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Cardiac Conduction System
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Cardiac Action Potentials
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Cardiac Electrocardiogram (ECG)
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Electrical Coupling of Myocytes: Gap Junctions
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Electrlcal Coupllng of Myocytes: Gap Junctions

gap junction
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Gap Junctions

=>» Large-conductance pores permeable for ions and small molecules
=>» 2 sets of 6 subunits = connexons

=» Electrical coupling of myocytes
=» Connexin: several isoforms (cell type specificity)



Electrlcal Coupllng of Myocytes: Gap Junctions
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Ventricular AP vs Nodal AP
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Sinoatrial Node (SA Node): Description :

1 - musculature of superior
vena cava
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Cristy i e 3 - position of venous valve
,‘l' - ,(‘;' s M il -~ 4 - auricular muscle (crista
FAlll JiaF @ ; .1'4 il h B 2 : terminalis)
el ! i -lm‘“ : AL icardial ti fat
.l’ '.m.’.;.. , ' . ;; - " ; @’h‘ e : 6- ;onnectivg tissued
g [\ g S A etyveen sinus an
Epicardium auricle
Sinoatrial node Keith & Flack J Anat Physiol 1907

Discovered by Keith & Flack in 1907 : Endocardium
Point of initial cardiac excitation by Wybau and Lewis 1910 j_=C : 3

Drawing:
SAN as a croissant
from SVC and RA

Terminal
crest

Endocardium

Pectinate

 SAN Human Heart

a, superior caval vein
b, inferior caval vein
c, terminal crest

I, coronary sinus

k, base of ventricles

|, left pulmonary veins —
1mm Epicardium

Keith & Flack J Anat Physiol 1907 Chandler et al. Circulation 2009

o> Myocytes
& ST07 o Dense Connective Tissue
Sinus node
artery



Sinoatrial Node (SA Node): Description

HCNA4Cre-ERT2-tomato mice HCN=marker of automatic centers

(Mezzano et al. Cardiovasc Res, 2016)

Staining

Blue: DAPI

GFP: MF20

4 Cy3: Endogenous Tomato
Cy5: Tomato

Pacemaker cells
within the tissue

Confocal Imaging
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Cell types in the Rabbit SA node
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Verheijck et al. Circulation 1998



Cell types in the Rabbit SA node
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Sinoatrial Node (SA Node): leading pacemaker site
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Generation of pacemaker activity

Pacemaker AP Cycle length

Modifié de Monfredi et al., Physiology, 2013
Modifié de Mika & Fischmeister, Prog Biophys Mol Biol., 2021
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Generation of pacemaker activity

Pacemaker AP Cycle length
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Generation of pacemaker activity

Pacemaker AP Cycle length
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Generation of pacemaker activity

Pacemaker AP Cycle length
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Generation of pacemaker activity

Pacemaker AP Cycle length

Modifié de Monfredi et al., Physiology, 2013
Modifié de Mika & Fischmeister, Prog Biophys Mol Biol., 2021

HCN2
HCN4

Ca,1.2
Ca,1.3

Ca3.1
Ca,3.2
Ca3.3

ICa,L

st

ICa,T

SA node cell

RN TV VT T T T T TV I T YT TR RRRRRRITTTITTNT

[ -

Sarcoplasmic
Reticulum

21



Generation of pacemaker activity

Pacemaker AP Cycle length
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Generation of pacemaker activity

Pacemaker AP Cycle length
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Voltage

9000000000000 N00NNNNNNNNNNNNY

[ -

HCN2 |

HCN4 f
IKs
IKr
Incx
Sarcoplasmic
Reticulum
Ca,1.2

Membrane a3 lcal
Voltage |
Clock o
ocC c.s31: ===  Sgas il GO\ Auugy 1l AALALL L
ca32 |
. ca33 caT
Modifié de Monfredi et al., Physiology, 2013 23

