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Introduction



From the first part (Chapter 1 and 2): the sarcoplasmic reticulum (SR) Ca?* pump
(SERCA2a) results fundamental for the Ca®* re-uptake into the SR to guarantee the
cardiac relaxation. In the heart failure, one of the major alterations that causes the
contractile dysfunction is the reduction of the SR Ca?* content which is due to a
reduced SERCAZ2a function. Therefore, in the first part of the thesis I will focus on
the role of SERCA2a and the possibility to use SERCAZ2a as a target to improve Ca?*
handling in a model of HF.

In the second part (Chapter 3 and 4), the aim of the thesis was to define the role of
the voltage-gated L-type Cay1.3 and T-type Ca,3.1 Ca?* (Ca,) channels essential for
the generation of heart automaticity by using mutant mice carrying individual or

concomitant genetic ablation of Cay1.3 and Ca,3.1.
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Chapter 1

Role of SERCA and its inhibitor phospholamban in Ca?*
handling
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1.1. Cardiac excitation-contraction (EC) coupling

Myocardial mechanical activity is strictly dependent on electrical activity in a process
called excitation-contraction coupling (ECC). Several factors are involved to generate the
specific firing of the cardiac cells as a delicate balance between action potential (AP), Ca?*
transient and contraction. The excitation process starts with an AP followed by several

phenomenon that lead to the single myocyte contraction!.

Myocardial APs reflect the sequential activation and inactivation of inward (Na* and
Ca?*) and outward (K*) current carrying ion channels?. Cardiomyocytes exhibit an AP
morphology with 4 phases (Fig. 1). Phase 0 is the rapid depolarizing phase that results
when Na* channels activate and an influx of Na* (Ina) causes the membrane potential
depolarization. Phase 1 corresponds to the inactivation of Na* channels and outward
movement of K* ions through outward current (I,). In phase 2, a low conductance
plateau phase, inward and outward ion movements are balanced mainly by L-type
calcium current (Ica) and delayed rectifier K* channels (rapid Ik: and slow Iks),
respectively. Phase 3 marks the final repolarization phase of the AP, which returns to the
resting potential at about -80 mV (phase 4) where the non-voltage-gated inwardly

rectifying K* current (Ik1) represents an important player.
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Figure 1: Contribution of ion channels to ventricular AP. The ventricular AP is
generated by transmembrane inwardly and outwardly directed ion currents in adult human
ventricular myocytes [According to Nerbonne and Kass, 2005].
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During the cardiac AP, Ca’* entry through Ic.L (situated in the surface membrane and
transverse tubules) is the trigger for the Ca?* release from the sarcoplasmic reticulum (SR)
through the cardiac ryanodine receptors (RyR2) in a system defined as Ca?*- induced
Ca?* release (CICR) (Fig. 2). The combination of Ca’* influx and release raises the free
intracellular Ca?* concentration ([Ca’*];). The N-terminus domain of the myofilament
protein troponin C contains low affinity sites that are specific for Ca?*. When the [Ca?*];
reaches ~ 1uM, Ca?* binding to the troponin C sites switches on the contractile

machinery which is an ATP-consuming process.
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Figure 2: Ca?* transport in ventricular myocytes. Inset shows the time course of an AP,
Ca?* transient and contraction measured in a rabbit ventricular myocyte at 37°C [According to

Bers, 2002].

To occur cardiac relaxation, Ca?* must be removed from the cytoplasm (i.e. to [Ca?*]; ~
100nM), allowing Ca?* to dissociate from troponin. These events require that the RyRs
close and then that Ca’* is pumped (1) back into the SR, by the SERCA2a (cardiac
isoform of the sarco/endoplasmic reticulum Ca?*- ATPase) and (2) out of the cell, largely
by the sodium—calcium exchanger (NCX). Other mechanisms (known collectively as
“slow” Ca?* extrusion pathways) are involved in the Ca?* transport out of the cytosol, i.e.
the sarcolemmal Ca?*-ATPase (PMCA), the mitochondrial Na*/Ca?* exchanger
(mitNCX) or the mitochondrial Ca?* uniport (MCU)!.
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The Na*-Ca?* exchanger is a secondary active membrane transport mechanism that
depends on the Na* trans-membrane gradient. NCX 1s reversible, with a stoichiometry
of three Na* ions to one Ca?* ion that produces an ionic current (Incx). Nat-Ca?*
exchanger can extrude Ca?* (as an inward Incx) or bring Ca?* into the cell (as outward
Incx). In normal myocytes, under physiological conditions NCX works almost exclusively
in the Ca?* extrusion mode, driven mostly by the high subsarcolemmal Ca’* transient
(forward mode). However, in pathological conditions, when the intracellular Na*
concentration ([Na'];) is elevated, NCX can increase greatly the amount of Ca?* influx

by working in reverse mode3.

SERCA2ais a Ca?*-ATPase (1ATP:2Ca?*) that serves a dual function: 1) to cause muscle
relaxation by lowering [Ca’*]; and 2) to restore SR Ca?* load necessary for muscle

contraction.
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1.2. Phospholamban-SERCA2a interaction

SERCAZ2a enzymatic activity is controlled by the inhibitory peptide phospholamban
(PLN). In its dephosphorylated form, PLN inhibits SERCAZ2a activity by lowering its
affinity for Ca%*. Phosphorylation of PLN alters the PLN-SERCAZ2a interaction, relieving
Ca?*-pump inhibition and enhancing cardiac relaxation (lusitropic effect) and

contractility (inotropic effect)*.

Ca?* and ATP bind independently, forming E;.2Ca?* and Ei1.ATP.2Ca?* conformations
in the Ca?*-binding stage; E1P.(Ca?*)y, the high-energy phosphoenzyme conformation, is
formed in the phosphorylation (occlusion) stage; EoP, the low-energy phosphoenzyme, is
formed during the stage of Ca?* release to the lumen; and Es is formed after hydrolysis of

the acyl phosphate and release of inorganic phosphate (Fig. 3).

b Phosphorylation

{occlusion)

E, ATP2Ca2+ E,P(Ca2*),
a Ca?+ binding 1 I ¢ Ca2+ rolease
Pr———l
Ep+P, EpP+2 Ca*

d Hydrolysis

Figure 3: Cycle of Ca2* transport catalyzed by SERCA2a. [According to MacLennan and
Kranias, 2003].

PLN asserts its inhibitory effect by binding to SERCA2a in its Eo conformation and
prolonging the time that SERCAZ2a spends in this conformation. The phosphorylation of
PLN and the Ca?* binding to SERCAZ2a are driving forces for the progression from the
Es to the E1.2Ca?* state thereby dissociating the PLN-SERCAZ2a heterodimer>.

PLN has been proposed to contain 2 major domains: a cytosolic domain, containing the
phosphorylable sites (Ser!?, Ser'® and Thr!7), and a hydrophobic C-terminal domain,

anchored in the SR membrane®.

The current modeling of PLLN indicates a dynamic equilibrium between monomeric and
oligomeric states. In the dephosphorylated form, a substantial fraction of PLN monomers

exists, and this has been proposed to be the active species of PLN that binds SERCA2a
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and inhibits it. On phosphorylation, PLN appears to form mainly pentamers, which are

inactive or at least less active than the monomeric unit’ (Fig. 4).

Ca** Ca?*

SERCA A

phosphorylation

PLN aggregation

ntamer
SR lumen i

Ca?* Ca%*

Figure 4: Regulatory features of the PLN-SERCAZ2a interaction. [According to Kranias
and Hajjar, 2012].
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1.3. Distribution of SERCA isoforms in mammalian tissues

The SERCA pump is a 110-kDa transmembrane protein that has been identified both in
prokaryotes and eukaryotes. In vertebrates there are three distinct homologous genes
(ATP2A1, ATP2A2, ATP2A3) encoding SERCA 1, 2, and 3 that are known to produce
more than 10 isoforms, mainly through alternative splicing®. SERCAL is expressed in
fast-twitch skeletal muscle and 1s alternatively spliced to encode SERCAla (adult) and 1b
(fetal®. SERCA2 encodes SERCA2a which is expressed predominantly in cardiac and
slow-twitch skeletal muscle!®. SERCA2D is expressed in all tissues at low levels including
muscle and non-muscle cells!'!. Recently, a third isoform, SERCA2c, has been reported
in cardiac muscle!?. SERCA3 isoforms are expressed in several non-muscle tissues but
appear to be a minor form in muscle. In humans, SERCA3 is known to encode for six
isoforms, 3a—3f at the mRINA level expressed in multiple tissues and cell types. At the
protein level there are data only for the 3a, b, and ¢ isoforms. SERCA3 isoforms are
expressed at high levels in the hematopoietic cell lineages, platelets, epithelial cells,

fibroblasts, and endothelial cells!3.

The different isoforms of SERCA are inhibited by the binding of different small
transmembrane micropeptides, which in general lower the affinity of SERCA for Ca?*
and decrease the rate of Ca?* reuptake into the sarcoplasmic reticulum (SR)!*. In the
heart, PLN primarily and sarcolipin (SLN) inhibit the activity of SERCAZ2a and function
as important regulators of cardiac contractility and disease*. Moreover, other two
micropeptides are identified that directly bind SERCA in muscle, myoregulin (MLN) and
dwarf open reading frame (DWORF)!>16. Finally, endoregulin (ELN) and another-
regulin (ALN), function as direct inhibitors of SERCA pump activity in non-muscle cell
types!* (Fig. 5). Despite the conserved mechanism for the control of intracellular Ca’*
dynamics in both muscle and non-muscle cell types, the specific coupling between the
several SERCA isoforms and their inhibitors provides a potential therapeutic approach

to design drugs that would disrupt this interaction selectively.
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Figure 5: A family of SERCA-inhibiting micropeptides. Model depicting the expression
patterns of the predominant SERCA and micropeptide inhibitors across different muscle and
non-muscle tissues in vertebrates. [According to Anderson et al., 2016].
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1.4. Physiological role of SERCA2a-PLN heterodimer in [3-

adrenergic stimulation

Cardiac function is regulated on a beat-to-beat basis through the sympathetic nervous
system. When the demand arises, the heart can respond to stress and increase blood flow
to peripheral tissues within seconds. Adrenaline and other 3-agonist initiate an important
signal-transduction pathway in the heart by binding to and activating [3-adrenergic
receptors in the cell membrane. PLN is a key regulator of cardiac function and a

prominent mediator of the f3-adrenergic effects in the myocardium.

In vitro studies have shown that PLN can be phosphorylated at Ser!® by cAMP-
dependent protein kinase (PKA), and at Thr!7 by Ca?*-calmodulin-dependent protein

kinase (CaMKII) in cardiac myocytes and perfused hearts!”.

The effect of 3-agonist stimulation on PLN phosphorylation is mainly associated with
activation of the cAMP-dependent signaling pathway. Stimulation of adenylate cyclase
and the consequent increase of c(AMP lead to phosphorylation of Ser!6 in PLN via PKA!7.
Stimulation of 3-receptors also elevates intracellular Ca?*, which is expected to contribute
to phosphorylation of Thr'7 in PLN wvia CaMKII'. Thus, PKA-dependent
phosphorylation of Ser!'® in PLN plays a dominant role in mediating the cardiac
contractile responses to 3-agonists. In particular, by PLN phosphorylation, PKA mediates

a lusitropic effect, speeding up SR Ca?* re-uptake.
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1.5. SERCA2a binding partners

Although PLN has proven to be a major regulator of SERCAZ2a activity, SERCAZ2a has
been found to interact with several proteins of the SR lumen, 1.e. the histidine-rich Ca-
binding (HRC) protein, the small ubiquitin-like modifier type 1 (SUMO1) and S100AL.
In addition, PLN activity is regulated by the HS-1 associated protein X-1 (HAX-1), the
inhibitor-1 (I-1) of protein phosphatase 1 (PP1) and the small heat shock protein 20
(HSP20), which affect the overall SERCA-mediated Ca-transport!'® (Fig. 6).

Sarcoplasm reticulum

Figure 6: Regulation of SR Ca-transport by a multimeric protein complex.
SERCAZ2a activity is regulated by its reversible inhibitor PLN, SUMO, and the histidine rich Ca-
binding protein (HRC). Phosphorylation of PLN is mediated by cAMP-dependent or Ca-CAM—
dependent PKs and dephosphorylation occurs by protein phosphatase 1 (PP1). The activity of
PP1 is regulated by inhibitor-1 (I-1). [According to Kranias and Hajjar, 2012].

1.5.1. Histidine-rich Ca-binding (HRC) protein

HRC is a cardiac SR component that binds to triadin. Triadin together with the junctin
is required to physically link the RyR2 and calsequestrin (CASQ?2) proteins. HRC binds
directly to SERCAZ2a and triadin through different domains and it may regulate both SR
Ca?*-sequestration and Ca’*-release. In particular, the amount of HCR binding to
triadin or SERCA2a depends on the SR Ca?* concentration. Thus, HRC may serve as

a nodal point bridging these two key Ca®*-processes in the SR19. However, the functional
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significance of these interactions under physiological and pathophysiological conditions

remains to be determined.
1.5.2. Small ubiquitin-like modifier type 1 (SUMO1) protein

SUMOV is a peptide that alter the levels and the activity of SERCAZ2a in cardiomyocytes
through a posttranslational modification described as SUMOylation. SUMOylation is a
process where SUMO peptides can be conjugated to lysine residues of target proteins and
1s involved in many cellular processes. SERCAZ2a is SUMOylated at lysines 480 and 585
and that this SUMOylation 1s essential for preserving SERCA2a ATPase activity and
stability in mouse and human cells. The reduction in SUMOylation correlates with

reduced ATPase activity and decreased SERCAZ2a stability?0.
1.5.3. S100A1 protein

S100A1 is a small protein that contains two distinct EF-hands, responsible for Ca?*-
binding. SI00A1 represents a potent molecular chaperone that protect the client proteins
against irreversible damage during heat shock?!. However, it is reported that S100A1
interacts with SERCAZ2a and PLN by the C-terminal part?2. The central hinge region of
S100A1 exhibits a conformational change upon Ca?*-binding allowing the S100A1
interaction with SERCA2a-PLN heterodimer resulting in a regulation of cytosolic Ca%*

sequestration into the SR?2.
1.5.4. HS-1 associated protein X-1 (HAX1)

The HAX-1 is a ubiquitously expressed protein that was originally identified as an
intracellular anti-apoptotic factor. In cardiomyocytes, HAX-1 binds independently to
monomeric PLN and to SERCA. Binding of HAX-1 to PLN monomers induces
depolymerization of PLLN, while simultaneous binding of HAX-1 to PLN and SERCA in
a ternary complex stabilizes the PLN-SERCA interaction. On the contrary, PKA
phosphorylation of PLN abolishes the inhibition of HAX-1%5.

1.5.5. The inhibitor-1 (I-1) of protein phosphatase 1 (PP1)

PP1 is the major phosphatase dephosphorylating PLN and, at the level of the cardiac SR,
is endogenous inhibitor is I-1. On stimulation of the [-adrenergic axis, PKA
phosphorylates I-1, resulting in PP1 inhibition and allowing an increase in the SERCA2a
activity. On the contrary, inactivation of I-1 occurs by dephosphorylation of Thr3> by
PP2A and PP2B, leading to relief of PP1 inhibition and to decrease SR Ca?* cycling?*25.
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1.5.6. Heat shock protein 20 (Hsp20)

Hsp20 is a small heat shock protein expressed in the heart that has the consensus motif
(RRAS) for PKA-dependent phosphorylation at its Ser!'¢site. The Hsp20 expression and
phosphorylation is increased on sustained [3-adrenergic signaling in cardiomyocytes. The
small Hsp20 is able to inhibit the PP1 leading to augmented PLN phosphorilation and
consequently to amplified SR Ca?* cycling by SERCAZ2a increased activity?S.

22



1.6. SERCA2a in heart failure

Heart failure (HF), the leading cause of human morbidity and mortality with estimated
550,000 new cases annually, is an inotropic abnormality, resulting in diminished systolic
emptying (systolic dysfunction), and a compliance abnormality in which the ability of the
ventricles to suck blood from the venous system is impaired (diastolic dysfunction). This,
in turn, causes a reduction in the amount of blood available for systolic contraction

(impairment of left ventricle (V) filling)?’.

Common causes of HF include myocardial infarction, hypertension, atrial fibrillation,
valvular diseases, alcohol abuse, diabetes, obesity, infection and cardiomyopathy. The
main consequences arising from HF are the electrophysiological alterations, which
increase the propensity for cardiac arrhythmias, and ECG abnormalities, associated with
severe contractile dysfunctions?’. Current long-term therapy of HF is aimed at prevention
of “myocardial remodeling” (e.g., beta-blockers, ACE inhibitors, and aldosterone
antagonists), which i1s a chronic maladaptive response to reduced contractility that

amplifies the initial damage and underlies disease evolution?’.

The major alteration that causes the contractile dysfunction is the reduction of Ca’*
transient amplitude, which is due to lower SR Ca?* content. Three factors lower SR Ca?*
content (CaSR) in HF: 1) reduced SERCAZ2a function; 2) increased expression and
function of NCX and 3) enhanced diastolic SR Ca?* leak? (Fig. 7).

/" Sarcolemma

TNCX 4 by
SR Ca-ATPase T1,forgiven || TDAD for TSR [Ca) &
& ISR Ca leak Ca release agiven |, SR Ca release

Myotilaments

VSR Ca Load & 1) Propensity for AP
Systolic Dysfunction Triggered Arrhythmias

DADs

Figure 7: Heart Failure. Ca2* entry via Ca2* channel (Ic,) activates SR Ca?* release via RyRs,
which activates the myofilaments and CGa2* is cleared from the cytoplasm by SERCA2a and
NCX. Three factors contribute to reduced SR Ca2* load in HF (left in black), while enhanced
NCX function, reduced Iki, and residual adrenergic receptor (3-AR) responsiveness contribute
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to arrhythmogenesis via induction of delayed afterdepolarizations (DADs). [According to Bers
and Despa, 2006].

Most findings now indicate that the levels of PLN protein remain unchanged, whereas
the levels of SERCAZ2a protein decrease in human HF?%:29, A decrease in the level of
SERCAZ2a relative to PLN would be expected to lead to an increased functional
stoichiometry of PLN to SERCAZ2a, increased inhibition of the Ca?* affinity of SERCA2a
and prolonged relaxation time. In addition, the phosphorylation status of PLN at Ser!6
and Thr!7 is decreased?, indicating that there is an increased inhibitory function by PLN.
Indeed, alterations in the PLN:SERCAZ2a ratio and the degree of PLN phosphorylation
might contribute to depressed SR Ca’* uptake, leading to increased diastolic Ca?* levels.
Consequently, the SR Ca?* store decreases and less Ca?* is available for subsequent
contractions. Reduced SERCAZ2a function also increases the energy cost of contraction
because it requires a compensatory increase in Ca?* extrusion through NCX, which is

less energy efficient3!.

Substantial evidence indicates that normalization of SERCAZ2a function restores
intracellular Ca?* homeostasis and improves contractility and relaxation of
cardiomyocytes and of the heart in situ??33. Moreover, SERCAZ2a activation, because of
improved Ca’* sequestration, can also elevate the intra-SR threshold for the generation
of pro-arrhythmic Ca?* waves exerting a negative feedback on the Ca?*-induced-Ca?*

release sustaining the waves3?.

To summarize, recovery of SERCAZ2a function in HF may improve cardiac relaxation
and, possibly, contractility while minimizing arrhythmias, myocardial oxygen
consumption, and myocyte death3!. This highlights a need for “pure” or predominantly

pure SERCAZ2a activators.
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1.7. SERCA2a-PLN machinery as a therapeutic target for heart

failure

Various therapeutic approaches that altering SERCA2a and/or PLN levels or activity to
restore perturbed Ca?* uptake into the SR have been recently investigated. Potential
therapeutic strategies are to increase SERCAZ2a levels or to attenuate the PLN inhibitory
effect on SERCA?a.

1.7.1. SERCA2a overexpression

A large number of experimental models of HF have demonstrated improved cardiac
contractility after SERCAZ2a gene transfer’?3°. Beyond their effects on enhancing
contractility, SERCA2a gene transfer has been shown to restore the energetic state of the
heart both in terms of energy supply and utilization, decrease ventricular arrhythmias,
and enhance coronary flow through activation of the endothelial nitric oxide synthase

(eNOS) in endothelial cells.

One of the most promising gene delivery platforms for cardiac gene therapy is based on
adeno-associated virus (AAV) vectors that are small, non-pathogenic, non-enveloped,
single-stranded DNA viruses®®. AAV vectors effectively transfect dividing and non-
dividing cells providing stable long term (up to a year) expression in most systems. One
of the main advantages of AAV vectors for cardiac gene therapy is that a number of AAV
serotypes display natural tropism for cardiomyocytes®’. Moreover, AAV vectors evoke
minimal immune response in humans and are not known to cause human disease®. In
contrast to the near absence of a cellular immune response against AAVs, pre-existing
neutralizing antibodies against the naturally occurring serotypes (presumably, a result of
a prior infection with wild-type AAVs) rapidly emerged as a significant obstacle to the
broad application of AAV gene therapy. In fact, more than half the patients (and up to
80% in certain regions such as Eastern Europe) present with high title of neutralizing

antibodies, limiting uniform application of this vectors®.

Nonetheless, these constraints and the comparably small DNA packaging capacity (<5
kb) notwithstanding, AAVs are arguably the most promising vectors currently available
for cardiac gene therapy and there are several ongoing clinical trials targeting HF (i.e.
Calcium Upregulation by Percutaneous Administration of Gene Therapy in Cardiac

Disease -CUPID- trial)*0.
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In particular, Greenberg and collaborators designed the randomized, multinational,
placebo-controlled, phase IIb CUPID 2 trial to assess the benefits and safety of gene
therapy with AAVI/SERCAZ2a in patients with moderate-to-severe HF and reduced
ejection fraction?. Unfortunately, in the CUPID 2 trial, infusion of AAV1/SERCA2a
did not reduce recurrent HF events (primary end point) or terminal events (secondary

end point) compared with placebo.
1.7.2. PLN inactivation

Other potential approaches to influence the PLN-SERCA2a complex might use

techniques that decrease PLN levels or activity.

Primarily, Minamisawa team addressed the question of whether PLN alternations defect
SR Ca?* cycling in HF, by proposing a genetic complementation study*!. In particular,
double knockout mice, which harbor the muscle lim-protein (MLP) cardiomyopathic
mutation, but also lack the PLN, were generated and subsequently examined to
determine whether removing PLN inhibition alone would have a measurable effect on
the progression of HF. Remarkably, PLN ablation prevented the appearance of HF
phenotypes found in MLP-KO mice. Fifty-percent reduction of PLN is effective to
significantly suppress the progression of HF in MLP-deficient mice, which validates this
as a potential therapeutic target for HF. Nevertheless, it remained unclear whether PLN
inhibition would prove therapeutically efficient after the onset of cardiomyopathy and

whether this effect would carry a long-term benefit over several months of inhibition.

Overexpression of the PLN dominant-negative (DN) mutants was considered an
approach to increase the SERCAZ2a activity and to rescue HF in animal models with a
long-term efficiency. In particular, Hoshijima et al. used a newly developed long-term
cardiac gene transfer system with AAV vectors and a pseudo phosphorylated (S16E)
mutant of PLN carried by an AAV vector*?. The Ser!'® amino acid residue of PLN peptide
was substituted with Glu (S16E mutation) to mimic the conformational change in PLN
after phosphorylation of this amino acid residue by PKA, obtaining a DN mutation.
S16EPLN was delivered via a transcoronary i viwo system into BIO14.6 cardiomyopathic
hamsters (well-characterized model of progressive HF), providing evidence that chronic
enhancement of SR Ca’" cycling promotes the improvement of progressive cardiac
contractile dysfunction and providing a histological demonstration that cytopathic

changes are suppressed by this treatment. Cardiac contractility and relaxation were
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augmented in the absence of adrenergic stimuli, which 1s analogous to the null phenotype
of the PLN mutant mice. The chronic efficacy of SIGEPLN treatment was further

confirmed in post infarction rats*3.

Despite these promising results, there is no doubt that further long-term validation is
required before clinical application could be considered. In particular safety and

efficiency studies in large animals, including primates, may be necessary.

RNA interference (RNA1) has been investigated as a new treatment option of HF by
locally induced RNAi. RNA1 is a technique of sequence-specific, post-transcriptional gene
silencing that utilizes double-stranded RNA that is homologous to the target gene*?.
Specifically, duplexes of 21-nucleotide small interfering RNNAs (siRNAs) with a short 3-
overhang modulate gene expression, even when used at very low concentrations (low

nanomolar range) in cultured mammalian cells.

Watanabe and collaborators proposed a study where a PLN siRNA was used to suppress
PLN gene expression®. Specifically, siRNNA was introduced into cardiomyocytes through
the use of the hemagglutinating virus of Japan (HV]) envelope vector, an inactivated viral
envelope protein in which the viral genome was completely excluded. Unfortunately,
RNAi-mediated PLN suppression showed very low efficacy and stability even in vitro.
Fundamental limitations of synthetic small interfering RNAs are their rapid degradation
in plasma and target cells and the unsolved problem of achieving adequate transfer and

targeting i vivo.

To overcome these limitations, Suckau et al. developed a method for gene delivery by
AAV-based RNAi*. They combined the AAV9 vectors to a short hairpin RNA (shRNA)
to obtain an AAV-based shRNA able to silence PLN in primary neonatal rat
cardiomyocytes (NRCMs). The data provided the evidence that cardiac rAAV9-based
shRNA production remains stable for a period of time sufficient for long-term

improvement of cardiac function and possibly also survival in HF.

The possible side effect of RNAi therapy is related to the fact that shRNAs mediate
therapeutic effects by mimicking the endogenous process, thus they may disturb cellular
miRNA pathways and thereby cause hepatotoxicity*’. However, by using a cardiotropic
AAV9 serotype with low affinity for the liver, no histological evidences of acute or chronic

liver damage are observed*®. Moreover, because malignant arrhythmias and hypertrophy
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are important complications in HF, respectively deregulation of miRNA-1%8 or miRNA-
133%, by a novel treatment should be considered as a possibly serious adverse effect.
Therefore, clarification of the mechanism by which shPLN-RNAI is linked to miRNA-

1/133 requires future studies.

An alternative approach to modify PLN-SERCA interaction used antibodies directed
against PLN5%0. These antibodies bind to the cytoplasmic portion of PLN and thereby
enhance SERCA function in vitro. However, these antibodies can only be used in isolated
SR vesicles and are impracticable for in vivo therapeutic use. One way to overcome this
limitation 1s to express an antibody or an antibody-derived protein targeting PLN in the

cardiac myocyte.

In 2005, Dieterle and collaborators generated a recombinant single chain antibody,
developed from avian heavy and light chain IgY chains, that specifically targets the
cytoplasmic portion of PLN named PLN-antibody derived protein (PLADP)3!. It was
shown that protein—protein interactions alteration induced a beneficial effect in
cardiomyocytes of the BIO14.6 hamster. However longer-term studies will be needed to

assess the potential of this approach as a future therapy to improve cardiac function in

HF.

More recently, a small molecule (pyridone derivative) inhibiting PLN has been also
described’?. Although further improvement of the in vitro activity and pharmacokinetic

properties are required to obtain a compound with clinical benefits.
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1.8. PLN mutations

The excitement generated by these studies has been tempered by the discovery in human
mutations on PLN, leading to PLN-null genotype in homozygous individuals with a

phenotype of dilated cardiomyopathy3!.53-55,
Several mutations have been identified in the PLN gene in HF patients.

The first mutation was V49G (valine to glycine), which resulted in potent inhibition of
the Ca?* affinity of SERCAZ2a. Cardiac overexpression of the V49G mutant PLN in
mouse led to super-inhibition of cardiac contractility and remodeling, which progressed

to dilated cardiomyopathy (DCM) and early mortality?.

The second mutation identified in the PLN gene was an arginine to cysteine missense
mutation at codon 9 (R9C). PLNRC is constitutively active and produces chronic

SERCAZ2a inhibition, leading to autosomal dominant DCM in a large American family?3.

Another mutation involved the conversion of leucine at position 39 to a premature stop
codon (L39stop). This PLN mutation was identified in two large Greek families with
hereditary HI®*.  The heterozygous individuals exhibited hypertrophy without
diminished contractile performance. Individuals homozygous for L.39stop developed
DCM and HF, requiring cardiac transplantation at ages 16 and 27. Thus, in contrast to
reported benefits of PLN ablation in different animal models of HF, humans lacking PLN
develop lethal DCM. These findings describe a naturally occurring loss-of-function
human PLN mutation (PLN null).

The fourth PLN mutation was a deletion of amino acid 14 (Rl4del) and was first
described in a large Greek family with hereditary HF?>. No homozygous individuals were
identified. By middle age, heterozygous individuals developed left ventricular dilation,
contractile dysfunction, and episodic ventricular arrhythmias, with overt HF in some
cases. Interestingly, a larger cohort has been identified in the Netherlands, where R14del
carriers are at high risk for malignant ventricular arrhythmias and end-stage HI>7. The
R14del mutation results in super-inhibition of SERCAZ2a, which is irreversible. Inhibition
of calcium transport and, consequently, cardiac function over years may lead to DCM

and premature death in humans.

Recently, a new mutation (R25C) in the coding region of the human PLN gene has also

been identified, in a pedigree with DCM that also showed prominent ventricular
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arrhythmia and need for implantable cardiac defibrillators (ICDs)%. The mutation
enhanced interaction of R25C-PLN mutant with SERCAZ2a, leading to super-inhibition
of SERCAZ2a activity.

Thus, these latter developments (i.e. the discovering of PLN-null lethal mutations) raise

doubts about using PLN ablation as a universal approach to treat all forms of HF.
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1.9. Istaroxime affecting directly SERCA2a function

Istaroxime [(£,{)-3-((2-aminoethoxy)imino) androstane-6,17-dione hydrochloride)| or
PST2744 (Fig. 8) is a new small-molecule drug under clinical development for the
treatment of HF. Istaroxime is characterized by a double mechanism of action inhibiting

Na*-K* ATPase>? while stimulating SERCA2a50.

0
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Figure 8: Chemical structure of istaroxime

At the same level of inotropy, the proarrhythmic effect of istaroxime is considerably lower
than that of Digoxin, which is a pure Na*/K* pump inhibitor®!. This suggests that by
improving Ca?* clearance from the cytosol®2, SERCA2a stimulation may also minimize
the proarrhythmic effect of Na*/K* pump blockade®' while preserving its inotropic
effect. The reduction of the proarrhythmic effect by istaroxime has been confirmed in

clinical studies®3.

Istaroxime mechanism has been investigated in cardiac SERCA2a-enriched preparations
or in dog kidney purified Na*-K* ATPase’® and in isolated cardiac myocytesS*.
Istaroxime efficacy in stimulating SERCAZ2a activity has been demonstrated in healthy
and failing guinea pig and human SR heart preparations. Notably, in failing preparations,
where the SERCAZ2a activity 1s reduced compared with healthy hearts, istaroxime
reactivates SERCA2a approaching normal levels®. In isolated guinea pig®? and mouse
cardiac myocytes®?, istaroxime stimulates twitch amplitude and relaxation by increasing
Ca?* transients and accelerating Ca?* re-uptake into SR through SERCAZ2a. istaroxime
accelerates Ca?* re-uptake into SR through SERCAZ2a by displacing the interaction
between SERCA2a and PLN®6 (Fig. 9).
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Figure 9: Molecular mechanism of SERCA2a stimulation by istaroxime. [According
to Ferrandi et al., 2013].

Despite its favorable activity in the treatment of heart failure, istaroxime is not completely
devoid of drawbacks. The aminoethoxyimino moiety of the molecule undergoes to
metabolic transformation which can lead to possible genotoxicity. Further, istaroxime is
active only by intravenous administration, therefore, it can be administered only in
hospitals and related environments. Istaroxime administration requires well-trained
medical personnel and is not suitable for chronic therapy. Moreover, Na*/K* ATPase

inhibition increases the risk of arrhythmias.

Accordingly, there is a long-felt need for a compound with the ability to activate
SERCAZ2a (lusitropic effect) without significantly inhibiting the Na*/K* ATPase to
improve heart function without increasing the risk of arrhythmias and to administer

preferably by oral route.
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1.10. Aim of the study

Diabetes affects globally more than 300 million people and type 1 diabetes (T'1D)
accounts for up to 10% of cases®”. HF is the predominant cardiovascular complication of
diabetes and represents the leading cause of morbidity and mortality®®. Diabetic
cardiomyopathy (DCM) is a complex and multifactorial disease characterized by an early
onset of diastolic dysfunction, which precedes the development of systolic impairment®.
The molecular and pathophysiological mechanisms underlying diabetes include
abnormalities in the regulation of Ca?* homeostasis in cardiomyocytes and the
consequent alteration of ventricular EC- coupling!. In the diabetic heart, a dysregulation
of Ca?* cycling includes a reduction of SERCAZ2a activity, which may be accompanied
by a decreased SERCAZ2a protein expression’. In most diabetic models, PLN expression
level appears increased while its phosphorylation state is impaired, thus contributing to
the inhibition of SERCAZ2a function’!. This defect generates an impairment of SR Ca?*
refilling that results in slow diastolic relaxation, reduction of Ca?* sequestered into the SR

after each contraction and decreased amplitude of the subsequent systolic contraction!.

Hence, the defect of SR Ca?* loading through SERCAZ2a represents a molecular target
for a pharmacological intervention aimed at increasing the mechanical function and the
energetic efficiency of the diabetic heart. In this contest, istaroxime is the first-in-class
original luso-inotropic agent targeting SERCA2a, shown to be highly effective and safe

in patients’?.

The aim of the study is to characterize istaroxime effects in a rat model of T1D
(streptozotocin-induced) with diastolic dysfunction and preserved global systolic function.
SERCA-dependent istaroxime effects will be evaluated by testing istaroxime at
concentrations marginally affecting Na*/K* ATPase. In this contest, istaroxime ‘acting
like a pure SERCAZ2a stimulator’ might afford a lusitropic effect with reduced

arrhythmogenic risk, elevating the intra-SR threshold for the generation of Ca?* waves.
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2.1. Abstract
Aims

Diabetic cardiomyopathy is a multifactorial disease characterized by an early onset of
diastolic dysfunction (DD), that precedes the development of systolic impairment.
Mechanisms that can restore cardiac relaxation improving intracellular Ca?* dynamics,
represent a promising therapeutic approach for cardiovascular diseases associated to DD.
Istaroxime is a Nat/K* ATPase (NKA) inhibitor with the property of accelerating Ca%*
re-uptake into sarcoplasmic reticulum (SR) through the SR Ca?" pump (SERCA2a)
stimulation. The project aims to characterize istaroxime activity at a concentration mostly
unaffecting NKA, in order to highlight its effects dependent on the stimulation of
SERCAZ2a in a model of mild diabetes.

