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Normal [Ca2+] / E-C coupling Inefficient [Ca2+] / E-C coupling

- Phosphorylation/Nitrosylation
- Oxidative process
- Remodelling (Gap junction, ion channel, tissue)…

Pathology / Drug therapyPhysiological conditions

Homeostasis Remodeling

Sinus rhythm Ventricular fibrillation

Normal  circuit Re-entrant circuit

[Ca2+]i

Self-sustaining and aggravating processesSpontaneous-control 
Healthy continuation

EAD

Ca-dependent
Arrhythmias

12 mai 2011

Neurohormones
Circulating factors
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Ion channels
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Diastolic Ca2+ Ca2+ entry E-C coupling

Ca2+-dependent Arrhythmias in cardiomyocytes
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29 Mars 2011 38 avril 201112 mai 2011

Diastolic Ca2+ Ca2+ entry
sustained

E-C coupling
disorder

Arrhythmias

Sustained Depolarization

15 june 2011

Ca2+-dependent Arrhythmias in cardiomyocytes: EADs
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Decrease in 
Outward currents

(e.g IK…)Increase in 
Inward currents

(e.g INa,Late)

Pathology, Drugs, …

AP repolarization is critical for EADs

15 june 2011 4
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Role of Ca2+ entry in EADs: proof of concept

Role for window Ca2+ current

15 june 2011 5
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Larger Window ICaL: Central role during AP plateau

*   modulated by SR Ca2+ release

* enhanced by -AR stimulation (increased Ca2+ release)

Voltage (mV)

C           O

Modulation of ICaL by Ca2+ release from the SR (in hypertrophy)

15 june 2011

RyR2
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Ca2+ channel

RyR2

SR Ca2+ depletion (thapsigargin)
RyR inhibition (Ryanodine)

Ca2+ buffer (BAPTA)

Less SR Ca2+ release

Less Inactivation of ICaL

Dynamic regulation of  AP Duration

‘beat-to-beat basis’

(pacing rate)

More Ca2+ entry
(depolarising inward current)

Low rate
High rate

„Facilitation’

Ca2+-dependent inactivation of ICaL and SR Ca2+ release
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Richard et al., 2006, Prog Biophys & Mol Biol.
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EADs

5 s

-76 mV-77.5 mV

EADs
1 5

0 mV

-80 mV

1 5

30 ms

large effect
1

5

Less SR Ca release during systole

Pacing-dep. AP prolongation and EADs (in HF; rodents)

8 weeks, PMI
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E-C couplingDiastolic Ca2+

Ca2+ waves

Iti (NCX)

Arrhythmias
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Ca2+-dependent Arrhythmias in cardiomyocytes: DADs



29 Mars 2011 10

Spontaneous Ca2+ waves/transients in cardiomyocytes

Thireau et al., Submitted

15 june 2011
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Spontaneous Ca2+ waves/transients in cardiomyocytes

1) CPVT 
(heart structurally normal ; 
alterations of Ca2+ signaling)

2) CO 
(heart with normal function ; 
alterations of Ca2+ signaling)

3) Duchenne Muscular Dystrophy

(mdx)

(progressive cardiomyopathy; 
fatal cardiac arrhythmias)

4) Heart Failure

15 june 2011
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SG. Priori, C. Napolitano

RyR2 R4496C

Cerrone et al., Circ Res. 2005;96:e77-82
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Arrhythmia in CPVT
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Spontaneous Ca2+ waves in RyRR4496C +/-
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http://circres.ahajournals.org/content/vol96/issue10/images/large/15FF3.jpeg
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Facilitating effect of Isoproterenol
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WT + 1 µM Iso

RyR24496C+/- + 1 µM Iso

… more spontaneous Ca2+ waves with isoproterenol

1515 june 2011
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RyR24496C+/-
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Spontaneous Ca2+ waves/transients in cardiomyocytes

1) CPVT 
(heart structurally normal ; 
alterations of Ca2+ signaling)

2) CO 
(heart with normal function ; 
alterations of Ca2+ signaling)

3) Duchenne Muscular Dystrophy

(mdx)

(progressive cardiomyopathy; 
fatal cardiac arrhythmias)

4) Heart Failure

15 june 2011
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12h / 12h
4 weeks

AMBIANT AIR

24h   / 24h
4 weeks

CO exposure

Sham 0 ppm

30 ppm

100 ppm

0 ppm

CO
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Chronic CO exposure altered heart 
morphology (hypertrophy, LV interstitial and 
perivascular fibrosis) but weak effects on in 

vivo cardiac function

No change in cardiomyocyte size 

BUT...