Modifié de Mika & Fischmeister, Prog Biophys Mol Biol., 2021



Generation of pacemaker activity

Pacemaker AP Cycle length
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Pacemaker

DD: diastolic depolarisation

LDCR: local diastolic Ca2* release
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Pacemaker AP Cycle length

DD: diastolic depolarisation

LDCR: local diastolic Ca2* release

Generation of pacemaker activity
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Edward G. Lakatta

« intracellular Ca?* cycling (“Ca?* clock”)
ignites membrane clocks, effecting

Dario DiFrancesco rhythmic APs. »

“A NEW CONTENDER: THE CA CLOCK”
« Whether the Calcium clock is a pacemaking mechanism
and how this relates to the If —based “membrane clock”

mechanism are debated questions »




Autonomous Nervous System regulation of cardiac function

Nerf Vague
Noyau ambigu ------ (parasympathique)

NE : norepinephrine
ACh : acetylcholine

Nerf sympathique

Moelle épiniere

Chaine paravertébrale

Systeme Nerveux Autonome
Sympathique : augmente la fréquence cardiaque (effet chronotrope positif)
Parasympathique : diminue la fréquence cardiaque (effet chronotrope negatif)



Regulation of pacemaker activity by the autonomous nervous system
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Regulation of pacemaker activity by the autonomous nervous system
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Generation of pacemaker activity
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Focus 1 ‘funny’ current I.— HCN channels

Special Issue in Honor of Dario DiFrancesco (Nov 2021)
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Volume 166,
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1979: discovery of the ‘funny’ current /.

Brown H. F., DiFrancesco D., Noble S. J. (1979). Nature
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1979: discovery of the ‘funny’ current I

Brown H. F., DiFrancesco D., Noble S. J. (1979). Nature
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1979: discovery of the ‘funny’ current I

Brown H. F., DiFrancesco D., Noble S. J. (1979). Nature

CL=Cycle Length
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z ‘funny’ current I.in a human SAN cell
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Activation of /; current by cAMP
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Activation of /; current by cAMP
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‘funny’ current I.— HCN channels

Hyperpolarization-activated
Cyclic Nucleotid-gated channels
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Lee C. H., MacKinnon R. (2017). Structures of the Human HCN1
Hyperpolarization-Activated Channel. Cell

4 subunits around a central pore

Each subunit = 6 transmembrane segments (51-S6)
1 P-loop
Intracellular N and C-term regions
S6*4 (around the pore) and P-loop: ion conduction
positively-charged S4 helix: voltage sensor
CNBD = cyclic nucleotides binding domain



‘funny’ current I.— HCN channels

Hyperpolarization-activated
Cyclic Nucleotid-gated channels
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Isoform Expression sites Phenotypes
Nervous system
HCH1 Meocortesx, * Mouse knockout: impaired motor learning.
hippocampus, enhanced hippocampal-dependent leaming
brain stemi=aest and memory, less cold alledynia, epilepzy and
gltered visign*=12%242
HCM2Z Ubiquitous®** * Mouse knockout: ataxia, sbsencea
epilepzy*, sz well az reduced inflammatory
and neuropathic pain®*’
HCM3 Offactory bulb, * Mouse knockout: not reported
hypothalamic
nuclel, retinal cone
pedicles™® =5
HCM4 Thalamic nucler, * Mouse knockout: not reported
bazal ganglia,
olfactory bulb®**=*
Heart
HCHN1 Linoatrial and * Mot reported
atnowventrcular
nDdBm.:ﬂz.:ll-
HCNZ Ubiquitousz®"* * Mouse knockout: zinus arrhythmis*
HCN3 Heart muscle™ * Mowuse knockout: increased 1 wave ampﬁtudﬂ
in the electrocardiogram at bazal heart rate’®
HCH4 Linoatrial and * Mouse knockout: embryonic lethal phenotype.

atrioventncular node,
Purkinje fibreg®=+%=*

bradycardia, nonfunctional pacemaker cell=**

* Conditional mouse knockout: repetitive sinuz
pauzes*** deep bradycardia, heart block*
(2 dizeaze in the electrical zystem of the heart)