Methods and Results

Streptozotocin (STZ) treated diabetic rats were studied at 9 weeks after STZ injection in
comparison to controls (CTR). SERCA2a-dependent istaroxime effects were evaluated
in cell-free system and in isolated left ventricular myocytes. STZ animals showed marked
DD, reduced SERCA2 protein level and activity and increased monomeric
phospholamban (PLN)/SERCA2 ratio, implying that SERCAZ2 (mostly 2a isoform) was
not only reduced but also much more inhibited in comparison to CG'TR. In STZ myocytes,
SERCA2a downregulation caused 1) increased diastolic Ca?*, 2) reduction in SR Ca?*
content and Ca?* transient amplitude following control of membrane potential, 3) slower
SR reloading process under Na*t/Ca?* exchanger inhibition, 4) unchanged Ca?* sparks
rate. Action potentials (AP) were significantly prolonged, resulting in increased short-term
variability (STV) of AP duration. Istaroxime (100 nM) significantly stimulated SERCA2a
activity and reverted STZ-induced effects by 1) reducing diastolic Ca?*, 2) increasing
Ca?* transient amplitude and SR Ca?* content, and 3) accelerating SR Ca?* reuptake in
STZ group. Moreover, istaroxime, by stimulating SERCAZ2a, partially restored Ca?*

sparks characteristics and significantly accelerated Ca?* sparks decay.
Conclusions

SERCAZ2a stimulation by istaroxime restores STZ-induced intracellular Ca?* handling
anomalies. Thus, SERCAZ2a stimulation can be considered a promising therapeutic

approach for DD treatment.
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Deficient sarcoplasmic reticulum (SR) Ca?* uptake has been identified in cardiomyocytes

from failing human hearts with impaired diastolic relaxation (e.g. diabetic hearts) and has

been associated with a decrease in the expression and activity of SERCAZ2a and/or with

a higher SERCAZ2a inhibition by phospholamban. Thus, SERCA2a may represent a

pharmacological

target for interventions

aimed at 1improving cytosolic Ca?*

compartmentalization into the SR to limit diastolic dysfunction pathologies. In this

contest, istaroxime is the first-in-class luso-inotropic agent targeting SERCAZ2a that has

already demonstrated its efficacy in clinical trials and may clarify the relevance of

SERCAZ2a stimulation in controlling cytosolic Ca?* level.
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2.2. Introduction

Diabetes affects globally more than 300 million people and type 1 diabetes (T'1D)
accounts for up to 10% of cases'. Heart failure (HF) is the predominant cardiovascular
complication of diabetes and represents the leading cause of morbidity and mortality.
Diabetic cardiomyopathy (DCM) is a complex and multifactorial disease characterized
by an early onset of diastolic dysfunction (DD), which precedes the development of

systolic impairment? 5.

The molecular and pathophysiological mechanisms underlying diabetes include
abnormalities in the regulation of Ca?* homeostasis in cardiomyocytes and the
consequent alteration of ventricular excitation-contraction coupling (ECC)S. In the
diabetic heart, a dysregulation of Ca?* cycling includes a reduction of SERCA2 activity,
which may be accompanied by a decreased SERCAZ2 protein expression (mostly
SERCA2a isoform)’8. A key role in the regulation of SERCAZ2a activity is played by
phospholamban (PLN), a protein that behaves like its endogenous inhibitor, when it is in
its non-phosphorylated state’. In most diabetic models, PLN expression level appears
increased while its phosphorylation state is reduced, thus contributing to the inhibition of
SERCAZ2a function” ?. This defect generates an impairment of sarcoplasmic reticulum
(SR) Ca?* refilling that results in slow diastolic relaxation, reduction of Ca?* sequestered
into the SR after each contraction and decreased amplitude of the subsequent systolic
contraction. An abnormal Ca?* distribution may facilitate cardiac arrhythmias

appearance and myocyte apoptosis!®:11.

Therefore, SERCA2a may represent a molecular target for a pharmacological
intervention aimed at increasing the mechanical function and the energetic efficiency of
the diabetic heart characterized by a defective SR Ca?* loading. To date, the current
medications have shown a limited efficacy in preventing the progression to HF in patients
with DCM and diabetic complications!'! 3. New hypotheses have been recently proposed
in HF aimed at improving cardiac contractility!* 20, however, all these attempts are still
far from being considered as beneficial treatment options available for clinicians and the
treatment of HF and DCM remains an open field of research. The development of a
small-molecule as SERCAZ2a activator represents a promising strategy for HF and DCM
treatment. Along this line, istaroxime 1s the first-in-class original luso-inotropic agent,
shown to be highly effective and safe in patients?!. Istaroxime is endowed of a double

mechanism of action that consists in the ability to inhibit Na*t-K* ATPase (NKA) and
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enhance SERCA2a ATPase activity??, this last obtained though the relief of PLN
inhibitory effect on SERCAZ2a?, without inducing spontaneous Ca?* release from
SR?%24 In healthy and failing animal models and in patients with acute HF syndrome,
istaroxime improves systolic and diastolic performance??>28 and efficiency of
contraction with a low oxygen consumption?’, minimizing the risk of arrhythmias or

ischemia, without affecting other cardiovascular functions?? 32,

In the present study, we test whether SERCA2a stimulation by a small molecule can
improve the altered intracellular Ca?* handling responsible for the DD in streptozotocin
(STZ) treated rats. To this end, istaroxime was tested in cell-free system and left
ventricular myocytes isolated from STZ rats at a concentration marginally affecting
NKA, in order to highlight its effects mostly dependent on SERCAZ2a activation. We
characterized the STZ model on different levels of biological organization, such as: (i) i
vivo, to evaluate STZ-induced DD, (11) in the cell-free system, to assess SERCA2a activity
and protein level, (ii1) in 1solated ventricular cardiomyocytes, to evaluate intracellular

(Ca?* dynamics and electrical activity.
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2.3. Materials and methods

All experiments involving animals (methods detailed in the on line Supplementary
Material) conformed to the guidelines for Animal Care endorsed by the University of
Milano-Bicocca and to the Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes. Male Sprague Dawley rats (150-175 gr)
were used to generate a STZ-induced T1D cardiomyopathy model according to the

Health Minister of Italy permission.
2.3.1. STZ model

T1D was induced through a single STZ (Sigma-Aldrich, 50 mg/kg) injection into rat tail
vein. STZ was freshly dissolved in 0.1 M citric acid-trisodium citrate buffer (pH 4,5);
littermate control rats received only citrate buffer (vehicle). Overnight fasting or non-
fasting glycaemia was measured after 1 week by Contour XT system (Bayer). Animals

were considered diabetic with fasting glycaemia values > 290 mg/dL.
2.3.2. Echocardiography

Fight weeks after vehicle/STZ injection, rats were submitted to a transthoracic
echocardiographic and Doppler evaluation, performed under ketamine-xylazine (130-7.5
mg/kg 1.p.) anesthesia, (CX50 Echographer, Philips, equipped with a 12 MHz probe,
S12-4 Transducer, Philips, Italy). Systolic and diastolic parameters were measured in
CTR and STZ animals by a blinded investigator. Details are shown in the on line

Supplementary Material.
2.3.3. Body parameters

Rats were euthanized by cervical dislocation under anesthesia with ketamine-xylazine
(130-7.5 mg/kg 1.p) 9 weeks after STZ injection. Body weight (BW), heart weight (HW),
LV weight (LVW) and kidney weight (KW) were measured. Body weight gain (BW gain)
was obtained by subtracting the initial BW from the BW at sacrifice. HW and KW were
normalized to tibia length (TL) to assess respectively cardiac and kidney hypertrophy
indexes in control (C'TR) and diabetic (STZ) groups.

2.3.4. SERCA2a and Na*/K* pump (NKA) activity measurement

SERCA2a activity was measured i vitro as 3?P-ATP hydrolysis at different Ca?*

concentrations (100-3000 nM) in heart homogenates as previously described?® (see on line
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Supplementary Material). Ca?* concentration-response curves were fitted by using a

logistic function to estimate SERCA2a Ca?* affinity (Kgq Ca?*) and Viax.

NKA activity was assayed i vitro by measuring the release of 32P-ATP, as previously
described?3. The activity of the tested compound on NKA was expressed as percent of
the activity of control samples processed in the absence of ouabain or tested compound.
The concentration of compound causing 50% inhibition of the NKA activity (IC50) was

calculated by using a logistic function.
2.3.5. Intracellular Ca?* dynamics

Left ventricular myocytes were incubated in Tyrode solution for 30 min with the
membrane-permeant form of the dye Fluo4-AM (10 pmol/L). Intracellular Ca?*
dynamics were measured in field stimulated (2 Hz) and in patch-clamped myocytes. In
field stimulated cells, caffeine (10 mM) was superfused at steady-state to evaluate SR Ca?*
content (Casr); then, cells were de novo paced to evaluate diastolic Ca?* (Cap) increment
during the reloading process. Protocol outline is shown in Fig S1. A quantification of the
kinetic of Cap enhancement was obtained by mono-exponential fit of Cap values
normalized to the 1%t value recorded after SR depletion (Cap./Cap,1). Moreover,
spontaneous Ca’* release (SCR) events were evaluated in each group at resting and

during diastole.

To better highlight changes in Ca?* handling not affected by modifications on electrical
activity, intracellular Ca?* dynamic was also evaluated in voltage-clamped cells.
Transmembrane current and cytosolic Ca®* were simultaneously measured during a train
of depolarizing (100 ms) pulses to 0 mV (0.25 Hz) applied from a holding of -40 mV. At
steady state condition, an electronically timed 10 mM caffeine pulse was applied at the
same cycle length to estimate Casg. The slope of the Na*-Ca?* exchanger (NCX) current
(Incx)/ Casr relationship during the final third of the caffeine-induced transient was used
to estimate NCX ‘conductance’. Fluorescence signal was converted to Car by measuring

maximal fluorescence (Fmax) in each cell (see on line Supplementary Material).

Finally, to estimate changes in SR function only, the NCX was blocked by removing Na*
from both sides of the sarcolemma. The protocol consisted in emptying the SR by a
caffeine pulse (with 154 mM Na* to allow Ca?* extrusion through NCX) and then
progressively refilling it by voltage steps to 0 mV activating Ca?* influx through Icar in

the presence of 1 mM Ca?* (Fig S2)?2. Kinetics of SR Ca?* reloading was evaluated; in
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articular, the time constant of Ca?" transient (Car) decay (tdecay) reflecting Ca2*
P Y y g

transport rate across the SR membrane, can be considered a functional index of

SERCAZ2a activity.
2.3.6. Ca?* sparks rate and characteristics

Spontaneous unitary Ca?* release events (Ca?* sparks) were recorded at room
temperature in Fluo 4-AM (10pM) loaded myocytes at resting condition. Tyrode’s bath
solution contained 1 mM CaCly. Images were acquired at x60 magnification in line-scan
mode (xf) at 0.5 kHz by confocal Nikon A1R microscope. Confocal setting parameters
were kept constant throughout all experimental groups to permit group comparison

analysis.
2.3.7. Action potential rate-dependency and variability

Action potentials (APs) were recorded in I-clamp condition by pacing myocytes at 1, 2, 4
and 7 Hz during Tyrode’s superfusion. Rate-dependency of AP duration (APD) at 50%
(APDs0) and 90% (APDgo) of repolarization and diastolic potential (Edgiasi) were evaluated
at steady state. Moreover, at each rate a minimum of 30 APs were recorded at steady
state to evaluate the short-term variability (STV) of APDgo, a well-known proarrhythmic

index3*, according to Eq. 1:
STV=Y(| APDins+1~APDn )/ [Nbeats*N2] (Eq. 1)

Incidence of delayed afterdepolarizations (DADs) was evaluated; a depolarization during

diastole having a minimum amplitude of 1 mV was considered a DAD.
2.3.8. Statistical analysis

Unpaired Student's t-test, one-way or two-way ANOVA were applied as appropriate to
test for significance between means. Post-hoc comparison between individual means was
performed by Tukey’s multiple comparison tests. Chi2-test was used for comparison of
categorical variables. Results are expressed as mean + SEM. Sample size is reported in

the figure legends. A value of P<0.05 was considered significant.

Istaroxime effects were analyzed by incubating cells with the drug for at least 30 min, thus
group comparison analysis was performed. Experimental groups were C'TR, STZ and

STZ + ista. Number of animals (N) and cells (n) are shown in each figure legend.
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2.4. Results

2.4.1. STZ induces diastolic dysfunction

Diabetic rats were obtained by a single injection of STZ (50 mg/kg) into the tail vein and
were compared to controls receiving only vehicle. Fasting and non-fasting glycaemia

increased significantly 1 week after STZ administration (Table 1).

At the time of STZ administration body weight (BW) was comparable among C'TR and
STZ groups (data not shown), while 9 weeks after STZ infusion, BW was significantly
lower in STZ than in C'TR (Table 1). Heart weight (HW) and kidney weight (KW) were
thus normalized to tibia length (TL) as index of cardiac and renal hypertrophy. STZ rats
showed a significant reduction of HW/TL and a significant increase of KW/TL (Table
1), suggesting STZ-induced heart hypotrophy and kidney hypertrophy. Accordingly, left
ventricular (LV) weight (LVW/HW, Table 1) and cell membrane capacitance (Cn), an
index of cell dimension, were significantly reduced in STZ in comparison to G'TR
myocytes (13614 pF N=13/n=8 vs 17916 pF N=12/n=75, p<0.05), thus suggesting
STZ-induced LV hypotrophy at the cellular level.

The echocardiographic parameters were measured in CTR and STZ rats 8 weeks after
STZ injection (Table 2). Wall thickness for the interventricular septum (IVSTd) and
posterior wall (PWTd) in diastole were significantly lower in STZ rats, while the left
ventricle diastolic diameter (LVEDD) remained unchanged. The corresponding
parameters for interventricular septum and posterior wall thickness measured in systole
(IVSTs, PWTs) were unchanged between the two groups while the left ventricle diameter
in systole (LVESD) was lower in STZ rats.

The calculated fractional shortening (FS) was significantly increased while the TDI
contraction velocity (s’) was reduced in STZ animals when compared to CTR, thus
suggesting an overall systolic function only partially compromised in STZ rats at this

stage.

The transmitral Doppler parameters were significantly altered in STZ rats, indicating an
impairment of diastolic function with reduced early peak diastolic velocity (E) and
prolonged E wave deceleration time (DT), increased mitral deceleration index (DT/E)
and reduced deceleration slope (E/DT). Conversely, late peak diastolic velocity (A) was

almost unchanged. As a consequence, STZ rats showed a significantly lower E/A ratio.
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Moreover, Tissue Doppler examination showed a significant reduction of early diastolic
myocardial velocity (¢’), paralleling the change in mitral E wave, while the late diastolic
myocardial velocity (a’) was unchanged in STZ rats, similarly to A wave. STZ rats showed
a significantly reduced e’/a’ ratio, conversely the E/¢’ ratio was significantly increased in

STYZ rats.

The overall cardiac function indicated a comparable stroke volume (SV), a reduced heart
rate (HR), leading to a significant reduction of cardiac output (CO) in STZ versus CTR.
The calculated EF% was significantly higher in STZ rats than CTR.

Opverall, echocardiographic data mostly indicate that at this time point STZ induced a

diabetic cardiomyopathy characterized by DD and mostly preserved systolic function.
2.4.2. STZ induces SERCA2a downregulation

Cardiomyocytes from LV tissues of CTR and STZ rats were used to measure SERCA2a
and PLN protein level by Western blot analysis. A representative Western blot from CTR
and STZ myocytes and the relative densitometric analysis is shown in Fig 1A-B. Protein
levels were normalized to the corresponding actin content. SERCAZ2a protein expression
resulted significantly reduced in STZ versus CTR samples (-52%, p<0.001), while
monomeric (m) and pentameric (p) PLN levels were unchanged. As a consequence,
mPLN/SERCAZ2a ratio was significantly increased (+85%, p<0.002), suggesting higher
SERCAZ2a inhibitory activity by PLN in STZ group. These measurements were also
performed in heart homogenates showing comparable results (Fig S3). Moreover, in
heart homogenates, the fraction of phosphorylated Ser!6-mPLN (pSer!®-mPLN/mPLN)
was also evaluated, resulting reduced in STZ (-42%, p<0.05), thus highlighting
SERCAZ2a function inhibition in STZ model (Fig S3B).

SERCAZ2a activity was measured in heart SR homogenates from CTR and STZ rats as
32P-ATP hydrolysis assay (Fig 1C-D). In comparison to CTR preparations, SERCA2a
Vimax was significantly decreased (-25%, p<0.05) in STZ, while the Kq Ca?* did not differ
(Fig S4).

Overall, SERCAZ2a protein level and activity were reduced in STZ preparations, a result

in line with echocardiographic parameters showing STZ-induced DD.
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2.4.3. Istaroxime affinity for NKA in rat

To identify the istaroxime concentration suitable to limit its effects dependent on NKA
inhibition, Inak was isolated in rat ventricular myocytes and the concentration-response
curve for istaroxime was evaluated as previously shown for guinea-pig?® and mouse
myocytes?*. A saturating concentration of ouabain (1 mM) was used (Fig S5A) to evaluate
the Inak inhibition by istaroxime as percentage of the ouabain-induced change. In C'TR
rat ventricular myocytes the estimated 1C50 was 32 + 4 pM (Fig S5B); a similar value was

detected in cell-free system on purified rat NKA (55 = 19 pM).

Consistently with the aim of the study, istaroxime effects on STZ-induced changes were
evaluated by testing the compound at concentrations mostly unaffecting NKA (from 100

nM in isolated myocytes up to 500 nM 1n the cell free system).

2.4.4. Istaroxime stimulates SERCA2a and reduces STZ-induced Cap

enhancement

Istaroxime (500 nM) stimulated SERCAZ2a activity in heart SR homogenates from STZ
diabetic rats by increasing SERCA2a Vimax (+25%, p<0.01) to a value similar to CTR
rats (Fig 1C-D) without affecting Ca?* affinity (0.587 £ 0.09 pM vs 0.463 = 0.063 pM,
ns). Conversely, in C'TR rat preparations, Vmax (Fig 1C-D) and Kq (Fig S4) parameters

were unchanged in the presence of istaroxime.

STZ-induced changes in intracellular Ca’* handling were firstly evaluated in field
stimulated cells (Fig 2). STZ induced a significant increase in Cap leaving unchanged all
the other Car parameters, including Car amplitude and Casr (Fig 2A-B). Following
caffeine-induced SR depletion, Cap increased during the reloading process reaching a
higher steady state value (ssCap) (Fig 2C) as expected, while the rate of Cap raising was
similar between groups (Fig 2C). Istaroxime treatment (100 nM, Fig 2C) completely
reverted STZ-induced ssCap enhancement. Overall, STZ-induced SERCA2a down-
regulation resulted in cytosolic Cap enhancement mainly due to a reduced SR Ca?*
compartmentalization. In parallel, istaroxime by stimulating SERCAZ2a reverted STZ-

induced Cap enhancement.

SCR events were evaluated in CTR and STZ cells. SCR events were absent in CTR and

a low number of events occurred in STZ myocytes (STZ 14%, STZ + ista 7%, ns).
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2.4.5. STZ induces changes in electrical activity and short term variability

of APD. Analysis of istaroxime effects

Simultaneous changes in ion channels and electrical activity in STZ myocytes might mask
expected effects resulting from SERCA2a downregulation (e.g. changes in Casr). Thus,
to verify potential STZ-induced changes in electrical activity, AP rate dependency was
evaluated in STZ myocytes in comparison to CTR. STZ induced a significant APD
prolongation at all stimulation rates, accordingly to voltage-dependent K* channels
downregulation®>36 (Fig 3A). Moreover, rate dependency of Egiast observed in CTR
myocytes was absent in STZ myocytes, probably due to STZ-induced NKA
downregulation®’. Istaroxime at 100 nM leaved unaltered STZ-induced APDso
prolongation, partially affected APDgo prolongation, while further depolarized Egiag at all
stimulation rates (Fig 3A). Edgiasc depolarization induced by istaroxime was also observed
in C'TR myocytes (Fig S6), suggesting the presence of a marginal NKA blockade at this

drug concentration.

Overall, as expected, STZ treatment largely affects ion channels and pumps resulting in
AP shape changes. In particular, to what we concern, STZ-induced APD prolongation
might explain why STZ-induced SERCA2a downregulation was not associated to a

reduced SR Ca?* content in field stimulated cells.

The short-term variability (STV) of APD was evaluated in all groups as well-known pro-
arrhythmic index. In STZ myocytes STV was significantly higher at all pacing rates and
partially reduced in the presence of istaroxime (Fig 3B). As expected, STV was directly
correlated to APDgo in all groups; this dependency tended to increase in STZ groups
without reaching statistical significance (Fig 3B), thus suggesting the absence of major

mechanisms other than APD prolongation significantly affecting STV in all groups?>.

Likewise, to SCR incidence, delayed afterdepolarizations (DADs) incidence was
completely absent in C'TR myocytes and DADs were present only in few cells in STZ
groups (STZ 17%, STZ + ista 15%, ns).

2.4.6. SERCA2a stimulation by istaroxime reverts STZ-induced Ca?t

handling changes in voltage clamped myocytes

To clarity direct effects of SERCA2a down-regulation and its stimulation by istaroxime

on intracellular Ca’* handling, analysis on voltage clamped myocytes was performed (Fig

55



4). Cells were superfused with Tyrode’s solution to allow evaluation of both SR and NCX
function. Car and membrane current were simultaneously recorded and Fluo4
fluorescence was calibrated in nmol/L of free Ca®* (see on line Supplementary Material
for details) to quantify changes on intracellular Ca?* dynamics. As shown in Fig 4A-B,
STZ induced Car and Casr amplitude reduction, leaving unchanged FR. Influx through
L-type Ca?* channels (Car. influx) was not affected in STZ group, leading to an excitation-
release (ER) gain that tended to be reduced in comparison to C'TR. Moreover, the slope
of the linear correlation between NCX current (Incx) and the Casr (Alncx/ACasr) was
similar in C'TR and STZ myocytes, suggesting that SERCA2a down-regulation was not
associated to changes in NCX activity in STZ myocytes. Differences between CG'TR and
STZ were abolished by istaroxime through SERCAZ2a stimulation.

SR Ca?* uptake was further investigated by removing the contribution of NCX in
controlling cytosolic Ca?*. To this end, cells were incubated in a Na*/Ca?*-free solution
and dialyzed with a Na*-free pipette solution. As shown in Fig 4C, after SR depletion,
SR reloaded with a slower kinetic in STZ myocytes, clearly confirming that SERCAZ2a
function was reduced. In particular, in STZ myocytes, during the SR reloading process,
the rate of Car increment was reduced and this was associated with a slower enhancement
of the ER gain. Moreover, the decay time constant, mostly representing SR uptake
function, increased at each pulse, accordingly to a reduced SERCAZ2a function in STZ
myocytes. Stimulation of SERCAZ2a by istaroxime caused faster SR reloading and all

parameters were restored to control condition.
2.4.7. Ca?* sparks rate and characteristics

As shown before, both DADs and SCR events were detected only in few STZ myocytes,
suggesting that SR stability is mostly preserved in this DCM model. To further analyze
this point, Ca?* sparks rate and characteristics were evaluated in all groups (Fig 5). In
STZ myocytes in comparison to C'TR, Ca?* sparks showed reduced amplitude, width,
duration and spark mass (Fig 5C), in agreement with a reduced SR Ca?* content at
resting. Istaroxime, by stimulating SERCA2a, partially restored Ca?* sparks
characteristics. In particular, istaroxime-induced SERCAZ2a stimulation emerged also by
the analysis of Ca?* sparks decay that significantly became faster in the presence of the

compound. Sparks rate was not significantly affected by STZ and istaroxime (Fig 5B).
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2.5. Discussion

Aim of the present study was to assess the effect of SERCAZ2a stimulation in improving
intracellular Ca?* dynamics in a diabetic rat model characterized by impaired diastolic

function.

Several therapeutic approaches that increase SERCAZ2a function have been recently
investigated. These include SERCA2a overexpression by gene transfer’®, PLN
inactivation by expression of mutants with negative dominance??, AdV-shRNA*
siRNA*! or antibodies*?. As highlighted by the negative results of the largest phase IIb
clinical trial applying SERCAZ2a gene delivery in HF (CUPID 2), these approaches suffer
from major problems in construct delivery (viral vectors etc.) and dose adjustment that
are far from being solved. Moreover, a small-molecule (pyridone derivative) inhibiting
PLN has been recently described!”. An improved diastolic function is expected to be
achieved by a SERCA2a activator. However, despite of the intense research on
discovering small molecules or gene therapy aimed at selectively activating SERCAZ2a,

no promising clinical outcomes have been reached so far.

Istaroxime 1is the first-in-class original luso-inotropic agent targeting SERCAZ2a, in
addition to NKA inhibition??2428.29 that has shown excellent efficacy and good safety in
clinical trials on patients with Acute heart Failure Syndrome (AHFS)?!. At the same level
of inotropy, the proarrhythmic effect of istaroxime is considerably lower than that of
digoxin, a Na*/K* pump inhibitor. Thus, by improving Ca?* clearance from the
cytosol?*, SERCAZ2a stimulation may also minimize the proarrhythmic effect of Na*/K*

pump blockade while preserving its inotropic effect.

In the past, i vitro istaroxime effects were largely characterized by testing the drug at
concentrations showing dual mechanism of action?>?+28,30_ In the present study, lusitropic
SERCAZ2a-dependent istaroxime effects were evaluated i vitro by testing istaroxime at
concentrations marginally affecting NKA. To this end, its affinity on NKA in rat was
evaluated, by measuring it in cardiac (isolated myocytes) and renal (purified enzyme)
preparations. Comparable IC50 were obtained and thus, a concentration marginally
affecting NKA (100-500 nM) was chosen to isolate drug effects dependent on SERCA2a
stimulation. Results obtained in cell-free system and in isolated myocytes clearly showed
SERCAZ2a stimulation by istaroxime at 100-500 nM, thus suggesting higher affinity of
istaroxime for SERCAZ2a than for NKA in rat preparation.
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To our knowledge, no other small molecules active on SERCA2a at submicromolar

concentration are available.

2.5.1. STZ model: DD associated to down-regulated SERCA2a expression

and activity

STZ rats showed a clear DD highlighted by changes in mitral inflow, in line with
published results®, reporting that DCM often manifests first as DD (Table 2). It should be
mentioned that the peak E velocity is directly correlated with HR*3 and the bradycardia
we found in STZ rats is likely to affect E velocity. However, DT, DT/E and E/DT are
not affected by HR changes and are considered robust indicators of diastolic function*3.
Our echo measurements evidenced marked alterations on these parameters in STZ rats.
In particular, we showed a significant transmitral Doppler flow alteration of E wave
velocity with prolonged E wave deceleration time (DT), increased mitral deceleration
index (DT/E) and reduced deceleration slope (E/DT) in STZ rats. Analogously, TDI
parameters, relatively unaffected by load, indicated a significant reduction of early
diastolic myocardial velocity (e’) and e’/a’ with an increase of E/e’ ratio in STZ rats,

associated with an overall reduction of cardiac function (CO).

The E wave constitutes the energy dependent phase of LV relaxation; thus, its decrease
could point to a reduction in SERCAZ2a activity, consistent with reported alterations in
the expression and function of Ca?* regulatory proteins and Ca?" metabolism’.
Consistently, in heart preparations and in cardiomyocytes from STZ rats we observed a
clear reduction of SERCA2 protein expression level, an increase of mPLN/SERCA?2
ratio and a reduction of Ser!® phosphorylated mPLN (pSer!5-mPLN/mPLN) (Fig 1 and
Fig S3). These biochemical alterations are associated with the reduction of SERCA2a
A'TPase activity observed in heart preparations from STZ compared to CTR rats (Fig 1
and Fig S3) and indicate that these may translate into the impairment of diastolic function
seen by the echocardiographic examination. The A wave reflects the late passive phase
of LV relaxation, affected mainly by the myocardial viscoelastic properties, and DCM 1is
reported to be associated with fibrosis**. However, in the present study, no effect on this
parameter has been observed, indicating that 8 weeks after STZ injection may be a time

not long enough to develop this alteration.

At 8 weeks of diabetes, systolic function appears to be preserved or even ameliorated in

STZ as compared to CTR rats as indicated by a significant increase of I'S (T'able 2). This
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finding 1s at variance with most published results, although some authors report an
unchanged FS (up to 16 weeks after STZ)** or increased cardiac output®. It should be
noted that increased cardiac contractility in humans has been also reported*-*’. One
possible explanation for this is that the increased water intake due to polyuria requires
the heart to deal with higher blood volume turnover. Given that heart rate is reduced,

LV contractility must increase.

Moreover, we observed a marked bradycardia, consistent with the impaired autonomic
function and down-regulation of the expression of the pacemaker channel HCN448

(Table 2).

Collectively, these results indicate that our model of STZ-induced DCM is characterized
by impaired diastolic function associated with a downregulation of the SERCAZ2a
expression and activity. This model is therefore suitable for testing the cardiac effects of

SERCAZ2a stimulation by istaroxime on intracellular Ca?* dynamics.

2.5.2. SERCA2a stimulation by istaroxime: improvement of STZ-induced

intracellular Ca?* handling anomalies

The effects of istaroxime on SERCAZ2a activity have been investigated both on C'TR and
STZ heart preparations. Istaroxime stimulates SERCAZ2a in cardiac preparations from
STZ rats by re-establishing the STZ-induced reduction of its maximal activity (Vmax)
without affecting its affinity for Ca?* (Ku). Moreover, no effects on SERCA2a activity
were detected in C'TR heart preparation (Fig 1). Similar results were obtained on SR
vesicles from healthy and failing dogs?3, while a reduction in K, was observed in SR
vesicles from healthy guinea pig??. Thus, SERCAZ2a stimulation by istaroxime seems to
occur in different ways depending on the species. This species-specific effect has to be
further investigated through a full understanding of the molecular mechanism underlying

SERCAZ2a stimulation by the drug.

In isolated SR vesicles, the number of targets potentially accounting for such an action is
limited to SERCAZ2a itself and to its regulatory proteins, which remain associated with
the SR membrane. Among them, PLN may be contained in variable amounts in SR
vesicles prepared according to the present technique constituting a potential target for
istaroxime action. Indeed, Ferrandi et al. showed that istaroxime stimulates SERCAZ2a
activity through a direct interaction with SERCA2a/PLN complex, independently from
cAMP/PKA and PLN phosphorylation?®. Thus, it is reasonable to assume that the
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molecular mechanisms of action of istaroxime may involve targeting within a pocket
generated by SERCA2a/PLN protein—protein interaction or a direct binding to one or
more sites on PLN, favoring the dissociation of PLN from SERCA2a and the relief of
SERCAZ2a inhibition. Anyway, further structural studies are still necessary to validate this

hypothesis.

Istaroxime effects observed in cell free preparations were extensively reproduced in
isolated STZ myocytes (Figs 2, 4, 5). In particular, the reduced SERCAZ2a activity and
protein level in STZ animals was correlated to an increased Cap in intact myocytes,
leaving unaltered all the other Ca?* handling parameters (Fig 2). Istaroxime reverted the
higher Cap by stimulating Ca?" compartmentalization into the SR. This was fully
remarkable by controlling membrane potential changes in voltage clamped myocytes (Fig
4). Indeed, by clamping myocytes at -40 mV, STZ-induced changes in Ca?* handling
emerged, such as reduced Casr and Car amplitude, that were unseen in intact field
stimulated cells. Istaroxime, by stimulating SERCAZ2a, mostly restored Casg and Car
amplitude, the last probably as a consequence of the higher SR Ca?* content. Moreover,
by measuring the SR reloading process after caffeine-induced depletion in the absence of
the contribution of NCX, istaroxime accelerated it by blunting the opposite effects
induced by STZ. This protocol allows direct measurement of SR Ca?* uptake kinetics
because of the inhibition of NCX function. Istaroxime effects were all compatible with a
sharp enhancement of Ca?* uptake by the SR, as expected from stimulation of SERCA2a
activity. Indeed, the drug increased the magnitude and rate of Ca?* reuptake, thus
stimulating the SR reloading process. The marked increase in ER-gain caused by
istaroxime may be secondary to larger increments in SR Ca’* content during the

reloading protocol.

Overall, due to the control of the membrane potential, we were able to highlight STZ
induced direct effects on Ca?* handling proteins and istaroxime effects on blunting them
by stimulating SERCA2a. In particular, STZ model clearly showed SERCAZ2a
downregulation not paralleled by an increment of NCX function, defined through the
relationship between Incx and cytosolic Ca?*, thus correcting for differences in cytosolic

Ca?* level (Fig 4B).

Abnormalities of the SR uptake function can be due to reduced SERCAZ2a activity or to
increased Ca?* leak through RyR channels. While functional and structural SERCA2a
downregulation (increased inhibition by PLN and reduced SERCAZ2a protein level) was
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observed, RyR open probability was not significantly changed in STZ myocytes. Indeed,
Ca?* spark frequency (Fig 5A-B), the incidence of Ca?* waves and the related DADs were
not significantly increased in STZ myocytes, thus suggesting the absence of a sharp SR
instability at this stage of STZ-induced DCM. These findings lead to limit the detection
of potential antiarrhythmic effect of istaroxime as a direct consequence of SERCAZ2a
stimulation. Intra-SR Ca?* waves threshold is reported to increase following SERCA2a
stimulation because it appears to exert a negative feedback on ER-gain mechanisms
sustaining the waves®. Thus, istaroxime by stimulating SERCAZ2a can potentially

become antiarrhythmic in condition of profound SR instability.

Moreover, STZ-induced changes in Cia?* sparks characteristics are a mirror image of the
reduced SR Ca?* content in STZ myocytes (Fig 5). Indeed, in comparison to CTR
myocytes, Ca’* sparks became smaller in amplitude, spatial and time duration, resulting
in a smaller spark mass. Istaroxime, by stimulating SERCAZ2a blunted these changes and
even markedly accelerated Ca?* sparks decay. The last event is relevant for the potential
anti-arrhythmic efficacy of istaroxime because of a faster Ca?* release unit (CRU) switch
off, that can limit Ca?* waves genesis. Moreover, the acceleration of Ca?* spark decay
induced by istaroxime seems independent on STZ-induced changes; thus, we cannot

exclude direct effects of the drug on Ca?* spark termination mechanisms.

Temporal dispersion of repolarization, quantified as short-term variability (STV) of APD,
1s a well-known proarrhythmic index because plays an important role in the initiation of
ventricular arrhythmias like torsade de point (TdP)°. STV was significantly increased in
STZ myocytes and this was mainly associated to APD prolongation (Fig 3B). Istaroxime
blunted STV especially at high stimulation rates; this effect seems secondary to its effects

on attenuating STZ-induced APD prolongation at these rates.

STZ induced marked APD prolongation at all stimulation rates (Fig 3A) suggesting
voltage dependent K* channels down-regulation®. Moreover, since NKA plays an
important role in setting Edgias,, STZ-induced NKA down-regulation?” was highlighted by
the lack of Egas rate dependent hyperpolarization in STZ myocytes. Surprisingly,
istaroxime significantly depolarized Ediast at all stimulation rates and this effect was
reproduced in CTR myocytes (Fig S6). Any potential direct ancillary effects of the drug
beyond those dependent on its two direct targets (NKA and SERCAZ2a) have to be
excluded in agreement to previous studies??3°. Thus, a significant Egiast depolarization can

be ascribed to a partial inhibition of NKA at the concentration used (100 nM) or to
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membrane channels changes as a consequence of SERCAZ2a stimulation by the drug. The
first hypothesis seems far from being realistic because the drug concentration used in the
study (100 nM) is very low compared to the measured ICs0 for NKA (32 pM, Fig S5).
However, istaroxime depolarized Ediast in CTR myocytes too (Fig S6), while its effects on
SERCAZ2a was practically absent at least in CTR cell-free system (Fig 1). Thus, even
though 100 nM is a concentration of the drug not displaying a clear-cut inhibition of
NKA in voltage clamped myocytes (Fig S5), we have to consider that NKA contribution
to electrical activity 1s important and thus, marginal effects on it might be disclosed by
analyzing Egia especially at high pacing rates. Overall, further analysis should be

performed to better understand istaroxime effect on Ediast.

Moreover, if a weak NKA inhibition is induced by 100 nM istaroxime, the reduced
diastolic Ca?* observed in intact myocytes (Fig 2) depending mainly on drug-induced

SERCAZ2a stimulation, might be even underestimated.
2.5.3. Study limitation

The aim of the study was to test the effect of SERCAZ2a stimulation on STZ-induced Ca?*
handling anomalies in cell-free system and isolated ventricular myocytes. To this end,
istaroxime was tested at a concentration marginally affecting NKA. We would like to
stress that even though we cannot exclude marginal NKA inhibition by istaroxime, the

general findings of the study are largely dependent on SERCAZ2a stimulation by the drug.

