the intact tissue (from 5 Sham and 7 HF mice) by
confocal microscopy [39]. Fig. 1d shows representative line scan confocal images and corresponding
fluorescent traces of SAN cells from a Sham and a HF mouse. The spontaneous [Ca?*] transient
rate, measured between consecutives spontaneous [Ca?*], transients at their maximal upstroke, was
lower in HF than in Sham cells (fig. 1 e), consistent with the decrease in intrinsic HR after ANS
blockade in-vivo (fig. 1 a, b).

The Ca?* handling dynamics were also altered in HF group as shown in fig. 2a. While the time
to peak showed no difference between two groups (fig. 2 b), in HF SAN cells the [Ca?*] transients
peak (F/FO) was lower (fig. 2 ¢) and decay time (fig. 2d) longer than in Sham SAN cells. The latter
being mainly dependent on the Ca?" extrusion by NCX and SERCA function controlled by
phospholamban (PLB), we compared their protein expression levels by Western blot in dissected
SAN tissues from Sham and HF mice. The protein expression level of NCX was decreased in HF
group (fig. 3 a). Whereas SERCA expression level was maintained in HF group (fig. 3 b), the total
PLB level was higher than in Sham group (fig. 3 c), leading to an increase in the ratio of PLB over
SERCA (fig. 3 d). In addition, the phosphorylation status of PLB, which relieved its inhibitory effect
on SERCA, is altered. Whereas the levels of S16 PKA-dependent phosphorylation were not
significantly modified (fig. 3 e), the PLB phosphorylation levels at the T17 CaMKIl site were
decreased in HF group (fig.3 f). Those changes on PLB might reduce SERCA function contributed
to the prolonged decay of the spontaneous SAN [Ca?*] transients in HF group. Indeed, estimation
of SR Ca?* content by rapid caffeine application on isolated SAN cells showed smaller amplitude of
the caffeine-evoked [Ca?*] transient in HF than in Sham SAN cells (fig. 4), indicating reduced SR
Ca?" load related to reduced SERCA function. As one might notice in displayed examples in fig.4a,
isolated SAN cells from HF group show lower frequency, lower amplitude and longer duration of
spontaneous [Ca?]; transients as in intact SAN tissues.

To further analyze SAN Ca?* dynamics, and the degree of Ca?* clock coupling, we analyzed
diastolic Ca?* release events during the diastolic phase that were observed as Ca?* sparks (fig. 5 a).
We observed a lower Ca?* sparks frequency in HF group (fig. 5 b). While the sparks width maintained
in HF group (fig. 5 c¢), the amplitude was weaker (fig. 5 d), and the duration was shorter (fig. 5 €) in
HF group. Meanwhile, the time to peak of the sparks was also shorter in HF group. (fig. 5 f), which
may refer to a shorter opening time of the RyR2 channels. Moreover, the mass of the Ca?* sparks,
calculated as the amplitude x width x duration, was smaller in the HF cells, indicating that less Ca?*
is released from each Ca?* spark in HF group (fig. 5 g).

The less frequent and smaller SAN cells Ca?* sparks in HF group might also indicate an
alteration in the RyR2. We thus evaluated RyR2 protein expression level as well as its
phosphorylation status by Western blots in intact SAN tissues. We found that the total RyR2
expression was lower in SAN from HF mice compared to Sham mice (fig. 6 a). Although RyR2
phosphorylation level at S2808, supposedly PKA site, was similar in both groups (fig. 6 b), the
phosphorylation level at S2814, CaMKIl site was unequivocally decreased in HF group (fig. 6 c).

CalMKIl signaling is decreased in HF group



We were surprised to find that a reduction of RyR2- S2814 phosphorylation in SAN from HF
mice, since it classically augmented in the ventricles [41-43]. Indeed, in the ventricles of the same
mice we observed an increase of the phosphorylation level at S2814 CaMKI site in the HF ventricles
compared with Sham ventricles (fig. 6 d), indicating a different regulation during HF of the SAN with
respect to the ventricles within the same heart. We next analyzed whether these lower phosphory-
lation level might be related to higher phosphatase expression or to less CaMKIl expression and/or
activity in SAN intact HF tissue. We found that the total expression level of phosphatases (fig. 6 €)
and CaMKIl (fig. 6 f) were not different between Sham and HF SANs. However, the CaMKIIl phos-
phorylation level, indicator of its activity, is reduced in the SAN from HF mice compared with Sham
mice (fig. 6 f), to opposite of what we observed in ventricles (fig. 6 g), suggesting that the CaMKI|
signaling is differently modulated in HF SAN and ventricles.

To test the functional effect of this HF SAN CaMKII alterations, we next analyzed the selective
CaMKIl inhibitor effect, KN93, on spontaneous SAN [Ca?*]; transients in cells from both groups (fig.
7 a). The reduction of spontaneous [Ca?*]; transient rate by KN93 was smaller in HF SAN cells (fig.
7 b), whereas its inactive derivative, KN92, failed to affect the [Ca?*]: transient rate in either group
(fig. 7 c).

Discussion

The sinus node dysfunction has been observed in patients with heart failure [7] as well as in
different animal models. However, the underlying mechanism is still not clear. In addition of the
impairment of the voltage clock due to HCN4 downregulation, our study uncovers the alteration of
SAN Ca?" clock under HF condition. We observe an over-all functional decrease of SAN Ca?*
homeostasis in HF mice, with altered Ca?' transients dynamics and decreased Ca?* sparks
frequency and mass. We found that SERCA, RyR2 and NCX were downregulated, whereas PLB
was upregulated, in association with a decrease of CaMKII activity, at opposite of HF ventricle.

Only few and somewhat controversial studies evaluated SAN Ca?* clock function in HF. In intact
dog SAN tissues after 2-week rapid pacing induced HF, reduced SR Ca?' release has been
suggested [44], consistent with our results. On the other hand, isolated SAN cardiomyocytes from
volume and pressure overload HF rabbit model showed preserved Ca?* transient characteristics and
SR Ca?* content [45]. However, the latter study reported slower Ca?* transient decay due to reduced
SERCA activity, as we observed in our model. Differences might be related to the used HF model
and/or preparation. Nevertheless, both studies showed, at baseline or during B-adrenergic
stimulation, reduced late diastolic [Ca?*]; elevation in HF SAN, consistent with the decrease in Ca?*
sparks occurrence and mass reported herein. In the SAN, Ca?* sparks are considered as the
initiating event of Ca?* clock [22]. Our kinetic studies on SAN Ca?* sparks showed that both the peak
and duration of Ca?* sparks decreased in the HF group. This resulted in smaller Ca?* sparks and in
decreased Ca?* released by Ca?* spark during diastolic phase. Together with the decreasing in Ca?*
spark frequency, it might explain the HF induced Ca?* clock malfunction. In addition, the reduction

of NCX channel expression level could affect the membrane depolarization and slow down the Ca®*



clock. Thus, our results show an impairment in the Ca?* clock, which may amplify the decrease in
membrane clock [46]. Together, the coupled-clock function is reduced, and results in decreasing of
the intrinsic sinus automaticity, which may be compensated on HR by the increased sympathetic
activation in HF.

There are two possible reasons for the decrease in Ca?* sparks. First, the decreased SR Ca?*
load in HF SAN, which could be related to diminished SERCA function. We found that while the
SERCA protein expression level was similar in HF and Sham SAN, there was an up-regulation and
decreased phosphorylation level at PLB-T17 site of PLB. This may inhibit the Ca?* SERCA reuptake,
consistent with prolongation in the [Ca?']; transients decay time. Second, the decreased RyR2
channel expression and phosphorylation level at RyR-S2814 might further alter the regulation of the
Ca?* clock. Of note, both effects on PLB and RyR2 with similar protein expression of CaMKIl and
SERCA has been in SANs from rabbits with HF [47].

Our results pointed out an alteration of the CaMKII signaling as a contributing mechanism in the
SAN dysfunction in HF. It has been well documented that CaMKII-dependent phosphorylation of
RyR2 and PLB affected SAN Ca?" clock [48-51]. Based on measurement of CaMKII
autophosphorylation and phosphorylation of the CaMKII targets (RyR2-S2814 and PLB-T17), our
results suggested that reduced CaMKII activation might participate to HF SAN dysfunction. Although
PKA might also mediated phosphorylation of the Thr17 CaMKII site on PLB [52] or phosphorylation
of the Ser2815 CaMKII site on RyR2 [53] we did not observe PKA-dependent phosphorylation of
these targets, suggesting a CaMKI| specificity. Indeed, this Ser/Thr kinase is initially activated by the
Ca?*/Calmodulin complex, thus reduction of autonomous activity of CaMKIl was consistent with
reduced Ca?* handling. Lower CaMKII contribution to SAN activity in HF was further emphasized
using CaMKIl inhibitor KN93. Although the CaMKII role to maintain basal SAN activity is controversial
in mice [54,55], our results were consistent with CaMKI| critical role during physiopathological stress.
Moreover, CaMKIl dysfunction might also participate to voltage-clock perturbation in HF. The
transcription factor myocyte enhancer factor 2 (MEF2) activation through CaMKIIl phosphorylation of
histone deacetylases (HDACs) is a common end point for cardiac hypertrophic signaling pathways
[56] Now, it is known that the HCN4 expression is in part controlled through the HDAC MEF2 system
[57]. Likewise, RyR2 promoter contains a consensus MEF?2 site [58]. Altogether this suggested a
vicious circle, in which Ca?" clock malfunction begets CaMKII dysfunction that in turn worsens
voltage- and Ca?*- clocks, as the mechanism responsive for SAN dysfunction in HF.

Further, we denoted that CaMKII was affected in opposite way in SAN and ventricles. Likewise,
HF differentially modulated HCN4 [59], as well as microRNA [60] in SAN and ventricles. This HF
related difference was also observed between SAN and ectopic pacemaker cardiomyocytes of
pulmonary veins [61]. The challenge is now to understand the molecular basis of these differences.

In summary, our study, for the first time, comprehensively revealed a defect in SAN Ca?*
handling in TAC-induced heart failure mouse model, which contributes to the intrinsic pacemaker

dysfunction in HF by the mechanism that includes depression in the CaMKII signaling pathway.
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Tables

Table 1. Macroscopic parameters of mice

Sham HF

(n=12) (n=12)
Body parameters
Lung Weight/Tibia Length 9.52+0.25 15.41£1.52°
Heart Weight/Tibia Length 9.80+0.19 16.78+1.05"
Echocardiographic data
FS, % 27.62+1.00 13.62+0.91
EF, % 60.38+1.62 33.94+2.03"
IVSd, mm 0.64+0.03 0.65+0.03
IVSs, mm 0.92+0.03 0.81+0.04"
LVIDd, mm 3.76+0.11 4.44+0.15"
LVIDs, mm 2.73+0.10 3.83+0.14"
LVPWd, mm 0.68+0.04 0.78+0.08
LVPWs, mm 0.84+0.03 0.86+0.08
LV mass, mg 81.60+5.97 124.95+18.99"
Heart Rate, (beats/min) 47010 486+11

Abbreviations: FS, Fractionnal Shortening; EF, Ejection Fraction; IVSd, Interventricular septal
thickness at end-diastole; IVSs, Interventricular septal thickness at end-systole; LVIDd, Left
ventricular internal dimension at end-diastole; LVIDs, Left ventricular internal dimension at end-
systole; LVPWd, left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular
posterior wall thickness at end-systole. One-way ANOVA followed by Bonferroni test were used. All
the values are mean £ SEM. *, p<0.05 versus Sham group

Table 2 Baseline ECG parameters in conscious mice

parameters Sham (N=7) HF (N=5)
Day Night Day Night
RR, ms 12044 108+4# 12315 106+3*
PR, ms 38+0.5 36x0.4 41+1.6° 37+1.6
QRS, ms  8.6x0.17 8.7+0.12 9.0+0.30 9.0+0.32
QT, ms 42+0.5 41+0.5 51+3.2° 47+2.38

Two-way repeated ANOVA followed by Bonferroni test was used. #, p<0.05 versus the same group
in the day period. *, p<0.05 versus Sham in the same period.