12 mai 2011

André et al., 2010, Am J Respir Crit Care Med
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VA

André et al., 2010, Am J Respir Crit Care Med
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Spontaneous Ca2+ waves/transients in cardiomyocytes

1) CPVT 
(heart structurally normal ; 
alterations of Ca2+ signaling)

2) CO 
(heart with normal function ; 
alterations of Ca2+ signaling)

3) Duchenne Muscular Dystrophy

(mdx)

(progressive cardiomyopathy; 
fatal cardiac arrhythmias)

4) Heart Failure

15 june 2011
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Diastolic Ca2+ and spontaneous Ca2+ waves in mdx mice 

Fauconnier et al., 2010, PNAS 
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High diastolic Ca2+ and Ca2+ waves

WT mdx

Fauconnier et al., 2010, PNAS 
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DAD

mdx

mdx + S107

„Rycal‟ S107 suppresses DADs

Fauconnier et al., 2010, PNAS 
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Spontaneous Ca2+ waves/transients in cardiomyocytes

1) CPVT 
(heart structurally normal ; 
alterations of Ca2+ signaling)

2) CO 
(heart with normal function ; 
alterations of Ca2+ signaling)

3) Duchenne Muscular Dystrophy

(mdx)
(progressive cardiomyopathy; 
fatal cardiac arrhythmias)

4) Heart Failure
15 june 2011
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Beuckelmann et al., Circulation, 1992Elevated diastolic Ca2+

Prolongation of 
Ca2+ transients

Decreased systolic Ca2+

Ca2+ handling disorders are critical in HF

Ca2+ entry

Resting [Ca2+]i

2715 june 2011
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Hormones

Abnormal
Ca2+ release

Altered
Ca2+ reuptake Adapted from

D. Bers, Circ Res, 2002

28

Origin of Ca2+ overload and related arrhythmias

15 june 2011

« SERCA inhibition increases the chance of spontaneous SR Ca2+ release via RyR2 at a given SR content »  
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Leaky RyR2 in Ca2+-dependent arrhythmia in HF
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Cellular hypertrophy, Ca2+ sparks and SR Ca2+ load

15 june 2011
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Pacing-dependent AP prolongation and EADs (in HF)

15 june 2011

Abnormal RyR2 openings during 
diastole promote arrhythmias

5 s

0 mV

-80 mV

DADDAD

-76 mV-74 mV

1 5

1 5

30 ms

small effect

SR Ca2+ leak via RyR2
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EADs

5 s

-76 mV-77.5 mV

EADs
1 5

0 mV

1 5

30 ms

1

5

5 s

0 mV

DADDAD

-76 mV-74 mV

1 5

1 5

30 ms

RyR2

RyR2
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Ca2+-dependent Arrhythmias

Diastolic Ca2+ Ca2+ entry E-C coupling

Arrhythmias

Sustained Depolarization

Ca2+ re-entry

Ca2+ waves

Iti (NCX)

Ca2+

15 june 2011
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RyR2 dysfunction Arrhythmia / SCD

Abnormal
Ca2+ release

Ca2+-dependent
ionic currents

Molecular mechanisms
Cellular mechanisms

Cellular Mechanisms translating RyR2 dysfunction
into electrical abnormalities?

8 avril 201112 mai 201115 june 2011

?
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Hormones

Abnormal
Ca2+ release

Altered
Ca2+ reuptake

Iti

Adapted from

D. Bers, Circ Res, 2002

35

Translation of Ca2+  waves into arrhythmia : role of ITI

Increased Ca extrusion

15 june 2011
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Adapted from D. BersAdapted from D. Bers, Circ Res, 2002

Sub-cellular Mechanisms converting RyR2 
dysfunction into electrical abnormalities

8 avril 201112 mai 201115 june 2011
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Ca2+ waves produce ITI in conditions of Ca2+ overload
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SR Ca2+ release can generate DADs via NCX
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Ca2+ waves produce arrhtyhmia via NCX 

15 june 2011
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Inhibition of ITI in haploinsufficient calstabin-2 
cardiomyocytes by JTV519 (Rycal).

(A,B) Confocal Ca2+ line scan images (1 µM isoproterenol: 
ISO). 
After a depolarization–repolarization step, the ICa tail 

current rapidly activated a homogeneous intracellular 
[Ca2]i transient followed by a long electrically stable 
resting phase.

(C) Typical current recorded at 75 mV after a 
preconditioning depolarization train under control 
conditions (CO) or after 4 min of 1 M ISO in cells 
dialyzed with 11 or 1 mM EGTA (D) or 1 mM EGTA 
and 1MJTV519 pretreatment (E). 
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Ca2+-activated Cl currents may generate ITI 
[and produce arrhtyhmia (?)]
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8 weeks, PMI

IK1 may be another cause : IK1 is decreased in HF Rats
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Kääb et al. Circulation. 1998 . Wang et al. Circulation. 1998  . 
Changes in expression level of IK1 channels (Kir2.X) unlikely  

15 june 2011 42
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Effect of HF on IK1 involves Intracellular Ca2+
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Attenuated or prevented by Ca2+ buffers
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FK506 reproduces effect of HF on IK1 in Normal cells
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The “Arrhythmia connection” in HF
Up-regulated NaCaX, decreased IK1, preserved β-Adrenergic 

responsiveness enhance triggered arrhythmias

Adapted   From Pogwizd, S.M. et al. Circ Res 2001;88:1159-1167.

45
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Normalization of RyR2 activity: therapeutic avenue?



29 Mars 2011

RyR2 dysfunction Arrhythmia / SCD

Abnormal
Ca2+ release

Ca2+-dependent
ionic currents

CPVT (isolated defect)
= Sealing the RyR2 in diastole 

HF (multiple defects)
= Sealing RyR2 enough? Prevent HF Remodeling also ?

(1)

(2)

Are “Rycals” the panacea against arrhythmias and HF?

15 june 2011 47
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