Although blood volumes alterations due to glycosuria might affect echocardiographic
parameters interpretation in STZ rats, correlation between biochemical and functional

changes in isolated myocytes is far from being influenced.
2.6. Conclusions

SERCAZ2a stimulation by istaroxime restores STZ-induced intracellular Ca?* handling
anomalies in isolated cardiomyocytes. Thus, SERCAZ2a stimulation can be considered a
promising therapeutic approach for DCM treatment. The development of small
molecules active on SERCAZ2a only (“pure/sole SERCA2a activators”) might be
clinically relevant to understand their effects especially i vivo when therapies are applied
to stimulate the SERCA2a activity, 1.e. DCM and in general DD related cardiac

pathologies.
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2.10. Figures and tables legends

Figure 1. Effect of STZ and istaroxime on SERCAZ2 level and activity in cell-
free system. (A) Representative Western blot for SERCA2, monomeric (m) and
pentameric (p) un-phosphorylated PLN in cardiomyocytes from STZ and C'TR animals.
Standard molecular weights are indicated as sl and s2 respectively for SERCA2 and
PLN. (B) Densitometric analysis of western blot for SERCA2, mPLN, pPLN protein level
and mPLN/SERCAZ2 ratio. Values are expressed as optical density in arbitrary units.
*=p<0.05 vs C'TR (unpaired t-test); CTR N=6, STZ N=4. (C) Ca?* activation curves of
SERCA2a activity were measured as CPA sensitive component in cardiac SR
homogenates from CTR and STZ (with or w/o istaroxime 500 nM) rats. (D) The kinetic
parameter, maximum velocity (Vmax), of the Ca?* activation curves was determined by a
sigmoidal fitting. *= p<0.05 vs CTR (unpaired ¢-test), #=p<0.05 vs STZ (paired t-test);
CTR N=5, CTR + ista N=5, STZ N=5, STZ + ista N=5.

Figure 2. Effect of STZ and istaroxime on Ca?* dynamics in field stimulated
cardiomyocytes. (A) Representative recordings of Ca’* transients (Car) in field
stimulated cells (2 Hz) from CTR and STZ (with or w/o istaroxime 100 nM) myocytes.
(B) Average values of Car parameters. (C) Changes in diastolic Ca?* (Cap) during the
reloading process after caffeine-induced SR depletion. Cap values (Capn) were
normalized to the 1* pulse Cap (Cap,1); estimated steady state Cap (ssCap) and reloading
kinetic (Tau) are shown on the right. *=p<0.05 vs CTR; #=p<0.05 vs STZ (two-way
ANOVA, Tukey’s multiple comparison); CTR N=3 / n=26, STZ N=4 / n=28, STZ +
ista N=4 / n=30.

Figure 3. Effect of STZ and istaroxime on electrical activity. (A) Rate
dependency of AP parameters (APDs0, APDgp and Ediast) iIn GTR and STZ (with or w/o
istaroxime 100 nM) myocytes. (B) Rate-dependency of STV (left panel) and its correlation
to APDqo values (right panel) for each experimental group (slope values in C’TR=0.011,
STZ=0.016 and STZ + 1sta=0.014, ns). *=p<0.05 vs C'TR; #=p<0.05 vs STZ (two-way
ANOVA, Tukey’s multiple comparison); C'TR N=4 / n=20-29, STZ N=3 / n=13-24,
STZ + ista N=3 / n=16-19.

Figure 4. Effect of STZ and istaroxime on Ca?* dynamics in patch-clamped
cardiomyocytes. (A) Representative traces of simultaneously recorded transmembrane

currents (top) and Ca?* transients (Cart) (bottom) in voltage-clamped cells from CTR and
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STZ (with or w/o istaroxime 100 nM) myocytes. (B) Average values of Cart amplitude,
SR Ca?* content (Casr), fractional release (FR), Ca* influx through L-type Ca?* channel
(CaL influx), excitation release (ER)-gain and slope of Incx/Casr relationship in each
group. *=p<0.05 vs control; #=p<0.05 vs STZ (two-way ANOVA, Tukey’s multiple
comparison); CTR N=3 / n=20-25, STZ N=5 / n=15-33, STZ + ista N=3 / n=12-28.
(G) Average values of Car parameters measured during each pulse after SR depletion
under NCX blockade (see methods) in C'TR and STZ (with or w/o istaroxime 100 nM)
myocytes. ¥*=p<0.05 vs CTR; #=p<0.05 vs STZ (two-way ANOVA); CTR N=5 / n=13-
21, STZ N=4 / n=13-28, STZ + ista N=4 / n=19-24.

Figure 5. Effect of STZ and istaroxime on Ca?* sparks rate and
characteristics. (A) Representative xt images showing Ca?* sparks at resting in CG'TR
and STZ (with or w/o istaroxime 100 nM) myocytes. (B) Average values of Ca?* sparks
rate for each group. (C) Average values of Ca?* sparks characteristics for each group.
*=p<0.05 vs control; #=p<0.05 vs STZ (two-way ANOVA, Tukey’s multiple
comparison); CTR N=7 /n=62 /sparks number=2789, STZ N=5 /n=53 /sparks
number=2019, STZ + ista N=5 /n=47 /sparks number=1940.

Table 1. Glycaemia values and systemic parameters. Average values of
fasting/non fasting glycaemia and systemic parameters (see methods) in CTR and STZ
animals. Body weight (BW); heart weight (HW); kidney weight (KW); left ventricle weight
(LVW); tibia length (TL). *=p<0.05 vs CTR (unpaired #test); GCTR N=15-21, STZ
N=23-34.

Table 2. Echocardiographic and Tissue Doppler parameters. Average values
of echocardiographic and tissue doppler parameters (see methods) in C'T'R and STZ
animals. Telediastolic interventricular septum thickness (IVSTd); telediastolic posterior
wall thickness (PWTd); left ventricle early-diastolic diameter (LVEDD); telesystolic
interventricular septum thickness (IVSTs); telesystolic posterior wall thickness (PWT's);
left ventricle early-systolic diameter (LVESD); fractional shortening (FS); early diastolic
peak velocity (E, ¢’); late diastolic peak velocity (A, a’); deceleration time (DT); systolic
peak velocity (s”); heart rate (HR); stroke volume (SV); cardiac output (CO); ejection
fraction (EF). *=p<0.05 vs CTR, **=p<0.01 vs C'TR, ns=not significant (unpaired ¢-
test); CTR N=10-17, STZ N=16-24.
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Figure 3
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Figure 4
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Table 1

TR
Fasting glycaemia (mg/dL) 94 +2 390+ 14
Non fasting glycaemia (mg/dL) 1264 560+ 8
BW (g) [RRL[0x By 202+6
BW gain (g) 230+ 18 2618

SATEET] 035£0.02  0.28+0.009

LN e6.6+1.1 63.4+0.7

AENEIESY 052+002 0.6 +0.02
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IVSTd (mm)
PWTd (mm)
LVEDD (mm)
IVSTs (mm)
PWTs (mm)

LVESD (mm)

FS (%)

E (m/s)

A (m/s)

E/A

DT (ms)
DT/E (s*/m)
E/DT (m/s?)
s’ (mm/s)
e’ (mm/s)
a’ (mm/s)

eu/ar

E/e'

SV (mL)

CO (mL/min)

EF (%)

Table 2

243.58 £ 22.01

60.13 +3.19
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1.67 +0.08 1.43£0.05
1.68 £0.10 1.41 £0.07
8.33£0.27 7.82£0.16
2.12£0.11 2.00 +0.07
2.04 £0.09 1.98 £ 0.09
5.84 £ 0.24 4.99£0.19

30.06 + 1.41 36.41+1.77
0.86 £ 0.03 0.75 + 0.02
0.46 £ 0.04 0.53 +0.03
2.04£0.18 1.54 £0.13

42.35+1.42 53.92 + 1.38

50.60 + 2.64 74.58 +3.57
20.74 +1.20 14.16 £ 0.71
45.42+1.76 32.71+1.33

52.87 £ 1.53 32.70 £ 2.41

31.79+1.74 30.95 +2.26
1.74 £0.10 1.19£0.16
16.37 £ 0.64 2523+ 1.63

264.82 +3.85 212.13 + 4.84

0.92 +0.08 0.81+0.06

178.86 £ 13.54

69.52+2.74
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2.11. Supplementary methods

2.11.1. Echocardiography

Fight weeks after vehicle/STZ injection, rats were submitted to a transthoracic
echocardiographic and Doppler evaluation, performed under ketamine-xylazine (130-7.5
mg/kg [.P.) anesthesia, (CX50 Echographer, Philips, equipped with a 12 MHz probe,
S12-4 Transducer, Philips, Italy).

Two-dimensionally guided M-mode recordings were used to obtain short-axis
measurements of left ventricular end-diastolic diameter (LVEDD), left ventricular end-
systolic diameter (LVESD), posterior wall thickness in diastole (PWTd) and
interventricular septum thickness in diastole (IVSTd) according to the American Society
of Echocardiography guidelines. Fractional shortening was calculated as F'S = (LVEDD
- LVESD)/LVEDD.

Mitral inflow was measured by pulsed Doppler at the tips of mitral leaflets from an apical
4-chamber view to obtain early and late filling velocities (E, A), and deceleration time
(DT) of early filling velocity. The deceleration slope was calculated as the ratio E/DT.

The mitral deceleration index was calculated as the ratio DT/E.

Tissue Doppler Imaging (TDI) was evaluated from the apical 4 chamber view to record
mitral annular movements, 1.e., peak myocardial systolic (s°), and early and late diastolic

velocity (e’ and a’).

End diastolic volume (EDV) and end systolic volume (ESV) were calculated from the

diameters using the Teicholz formula. Ejection fraction, expressed as a percentage (EF%),

was calculated by the formula: (EDV-ESV)/EDV*100.
2.11.2. Heart homogenate preparations

Rats were sacrificed at 9 weeks after STZ injection. Left ventricle (LV) tissues from control
and STZ rats were rapidly excised, frozen in liquid nitrogen and stored at -80°C. Tissues
were homogenized (1g/4ml buffer) in a medium containing 300 mM sucrose, 50 mM K-
phosphate, pH 7, 10 mM NaF, 0.3 mM PMSF, 0.5 mM DT'T and centrifuged at 35.000g
for 30 min. The final pellet was suspended in the same medium and stored in aliquots at

-80°C untl use.
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Protein concentration was determined by Lowry assay! using bovine serum albumin as
standard, and molecular purity was checked wusing SDS-polyacrylamide gel

electrophoresis.
2.11.3. Purification of renal Na-K ATPase

Rat kidneys were sliced and the outer medulla was dissected, pooled and suspended
(1g/10 ml) in a sucrose-histidine solution containing 250 mM sucrose, 30 mM histidine
and 5 mM EDTA, pH 7.2 and homogenized. The homogenate was centrifuged at 6,000
g for 15 min, the supernatant was decanted and centrifuged at 48,000 g for 30 min. The
pellet was suspended in the sucrose-histidine buffer and incubated for 20 min with a
sodium-dodecyl-sulphate (SDS) solution, dissolved in a gradient buffer, containing 25
mM imidazole and 1 mM EDTA, pH 7.5. The sample was layered on the top of a sucrose
discontinuous gradient (10, 15 and 29.4%) and centrifuged at 60,000 g for 115 min. The

final pellet was suspended in the gradient buffer.
2.11.4. SERCA2a and Na*/K* pump activity measurement

SERCA2a activity was measured i vitro as 3?P-ATP hydrolysis at different Ca?*
concentrations (100-2000 nM) as previously described?. The heart homogenate (30 pg)
was pre-incubated for 5 minutes at 4°C in 80 pL of a solution containing (mM): 100 KCI,
5 MgClo, 20 mM Tris, 5 mM NaNs, 1 pM A23187, 1 pM Ruthenium red, at pH 7.4.
After pre-incubation, 20 pl of a 5 mM Tris-ATP solution containing 50 nCi of 32P-ATP
(0.5-3 Ci/mmol, Perkin Elmer) were added. After 15 min at 37°C, the ATP hydrolysis
was stopped by acidification with 100 pL ice-cold perchloric acid 20% v/v. 32P-phosphate
was separated by centrifugation with activated charcoal (Norit A, SERVA) and the
radioactivity was measured by liquid scintillation counting in a beta counter (Microbeta
Trilux, Perkin Elmer). SERCAZ2a-dependent activity was identified as the portion of total
hydrolytic activity inhibited by 10 pM Cyclopiazonic Acid (CPA). Ca?* concentration-
response curves were fitted by using a logistic function to estimate SERCA2a Ca?* affinity

<Kd Ca2+) and Vmax-

Na/K-ATPase activity was assayed i vitro by measuring the release of 32P-ATP, as
previously described3. Increasing concentrations of the standard ouabain, or istaroxime,
were incubated with 0.3 pg of purified rat kidney enzyme for 10 min at 37°C in 120 pl
final volume of a medium, containing 140 mM NaCl, 3 mM MgCly, 50 mM Hepes-TTis,
3 mM ATP, pH 7.5. Then, 10 pl of incubation solution containing 10 mM KCI and 20
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nCi of 3?P-ATP (3-10 Ci/mmol) were added, the reaction continued for 15 min at 37°C
and was stopped by acidification with 20% v/v ice-cold perchloric acid. 3?P was separated
by centrifugation with activated Charcoal (Norit A, Serva) and the radioactivity was
measured. The inhibitory activity was expressed as percent of the control samples carried
out in the absence of ouabain or tested compound. The concentration of compound
causing 50% inhibition of the Na,K-ATPase activity (IC50) was calculated by using by

using a logistic function.
2.11.5. Western blot analysis

Samples of LV homogenates or isolated LV myocytes were separated by SDS-
polyacrylamide gel electrophoresis (4-12% Bis-Tris Criterion BIO-RAD gels), blotted for
lh and incubated overnight at 4°C with specific primary antibodies, followed by 1h
incubation with specific secondary antibodies, labelled with fluorescent markers (Alexa

Fluor or IRDye) and quantified by Odyssey Infrared Imaging System (LI-COR).

Antibodies: polyclonal anti-SERCA2 (N-19; Santa Cruz Biotechnology); monoclonal
anti-PLB (2D12, Abcam); polyclonal anti-phospho-Ser!5-PLB (Upstate Millipore, Milan,

Italy); polyclonal anti-actin (Sigma).
2.11.6. Ventricular myocytes preparation

Male Sprague Dawley LV ventricular myocytes were isolated by using a retrograde
coronary perfusion method previously published* with minor modifications. Rod-shaped,

Ca?*-tolerant myocytes were used within 12 h from dissociation.
2.11.7. Patch clamp measurements

Ventricular myocytes were clamped in the whole-cell configuration (Axopatch 200-A,
Axon Instruments Inc., Union City, CA). During measurements, myocytes were
superfused at 2 ml/min with Tyrode's solution containing 154 mM NaCl, 4 mM KCI, 2
mM CaClg, | mM MgClo, 5 mM HEPES/NaOH, and 5.5 mM d-glucose, adjusted to
pH 7.35. A thermostated manifold, allowing for fast (electronically timed) solution switch,
was used for cell superfusion. All measurements were performed at 35 £ 0.5°C. The
pipette solution contained 110 mM K*-aspartate, 23 mM KCI, 0.2 mM CaCls (calculated
free-Ca?*=10"7 M), 3 mM MgCly, 5 mM HEPES-KOH, 0.5 mM EGTA-KOH, 0.4 mM
GTP-Nat salt, 5 mM ATP-Na* salt, and 5 mM creatine phosphate Na* salt, pH 7.3.
Membrane capacitance and series resistance were measured in every cell but left

uncompensated. Current signals were filtered at 2 KHz and digitized at 5 KHz (Axon
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Digidata 1200). Trace acquisition and analysis was controlled by dedicated software

(Axon pClamp 8.0).
2.11.8. Na*/K* pump current (Inik) recordings

Inak was measured as the holding current recorded at -40 mV in the presence of Ni>* (5
mM), nifedipine (5 pM), Ba?* (I mM) and 4-aminopyridine (2 mM) to minimize
contamination by changes in Na*/Ca?* exchanger, Ca?* and K* currents, respectively.
Tetraethylammonium-Cl (20 mM) and EGTA (5 mM) were added to the pipette solution
and intracellular K* was replaced by Cs*. To optimize the recording conditions, Inax was
enhanced by increasing intracellular Na* (10 mM) and extracellular K* (5.4 mM). In
each cell, the current was recorded at steady state during exposure to increasing
concentrations of the drug under test and, finally, to a saturating concentration of ouabain
(1 mM) (Fig S5). All drugs were dissolved in dimethyl sulfoxide (DMSQO). Control and test
solutions contained maximum 1:200 DMSO. Because Inax inhibition was expressed as
percentage of ouabain effect, the latter was used as the asymptote for the estimation of

ICs0 values whenever possible.
2.11.9. Intracellular Ca?* dynamics

Myocytes were incubated in Tyrode solution for 30 min with the membrane-permeant
form of the dye, Fluo4-AM (10 pmol/L), and then washed for 15 min to allow de-
esterification. Fluo4 emission was collected through a 535 nm band pass filter, converted
to voltage, low-pass filtered (100 Hz) and digitized at 2 kHz after further low-pass digital
filtering (FFT, 50 Hz).

Protocol 1: Ca®* dynamics in _field stimulated cells

Intracellular Ca?* dynamics were measured in Fluo4-loaded field-stimulated (2 Hz)
cardiomyocytes superfused with Tyrode’s solution. The SR Ca?* content (Casr) was
estimated at steady-state by applying an electronically timed 10 mM caffeine pulse. The
voltage-induced Ca?* transient (Car) was evaluated in terms of diastolic Ca’>* (Cap) and
Car amplitude. SR Ca?* fractional release (FR) was obtained as the ratio between
Car amplitude and Casr. Moreover, Car decay kinetic was estimated by measuring
decay to.5, a parameter indicative of both SERCA and NCX activity in this protocol
setting. Furthermore, after SR Ca?* depletion by caffeine, cells were de novo stimulated
and Cap values during the reloading process were monitored. A quantification of the

kinetic of Cap enhancement was obtained by mono-exponential fit of Cap values
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normalized to the Ist value recorded after SR depletion (Capn/Cap,1). Moreover,
spontaneous Ca’* release (SCR) events were evaluated in each group at resting and
during diastole. A fluorescence increase > 35D the resting fluorescence was considered a

SCR. Protocol outline is shown in Fig SI.
Protocol 2: Ca®* dynamics in patch-clamped cells under physiological condition

To better highlight changes in Ca?* handling not affected by modifications of electrical
activity, intracellular Ca?* dynamic was evaluated in voltage-clamped cells. BaClz (1 mM)
and 4-aminopyridine (2 mM) were added to Tyrode’s solution to block K* channels.
Transmembrane current and cytosolic Ca®* were simultaneously measured during a train
of depolarizing (100 ms) pulses to 0 mV (0.25 Hz) applied from a holding of -40 mV. At
steady state condition, an electronically timed 10 mM caffeine pulse was applied at the
same cycle length to estimate SR Ca?* content (Casr). Fluorescence signal was converted
to Car (see above) and the following parameters were evaluated: Cat amplitude, SR Ca?*
content (Casr) and FR (see above). SR Ca?* content was also evaluated by integrating
the NCX current (Incx) elicited by caffeine and similar results were obtained. The slope
of the Incx/Casr relationship during the final third of the caffeine-induced transient was
used to estimate NCX ‘conductance’. Ca?* influx through L-type Ca?* channel (Car) was
evaluated integrating the nifedipine (10pM)-sensitive current during the activation pulse
and then converted to nmol of Ca?*. Accordingly, the excitation-release (ER) gain was
calculated as the ratio between the fraction of nmol of Ca?* released by SR and nmol of

Ca?* entered in the cell ((Cart amplitude-Car)/Car).
Protocol 3: Ca®* dynamics in patch-clamped cells under Na*/Ca?* exchanger (NCX) blockade

To estimate changes in SR function only, the NCX was blocked by removing Na* from
both sides of the sarcolemma as previously described®’. Cells were incubated in a
Nat/Ca?*-free solution (replaced by equimolar Li* and 1 mM EGTA) added with 4-
aminopyridine (2 mM) to block K* channels. The pipette solution was Na*-free (Na* salts
were replaced by Mg?* or Tris salts). The protocol consisted in emptying the SR by a
caffeine pulse (with 154 mM Na* to allow Ca?* extrusion through NCX) and then
progressively refilling it by voltage steps to 0 mV activating Ca?* influx through Icar in
the presence of 1 mM Ca?* (Fig. S2). Similarly, to protocol 2, kinetics of SR Ca?*
reloading was evaluated but in the absence of NCX function. We thus considered the rate
at which Caramplitude and the ER gain increased during the loading protocol, reflecting

the rate at which the SR refilled and the gain of the system. ER gain in this setting was
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simply evaluated as the ratio between Car amplitude and Car, influx at the peak of Car
within each pulse. Moreover, the time constant of Car decay (tdecay) reflected Ca®*

transport rate across the SR membrane, that can be considered a functional index of

SERCAZ2a activity.

The fluorescence values recorded at resting (protocol 1) and at -40 mV after emptying the
SR (protocol 3) were used as reference (Fo) for signal normalization (F/Fo) after subtraction
of background luminescence. In a set of experiments (protocol 2) fluorescence was
calibrated in nmol/L by estimating in each cell the maximal fluorescence (Fmax) by
increasing at the end of the experiment the intracellular Ca?* concentration through a

gentle patch damage. Fluorescence was converted to [Ca]raccording to Eq. S1:
[Cals = F * Ky/(Fnax — F) (Eq. S1)

assuming a dye Ca?* dissociation constant (Kq) = 400 nmol/L.

2.11.10. Ca?* sparks rate and characteristics

Spontaneous unitary Ca?* release events (Ca?* sparks) were recorded at room
temperature in Fluo 4-AM (10pM) loaded myocytes at resting condition. Tyrode bath
solution contained 1 mM CaCly. Images were acquired at x60 magnification in line-scan
mode (x#) at 0.5 kHz by confocal Nikon AIR microscope. Each cell was scanned along a
longitudinal line and #10 x¢ frames (512 pxls x 512 pxls) were acquired. Non-cell
fluorescence was acquired too to allow background fluorescence measurement. Confocal
setting parameters were kept constant throughout all experimental groups to permit
group comparison analysis. Images were analyzed by SparkMaster plugin (Fiji) software®.
Automatic spark detection threshold (criteria) was imposed to 3.8. Only in focus Ca?*
sparks (amplitude > 0.3) were considered to quantify their characteristics. In particular,
the following spark parameters were measured: frequency (N of events/s/100p),
amplitude (DF/F0), full width at half-maximal amplitude (FWHM, p), full duration at
half-maximal amplitude (FDHM, ms), full width (FW) and full duration (FD), time to peak
(ttp, ms) and decay time constant (t, ms). Spark mass (spark amplitude*1.206* FWHM?3)

was also calculated as index of Ca?* spark volume®.

2.11.11. Compounds

Stock Fluo4-AM solution (1 mM in DMSO) was diluted in Tyrode's solution. Istaroxime
was dissolved in DMSO at 10-100 mM and then diluted to get a final concentration of
100 or 500 nM. The final DMSO did not exceed 0.1% (if it is not different specify).
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Istaroxime was synthesized at SciAnda (/Changshu) Pharmaceuticals Ltd, Jiangsu

(China). Fluo4-AM from Molecular Probes and all other chemicals from Merck

(Darmstadt, Germany).
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2.12. Supplementary figures
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Figure S1. Protocol to evaluate intracellular Ca?* dynamics in field-
stimulated cardiomyocytes. Left ventricular myocytes were field stimulated (2Hz)

and evocated Ca?* transients were recorded before and after caffeine (10 mM)-induced

SR depletion.
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Figure S2. Protocol to evaluate intracellular Ca?* dynamics in patch-
clamped cells under Na*/Ca?* exchanger (NCX) blockade. (A) Protocol outline.
(B) Transmembrane current (left) and Ca?* transients (right) recordings during SR

reloading after caffeine-induced SR depletion in patch-clamped cells.
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Figure S3. Effect of STZ and istaroxime on SERCA2 and PLN levels in
cardiac homogenates. (A) Representative Western blot for SERCA2, monomeric (m)
and pentameric (p) unphosphorylated and Ser!¢ phosphorylated (pSer'®) PLN in
homogenates preparation from STZ and CTR hearts. (B) Densitometric analysis of
Western blot for SERCA2, mPLN, pPLN, pSer!®-PLN protein level and
mPLN/SERCA?2 ratio. Values are expressed as optical density in arbitrary units.
*=p<0.05 vs CTR (unpaired #-test); CTR N=5, STZ N=7.
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Figure S4. Effects of STZ and istaroxime on SERCA2a Ca?* affinity (Ka) in
cardiac homogenates. The kinetic parameter was estimated by fitting the Ca?*

activation curve through a logistic function. N=5 for each group.
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Figure S5. NKA inhibition by istaroxime in isolated cardiomyocytes. (A)
Example of Inka evocated at -40 mV by 5.4 mM K*, totally abolished by a saturating
concentration of ouabain (1 mM) in CTR LV myocyte. (B) Inka recordings at -40 mV
during exposure to increasing concentrations of istaroxime and, finally, to I mM ouabain.
(G) Concentration-dependent Inka inhibition by istaroxime; the best logistic fit is shown

in red (IC50 32 £ 4 pM). CTR N=2/n=6-19.
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Figure S6. Effect of istaroxime on AP parameters in CTR myocytes. Average
values of APDs0, APDoo, Ediase and STV at all pacing rates. *= p<0.05 vs basal condition
(w/o 1staroxime) (two-way ANOVA, Tukey’s multiple comparison). CTR N=4 / n=20-
29; CTR + ista N=4 / n=20-25.
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Chapter 3

Role of cardiac L- and T-type voltage gated Ca?*

channels in heart automaticity
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3.1. Cardiac conduction system

Pacemaker activity in the heart is generated by specialized myocytes, able to generate
periodical oscillations of their membrane potential (V). These cells are thus called

“pacemaker” cells!.

In the mammalian heart, three major structures are endowed with automaticity and are
able to drive the heartbeat: the sino-atrial node (SAN), the atrioventricular node (AVN),
and the Purkinje fibers network (PFN) (Fig. 1). Under physiological conditions the cardiac
impulse has origin in the SAN. The intrinsic SAN beating rate is normally faster than
that of the cardiac conduction system and suppresses pacemaking in the AVN and
Purkinje network. However, automaticity in AVN can become dominant in case of SAN
block or failure. Purkinje fibers can also generate a viable rhythm in conditions of
atrioventricular block 2. For these reasons, the SAN region is indicated as the primary
pacemaker, while the AVN and Purkinje fibers are indicated as secondary (or accessory)

pacemakers.

SCv

SAN
CFB
AVN

AVB

BB
ICV

PFN

Figure 1: the mammalian heart with the cardiac conduction system. The sinoatrial
node (SAN) is located at the entry of the superior vena cava (SCV) in the right atrium (RA). The
atrioventricular node (AVN) extends in a region delimited by the inferior vena cava (ICV), the
central fibrous body (CFB), and the tricuspid valve (T'V). The atrioventricular bundle (AVB)
divides in the bundle branches (BB) and originates the left and right Purkinje fibers network (PFIN).
Other abbreviations are: LA, left atrium; PV, pulmonary veins; MV, mitral valve; RV, right
ventricle; LV, left ventricle. [Adapted from Moorman and Christoffels, 2003]

SAN pacemaker tissue 1s located in the intercaval region (between the inferior vena cava,

IVC, and the superior vena cava, SVC) and extends towards the endocardial side of the
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crista terminalis (CT). Spontaneously active cells are found in the area delimited by the
crista terminalis and the interatrial septum (IAS) (Fig. 2). C'T mediates the cardiac impulse
from the SAN to the AVN by high level of connexins (Cx) expression. Cx43 is the most

abundant Cx of the gap junctions that allow the electrical coupling between the cells.

Figure 2: sino-atrial tissue in mouse. The green dot indicates the leading SAN pacemaking
site. Abbreviations are: SVC, superior vena cava; IVC, inferior vena cava; LA, left atrium; RA,
atrium; CT, crista terminalis; IAS, interatrial septum.
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3.2. Cardiac automaticity: membrane and Ca?* clocks

The pacemaker mechanism has been intensively studied for more than 40 years. The
generation of the automaticity in cardiac pacemaker cells is due to the diastolic
depolarization (DD), a spontaneous slowly depolarizing phase of the action potential (AP)
cycle. During this phase the membrane potential progressively becomes less negative until
it reaches the threshold for triggering a new action potential. Because the DD is an
electrical phenomenon, pacemaking has been first interpreted in terms of activation of
specific ionic currents. However, recently the Ca’" release from the sarcoplasmic

reticulum (SR) was proposed as an important player in the pacemaker mechanism.
Two main models of pacemaker activity have been proposed:

e the so-called “membrane (M) clock™ that considers the activity of ion channels of
the plasma as the trigger of the diastolic depolarization

e The “Ca?" clock” model of pacemaker activity highlights a spontaneous
phenomenon of local Cia?* releases (LCRs) from the ryanodine receptors (RyRs).
This spontaneous Ca?* release stimulates the activity of the Na*t/Ca?* exchanger

which generates an inward current that initiates the diastolic depolarization.

The M clock model considers the pacemaker activity as a membrane potential oscillation
that depends on periodically outward repolarizing and inward depolarizing currents
fluctuations. The channel activation sequence acts as a clock to spontaneously initiate the

mechanism that governs rhythm and heart rate.

In the M clock, the “funny current” (Iy) is consider as the key initiator of the diastolic
depolarization. Iris an inward Na*/K* current carried by hyperpolarization-activated
cyclic nucleotide-gated (HCN) (reversal potential of approximately -25 mV)3. I is
originated specifically at the initial phase of the diastolic depolarization, following the
deactivation of outward delayed rectifier K* current (Ik.), and triggering the activation of
inward currents. Inward currents include Na*-dependent background current (i.e. Ina-
TTX sensitive); the T- and L-type Ca?* currents, Icat and Icar; and possibly, sustained inward

current, Iy (Fig. 3)%.
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Figure 3: ion channels membrane clock. Numerical simulation of spontaneous activity of
mouse pacemaker cells; ion channels involved in the pacemaker cells AP (Christel et al. J Physiol
2012). The model shows the sequential activation of 1onic currents and SR Ca?* release during
the DD. At the beginning of the DD, both If and Cayl.3-mediated currents (Ica. and L) carry
inward current to generate the DD. Ca,3.1-mediated Ic.r also contributes to the DD during the
action potential upstroke phase, Cay1.2 mediated Icar is activated. The predominant repolarizing
K+ current in the absence of cholinergic activation is Ik [According to Mesirca et al., 2018]

In the “Ca?* clock” model of pacemaking (Fig. 4), SAN cells exhibit spontaneous voltage-
independent SR local Ca?* releases (LCRs) from the ryanodine receptors (RyRs) during
the late DD5. These LCRs induce a Na*-Ca?* exchanger (NCX)-mediated inward
current (Incx), as each Ca?* that is transported out of the cell is exchanged for 3Na*. The
forward mode NCX, by generating inward Incx, couples LCRs to the late DD
acceleration. The membrane current fluctuations generated by LCRs are sufficient to
drive Vi oscillations that confer the exponential increase to the late phase of DDS.

Consequently, the L-type Ca?* channels (Icar) are rapidly activated (activation threshold
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1s approximately -50 mV to -40 mV for Ca,l.3-mediated Icar, see below) and the AP
rapid upstroke is generated. Together with Icar, the T-type Ca?* channels (Icar)
cooperate to the diastolic depolarization (activation threshold is approximately -70 mV)
with a slow-activated low current’.8°. The action potential upstroke of pacemaker cells is
mainly driven by Ca?* rather than Na' channels (In.). In particular, Ina does not
participate in the generation of automaticity per se (in the central SAN), but can influence
heart rate by contributing to impulse propagation with the SAN and from the SAN to the

atrium!9,

Recently, Torrente et al., 2016'! indicated that SR Ca?* release events are triggered
following the activation of a specific L-type Ca?* channel (Cav1.3) in the mechanism of
diastolic Ca?*-induced Ca?* release (CICR). SAN cells do not have T-tubules, so that AP-
triggered Ca?* release, resulting in a global subsarcolemmal and cytosolic Ca?* transient,

occurs via subsarcolemmal RyRs!2.

The relative importance of both the “membrane clock” and “Ca®* clock” in pacemaker

function remains controversial.
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Figure 4: the Ca2*-clock. Schematic illustration of the Ca?* clock implication (red) in the late
DD during the action potential [According to Lakatta et al., 2010].
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3.3. Cardiac voltage gated Ca?* channels: L- and T-type mediated

Ca?* currents

Voltage gated Ca?* channels (VGCCs) are an important pathway for Ca* entry in
pacemaker cells. In the mammalian heart, L- and T-type mediated Ca?* currents are
expressed in SAN, AVN and PFN. L-type VGCCs are activated at more positive
potentials than T-Type VGCCis. In particular Icar. as a “high”- threshold Ca?* current is
activated from about -30mV and distinguished from T-type mediated Ca®* current (Icat),
a “low” threshold Ca?* current activated at -50mV!3. VGCCs channels are hetero-
oligomeric complex of an a; subunit and an accessory a2, 8 and B subunit (Fig. 5). The
ar subunit comprises four homologous domains, I-IV, each containing six
transmembrane segments (S1—6) and a pore region between segments S5 and S6; segment

S4 in each domain has a net positive charge and serves as the voltage sensor!?.
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Figure 5: o; subunit structure. [Adapting from Catterall et al., 2005]

From the 10 different a; subunit isoforms, four are involved in the generation of the L-
type Ca’* channels and named ais (Cay1.1), aic (Cayl.2), aip (Cayl.3), and air (Cayl1.4)
and they are highly sensitive to DHP (dihydropyridine) Ca?* channels modulators'.
Cayl.1 subunits are expressed in the skeletal muscle, where they couple membrane
excitation to contraction!'®, Cay1.4 expression is predominant in the retina, spinal cord
and immune cells!’. Ca,1.2 and Ca,1.3 are expressed in neurons, as well as in cells from
the neuroendocrine and cardiovascular systems!®. Cay1.2 is expressed in the whole heart
but predominantly in atria and ventricles; Cay1.3 expression is predominant in the
supraventricular regions with higher amounts of Cay1.3 in the rhythmogenic centers'.

Electrophysiological measurements showed clear differences between Cay1.3 and Ca,1.2
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mediated Icar. Cayl.3-mediated Icar activates at more negative voltages and displays
slower current inactivation during depolarization allowing these channels to mediate
Ca?* influx during weak depolarization’ (Fig. 6). Recently, Toyoda et al. demonstrated
the mvolvement of Ca,1.3 in the generation of a voltage-dependent, DHP sensitive Na*
current (Iy) in SAN cells. I is identified as a sustained inward current with several
properties (low voltage for activation, DHP sensitivity, Na* permeability and slow
mactivation). Their results suggest that Cay1.3 ai-subunits in the SAN cell not only form
underlies Cavl.3-mediated L-type Ca?* current, but also mediates I;?0. Future studies
will address if Cay1.3 are also permeable to Na* or whether a phenomenon of coupling

between the Cay1.3 a; subunit and a Ca?* activated cationic channel underlies I.
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Figure 6: voltage-dependent Ca?* currents in pacemaker SAN cells. Current-to-
voltage relationships (left) and steady-state inactivation (right) of native SAN Ca,3.1, Ca,1.3, and
Cay1.2 channels. [According to Mangoni et al., 2006]

Moreover, Icar show pure voltage-dependent inactivation and inactivation is complete at
more negative membrane potentials than Icar?!. Three genes encoding for T-type a-
subunits have been cloned and named Ca,3.1, Ca,3.2 and Ca,3.3. While the Ca,3.3
isoform is not present in the heart, the expression of Ca,3.1 and Ca,3.2 isoforms in the
myocardium varies according to the developmental status of the tissue. Ca,3.2 constitutes
the predominant T-type isoform in embryonic heart tissue??; Ca,3.1 channels expression
increases during perinatal period and reaches its maximal in adulthood?. In adult SAN
Ca,3.1 expression is higher than Ca,3.22*. Contrary to the Ca,1 family, the Ca,3 family
1s almost insensitive to DHPs and at present, no selective inhibitor to discriminate the

contribution of Ca,3.1 and Ca,3.2 channels to the total Icar is available (Tab. 1).
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| Characteristics of the L- and T-type VGCCs isoforms involved in cardiac automaticity.