Table 3. Heart-rate variability parameters in conscious Sham and TAC mice during the
daytime



Parameters Sham (n=7) HF (n=5)
Basal ANS inhibition Basal ANS inhibition
Time domain parameters
SDNN (ms) 8.83+0.95 2+0.25% 6.89+1.18 3.911.14
RMSSD (ms) 5.03+0.64 2.4+0.34% 3.38+0.99 3.95+1.33
PNN5 (%) 22.5+5.2 0.35+0.18* 3.52+1.2* 1.49+1.25
Frequency parameters
VLFreq/Total (n.u) 58.5+1.0 48.246.1 64.6+1.9 37.9+2.4%
LFreq Normalization (n.u) 66.2+4.3 27.4+5.2% 76.3+2.5 53.4+11.2 %"
HFreq Normalization (n.u) 33.8+4.3 72.6+5.2% 23.7+2.5 46.6+11.2%"
LFreq/HFreq (n.u) 2.79+0.43 0.43+0.11% 3.61+0.53 0.82+0.21

Abbreviations: SDNN: Standard deviation of the number of pairs of successive NN (Normal to

Normal RR intervals); RMSSD: Root mean square of the successive differences; PNN5: The

proportion of the number of pairs of successive NN (R-R) intervals that differ by more than 5 ms

divided by the total number of NN (R-R) intervals. In frequency parameters, the measures shown

are the normalized power (NORM) for each band (Very Low Frequency, VLFreq; Low Frequency,
LFreq; and High Frequency, HFreq) and the ratio of LFreq to Hfreq. Two -way repeated ANOVA

followed by Bonferroni test were used. All the values are mean + SEM. *, p<0.05 versus Sham group.

#, p<0.05 versus the same group under basal condition.
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Figure 1. The intrinsic Heart rate and the SAN cells firing rate are lower in HF mice a,
Representative examples of telemetric ECG traces (daytime) under basal and after atropine and
propranolol injection (2mg/kg respectively, i.p) from Sham-operated and transverse aortic
constriction-induced heart failure (HF) mice. b, Quantification of Heart rate (HR) under basal
condition and upon ANS inhibition in the same mice. ¢ and d, Representative Western Blot and
quantification of HCN4 protein expression levels. e, Examples of line scan images (0.25 ms per line)
and corresponding fluorescence traces of Fluo-4, AM loaded SAN intact tissues. f, Quantification of
spontaneous SAN [Ca?*); transients rate from Sham and HF mice. The Two-way repeated ANOVA
followed by Bonferroni test was used in b, *p<0.05, **p<0.01 and ***p<0.001. The non-parametric
Mann-Whitney test was used in d and f, *p<0.05 and ***p<0.001.
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Figure 2. The [Ca?']; transient characteristics are altered in HF SAN cells. a, Representatives
examples of line scan images (0.25 ms per line) and corresponding fluorescence traces of Fluo-4,
AM loaded single cells from intact Sham and HF SAN tissues; b, Averaged amplitude of the [Ca?'];
transient measured as peak F/FO, where F is the maximum fluorescence and FO the fluorescence
during diastolic periods. ¢ and d. Analyses of the [Ca?*]; transients kinetics (decay time constant and
the time to peak, respectively). Decay time constant was obtained by fitting the descendent portion
of the fluorescence trace to a single exponential function. The two- sample t-test was used in b, while
the non-parametric Mann-Whitney test was used in ¢ and d. *p<0.05.
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Figure 3. NCX protein expression level decreased while total and phosphorylated PLB
increased. a to ¢, Representative Western Blots and quantification of protein expression levels of
the Na*/Ca?* exchanger (NCX, a), the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA, b) and
the phospholamban (PLB, c) in SAN tissues from sham and HF mice. d, Calculated PLB over
SERCA ratio for each studied sample. e and f. Representative Western Blots and quantification of

phosphorylated PLB-S16 (e) and PLB-T17 (f) normalized by PLB-total. The non-parametric Mann-
Whitney test was used. **p<0.01 and ***p<0.001
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Figure 4. SR Ca? load decreased in isolated cells of HF SAN. a, Line scan images (0.25 ms
per line) of isolated SAN cardiomyocytes from Sham and HF mice before and during the Caffeine
perfusion, the arrows indicate the time when caffeine is applied; b, Quantification of the caffeine-

induced F/FO as an index of the SR Ca?* load. The non-parametric Mann-Whitney test was used.
**p<0.01.

o
o
3]

o
o

(spks*s*100mm-)

: 5
g - : € }
g £ =4 3 i .
e o =4 _— &3 :
N [ ) o2 e = £
= “ =2 : g2
8 * ‘ik;:w V K 1 L
f ° Sham HF § 0 Sham HF Sham
Kekk dekk Sk
60 ’ 2500 T
- 100 g : E 3 '
£ x40 A = 500 :
g 50 % : E ’
s 20 ! @ 250 i
8 2 E %gg%gw_é i
i Hi

Figure 5. Ca?" sparks are less frequent and smaller in HF SAN. a. Representative line scan
images (0.25 ms per line) of spontaneous beating cells from intact SAN; Arrows indicate Ca?* sparks.



b. Quantification of Ca?* spark frequency (number of sparks/s/100um) in Sham and HF SAN; c to g.
Analysis of Ca?* spark characteristics (width in ¢, amplitude in d, half duration time in e; time to peak
in f, and mass in g). For each Ca?* spark the mass was calculated as amplitude x width x duration.
The non-parametric Mann-Whitney test was used. *p<0.05 and ***p<0.001.
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Figure 6. RyR2 expression level and phosphorylation level decreased while CaMKIl activation
level decreased in HF SAN. a-c, Representative Western Blots and quantification of RyR2-Total
(a); RyR2-S2808 (b) and RyR2-S2814 (c¢) normalized to RyR2-total in SAN tissues from Sham and
HF mice. d, Same as c but in left ventricles from the same mice. e, Representative Western Blots
and quantification of PP1C in SAN. F and g, Representative Western Blots and quantification of total
and phosphorylated CaMKII (normalized by CaMKIlI-total) in SAN tissues (f) and ventricles (g) from
sham and HF mice. The non-parametric Mann-Whitney test was used; *p<0.05 and **p<0.01.
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Figure 7. The CaMKIl inhibition by KN93 showed less effect in HF SAN tissue. a, Superimposed
line scan images (0.25 ms per line) and corresponding fluorescence traces, before and after 3-uM
KN93 perfusion in the SAN preparation. b, Calculated spontaneous [Ca?*]; transients rate before and
after KN93 perfusion. ¢, Normalized effect of KN92, the inactive analogue of KN93, on the [Ca?*);
transients rate. The Two-way repeated ANOVA followed by Bonferroni test was used in b, while the
non-parametric Mann-Whitney test was used in ¢. *p<0.05, **p<0.01 vs. Sham, #p<0.05, ##p<0.001.



Supplemental material

Supplemental Table 1: List of primary antibodies used for Western blot

Protein Host Dilution Code Source
RyR2 total mouse 1/1000 MA3-916 Thermo Scientific
RyR2 P-Ser2808 rabbit 1/2000 A010-30AP Badrilla
RyR2 P-Ser2814 rabbit 1/2000 A010-31AP Badrilla
CaMK [[ P-Thr286 rabbit 1/2000 MA1-047 Thermo Scientific
CaMK I (pan) rabbit 1/1000 3362S Cell signaling
SERCA mouse 1/500 SC-376235 Santa Cruz
PLB total rabbit 1/5000 8495S Cell Signaling
PLB P-Ser16 rabbit 1/5000 A010-12 Badrilla
PLB P-Thr17 rabbit 1/5000 A010-13 Badrilla
PPP1Ca+B HRP Rabbit 1/5000 EP1511Y abcam
HCN4 Rabbit 1/200 APC-052 Alomone labs
NCX mouse 1/1000 R3F1 Swant
B-actin HRP mouse 1/20000 SC-47778 Santa Cruz







3.2 The mysterious Hypertrophy group

In my work that is explained in the manuscript above, we divided the animals into two groups:
Those who were subjected to TAC surgery to induce heart failure, and those with Sham operation to
use as controls. To verify that TAC surgery worked, we measured the Ejection fraction by M mode
echocardiography before sacrifice. On sacrifice, we measured body, heart, and lung weight, and tibia
length.

Along with the experiments, we found that the KN93 had no effect on TAC group. However,
there is a tendency on increasing the transient rate which confused us. When we reviewed our data,
especially the body parameters of different mice, we observed that the severity of illness was different
from mouse to mouse. We tried to divide the mice based on the ejection fraction. However, one of
my colleagues (many thanks to Crozatier Bertrand) pointed out that even in the compensated
hypertrophy, the EF also decreased. It is easy to understand because the surgery ‘constricted’ the
aorta. The EF of compensated hypertrophy mice may decrease less than non-compensated one. Then
we decided to divide the mice based on Lung weight (the pulmonary edema) which is a notable sign
for congestive heart failure (This standard is from Mercadier Jean-Jacques, many thanks to him.)

While all TAC mice showed cardiac hypertrophy and depressed ejection fraction, some animals
presented signs of congestive heart failure, which are included in the manuscript above, and other
with no signs of congestion (no increased lung to body weight). We named this group hypertrophy

group (Hyp) and did the experiments.

3.2.1 Body parameters and HRV analysis

In the body parameters we observed the Lung Weight was similar than Sham group while the
Heart weight increased significantly, showing the cardiac hypertrophy. However, compared to HF
group, this group shows less hypertrophy. (Table 3.2.1)

To evaluate the cardiac function, the results showed that the EF and FS are also decreased in
Hyp group compared to Sham. Similarly, these two parameters are still less decreased compared to
HF group. The mice in this group also showed a longer QT interval compared to Sham (data no
shown). In all, although significant, this group showed a milder cardiac function decrease compared

to HF group, so the results in this group are displayed in the middle of Sham and HF (Table 5).