L-type VGCC (Ca,1) T-type VGCC (Ca,3)

Ca,12 Ca,13 Ca,3.1 Ca,3.2
Exprefsion Embryonic stage Embryonic stage Start to increase in the perinatal High in Embryonic heart tissue
time period and becomes predominant  and then decrease and disappear

in the adulthood in adult heart
Cardiac SAN, AVN, atria, PF SAN, AVN, atria, PF SAN, AVN, atria, PF networks, SAN, AVN, atria, PF networks,
tissues networks, Ventricles networks, poorly or not poorly or not expressed in poorly expressed in ventricular
expression expressed in ventricular ventricular tissue tissue
Voltage High threshold of Lower threshold of Lower threshold of activation
dependent activation (~ —40mV) activation than Ca, 1.2 (~ —70mV) Slow activation
activation Fast activation {~ —55mV) Fast
activation

Inactivation Ca®* and voltage Ca®* and voltage Fast voltage dependent
properties dependent inactivation dependent inactivation inactivation
DHP High Lower than Ca, 1.2 Low and very low
sensitivity
Role in Control the Ca?t Diastolic pacemaker Diastolic pacemaker current
pacemaking dependent upstroke current

phase of action potential
Knock-out Lethal Strong bradycardia, SAN Mild bradycardia AV conduction No phenotype
mice arrhythmia, conduction disorders
phenotype system dysfunction

Table 1: summary of the main characteristics of the L- and T-type VGCCs isoforms
involved in cardiac automaticity. [According to Mesirca et al., 2013].

99



3.4. Regulation of L-type and T-type Ca?* channels by autonomic

nervous system in pacemaker cells

The autonomic nervous system (ANS) 1s the major extracardiac determinant of the heart
rate. Sympathovagal control of cardiac automaticity is a complex phenomenon (Fig. 7).
In the adult heart, the sympathetic branch of the autonomic nervous system accelerates
heart rate, while the parasympathetic branch slows it. Autonomic fiber projections to the
heart rhythmogenic centers are abundant. The SAN is enriched in adrenergic and

muscarinic receptors.

Sympathetic regulation of pacemaker activity is mediated by catecholamines (i.e.
norepinephrine) activating the B-adrenergic receptors (Bi/f2 -AR). In 2003, Matteo
Mangoni team demonstrated the Ca,1.3 and Cay1.2 channels are directly regulated by
the isoprenalin-mediated -adrenergic receptors stimulation’. Moreover, activation of 3-
adrenergic receptors stimulates adenylyl cyclase (AC) activity, which converts ATP in
cyclic AMP (cAMP). Elevated cAMP promotes voltage-dependent opening of f-channels
and activates PKA (Protein Kinase A) 2. The catalytic subunit of PKA enhances the
activity of Cay1.3 and Cay1.2 channels by channel phosphorylation ?6. Regulation of T-
type Ca?* channels by cAMP dependent protein kinase A is still controversial?’, however,
in a recent work L1 and collaborators found that in cardiac myocytes the activity of Ca,3.1
T-type VGCCs was significantly increased by [-adrenergic agonist, and that this
regulation was strictly connected to the adenylate cyclase/cAMP/PKA machinery

similar to L-Type Ca?* channels?®.

The parasympathetic regulation of cardiac automaticity is mediated by the activation of
muscarinic receptors following release of acetylcholine (ACh) from vagal nerve endings.
The muscarinic My receptor activates the inhibitory G protein a-subunit (o) which
negatively couples to AC activity. Thus, downregulation of cAMP and, consequently,
PKA phosphorylation reduction, reverses the signaling processes involved in sympathetic
stimulation of heart rate in which Cay1.3/Cay1.2 and Ca,3.1 were positively stimulated.
Moreover, Petit-Jacques and collaborators have shown that muscarinic regulation of SAN
Icar dependon the previous P-adrenergic stimulation and cAMP levels?”. Indeed,
moderate doses of ACh can significantly inhibit Icar if previously stimulated by B-
adrenergic agonists. Moreover, Han et al. have demonstrated that the activation of the

nitric oxide synthase (NOS) and the nitric oxide (NO) synthesis are involved in the
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muscarinic regulation of Icar in conditions of accentuated antagonism, when intracellular
cAMP is increased by stimulation of B-adrenergic receptors®® . In cardiac myocytes,
muscarinic receptor activation is coupled to NO synthesis, which stimulates guanylyl
cyclase (GC) activity. Elevated cyclic GMP (cGMP) production promotes
phosphodiesterase activity (PDEII) that inhibits Ica. by cAMP breakdown 31.

By-subunits of the G protein directly activate the acetylcholine-activated outward K*
current (Ikacn) that induces a hyperpolarization of the membrane potential and

consequently reduces the pacemaker rate 32.
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Figure 7: Summary of the signaling pathways involved in the adrenergic and
muscarinic regulation of pacemaker activity. [Adapted from Mangoni and Nargeot,

2008].
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3.5. Sino-atrial node dysfunction and voltage gated Ca?* channels

SAN dysfunction (SND) as a clinical entity includes a variety of disorders, including
iappropriate sinus bradycardia, sinus arrest, chronic atrial fibrillation, and tachycardia-
bradycardia syndrome. It is a common problem in clinical cardiology, and one of the
commonest indications for insertion of permanent pacing systems. Its frequency is
expected to increase significantly as the general population continues to live longer. Its
etiology includes structural abnormalities of the node, drug effects, and pathological
autonomic influences. Rather than a single entity, SAN dysfunction 1s better
conceptualized as a spectrum of disorders, whereby a number of different

pathophysiological mechanisms lead to a very similar disease phenotype (Fig. 8) 33.

Idiopathic/ageing Ischaemia

Inherited Heart failure

Sinus node dysfunction

Atrial tachyarrhythmia Exercise training

Diabetes

Figure 8: summary of the different etiologies surrounding SND. [Adapted from
Choudhury et al., 2015]

During the last few years, mutations in ion channels contributing to SND in humans have
been described 3. In particular, several studies demonstrate that down regulation or loss-
of-function of Cay1.3 and/or Ca,3.1 lead to congenital pathologies of heart automaticity

and atrioventricular conduction3>-36.

The sino-atrial node dysfunction and deafness (SANDD syndrome) results from loss of
Cay1.3 function in humans and is associated with deafness and bradycardia. Indeed,
together with the role in pacemaker cells, the Cay,1.3 channels tightly control Ca?*-
dependent glutamate release at cochlear inner hair cell (IHC) ribbon synapses and are
essential for hearing. In human Ca,1.3 is encoded by CACNAID and in SANDD
syndrome, CACNAID results in a splice mutated variant that is preferentially expressed
in IHCs and the SAN 37,
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SAN bradycardia has also been shown in association with congenital heart block (CHB).
CHB is characterized by progressive complete atrioventricular block affecting fetuses and
newborns. CHB is an autoimmune disease due to production of autoantibodies against
intracellular soluble ribonucleoproteins. In 2002, Hu et al. have reported inhibition of
Ica and Icar by IgG isolated from mothers having CHB-affected children. Thus,
downregulation of Cay1.3 and Ca,3.1 channels by maternal antibodies underlies SAN
bradycardia in CHB?. In particular, Strandberg et al. shown that CHB maternal sera
antibodies readily target an extracellular epitope of Ca,3.1 in human fetal

cardiomyocytes3®.
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3.6. Genetically modified mice lacking L-type and T-type Ca?*

channels

In the early 2000s, advances in the field of genetics influenced research through the
development of genetically modified animal models. Concerning Ca,3.1 and Ca,l1.3
channels, the creation of genetically modified mouse models for these channels led to a
better understanding of the pacemaker mechanism. These genetically modified
organisms have become essential for studying the functional role of these channels and
their interactions with other components in the pacemaker mechanism They highlight

the function of a coding gene for an ion channel and its alteration.

In 2000, the Jorg Striessnig team generated a mutant mouse Cay1.3~/- and characterized
it for the study of SANDD. The study of ECGs recorded in these mutant mice revealed

bradycardia and sinus arrhythmias 3.

At the same time, in California, Z. Zhang and colleagues generated other similar Cay1.3-
/~mice, and saw the same in vivo dysfunctions that was due to a SAN abnormal activity*0.
In 2003, Matteo Mangoni team indicated for the first time that loss of Ca,1.3 function
profoundly affected pacemaking. Indeed, slower and irregular pacing was found in all

cells isolated from Cay1.3~- mice in comparison with cells from wild-type mice’.

The study of the functional role of Ca,3.1 also required the creation of a genetically

modified mouse model.

In 2001, the Korean D. Kim and collaborators generated in their laboratory a Ca,3.1-/
mouse model to study the implication of this T-type Ca?* channel in SWD (Spike-and-

wave discharges) phenomena at the level of cortico-thalamic neurons?!.

In 2006, Matteo Mangoni team demonstrated for the first time the involvement of Ca,3.1
in pacemaker activity and cardiac conduction by characterizing the Ca,3.1”- mouse in
vivo and studying the electrophysiological properties of isolated SAN cells in vitro. In this
Ca,3.1/- model, the mice show a low bradycardia of less than 10% of the normal rhythm

and a slowing of the atrioventricular conduction®.

From the studies described above, SAN 1is the major driver of conduction and
automatism, and model mice provide a good deal of information about the functional

roles of the ion channels involved.
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In order to further understand the pacemaker mechanism, Matteo Mangoni team also

generated cross-genotype between the Ca,3.1/- mouse and the Ca,1.3-/- mouse.
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3.7. Aim of the study

Previous studies showed that L-type Cay1.3 channels play a major role in the generation
of cardiac pacemaker activity by contributing to diastolic depolarization in SAN
pacemaker cells??7. T-type Ca,3.1 channels have also been shown to contribute directly
in the setting of the mammalian cardiac impulse generation and propagation by
contributing to both the diastolic depolarization in the SAN and impulse conduction
through the AVN to automaticity®. However, it remains to be established whether L-type
Cay1.3 and T-type Ca,3.1 channels play distinct or partially overlapping roles in heart

automaticity.

The aim of this study is to investigate the functional roles of L-type Ca,1.3 and T-type
Ca,3.1 channels and study the consequences of concomitant genetic ablation of these

channels (Ca,1.3/-/Ca,3.1/") on heart automaticity.
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4.1. Abstract

Heart automaticity is generated in the sino-atrial node (SAN) by a functional interplay
between ion channels of the plasma membrane and intracellular ryanodine receptor
(RyR) -dependent Ca?* release. SAN cells are characterized by the expression of voltage-
gated L-type Cay1.3 and T-type Ca,3.1 Ca’* (Cay) channels in addition to L-type Cay1.2
channels, which are ubiquitously expressed in the heart. To investigate the significance
of Cay expression for heart automaticity we used mutant mice carrying individual or
concomitant genetic ablation of Cay1.3 and Ca,3.1. Cay ablation additively reduced heart
rate in mice: Cay3.17- (-8%, n=11), Ca,1.37- (-24%, n=8), Ca,1.3/-/Ca,3.1"/- (-35%,
n=11). ECG recordings of intact Ca,1.3/-/Ca,3.1/- hearts showed atrioventricular
rhythm dissociation and predominantly junctional, rather than SAN driven rhythmicity.
Optical mapping of automaticity showed disruption of primary automaticity in Cay1.3/-
/Cay3.17- SAN and a shift of the leading pacemaker sites outside the SAN area. We also
investigated the role of hyperpolarization-activated f~(HCN) channels, TTX-sensitive
Na* (Nay) channels and RyR-dependent Cia?* release in residual automaticity of mutant
mice. Concomitant pharmacologic inhibition of f-HCN and T'TX-sensitive Na, channels
slowed atrial automaticity in wild-type (-48%, n=7) and Ca,3.1/- (-37%, n=7), while
arrested it in 4/6 of Ca,1.37/-, 3/6 of Ca,1.3/-/Ca,3.1”~. When present, residual
pacemaking was reduced by ~80%. In isolated Ca,1.3/-/Ca,3.1/- SAN pacemaker cells
automaticity was arrested in 5/9 cells tested or was reduced by 80% in 4/9 cells. This
work contributes to elucidating the consequences of Cay1.3 and Ca,3.1 Ca?* channels
deletion on heart automaticity that has never been investigated before. In particular,
Cay1.3 and Ca,3.1 Ca?" channels deletion disrupts normal heart automaticity by
inducing bradycardia and altering cardiac conduction. Moreover, in the concomitant
absence of Cay1.3 and Ca,3.1 channels, -HCN channels and TTX-sensitive Nay
channels are the predominant mechanisms sustaining pacemaker activity. Finally, in
Cay1.37-/Ca,3.17- SAN cells, RyR-dependent Ca?* release cannot sustain SAN

automaticity alone.

Keywords: Sino-atrial node, calcium channels, Ca,1.3, Ca,3.1, diastolic depolarization,

pacemaker mechanism.
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4.2. Introduction

Heart automaticity is a highly integrated mechanism that comprises the primary
pacemaker activity of the sino-atrial node (SAN) and conduction of the impulse through
the principal components of the cardiac conduction system, the atrioventricular node
(AVN), the His bundle and the Purkinje fibres network!. The SAN generates the cardiac
impulse under physiological conditions however the AVN and the Purkinje fibres network
can generate viable automaticity in case of SAN failure. Automaticity in cardiac cells is
due to the diastolic depolarization, a slow phase of the action potential cycle, which drives
the membrane voltage from the end of the repolarization to the threshold of the following
action potential?.

Several aspects of the cardiac pacemaker mechanism are still incompletely understood
however, there exists considerable agreement that the diastolic depolarization is
generated by a functional interplay between the activity of ion channels of the plasma
membrane and intracellular Ca?* ([Ca?*];) release from ryanodine receptors (RyRs) of
the sarcoplasmic reticulum (SR)3. The contribution of RyR dependent Ca?* release to
automaticity is currently interpreted within the “Ca?* clock” model of pacemaking *. In
this model, an intracellular “Ca?* clock” is generated by a phenomenon of spontaneous
voltage-independent Ca?* release from RyRs that stimulates the Na*t-Ca?* exchanger
(NCX)>. This electrogenic transport generates an inward current that initiates the
diastolic depolarization®. According to the more recent version of this model, normal
pacemaking is generated when the intracellular Ca?* clock is synchronous (coupled) to
the activity of ion channels of the plasma membrane3. Among plasmalemmal ion
channels, hyperpolarization activated f~(HCN) channels’, voltage gated Ca?* channels
(VGCGs)8, voltage-dependent tetrodotoxin (TTX)-sensitive Na* channels mediating
neuronal type Na* current (INaTTX-sensiiive)? and transient receptor potential (TRPM) 10:11
channels have been shown to contribute to the cardiac automaticity.

The mammalian heart expresses three VGCC isoforms?: L-type Cay1.2 and Ca,l1.3
channels, as well as T-type Ca,3.1 channels however, these 1soforms show differential
expression in the working myocardium and in automatic tissue. In particular, adult
ventricular myocytes express L-type Cay1.2 channels'?, which couple excitation to
contraction of the myocardium!3. Cay1.2 channels are also ubiquitously expressed in the
SAN and in the conduction system!?. In contrast, L-type Cay1.3 channels are expressed

in automatic tissue and, to a lower degree of expression, also in atria '2. Finally, T-type
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Ca,3.1 channels are not functionally expressed in the adult working myocardium but
show strong expression in the SAN and in the conduction system!*. Cay1.3 functionally
differs from the other cardiac L-type isoform, its threshold for activation being
substantially more negative (-55 mV) than that of the excitation-contraction controlling
isoform Cay1.2 (-30 mV)15. T-type Ca,3.1 channels activate at more negative voltages
than Ca,1.3 (-60 mV) however, their half inactivation voltage is also more negative (-70
mV)!5. Previous studies showed that L-type Cay1.3 channels play a major role in the
generation of the diastolic depolarization!. T-type Ca,3.1 channels have also been shown
to contribute to automaticity'®. The functional significance of the expression of distinct
VGCCs isoforms in the SAN versus the working myocardium is not fully understood. In
addition, their relevance in relation to other ion channels involved in automaticity has
not been investigated in detail.

Here we created a mouse model of automaticity in which the two VGCCs expressed in
the SAN have been ablated, leaving the excitation contraction coupling L-type Cay1.2 as
the sole VGCCs isoform in the SAN. To this aim we ablated both L-type Ca,1.3 and T-
type Ca,3.1 channels (Cay1.3/-/Ca,3.1/7) and study the consequences of concomitant
genetic ablation of these channels on heart automaticity. We also investigate the
mechanism of residual pacemaker activity in Cay1.3/-/Cay3.17- mice. Finally, we tested
whether intracellular Ca?* clock and the excitation-contraction coupling L-type isoform
Cay1.2 could sustain viable pacemaker activity. We show that concomitant ablation of
Cay1.3 and Ca,3.1 disrupts heart automaticity, by preventing formation of the SAN
impulse and inducing severe heart block. In addition, we find that residual pacemaker
activity in Cay1.3/-/Ca,3.17- SANs was predominantly sustained by f-channels. Finally,
we report that the intracellular Ca’* clock cannot generate viable pacemaker activity
following concomitant targeting of L-type Cay1.3 and f-channels. Our results indicate
that co-expression L-type Cay1.3 and T-type Ca,3.1 channels is required from the proper
genesis and conduction of the cardiac impulse. In addition, association between Cay1.3
and f-(HCN) channels constitutes the predominant mechanism to generate the basal SAN

rate.
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4.3. Methods

Mutant mice harboring genetic ablation of Ca,: Ca,3.1~/-, Ca,1.3-/- and Ca,1.3-/-/Ca,3.1-
/- were generated in the IGF animal facility from C57B/6] genetic background. Ca, 1.3
/-/Cay3.1”/- mice were obtained by crossing C57B/6] Ca,1.3/- 16 with C57B/6] Ca,3.1-
/- 17 mice. The investigation conforms to the Guide for the Care and Use of Laboratory
Animals published by the US national Institute of Health (NIH Publication No. 85-23,
revised 1996) and European directives (2010/63/EU). The experimental procedure was
approved by the Ethical committee of the University of Montpellier and the French
Ministry of agriculture (protocol n°: 2017010310594939). Animals were housed in
individual cages with free access to food and water and were exposed to 12-hour

light/dark reverse cycles (light, 20:00 h to 8:00 h) in a thermostatically controlled room.

4.3.1. ECG recordings in conscious mice

Mice undergoing telemetric ECG recordings were anesthetized with 2% isoflurane
(Forene®, Abbott, UK). A midline incision was made on the back along the spine to insert
a telemetric transmitter (ETA-F10, Data Sciences International) into a subcutaneous
pocket. Paired wire electrodes were placed over the thorax (chest bipolar ECG lead) in
DII derivation against the heart axis. To manage post-surgery pain, Advil (tbuprofen, 7
mL/l) was added to the drinking water for 4 days after implantation. Mice were left to
recover for 10 days before ECG recordings. ECG signals were recorded using a telemetry
receiver and an analog-to-digital conversion data acquisition system for display and
analysis by Dataquest™ A.R.T.™ software (Data Sciences International). Heart rates
(HR) were determined from RR intervals. For evaluating drug effects, the HR was first
recorded for 4-h in basal condition. Following drug intraperitoneal (IP) injection, mean
HR values were calculated in each mouse by analyzing periods of 5 min at different time
points corresponding to the peak effect of the drug. ECG parameters were measured with
ECG Auto 1.5.7 software (EMKA Technologies). Atrial rates were determined from PP

intervals.
4.3.2. Langendorff-perfused hearts

Mice were deeply anesthetized by IP injection of 0.3 mL of solution constituting
Ketamine (0.1mg/g, Imalgeéne) and Xylazine (0.01mg/g, Rompun 2%, Bayer AG),
followed by a second injection of Pentobarbital (150pL. Euthasol Vet in 10 mL NaCl

115



physiological solution). To avoid blood clots in the heart, we injected 0.5 mL of NaCl
solution containing Heparin (25000 U.I). Hearts were removed via thoracotomy when
the tail sensitivity test become negatives. Excised hearts with aortic cannula were quickly
mounted on a Langendorft apparatus (Isolated heart system; EMKA Technologies) at a
pressure of 70-80 mm Hg imposed by the working heart with normal Tyrode’s solution
containing (mM): NaCl, 140; KCI, 5.4; MgCly, 1; CaCle, 1.8; Hepes, 5 and glucose, 5.5
(pH adjusted to 7.4 with NaOH). Perfused hearts were immersed in the water-jacked bath
and maintained at 36°C. The ECG was continuously recorded by two Ag-AgCl
electrodes; the first was placed on the epicardial side of the right atrium close to the SAN
area and the second near the ventricular apex. The heart rate was allowed to stabilize for
at least 30 min before perfusion of drugs. ECG parameters were measured with ECG

Auto 3.3.3.8 software (EMKA Technologies).
4.3.3. Intact SAN/ atria preparations

We obtained SAN-atria preparations from excised hearts as previously described !8.
Briefly, we placed the entire SAN/atrial preparation in pre-warmed (36 °C) Tyrode’s
solution containing heparin (10 U/mL). We used a stereomicroscope (SZX16; Olympus)
with low magnification (7X) to transilluminate and visualize directly the isolated
SAN/atria preparation. We identified the SAN region using the superior and inferior
vena cava, the crista terminalis, and the interatrial septum as landmarks!'®. The
SAN/atrial preparation including right and left atria (RA and LA) was pinned to the
bottom of an optical chamber (Fluorodish, FD35PDL-100; WPI) coated with ~2 mm of
clear Sylgard (Sylgard 184 Silicone elastomer kit; Dow Corning). To maintain the SAN

in a flat plane, we pinned the atrial preparation.

4.3.4. Optical mapping of membrane voltage in SAN/ atria preparations

To analyze changes in membrane voltage in SAN/atrial tissue, the entire preparation,
including the SAN, LA, and RA, was loaded by immersing the tissue in a Tyrode’s
solution containing the voltage-sensitive indicator/dye Di-4-ANEPPS (10 uM; Biotium)
for at least 30 min at room temperature (2022 °C). The preparation was placed on
agitated plate during loading to maintain proper oxygenation of the tissue and load it
uniformly. After the loading step, the tissue was washed 3 times in dye-free Tyrode’s
solution. The SAN/atrial tissue was then constantly perfused at 34-36 °C and imaged by

high speed optical voltage mapping (2 ms per frame) on a MiCAM Ultima-L
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complementary metal oxide semiconductor (CMOS) camera (100x100-pixel CMOS
sensor, 10X10 mm, SciMedia). This camera was mounted on a THT microscope, with
two objectives (2Xand 1.6X) that generated a field of view of 12.5X12.5 mm. A 150-W
halogen light system with built-in shutter (SciMedia) was used as an excitation light source
for the voltage dye. The filter set included a 531/50-nm excitation filter, 580-nm dichroic
mirror, and 580 long-pass emission filter. To avoid motion artifacts, we blocked
mechanical activity using blebbistatin (1.5-5pM; Tocris Bioscience). We usually limited
our recording times to 32.768 s (16,384 frames at 2 ms per frame) to avoid phototoxic
effects of the dye. Optical raw data were analyzed using dedicated software from the

camera developer, BVAna Analysis Software (Brainvision).
4.3.5. Isolation of SAN cells

SAN pacemaker cells were isolated as previously described!®. Briefly, SAN tissue was
immersed into a “low-Ca?*” Tyrode’s solution containing 140 mM NaCl, 5.4 mM KCI,
0.5 mM MgCly, 0.2 mM CaCle, 1.2mM KHPO4, 50 mM taurine, 5.5 mM D-glucose, 1
mg/mL BSA, and 5 mM Hepes-NaOH (adjusted to pH 6.9 with NaOH) for 4 min and
set aside for 2 min. The tissue was then transferred into the low-Ca?* solution containing
purified collagenase and protease (Liberase TM; 229 U/mL; Roche). 1.9 U/ml elastase
(Boehringer Mannheim). Digestion was carried out for 15-20 min at 36 °C. To stop the
digestion process, the SAN was washed in a modified “Kraftbrithe” (KB) medium
containing 70 mM L-glutamic acid, 20 mM KCl, 80 mM KOH, 10 mM KHyPOg, 10
mM taurine, 1 mg/mL BSA, and 10 mM Hepes-KOH (adjusted to pH 7.4 with KOH).
Single cells were isolated from the SAN tissue by manual agitation using a flame-forged
Pasteur’s pipette in KB solution at 36 °C. To recover the automaticity of the SAN cells,
Ca?* was gradually reintroduced in the cells’ storage solution to a final concentration of
1.8 mM. Normal Tyrode’s solution containing 1 mg/ml BSA was added to finish the

readaptation!”. Cells were then stored at room temperature until use.

4.3.6. Patch-clamp recordings of SAN cells

For electrophysiological recordings, SAN cells were harvested in special custom-made
recording chambers with glass bottoms for proper cell attachment. The storage solution
was rinsed with normal Tyrode’s solution warmed at 36°C before recording. ICa was
recorded in standard whole cell patch-clamp configuration. Extracellular recording

solution contained (mM): 135 tetracthylammonium chloride (TEA-CI), 10 4-
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aminopyridine (4-AP), 1 MgCls, 0.03 tetrodotoxin (TTX), 1 g/L Glucose, 2 CaCly, 10
Hepes, (adjusted to pH = 7.2 with CsOH). Electrodes had a resistance of about 3 M)
when filled with an intracellular solution containing (in mM): 125 CGsOH, 20 TEA-CI, 1.2
CaCly, 5 Mg-ATP, 0.1 Lio-GTP, 5 EGTA, and 10 HEPES (pH adjusted to 7.2 with
aspartate). Seal resistances were in the range of 2-5 G(). Pacemaker activity of SAN cells
was recorded under perforated patch conditions by adding 50 pM [3-Escin to the pipette
intracellular solution. Patch-clamp electrodes had a resistance of 3—5 M(2 when filled with
an intracellular solution containing (in mM): 130 K*-aspartate; 10.0 NaCl; 2 ATP-Na*
salt, 6.6 creatine phosphate, 0.1 GTP-Mg?*, 0.04 CaCly (pCa = 7.0), and 10.0 HEPES-
KOH (adjusted to pH 7.2 with KOH). Perfusion of pre-warmed (36 °C) experimental
solutions was performed by using a multi- MPRES heating pen (Cell Micro Controls,).
Data acquisition was performed using a Multiclamp 700A patch clamp amplifier

connected to Digidata 15508 interface (Molecular Devices).

4.3.7. Ca?* imaging in isolated SAN cells

We harvested SAN cells in a glass Fluorodish (FD3510-100, WPI), coated overnight with
laminin (I mg/ml; Sigma-Aldrich) for 1 h before recordings. SAN cells loading was
performed by removing the bath solution and replacing it by Tyrode’s solution containing
the Ca?* indicator CAL-520 (1 pM, from a stock solution containing DMSO/Pluronic
F-127 0.13%; Invitrogen) during 25 min at room temperature. Images were obtained
with confocal microscopy (Zeiss LSM 780), by scanning SAN cells with an Argon laser in
line-scan configuration. To avoid phototoxicity we generally recorded the SAN cells at a
line rate of 1.53 or 3.78 ms to obtain 10,000 lines. Fluorescence was excited at 488 nm
and emissions were collected at >505 nm. A 63x oil immersion objective was used to
record [Ca’*]; in isolated SAN myocytes. We suppressed the background noise and
analyzed the time-courses of Ca?* fluorescence by pClamp software (ver.10.6.2.2,

Molecular Devices). [Ca?*]; transients and LCRs were analyzed using Image] software 8.
4.3.8. Statistical analysis

Statistical analysis was performed using Prism 8.0 (GraphPad Software). Data are
represented as mean + SEM. Statistical tests used in each experiment are specified
throughout the figure legends. Statistical significance was defined as p<0.05. *p < 0.05,
**p < 0.01, ¥*p < 0.001 and ****p < 0.0001.
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4.4. Results

4.4.1. Concomitant ablation of L-type Ca,1.3 and T-type Ca.,3.1 channels
silences the VDCCs mediated Ca?* current in the voltage range of the

diastolic depolarization

In order to validate our model, we recorded L- and T-type Ca?* currents in isolated SAN
pacemaker cells from control and mutant mice. Ica was first recorded from a holding
potential (HP) of -80 mV to record Icar and Icar)!. Samples traces of Ica are reported in
Fig.1A for wild-type, Ca,3.17/-, Ca,1.3-/- and Ca,1.3-/-/Ca,3.1/- SAN cells. To separate
Icar from Icat, we switched the HP to -55 mV to inactivate Icar (Fig.1A). Current-to-
voltage relationship curves for each genotype are reported in Fig.1B. Black symbols
represent values recorded using the depolarizing step protocol starting from HP = -80
mV and red symbols values recorded from HP of -55 mV. In wild-type SAN myocytes
the net T-type Ca’* current was calculated as the difference between traces obtained at
HP of -55 mV from those at HP -80 mV!® (Fig. 1B-a, dashed line). In Ca,3.1-/- SAN cells
only L-type current flowing through Cay1.3 and Cay1.2 subunits was recorded, whereas
T-type Ca?* current was totally absent (Fig.1B-b). In Cay1.3- SAN cells, the total Ica
(black dots, Fig.1B-c) was the sum of Ca,3.1 mediated T-type and the Ca,1.2 mediated
L-Type Ca?* current (red dots, Fig.1B-c). Similar to wild-type, Icar was quantified by
subtracting traces obtained at the two different HPs (Fig.1B-c, dashed line). In Ca,1.3-/
/Cay3.17- SAN cells the only residual Ica recorded was Cayl.2 mediated Icar
(recognizable by its activation at more positive potentials, Fig.1B-d). A comparison
between Ca®* current intensity recorded in different mutants with respect to wild-type
animals 1s depicted in Fig.1Ca-c (for data collected with HP = -80 mV) and Fig.1Da-c
(HP=-55 mV). These data were in line with our previous results showing the presence of
Cay1.3 mediated Icar at diastolic membrane voltages between -55 mV and -35 mV'.
Furthermore, our results show the absence of residual Ca?* current in Cay1.3/-/Ca3.1-

/-SAN cells at voltages spanning the diastolic depolarization.
4.4.2. Deep bradycardia and heart block in and Ca,1.3-/-/Ca,3.1-/- mice

We first compared i vivo SAN rates (P wave rate) with ventricular heart rates (HRs) in
mutant mice, under control conditions (ANS+) and following combined injection of
atropine and propranolol (ANS-) to inhibit the autonomic nervous system input (Fig. 2A

and B). All mutant mice displayed significant slowing of SAN rates: Ca,3.1/- (~-10%),
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Cay1.37- (~-30%) and Ca,1.37-/Ca,3.17- (~-35%) in comparison to wild-type
counterparts (Fig. 2A-E). The standard deviation of the SAN interbeat time was increased
in Ca,1.37-/Ca,3.17- mice (Fig. S1), indicating erratic SAN automaticity. The
atrioventricular (AV) conduction time (PR interval) was increasingly prolonged in mutant
Ca,3.17-, Cay1.37- and Cay1.3/-/Ca,3.1”- mice (Fig. S1). The uncorrected QT interval
was also significantly prolonged in Cay 1.3~ and Cay1.3/-/Ca,3.1”- mice (Fig. 1). Ca,1.3-
/~and Cay1.37-/Ca,3.17- mice showed also a high incidence of 2°d degree AV blocks (Fig.
2A). Furthermore, 6/23 Cay1.3/-/Ca,3.1/- mice presented with complete 3'4 degree AV
block and dissociated atrial and ventricular rhythm (Fig. 2A). In comparison, any of the
24 Cay1.3”/-mice studied presented complete 3™ degree AV block. Inhibition of the
autonomic nervous system input reduced SAN rates in all genotypes tested and abolished
2nd and 3 degree AV blocks in mutant mice (Fig. 2B). We recorded deep SAN
bradycardia in Ca,1.3/-/Ca,3.1/- mice under autonomic nervous system inhibition
(~240 bpm), suggesting that the sympathetic activity was important in sustaining
pacemaker activity in double-mutant animals (Fig. 2B-D). The averaged SAN rates of
Cay1.37- and Cay1.37/-/Ca,3.17- mice did not differ significantly. However, HRs of
Cay1.37/-/Ca,3.17- were significantly lower than those of Cay1.37- mice because of a
higher incidence of 2" degree AV blocks and the presence of dissociated rhythms in

double mutant animals (Fig. 2E and F).

Thus we investigated the consequences of concomitant ablation of Cay1.3 and Ca,3.1 on
intrinsic heart automaticity using intact Langendorft perfused hearts to reduce ANS
influence (Fig.3). Similar to observations u vivo, the rates of P waves in mutant hearts were
lower than that of wild-type counterparts however, complete 3¢ degree AV block and
rhythm dissociation characterized Cay1.37/-/Ca,3.17- hearts (Fig. 3A and B). Rhythm
dissociation was evidenced by the difference between measured atrial and ventricular
ratesin Cay1.37/-and Ca,1.3/-/Ca,3.1/- hearts (Fig. 3C). Concomitant ablation of Ca,1.3
and Ca,3.1 was strongly proarrhythmic. Indeed, Ca,1.3/-/Ca,3.1/- hearts showed
mversed P waves associated with atrial and ventricular escape rhythms, suggesting
extranodal impulse generation. Furthermore, all Ca,1.3/-/Ca,3.17- hearts showed
episodes of ventricular tachycardia (Fig.S2). Taken together, these observations indicated
that concomitant ablation of Ca,1.3 and Ca,3.1 channels disrupted heart automaticity
by strongly reducing SAN pacemaking and by severely compromising atrioventricular

conduction and ventricular rhythmicity. In conclusion, concomitant ablation of Cay1.3
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and Ca,3.1 disrupts heart automaticity by inducing SAN dysfunction and heart block. In
addition, coexpression of Cay1.3 and Ca,3.1 is necessary to ensure conduction and

stabilizing ventricular automaticity.