Table 5. Body parameters and Echocardiographic Data



Groups Sham Hyp HF
Body parameters
Lung Weight/Tibia Length 9.52+0.25 9.71+0.21 15.41+1.522b
Heart Weight/Tibia Length 9.80+0.19 13.50+0.50° 16.78+1.052P
Echocardiographic data
FS, % 27.62+1.00 19.01+0.76° 13.62+0.912P
EF, % 60.38+1.62 45.20+1.45° 33.94+2,032P
IVSd, mm 0.64+0.03 0.66+0.03 0.65+0.03
IVSs, mm 0.92+0.03 0.88+0.04 0.81+£0.04
LVIDd, mm 3.76+0.11 4.20+0.08° 4.44+0.15°
LVIDs, mm 2.73+0.10 3.41+0.09° 3.83£0.14 2P
LVPWd, mm 0.68+0.04 0.68+0.04 0.78+0.08
LVPWs, mm 0.84+0.03 0.82+0.04 0.86+0.08
LV mass, mg 81.60+5.97 100.6316.82 124.95+18.99°
Heart Rate, (beats/min) 470+10 474+9 486+11

Abbreviations: FS, Fraction Shortening, EF, Ejection Fraction, IVSd, Interventricular septal
thickness at end-dliastole IVSs, Interventricular septal thickness at end-systole’ LVIDd, Left ventricular
internal dimension at end-diastole’ LVIDs, Left ventricular internal dimension at end-systole: LVPWa,
left ventricular posterior wall thickness at end-diastole; LVPWs, left ventricular posterior wall
thickness at end-systole. One-way ANOVA followed by Bonferroni test were used. All the values are
mean + SEM. a, p<0.05 versus Sham group; b, p<0.05 versus Hyp group. N=12 in each group

In HRV analysis, we meet the first striking point for Hyp group. While all the other parameters
keep the same tendency than HF group, the PNN5 of Hyp showed no difference in basal condition
compared to Sham (Table 6). However, after the ANS blockade, in Sham group PNN5 decreased
significantly but in Hyp PNN5 was maintained compared to basal condition. This is really amazing,
while SDNN, RMSSD and PNNS5 describe the variability of the heart rate, and the pNN5 is correlated
with the RMSSD and high frequency power and PNN5 is closely correlated with PNS activity.
Meanwhile, in Hyp group, the RMSSD in ANS inhibition did not decrease significantly either.

Table 6. Heart-rate variability parameters in conscious Sham and TAC mice during the daytime

Parameters SHAM (n=7) Hypertrophy (n=5) Failure (n=5)



Control ANS blockade Control ANS blockade Control ANS blockade

Time domain parameters

SDNN (ms) 8.83+0.95  2+0.25# 7.8+0.9 3.1+0.6 # 6.89+1.18 3.9+1.14 #
RMSSD (ms) 5.03+0.64 2.4+0.34# 476+0.56  3.56+0.62 3.38+0.99 3.95+1.33
pNNS5 (%) 22.5+52 0.35+0.18# 20.9+4.15 18.1+£2.4* 3.52+1.2*$ 1.49+1.25%

Frequency parameters

VLF/Total (%) 58.5+1.0 48.2+6.1 594+17 32.6+3.7 # 64.6+1.9* 3794124 #
LF Norm (%) 66.2+4.3 27.4+5.2# 68.3+3.1 37.0£3.0 # 76.3+2.5 534+11.2 #*
HF Norm (%) 33.8+4.3 72.6+5.2# 31.7+31 63.0£3.0 # 23.7+£2.5 46.6+11.2 #*
LF/HF (n.u) 2.79+043  043+0.11# 2.78+037  0.65+0.12 # 3.61+0.53 0.82+0.21 #

Abbreviations: SDNN: Standard deviation of The number of pairs of successive NN (Normal to
Normal RR intervals): RMSSD: Root mean square of the successive differences-used for a good
snapshot of the Autonomic Nervous System’s Parasympathetic branch; PNN5: The proportion of The
number of pairs of successive NN (R-R) intervals that differ by more than 5 ms divided by the total
number of NN (R-R) intervals. Two-way ANOVA followed by Bonferroni test were used. All the values

are mean + SEM. % p<0.05 versus Sham group. # p<0.05 versus the same group under basal
condition.

In ECG analysis, there was no difference between TAC group and Sham group, or no difference in
between the two TAC groups (Fig.24). The intrinsic HR decreased to the same extend in the two TAC

groups, and is significant slower than Sham group, revealing that the two TAC groups both showed

SAN dysfunction.
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Fig.24 Heart rate is lower in TAC mice under autonomic nerve system (ANS)
blockade. A, Representative examples of ECG traces after atropine and propranolol injection.
B, Heart rate (HR) under basal (day) and ANS inhibition situations. *p<0.05, **0<0.07 vs Sham,
# p<0.05 ##p<0.01 vs. the same group. N indicates the number of mice

3.2.2 Ca** transients and Ca®* sparks



We also analyzed Ca** handling in this group. Fig.25 shows spontaneous [Ca®*]; transients. The
Ca** transient rate is slower in hyp than in HF and the time to peak is longer than the other two
group. For the half time of duration (D50) the Hyp group is longer than it in Sham group, while no
difference comparing with HF because of the slightly increase in HF group. And for the transient peak
and the decay time, the Hyp group showed no different than the other two groups, but in average

intermediate between Sham and HF (Fig.25).
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Fig.25 [Ca*]; transients rate is slower and characteristics are significantly altered in SAN cells from
TAC mice . A. Line scan images (0.25 ms per line) over the calculated fluorescence traces. B. Spontaneous
[C&*] transients rate. C. Amplitude of the [C&*]; transient measured as peak F/Fo, where F is the maximum
fluorescence and Fo the fluorescence during diastolic periods. D. Analyses of the [C&*]; transients kinetics,
showed longer time to peak in Hyp group. E, longer duration at half maximum in Hyp group comparing with
Sham and F, prolonged decay time in HF cells while only a tendency in Hyp group compared to Sham. Decay
time constant was obtained by fitting the descendent portion of the fluorescence trace to a single exponential

function. *0<0.05, **p<0.07, ***p<0.001. N indicates the number of cells from at least 5 different intact SAN
preparations.

As we found slower [Ca®*]; transient spontaneous activity, we analyzed diastolic Ca** release.
Ca** sparks frequency in the Hyp group showed a decrease compared to Sam group, but this
decrease was less marked than in HF (Fig.26). There was significantly difference between each of the
two groups and the 50% duration of the sparks also showed the similar change. The mass of the
sparks also showed the same tendency but there was no significant difference between Hyp and HF
group. The peak of the sparks decreased in the two TAC groups comparing with sham while the

width was maintained in three groups.
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Fig.26 Ca** Sparks frequency and characteristics are significantly altered in TAC SAN A. Line scan
images (0.25 ms per line) and arrows point to Ca* sparks. B. C&* spark frequency (number of sparks/s/100um)
were significantly decreased in TAC SAN. C.C&* spark mass (amplitude(D) x width(E) x duration(F), indicating
the C&* release in each spark) is smaller in TAC SAN cells *p<0.05*p<0.01,***0<0.001. N in B indicates the
number of cells from SAN preparation. N in C-F indicates the number of sparks.

3.2.3 RyR2 expression and phosphorylation level

The protein expression level of RyR2 showed a continuously decreasing tendency between the
three groups and was significantly different between HF and Sham (Fig.27 A, B). The RyR2
phosphorylation level at S2808 site (the PKA site) in Hyp group was obviously higher in Hyp group
compared to Sham, while only showed a tendency to increase in HF group compared to TAC (Fig.26C).
The RyR2 phosphorylation level at S2814 site, the two TAC groups decreased to the same level, which
was significantly lower than sham group (Fig.26D).

Interestingly, there was the opposite tendency in SAN than in ventricles (Fig.27 F-H). The RyR2
expression level in Ventricles showed a continuously increasing from Sham to Hyp then to HF other
than decreasing in SAN. And the phosphorylation level on S-2814 in TAC group increased to the

same level other than decreased in SAN.
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Fig.27 RyR2 expression and phosphorylation level were altered in TAC SAN and showed opposite
tendency than it in ventricles. A-B Examples of Western Blot obtained for total or phosphorylated RyR2 and
B-Actin from SAN tissue.C Quantification of Total RyR2 expression in SAN, D and phosphorylated RyR2-52808
normalized by RyR2-totalE and RyR2-52814 normalized by RyR2-Total are altered in SAN.F, Examples of
Western Blot obtained for total and phosphorylated RyR2-S2814 and [-Actin from Ventricles. G-H
Quantification of RyR2-total and RyR2-52814 normalized by RyR2-total in ventricles. *p<0.05 *<0.07 vs
Sham

3.2.4 SERCA function was more inhibited by PLB while NCX expression level decreased in
HF group

The SERCA expression level maintained in three groups (Fig.28 A, B). The PLB expression level
showed a continuously increasing in the three groups resulting in the PLB/SERCA ratio showed the
same increasing way (Fig.28 C-F). The phosphorylation level of PLB-s16, the PKA site showed the
same changing pattern with RyR2 PKA site. There was a significant increasing in Hyp group while
there was no difference between Sham and HF group. However, the PLB-T17 site phosphorylation
level showed a continuously decreasing in the three groups. This pattern is also different than it in
RyR2 CaMKII site.

Thus, the SERCA function can be more inhibited in HF group by more and less phosphorylated PLB,
and this can contribute to the [Ca*]; transient prolongation. But [Ca*]; transient decay also depends
on Ca** extrusion through the NCX. Fig.5 J&K show that NCX expression is reduced in TAC group,
which, together with the PLB increased expression can lead to prolonged [Ca*]; transients.

On the other hand, the decrease in SERCA activity could lead to a lower SR Ca** load. We estimated



SR Ca®* content by rapid caffeine application in isolated SAN cells. Fig. 28 I shows the amplitude of
the caffeine-evoked [Ca®*]; transient and shows that the SR Ca®* load is smaller in TAC than in Sham

SAN cells and there was no difference between the two TAC groups.
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Fig.28 SERCA function was inhibited by PLB leading to a lower SR Ca** load in HF SAN while NCX
protein expression level also decreased. A, Representative Western Blot B, and quantification of SERCA. C,
D, Representative Western Blot of PLB-Total, PLB-S16 and PLB-T17. E. quantification of PLB-total F, the PLB
over SERCA ratio. G. Quantification of PLB-516 normalized by PLB-total H, PLB-T17 normalized by PLB-Total.
L Representative Western Blot J, and quantification of NCX. K, Line scan images (0.25 ms per line) over the
single SAN cell before and during the Caffeine perfusion and L, the quantification of the F/FO after caffeine
arrived indicating the SR C&°* load. Fach spot in L indicates the different cells from SAN preparation. Fach spot
in WB results indicates one single SAN preparation. *p<0.05, *p<0.07, ***p<0.0017.

3.2.5 CaMKII expression and phosphorylation level

The CaMKII expression level in SAN showed a tendency on increasing in Hyp group, but no significance
between the three groups (Fig.29 A, B). The phosphorylation level of CaMKII showed an obviously decreasing
in the two TAC groups (Fig.29 C). However, in ventricles, the CaMKII expression level showed a continuously
increasing between the three groups (Fig. 29 D, E), and for the phosphorylation level, the two TAC group both

increased significantly than sham (Fig.29 F).
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Fig.29 CaMKII activation level decreased in TAC SAN. A-C. Representative Western Blot and quantification
of SAN CaMKlI-total and phosphorylation CaMKII normalized by CaMKII-total; D-E, Representative Western
Blot and quantification of left ventricles CaMKII-total and phosphorylation CaMKII normalized by CaMKII-total.
Each spot indicates one single SAN preparation. *p<0.05, *p<0.07 vs Sham.

3.2.6 KN93 perfusion effect in TAC group

After the KN93 perfusion, we found the second unexplained result. KN93 is an inhibitor of
CaMKII, and KN93 decreased the [Ca®*]; transients’ rate significantly in Sham and HF group. However,
it increased the rate obviously in Hyp group. And the KN93 decreased the Peak in Sham and Hyp
group. For other parameters including the duration, time to peak and Decay time constant, the KN93
did not show significant effect on the three groups.