4.4.3. Concomitant ablation of Ca,1.3 and Ca.3.1 channels disrupts SAN
automaticity and induces shift of pacemaker leading sites to extranodal

locations

Since we recorded limited residual SAN driven heart automaticity in Ca,1.3/-/Ca 3.1/
hearts we attempted to study SAN impulse formation and localization using optical
mapping (OM) of membrane voltage in isolated SAN/atria preparations (see methods).
All wild-type SAN/atria preparations displayed consistent positioning of the pacemaker
leading site in a limited region of the central cranial side of the SAN at the entry of the
superior cava vein in the right atrium and close to the border of the Crista Terminalis
(Fig.4A). In contrast, we found that automaticity in Ca,3.1”- and Ca,1.3/- SAN/atria
preparations was characterized by the presence of at least two leading sites with
alternating dominance in 3 out of 7 and in 4 out of 7 tissues tested, respectively (Fig.4A,
table S1). In addition, 2 out of 4 Cay,1.3-/- SAN/atria preparations displayed 3 alternating
leading sites. Finally, all Ca,1.3/-/Ca,3.17/- preparations studied displayed alternating
automaticity between two or three leading sites (Fig.4A, supplementary table 1). In
Ca,3.1/- preparations, secondary leading sites appeared in the correspondence of the
nodal extension caudally to the inferior vena cava?’. In Ca,1.3~/- and Ca,1.3/-/Ca3.1"
preparations secondary leading sites were also found in the right or left atrium (Fig.4A).
Emergence of multiple extranodal leading sites was accompanied by increasing slowing
of automaticity in Ca,3.17/-, Ca,1.3/- and Ca,1.3/-/Ca,3.1”- SAN/atria preparations
(Fig.4B). The coefficient of variability of atrial rate also increased with concomitant
genetic ablation of Ca,1.3 and Ca,3.lin comparison to wild-type counterparts (Fig.4C).
The rate of atrial impulse was negatively correlated with the distance between the
alternating leading sites (Fig.4D). Taken together, these observations indicate that
concomitant ablation of Ca,1.3 and Ca,3.1 channels disrupted primary SAN
automaticity and shifted pacemaker activity to extranodal leading sites generating slow

atrial rates.
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4.4.4. f-channels sustain automaticity in Ca,1.3-/- and Ca,1.3-/-/Ca,3.1-/- in

vivo

Since we observed automaticity arising in Ca,1.3”/- and Ca,1.3/-/Ca,3.1/- hearts, either
in the SAN or in extranodal regions (Fig.4), we attempted to identify the mechanisms
underlying residual pacemaking. Hyperpolarization-activated f-channels underlie the
cardiac Ir current?’,??2. Because of their direct sensitivity to intracellular cAMP they
constitute a primary targets of the opposite regulation of heart rate by catecholamines
and acetylcholine?. We thus hypothesized that the decrease in HR observed in Cay1.3-
and Cay1.3/-/Ca,3.17- mice following inhibition of the autonomic nervous system was
generated by atropine induced Ikach inhibition?2* and a shift of It activation to more
negative voltages by blockade of B-adrenergic receptors by propranolol (Fig.2B). We thus
administered to wild-type and mutant mice the selective Ir blocker ivabradine and
recorded HR under these conditions (Fig.5). Ivabradine decreased the HR 1in all the
genotypes tested (Fig.5A-C). The HR recorded in Cay1.3/-/Ca,3.1/- mice under
ivabradine administration was similar to that observed in the same mice under atropine
and propranolol, which suggested that Ir was playing a major role in establishing HR in
Cay1.37-and Ca,1.3/-/Ca,3.1/- mice in vivo under the action of the autonomic nervous
system. In addition, the difference in HR before and after ivabradine administration was
similar among wild-type and mutant mice (Fig.5D), which indicated that genetic ablation
of Cay1.3 and Ca.3.1 channels did not affect the relative contribution of Ir to HR. Since
ivabradine induced strong bradycardia in Cay1.37- and Cay1.3/-/Ca,3.1”/- mice we
decided to investigate the origin of the residual SAN automaticity under ex vivo
conditions, to prevent lethal bradycardia. Similarly to in vivo conditions, ivabradine (10

M) induced low HRs in isolated hearts from mutant Ca,1.3- and Ca,1.3/-/Ca,3.1-/-

mice (<100 bpm; Fig.6A). TTX-sensitive Na* channels (InaTTx) are expressed in the SAN,
where they have been shown to contribute to basal heart rate and to SAN pacemaker
activity??. We thus employed a moderate concentration of TTX (100 nM) InarTx to
investigate the contribution of these channels to the residual automaticity of Cay1.3~/- and
Cay1.3/-/Cay3.1/- hearts under conditions of Ir block by ivabradine. TTX further
reduced heart rate in Cay1.3/- hearts (<50 bpm; Fig. 6B) however, upon 7 hearts tested,
we failed to observe complete arrest of cardiac automaticity. Since part of the residual
automaticity could come from extranodal impulse leading regions (Fig.5), we directly

mvestigated SAN automaticity by OM of the pacemaker impulse following
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pharmacological blockade of Ir (Fig.6C) or concomitant Iy and TTX-sensitive Na*
channels (Fig.6D). Ivabradine slowed the SAN rate in wild-type and mutant mice and
reduced the number of preparations presenting alternating leading sites (table S1).
However, ivabradine significantly increased the variability of SAN rate in wild-type and
mutant mice (supplementary Fig. 3). Blockade of TTX-sensitive Na* channels in
ivabradine perfused SANs arrested automaticity in 5/7 Cay1.3/- and 4/7 Ca,1.37-
/Cay3.17/- preparations (Fig.6D, table S1). Very low rate was recorded in 5 SANs from
Cay1.37- and Cay1.3/-/Ca,3.1”- mice still presenting residual automaticity (<40 bpm,
Fig.6D). In contrast, ivabradine and TTX did not affect the impulse conduction times to
the right and left atria (Fig. S3).

We obtained similar results using spontaneously beating isolated SAN cells (Fig. 7).
Indeed, concomitant inhibition of Ir and T'TX-sensitive Na* channels slowed pacemaker
activity in wild-type and Ca,3.1-/-cells (Fig. 7A and B, supplementary table 2), while
arrested automaticity in 3/6 Cay1.3/-and in 7/14 Ca,1.3/-/Ca,3.1- cells (Fig. 7C and
D, supplementary table 2). Consistently with OM recordings in intact SAN/atria
preparations, very slow automaticity was recorded in Cay1.37- cells that maintained
residual pacemaking under these conditions (<30 bpm). Pharmacological inhibition of T-
type channels (namely Ca,3.1 channels) and Ca.1.3 L-type channels in isolated
pacemaker cells confirmed the results obtained in the experiments where same channels
were inactivated genetically. Ca,1.2PHP/- mouse model (Cay1.2 subunits of L-type Ca?*
channels insensitive to dihydropyridine) was used for the experiments. | pM TTA-Ao, a
selective T-type channel blocker, reduced action potential rate of approximatively 10%
in isolated SAN cells from Ca,1.2PHP/- mice (Fig. 8A, supplementary table 3). Nifedipine
highly affected (70% action potential rate decrease) automaticity in Ca,l.2PHP-/-
pacemaker cells (Fig. 8B, supplementary table 3). Finally, concomitant perfusion of T'TA-
Ay and nifedipine stopped spontaneous sinoatrial action potential firing on 3 out of 6
Ca,1.2PHP-/- SAN cells with a total residual action potential rate of about 25 bpm (Fig.
8C, supplementary table 3). The action potential parameters are reported in the

supplementary table 3.

4.4.5. Ca,1.3 channels silencing decreased spontaneous intracellular Ca2*

transient frequency and augmented SR Ca?*load in SAN myocytes

To further characterize the Ca?*-dependence of cardiac automaticity we recorded

intracellular Ca?* release ([Ca?*];) by line-scan imaging of Fluo-4-loaded myocytes in
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control and in mutant SAN cells. Similar to current clamps results (Fig. 7), 3 pM
ivabradine significantly reduced the spontaneous [Ca?*]; transient frequency in SAN cells
from all genotypes studied. In addition, perfusion of 50 nM TTX further decreased
automaticity (Fig. 9). Even if we recorded a variation in the number of local Ca?* release
events in basal condition between Cay1.3-/- and Ca,1.3-/-/Ca,3.1-/- cells (supplementary
Fig. 4A), we failed to detect any differences in the LCRs number between control
condition, ivabradine perfusion and perfusion of ivabradine plus TTX (supplementary

Fig. 4B).
4.5. Discussion

Our study reports, at first, that genetic inactivation of Cay1.3 and Ca,3.1 subunits
abolished Ca?* current, at least, at voltages spanning the diastolic depolarization range,
in SAN cells. Second, we show that concomitant ablation of L-type Cay1.3 and T-type
Ca,3.1 Ca?* channels disrupts heart automaticity in vivo by inducing prominent SAN
bradycardia and severe atrioventricular dysfunction. Third, we show that Ca,3.1
channels play an important role in stabilizing atrial and ventricular rhythmicity in isolated
Cay1.3- hearts. Indeed, Cay1.3/-/Ca\3.17- mice present slow SAN rates associated with
both atrial and ventricular arrhythmias. Fourth, we report that in both Ca,1.3-- and
Cay1.37-/Ca,3.17-  SAN/atria preparations, residual pacemaker activity is
predominantly generated in nodal and extranodal sites by f-channels and T'TX-sensitive
Na* channels. Finally, we show that spontaneous RyR-dependent [Ca?*]; release cannot
sustain viable automaticity following concomitant genetic ablation of Cay1.3 channels

and pharmacologic inhibition of f-channels.

4.5.1. Concomitant genetic ablation of Ca,1.3 and Ca,3.1 channels abolishes
Ca?* current at voltages spanning the diastolic depolarisation range and

disrupts heart automaticity

Our results indicate that genetic inactivation of both Ca,3.1 and Cay1.3 abolishes Ic. at
voltages between -65 mV and -40 mV (diastolic depolarisation membrane potential
range) (Fig. 1). Previous work showed that Ca,3.1 channels activate at more negative
voltages than Ca,1.3 channels®!5. However, their limited steady-state availability at the
maximum diastolic potential predicts smaller Ca,3.1-mediated Icar than Cayl.3-
mediated Ica'*. Consistently with this prediction, we did not observe additivity between

Cay1.3 and Ca.3.1 ablation on SAN rhythm in vivo (Fig. 2). In contrast, we observed
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lower ventricular rates in Cay1.37/-/Ca,3.1”/- in comparison with Cay1.3- mice.
Decreased ventricular rate was due to worsening of atrioventricular conduction in double
mutant mice, because pharmacologic inhibition of the autonomic nervous system input
by atropine and propranolol reduced atrioventricular blocs leading to similar ventricular
rates in Cay1.3/- and Cay1.3/-/Ca,3.1-/- mice. The differential effect of concomitant,
versus individual genetic ablation of VGCCs on SAN automaticity and atrioventricular
conduction suggests that in the SAN Cay1.3 and Ca,3.1 channels converge to a common
intracellular mechanism of pacemaking. Indeed, the absence of additivity of Ca,1.3 and
Ca,3.1 ablation on SAN rate in vivo could be explained by convergence in the control of
RyR dependent Ca?* release by Icar?° and Cayl.3-mediated Icar!6. On the other hand,
the additive effect on atrioventricular conduction of Ca,3.1 deletion in double mutant
mice is explained by the loss of depolarization reserve mediated by Icat in the Ca, 1.3/
genetic background. The importance of Ca,3.1 channels in atrioventricular conduction
is stressed by the prevalence of dissociated atrial and ventricular rhythms in Langendorff-
perfused Cay,1.3/-/Ca3.1-/- hearts (Fig. 4). In addition, our data show that expression of
Ca,3.1 channels is essential to maintain normal atrial and ventricular rhythmicity in
hearts lacking Ca,1.3. The observation that Ca,1.3/-/Ca,3.1”/- hearts ex vivo present
with junctional atrial and ventricular rhythmicity rather than SAN rate as observed in
vivo led us to investigate automaticity using isolated SAN/atria preparations. In
comparison with Cay1.37- hearts, Cay,1.37/-/Ca,3.1”/- hearts showed an increased
frequency of alternating impulse initiation in the SAN and in extranodal sites, which was
associated with slower automaticity in double mutant hearts (Fig. 5). These observations
indicate that concomitant ablation of Ca,1.3 and Ca.3.1 channels disrupts primary SAN
automaticity, shifting impulse initiations to extranodal sites. Shifting of leading
pacemaker sites to extranodal locations can explain atrial ectopic and atrial rhythmicity
observed in Langendorff-perfused Ca,1.3/-/Cay3.17/- hearts. The discrepancy between
the additivity of the effect of Ca,1.3 and Ca,3.1 loss in isolated Cay1.3/-/Ca3.17
SAN/atria preparations and the observations in vivo and in intact hearts could be
explained by the action of the autonomic nervous system and/or the presence of the
mechanoelectrical feedback. In conclusion, our data show for the first time that Ca,1.3
channels are necessary to maintain atrial automaticity in the SAN region. Ca,3.1
channels contribute to sustain SAN automaticity and to maintain SAN dominance

towards extranodal sites (Fig. 3).
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4.5.2. Automaticity in Ca,1.3-/- and Ca,1.3-/-/Ca.3.1-/- SANs is sustained by

f- and TTX-sensitive Na* channels

Concomitant ablation of Cay1.3 and Ca,3.1 reduce the heart rate in vivo by about 200
bpm, which corresponds to ~30% of the heart rate measured in wild-type mice under
control conditions (Fig. 2). Inhibition of It by ivabradine reduced the heart rate about 200
bpm in all genotypes studied, a value which corresponds to the decrease in heart rate
induced by inhibition of the autonomic nervous system. This observation suggests that Ir
was controlling heart rate under the action of the autonomic nervous system in Ca,1.3-/-
and Ca,1.3/-/Ca,3.1-/- mice. In addition, these results indicate that Iris responsible for ~
one third of the total rate of pacemaker activity. Consequently, It inhibition in Cay1.3
and Ca,1.3/-/Ca,3.1/- mice reduced heart rate by two-thirds leaving an averaged heart
rate of about 240 bpm. Heart rate in some Cay1.3/-/Ca,3.1~/- mice was lower than 100
bpm, which corresponds to a reduction of more than 85%, in comparison to the initial
heart rate measured in wild-type mice under control condition. While such a prominent
reduction in heart rate would be lethal in humans, this residual pacemaking was sufficient
to sustain heart function in mice. Taken, together, these observations indicate that L-type
Cay1.3 and f-channels are the two predominant ion channel mechanisms underlying

pacemaker activity in mice.

Beside VGCCs and Ij, other plasmalemmal ion channels, as well as RyR-dependent Ca?*
release have been proposed to participate to the generation of the diastolic depolarization
and pacemaker activity. We thus hypothesized that the residual pacemaker activity
observed in vivo in Cay1.3/- and Cay1.3~-/Ca,3.1~- mice or ex vivo in mutant hearts and
SAN/atrial preparations was sustained by TTX-sensitive Navl channels and RyR-
dependent Ca?* release. Our data show that inhibition of InarTx) arrests automaticity in
a majority of isolated SAN/atria preparations and in isolated SAN cells. This observation
indicates that T'TX-sensitive Nay1l channels are the predominant mechanisms sustaining
pacemaker activity in the concomitant absence of L-type Cay1.3, T-type Ca,3.1 channels
and pharmacologic inhibition of It (Fig. 6 and 7). We may expect that spontaneous RyR-
dependent [Ca?*]; release could still sustain viable pacemaking under combined
inhibition of Ir and and Inarrx) and concomitant genetic ablation of Cay1.3 and Ca,3.1
channels. Indeed, the ubiquitous excitation-contraction coupling cardiac Icar isoform
Cay1.2 1s still expressed in Cay1.3/-/Ca,3.17- hearts and could ensure proper SR Ca?*

load to activate the spontaneous “Ca?* clock”. In this regard, we showed previously that
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Cay1.37- SAN cells present normal SR Ca?* load!s. However, we showed in the same
study that diastolic RyR-dependent Ca?* release is diminished in Cay1.3- SAN cells and
that ablation of Ca,1.3 channels disrupts synchronous recruitment of diastolic Ca%*
releasing sites!®. It is thus possible that individual Cay1.3 and/or concomitant ablation of
Cay1.3 and Ca,3.1 channels disables the “Ca?* clock” mechanism. We cannot exclude
that RyR-dependent [Ca’*]; release was still effective in the fraction of SAN/atria
preparations generating automaticity at very low rates, probably in cooperation with
TRPM4 channels!?. However, our results show that Ca,1.3 and f-channels account for
70-80% of the SAN rate, highlighting these channels as the predominant mechanisms in

the generation of SAN pacemaker activity.

4.6. Conclusions

As stressed above our study demonstrates that L-type Cay1.3 and T-type Ca,3.1 channels
are essential for generating normal heart automaticity, atrioventricular conduction, as
well as to stabilize atrial and ventricular rhythmicity and generating SAN pacemaker
activity. As a corollary, we show that normal heart automaticity necessitates the
expression of low-voltage activated VGCCs and would not be possible with the sole
expression of the ubiquitous L-type Cay1.2 isoform in association with f-channels. On the
other hand, Ca,1.3 and f-channels appear to constitute the two predominant cardiac
pacemaker mechanisms. Furthermore, our study suggests that co-expression of Ca,1.3,
Ca,3.1 and f-channels could be the cornerstone to develop “biological” pacemakers with
proper rate?’. Finally, our data in mice suggest that Ca,1.3 and Ca,3.1 channels could
underlie several still-to-be identified forms of idiopathic bradycardia and atrioventricular

dysfunction in humans 28.
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4.8. Figure legends

Figure 1. Ica in isolated SAN cells. (A). Sample traces obtained using a HP at -80
mV (top) and at -55 mV (bottom) in SAN myocytes from wild-type (a), Ca,3.1”- (b),
Cay1.37- (¢) and Ca,1.37-/Cay3.1”/-mice (d). (B) I-V relationship of Ca** current
recorded at HP = -80 mV (black circles) and at HP = -55 mV (red circles) in SAN cells
from different genotypes: wild -type (a, n=11), Ca,3.1/- (b, n=6), Ca,1.3”/- (¢, n=11) and
Cay1.37-/Ca,3.17- mice (d, n=10). In (a) and (b) dotted line indicates the net IcaT I-V
curve calculated as difference between values obtained at HP of -55 mV from those at
HP -80 mV. (C) Relative density of IcaT and Ica L at different test potentials measured in
pacemaker cells, at HP = -80 mV, from wild type (black bars, n=11), Ca,3.1"/- (a, open
bars, n=6), Ca,1.37- (b, open bars, n=11) and Ca,1.3/-/Ca,3.1/- mice (c, open bars,
n=10). (D) Same as C but with a HP = - 55 mV.

Figure 2. ECG recordings in wild-type and mutant mice. (A). Sample dot plots
of heart rate (left panels) and ECG recordings (left panels) under control conditions in
n=11 wild-type (WT), n=11 Ca,3.1/-, n=8 Ca,1.3”- and n=10 Ca,1.3-/-/Ca,3.1-/- mice.
(B). Dot plots of heart rate (left panels) and ECG recordings (right panels) following
intraperitoneal injection of atropine (1 mg/Kg) and propranolol (5 mg/Kg) to inhibit
autonomic nervous system influence (ANS-) in n=10 WT, n=12 Ca,3.1/-, n=7 Ca,1.3"
,and n=8 Ca,1.3/-/Ca,3.1-mice. Averaged rate of P waves (atrial rate) in wild-type and
mutant mice under control conditions (C) or following atropine and propranolol injection
(D). (E). Heart rates (ventricular rates) in wild-type and mutant mice Statistics: One-way
ANOVA followed by Tukey’s multiple comparisons test. (F). Number of atrioventricular
blocks (AVB) under control and atropine and propranolol inhibition conditions in n=6
Cay1.37-, and n=7 Ca,1.3/-/Ca,3.1”- mice. Statistics: unpaired t-test. (#) indicates

comparison with wild-type.

Figure 3. Consequences of concomitant ablation of Ca,1.3 and Ca,3.1 on
intrinsic heart automaticity using intact Langendorff perfused hearts. Dot
plots of heart rates and sample ECGs recorded before (A) and after (B) intraperitoneal
(IP) injection of ivabradine (IVA, 6mg/kg) in n=10 wild-type, n=5 Ca,3.1~-, n=8 Ca,1.3
/~and n=10 Cay1.3/-/Ca,3.1”- mice. (C). Plotted averaged heart rates measured before

and after IVA injection in all genotypes. Whiskers indicate mean + the SEM. (D).
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Relative effect of IVA 6mg/kg IP injection on heart rates measured in all genotypes.
Statistics: one-way ANOVA followed by Tukey’s multiple comparisons test. (#) indicates

comparison with wild-type

Figure 4. (A). Line plots of atrial (red line) and ventricular (blue line) rates (left panel)
and sample ECGs (right panel) recorded ex vivo on isolated Langendorft perfused heart
under control conditions in n=8 wild-type, n=6 Ca,3.1/-, n=8 Ca,1.3”/- and n=7 Ca,1.3
/-/Cay3.17/-. (B). P wave rates in isolated wild-type and mutant hearts under control
conditions. (C). Differences between atrial and ventricular rates of isolated hearts.
Statistics: one-way ANOVA followed by Tukey’s multiple comparisons. Whiskers

indicate mean * the SEM. (#) indicates comparison with wild-type.

Figure 5. Distribution of pacemaker leading sites in SAN/atria
preparations and automaticity. (A). Sample snapshots of SAN/atria preparations
with points showing the position of the pacemaking leading region. Connecting lines
indicate alternating leading regions in in the same mutant SAN. (B). Comparison between
atrial rates of n=8 wild-type, n=8 Ca,3.1/-, n=7 Ca,1.3/- and n=7 Ca,1.3/-/Ca,3.1"/
SAN/atria preparations. (C). Coeflicient of variability of atrial rates from the same mice
as in (B). Statistics: one-way ANOVA followed by Tukey’s multiple comparisons test.
Whiskers indicate mean £ the SD. (D). Linear regression between the rate from the
leading region and the distance from the normal leading region recorded in wild-type

preparations. (#) indicates comparison with wild-type.

Figure 6. Pacemaker arrest by concomitant inhibition of Ir and INa TTX-sensitive
in Ca,1.3-/- SAN/ atria preparations. (A). Atrial rates of n=7 wild-type, n=6 Ca,3.1-
/-, n=7 Cayl.37/- and n=7 Ca,1.37/-/Ca,3.1”- isolated Langendorff hearts under
wvabradine (IVA, 10 pM) perfusion. (B). Atrial rates of isolated hearts under IVA 10 pM
+ TTX 100 nM perfusion. (C). Sample snapshots of the localization of leading regions
under IVA 10 pM perfusion (left panels) and averaged rates of depolarization in n=7
wild-type, n=7 Ca,3.1”/- , n=6 Ca,1.3/- and n=6 Ca,1.37/-/Ca,3.17/- SAN/atria
preparations. (D): Same representation as in (C) with leading region in IVA 10 pM +

TTX 100 nM perfusion. Statistics: one-way ANOVA followed by Tukey’s multiple

comparisons test. Whiskers indicate mean =+ the SD. (#) indicates comparison with wild-

type.
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Figure 7. Pacemaker activity in SAN cells from different mutant mice. (A).
Sample perforated-patch action potential recordings of SAN cells of wild-type and
mutant mice under control conditions or following perfusion of IVA or IVA+TTX 100
nM. (B). Averaged rates of action potentials recorded on SAN cells under conditions in
(A). Under control conditions: wild-type n=14, Ca,3.1~/- n=8, Cay1.3/- n=6 and Ca,1.3
/-/Cay3.17/- n= 14. Statistics: one-way ANOVA followed by Holm-Sidak multiple

comparisons test. Whiskers indicate mean * the SD.

Figure 8. Automaticity in isolated Ca,1.2PHP-/- SAN cells perfused with T-
and L-type Ca?* channel blockers. Sample perforated-patch action potential
recordings (left) and averaged rates (right) from Ca,1.2PHP-/- SAN cells in control
conditions (n=6) and under perfusion of I pM TTA-As (A, n=5), 3uM nifedipine (B, n=5)

or both (G, n=6). Statistics: paired t-test. Whiskers indicate mean =+ the SD.

Figure 9. [Ca?*]; handling in isolated pacemaker cells from different mutant
mice. Confocal line scan images (left) and averaged frequency of spontaneous [Ca?*]
transients of SAN myocytes form wild-type (A, n=13), Ca,3.1/- (B, n=8), Ca,1.3/- (C,
n=13) and Ca,1.3/-/Ca,3.1”/- (D, n=7) loaded with Fluo-4 and perfused with Tyrode’s
solution (left) or IVA 3pM (center) or IVA 3pM + TTX 50nM (right). Statistics: one-way
ANOVA followed by Holm-Sidak multiple comparisons test. Whiskers indicate mean +
the SD.
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Figure 4
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Figure 7
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Figure 8
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4.9. Supplementary figures legends

Figure S1. ECG in wild-type and mutant mice. (A) Standard deviation of the heart
rate (top), averaged PR (center) and QT" (bottom) intervals under basal conditions (ANS+)
and after pharmacologic inhibition of the autonomic nervous system (ANS-). Wild-type
(WT)n=11, Ca,3.17/-n=11, Ca,1.3/- n=8, Ca,1.3/-/Ca,3.1~- n=10. Statistics: one-way
ANOVA followed by Tukey’s multiple comparisons test. (#) indicates comparison with
WT.

Figure S2. Examples of ECGs from isolated heart. Sample ECGs recordings
from Langendorff perfused WT hearts (A) and hearts from Ca,1.3/-/Ca 3.1~ mice (B)
showing atrial and ventricular arrhythmias, including premature ventricular contraction,

atrioventricular blocks and ventricular tachycardia.

Figure S3. Parameters of pacemaker activity and conduction in SAN/atria
preparations. (A) Coeflicient of variability of SAN rate (top), conduction time between
the leading site toward right (middle) and left (bottom) atria calculated in tissues from
different mutants perfused with tyrode solution (control), with 10 pM ivabradine or with
10 pM ivabradine plus 100 nM TTX. WT n=8, Ca,3.1/-n=8, Ca,1.3/- n=7, Ca,1.3/-
/Ca,3.17/-n=7. Statistics: One-way ANOVA followed by Tukey’s test. (B) Leading region
position in SAN/atria preparations. SAN/atria tissue activation maps isolated from
different mouse strains (color gradient, 4 msec/color). Multiple leading regions are

recorded in Cay1.3/-and Cay1.3/-/Ca,3.1”/- SAN/atria preparations (bottom).

Figure S4. Frequency of local Ca?* release (LCRs) in SAN cells. (A) LCRs
recorded in pacemaker cells from WT (n=11), Ca,3.1/-(n=7), Ca,1.3”/- (n=12) and
Cay1.37-/Cay3.1/- (n=7) in control condition. (B) same as (A) but after perfusion of 3uM
ivabradine or 3uM ivabradine plus 50 nM TTX. Statistics: One-way ANOVA followed

by Holm-Sidak multicomparison test.

Table S1. Conduction alterations in SAN/ atria preparations from different
mouse strains. Pacemaker and conduction dysfunctions recorded in isolated
SAN/atria preparations in control condition, after perfusion of 10 pM ivabradine or

perfusion of 10 pM 1vabradine + 100nM TTX.
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Table S2. Action potential (AP) parameters recorded in isolated SAN cells
from wild-type, Ca,3.1/-, Ca,1.3/- and Ca,1.3-/-/Ca,3.1/- mice. MDP:
maximal diastolic potential (mV); Eth: AP threshold (mV); APA: AP amplitude (mV);
APD: AP duration (ms); SLDD: slope of the linear part of the diastolic depolarization
(mV/ms); EDD: slope of the exponential part of the diastolic depolarization (mV/ms);
dV/dt: AP upstroke (mV/ms). Statistics: one-way ANOVA followed by Tukey’s multiple

comparisons test. Data are represented as meantSEM.

Table S3. Action potential (AP) parameters recorded in isolated SAN cells

from Cavl.2PHP-/- mice. AP parameters calculated in pacemaker cells from
Cavl.2DHP-/- mice in control condition, after perfusion of 1 pM TTA-A, 3pM

nifedipine or both. Statistics: paired t-test. Data are represented as mean+SEM.
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Figure S2
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Figure S3
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Figure S4
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Table S1

No conduction

Pacemaker Multiple leading Ectopic leading
activity region reagion tov;:::;ij;left
CONTROL

Wild-type 8/8 0/8 0/8 0/8
Ca,3.1" 717 317 0/7 0/7
Ca/1.3" i a7 17 317

-l -
Ca1.3 ,_/ Ca.3.1 717 77 317 17

10 uM IVABRADINE

Wild-type 8/8 0/8 0/8 0/8
Ca,3.1" 717 217 17 0/7
Ca/1.3" i 107 0/7 317

-l -
Cav1.3 l_/Cav3.1 717 7 - .

10 uM IVABRADINE + 100nM TTX

Wild-type 8/8 1/8 1/8 0/8
Ca,3.1" 717 17 17 17
Ca/1.3" 217 0/2 12 0/2

-l -
Cav1.3 l_/Cav3.1 37 13 13 3
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Table S2

wWT Ca.3.17" Ca/1.3" Cav1.3"/Ca,3.1"
(A) (B) (C) (D) AvsB AvsC AvsD BvsC BvsD CvsD
n=22 n=17 n=16 n=25
:meVF; -62+2 -61+2 -61+1 -63+1 ns ns ns ns ns ns
Eth + + + " * Fkkk * Kk
(mV) -37+1 -37+1 -42+1 -45%1 ns ns
::\,/o; 91%3 9314 8112 9015 ns ns ns ns ns ns
APD + + + +
(ms) 150+16 1569 199+24 19413 ns ns ns ns ns ns
SLDD + + + + Fkkk Fkkk * %
(mVims) 0.11+£0.02 0.08+0.02 0.02+0.01 0.02+0.01 ns ns
EDD + + + + *kdk Fkkk * *k
(mVims) 1.0+0.2 0.8+0.1 0.3%0.1 0.2+0.1 ns ns
(n?\\llllgts) 3917 3917 3115 2614 ns ns ns ns ns ns
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Table S3

Ctrl TTA-A: Ctrl NIFE Ctrl TTA-A+NIFE
n=5 n=5 n=5 n=5 n=6 n=6
MDP 44%2 43%1 5042 51£2 5242 5243
(mV)
Eth
2542 -26%2 31£2 3241 31%3 -29+4
(mV)
APA 8145 867 7745 7647 8245 747
(mV)
APD + + + +10* + +
) 131213 135814 | 1330  146£10* | 130%10 16121
SLDD
0.06£0.01 0.05:0.01 | 0.07£0.01 0.04%0.01 | 0.06£0.01  0.06%0.01
(mV/ms)
EDD . .
0.5801 0401 | 0.6%01  0.4%0.1* | 0.50.1 0.3£0.1
(mV/ms)
dvidt 2246 35412 2248 22410 3549 2439
(mV/ms)
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Aims Atrial fibrillation (AF) is the most common type of cardiac arrhythmias, whose incidence is likely to increase with the ag-
ing of the population. It is considered a progressive condition, frequently observed as a complication of other cardiovas-
cular disorders. However, recent genetic studies revealed the presence of several mutations and variants linked to AF,
findings that define AF as a multifactorial disease. Due to the complex genetics and paucity of models, molecular mecha-
nisms underlying the initiation of AF are still poorly understood. Here we investigate the pathophysiological mechanisms
of a familial form of AF, with particular attention to the identification of putative triggering cellular mechanisms, using
patient’s derived cardiomyocytes (CMs) differentiated from induced pluripotent stem cells (iPSCs).

Methods Here we report the clinical case of three siblings with untreatable persistent AF whose whole-exome sequence analysis

and results revealed several mutated genes. To understand the pathophysiology of this multifactorial form of AF we generated three iPSC
clones from two of these patients and differentiated these cells towards the cardiac lineage. Electrophysiological characterization
of patient-derived CMs (AF-CMs) revealed that they have higher beating rates compared to control (CTRL)-CMs. The analysis
showed an increased contribution of the | and I, currents. No differences were observed in the repolarizing current . and
in the sarcoplasmic reticulum calcium handling. Paced AF-CMs presented significantly prolonged action potentials and, under
stressful conditions, generated both delayed after-depolarizations of bigger amplitude and more ectopic beats than CTRL cells.
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Conclusions

Our results demonstrate that the common genetic background of the patients induces functional alterations of I

and Ic, currents leading to a cardiac substrate more prone to develop arrhythmias under demanding conditions.
To our knowledge this is the first report that, using patient-derived CMs differentiated from iPSC, suggests a plausi-
ble cellular mechanism underlying this complex familial form of AF.

o Atrial fibrillation e iPSC-derived cardiomyocytes

lon channels e Arrhythmias
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia, occurring
in 1-2% of the general population, but with a greater incidence in the el-
derly. In this type of arrhythmia, ectopic activity originating outside the si-
noatrial node, gives rise to a disorganized electrical activation due to a
cellular substrate susceptible to re-entrant circuits. While AF is com-
monly associated with structural heart diseases and is a major cause of
cardiovascular morbidity and mortality in the elderly, it sometimes devel-
ops in a subset of patients younger than 60, with no evidence of associ-
ated cardiopulmonary or other diseases.

In recent years, evidence for inheritable forms of AF has grown. Beyond
the rare cases of monogenic forms of AF and linkage analysis that revealed
several genetic loci associated with AF/ population-based studies have
shown that having first degree relatives with AF increases significantly the
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probability to develop AF.2 Familial AF is likely associated with a complex
genetic background that predisposes to this arrhythmia and that may or
may not manifest itself depending on other non-genetic contributors.

Because of this genetic complexity, the molecular mechanisms underly-
ing the initiation of AF are still poorly understood and possibly involve a
complex interplay of various effectors.® In addition, electrical disturbances
typical of AF cause the remodelling of the atria in a way that may sustain
the arrhythmic phenotype.* This remodelling, in turn, makes it impossible
to discriminate between causes and effects of AF when analysing cardio-
myocytes (CMs) obtained from patient’s biopsies. Human induced pluripo-
tent stem cells-derived CMs (hiPSCs-CMs) may represent a valuable
model to study AF, since they carry the exact genetic background of the
patient but are free from the AF-dependent remodelling. hiPSC-CMs are
now recognized as a useful human model that recapitulates the functional
alterations underlying inherited arrhythmogenic diseases.”
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hiPSC cardiomyocytes for modelling familial AF

In this work, we describe the first iPSC-derived model of human AF,
generated from two out of three siblings that developed a drug-resistant
form of AF at a relatively young age (<55 years). Using this model, we
compared molecular and electrophysiological properties of hiPSC-CMs
from AF patients (AF-CMs) and controls (CTRL-CMs), revealing altera-
tions in ionic currents that may represent one of the cellular mechanisms
that contribute to AF initiation.

2. Methods
2.1 AF patients

The three siblings were referred to Spedali Civili of Brescia (ltaly), where
they were diagnosed for AF (for details on method see Supplementary
material online). Since all three patients were non-responsive to antiar-
rhythmic medication and failed previous transcatheter ablation, they
underwent surgical ablation as described in Supplementary material on-
line. A detailed clinical history of the patients is reported in the
Supplementary material online, Table S1.

2.2 Generation of hiPSCs and cardiac
differentiation

Blood and skin biopsies have been obtained from all three siblings fol-
lowing approved protocols by the Ethical Committee of Brescia (proto-
col number 1737) and a written consent obtained from the patients, in
agreement with the declaration of Helsinki. hiPSC were generated as
reported in Supplementary material online.

Cardiac differentiation of hiPSC was carried out either by embryoid
bodies (EBs), as previously described® or by monolayer culture using the
PSC Cardiomyocyte Differentiation Kit (Thermo Fisher Scientific).
Differentiation in EBs was used for experiments on beating clusters to
record the spontaneous rate. All the other experiments were carried
out using the monolayer differentiation.

2.3 Electrophysiological and Ca*" handling
analysis

Electrophysiological and Ca®* handling experiments were performed on
dissociated hiPSC-CMs from at least three independent differentiation
experiments, using the patch-clamp technique in whole-cell configura-
tion. For protocols and solutions see Supplementary material online.

2.4 Statistics

Statistical analysis was carried out with Origin Pro 9, IBM SPSS Statistics
and R software. Groups were compared with one-way ANOVA fol-
lowed by pairwise comparison using Fisher’s test or by nested one-way
ANOVA with Holm P-value adjustment. Difference in events percentage
among groups was assessed by Fisher’s exact test, adjusting the P-value
with Bonferroni correction. P-value <0.05 defines statistical significance.
Data are presented as mean £+ SEM.

3. Results

3.1 Characteristics of patients: genetic
screening for mutations in AF-related

genes
We identified three siblings with untreatable AF (see exemplified elec-
trocardiogram in Supplementary material online, Figure S7 and clinical

characteristics in Supplementary material online, Table S1) who, due to
failure of pharmacological treatment, underwent surgical ablation.
Although they present other comorbidities (e.g. high body mass index
and hypertension) that may importantly contribute to the poor control
of the pathology, the familiarity, and their young age of onset of AF,
strongly support a genetic basis for this form of arrhythmia.

In an attempt to identify potential AF-related mutations within the
family we performed a whole exome sequencing in which data obtained
from the three siblings (dubbed AF1, AF2, and AF3) were compared
with 6000 human reference genomes (GRC37/hg19). We identified
more than one hundred variants common only to the three siblings (see
Supplementary material online, Table S2). Only few of these variants
were in genes previously associated with AF (ZFHX3) and expressed
also in the heart (PDE4DIP, CNN2, RYR3, NEFM, FLNC, and MYLK).
Because of the complex genetic background of the family and the lack of
unquestionably healthy relatives, we decided to address the molecular
basis of this form of AF from a functional point of view.

3.2 Generation of hiPSC clones

To highlight possible common functional cardiac alterations in these
patients, we generated patient-derived iPSCs and differentiated them
into CMs. The reprogramming procedure was effective for fibroblasts
obtained from AF1 and AF2, which allowed the generation of three
hiPSC clones (AF1n=2; AF2n=1).

In the absence of unquestionably healthy parental or isogenic controls,
AF clones were compared with at least three of four different unrelated
control clones: one derived from dermal fibroblasts of an age-matched
healthy woman’ (CTRL1); one derived from epidermal keratinocytes®
(CTRL2); one derived from dermal fibroblasts of a young male (CTRL3
shown in Figure 1B and C); and the last one from blood cells of a 62-year-
old male not affected by AF or other cardiac pathologies (CTRL4).