KN93 did not influence the frequency of the Ca* sparks. But their frequency showed a tendency
on increasing in Hyp group. However, the mass of the Ca** sparks in Hyp group decreased
significantly comparing with basal condition in this group. The duration and the peak both decreased

in Hyp group after KN93 perfusion. This is the third mysterious result we cannot explain yet.
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Fig.30 [C3** ]; transients rate in sinoatrial node (SAN) is higher and characteristics are significantly
altered in SAN cells from TAC mice after pharmacologically blocking CaMKII by KN93 . A. Spontaneous
[C&*]; transients rate after perfusing KN93. B. KN93 effect on transient rate. KN93 decreased the rate when
below 1.0 and accelerate it when above 1.0. C. Amplitude of the [C&*]; transient measured as peak F/Fy where
F is the maximum fluorescence and Fp the fluorescence during diastolic periods. D. Analyses of the [CF7];
transients kinetics, showed longer time to peak ,E, longer duration at half maximum and F, prolonged decay
time in TAC cells compared to Sham. Decay time constant was obtained by fitting the descendent portion of
the fluorescence trace to a single exponential function. *v<0.05, **v<0.01, ***p<0.0017 vs sham or Hyp. #p<0.05,
##p<0.01, ###p<0.0017 vs. the same group before KN93 perfusion.
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Fig.31 The HCN4 protein expression level decreased in TAC group while the PP1C maintained in
the three groups. A Representative of Western blot of HCN4 and B, the quantification of HCN4 expression
level. G Representative of Western blot of PP1C and D, the quantification of PP1C. *p<0.05. N indicates the
number of SAN preparation

3.2.7 conclusion for this part

We were tempted to think that the Hyp group is just in the middle of the way to congestive HF
group. Considering for the cardiac function, the Hyp group is significantly different than sham group
and is more similar to HF group but milder. However, this is not so consistent. In one side, although
the time after TAC was similar, the TAC surgery may have different outcomes. Some animals may
develop congestive heart failure while others not. We may think that if we wait longer, all the mice
in the Hyp group could be finally developing HF, but we cannot be sure of that, as some TAC animals
showed signs of congestive HF at only 3 weeks after surgery and others did not at even 12 weeks.
Although we cannot disregard that longer time will be needed to develop congestion in some

animals. Moreover, some parameters in Hyp group showed different or even opposite tendency than



it in Sham and HF. For example, the PNN5 was maintained in Hyp group after ANS inhibition. And

KN93 perfusion increased the transients’ rate in Hyp while decreased the rate in both Sham and HF

group.



3.3 Aberrant sinus node firing during B-adrenergic stimulation
leads to cardiac arrhythmias in diabetic mice

Heart failure arises as a consequence to several pathologies that impose chronically an extra
work to the heart. Diabetes mellitus, a condition where blood glucose is elevated, when maintained
can develop heart failure. When the primary disease is different, the cellular alteration in the heart
can be different, as the signaling pathways are different in, for example hypertension, after
myocardial infarction or diabetes. During my Ph.D. I participated in a collaborative work. Although I
am not a main author, I performed the [Ca**]; handling analyses in SAN from diabetic model, and
think that this part can add to my work of SAN dysfunction in HF.
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Aim: Cardiovascular complications, including cardiac arrhythmias, result in high
morbidity and mortality in patients with type-2 diabetes mellitus (T2DM). Clinical and
experimental data suggest electrophysiological impairment of the natural pacemaker
of the diabetic heart. The present study examined sinoatrial node (SAN) arrhythmias
in a mouse model of T2DM and physiologically probed their underlying cause.
Methods: Electrocardiograms were obtained from conscious diabetic db/db and lean
control db/+ mice. In vivo SAN function was probed through pharmacological au-
tonomic modulation with isoprenaline, atropine and carbachol. Blood pressure sta-
bility and heart rate variability (HRV) were evaluated. Intrinsic SAN function was
evaluated through ex vivo imaging of spontaneous Ca®" transients in isolated SAN
preparations.

Results: While lean control mice showed constant RR intervals during isoprenaline
challenge, the diabetic mice experienced SAN arrhythmias with large RR fluctua-
tions in a dose-dependent manner. These arrhythmias were completely abolished by
atropine pre-treatment, while carbachol pretreatment significantly increased SAN ar-
rhythmia frequency in the diabetic mice. Blood pressure and HRV were comparable
in db/db and db/+ mice, suggesting that neither augmented baroreceptor feedback
nor autonomic neuropathy is a likely arrhythmia mechanism. Cycle length response
to isoprenaline was comparable in isolated SAN preparations from db/db and db/+
mice; however, Ca®* spark frequency was significantly increased in db/db mice com-
pared to db/+ at baseline and after isoprenaline.

Conclusion: Our results demonstrate a dysfunction of cardiac pacemaking in an ani-
mal model of T2DM upon challenge with a p-adrenergic agonist. Ex vivo, higher
Ca" spark frequency is present in diabetic mice, which may be directly linked to in

vivo arrhythmias.
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1 | INTRODUCTION

Patients with diabetes, most of whom suffer from type-2 di-
abetes mellitus (T2DM), experience a higher incidence of
cardiac arrhythmias. Diabetes'™ and poor glycaemic con-
trol” have been identified as independent risk factors for the
development of atrial fibrillation, a disease characterized by
electrical and structural remodelling, fibrosis, and conduc-
tion slowing in the atria. Hyperglycaemia alone can con-
tribute to the process of remodelling in atrial fibrillation.*
Additionally, stress hyperglycaemia poses an increased risk
of arrhythmia and death after myocardial infarction.’

Diabetes has also been linked to other arrhythmias,
such as atrioventricular block® and sick sinus syndrome.’
Additionally, whereas an elevated resting heart rate is con-
sidered common among patients with diabetes, analyses of
the population of bradycardic patients requiring an electronic
pacemaker report a statistically significant overrepresenta-
tion of people with diabetes.® This altered basal heart rate
may contribute to the increased cardiovascular mortality in
people with diabetes.'®"*

Animal studies have also identified alterations in basal
heart rate in rodent models of TIDM and T2DM, finding
both increased and decreased heart rates in conscious ani-
mals, as well as in whole heart and sinoatrial node (SAN)
preparations.” The db/db mouse, a commonly used mouse
model of obesity-induced T2DM because of leptin receptor
deficiency, has been reported to exhibit both increased'*
and decreased>'® heart rate in vivo. In our hands, anaes-
thetized db/db mice and heterozygote, non-obese. normo-
glycaemic db/+ control mice have comparable heart rates.'”
The mouse model also has a contractile remodelling pri-
marily based on reduced L-type Ca** current'® (reviewed in
ll;). a current that also has critical control over heart rate.*

Recently, we reported SAN dysfunction unmasked by
sympathetic stimulation in the anaesthetized db/db mouse.!”
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FIGURE 1

p-Adrenergic stimulation with isoprenaline caused arrhyth-
mias emanating from the SAN in these mice: however, the
pathophysiological mechanism underlying the arrhythmias
remains unclear. The typical arrhythmia was characterized
by a sudden prolongation of the PP interval lasting 5-10
beats before picking up pace and returning to normal rate.
Interestingly, the arrhythmias occurred 7-10 minutes after the
peak of the chronotropic response by isoprenaline.

We identified three potential mechanisms for these char-
acteristic arrhythmias: (a) A sudden increase in total periph-
eral vascular resistance would cause a surge in central blood
pressure, increase cardiac afterload and cause a compensa-
tory decrease in heart rate and stroke volume as part of the
baroreceptor reflex. (b) An autonomic remodelling underly-
ing periods of poor heart rate control resulting in episodes
of SAN slowing. Cardiac autonomic neuropathy (CAN) is a
frequent clinical finding in hyperglycaemic pathologies and
contributes to resting tachycardia in diabetic patients.*"* (c)
An intrinsic SAN defect may be present secondary to elec-
trophysiological remodelling of the SAN cells potentially
causing impaired response to the autonomic nervous system.

To confirm our previous report of SAN arrhythmias in db/
db mice and to solidify the finding, we hypothesized that con-
scious db/db mouse have SAN arrhythmias upon challenge
with isoprenaline in a dose-dependent manner. Secondly, we
aimed to identify the underlying cause of arrhythmias in db/
db mice via functional, physiological tests probing each of
the three potential mechanisms outlined above.

2 | RESULTS

Higher body weights and hyperglycaemia were confirmed in
the db/db mice at 9 weeks of age and remained high over the
course of the experimental period (Figure 1). RR, PR, QRS
and QT intervals at baseline were comparable in db/db and
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Body weight and non-fasting blood glucose in diabetic db/db and lean db/+ controls. Body weight (g) (A) and non-fasting blood

glucose (mmol/L) (B) were significantly elevated in diabetic db/db mice (n = 9-15) throughout the experimental period, compared with lean db/+
mice (n = 6-12). Note that the glucometer had a maximum detection level of 33 mmol/L. *P < .05, mixed model ANOVA followed by post-hoc
Bonferroni test
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db/+ mice (Table 1), although there was a tendency of slower
heart rate in db/db mice (RR interval, Table 1; P = .057).

2.1 | p-Adrenergic stimulation causes SAN
arrhythmias in diabetic mice

To evaluate the effect of p-adrenergic stimulation in the con-
scious db/db mouse, mice were challenged with different doses
of isoprenaline (2, 20, 200, and 2000 pg/kg) in a random cross-
over design. Isoprenaline injections caused an acute, moderate
shortening of the RR interval. While RR interval was constant
after isoprenaline in the 10 minute analysis window in the db/+
mice, isoprenaline challenge provoked large, characteristic
fluctuations of RR intervals in the db/db mice (Figure 2A-D).
The large RR fluctuations emanated from the SAN, as P waves
were preserved and PR interval remained constant (Figure
2D). These SAN arrhythmias occurred in a dose-dependent
manner in the db/db mice reaching an apparent maximum at
200 pg/kg isoprenaline (0.64 + 0.10 min~! in db/db mice vs
0.05+0.02 min"'in db/+; P < .05; Figure 2E). The arrhythmia
occurrence was not heart rate dependent: isoprenaline at doses
of 20 pg/kg and above increased heart rate in both db/+ and db/
db mice (Figure 2F). This chronotropic effect was comparable
in the two groups.

2.2 | Parasympathetic involvement in
arrhythmias

Next, we evaluated the influence of parasympathetic modu-
lation on the presence of these SAN-associated arrhythmias.
Blocking of the muscarinic receptor by means of atropine
did not significantly affect mean RR interval in either group
of mice (Figure 3A). Neither did subsequent isoprenaline ad-
ministration. Nevertheless, atropine did prevent all isopren-
aline-induced arrhythmias in the db/db mice (Figure 3E,G).
As parasympathetic block abolished all SAN arrhythmias, we
simulated parasympathetic stimulation by carbachol adminis-
tration in separate experiments using the same mice. Carbachol
significantly increased RR intervals similarly in the db/+ and

TABLE 1 Baseline electrocardiogram (ECG) parameters in
conscious control (db/+) and diabetic (db/db) mice

db/+ db/db
RR, ms 106 + 3 113+2
PR, ms 3341 3341
QRS, ms 11+02 11+02
QT. ms 48+ 1 50+ 1
n, mice 12 15

Note: Data from multiple baseline recordings prior to the experiments illustrated
in Figures 2 and 3.
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db/db mice (216 + 44% and 260 + 39% increases, respectively;
P > 05; Figure 3B). Subsequent isoprenaline administration
significantly shortened the RR interval similarly in both groups
of mice (Figure 3B). Carbachol alone did not elicit the SAN-
related arrhythmias in the mice, but combined with subsequent
isoprenaline, it produced SAN-associated arrhythmias in all
nine db/db mice and two of six db/+ mice (P = .01: Fisher's
Exact test; Figure 3D.F). The db/db mice experienced a sig-
nificantly higher incidence of arrhythmias after carbachol and
isoprenaline in comparison to the db/+ mice (db/+: 16 + 15 vs
db/db: 80 + 23 per 10 minutes, P < .05; Figure 3G). Thus, the
parasympathetic nervous system has an important modulating
role in the development of these arrhythmias, but is not in itself
sufficient to trigger the arrhythmias.

2.3 | Probing the underlying cause

As the activity of the autonomic nervous system is in constant
feedback with peripheral blood pressure, we next sought to es-
tablish whether peripheral changes in blood pressure preceded
the SAN fluctuations. If the SAN arrhythmias are secondary to a
baroreceptor-mediated response to sudden surges in central blood
pressure, we would be able to identify this in simultaneous record-
ings of electrocardiogram (ECG) and blood pressure. Comparable
to the observations in ECG-only telemetry, RR interval shortened
in response to isoprenaline (Figure 4A). Isoprenaline also induced
a small, yet non-significant, change in blood pressure (16 + 5%
and 15 + 4% decrease in systolic and diastolic blood pressure, re-
spectively; P = .36 and =44, respectively; Figure 4B). We ob-
served the characteristic SAN arrhythmias in the db/db mice and
none of these RR fluctuations was preceded by a change in blood
pressure (Figure 4C).

Cardiac autonomic neuropathy is frequently associated with
hyperglycaemic circumstances. We used analysis of heart rate
variability (HRV) to identify potential remodelling of the car
diac sympathetic and parasympathetic nerves. We observed
no differences in standard deviation of RR intervals (SDRR)
or root mean square of successive differences (RMSSD) in db/
db and db/+ mice, irrespective of time of day (Table 2). There
was a significantly larger proportion of beats with a beat-to-
beat difference exceeding 6 ms (pNNG6) in db/db mice during
the dark period, which is compatible with their higher RR in-
terval in that period. In addition, we observed no differences
in relative fractions of low frequency (LF) or high frequency
(HF), between db/db and db/+, irrespective to the time of day
(Table 2). This suggests the absence of sympathetic or para-
sympathetic remodelling and neuropathy. Thus, it appears that
of the three potential mechanisms we suggested, neither sudden
increases in blood pressure nor neuropathy is underlying the
SAN-associated arrhythmias.

To probe the electrophysiological remodelling in the SAN
itself, we recorded cellular Ca’* transients in multicellular,
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FIGURE 2 RR fluctuations upon f-adrenergic stimulation in db/db mice. A and B, Representative RR interval tachograms 15-25 min

after isoprenaline challenge (200 pg/kg) in a db/+ (A) and db/db (B) mouse, showing RR fluctuations in the diabetic db/db mouse. The break

in the axis from —5 to 15 minutes includes a brief period of anaesthesia in association with drug administration, see Section 4. C and D,

Raw electrocardiogram traces from the same mice. Note the presence of P waves and preservation of regular PR interval duration during the
arrhythmias. E, Arrhythmia count between 15 and 25 min after injection of saline and different doses of isoprenaline (2, 20, 200, 2000 pg/kg) in db/
db (n =9) and db/+ (n = 12) mice. The db/db mice exhibit SA node-related arrhythmias in a dose-dependent manner. The plotted curves are for
illustrative purposes only. F, RR interval between 15 and 20 min after injection of saline and different doses of isoprenaline (2, 20, 200, 2000 pg/
kg) in db/db (n = 9) and db/+ (n = 12) mice. No differences were found between groups at any dose of isoprenaline. *P < .05 compared with 0 pg/
kg (ie saline) of same genotype: P< .05 compared with 2 pg/kg of same genotype, mixed model ANOVA followed by post-hoc Bonferroni test

FIGURE 3 The effect of parasympathetic modulation on arrhythmia occurrence. A, Mean RR interval at baseline, after atropine (1 mg/kg)
and after subsequent isoprenaline (200 pg/kg) administration 30 min later in db/db (n = 8) and db/+ (n = 7) mice. B, Mean RR interval at baseline,
after carbachol (0.5 mg/kg) and after subsequent isoprenaline (200 pg/kg) administration 30 min later in db/db (n = 9) and db/+ (n = 6) mice. C-F,
Exemplary RR interval tachograms of 15-25 min after isoprenaline injection preceded by atropine (C, E) or carbachol (D, F). G, Quantification

of arrhythmias after isoprenaline preceded by saline, atropine and carbachol in db/db (n = 7-9) and db/+ (n = 6-7) mice. Note the log scale of the
y-axis. *P < .05, mixed model ANOVA followed by post-hoc Bonferroni test
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FIGURE 4 Blood pressure stability prior to arrhythmic events. A, Mean RR interval and (B) systolic blood pressure (SBP) and diastolic blood
pressure (DBP) after saline and isoprenaline (200 pg/kg) in db/db mice (n = 4). C, Mean SBP, DBP and RR interval of five arrhythmic events in db/
db mice. The arrhythmias were aligned with the fourth beat having the longest RR interval. Stable BP is observed prior to the arrhythmia

ex vivo preparations of the SAN from db/db and db/+ mice.
Recordings of spontaneous Ca®* transients in the SAN region
allowed us to quantify the spontaneous cycle length of the node
before and during pharmacological autonomic stimulation
(Figure 5A). Basal SAN cycle length in the ex vivo preparation
was considerably longer than in vivo (eg Figure 2F), and prepa-
rations from db/db mice were significantly faster than db/+
preparations (Figure 5B). Cycle length significantly shortened
after isoprenaline in both db/db and db/+ SAN preparations, but
to a lesser extent in the db/db SAN cells (Figure 5B). The Cca**
transient amplitude and decay time was comparable in db/db and
db/+ SAN preparations and was not changed by isoprenaline
(data not shown). In SAN preparations, isoprenaline is known
to elicit a positive chronotropic response and does not change
the Ca™" transient amplitude or duration (compare 23,24).
‘We did not observe tluctuations in cycle length in any of the ex
vivo recordings. However, SAN preparations from db/db mice

TABLE 2 Heart rate variability parameters in conscious control
(db/+) and diabetic (db/db) mice

Light period Dark period

db/+ db/db db/+ db/db
RR. ms 138+ 6 133+4 113+2 125 £ 3*
SDRR. ms 21+ 1 19+1 19+1 2242
RMSSD, ms 9+2 8+1 7+1 T+1
pNN6, % 36 +6 38+6 19+2 29 + 4%
LF Power, % 34+5 30+4 35+6 29+5
HF Power, % 66 +5 70+4 65+6 70+5
n, mice 6 k) 6 5

Note: Data from conscious, undisturbed and freely roaming mice. LF Power was
determined between 0.15 and 1.5 Hz; HF Power between 1.5 and 5.0 Hz. HRV
analysis was performed according to.** Two-way ANOVA followed by post-hoc
Bonferroni test where appropriate.

Abbreviations: HRV. heart rate variability; pNN6. percentage of consecutive
RR intervals differing by more than 6 ms; RMSSD. root mean square of

the successive differences of RR interval: SDRR. standard deviation of RR
intervals.

#P < 05 vs db/+ in same period of day.

showed a significantly higher frequency of Ca™* sparks in the
diastolic periods, indicating spontaneous Ca”" leak through the
ryanodine receptors, both at basal conditions and during iso-
prenaline (Figure 5C), suggestive of intrinsic SAN dysfunction.
In another batch of experiments, we pre-treated the preparations
with either carbachol or atropine to mimic the in vivo experi-
ments illustrated in Figure 3. Carbachol doubled cycle length,
(by 114% and 81% in db/+ and db/db preparations, respec-
tively), whereas atropine did not significantly change the spon-
taneous cycle length of the SAN preparations (by —20% and
—37% in db/+ and db/db preparations respectively). Atropine
pre-treatment of db/db preparations reduced spark frequency.
both alone and after co-treatment with isoprenaline (Figure 5D),
which corroborates the in vivo data. In apparent disagreement
with our in vivo results, carbachol pre-treatment of db/db prepa-
rations had comparable results to atropine: In addition to its
negative chronotropic etfect, carbachol reduced spark frequency
before and after co-treatment with isoprenaline (Figure 5D).

3 | DISCUSSION
Diabetes has been linked to a variety of cardiac arrhythmias,
including atrial fibrillation,”> AV node block® and sick sinus
syndrome.” Additionally, patients with diabetes are known to
experience resting tachycardia, but are also over-represented in
patients with bradycardia requiring a pacemaker.®® These data
suggest that diabetes might affect the electrophysiology of the
natural pacemaker of the heart. As altered resting heart rate may
contribute to the increased cardiovascular mortality observed in
diabetic patients, it is key to understand the pathophysiological
cause of impaired cardiac pacemaking in these patients.

In the present study, we show that conscious db/db mice
experience SAN-related arrhythmias upon sympathetic stim-
ulation and that these are modulated by the parasympathetic
nervous system. We proposed three possible mechanisms: (a)
peripheral blood pressure surges leading to instant, intense para-
sympathetic feedback resulting in episodes of slow heart rates.
(b) Neuropathy of the autonomic fibres and (c) intrinsic SAN
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dysfunction causing an exaggerated response to autonomiccon- 3.2 | CAN as a possible cause to SAN

trol. By physiologically probing the mechanism behind these ~ arrhythmias

arrhythmias, we find that peripheral blood pressure surges and

cardiac neuropathy are not likely candidates to be involved in ~ Cardiac autonomic neuropathy is a long-term complication

the development of these arrhythmias, but that ex vivo SAN of diabetes, characterized by demyelination and axonal de-

preparations show changes in intracellular Ca®* homoeostasis ~ generation of the autonomic nerve fibres innervating the

that may set the stage for cardiac arrhythmias. heart and vasculature. Upon CAN progression, it manifests
as resting tachycardia, orthostatic hypotension and exer-
cise intolerance.”® Resting tachycardia is a common feature

3.1 | Stable blood pressure prior to SAN- of CAN and thought to be caused by damage to parasym-

related arrhythmias pathetic fibres occurring earlier than to sympathetic fibres.
CAN is diagnosed on the finding of reduced HRV, which

Db/db mice develop hypertension and show disrupted blood is an independent risk factor for sudden death in patients

pressure circadian thythm and blunted baroreceptor sensitiv- with diabetes.?’

ity‘ld"16 We confirm a moderate hypertension at baseline in To understand the complex nature and consequences of
db/db mice (Figure 4B). Isoprenaline not only affects heart ~ CAN, its progression has been investigated in a variety of
rate, but also mediates vasodilation through its p,-receptor ac- animal models (reviewed in '*). While studies reported a de-

tivity.”> As such, we hypothesized that changes in peripheral crease in HRV, some reported neuropathy of all autonomic
BP could be preceding the SAN-related arrhythmias. We ob- nerve fibres,”®* some of only sympathetic fibres®™3! and
served a moderate decrease in BP upon isoprenaline admin- some no neuropathy at all, but rather an increase in choliner-
istration as expected, but also falsified the hypothesis: SAN gic nerve density.*® Heart rate variability analysis on the db/
arrhythmias were not preceded by blood pressure fluctuations ~ db mouse using telemetry has both shown unchanged HRV

(Figure 4C). at 8-9 weeks of age'® and reduced HRV at 12 weeks of age'*
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FIGURE 5 The effect of sympathetic and parasympathetic stimulation on isolated sinus node tissue. A, Representative examples of line
scan images of spontaneous Ca’" transients in cells from isolated sinoatrial node (SAN) tissue from db/+ and db/db mice in basal condition and
during 20 nmol/L isoprenaline. B, Mean cycle length in SAN preparations before and after superfusion with isoprenaline. The number of cells
within the tissue is stated inside each bar for each group. C, Mean Ca®* spark frequency (CaSpF, represented as number of spark events per second
per 100 pm) measured in the same preparations as used for panel B. D, Calcium-spark frequency in SAN preparations from db/+ and db/db mice
during basal conditions and with either carbachol or atropine pre-treatment followed by isoprenaline stimulation. *P < .05 in comparison to
baseline db/+. *P < .05 in comparison to isoprenaline-treated db/+ preparations. P < .05 in comparison to baseline db/db, Mixed model ANOVA
followed by post-hoc Bonferroni test. Results obtained from preparations from N = 9 db/+ and N = 8 db/db mice
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in two separate studies; however, few studies have directly
investigated the presence of CAN in the db/db mouse. An
early report showed lower noradrenaline concentration in db/
db hearts and a reduction in sympathetic nerves.** We previ-
ously reported a 29% reduction in synaptophysin expression
in right atrial tissue indicative of relative denervation of the
SAN in atria from db/db mice."”