The clones obtained from AF1 and AF2 were tested for the expres-
sion of both exogenous (t) and endogenous (e) pluripotency genes
OCT4, SOX2, NANOG, and REX1 by qPCR (Figure 1A) or by immunocyto-
chemistry (Figure 1B). They were further screened for morphological
properties typical of pluripotent colonies, such as sharp borders, the
absence of a central dark area, and the expression of alkaline phospha-
tase (Figure 1B). The maintenance of a normal karyotype was also verified
by quinacrine staining of metaphase plates (Figure 1B). Finally, the capac-
ity to differentiate towards the three germ layers was confirmed by
immunostaining with specific antibodies recognizing the ectodermal pro-
tein Nestin or Class Il beta-Tubulin (TUJ1), the mesodermal protein
smooth muscle actin, and the endodermal protein alpha fetoprotein

(Figure 1C).

3.3 AF and CTRL hiPSCs differentiate into

CMs with similar efficiency

For the experiments evaluating beating rate of clusters of hiPSC-CMs,
clones were differentiated towards the cardiac lineage using a previously
published procedure that involves spontaneous formation of EBs.® For
all remaining experiments, we switched to a commercially available car-
diac differentiation kit that ensured a higher yield of CMs.

Besides the appearance of beating areas, CMs in AF and CTRL groups
were evaluated for the expression of the cardiac troponin gene
(TNNT?2) and the atrial gene sarcolipin (SLN) at day 30 of differentiation,
by gPCR. The plots in Figure 2A (top panels) show that the levels of
TNNT2 and SLN were similar in all groups.
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Figure | Pluripotency characterization. (A) gPCR analysis of pluripotency gene expression in hiPSC using dermal fibroblasts as reference control equal to
1.t0CT4 and tSOX2 indicate the specific expression of transgenes, while eOCT4 and eSOX2 refer to expression of endogenous genes. Differences in gene ex-
pression levels were compared using one-way ANOVA followed by Fisher’s T-test. (B) Summary panels for AF1, AF2, and CTRL hiPSC lines, as indicated
(from left to right): bright-field images of primary fibroblasts, alkaline phosphatase activity in hiPSC-colonies, immunostaining of hiPSC for pluripotency
markers and karyotype. (C) Immunostaining of differentiated hiPSCs with antibodies recognizing ectodermal, mesodermal, and endodermal markers as

indicated.
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Figure 2 hiPSC-derived cardiomyocyte differentiation. (A) gPCR analysis of cardiac troponin T (TNNT?2) and sarcolipin (SLN) expression at day 30 of dif-
ferentiation for AF1-, AF2-, and CTRL-CMs, as indicated. Undifferentiated hiPSC were used as negative control. (B) Quantification of cardiac troponin | (ig)
on total protein content (TP, mg) of AF1 (29+0.46; n=3), AF2 (24+1.37; n=3), CTRL (236 £1.08; n=6), and hiPSCs (0.002+0.01; n=2) (left).
Representative flow cytometry analysis on hiPSC-differentiated cells using an anti-cardiac troponin T antibody: AF1 (45.1+£ 11 n=3), AF2 (552+19n=3),
CTRL (52 £ 12 n=6) (right). (C) Representative images of isolated AF1-CM and AF1-differentiated monolayers stained for cardiac troponin T (cTNT), sar-
comeric actin (a-SARC), atrial (MLC2a), and ventricular (MLC2v) myosin light chains; nuclei were counterstained with DAPI. (D) Ratios between the gPCR
expression levels of heavy (left) and light (right) chain isoforms of myosin. Human atria (hA) and ventricles (hV) were used as positive and negative controls,
respectively. Differences in gene expression and protein quantification were assessed by one-way ANOVA followed by Fisher’s T-test.

We further investigated cardiac differentiation at the protein level by
assessing the expression of cardiac troponin | in cellular lysates using a
commercially available diagnostic kit (Figure 2B, left panel), finding no dif-
ferences among clones. CMs yield was evaluated by flow cytometry using
an anti-cardiac troponin T (cTNT) antibody. This analysis revealed that
around half of the population was composed by CMs (Figure 2B, right

panel). Again, no significant differences were found between AF and
CTRL clones. Top panels of Figure 2C show representative images of iso-
lated AF1-CMes, stained with cTNT and sarcomeric actin, displaying clear
sarcomeric structures. In differentiating monolayers (Figure 2C, bottom
panels), we evaluated the expression of the atrial myosin light chain
(MLC2a) typical of immature/atrial CMs; conversely, very poor
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staining was obtained using anti-ventricular light chain (MLC2v)
antibodies.

To better characterize the maturation stage reached at 30 days and
the subtype of CM obtained, we measured the expression of the genes
corresponding to the alfa (atrial) and beta (ventricular) myosin heavy
chain (MYH6 and MYH?7, respectively) and atrial and ventricular light
chains (MYL7 and MYL2, respectively) by qPCR. Figure 2D shows
that the mean MYH6/MYH?7 ratio values were similar among hiPSC-CMs
and comparable to values found in human adult atrium but not
human ventricles. These data together with SLN expression, further sug-
gest an immature/atrial rather than a ventricular phenotype for hiPSC-
CMes.

Taken together these data confirm the reproducibility of the differen-
tiating procedure among different groups and indicate that no significant
differences in CM differentiation were found between AF and CTRL
hiPSC lines.

3.4 hiPSC-CMs from AF patients display a
higher beating rate than CTRL

In order to investigate the molecular mechanisms contributing to AF in
our patients, we compared the electrophysiological properties of AF-
and CTRL-CMs. Because data obtained from CMs of different CTRL
clones were similar (Supplementary material online, Figure S2 and Tables
§3-55), they were pooled together.

Representative action potential (AP) traces, recorded from spontane-
ously beating hiPSC-CM aggregates derived from AF1, AF2, and CTRL
lines are shown in Figure 3A; even if the intra-clone variability was rela-
tively large, on average aggregates derived from the two patients were
beating at significantly higher rates than those derived from control lines
(Figure 3B; see also Supplementary material online, Movies ST and S2).

No significant differences in maximum diastolic potential, amplitude,
and rate-corrected duration’ were observed (Supplementary material
online, Table S3). To test if the higher rate could result from elevated
concentrations of intracellular cyclic AMP (cAMP), cells were challenged
with a saturating concentration of the -adrenergic agonist isoprotere-
nol (Iso 1 uM). Panels of Figure 3C show representative time courses of
spontaneous action potential rate in control, during superfusion of iso-
proterenol and after washout. The mean graph of Figure 3D shows that
the fractional rate acceleration caused by isoproterenol was similar in all
groups, suggesting that the higher basal beating rate does not depend on
the modulatory pathway but likely derives from an intrinsic modification
of the pacemaking mechanisms. On the other hand, we evaluated the ef-
fect of superfusion of the bradycardic agent ivabradine (3 uM). Panels in
Figure 3E show representative time courses of spontaneous action po-
tential rate in control, during ivabradine perfusion and after washout.
The mean graph of Figure 3F shows that the fractional rate reduction
caused by ivabradine was significantly higher in AF groups, abolishing the
rate difference. These data suggest a higher than normal contribution of
I to the pacemaker activity of beating AF-CMs.

3.5 hiPSC-CMs from AF patients show a

gain of function of f-channels

Since the Iy current is a major contributor to control beating rate,'®"" we
measured the pacemaker /s current in isolated AF-CMs at day 15 and day
30 of differentiation, while controlling at the same time the expression of
the HCN genes responsible for this current (Figure 4). Expression analy-
sis revealed that HCN1, HCNZ2, and HCN3 isoforms were expressed at
comparable low levels in all groups while HCN4, the most abundant

isoform, was significantly more expressed in CTRL than in AF1- and
AF2-CMs (Figure 4A).

Such increase in HCN4 expression could not be confirmed by immu-
nofluorescence analysis; representative confocal images shown in Figure
4B display similar HCN4 expression in CMs derived from the various
hiPSC lines.

Functional data instead demonstrated a significant gain of function of f-
channels in AF-CMs compared to CTRL cells, as shown by the represen-
tative families of I; traces recorded from 30-day-old hiPSC-CMs (Figure
4C) and by the mean current density-voltage relations for AF1-, AF2-,
and CTRL-CMs (Figure 4D, top). Interestingly, besides having higher den-
sity, f-channels of AF-CMs also activated at significantly more positive
potentials than in CTRL-derived cells, as apparent from the mean activa-
tion curves shown in Figure 4D (bottom). It is noteworthy that at an ear-
lier stage of differentiation (between day 15 and 20), while the current
density does not differ among groups, f-channels activation is already
shifted by 7 and 10mV towards more positive potentials in AF1- and
AF2-CMs, respectively, compared to CTRL (see Supplementary material
online, Figure S3). Superfusion with isoproterenol (100 nM), which is
known to cause a cAMP-dependent positive shift of I activation curve,'
had similar effects in all groups (shift AF1=4.0£0.5mV, n=15;
AF2=41£05mV, n=21; CTRL=5.0£0.7mV, n=9), indicating that
the more positive activation depends on changes in the intrinsic proper-
ties of the channel rather than a functional modulation due to alteration
in cytosolic cAMP homeostasis. Since a mis-interaction of HCN channels
with caveolin-3 (CAV3) may cause both a shift of their voltage depen-
dence and decrease in membrane expression,n'14 we evaluated if the
more positive activation in AF-CMs could be due to either a decreased
expression of CAV3 or a mis-localization of the channel and CAV3. We
found that CAV3 was equally expressed in AF- and CTRL-CMs
and HCN4 co-localized with CAV3 (Supplementary material online,
Figure S4).

3.6 AF-CMs display an increase in the L-
type calcium current with a preserved

calcium handling

Antiarrhythmic drugs aimed at controlling heart rhythm often target cal-
cium currents and in particular L-type calcium currents. We thus evalu-
ated the expression levels and functional properties of calcium channels.
gPCR analysis revealed that CACNA1C and CACNA1D genes, respon-
sible for the I, current, were similarly expressed in AF- and CTRL-
CMs with CACNA1C as the prevalent
Electrophysiological analysis revealed instead that AF-derived cells show
a significantly larger nifedipine-sensitive I, current than CTRL-CMs as
shown by representative traces in Figure 5B and by the mean current

isoform  (Figure 5A).

density-voltage relations plotted in Figure 5C (top). All samples had simi-
lar activation and inactivation curves (Figure 5C, bottom).

Notably, the difference in I, density was already detectable at an early
stage of differentiation (see Supplementary material online, Figure S3). We
did not detect the expression of CACNA1G gene (Figure 5A) and indeed
we could never record a T-type calcium current (data not shown).

To verify whether I, enhancement in AF-CMs might alter the ex-
citation-contraction coupling mechanism, intracellular Ca** handling
was evaluated. In order to analyse only the primary effects on the in-
tracellular Ca>* handling, cells were voltage-clamped and stimulated
at 1Hz and diastolic calcium (Cagis), Ca>" transient (CaT) ampli-
tude, and sarcoplasmic reticulum (SR) Ca**content (CaSR) mea-
sured. In Figure 5D left, representative traces are shown together
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Figure 3 hiPSC-CMs from AF patients show increased spontaneous firing rate and similar response to B-adrenergic stimulation compared to controls.
(A) Representative voltage traces of spontaneous firing recorded from hiPSC-CM clusters from AF1 and AF2 patients and CTRL as indicated. (B) Scatter
plot of the firing rate (open circles) and mean values (filled squares) of AF1 (0.88 £ 0.04 Hz, n/exp = 24/6), AF2 (0.99 £ 0.07 Hz, n/exp = 19/8), and CTRL
(0.72 £ 0.05 Hz, nfexp = 25/9) hiPSC-CMs. (C) Time course of the firing rate of representative hiPSC-CM clusters from AF1, AF2, and CTRL from top to bot-
tom, respectively; the black line indicates the time of isoproterenol perfusion. Insets show representative voltage traces before and during isoproterenol
stimulation. (D) Dot plot graph of the percentage increase in firing rate after isoproterenol stimulation. (AF1 100.6 + 16.5%; n/exp = 8/3, AF2 87.0 £ 10.4%;
nlexp = 10/6,and CTRL 106.4 £ 9.4%; n/exp = 6/5). (E) Time course of the firing rate of representative hiPSC-CM clusters from AF1, AF2, and CTRL before,
during, and after ivabradine superfusion. Insets show representative voltage traces before and during ivabradine stimulation. (F) Dot plot of the percentage
decrease in firing rate after ivabradine superfusion (AF1 -35.2 £ 4.3%; n/exp = 8/3; AF2 -34.9 £ 6.8%; nlexp = 9/3; CTRL -16 + 3.3%; n/exp = 8/3). Data were

compared using nested one-way ANOVA *P < 0.05.

with the protocol. The analysis revealed that Cagi,s, Was similar in all
groups, while AF1-CMs showed an increased CaT amplitude and an
increase in CaSR, compared to CTRL-CMs and AF2-CMs. AF2-CMs
values were similar to those of CTRL-CMs. However, fractional re-
lease (FR) did not change among groups, suggesting a preserved SR
stability in AF as in CTRL cells under resting condition (Figure 5D,
right). The Ca®" parameters for the three separate CTRL lines can
be found in Supplementary material online, Table S5. In agreement
with these data, Western blot analyses on SERCA2 and phospholam-
ban did not reveal any difference (Supplementary material online,
Figure S5).

3.7 AF-CMs show longer action potential
duration without changes in repolarizing
currents

Once isolated, the great majority of hiPSC-CMs were quiescent but
when stimulated (at 1 Hz) they fired action potentials. In Figure 6, the his-
tograms of action potential duration (APD)90 obtained from AF1-, AF2-,
and CTRL-CMs show that, despite the large variability of data, intrinsic
to this cell model, AF-CMs have a wider distribution of APD (Figure 6A)
with action potentials lasting as much as 300 ms, while none of the action
potentials recorded from CTRL-CMs lasted more than 200 ms. In Figure
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Figure 4 [; current is increased in AF-CMs. (A) qPCR analysis of HCN isoforms normalized to troponin T expression at day 30 of differentiation. (B)
Representative images of isolated AF1-, AF2-, and CTRL-CMs stained for HCN4 and cardiac troponin T (calibration bar = 10um). (C) Representative traces
of I current density recorded at -35, -75, and -105 mV followed by a step at -125 mV from AF1-, AF2-, and CTRL-CMs. (D Top) Plot of mean /s current den-
sity voltage relation from AF1-CMs (blue triangles), AF2-CMs (green inverted triangles), and CTRL-CMs (white circles); Peak current density (at -125mV):
AF1=-7.17 £ 1.1*pA/pF, nlexp = 14/8; AF2 =-6.75 £ 0.72*pA/pF, n/exp = 13/3; CTRL = -3.45 + 0.43 pA/pF, n/exp = 28/9. (Bottom) Mean activation curves
of It current from AF1-CMs, AF2-CMs, and CTRL-CMs (symbols as in top panel). V4, values: AF1 =-71.2 £ 1.6* mV, nfexp = 21/6; AF2 =-72.7 £ 1.3* mV, n/
exp =15/4; CTRL=-81.5+ 14 mV, n/exp =28/9. Inverse slope factor values: AF1=84+0.25 n=21; AF2=75+0.5, n=15; CTRL=9.5+0.5, n=28.

*P < 0.005. Data were compared using nested one-way ANOVA *P < 00.5.

6B representative traces recorded from the three groups highlight the
prolongation of APD in AF-CMs.

On average patient-derived cells displayed significantly longer APD at
30, 50, and 90% of repolarization (see Table 1), in agreement with the
presence of a larger IcaL.

Because of this APD prolongation, we decided not to categorize
the CM population in nodal-, atrial-, or ventricular-like cells based on

the APD ratio. Indeed, the classifications based on either the APD90/
APD50" or the APD30-40/APD70-80 ratios,'® revealed that 66.5
or 68.5% of CTRL-CMs seems to be atrial-like, while these percen-
tages were substantially lower for AF1-CMs (52.5-47.5%) and AF2-
CMs (48.7-41.0%). However, as apparent in the Supplementary ma-
terial online, Figure S6, most of the AF-derived CMs fall close to the
cut-off values separating atrial from ventricular cells. Since AF-CMs
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Figure 5 L-type calcium current is increased in AF-CMs. (A) gPCR analysis of L-type calcium channel isoforms (1C, 1D) and T-type isoform (1G) expres-
sion normalized to troponin level at day 30 of differentiation. (B) Representative traces of I, current density recorded by 10 mV steps to the range of -40/
+10mV from AF1-, AF2-, and CTRL-CMs. (C Top) Plot of mean I, current density voltage relation from AF1-CMs (blue triangles), AF2-CMs (green
inverted triangles), and CTRL-CMs (white circles). Peak current density (at 10mV): AF1=-7.4 £ 0.6*pA/pF, nlexp = 34/6; AF2=-6.9 £ 0.5*pA/pF, n/
exp = 30/8; CTRL=-4.7 £ 0.3 pA/pF, nfexp = 52/11. (Bottom) Mean activation and inactivation curves of Ic,_current from AF1-CMs, AF2-CMs, and CTRL-
CMs (symbols as in top panel) V4, values of activation: AF1=-6.6+12mV, n/exp=29/6; AF2=-6.8+1.0mV, n/exp=31/8; CTRL=-74£05mV, n/
exp =51/11. V45 values of inactivation: AF1=-21.8+ 0.7 mV, nlexp = 16/6; AF2=-25.4+ 0.8 mV, n/exp =25/8; CTRL=-24.5+0.5mV, n/exp = 36/11. (D)
Left, examples of calcium transients recorded from AF1-, AF2-, and CTRL-CMs applying the protocol shown. Right, dot blot graphs of the Ca diast, CaT am-

plitude, CaSR, and FR data in the three groups, as indicated. For values see
way ANOVA *P < 0.05 vs. CTRL; #P < 0.05 vs. AF2.

show a larger IcaL and, as a consequence, a APD prolongation, a
certain number of atrial-like cells would indeed pass the threshold
and enter the ‘ventricular-like’ category even if they are not actually
ventricular cells. Therefore, in this specific case, a selection of
cells based on these criteria would obviously introduce a bias in the
results.

Supplementary material online, Table S5. Data were compared using nested one-

Of the main repolarizing currents, we were able to analyse the
delayed rectifier current Iy, whose density and kinetics did not differ be-
tween AF- and control-CMs (Supplementary material online, Figure S7).
Under our differentiation conditions Ixs was absent while, in agreement
with the depolarized resting potential, x4 was expressed at very low lev-
els (data not shown), as previously reported."
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Figure 6 Action potential duration is longer in AF-CMs compared to CTRL-CMs. (A) Histograms of the distribution of the APD90 in AF1, AF2, and
CTRL cells, as indicated. Bin size =40 ms. (B) Representative action potentials with the shortest (left), average (centre), and longest (right) APD90 recorded
at 1 Hz stimulation in AF1 (top), AF2 (middle), and CTRL (bottom) CMs. Dashed lines indicate the 0 mV level.

Table I Stimulated action potential analysis

APD30 (ms) APD50 (ms)
AF1 (n/exp =40/11) 802 +9.4* 105.1 4 11.2%
AF2 (nfexp =39/12) 712+67* 92.6+82%
CTRLs (n/exp = 61/13) 39.9+32 524437

APD90 (ms) MDP (mV) dvidT APA (mV)
1373+ 12.7% 557+ 1.4 57.6+11.9 92.78+39
120.6 + 8.8* -58.8+09 46.6+66 93.9+34

741441 569+09 413+84 86.7 +2.4

Stimulated action potential properties of hiPSC-CMs paced at 1 Hz: action potential duration (APD30, 50, and 90), maximum diastolic potential (MDP), slope (dV /dT), and action

potential amplitude (APA) *P< 0.05 by one-way ANOVA.

Because of the difference in the L-type calcium current, we evaluated
the presence of calcium-dependent K* currents. Application of both
apamin (100 nM), a specific blocker of the SK3 channel and charybdo-
toxin (100 nM), a blocker of the BK channel, did not have any effect on
stimulated action potentials, thus suggesting a negligible expression of
these channels (data not shown).

3.8 AF-CMs display larger delayed-after-
depolarizations and an increased number
of ectopic beats under stressful conditions

Finally, we evaluated if the electrophysiological alterations found in
AF-CMs may be pro-arrhythmic by pacing both CTRL- and AF-CMs

at 0.5Hz and superfusing them with isoproterenol (100nM) and
E4031 (300 nM). This treatment, as expected, caused a significant
prolongation of the APD and eventually the development of
delayed-after-depolarizations (DADs) and/or triggered AP (Figure
7A). In Figure 7B, the proportion of CMs showing DADs, triggered
AP, or the APD prolongation only (no events) for AF1, AF2, and
CTRL-CMs is plotted. A significantly higher percentage of AF cells
displayed triggered AP than CTRL cells, under this stressful condi-
tion (Figure 7B).

Furthermore, even if the proportion of cells with DADs was not dif-
ferent among the three cell populations, on average, DADs from AF1
and AF2 cells had a higher amplitude than those from CTRL cells

(Figure 7C).
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Figure 7 AF-CMs are more arrhythmogenic. (A) Representative action potentials in Tyrode (black line) and during perfusion of 100nM
isoproterenol + 300 nM E4031 (red line) showing no events (top), DADs (middle), and ectopic beats (bottom) recorded from AF2-CMs paced at 0.5 Hz;
dashed lines indicate the 0mV level. (B) Plot of the percentage of cells showing ectopic beats (AF1 7 out of 9/3 cells/exp, 78.8%*; AF2 7 out of 10/3 cells/
exp, 70.0%*; CTRL 7 out of 36/6 cell/exp, 19.5%), DADs (AF1 2 out of 9, 22.2%; AF2 2 out of 10, 20.0%; CTRL 11 out of 36, 30.5%), and no events (AF1 0
out of 9, 0%; AF2 1 out of 10, 10.0%; CTRL 18 out of 36, 50%). (C) Plot of DADs amplitude in AF1-CMs (blue triangles), AF2-CMs (green inverted triangles),
and CTRL-CMs (white circles). Values are AF1 = 6.95 £ 0.62* mV, nfexp = 60/3; AF2 = 6.73 £ 0.26* mV, n/exp = 66/3; CTRL =5.66 + 0.16 mV, n/exp = 70/6.
Percentage data were compared using Fisher’s exact test, adjusting the P-value with Bonferroni correction. Amplitude data were compared using nested

one-way ANOVA *P < 0.05.

4. Discussion

4.1 Whole exome screening reveals a
complex genetic background in the siblings
affected by AF

Although AF is the most prevalent cardiac arrhythmia in the developed
world,'® the pathophysiology of this complex heart rhythm disorder is
still incomplete. The changes leading to the initial occurrence of AF are
still elusive because (i) it is a progressive disease, (i) human cardiac dis-
eased tissues have undergone extensive remodelling, and (iii) no animal
models fully recapitulate the disease.

The discovery of genetic forms of AF, linked to single gene mutations,
and genome-wide association studies have improved our knowledge of
causative mechanisms underlying AF. Monogenic forms of AF are rare
but, since the probability to develop AF increases in the presence of af-
fected relatives,” a complex genetic background can be hypothesized.
Indeed, we described a family in which three siblings, diagnosed with AF,
share several mutations that can contribute to determine this
arrhythmia.

Among these genes, only ZFHX3 has been previously associated
with AF in GWAS studies.” Nevertheless, the contribution of the
other cardiac and non-cardiac mutated genes to AF onset is hard to
dissect.

4.2 Generation of functional hiPSC-CMs
overcomes the problems linked to genetic
complexity of the disease
Because of this genetic complexity, an approach based on the evaluation
of the contribution of each single mutation is clearly unfeasible and un-
likely to provide a comprehensive description of the pathology. In order
to estimate the full range of the effects of genetic alterations, we thus
approached the problem from a functional point of view. We decided to
use patient-derived hiPSCs to obtain a human cardiac cell model that
possesses the entire patient’s genetic background. Although the limita-
tion linked to the well-known phenotypic immaturity of hiPSC-CMs,"?
these cells have already been widely used to study monogenic forms of
cardiomyopathies and arrhythmias.” On the contrary, their use for
modelling complex genetic pathologies is a rarely adopted approach.m'21

Here, we analysed for the first-time hiPSC-CMs from patients with a
complex genetic form of AF. It must be emphasized that this model does
not intend to recapitulate either the complexity of the atria or the entire
clinical aspects of the disease but represents a novel tool to understand
the molecular mechanisms underlying excitability alterations in diseased
human CMs.

Because of the lack of healthy controls within the family and the unfea-
sibility to generate isogenic hiPSCs, due to the complex genetic altera-
tions, AF clones were compared with four different lines generated from

6102 1800100 /Z UO Jasn e200921g OUEJI BUSISAIUN AQ €1.8GGSGS// L ZZAD/IND/EE0 "0 /I0P/10BI1Sqe-8]01lIB-80UBAPE/SSI0SBAOIPIEO/WO00 dNo olwapede//:sdiy Woll papeojumo(]


Deleted Text: DISCUSSION
Deleted Text: ,
Deleted Text: .
Deleted Text: ,
Deleted Text: .
Deleted Text: ,
Deleted Text: .
Deleted Text: .

12

P. Benzoni et al.

unrelated healthy controls. These controls were chosen based on differ-
ent variables that could potentially affect the comparison with CMs de-
rived from our patients: sex (female and male), age (middle aged), and
reprogramming procedure (retroviral infection from skin fibroblast and
keratinocyte).

Once established the pluripotency of the clones, we choose those
clones displaying a good cardiac differentiation capacity for further char-
acterization. Our molecular data on the expression of the myosin heavy
and light chain isoforms indicate that hiPSC-CMs are mainly immature/
atrial rather than ventricular cells, independently of the cell line. Because
a certain degree of maturation can be achieved in culture, especially in
the electrical proper’cies,19 we decided to compare the AF and control
lines at an early (15-20 days) and at a late stage of differentiation (30—
35 days).

4.3 AF-CMs show a high beating rate due
to increased Is and I, currents

We started to analyse the spontaneous beating rate of small aggregates
and found that AF-CMs beat at a significantly higher rate than those from
the controls, while no differences were found in the other parameters.
Since the beating rate is physiologically modulated by the B-adrenergic/
adenylate cyclase/cAMP pathway and an increase in rate may derive
from an imbalance of this system, we tested the ability of the cells to re-
spond to the B-adrenergic agonist isoproterenol. A saturating concen-
tration of isoproterenol caused similar increases in rate in all the lines
thus excluding differences in intracellular cAMP concentration as a cause
of the higher rate in AF-CMs. AF onset is often associated with elevated
heart rates. A few studies have indeed shown that initiation of post-
operative AF, in patients undergoing coronary artery bypass surgery,
was preceded by a significant increase in sinus rate mediated by either
high levels of circulating norepinephrine® or by an unbalance of the au-
tonomic tone towards the sympathetic input.”®

The funny current is the pacemaker current critical to the initia-
tion and regulation of cardiac pacemaker activity'® and an increase
in its contribution can indeed be arrhythmogenic.>* The expression
of f-channels (HCN1-HCN4) has been demonstrated also in non-
pacemaker cardiac cells and in the working myocardium where it is
abundant during fetal and neonatal life or under pathological con-
ditions.?® We found that the HCN4 gene is the most expressed iso-
form in hiPSC-CMs and is less expressed in AF-CMs than in
control-CMs. Direct recording of the I current from isolated
hiPSC-CMs, however, demonstrated a significant gain of function of
f-channels due to both a rightward shift of the activation curve
(both at early and late differentiation time-points) and an increase
in current density (at later stages of differentiation) in AF compared
to controls. Although molecular and functional data are discordant,
they are in agreement with previous data from Stillitano et al.?®
These authors found that mRNA of HCN4 was down-regulated in
chronic atrial fibrillation (cAF) CMs while the protein level tended
to be higher. Although they have found similar current densities,
the cAF cells displayed f-channels with activation curve shifted to
more positive potentials than control cells by about 10 mV,?® simi-
lar to our results.

Since CAV3 is known to interact with HCN4'® and it has been already
reported in pluripotent-derived CMs that different expression of CAV3
can shift I; activation curve,'* we analysed the CAV3 expression both at
mRNA and protein levels without detecting any difference between AF
and CTRL groups (Supplementary material online, Figure $4).

A possible contribution of an increased I current to abnormal auto-
maticity in the atrium in paroxysmal AF has been described by Nattel
and Dobrev* in a recent review.

Our results on L-type calcium current seem to be less in accordance
with the evidence that AF induces a reduction of calcium currents.
Indeed, atrial CMs derived either from patients with AF or from animal
models of fast atrial pacing show a significant reduction of the effective
refractory period (ERP) and of the Ic, current, compared to con-
trols.**” The reduction of calcium current and ERP seems, however, the
consequence rather than the cause of AF and is attributable to the mal-
adaptive remodelling of atrial tissue. In support of a role of an increased
IcaL to AF, a few studies have shown that an initial calcium overload can
be the stimulus that triggers maladaptive changes in atrial protein expres-
sion, based on the evidence that the calcium blocker verapamil prevents
such remodelling.zs'29

Albeit the magnitude of I, density has not been regularly associated
with a higher probability to develop post-cardiac surgery AF,*® it is inter-
esting to note that Van Wagoner et al?” have shown that patients in si-
nus rhythm who developed AF following cardiac surgery had a
significantly higher pre-operative I, density than those that did not ex-
perience post-operative AF. This observation, together with our data
showing that CMs from AF patients display an I, twice as big as that of
controls, is consistent with the concept that calcium overload may be an
important factor in the initiation of AF, while I, depression is a conse-
quence of AF.

4.4 AF-CMs display a prolonged APD and
an increased susceptibility to arrhythmic
activity

Despite the lack of any evident modulation of specific calcium channel
isoforms, many mechanisms may contribute to an increased I, current
such as, for example: mMIRNA-mediated modulation of expression,®” al-
tered channel trafficking/recycling>* channel oligomerization,®® and
modulation by accessory subunits.>* The observed increase of the in-
ward calcium current not accompanied by a counterbalancing increase
in outward currents is expected to prolong the APD. Indeed, Sato
et al>® has shown that an increased cooperative gating of L-type calcium
channels increases current density and causes APD prolongation, in in sil-
ico experiments. Despite the large variability in APD duration typical of
the CMs derived from hiPSCs (Figure 6),"” we observed a significant pro-
longation of the APD in paced AF-CMs compared to controls. Usually,
variability in APD is decreased by dividing CMs in nodal-, atrial-, and
ventricular-like cell based on the slope of fast depolarization and APD
ratio.”'® In our specific case, the selection of the cardiac cell type using
the criteria based on the APD ratio is not applicable since APD is in fact
exactly the parameter which is altered in AF-CMs, according to our
results.

Although data on calcium handling do not indicate a significant instabil-
ity of the SR, at least under ‘basal’ conditions (fixed stimulus duration and
Tyrode solution), this situation may, however, be quite different in a sce-
nario in which calcium dynamics are affected by the duration of the ac-
tion potential and/or under the prevalence of sympathetic tone. It is
known from the literature, for example, that the catecholamine-
mediated trigger for inducing AF involves a significant increase of atrial
lea 38 In agreement with this situation, our data on paced cells show that
under stressful conditions (isoproterenol + E4031) AF-CMs are signifi-
cantly more prone to generate arrhythmic events than CTRL-CMs, as in-
dicated by larger DADs that more easily give rise to ectopic beats. The
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underlying mechanism may be related to the very long action potential
during B-adrenergic stimulation in AF-CMs in which the contribution of
lca. become more relevant than in CTRL-CMs. Together, our data sug-
gest that the increase in I, and in If current are likely to be the trigger
for the initiation of AF.

4.5 Study limitations

Because sibling’s parents are deceased, and their sons/daughters are still
too young for ruling out AF, we could not derive hiPSCs from healthy
relatives. We bypassed this limitation by comparing data with those
obtained from at least three unrelated healthy controls, which displayed
similar results among them. At the time we started to collect data, no
protocols for selecting specifically atrial-like hiPSC-derived CMs were
available. However, even if we did not select a specific hiPSC-CM atrial
subpopulation, and despite the fact that the arrhythmogenesis due to a
gain of function of inward currents can be more easily demonstrated in
hiPSC-CMs lacking [¢q, we believe that the changes observed in I and
lcar could induce triggered automaticity also in vivo, specifically in the
atria, due to the fact that the adult atrium shows a significantly lower
conductance than ventricle, near the resting potential.>’

5. Conclusions

In conclusion, we provide in the present work the first demonstration
that hiPSCs can be used as a cellular model of a human cardiac pathology
with a complex genetic background. Independently of the genetic altera-
tions, we demonstrated that hiPSC-CMs from two sisters with AF show
a higher spontaneous rate of contraction and a gain of function of both
the Irand the I, currents relative to CMs derived from any of four con-
trol individuals. We suggest that the increase of these depolarizing cur-
rents and other still unknown factors can contribute to the induction of
abnormal automaticity in atrial cells and can thus be the triggering event
of this specific type of AF.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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This is the first time a human cellular model of atrial fibrillation (AF), based on the analysis of iPSC-derived cardiomyocytes from patients, is presented.

Comparing cells from two sisters of a family with a complex genetic form of AF with those from healthy controls, we found peculiar alterations in
two ion currents potentially involved in AF aetiology. Despite progresses in the management of AF, efficacy in maintaining sinus rhythm is modest.
Human-based models elucidating the molecular mechanisms underlying AF will help define the best therapeutic approach. We propose to personal-

ize AF therapy based on functional alterations found in patient-specific cardiomyocytes.
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Aims Calmodulin (CaM) is a small protein, encoded by three genes (CALM1-3), exerting multiple Ca*"-dependent modu-
latory roles. A mutation (F142L) affecting only one of the six CALM alleles is associated with long QT syndrome
(LQTS) characterized by recurrent cardiac arrests. This phenotypic severity is unexpected from the predicted allelic
balance. In this work, the effects of heterozygous CALM1-F142L have been investigated in human induced pluripo-
tent stem cell-derived cardiomyocytes (hiPSC-CMs) obtained from a LQTS patient carrying the F142L mutation, i.e.
in the context of native allelic ratio and potential gene modifiers.

Methods Skin fibroblasts of the mutation carrier and two unrelated healthy subjects (controls) were reprogrammed to

and Results hiPSC and differentiated into hiPSC-CMs. Scanty lg4 expression, an hiPSC-CMs feature potentially biasing repolari-
zation, was corrected by addition of simulated l¢; (Dynamic-Clamp). Abnormalities in repolarization rate-
dependency (in single cells and cell aggregates), membrane currents and intracellular Ca*" dynamics were evaluated
as putative arrhythmogenic factors. CALM1-F142L prolonged repolarization, altered its rate-dependency and its re-
sponse to isoproterenol. This was associated with severe impairment of Ca®"-dependent inactivation (CDI) of lc,.,
resulting in augmented inward current during the plateau phase. As a result, the repolarization of mutant cells failed
to adapt to high pacing rates, a finding well reproduced by using a recent hiPSC-CM action potential model. The
mutation failed to affect s and Ix,. and changed s only marginally. Intracellular Ca%t dynamics and Ca?* store sta-
bility were not significantly modified. Mutation-induced repolarization abnormalities were reversed by verapamil.

Conclusion The main functional derangement in CALM1-F142L was prolonged repolarization with altered rate-dependency and
sensitivity to B-adrenergic stimulation. Impaired CDI of I, underlined the electrical abnormality, which was
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sensitive to I, blockade. High mutation penetrance was confirmed in the presence of the native genotype, imply-

ing strong dominance of effects.

e Sudden death

Keywords LQTS e Calmodulin e Mutations

1. Introduction

The congenital long QT syndrome (LQTS) is a genetic disorder charac-
terized by QT interval prolongation and by propensity to life-threatening
arrhythmias." We recently provided the first evidence of a malignant
form of LQTS associated with calmodulin (CaM) mutations?; other re-
ports of CaM mutations in arrhythmogenic syndromes have followed.>™
CaMis a small Ca”-binding protein essential for multiple signalling proc-
esses in eukaryotic cells.® Mammals have three CaM genes (CALM1, 2,
and 3) that encode identical amino acid sequences.” In the heart, CaM
transduces Ca*" signals to regulate, either directly or through CaMKIl,
electrophysiology and Ca*" handling®

Ca*"-binding affinity is variably altered by CaM mutations linked to
arrhythmogenic syndromes. Whereas the LQTS phenotype prevails
among those with reduced Ca®'affinity, mutations with normal
Ca”" affinity are often associated with catecholaminergic polymorphic
ventricular tachycardias (CPVT).>'0

In the setting of LQTS, heterologous expression of mutated CALM is
associated with delayed I, inactivation, prolonged repolarization and
perturbed intracellular Ca®* handling."""* However, heterologous ex-
pression of mutant constructs cannot reproduce the amount and subcel-
lular localization of the abnormal protein. Therefore, albeit unveiling
mutation effects potentially involved in arrhythmogenesis, previous stud-
ies did not clarify whether these effects are truly present in mutation car-
riers and to which extent they may contribute to electrical instability.

The present study evaluates the effects of an heterozygous CALM1-
F142L mutation with reduced Ca*" affinity, first identified in a LQTS pa-
tient suffering multiple cardiac arrests since infancy,” using ‘induced
pluripotent stem cell-derived cardiomyocytes’ (hiPSC-CMs) generated
from patient’s skin fibroblasts. This allowed to test mutation effects in
the context of the patient’'s own genotype, including potential adaptive
transcriptional or post-transcriptional remodelling. The results demon-
strate that defective I, inactivation is the dominant mutation conse-
quence and suggest the resulting repolarization delay as the most likely
arrhythmogenic effect.

2. Methods

The Ethical Committee of the Fondazione IRCCS Policlinico San Matteo
approved the study, which was performed in accordance with the
Declaration of Helsinki. All samples were collected after obtaining in-
formed consent from the donors. The investigation conforms to the
Guide of the Care and Use of Laboratory Animals (NIH publication No.
85-23, revised 2011) and to the guidelines for animal care endorsed by
Universita Milano-Bicocca. An expanded Methods section is available in
the Supplementary material online.

2.1 Generation and differentiation

of induced pluripotent stem cells
Human induced pluripotent stem cells (hiPSCs) were generated by
Sendai virus-mediated reprogramming of dermal fibroblasts and

e hiPSC-CMs

differentiated into cardiac bodies (CB)"? (see Supplementary material
online, Figures ST and S2 for details). For patch-clamp measurements,
mature CBs were dissociated into single hiPSC-CMs and analysed within
3-5 days. The presence of the CALM1-F142L mutation was verified by
PCR on skin fibroblasts, hiPSCs and hiPSC-CMs (see Supplementary
material online, Figure S1, primer sequences in Table S1).

2.2 Molecular studies

Gene expression was quantified by gRT-PCR, the results were normal-
ized to GAPDH. Total CaM protein level was quantified by densitometric
analysis of western blots. CaMKIl activity was measured in hiPSC-CMs
by a FRET assay based on the biosensor Camui-CR' cloned into a lenti-
viral vector.

2.3 Electrical activity in multicellular

preparations and single cells

Extracellular field-potentials were recorded at 37 °C in spontaneously
beating CBs by Multiple Electrode Array (MEA). Field-potential duration,
reflecting electrical systole, was measured from the onset of the sharp
positive deflection to the peak of the secondary slow deflection®; for
simplicity, we will refer to this measurement as QT, which was rate-
corrected (QTc) by Bazett’'s formula. CBs contraction was recorded
with a Video Edge detection System.

Action potentials (APs) were recorded by whole-cell patch-clamp in
hiPSC-CM paced at 0.5, 1, 2, and 3.3Hz during Tyrode superfusion
(36.5°C). Under native conditions, hiPSC-CM had partially depolarized
diastolic potentials (Egjast -50.5 £ 3.7 mV at 0.5 Hz), a likely consequence
of low lgy expression in immature myocytes.'® Thus, numerically mod-
elled Ig,"” (see Supplementary material online, Table S2) was injected in
the hiPSC-CM by Dynamic Clamp (DC)."®"? AP measurements under
DC are described in the manuscript, those in native conditions in the
Supplementary material online.

2.4 Characterization of membrane

currents

lcaL was recorded in voltage-clamped hiPSC-CMs at room temperature
to minimize current rundown. Peak I/V relationships, steady-state activa-
tion/inactivation, and recovery kinetics were obtained by standard
protocols (detail in Supplementary material online); mid activation/inacti-
vation potential (Vo5) and the reciprocal slope factors (k, in mV) were
estimated by Boltzmann fitting. The magnitude of I, ‘window’, defined
as the overlap of steady-state activation and inactivation curves, was
quantified (Table 1) as overlap area (Area), voltage (V@Peak) and open
probability at curves intersection (Poa). To quantify Ca”-dependent
inactivation (CDI), Ic,. was recorded, within each cell, with Ca2+(|¢a|_)
or equimolar Ba*™ (Is,,) as charge carriers. CDI was expressed as the dif-
ference between lg, and I, at 100 ms (ri00) and 300 ms (rsqp). Rate-
dependent I, facilitation (CDF) was measured at 36.5°C, as progres-
sive enhancement of |, (measured during the first 50 ms of the activat-
ing step) following initiation of repetitive activations at 0.05 and 1 Hz.
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Table | Comparison of Ic,, parameters between CTR1 and the CALM1-F142L c1 and c2 clones separately

CTR1 F142L
e

Activation curve
Vos (mV) -11.3+0.78 99 +1.12
k (mV) 6.7 +0.27 7.7 £0.31
Grmax (nS/pF) 0.22 + 0.03 0.25 + 0.03
Inactivation curve
Vos (mV) -30.2 £ 0.62 -278+0.7
k (mV) 4.8 +0.29 55+0.29
Grnin Grnax 0.03 + 0.005 0.09 + 0.01
Window
Area (a.u.) 29 +0.34 52+036
V@Peak (mV) -219 +0.84 -17.8+£0.86
Pomax (10°7%) 31.6 £ 3.8 64.7 + 44

P vs. CTR1 c2 Pvs. CTR1
NS -89+142 NS

<0.05 7.8 +0.35 <0.05

NS 0.26 + 0.05 NS

<0.05 -28.1+0.8 <0.05

NS 58+0.16 <0.05
<0.05 0.08 + 0.01 <0.05
<0.05 4.8 +0.78 <0.05
<0.05 -192+14 NS

<0.05 62.0+11.5 <0.05

Vo5, mid activation/inactivation potential; k, reciprocal slope factor (in mV) of activation/inactivation curves; Gy., = maximal conductance; Area, ‘window’ area (in arbitrary units);
V(@Peak = membrane potential at which activation and inactivation curves intersect; Poy.,: maximal open probability within the window range. Significance (P<0.05) between

CTR1 and each mutant clone was assessed by Student’s t-test for unpaired measurements.

The delayed rectifier K™ current (Ixs), the late Na™ current (Ina) and
the pacemaker current (lf) were recorded at physiological temperature
by standard V-clamp protocols (detail in Supplementary material online).
ls and InaL Were isolated as HMR1556 (1 uM)- and TTX (30 puM)-sensi-
tive currents.

2.5 Intracellular Ca?" measurements

Cytosolic Ca*"and membrane current were simultaneously recorded in
V-clamped hiPSC-CMs loaded with 10 M Fluo4-AM; K™ currents were
blocked. Diastolic fluorescence was used as reference (Fo) for signal nor-
malization (F/Fo) after subtraction of background. Ca*" transients (CaT)
were recorded during 300 ms steps to OmV (holding -50 mV), applied
every5s.

Sarcoplasmic reticulum (SR) Ca*' content (Casp) was estimated by
integrating the Na/Ca exchanger (NCX) current (Incx) elicited by
10mM caffeine.?® The slope of the Iycx/Ca*" relationship during the
final third of the caffeine-induced transient was used to estimate NCX
‘conductance’.?

The ‘gain’ of the coupling between membrane excitation and
Ca®* release was calculated as the ratio between CaT amplitude (F/Fy)
and Ca*" influx, obtained by integrating lc,. up to the time of CaT peak.

The composition of experimental solutions is reported in the
Supplementary material online.

2.6 Numerical simulations

Results of current clamp experiments were simulated in silico using a re-
cently published hiPSC-CM AP model.>" The I, kinetic, as character-
ized in hiPSC-CMs in CTR1 and F142L was included into the model (see
Supplementary material online). An additional amount of I, based on
the O’Hara—Rudy model of adult myocyte,” was incorporated in both
CTR and F142L to mimic DC experimental conditions.

2.7 Statistics

Student’s t-test or ANOVA for paired or unpaired measurements were
applied as appropriate, with Bonferroni’s correction in post-hoc

comparisons. % statistics was used for comparison of categorical vari-
ables (GraphPad Prism 5). Data are expressed as mean + SE; P < 0.05 de-
fines significance, sample size is reported in figure legends.

3. Results
3.1 Characteristics of hiPSC-CMs donors

The proband under study is a young boy who suffered multiple syncopal
events and cardiac arrest at the age of 14 years old. His QTc was very
prolonged (between 600 and 700 ms) with episodes of T wave alternans
often recorded by ECG Holter monitoring. When he was 9, mean HR
was 66 b/min during the day, but at night HR dramatically dropped to
less than 40 b/min. As compared with that of a normal subject, his QT/
RR relationship was strongly non-linear, becoming significantly steeper at
short RR intervals (see Supplementary material online, Figure S3 and
Table S3). Family history is unknown since he was adopted.

Two mutant hiPSC-CMs clones (c1 and c2) were obtained from pa-
tient’s biopsy. Data from c1 and c2 are reported separately for |, char-
acterization (Figure 2) and, being closely comparable, have been pooled
for the remaining studies. Because proband’s relatives were unavailable,
we used as healthy controls two genetically unrelated subjects: a 32-
year-old Caucasian female (CTR1) and a 27-year-old Afro-American
male (CTR?2). For I, characterization mutant hiPSC-CMs were com-
pared to those of both CTR1 and CTR?2; in the remaining studies CTR1
was used as control.

Molecular characterization of hiPSC-CMs demonstrated cardiomyocyte-
like patterns of mMRNA and protein expression (Figure 1), as also detailed in
the Supplementary material online.

3.2 Transcriptional effects

To test for transcriptional changes secondary to the mutation, gene ex-
pression of CaM isoforms, ion channels, Ca*"handling proteins and
other Ca”*" binding proteins was analysed in CTR1 and mutant hiPSC-
CMs. As shown in Figure 1, the mutation did not affect the expression of
any of these genes (Figure 7). Also the levels of total CaM protein were
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CTR1 hiPSC-CMs

CALM1-F142L hiPSC-CMs

BCTR1
mF142L

CALM1
CALM2
CALM3
SCN5A
KCNQ1
CACNA1C
RYR2
SERCA
PLN
SLC8A1
PMCA4
TNNT2
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a
=

102 100 104
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-
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Figure | CAIM1-F142L mutation does not affect the expression of CaM isoforms, ion channels and Ca*" handling proteins. (A) Immunostaining for car-
diac Troponin T (cTNT, green) and a-actinin (red) of CTR1 (left) and CALM 1-F142L (right) hiPSC-CMs (nuclei in blue). Bottom panels are a magnification of
the area framed in the upper images. (B) Quantitative RT-PCR analysis of CALM and cardiac-specific genes in CTR1 (black bars) and CALM1-F142L hiPSC-
CMs (blue bars, clones c1 and c2 pooled). Data normalized to GAPDH and presented as mean + SEM of three replicas. No significant differences were de-
tected in the transcription pattern (Student’s t-test for unpaired measurements). SCN5A: Nay 1.5 channel; KCNQ1: K™ channel; CACNA1C: Cay1.2 chan-
nel; RyR2: Ryanodine receptor channel; SERCA: sarcoplasmic reticulum Ca®" ATP-ase; PLN: phospholamban; SLC8A1: plasmalemmal Na'/

Ca®* exchanger; PMCA4 plasmalemmal Ca®" ATPase; TNNT2: troponinT.

similar in CTR1 and F142L hiPSC-CMs (see Supplementary material on
line, Figure S4).

3.3 Effects on I, properties

We analysed |, properties in c1 and c2 mutant hiPSC-CMs clones and
in CTR1 hiPSC-CMs. In both mutant clones peak I, density (Figure 2A)
was similar to that of CTR1, but the sustained I, component was sig-
nificantly larger. In both mutant clones inactivation was positively shifted
and incomplete, thus widening the voltage ‘window’ over which sus-
tained |, was present (Table 7). In mutant clones Ic, inactivation
was also slower than in CTR1 cells; as indicated by rqgo and r3og values
(Figure 2), this was due to weaker CDI. The wider ‘window’ and slower
inactivation converged to enhance I, sustained component in mutant
hiPSC-CMs.

lcaL recovery from inactivation is regulated by CaMKII*>

and relevant to
lcaL rate-dependency. Recovery time-course was tested for total |, and
after subtraction of the non-inactivating component (see Supplementary
material online, Figure S5). As expected from defective CD], a larger pro-
portion of total |, was available at short diastolic intervals in mutant
hiPSC-CMs (see Supplementary material online, Figure S5B); when the
inactivating component was analysed separately, recovery kinetics was
similar between CTR1 and mutant cells (see Supplementary material on
line, Figure S5C). Recovery was faster, and the weight of the non-
inactivating component smaller, at -80 mV than at -50 mV.

To rule out interindividual variability as a source of CDI differences,
we analysed |, properties in hiPSC-CMs from a second healthy control
(CTR2) (see Supplementary material online, Figure S6 and Table $4).
Albeit in CTR2 I, was larger and its properties were marginally

different from those of CTR1, CDI and ‘window’ parameters were
closely comparable.

CaMKiIl is a downstream signal mediating many effects of the Ca-CaM
complex.23 CaMKIl activation was unexpectedly stronger in mutant
hiPSC-CMs than in CTR1 ones (see Supplementary material online,
Figure S7).

Rate-dependent and CaMKIl-mediated I, facilitation (CDF) can be
detected in ventricular myocytes of different species.** However, CDF
could not be induced even in CTR1 hiPSC-CMs (see Supplementary ma
terial online, Figure S8A). On the other hand, CDF was elicited by the
same protocol in adult rat ventricular myocytes (see Supplementary ma
terial online, Figure S8B).

3.4 Effects on slow delayed rectifier

K™ current (Ik:) and late Na™ current (Inat)
Given that both lgs and In, are implicated in LQTS? and are modulated
by CaM and/or CaMKII,>*” we analysed whether changes in these cur-
rents could contribute to this specific type of LQTS phenotype. As
shown in Figure 3A and B, I, I-V relationships and its steady-state activa-
tion were similar in CTR1 and mutant hiPSC-CMs. Non-inactivating
components of In, Nat ‘window current’ (Inaw) and InaL, were eval-
uated by applying slow voltage ramps (Figure 3C and D) as previously re-
ported.”® TTX-sensitive current peaking at -38.0 + 2.1mV (CTR1, NS vs.
F142L), mostly representing Inaw, Was less expressed in mutant cells,
while no differences between groups were observed in the current acti-
vated at 0 mV, mostly representing In,.. Overall, in comparison to CTR1
hiPSC-CM, mutant cells showed smaller sustained I, a finding opposite
to what required to account for QT prolongation.
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Figure 2 Steady-state I, inactivation is positively shifted and CDlI is reduced in CALM1-F142L hiPSC-CMs. |, characterization in CTR1 (filled dots
N=11) and in the two CALM1-F142L clones (c1, open dots N =12 and c2, open triangles N = 13) hiPSC-CMs separately. (A) Left: peak I, I/V relationships;
Right: |, steady-state activation and inactivation curves; the ‘window’ range of potentials is zoomed in the inset (average data and statistics in Table 1). (B)
lcaL and gy, tracings recorded within the same cell at 0 mV; traces are normalized for their peak value; CDI was measured as the difference between g, and
lcaL (dashed area). (C) Proportion of peak I, and Iy remaining at 100 ms (rq100) and 300 ms (r300), plotted as a function of the test potential. The insets

show CDl as a function of test potential.

3.5 Effects on cardiac bodies and

pacemaking

To reproduce tissue environment, field-potentials were recorded from
spontaneously beating CBs at baseline and during B-adrenergic stimula-
tion by isoproterenol (Iso 0.05-1.6 pM). The RR and QT intervals of
CBs from the two mutant clones (c1 and c2) were similarly prolonged
(P<0.05 vs. CTR1, Figure 4A), reproducing both the bradycardic and
LQTS phenotype of the patient. The relation between QT and RR inter-
vals, evaluated by linear fitting (Figure 4B), was steeper in mutant CBs
than in CTR1 ones (slope 0.22 +£0.05 vs. 0.09 £ 0.02, P<0.05) with a
similar intercept. QTc was prolonged in mutant CBs (Figure 4B, inset).
Isoproterenol effect on QT and RR saturated already at 0.05 M and, at
this concentration, it was larger in mutant than in CTR1 CBs (Figure 4C).
Isoproterenol significantly increased QT/RR steepness in mutant CBs
(Figure 4D, 0.49 £ 0.07, P<0.05 vs. —Iso) while had no effect on CTR1
ones (Figure 4D, 0.08 + 0.04, NS vs. —Iso).

Consistent with repolarization differences, contraction was more sus-
tained and relaxation was slower in mutant CBs (see Supplementary
material online, Figure S9).

In spite of the slow beating rate in mutant CBs, the pacemaker current
(Iy was grossly similar in CTR1 and F142L hiPSC CMs (see
Supplementary material online, Figure $10). The ¢ activation curve was
slightly shallower in mutant cells (k from 7.7 to 9.7 mV, P < 0.05), a finding
that can unlikely account alone for the huge difference in beating rate be-
tween groups.

3.6 Effect on electrical activity in isolated
hiPSC-CMs

Mutation effects on AP repolarization and its rate-dependency were
evaluated in hiPSC-CMs with ventricular-like APs (observed in > 80% of
cells). The effect of DC on AP parameters is shown in Supplementary
material online, Figure S11. Cells were studied under native conditions
(see Supplementary material online, Figure $12) and during x4 injection
via DC (Figure 5). lg4 injection resulted in ‘mature’, ventricular-like AP
contours, reduced AP duration (APD) variability and highlighted
mutation-induced differences. Under DC, mutant hiPSC-CMs had signifi-
cantly longer APD compared to CTR1 at all pacing rates below 3.3 Hz
(Figure 5A and B). Whereas injected |4 density during diastole was similar
between control and mutant hiPSC-CMs, peak l¢y during the late AP
repolarization phase was smaller in mutant ones, particularly at low pac-
ing rate (see Supplementary material online, Figure $13), probably as a
consequence of shallower AP repolarization in these cells®’ (see
Supplementary material online).

In 20% of mutant cells, stimulation at 2 Hz induced APD alternans,
which was never observed in CTR1 ones. At 3.3 Hz, 10% of CTR1 cells
and 50% of mutant ones (P <0.05, Figure 5C and D) could not follow
stimulation because of failure of APD to shorten adequately. Numerical
simulations showed that, at variance with the normal model, in the mu-
tant one APD failed to adapt to 3.3 Hz pacing rate (mF142L trace in
Figure 5E). Notably, the defect in I, CDI was alone sufficient to account
for the abnormality (mF142L CDlonly trace in Figure 5E). After
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Figure 3 Steady-state Iy activation is unchanged and sustained Iy, is reduced in CALM1-F142L hiPSC-CMs. (A) HMR1556 (1 uM)-sensitive current (lxs)
activated during voltage steps from a holding potential of - 40 mV in CTR1 and CALM1-F142L hiPSC-CMs. (B) Ixs I/V relationships and steady state activation
curves; Boltzmann fittings are represented by continuous and dashed lines for CTR1 (N = 19) and CALM1-F142L (N = 25) hiPSC-CMs respectively. (C) TTX
(30 uM)-sensitive current (ltrx) activated during slow voltage ramps (28 mV/sec) from a holding potential of - 100 mV, mean traces and SEM are shown. (D)
Statistics for mean lrrx (Imean)s P&k lrrx (Ipeas representative of Inaw) and lrrx activated at OmV (representative of Iy ). CTR1: N =14, CALM1-F142L:
N=13.#P<0.05 vs. CTR1 (Student’s t-test for unpaired measurements).
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Figure 4 CALM1-F142L CBs show prolonged QTc and higher sensitivity to isoproterenol than CTR1 CBs. (A) Left: examples of field potentials from
CTR1 and CALIM1-F142L CBs. Arrows mark timepoints for QT measurement. Right: Statistics for QT and RR intervals (CTR1 N =18, CALM1-F142L N=8,
data from mutant clones c1 and c2 pooled) under basal conditions. (B) QT-RR relationship; QTc statistics in the inset.). (C) Modulation of QT and RR by iso-
proterenol (Iso) (N> 5 at all concentrations in both groups). (D) QT-RR relationships at baseline (-Iso; black symbols) and during increasing Iso concentra-

tions (++Iso red symbols) in CTR1 (left) and CALM1-F142L (right) CBs. *P < 0.05 vs. CTR1 (Student’s t-test for unpaired measurements).
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Figure 5 Isolated CALM1-F142L hiPSC-CMs show prolonged APD and failure of APD to shorten at high pacing rates, a finding reproduced by numerical
simulations. (A) Action potential recorded at different pacing rates under DC; arrows indicate the direction of rate increase. (B) Statistics for APDsg, APDgg,
dV/dt nax and Egiase in CTR1 (filled dots, N> 6) and CALM1-F142L (open dots, N >10) (*P <0.05 vs. CTR1, two-way ANOVA with Bonferroni’s correction).
The point at the shortest CL (rate = 3.3 Hz) refers only to cells that followed pacing (see text and panel D). (C) Sequences of action potentials evoked at
3.3Hzina CTR1 (top) and a CALM1-F142L (bottom) hiPSC-CMs. (D) Percentage of cells failing to follow pacing at 3.3 Hz. *P < 0.05 vs. CTR1 (% test). (E)
Model (m) based simulation of the experimental protocol of panel C in CTR (top), CALM1-F142L (middle) and when only the F142L-related CDI reduction

was incorporated into the computational model (bottom).

potentials, which would suggest spontaneous Ca®" release events, were
not observed, even at the highest pacing rate.

Cells studied under native conditions showed a qualitatively similar
pattern (see Supplementary material online, Figure S12); however,
mutation-induced differences were less pronounced and partially
obscured by intercellular variability.

3.7 Effect on intracellular Ca?" handling
CaM participates in the regulation of intracellular Ca*™ dynamics® which,
in turn, may affect electrical stability.>°

CaT amplitude was larger in mutant hiPSC-CMs than in CTR1 cells,
however, because Ca®"influx through |, was also increased, the
excitation-release (ER)-gain was unchanged (Figure 6A-B). In spite of the
large difference in sarcolemmal Ca®Tinflux, SR Ca*" content was not
affected by the mutation (Figure 6C-E). The kinetics of Ca*" decay
during the caffeine pulse (1 decay 1.88 £0.26s vs. 1.93£0.355s, NS)
and NCX ‘conductance’, were also similar between mutant and CTR1
cells (Figure 6E).

3.8 Pharmacological induction and rescue
of the LQT phenotype

Failure of Ic,. CDI was pharmacologically induced by buffering subsarco-
lemmal Ca*". CTR1 and F142L hiPSC-CMs were incubated with the
membrane permeable Ca®'chelator BAPTA-AM (5 pM) for about
45 min. As shown in Figure 7A, at low pacing rates the repolarization was

dramatically prolonged and unstable in both cell types; early after de-
polarizations (EADs) occurred and APD adaptation failed in most of cells
at 2 Hz. Overall, removal of CDI by Ca’" chelation abolished differences
between CTR and mutant cells.

Rescue of LQTS phenotype was then tested by analysing the sensitiv-
ity of repolarization to verapamil and amlodipine in CBs by MEA record-
ings. Verapamil 50 nM shortened QTc significantly in mutant CBs, but
had no effect on CTR1 ones (Figure 7B). Also amlodipine shortened QTc
in mutant CBs (see Supplementary material online, Figure S14), but only
at >900nM, i.e. well above the ECsq for inhibition of contraction
(10nM).>!

4. Discussion

The present work provides functional characterization of F142L-CaM in
hiPSC-CMs derived from a symptomatic mutation carrier. The experi-
mental strategy allowed to identify derangements, and relate them to
clinical manifestations, in the context of native allelic balance and in the
presence of all the factors, which might affect mutation expressivity. The
mutation affected I, time-course in a way consistent with delayed
repolarization, the hallmark of the syndrome. I, was unaffected and sus-
tained In, was even smaller in mutant cells. Handling of intracellular
Ca*"was not directly altered, thus suggesting that the arrhythmogenic
potential of this mutation may primarily reside in the electrophysiological
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Figure 6 Intracellular Ca®" handling and Ca®" store stability are not significantly altered in V-clamped CALM1-F142L hiPSC-CMs. (A) Examples of I,
(top) and Ca®" transients (CaT, bottom), evoked by voltage steps from -50 mV to 0 mV. Ca®" influx (Ca, ) was measured from |, up to the CaT peak (dot-
ted line, see methods). (B) Statistics of CaT amplitude, Cay, and their ratio (ER-gain, see methods) in CTR1 (N> 12) and CALM1-F142L (N>9; c1 and c2
pooled). (C) Caffeine-induced Ca®* and current (Iycx) transients (at- 50 mV). (D) Cumulative Iy cx integrals (top, used to estimate Cagg) and plots of Incx
vs Ca”" (bottom, slope used to estimate NCX ‘conductance’). (E) Statistics for SR Ca*" content (Casg) and slope of Iycx/Ca”" relations in CTR1 (N = 12)
and CAIM1-F142L (N = 13, clones pooled) hiPSC-CMs. *P < 0.05 vs. CTR1 (Student’s t-test for unpaired measurements).
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Figure 7 Intracellular Ca** buffering induces prolonged and unstable APDs in both CALM1-F142L and CTR1 hiPSC-CMs; verapamil shortens QTc in
CALM1-F142L CBs only. Sequences of action potentials recorded at 1 Hz (left panels) or 2 Hz (right panels) in CTR1 (A) and CALM1-F142L (B) hiPSC-CMs
pre-incubated with BAPTA-AM (5 uM). APD instability at 1 Hz is highlighted in insets; failing of APD to adapt at 2 Hz is shown on the right. Similar findings
were observed in the majority of treated hiPSC-CMs (CTR1: 5 of 6, CALM1-F142L: 5 of 7). (C) Dose-dependent effects of verapamil on the field potential of
a CALM1-F142L CB; tracings at various verapamil concentrations (numbers) are aligned on the time axis. Comparison of QTc shortening (A% from baseline)
by verapamil at 50 and 100 nM respectively (N > 4, clones pooled). (D) Concentration-dependency of verapamil effect on QTc in CTR1 (N> 5) and CALM1-
F142L CBs. *P < 0.05 vs. baseline (Student’s t-test for paired measurements).
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abnormality. Even in the presence of the native allelic balance, F142L-
CaM caused marked CDI abnormality to imply strong negative domin-
ance of the mutant protein.

4.1 Target specificity and negative

dominance

Beside Ca,1.2 channels, also K,7.1 channels, responsible for Iy, require
functional CaM for their correct assembly and gating.® Heterologous
F142L CaM mutation did not affect lgs, thus implying compensation by
wild-type CaM.

Moreover, ryanodine receptor (RyR) channels and CaMKIl are direct
downstream CaM targets. As suggested by unchanged ER-gain and SR
Ca*" content (Figure 6), the mutation did not cause RyRs instability,
which would be expected from loss of modulation by CaM.2 The latter
would also be expected to reduce CaMKIl activity, which was neverthe-
less increased in mutant hiPSC-CMs.'® On the other hand, CDI was
strongly impaired by a mutation affecting only 1/6 of CaM alleles.
Altogether, these findings imply that mutant CaM selectively interacts
with Ca,1.2 with strong negative dominance. Both selectivity and nega-
tive dominance may be interpreted by considering that modulation of
Ca,1.2 is mediated by a pre-bound apoCaM pool, formed independent
of Ca*™-induced activation.* Because of its increased affinity for Ca,1.2
channels,"” mutant apoCaM may dominate the pre-bound pool even in
the presence of the unfavourable concentration ratio. CaM also binds
RyR2 as apoCaM,*? but heterologous expression studies suggest that
high affinity Ca®" binding to CaM C-lobe is essential for diastolic RyR2
stabilization.>* Therefore, rather than reflecting irrelevance of F142L to
RyR2 gating, normal RyRs function may result from compensation by
wild-type CaM. The latter likely accounts also for lack of negative effects
on CaMKll; the observed increase in CaMKIl activity may simply be sec-
ondary to CDI impairment, i.e. reflect upregulation of residual wild-type
CaM-CaMKIl complexes by enhanced Ca*" influx.

Phosphorylation by CaMKIl may facilitate opening of RyRs®> and
Cay1.2 channels (Ca2+ -induced I, facilitation, CDF),822 and destabilize
Na,1.5 channel inactivation (Ina. enhancemen‘c).27 RyR facilitation, if pre-
sent, was not large enough to be functionally relevant. I, facilitation
(CDF) was absent even in control hiPSC-CMs (see Supplementary
material online, Figure S8). The present data provide the first comparative
measurement of I, CDF in human and rodent cells; nevertheless, the
absence of the phenomenon in the former might also reflect hiPSC-CMs
immaturity (e.g. lack of T-tubules).>® Therefore, the present observation
should not be considered conclusive for the absence of I, facilitation in
mature human cardiomyocytes.

Moreover, N, Was unaffected and I, Was even decreased in mutant
hiPSC-CMs; thus, changes in these currents are unlikely to contribute to
mutation-induced QT prolongation. CaMKI| activity was found to be
enhanced in F142L hiPSC-CMs, but still inadequate to induce the ex-
pected functional changes (RyR and I, facilitation, Iy, enhancement).

Defective CDI and prolonged repolarization might increase SR
Ca®" content, which was instead unaffected by the mutation (Figure 6E).
While this might reflect adaptive upregulation of Ca" efflux, NCX ‘con-
ductance’ was unchanged (Figure 6D and E) and, at least at transcriptional
level, other Ca** transports were also unmodified (Figure 7). Therefore, we
propose that, under the present conditions, the functional reserve of exist-
ing NCX, recruited by the larger Ca*" transients, was adequate to balance
the extra Ca*" influx. This interpretation is consistent with previous work
showing that Cagg is largely independent of sarcolemmal Ca* " influx.*”

4.2 Reproduction of clinical phenotype

and pro-arrhythmic mechanism

The mutation carrier had prolonged QTc and a markedly non-linear
QTI/RR relationship, reflecting enhanced QT rate-dependency during
tachycardia which, in turn, likely mirrors sympathetic activation. All these
features were also present in mutant CBs (and hiPSC-CMes), in which
QTc was prolonged, QT/RR (and APD/CL) relation was steeper and ab-
normally sensitive to isoproterenol. T wave alternans also occurred in
the patient, possibly matching the higher incidence of repolarization
irregularities in mutant hiPSC-CMs.

As most LQTS patients, the proband was bradycardic and this was
reproduced in vitro by measuring spontaneous rate in CBs. Pacemaking
can originate from pacemaker current (k) and/or from an intracellular
Ca®" clock®® I¢ was comparable between control and mutant hiPSC-
CMs and, if anything, we would expect increased Ca>* influx to acceler-
ate a Ca’" clock. Therefore, by exclusion, we speculate that the low
beating rate may be due to APD prolongation.

The present data point to inadequate CDI, and the resulting repolari-
zation abnormality, as the primary cause of arrhythmias; indeed, failure
of ER-gain to change in the presence of constant Cagg argues against pri-
mary SR instability.

Because of homeostatic regulation of intracellular Ca**, Casp may be
rather insensitive to changes in sarcolemmal Ca’* inﬂux37; therefore, fail-
ure of Cagp to increase significantly is not surprising. Nevertheless, Casg
was measured here under V-clamp, a condition not representative of in-
vivo electrical activity; we cannot rule out that prolonged repolarization
might change the Ca’"influx/efflux balance at short cycle lengths.
Limpitikul et al."® found CALM-F142L overexpression to increase Cagg in
guinea-pig myocytes even at very low pacing rates (0.1 Hz) and suggested
instead that SR instability might contribute to arrhythmogenesis.
Notably, these experiments were performed at room temperature, at
which myocytes were incompletely polarized and had extremely slow
repolarization; such conditions are clearly inadequate to provide infor-
mation on Ca?"influx/efflux balance in vivo. On the other hand, Yin
et al"" reported unchanged Casg at 1Hz in foetal murine myocytes.
Whether or not the mutation may result in intracellular Ca** overload,
the complete absence of afterpotentials in I-clamp recordings (even at
high pacing rates), argues against SR instability as a mechanism contribu-
ting to arrhythmogenesis.

Repolarization was affected by two apparently antithetical abnor-
malities. In a large fraction of mutant isolated hiPSC-CMs, APD failed
to shorten at high rates (3.3 Hz, Figure 5D), likely because of abnormal
persistence of |, availability (see Supplementary material online,
Figure S5); this caused failure, or major distortion of subsequent exci-
tations (Figure 5C). This defect was not observed in mutant CBs
(Figure 4), possibly because delayed repolarization limited spontan-
eous beating rate. The second abnormality consisted of steeper QT/
RR and APD/CL relations (Figures 4 and 5). Strong rate-dependency
of repolarization is known to entail proarrhythmic risk.>*> APD pro-
longation on its own causes steeper APD rate—dependency,29 but de-
fective CDI might contribute to enhance sensitivity to -adrenergic
stimulation.

Simulation results confirmed that failure of APD adaptation to high
pacing rates occurs in the presence of defective CDI of |, . Separation
of the CDI defect from the other abnormalities detected in F142L
hiPSC-CMs suggest that the former alone is adequate to account for the
phenotype (Figure 5E).
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4.3 Clinical implications

The present results suggest that, in the case of CALM1-F142L, arrhyth-
mogenesis may strictly result from the effect of excess I, on repolariza-
tion. If this is the case, lc, blockade may be a logical therapeutic
approach. The observation that verapamil reversed the mutation pheno-
type is consistent with this view. Thus, the identification of the arrhyth-
mogenic mechanisms in the context of patient’s genotype may enable
the development of tailored therapeutic strategies.

Previous studies found QT-prolonging CaM mutations (e.g. D130G)
to impair the ability of foetal murine cells to follow pacing even at slow
rates.'! This potentially arrhythmogenic feature was reversed by
B-adrenergic stimulation, which was thus suggested as a therapeutic
approach.”’ However, this abnormality was rare in the case of F142L-
CaM"" and, also in the present study, occurred at high rates only. On the
other hand, enhanced sensitivity of repolarization to 3-adrenergic stimu-
lation might entail proarrhythmic risk.>* Therefore, the present data do
not support the view that B-adrenergic stimulation may represent a
therapeutic approach, at least in the case of F142L-CaM.

4.4 Study limitations

A limitation in modelling arrhythmogenic syndromes with hiPSC-CM is rep-
resented by the degree of maturity of these cells, which often are more
similar to foetal rather than adult CMs. Low x4 expression is an important
aspect of electrical immaturity, which we compensated by |4 injection (DC
technique). Other aspects of immaturity could not be corrected; conse-
quently, extrapolation of our results should be done with caution.

Isogenic control hiPSC-CMs were not available for this study. To pro-
vide a comparison adequate to identify mutation-induced abnormalities,
the opposite strategy of using multiple controls with maximal genetic
heterogeneity was adopted. To this end, two iPSC-CMs control lines
were generated from healthy donors with different gender and ethnicity,
factors known to be involved in setting channels expression and AP dur-
ation. Except for different peak I, magnitude, a complete consistency
between CTR cell lines was found in I, properties relevant to repolari-
zation course, such as window current and CDI. This sharply contrasts
with the obvious abnormality in the persistent |-, component observed
in F142L hiPSC-CMs.