In the present study, we used HRV analysis, a functional
measure of cardiac frequency control, for indications of the
presence of CAN. In the time domain, no differences in RR
variability were found, but we did find a higher pNN6 in
the db/db mice (Table 2). pNNG6 is a measure of the per-
centage of normal consecutive RR intervals differing by
>6 ms, and evaluates the parasympathetic modulation of
heart rate.** The higher pNNG6 is likely influenced by the
longer RR interval found in these mice at the same time
of day. In the frequency domain, the HF component rep-
resents predominantly parasympathetic control, while the
LF component is considered to be influenced by a mixture
of parasympathetic and sympathetic control.>* We did not
observe differences in HF or LF power (Table 2) between
conscious db/db and db/+ mice to substantiate the sugges-
tion of larger parasympathetic modulation by pNN6. Thus,
in the present study, we cannot identify solid signs of CAN
in the db/db mice, and we conclude that CAN does not con-
tribute to the substrate for SAN-related arrhythmias in the
diabetic mice.

3.3 | Intrinsic SAN dysfunction in the
diabetic db/db heart

Krishnaswamy and colleagues observed indications of intrin-
sic SAN dysfunction in TIDM Akita mice.® They found in-
creased SAN-recovery time, reduction in conduction velocity
in the SAN area and reduced heart rate responsiveness to the
parasympathetic agonist carbachol. Insulin treatment normal-
ized these abnormalities. The present study used the T2DM
db/db mouse which is characterized by hyperinsulinaemia
evident until at least 14 weeks of age,'6 meaning different
mechanisms are likely involved in the SAN dysfunction in
the TIDM Akita and db/db mice.

Streptozotocin-induced T1DM mice also show prolonged
SAN-recovery time,”® in line with our previous report of
prolonged SAN-recovery time in db/db mice.'” Howarth
et al have provided evidence of SAN dysfunction in strepto-
zotocin-induced T1DM rats. They observed reduced resting
heart rates in isolated hearts of the TIDM rats, increased ac-
tion potential duration in the SAN area™ and increased SAN
conduction time.*® Recently, SANs of these streptozotocin-in-
duced T1DM rats were reported to exhibit different mRNA
expression profiles than control SANs.* Differences were
found in several proteins related to the pacemaker function

of the SAN, including the hyperpolarization-activated cycle
nucleotide-gated channel 4, inositol 1.4,5-triphosphate (IP;)
receptors and the Na'/ Ca®* exchanger.

Diabetic hyperglycaemia has also been shown to increase
Ca”/calmodulin-dependent protein kinase II (CaMKII)
activation in the hearts of mice, rats and humans.*® The
activation of CaMKII was linked to spontaneous SR ca™*
release and an increased incidence of ventricular arrhyth-
mias. Additionally, increased oxidized CaMKII was found
specifically in SAN cells of mice with streptozotocin-in-
duced T1DM along with increased SAN cell apoptosis.*
This was associated with doubled mortality after myocar-
dial infarction.

In the present study, we find a higher number of spon-
taneous Ca’t sparks in SAN preparations from the db/
db mice, both at baseline and upon isoprenaline expo-
sure. This increased spark frequency was reduced by the
parasympathetic modulators, also after co-treatment with
isoprenaline, preventing the higher spark frequency seen
with isoprenaline alone (Figure 5). The atropine findings
in vivo and ex vivo appear to act in concert, suggesting that
SAN arrhythmias are triggered when both sympathetic and
parasympathetic discharges to the SAN are relatively high.
The large increase in carbachol-induced SAN arrhythmias
in vivo is not paralleled by a carbachol-induced increase
in Ca®" spark frequency ex vivo, suggesting that non-car-
diac muscarinic effects are important for precipitating the
arrhythmia. Nevertheless, the data indicate altered Ca®"
handling in diabetic SAN leading to electrophysiological
changes of pacemaker firing.

3.4 | Proposed mechanism

Based on our obtained results with isoprenaline, atropine and
carbachol in conscious mice and our testing of the three pro-
posed mechanisms, we speculate that the diabetic SAN under-
goes substantial electrophysiological remodelling that serves
as a substrate for arrhythmias upon augmented autonomic
regulation. Upon pharmacological sympathetic stimulation,
RR intervals shorten and the mouse increases its endogenous
parasympathetic drive to compensate. After 7-10 minutes of
continuous adrenergic and muscarinic activation, the Ca™*
handling of the SAN of the diabetic mouse becomes aberrant
resulting in SAN-related cardiac arrhythmias.

3.5 | Limitations

The altered Ca** handling found ex vivo in the diabetic SAN is
not directly linked to the SAN arrhythmias in the present study.
We did not obtain functional data of true autonomic firing, but
rather used a marker based on heart rate. In light of potential
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intrinsic SAN dysfunction, such a marker might be a false posi-
tive signal. In fact, HRV analysis has received criticism, as it
is highly dependent on heart rate, and might therefore be un-
suitable for measuring autonomic nerve activity without com-
parable heart rates.*' The present study was performed using
the db/db mouse, a leptin receptor-deficient mouse presenting
with high circulating leptin levels. Leptin has been shown to
affect cardiac metabolism, to have anti-hypertrophic properties
and to increase sympathetic tone, as reviewed in.*> Any direct
involvement of increased leptin levels on the SAN phenotype
cannot be ruled out. Additionally, the db/db mouse is obese,
hyperglycaemic and diabetic; which one of these alterations is
the driving force behind the SAN arthythmias remains unclear.
Finally, caution must be exerted when extrapolating the results
of the present study to patients with diabetes.

3.6 | Conclusion and clinical implications
Upon pharmacological p-adrenergic stimulation, conscious di-
abetic mice exhibit SAN-related arrhythmias in a dose-depend-
ent manner. The parasympathetic nervous system is involved
in the development of these arthythmias, as atropine fully abol-
ished the arrhythmias, while carbachol increased their incidence
significantly. Of the three proposed mechanisms, remodelling
of intracellular Ca®* handling is the most likely cause of the
cardiac arrhythmias. Intrinsic SAN dysfunction could be a con-
tributing factor in the altered heart rate control and increased
mortality seen in patients with diabetes, especially in the setting
of stress and increased sympathetic drive.

4 | MATERIALS AND METHODS

41 | Animals

Experiments were performed according to the European
Union legislation for the protection of animals used for sci-
entific purposes (Directive 2010/63/EU) and according to
national and local animal care guidelines. The study was
conducted using 27 male leptin receptor-deficient db/db mice
(BKS(D)-Lepr db/JOrIRj) and 21 lean control heterozygote
db/+ mice (BKS(D)-Lepr db/JOrIRj Control) purchased at
Janvier Labs (France) at 9-19 weeks of age. Mice had access
to ad libitum water and standard chow and were housed in a
12-hour light-dark schedule at a constant ambient tempera-
ture of 22°C.

4.2 | TImplantation of telemetric devices

Nineteen db/db and 12 db/+ mice were used for record-
ing ECG and blood pressure in conscious mice. For
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implantation of the ECG telemetric devices (ETA-F10;
DataSciences International) mice of 8-9 weeks of age were
anaesthetized using 2% isoflurane in 100% O,. Body tem-
perature was monitored throughout the surgery and kept at
37 + 0.5°C. A subcutaneous pocket was created in the mid-
dorsal region and the telemetric device was placed inside.
The electrode leads were tunnelled subcutaneously to the
right shoulder joint (negative lead) and under the left arm-
pit (positive lead) and secured using non-absorbable suture
(Ethicon), creating a lead-II ECG with a high signal-to-
noise ratio.** In a subset of db/db mice, blood pressure in
the abdominal aorta was recorded simultaneously with the
ECG (HD-X11; DataSciences International) as previously
described.** A mixture of lidocain (0.4 mg/kg) and bupi-
vacaine (1.0 mg/kg) in the pocket and an s.c. injection of
carprofen (10 mg/kg) were administered for post-operative
analgesia. Mice were allowed to recover for >7 days prior
to start of experimentation.

4.3 | Recording ECG and blood pressure
from conscious mice

On experimental days, mice were weighed and on every
second experimental day, their non-fasting blood glucose
was measured using a Contour Next glucometer (Bayer)
with an upper limit of 33 mmol/L. The pharmacological
ECG telemetry study was conducted in two sequential ex-
perimental protocols, using a random cross-over design,
with 1 week between experiments. First, mice were chal-
lenged with saline or altering doses of isoprenaline (2, 20,
200 and 2000 pg/kg) in a random cross-over design. Based
on the results of these studies, 200 pg/kg isoprenaline was
chosen for subsequent testing. In the second block, mice
received saline, atropine (1 mg/kg), or carbachol (0.5 mg/
kg) 30 minutes prior to isoprenaline (200 pg/kg). Drugs
were purchased from Sigma Aldrich (Denmark) and in-
jected intraperitoneally.

Because of the location of the telemetric device and its
leads, restraint by the scruff was impossible. Injections were
therefore performed after <3 minutes of isoflurane anaesthe-
sia (2% in 100% O,). In a pilot experiment (n = 5 mice), the
etfects of isoflurane on ECG parameters were found to last
no longer than 8.2 + 1.0 minutes (range: 6-11 minutes, RR
interval being the most sensitive parameter). Therefore, anal-
ysis of drug effect was performed over a 10-minute period
starting 15 minutes after injection.

In the pharmacological studies, ECG was recorded con-
tinuously at 2 kHz from 30 minutes before first injection until
30 minutes after last injection. For HRV analysis, ECGs were
recorded continuously for 24 hours in 5 db/db and 6 db/+
mice of 12-14 weeks of age. The mice were not disturbed
for the duration of the recordings. The ECG signal from the
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telemetric device was acquired by a receiver (RPC-1) un-
derneath the cage, converted by an Analog Output Adapter
(Option RO8; Data Science International), recorded through
a Powerlab 8/30 (ADInstruments) and stored for offline anal-
ysis with LabChart 7 (AD Instruments).

4.4 | Ex vivo recordings of SAN activity
Hearts from anaesthetized db/db (n = 8) and db/+ (n = 9)
mice were quickly excised and placed in Tyrode solution
(140 mmol/LL. NaCl, 5.4 mmol/L. KCI, 1 mmol/L. MgCl,,
1.8 mmol/LL CaCl,, 55 mmol/L. glucose and 5 mmol/L
of  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES)) at 37°C, pH 7.4, and a constant oxygenation with
100% O,. The SAN and surrounding right atrial tissue was
identified and pinned to the bottom of a custom-made optical
chamber, as previously detailed.**** The endocardial side of
the preparation was facing upwards. The tissue was loaded
with 30 umol/LL fluo-4 AM (Invitrogen) for 60 minutes at
37°C. Images were recorded with a resonant scanning con-
focal microscope (Leica SP5), equipped with a white laser
fitted to 500 nm. Excitation was collected at >510 nm. Two-
dimensional images were recorded from several locations
in the pacemaker region from each preparation at baseline
and during perfusion with isoprenaline (20 nmol/L), carba-
chol (500 nmol/L) and/or atropine (500 nmol/L). Analysis
was made in IDL software (Exelis Visual) and homemade
routines.

4.5 | Data analysis

ECG and blood pressure were analysed using LabChart 7
(AD Instruments). For measurement of ECG parameters,
complexes within selected periods were aligned to the R
peak, movement-related noise and inaccurate R peak de-
tection were omitted, and the selection was combined into
an averaged ECG. Parameters were subsequently measured
manually. The end of the QRS complex was considered the
change in slope after negative S deflection. The first positive
deflection after S was defined as the ] wave. The last negative
deflection was defined as the T wave, the end of which was
measured by the tangent method as described previously.*®
For analysis of baseline ECG parameters, 10 minutes base-
line traces of every experiment (dose dependency of isopren-
aline and autonomic block experiments) were analysed and
averaged for the individual mouse before mean calculation
within the groups.

Sinoatrial node arrhythmias were quantified in a 10-min-
ute period (15-25 minutes after drug administration). RR
intervals were obtained and plotted over time. The SAN ar-
rhythmias were characterized by progressive beat-to-beat

lengthening and subsequent progressive shortening of the
RR interval without changes in the other intervals (eg PR
and QRS) or morphology of the waves and complexes (eg
P wave and QRS complex), such that RR fluctuations orig-
inated from fluctuating SA nodal function. The frequency
of such RR fluctuations was determined essentially by out-
lier analysis: One arrhythmia was counted when the RR
interval was longer than the 10-minute average RR plus 10
SDs. In the experiments using carbachol, the fluctuations
were frequent, giving a high SD, such that this method
was ineffective. To quantify the arrhythmias in these ex-
periments, the 10-minute RR interval files were analysed
comparing all RR interval with a moving average of the
three previous RR intervals. One arrhythmia was counted
when the RR interval was longer than the 3-beat average
plus 10 SDs.

Heart rate variability was analysed according to
Thireau et al.** For time domain analysis, RR interval
time series were exported of the 12-hour light and 12-hour
dark periods. MATLAB (MathWorks) was subsequently
used to calculate the time domain parameters mean RR
interval, SDRR, RMSSD and the percentage of successive
intervals differing more than 6 ms (pNNG6). Frequency
domain analysis was carried out using Labchart 7 (AD
Instruments) to generate spectral analysis of the LF and
HF components.

4.6 | Statistics

ECG analyses were performed in a blinded manner, where
the investigator was not aware of the preceding drug
treatment. Data are presented as mean + SEM. Variables
tested between the two types of mice were performed by
a two-tailed Student's ¢ test. A mixed model ANOVA
followed by a Bonferroni post-hoc test was used to com-
pare the two types of mice across different doses or drugs.
To compare the occurrence of arrhythmias a Fisher's
exact test was used. P < .05 were considered statistically
significant.
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Discussion for this part

The mice suffering the diabetes induced HF, showed pacemaker dysfunction as well. The intrinsic
beating rate is faster than WT mice. While the Ca®* sparks are more frequent under the basal
condition referring to more Ca?* leak during the diastolic phase and may result in more arrhythmias.
ISO will further increase the Ca®* leak in db/db HF SANs. However, after applying ISO, the rate was
also significantly increased and Thus, decreased the diastolic time interval leading to a shorter period
of time to observe the sparks. So that although on calculation, the frequency of Sparks did not really
increase comparing to the basal condition in db/db group. Carbachol decreased the intrinsic rate
and sparks frequency in db/db SAN cells significantly, leading both back to the normal level
comparing to these in WT mice under the basal condition. Thus, the parasympathetic tone can rectify
the dysfunction of SAN under the diabetes induced HF. Considering that in HF patients, the
sympathetic tone usually more activated and the parasympathetic tone is relatively inhibited, the

finding in this paper provides an inspiring perspective.



Chapter 4 Discussion

SAN is the primary pacemaker of the heart. It spontaneously generates the electrical signal
leading the contraction of the heart, which further pumps blood throughout the body and sustains
life. Recently it is widely accepted that the automaticity of the pacemaker is originated from the
“coupled-clock” system. This system is consisted by the “voltage clock,” and the “Ca®* clock.” Many
pathological conditions can influence SAN function, such as hypertrophy and heart failure. Heart
failure is a deadly and costly disorder. Recently, some studies showed that Heart failure reduces
pacemaker activity of SAN cells through an increase in intrinsic cycle length by impairing the
components of voltage clock. The Ca®* cycling in the SAN cells from the failing heart is understudied.
And the few existing studies did not get consistent results. The aim of this study was to analyze the
Ca** handling in SAN using the HF mice model induced by different pathology situation, including
transverse aortic constriction (TAC) surgery and diabetes. We have found the CaMKII is less activated
in TAC HF SAN other than more phosphorylated observed in ventricles. The lower activation of this
kinase leads to lower phosphorylation of PLB and RyR2. Together with the change on the expression
level of these two factors, the Ca®* clock is impaired in HF sinus node. Further, the decreasing of NCX
current links the Ca®* clock with voltage clock. So that for the first time we determined the coupled-
clock system was impaired in TAC HF SAN. While in Diabetes induced HF we found the intrinsic
pacemaking rate is faster that WT and more frequent Ca®* sparks were found. These opposite

findings within this model may refer to a completely different mechanism than in TAC induced HF.

4.1 TAC surgery outcomes-a real Troublemaker

TAC initially leads to compensated hypertrophy of the heart, which is often associated with a
temporary enhancement of cardiac contractility. Over time, however, the response to the chronic
hemodynamic overload becomes maladaptive, resulting in cardiac dilatation and heart failure.
However, published mouse TAC studies report varying profiles for the degree and time course of
progression for hypertrophy and cardiac dysfunction. The cardiac phenotype of this model has been
described as compensated hypertrophy (left ventricular [LV] hypertrophy, or LVH) in some studies
[343,351,352] and as HF in others [353,354]. This may be a critical distinction as the presence of HF
may be associated with differential activation of signaling pathways [355,356] and differential
response to pharmacologic interventions [357,358]. Furthermore, variability in a model will affect the
sample size required to detect the influence of genetic or pharmacologic interventions on LV
structure or function and is particularly important when small subsets are selected for assessment of

different hemodynamic, biochemical, or genetic parameters.



This standard has some limitation. When the lung shows obvious edema, it should be class 3 or
4 (end stage) of heart failure. So that we may lost the samples on the milder situation of heart failure
and making the situation more limited and more extreme. While mixing those class 1 or 2 mice into
the hypertrophy group which may lead to the overlap of compensated with non-compensated ones,
making the situation more complicated. Reflecting on the results, we cannot explain why KN93

accelerate the pacemaking rate in Hypertrophy group SAN preparation.

4.2 The impaired SAN function

It is now known that HF causes dysfunction of the SAN demonstrating as an increase in intrinsic
cycle length [300,363,364]. In our study, we found the same conclusion both in-vivo and in SAN
preparation. And the increase in cycle length also happened in Hyp group but to a more extend
comparing with HF group. Like discussed before, this group may be mild HF. However, this result
shows at the first stage of the pathology, the SAN pacemaking decreased and then recovered a bit
when it became severe HF. And the studies showed that this CL increase is mainly due to the impaired
voltage clock components. In our study, both HCN4 and NCX decreased in the hyp group and HF
group. If the hyp group only contains compensate hypertrophy mice, that could mean the changes
on the voltage clock components is not caused by heart failure, but the cardiac hypertrophy or maybe

more essential, caused by the pressure overload induced by TAC.

4.3 Different shapes different story

When taken Hyp group into consideration, there are several changing patterns the results may
show.

The continuously changing from sham to Hyp then to HF, which is typically showed in RyR2, PLB,
NCX and HCN4 expression level. This type of alteration indicates the changes might happen along
the pathology process. However, this process may be the severity of the HF (if the Hyp group only
contains mild HF), or along the cardiac hypertrophy (if the Hyp group is the mix of HF and
compensate hypertrophy.

However, the [Ca®*]; transient rate in the Hyp group is much slower than the other two groups.
This result indicates that although the components expression level keeps a continuously changing
pattern, the modulation level maybe not. The evidence lied into the phosphorylation level of RyR2
and PLB on the PKA site. We found an obvious increasing in Hyp group, revealing the PKA may be
more activated in the Hyp group.

This is very critical. Some studies showed that the PKA played a key role in the process from the

hypertrophy to HF, while others debated for this conclusion. They think the CaMKII is more important.



However, in our study we found both are important. While CaMKII seem to play a role all the way,
because it showed no difference in between the two TAC groups and significantly different between
the TAC and Sham. The PKA may have more influence in the first stage of the pathology. Perhaps,
whether PKA can show a prominent effect depending on the pathological stage of the mouse when
it was sacrificed. The different outputs of the TAC model undoubtedly had a huge impact on the
accurate location of the disease course, which led to different results observed in different groups.
Another question will follow. Comparing with HF group, Hyp group showed more HCN4 and
NCX, higher phosphorylation level of PLB on both sites, and less PLB as well as higher
phosphorylation level on RyR2-S2808 site. It supposed that the Hyp group should have faster [Ca**];
transient rate. However, the result is just opposite. The automaticity of the SAN is not only related to
the factors we investigated in this study, but also influenced by other components including LTCC

and potassium channels, which may need further investigation.

4.4 The less phosphorylated CaMKII

In our study the changing of CaMKII showed obvious difference between the Sham and TAC
group and no difference was found in the two TAC groups. However, opposite than the situation in
the ventricles [273], in our experiment, the CaMKII is less activated in SAN. This is also one of the
most interesting results in our study. To date, it is widely accepted that in ventricles under the HF,
the CaMKII is more activated demonstrating as more CaMKIl expression level while higher
phosphorylation level of CaMKII [336,273]. In our results, in order to verify our model, we also
conducted the WB in left ventricles and found the Results consistent with published literature.

And since the changing of CaMKII in SAN showed no difference between the TAC groups, it
seems that the CaMKII decreased the activity from the beginning stage of the pathology and did not,
like PKA, recover in the end stage. This change also leads to the same changing pattern on RyR2-
S2814 site.

However, on the PLB CaMKII site, it did not really follow this pattern and may be due to the
influence of phosphatase (PP1C). Another reason could be CaMKII has many kinds of activation style.
Some studies showed that after the TAC, in the SAN the oxidized CaMKII is higher. More evidence

begins to emerge that ox-CaMKII participate in cardiovascular and pulmonary diseases.