Generalization of the mechanisms identified in the present study to all
cases of the F142L CaM mutation is limited by the fact that all mutant
cell lines originated from a single mutation carrier.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Abstract Blockade of the late Nat current (Znar) protects
from ischemia/reperfusion damage; nevertheless, informa-
tion on changes in Iy, during acute ischemia and their
effect on intracellular milieu is missing. In,., cytosolic
Na' and Ca*" activities (Na.y, Ca.y) were measured in
isolated rat ventricular myocytes during 7 min of simulated
ischemia (ISC); in all the conditions tested, effects con-
sistently exerted by ranolazine (RAN) and tetrodotoxin
(TTX) were interpreted as due to Iy, blockade. The results
indicate that Iy, was enhanced during ISC in spite of
changes in action potential (AP) contour; Iy, significantly
contributed to Nay, rise, but only marginally to Ca.y, rise.
The impact of Iy, on Cacy was markedly enhanced by
blockade of the sarcolemmal(s) Na™/Ca®>" exchanger
(NCX) and was due to the presence of (Na'-sensitive)
Ca’" efflux through mitochondrial NCX (mNCX). sNCX
blockade increased Ca.y; and decreased Nay,, thus indi-
cating that, throughout ISC, SNCX operated in the forward
mode, in spite of the substantial Na., increment. Thus, a
robust Ca>* source, other than sNCX and including mito-
chondria, contributed to Cay during ISC. Most, but not all,
of RAN effects were shared by TTX. (1) The paradigm that
attributes Ca,, accumulation during acute ischemia to
decrease/reversal of sSNCX transport may not be of general
applicability; (2) Iy, is enhanced during ISC, when the
effect of Nac, on mitochondrial Ca”*" transport may
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< Antonio Zaza
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substantially contribute to Iy, impact on Ca.y; (3) RAN
may act mostly, but not exclusively, through Iy, blockade
during ISC.

Keywords Acute ischemia - Late sodium current -
Ranolazine - Na* homeostasis - Ca>* homeostasis -
Mitochondria

Introduction

Acute myocardial ischemia results in a characteristic pat-
tern of metabolic and intracellular ion changes, ultimately
leading to cytosolic Ca®* (Cagy) accumulation [5] and the
resulting functional and structural derangements. Enhanced
Nat influx, exceeding the functional reserve of the Na*/
K™ pump, is widely considered as the “primum movens”
of this process, being coupled to Ca.y homeostasis through
changes in the equilibrium potential of the sarcolemmal
Na*/Ca®" exchanger (sNCX) (coupled exchanger theory)
[9, 23, 28, 31].

Several mechanisms may account for enhanced a Na™
influx during acute ischemia. While it is widely accepted
that the Nat/H" exchanger (NHE), driven by intracellular
acidosis, may support large Na® influx upon reperfusion
[19, 24, 47], there is disagreement about its role during
ischemia [3, 32, 47]. Several studies show that blockade of
a persistent component of Na™ current (Inap), prevents
Ca’* overload and reduces injury following reperfusion
[1, 7, 16, 45]. This suggests that Iy, enhancement may
contribute to increased Na' influx during the preceding
ischemia. Exposure to ischemia components (i.e., H,O,,
hypoxia and ischemic metabolites) has indeed been shown
to enhance Iy, 1in standard V-clamp experiments
[26, 40, 43, 46]. On the other hand, membrane
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depolarization and shortening of action potential duration
(APD), both correlates of acute ischemia, may reduce
overall Na™ current availability and time for Iy, -mediated
Na' influx, respectively. Therefore, whether Iy, is actu-
ally enhanced during acute ischemia and contributes to
cytosolic Na™/Ca®" accumulation remains to be estab-
lished. The present study aims to directly address these
questions by measuring Iy, and cytosolic ionic activities
(Nacy, and Ca,y,) in isolated ventricular myocytes exposed
to a simulated ischemia protocol.

The results obtained indicate that Iy, was enhanced
during simulated ischemia, in spite of the attending action
potential (AP) changes, and significantly contributed to
Na.,, accumulation. However, the relationship between
Na.y; and Ca.y,; was more complex than predicted by the
coupled exchanger theory, suggesting instead a role of
ischemia-induced redistribution of Ca®" between intracel-
lular compartments, with mitochondria contributing as a
Nay-sensitive Ca>* store.

Materials and methods
Cell isolation

Ventricular cardiomyocytes from male adult Sprague—
Dawley rats (150175 g) were isolated using a retrograde
coronary perfusion method previously published with
minor modifications [34]. Measurements were performed
only in quiescent, rod-shaped, myocytes with clear stria-
tions. All experiment were approved and conducted
accordingly to the guidelines stipulated by the Animal Care
committee of University of Milano-Bicocca. The manu-
script does not contain human data.

Simulated ischemia protocol

Cardiomyocytes were placed into a recording chamber and
superfused at 36.5 °C with Tyrode’s solution containing
(mM): NaCl 154, KC1 4, CaCl, 2, MgCl, 1, HEPES 5,
Glucose 5.5, adjusted to pH 7.3. Cells were paced at 1 Hz,
either through the patch pipette or by field stimulation,
throughout the protocol.

Ischemia was simulated by superfusing myocytes with a
modified Tyrode’s solution (ischemia mimic solution, ISC)
containing (mM): NaCl 134, Na-lactate 20, KCl 8, CaCl, 2,
MgCl, 1, HEPES 5, sucrose 37, adjusted to pH 6.8. Its
composition reflects the major changes in the ischemic
environment, as previously described by others
[8, 10, 25, 30, 49].

ISC protocol has been performed here in normoxic
condition, according to previous studies on ischemia [25]
proving that the contribution of hypoxia to changes in
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cardiomyocyte contractility is negligible; nevertheless, its
absence should be considered in the interpretation of
results (see “Discussion”).

The experimental protocol included pre-ISC stabiliza-
tion in normal Tyrode’s solution (about 2 min) followed by
ISC superfusion for 7 min (Fig. S1). This ISC duration was
selected in preliminary experiments as the maximal toler-
ated by the majority of cardiomyocytes; ISC wash-out
(reperfusion) was almost invariably followed by contrac-
ture and death. In the following text, protocol phases are
referred to as PRE (pre-ISC); 0.5ISC (0.5 min of ISC);
3ISC (3 min of ISC); 7ISC (7 min of ISC).

Cell shortening

Cardiomyocytes were field stimulated and the single-cell
shortening was measured by video-edge detection system
(Crescent electronics). The difference between maximal
diastolic and systolic cell lengths was expressed as twitch
amplitude, which was normalized within each cell to the
value recorded in PRE conditions.

Electrophysiology

Myocytes were patch-clamped with borosilicate glass
pipettes containing (mM): K'-aspartate 110, KCl 23,
MgCl, 3, HEPES KOH 5, EGTA KOH 0.5, GTP Na™-salt
0.4, ATP Nat-salt 5, creatine phosphate Na*t-salt 5, CaCl,
0.2 (calculated free-Ca®" = 1077 M), adjusted to pH 7.2.
Series resistance was <5 MQ and was compensated to 80%
of its value.

Action potentials (AP) were recorded (/-clamp with
I = 0 pA) throughout the protocol. AP waveforms recor-
ded in PRE condition and at 7ISC, respectively, were used
as templates in AP-clamp experiments.

Inar, was measured at PRE and 7ISC in AP-clamp mode
as the current sensitive to 1 tM TTX [40]. To test whether
ISC-induced changes in AP affected Iy, magnitude during
ISC, AP-clamp was applied with two modalities: (1) the
AP templates recorded at PRE and 7ISC, which included
ISC-induced changes, were applied during the corre-
sponding phases of the protocol; (2) the AP template
recorded at PRE, was applied at both PRE and 7ISC, thus
disregarding ISC-induced changes. Differences between
Inar recorded with the two AP-clamp modalities reflect the
impact of ISC-induced membrane potential changes to
INaL-

Inar, magnitude during APs was quantified by integrat-
ing inward TTX-sensitive current from the beginning of
repolarization to 90% of repolarization and dividing the
result for the integration interval. This measurement,
abbreviated in the following text and figures as “Ing..”,
reflects mean Na® influx rate during repolarization.
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Currents were normalized to cell capacitance and expres-
sed as current density (pA/pF).

Measurement of intracellular ionic activities

Na.y; and Ca.,, were measured in intact, field-stimulated
(1 Hz) cardiomyocytes, loaded with Asante Natrium Green-
2 (ANG-2) for Na* and FLUO4-AM for Ca®>" measure-
ments, respectively. Cardiomyocytes were incubated with
the membrane-permeant form of the dyes for 30 min, and
then washed for 15 min. ANG-2 and FLUO4-AM emissions
were collected through a 535 nm band pass filter, converted
to voltage, low-pass filtered (200 Hz) and digitized at 2 kHz
after further low-pass digital filtering (FFT, 100 Hz) and
subtraction of background luminescence [2].

For Na®™ measurement, fluorescence recorded during
ISC (F) was normalized to that recorded during the PRE
phase (Fy) and expressed as F/F,. Considering that, Nay,
changes were well within the range of linear dye response
(Supplemental Figure S5), the uncalibrated Na™ signal was
considered adequate. Because dye response is slow relative
to membrane potential changes, the Na™ signal reflects an
integrated value of Na,, during the whole electrical cycle.

Ca”" fluorescence signal was calibrated by previously
described methods [34], described in the Online Resource
along with the potential bias introduced by intrinsic pH
sensitivity of the dye. Since dye response is fast enough,
the Ca®" signal was evaluated as diastolic Ca** (Cap) and
Ca®" transient amplitude (Car, i.e., difference between
systolic Ca®" and Cap). The sarcoplasmic reticulum (SR)
Ca®" content (Casg) was estimated at 7ISC in separate
subsets of cardiomyocytes, by applying an electronically
timed 10 mM caffeine pulse. The caffeine solution was
Ca*" and Na' free, to prevent Ca’" efflux through the
sNCX. SR Ca? fractional release (Caggr) was obtained as
the ratio between Car at 7ISC and Cagg.

Pharmacological interventions

The contribution of different mechanisms to Na., and
Ca.y; dynamics during ISC was evaluated by specific
pharmacological interventions.

Inar contribution was tested by blocking the current with
either ranolazine (RAN, 10 uM) or tetrodotoxin (TTX,
1 pM). Although at this concentration TTX can be safely
considered to selectively block Iy, [40], ancillary effects
might be present for RAN. Therefore, whereas effects
equally exerted by the two agents were considered to
reflect Iy, contribution, those peculiar of RAN may pos-
sibly result from ancillary effects of the drug. RAN and
TTX were applied at the beginning of the PRE phase.

Contribution of sSNCX and mNCX were tested by using
the selective blockers SEA0400 (SEA, 1 pM) and

CGP37157 (CGP, 1 puM), respectively. Cariporide (CAR,
1 uM) and ouabain (OUAB, 1 mM) were used to inhibit
the NHE and the Na™/K* pump, respectively. RU360 (RU,
10 tM) was used to block the mitochondrial Ca** uni-
porter (MCU) [29], the main path of Ca®" entry into
mitochondria [21]. These agents were also added to the ISC
solution; DMSO concentration was balanced in all the
solutions.

Statistical analysis

The time courses of Na., and Ca,y, (Car and Cap) during
the protocol, shown in figures, were obtained by averaging
records from N cells and are presented as mean £ SE.
Differences in twitch amplitude, Na., and Ca., were
statistically evaluated at 0.5ISC, 3ISC, 7ISC (Supplemental
figure S1). In the case of Nay,, peak value and the rate of
rise (dNa*/dt, by linear fitting of the rising phase) were
also evaluated.

Differences between means were tested by paired T test
or ANOVA as appropriate (Bonferroni’s correction in post
hoc comparisons). Statistical significance was defined as
p < 0.05 (NS, not significant). Sample size is reported in
each figure legend.

Results
Cell shortening and electrical activity

Twitch amplitude markedly decreased during early ISC
(0.5ISC), to slowly recover to a stable level after 3 min
(Fig. 1a). Twitch amplitude achieved a minimum at 0.5ISC
(—86.9 £ 1.8% of PRE; p < 0.05), recovered at 3ISC to
—12.4 £ 18.5% of PRE, without further changes at 7ISC
(—10.8 £ 17.3% of PRE) (Fig. 1b).

AP were elicited throughout ISC exposure (Fig. 1b),
even when mechanical activity was almost absent. ISC
partially depolarized diastolic potential (Eg;.s) and reduced
dV/dt,,.x of phase O (Fig. 1c). APD at 90%, repolarization
(APD90) prolonged up to 0.5ISC and then shortened
(Fig. 1c). RAN treatment did not measurably affect AP
response to ISC (Supplemental Figure S2).

Late Na™ current

A small Iy, was present during repolarization even in PRE
conditions; this component was insensitive to blockade by
RAN (Fig. 2). When the 7ISC AP template was applied at
7 min of ISC, Iy, was increased by 77% (p < 0.05 vs
PRE, Fig. 2b), a change completely prevented by RAN
(Fig. 2b). When the PRE AP template was applied at 7ISC,
Inar increment observed was, if anything, larger than seen
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Fig. 1 Cell shortening and

electrical activity during ISC.
a Average traces + SE of
contraction amplitude (/eff) and
statistics at discrete time points
during the protocol (arrows).

b Representative traces of
contraction (fop) and action
potentials (bottom) at discrete
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Fig. 2 Late Na™t current (Iy,)
during ISC. a Representative
action potentials templates (fop)
and the respective TTX-
sensitive currents (bottom) at
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line) time points in CTRL and
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with the previous protocol (88%, p < 0.05 vs PRE, Sup-
plemental Figure S3). Thus, Iy, may significantly increase
during ISC in spite of the attending membrane potential
changes, which, as expected, reduced overall Iy, avail-
ability (reduced dV/dt,,.y, see above).

Cytosolic Na*

Changes in Na.y, during ISC were assessed in intact, field-
stimulated (1 Hz) cardiomyocytes in the absence (CTRL)
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and presence of Iy, blockade by either RAN or TTX.
After an initial dip, Na.y, increased during ISC, reaching a
peak at about 1-2 min, and then slowly declined (Fig. 3a).
RAN and TTX significantly reduced peak Na., (Fig. 3a)
and the rate of Na., increment (Fig. 3b); the effect was
similar between the two agents. This suggests that Iy,
enhancement significantly contributed to, but was not the
only factor, in Nay, accumulation during ISC. When both
Inaa and NHE  were  blocked  simultaneously
(CAR + TTX), ISC failed to induce Na.y, accumulation
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Fig. 3 Effect of Iy, blockade a Na

(RAN, TTX) on cytosolic Na* 1165 M ISC —=—CTRL
(Nagy,) during ISC. a Average & CTRL =— RAN
traces + SE of Na.y, during the E 1.124 -RAN —=—TTX
ISC protocol in CTRL, RAN
and TTX treatment groups; - 1.12
statistics of Nay, changes E 1.08
(normalized to values at PRE) at £1.04
peak Na.y and at 7ISC time o 1.00
points. b Average Na,,, traces < 1 B
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(Supplemental Figure S4), thus pointing to NHE as the
other Na™ influx route [35].

To test whether the Na*/K*™ pump remained functional
during ISC and contributed to the late Na., decline, car-
diomyocytes were exposed to ISC in the presence of ouabain
(OUAB). Under this condition, Na.,; monotonically increased
throughout ISC superfusion (Supplement Figure S5), indi-
cating that in the present settings, the Nat/K* pump was
active and contributed to limit Na.,, accumulation.

Cytosolic Ca®*

Changes in Ca,y, during ISC were assessed in intact, field-
stimulated (1 Hz) cardiomyocytes (Fig. 4). Both Cap and
Car increased during ISC; at variance with Na.,, the
increment was not preceded by a dip. Cap monotonically
increased to achieve a more or less stable level at 3 min
(Fig. 4a). Cat increment followed a sigmoidal time course,
thus lagging behind Cap; it achieved a peak at about 3 min
and then slowly declined (Fig. 4a). RAN slightly, but sig-
nificantly, decreased Cap and visibly minimized its vari-
ability across cells, an effect not shared with TTX
(Fig. 4a). The same was true for Car even if, probably
because of its larger variability, RAN effect on this
parameter did not achieve significance (Fig. 4a). Both
RAN and TTX tended to decrease Cagg, but when analyzed
separately for each I, blocker their effect did not achieve
statistical significance (Fig. 4b). However, when the data
from RAN and TTX groups were pooled, Iy, blockade
significantly reduced Cagg at 7ISC (80.7 £ 8.5 wvs
60.8 £ 4.7 uM; p < 0.05, Fig. 4b). Cagg was not affected
by Inar blockade (Fig. 4b).

These observations are consistent with the common
notion that Ca.,, increases during acute ischemia; however,
neither its timing with respect to Na,, nor its unexpected
insensitivity to Iy, blockade, were consistent with its
dependency on enhanced Na™ influx. The (small) effect of
RAN on Cap, not shared by TTX, might reflect an agent-
specific ancillary action.

The unexpected lack of Ca.y, response to reduced Na™
influx, led us to question sSNCX role in mediating Ca,y,
accumulation during ISC. To address this point, Cay,
measurements were repeated in the presence of sNCX
blockade.

Role of the sarcolemmal Na*/Ca®* exchanger

To assess the role of sSNCX during ISC, its specific inhi-
bitor SEA [42] was also added to the ISC solution
(ISC + SEA, Fig. 5).

In the presence of SEA, ISC-induced Na.,; accumula-
tion was reduced and Ca.y accumulation (Cap, Car,
Cagr) was markedly enhanced (Supplemental Figure S6).
The direction of the reciprocal changes in Na., and Ca,y,
unequivocally indicates that, during ISC, sNCX still
operated in its forward mode, thus supporting Ca’" efflux,
rather than influx. Notably, forward sNCX operation
persisted in spite of the attending increase in Nagy;
moreover, the Ca.y, increment induced by ISC in the
presence of sNCX blockade (SEA group) was twice as
large as that observed during SEA alone (Supplemental
Figure S7). These findings indicate that large, SNCX-in-
dependent, Ca’" sources contribute to Ca.y, build up
during ISC.
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Fig. 4 Effect of Iy, blockade (RAN, TTX) on cytosolic Ca%*
(Cacy,) during ISC. a Average traces & SE of diastolic Ca*t (Cap)
and Ca>™ transient amplitude (Cat) during the ISC protocol in CTRL,
RAN and TTX treatment groups; statistics of Ca.y, at discrete time
points (arrows) during the protocol (CTRL N = 22; RAN N = 19;

Notably, during ISC + SEA, both RAN (+RAN) and
TTX (+TTX) significantly reduced Ca.y, accumulation
(Fig. 5a), with their effect being substantially larger than
during ISC alone (Fig. 4). This suggests the contribution to
Ca,y; accumulation of a Na™-sensitive Ca>" source, whose
role was unveiled by SNCX blockade.

Consistent with the increase in overall cell Ca** content
expected from sNCX blockade, Cagg at 7ISC was higher in
ISC + SEA (SEA) than in ISC alone (CTRL)
(116.7 & 11.6 vs 80.7 =+ 8.5 uM; p < 0.05; Supplemental
Figure S6a). RAN slightly but significantly reduced Cagg
even in the presence of SEA (Fig. 5b), thus suggesting its
ability to modulate Ca., independently of sNCX. This
effect did not achieve significance with TTX, which, in this
respect, was less efficient than RAN. Cagg was unchanged
by either RAN or TTX (Fig. 5b) thus arguing against
modulation of ryanodine receptors (RyRs) as a major
player in the effects exerted by the two agents.

The significant effect of I, blockade on Cay in Fig. 5
suggests that, at least under sNCX inhibition, a Nacy-
sensitive intracellular compartment may contribute to its
accumulation during ISC. Mitochondria are an intracellular
Ca®" compartment, potentially affected by ISC and

@ Springer

TTX N = 19). b Statistics for SR Ca>* content (Casg) and SR Ca**
fractional release (Cagg) at protocol end (CTRL N = 19; RAN
N = 13; TTX N = 10); representative Ca>" transient triggered by
caffeine in each group. *p < 0.05 vs CTRL; *p < 0.05 vs RAN

endowed of Nay-sensitive Ca’* transport. The latter is
represented by mNCX, which may either uptake or release
Ca*" from mitochondria depending on the electrochemical
gradient for the transport. To test this hypothesis, the
experiments were repeated in the presence of mNCX
blockade.

Role of the mitochondrial Na*/Ca®* exchanger

mNCX was selectively blocked by CGP [12], which was
added to the ISC solution either alone, or in the presence of
SEA.

When applied alone (CGP group, Fig. 6 left), CGP did
not measurably affect Ca., accumulation during ISC
(Fig. 6a); however, it significantly increased Cagg
(Fig. 6b), thus suggesting a shift of Ca®" from the mito-
chondrial to the SR compartment. On the other hand, when
CGP was applied in the presence of SEA (+CGP group;
Fig. 6 right), Ca.,, accumulation and Cagg were signifi-
cantly reduced. Thus, at least in the presence of the high
Ca,, levels achieved under sNCX blockade, mitochondria
provided a Ca”** source, with mNCX supporting Ca**
efflux to the cytosol [27]. Cagg was not affected by CGP
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Fig. 5 Effect of Iy, blockade
(RAN, TTX) on cytosolic Ca>*
during ISC in the presence of
sNCX blockade (SEA).

a Average traces = SE of
diastolic Ca** (Cap) and Ca**
transient amplitude (Car) during
the ISC protocol in CTRL, RAN
and TTX treatment groups;
statistics of Ca,y, at discrete
time points (arrows) during the
protocol; statistics of Cay, at
discrete time points (arrows)
during the protocol (SEA

N = 23; SEA + RAN N = 20;
SEA 4+ TTX N = 18).

b Statistics for SR Ca®" content
(Cagg) and SR Ca** fractional
release (Caggr) at protocol end
(SEA N = 9; SEA + RAN

N =9; SEA + TTX N =9);
representative Ca>" transient
triggered by caffeine
superfusion in each group.

8p < 0.05 vs SEA

Fig. 6 Effect of mNCX
blockade (CGP) on Ca,,, and
Caggr during ISC. Left effect of
CGP alone; right effect of CGP
in the presence of SEA.

a Statistics for diastolic Ca>"
(Cap, top) and Ca>" transient
amplitude (Car, bottom) at
discrete protocol time points
(CTRL N = 22; CGP N = 8;
SEA N = 23; SEA + CGP

N = 16); b statistics for SR
Ca®*t content (Cagg) and SR
fractional release (Cagg) at the
end of protocol (CTRL N = 19;
CGP N = 8; SEA N = 10;
SEA 4+ CGP N = 14).

#p < 0.05 vs CTRL, ¥p < 0.05
vs SEA

a
Cap | ISC+SEA !
E 220- ‘
200- SEA ‘
180- +RAN

pM

Ca
s 220 B
c 200] —=CTRL
130_' +—CGP
160
140 9
120_ 2 i "__a-- 9
100
BO- QF T T T
PRE 0.5ISC 3ISC  7ISC
Ca,
= 1200
< 1000
800
600
400
200
PRE 05ISC 3ISC  7ISC
Ca Ca
1504 °R 12, R
1.0
100 0.8
0.6
50 0.4
. | 0.2
CTRL CGP CTRL CGP

200
= 180
£ 160

PRE DS[SC 3ISC TMIN

-60 ' 0 60 ' 150 ' 1;30 ' z:m 360 ' 360 ' 4&0 SEA
—e— +RAN
Ca; | ISC+SEA | o

1200
Z 1000
o 800
O 600

400

. 200

PRE 05ISC 3ISC TISC

120 180

Ca
1.0

0.8

0.6
0.4
0.2

SEA +RAN +TTX

240 300

SEA +RAN +TTX

360 g 420
Caffeine Caffeine Caffeine
= H
“IE SEA +RAN +TTX
Ca
= 220 - D
r= 200_' SEA
180] —*—+CGP
160
140
120
100
80
P USISC 3ISC TISC
CaT
= 1200+
£ 1000
800 -
500-
400-
200—
0.51SC  3ISC 71SC
Ca Ca
15 O 124 R
=
EX T 1.0
100 / § 0.8 I
| 06l
50 / 0.4
0.2
77,
SEA +CGP SEA +CGP

@ Springer



12 Page 8 of 12

Basic Res Cardiol (2017) 112:12

(Fig. 6b), again arguing against the involvement of RyRs
modulation in the observed effects.

In the presence of sSNCX blockade, the effects of CGP,
RAN and TTX on Ca.y accumulation during ISC were
strikingly similar (Supplemental Figure S8). This supports
the view that Iy, blockade may limit Ca.y; accumulation
by reducing Na., availability to fuel mNCX-mediated
Ca”" efflux from mitochondria.

To further test the role of mitochondria as a Ca®* source
during ISC, MCU was selectively blocked by RU [29] in the
presence of SNCX blockade (+RU). RU reduced Ca,, accu-
mulation, achieving statistical significance for Cap, (Fig. 7a).
In the presence of SEA + RU, CGP failed to modify Ca,y,
(Supplement Figure S10). These observations confirm a role
of mitochondria in Ca,, increment during ISC and support the
view that the effect of CGP on Ca, (Fig. 6 right) were due to
inhibition of mitochondrial Ca** efflux. RU also increased
Cagr (Fig. 7b) likely reflecting transfer of Ca>" from the
mitochondrial compartment to the SR one.

Discussion
The main findings of this study are that during ISC: (1) InaL

was increased in spite of AP changes; (2) In, blockade
reduced Na., accumulation, but failed to affect Ca.y,

accumulation unless SNCX was blocked; (3) sNCX con-
tributed to Cacy clearance (as opposed to accumulation)
throughout ISC; (4) blockade of Iy, and mNCX exerted
similar effects on ISC-induced Ca,,, accumulation, at least
under conditions of substantial Ca®* overload.

Relevance of ISC as a model of acute myocardial
ischemia

Tissue response to acute ischemia is highly dynamic and
closely dependent on a number of conditions; thus, any
experimental model of acute ischemia is necessarily
specific and unlikely to be of general applicability. Fur-
thermore, an isolated myocyte, oxygenated through aque-
ous superfusion (low O, solubility) and contracting without
external load, cannot be strictly compared to in vivo
ischemia. Nevertheless, information of general relevance
on the mechanisms that can contribute to ischemic damage,
can still be acquired by observing the response to condi-
tions known to occur during it. The ischemic condition
adopted in this study (ISC), although encompassing the
major factors present in tissue ischemia, differs from it for
the absence of hypoxia. Although hypoxia was shown to
have little role in the contractile pattern during ISC
application [25], it might affect the mechanisms by which
such a pattern is achieved in a given time-frame. For

Fig. 7 Effect of MCU blockade a CaD [

(RU) on cytosolic Ca>* during s 220- I§C+SEA | 220
ISC (in the presence of SNCX S 200 SEA ) % 200
blockade). a Average 180+ +RU 180
traces + SE of diastolic Ca*" 160 S }gg /i §
(Cap) and Ca** transient 140 120 P .
amplitude (Car) during :gg' » 1gg /
ISC + SEA alone (SEA) and in ] ¥, : ! ! T
the presence of MCU blockade gg' ERE: Bal6. 350 [TMIN
(+RU); Cap, and Car statistics .60 0 60 120 180 240 300 360 _ 420
at discrete time points; S SEA
b statistics for SR Ca®* content Ca —h—
+ +RU
(Cagg) and SR Ca* fractional 1400 | | ISC+SEA
release (Cagg) at protocol end; % 1200 - 1 = 1200
representative caffeine-induced 1000 } ='_1 000
Ca** transients. SEA N = 9; 8004 ST e Mg, 8 800 /L\
+RU N = 10. 5p < 0.05 vs 600 ; s e 600 L7544
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400 - 200, —
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P ; : R PRE 0.5ISC 3ISC 7ISC
-60 0 60 360 g 420
b [ ag, Caffeine Caffeine
- 250 §
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instance, hypoxia would likely accelerate ATP decay and
reactive oxide species (ROS) production, both factors
known to accelerate Na., accumulation and facilitate
reversal of SNCX transport. Therefore, failure of SNCX to
switch to the reverse mode, and the modest effect of Iy,
blockade, might be model-specific. However, the contri-
bution of sNCX-independent Ca®* sources (including
mitochondria) to Ca.y, accumulation in the presence of
factors certainly present during real ischemia, may have
general relevance. A further factor to be considered is that,
whereas generated within the myocyte under true ischemia,
lactic acid was applied extracellularly. This might reduce
NHE contribution to Na™ loading, which was nonetheless
substantial (Supplemental Figure S4).

To mimic what is reported to occur during ischemia, the
ISC solution was slightly hyperosmolar [25]. The possi-
bility that this accounted for the observed changes in the
intracellular milieu was ruled out in preliminary experi-
ments (Supplemental Figure S9).

Because of the above features, ISC reproduces condi-
tions closer to those of a “border zone”, not directly
ischemic (still energetically competent) but exposed to
factors released by the neighboring ischemic area [11].

ISC-induced Iy,;, enhancement

A link between Iy, enhancement and ischemia/reperfu-
sion injury has been firmly established by previous studies
[1,4,7, 39, 50]. However, considering the opposing effect
of ISC-induced membrane potential changes,
enhancement by ISC was far from predictable.

InaL

Contribution of Iy,;, and Na*/H" exchanger
to cytosolic Na* accumulation

About 50% of ISC-induced Na,; accumulation was simi-
larly prevented by RAN and TTX. Being shared by both
agents, this effect is likely to result from Iy, blockade.
When NHE was also blocked (Supplemental Figure S4),
ISC-induced Na.y, accumulation was completely abol-
ished; this suggests that Na* influx via NHE accounted for
the remaining 50% (this quantitative estimate does not take
into account potential interactions between the two trans-
ports). Although the presence in ISC of lactic acid likely
afforded relatively fast HT equilibration across the mem-
brane, acidosis was primarily extracellular in the present
setting; this might explain the initial dip in Na.y time
course (Fig. 3). The present findings suggest that, under the
present experimental conditions, NHE was still active
during ISC. The monotonic increase in Na.y, during
exposure to ouabain (Supplemental Figure S5) indicates
that In, - and NHE-mediated Na™ influx were in balance
with Na* extrusion through the Na®/K* pump, which

remained active throughout the ISC period and was
responsible for the late decay in Na.y,.

Inar, contribution to cytosolic Ca’* accumulation

In spite of its remarkable effect on Na.y, Ina blockade
unexpectedly failed to affect ISC-induced Ca.y; accumu-
lation (Fig. 4). This might simply reflect inadequacy of the
Ina-dependent Na.,, perturbation in overriding Cacy,
homeostatic control; indeed, Iy, blockade tended to
reduce Cagg, potentially revealing a role for SR in
buffering Iy, -induced perturbation. However, the obser-
vation that the effect of Iy, blockade was unmasked by
sNCX blockade implies that a Ca®" source independent of
sNCX, and at least partially sensitive to Iy, blockade (or
Na.y), must have contributed to ISC-induced Cacy,
accumulation.

sNCX is often claimed to work in reverse mode during
ischemia [43, 48], thereby providing a direct path for Ca®"
influx. This was clearly not the case in the present setting;
however, SNCX mode may depend on the duration and
extent of ischemia. Nevertheless, changes in Na.y, com-
patible with forward sNCX operation have been reported
after sSNCX knock-out in intact murine hearts subjected to
no-flow ischemia (Fig. 5 in Ref. [18]).

Mitochondrial contribution to cytosolic Ca**
accumulation

Mitochondria represent a significant Ca*" compartment,
physiologically uptaking Ca*" through MCU [21] and
extruding it to cytosol through mNCX, a Na.-sensitive
transport [6, 27].

CGP effect in the absence of SEA suggests that, under
basal conditions, mNCX blockade may promote a shift of
Ca®* from mitochondria to the SR. This implies that,
during ISC, mitochondria contribute to buffer Ca,,, through
mNCX-mediated Ca*" uptake. In the present setting, the
impact of Iy, blockade on mitochondrial buffering was
probably small enough not to affect Ca,y,.

On the other hand, when sNCX was blocked, CGP
reduced ISC-induced Ca.y; accumulation, thus supporting
the view that sizable mNCX-mediated Ca*" efflux from
mitochondria may occur during ISC in the presence of
substantial Ca>* overload [6, 37, 44]. Because mNCX flux
is Na.y-dependent, this might account for the Iy, -sensi-
tive component of Ca., accumulation observed under
sNCX blockade.

At the conditions used in the present experiments, RU is
a selective blocker of MCU, without effect on I, or SR
Ca** uptake/release [29, 36]. Functional exclusion of the
mitochondrial compartment by MCU blockade caused a
shift of Ca®t to the SR, reduced Ca,y, accumulation and
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abolished the effect of mNCX blockade. Concomitance of
reduced Ca,y, with increased Cagg is consistent with micro-
domain communication between mitochondria and SR
[22].

To summarize, SNCX blockade seemingly changed the
role of mitochondria during ISC from Ca®" sink to Ca®"
source; the simplest way to explain this effect is the rather
dramatic increase in overall cell Ca®>" content present in
this condition, possibly reducing mitochondrial and SR
Ca’* buffering reserves. We surmise that such a Ca®"
overload might be achieved, even in the absence of SNCX
blockade, during in vivo cardiac ischemia. Therefore, the
specific effect of mNCX inhibition might depend on the
duration and extent of ischemia; nevertheless, the contri-
bution of mitochondria as a further Nay-sensitive com-
partment contributing to Ca.,, changes may be regarded as
an observation of general value.

Additional potential sources of cytosolic Ca**
accumulation

As a Nay-sensitive Ca*" compartment, mitochondria are
of particular relevance to changes caused by Inap
enhancement. Nonetheless, they are unlikely to fully
account for the large source of Ca.y required to support
forward sNCX operation during ISC, in spite of the
attending increase in Na.,, and membrane depolarization
(both favoring sNCX reversal).

Because voltage-gated Ca®" channels are potently
inhibited by acidosis [20, 38] Ic, is unlikely to be
enhanced during ISC; however, a H"-gated background
Ca®" conductance (TRPA1) [17] is expressed in the heart
and shown to contribute to ischemia/reperfusion damage
[33].

Protons compete with Ca®" for binding to intracellular
buffers, troponin C in particular [15, 41]. In the present
setting, this is suggested by the virtual absence of con-
traction during early ISC, occurring in spite of persisting
Ca”" transients. Therefore, acidosis might support sub-
stantial release of free Ca’' to the cytosol through a
mechanism independent of transmembrane fluxes. Because
sarcolemmal Na™ gradient is crucial for intracellular H*
clearance through NHE, this Ca’" source may also be
modulated, albeit indirectly, by Iy, blockade.

Discrepancy between TTX and RAN effects

RAN and TTX shared the majority of effects during ISC
exposure, supporting their origin from Iy, inhibition.
However, unlike TTX, RAN reduced Cap during ISC
under baseline condition and limited Cagy increment dur-
ing SEA exposure. This points to modulation by RAN of a
Ca’* compartment insensitive to TTX. RAN has been

@ Springer

shown to stabilize membrane potential of mitochondria
during ischemia [1, 13, 14, 51], which would enhance their
ability to retain Ca’". However, this has been attributed to
limitation of Na,, accumulation, an effect that should be
shared by TTX. The possibility that RAN may affect
mitochondrial performance as a Ca®" compartment also
independently of Iy, blockade may deserve further
investigation.

Conclusions

Some of the observed effects of ISC may be model-specific
(i.e., depend on the duration and extent of the ischemic
condition) and, as such, of restricted applicability. These
may include poor sensitivity of Ca.y t0 Inar. blockade and
persistence of forward sNCX operation. Nevertheless,
other observations lead to conclusions likely of more
general relevance: (1) Iy, can be enhanced during acute
ischemia, irrespective of membrane potential changes, and
significantly contribute to Na,, accumulation; (2) Ca’"
sources other than sSNCX substantially contribute to Ca,y,
increment and, at least in the early phase of acute ischemia,
may oppose reversal of sSNCX flux; (3) under conditions of
Ca’* overload, mitochondria may act as a Na.y.-sensitive
Ca,, source, thus providing a mechanism, beyond sNCX
modulation, to account for Iy, -induced perturbation of
intracellular milieu. A further conclusion is that most, but
not all, RAN effects on intracellular milieu may result from
Inar, blockade.
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