4.5 Opposite to the ventricles
The less phosphorylated CaMKII leads to less phosphorylation levels on RyR2 and PLB which is
also opposite to the ventricles. Also, in our study we found there is more RyR2 expression in HF

ventricles while in SAN it is less. Thus, in SAN, it tends to decrease the pace making to slow down the



heart rate, while in ventricles it tends to enhance the contractility. Considering that the Ivabradine is
a very promising treatment on clinical trial. And Ivabradine can block the HCN4 channels to decrease
the HR without influence the contractility. And it showed to be good for HF patients. So that both
the SAN and the ventricles are doing the right things to counteract HF. We now tend to call the
changes in SAN under HF as the dysfunction, however, we may need to think twice if it is really a
‘bad guy’. The heart is a syncytium, but different part chooses different strategies to treat one
situation- the heart failure. Who is the commander to ask the ventricle for activating CaMKII and SAN
to depress it? This will lead to a contradiction. Maybe slowing the heart rate can allow enough time

to the ventricles to fill and recover from the previous contraction and contract more vigorously

4.6 Diabetes induced HF

Diabetes will also induce heart failure. Our model, the db/db mice, is a well described model,
which present a decrease in ejection fraction at the age we have used them([365]. Thus, they were
already under the heart failure condition. In this work, we found that the HRV during the daytime
was maintained in db/db HF group and the HRV increased during the night. This is contrary to our
pressure overload model, the TAC, where the HRV was decreased in the all the time and we only
showed the situation during daytime.

The main difference is that in db/db model, the Ca®* transients rate was increased comparing
with the wildtype. While the TAC mice showed slower Ca** transients rate. This result shows that

induced by different ways, the HF was may produce different consequences for the pacemaker.

4.7 Limitations and perspectives

There are some limitations in this study.

Firstly, the different outcomes of TAC are still confusing. Whether the Hyp group is ‘pure’ will
critically influence the conclusion we may have. And the HF mice we have in this study can only
represent the stage 3 or 4 HF. During the project, we also noticed that some dying mice which could
hardly move and have severe respiration problems. This kind of mice showed almost totally different
results than any other group. However, the sample size is too small, and the situation is quite extreme.
But these samples may represent patients who are terminally ill and need to be rescued. It is also
very meaningful. And, if not distinguished, it will have a huge impact on other experimental data.

Then, we only investigated the HCN4 channel expression level, for representing the voltage clock
components as well as the voltage clock changes. Although this part is not the main topic of this

study, the other components of the voltage clock is well worth to notice, such as LTCC and potassium



channels.

Another limitation is that we only investigated the protein expression level of RyR2, PLB, NCX,
CaMKII and HCN4. The CaMKII&¢ containing an 11 amino acid nuclear localization sequence and
localized in the nucleus. It can mediate the gene translation. Since we have already noticed the
CaMKII phosphorylation level decreased, we should also check the mRNA level of RyR2, PLB, NCX
and HCN4 by gPCR.

The db/db HF model showed opposite phenotype than TAC induced HF. This may infer us that
only one or two models can not include all the possible situations concerning the heart failure.

Finally, I would like to show one of my thinking. About 400 year ago, people still believed that
the earth is the center of the universe, while the Sun is always there. Nowadays we tend to think the

calcium is the center of the cardiac modulation while the oxygen is always there.
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Résumé : L'insuffisance cardiaque (IC) est le résultat final de plusieurs maladies chroniques qui affectent la fonction cardiaque et se manifeste par I'incapacité du coeur
a maintenir le flux sanguin pour répondre aux besoins de I'organisme, d'abord a I'effort, puis au repos. L'IC est généralement accompagnée d'anomalies du rythme, y
compris un dysfonctionnement du nceud sinusal (SAN).

Le SAN, stimulateur cardiaque principal, fixe le rythme cardiaque de par son activité de génération automatique des potentiels d'action (PA). Le déclanchement du PA
du SAN dépend de la dépolarisation diastolique, qui améne le potentiel membranaire au seuil du PA. Cette dépolarisation est provoquée par I'ouverture de canaux
jioniques situés au niveau de la membrane plasmique (horloge membranaire), et au niveau du réticulum sarcoplasmique (RS) (horloge calcique), travaillant ensemble
dans ce qu'il a été appelé horloge couplée. Bien que certaines études aient signalé une altération de I'horloge membranaire dans I'IC, les mécanismes de I'horloge
calcique n'ont été que peu étudiés.

Ainsi, dans cette these, nous avons analysé I'horloge calcique dans un modele expérimental d'IC par constriction aortique transverse (TAC) chez la souris. Les animaux
témoins ont été soumis a une chirurgie factice. L'IC a été déterminée par une fraction d'éjection réduite par échocardiographie en mode M. L'IC congestive a été
déterminée par une augmentation du rapport poids de poumons/longueur du tibia. Les électrocardiogrammes enregistrés par télémétrie n‘'ont pas montré de
modification du rythme cardiaque (HR) de base. Cependant, la variabilité du HR était plus faible chez les souris IC, ainsi que le HR intrinséque, sous blocage du systéeme
nerveux autonome (SNA) par injection intrapéritonéale d'atropine et de propranolol (2 mg / kg chacun). Ces résultats montrent un dysfonctionnement intrinséque du
SAN chez les souris IC.

Afin d'analyser le mécanisme sous-jacent, le SAN a été disséqué, chargé avec un indicateur fluorescent de Ca®*, le fluo-4 AM et observé par microscopie confocale. La
fréquence des transitoire [Ca?*]; était plus lente dans I'IC et leur décroissance significativement plus longue, suggérant une altération de la fonction de la Ca?*-ATPase
du RS (SERCA) et/ou de I'échangeur Na*/Ca?* (NCX). De fait, dans le groupe IC I'expression protéique de NCX était déprimée, avec une expression accrue de
phospholamban (PLB, un inhibiteur naturel de SERCA lorsqu'il n'est pas phosphorylé) ainsi qu'une moindre phosphrylation au site T17, site phosphorylation par la
Ca®*/Camoduline kinase II (CaMKII). Ainsi, le temps de décroissance plus long des transitoires [Ca®*]; pourrait étre le résultat d'une moindre d'expression de NCX et/ou
d'une plus grande inhibition de SERCA. La diminution de la fonction de la SERCA pourrait diminuer la charge calcique du SR, comme cela a été constaté par une perfusion
rapide de caféine dans les cellules isolées du SAN du groupe IC.

Afin d'évaluer I'activité des récepteurs de la ryanodine (RyR2), nous avons analysé les étincelles calciques (Ca?* sparks), événements élémentaires produits par I'activation
d'un cluster de RyR2s. La fréquence des Ca®* sparks était significativement plus petit dans le groupe IC, avec une amplitude et une durée réduites. Ainsi, la quantité de
Ca®* libéré pendant la diastole par les Ca®* sparks était plus petit dans le groupe IC, indiquant une altération de I'horloge Ca?*.

Nous avons ensuite étudié plus avant les altérations des RyR2s au niveau moléculaire, par immunoblot. Avec I'IC, le niveau d'expression des RyR2s été significativement
diminué, ainsi que la phosphorylation relative au site S2814. Combiné avec la réduction de phosphorylation relative du phospholambane (PLB) au site T17, ces résultats
suggéraient une moindre activation de la CaMKII dans IC SAN. De fait, si I'expression de CaMKII était similaire dans les deux groupes, son niveau de phosphorylation
était significativement diminué, indiquant moins d'activation. Pour tester la signification fonctionnelle, nous avons perfusé un inhibiteur de CaMKII, le KN93 sur le tissu
SAN et analysé les mouvements de Ca®*. Si le KN93 reduisait significativement la fréquence spontanée des transitoires [Ca®*]; dans les deux groupes, indiquant une
certaine activation basale, son effet était proportionnellement moindre dans le groupes IC, conduisant a une fréquence encore plus rapide.

Pour conclure, nous avons mis en évidence que la CaMKII est moins activé dans le SAN des souris IC. Par conséquent, PLB et RyR2 sont moins phosphorylés, ce qui
ralentit I'horloge Ca?*. De plus, le niveau d'expression de RyR2 et NCX, deux facteurs principaux de I'horloge Ca?*, est diminué, ce qui altére davantage la fonction du
nceud sinusal avec I'IC.
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Abstract: Heart failure (HF) is the final outcome of several chronic diseases that affect the heart function, and manifests as the inability of the heart to maintain blood
flow to meet the body's needs first at effort and then at rest. HF is usually accompanied by rhythm abnormalities including sinus node dysfunction.

Heart rhythm is controlled by the automatic activity of the primary pacemaker, the sinoatrial node (SAN), which controls the heart rhythm by automatically generating
action potentials (AP). The firing of the AP depends on the diastolic depolarization, which brings the membrane potential to the AP threshold. This depolarization is
caused by the opening of ion channels located at the sarcolemmal membrane (voltage clock), and at the sarcoplasmic reticulum (SR) (calcium clock), working together
in what it has been named coupled clock. Although some studies have pointed to alteration of the voltage clock in HF, the calcium clock mechanisms are understudied.
Thus, in this thesis we aim to analyse the calcium clock in an experimental model of HF by transverse aortic constriction (TAC) in the mouse. Control animals were
subjected to sham surgery. HF was determined by reduced ejection fraction by M-mode echocardiography. Congestive HF was determined by enhanced lung
weight/tibia length. Electrocardiograms recorded by telemetry showed similar basal HR in both sham and HF mice. However, the HR variability was lower in HF mice, as
well as the intrinsic HR under autonomous nervous system (ANS) blockade by intraperitoneal injection of atropine and propranolol (2mg/kg each). These results show
pacemaker dysfunction in HF mice.

In order to analyze the underlying mechanism, we dissected the SAN and loaded it with a fluorescent Ca?* indicator, fluo-4 and viewed it by confocal microscopy. The
[Ca?*]; transient rate was slower in HF and its decay significantly longer suggesting alteration in SERCA and/or NCX function.

Indeed, Western Blot assays showed depressed expression of NCX and increased expression of Phospholamban (PLB, a natural SERCA inhibitor when not phosphorylated)
in HF group. Moreover, PLB was relatively less phosphorylated at the site phosphorylated by CaMKII (T17). Taken together, the longer decay time could be the result of
less NCX expression and more SERCA inhibition. The decreasing of the SERCA function could decrease the SR Ca®* load, as was found by rapid caffeine perfusion in HF
SAN cells.

In order to assess the RyR2 activity, we analyzed Ca?* sparks, elementary events produced by activation of a RyR2s cluster. Ca®* sparks frequency was significantly smaller
in HF group, along with reduced peak amplitude and duration. Thus, the calcium released during diastole through Ca®* sparks were smaller in HF group, indicating
impairment of the Ca?* clock.

In order to further investigate the change in RyR2 at the molecular level, we performed Western Blot. The expression level of RyR2 in HF SAN was significantly decreased,
and the relative phosphorylation at S2814 site (CaMKII site) was significantly decreased. Together with the reduced PLB phosphorylation at T17 suggested that the
activation level of CaMKIIin HF SAN might be altered. However, the CaMKII expression was similar in the two groups, although its phosphorylation level was significantly
decreased, indicating less activation. To test functional significance, we perfused a CaMKII inhibitor, KN93 on the SAN tissue and analysed Ca?* movements. KN93
significantly decreased transient rate in both groups, indicating some basal activation, but the effect was proportionally less in HF SAN, making the rate even faster in
HF SAN.

To conclude, we have found that CaMKIIL is less activated in SAN from HF mice. Therefore, PLB and RyR2 are less phosphorylated, slowing the Ca?* clock. Moreover, the
expression level of RyR2 and NCX, two main factors of the Ca®* clock are decreased, further impairing the sinus node function in HF.
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