* Human mutation: bradycardia, OT prolongation

syncope and conduction disturbances in
the sinoatrial and atrioventricular node™ ™




Mutations in HCN4 are associated with
sinus sick syndrome and bradycardia
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Blockade of HCN4 by Ivabradine

AHR
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Régulation de I'activité pacemaker par le systeme nerveux autonome

] ) Pacemaker cell
Récepteur Recepteur

B-adrénergique Muscarinique
Horloge
électrique AR RER
s, UNRNE [N K 0§ 0 DONERANED o SRNNSRNNNNR (1 N1 ) § § § BENRRANRNNINAY

Focus1 | | - AMPc @

Sarcoplasmic
Reticulum

Focus 2

ICa,L

dL

\v

Horloge
Ca?

JRINSNNNNNEN

k;y;ilIIIIIIIIIIIIIIIIIIIIIIiiiiiiiiiiiiiiiiiiiiiiiiii’,'

45
Modifié de Mika & Fischmeister, Prog Biophys Mol Biol., 2021



Focus 2 L-Type Ca?* Channels
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» \Voltage-gated calcium channels
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» Voltage and Ca?*-dependent inactivation
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Loss of Cav1.3 (CACNA1D) function in a human

neuroscience  channelopathy with bradycardia and congenital deafness

Shahid M Baig's11, Alexandra Koschak®!!, Andreas Lieb2, Mathias Gebhart2, Claudia Dafinger?,
Gudrun Niirnberg?, Amjad Ali', Ilyas Ahmad', Martina ] Sinnegger-Brauns?, Niels Brandt>®, Jutta Engel*5,
Matteo E Mangoni’, Muhammad Farooq', Habib U Khan®, Peter Niirnberg®?, Jorg Striessnig? & Hanno ] Bolz>!°?

SANDD patients (sinoatrial node dysfunction and deafness)
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Non-conducting calcium channels - abnormal voltage-dependent gating.
All deaf subjects showed pronounced SAN dysfunction at rest.

Baig et al. Nat Neurosci, 2011
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Focus 2 Ca1.3 - L-Type Ca?* Channels
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Focus 2 Ca,1.3 - L-Type Ca%* Channels
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Focus 2 Ca,1.3 - L-Type Ca2* Channels
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Strong decrease of LDCRs and CL in Cav1.37- cells .
=> Ca?* entry via Ca, 1.3 triggers LDCRs Torrente et al. Cardiovasc Res, 2016



Régulation de I'activité pacemaker par le systeme nerveux autonome
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Modifié de Mika & Fischmeister, Prog Biophys Mol Biol., 2021



Measurements of Ca?*t homeostasis in SA node

Mouse SA Node
P

Confocal microscopy
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2D Movie: Ca?* oscillations Line-scan configuration mode
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Measurements of Ca?*t homeostasis in SA node
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Focus 3 Ryanodine Receptor (RyR2)
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» Type 2 Ryanodine Receptor expressed in the heart
» Homo-tetramer (4 monomers of 565 kDa)
» Trans-membrane channel sensible to ryanodine
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Medeiros-Domingo et al. JACC, 2009



Focus 3 Ryanodine Receptor (RyR2)

CPVT patients

g
& Mutation RyRR44%6¢

At rest

After exercice

Isolated ventricular extrasystoles
sudden decrease in sinus rate overcome by a junctional escape rhythm (*)

Neco et al Circulation 2012



Focus 3 Ryanodine Receptor (RyR2)

CPVT patients
32 mice
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Isolated ventricular extrasystoles
sudden decrease in sinus rate overcome by a junctional escape rhythm (*)

Neco et al Circulation 2012



Focus 3 Ryanodine Receptor (RyR2)

CPVT patients
32 mice
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Neco et al Circulation 2012



Focus 3 Ryanodine Receptor (RyR2)

CPVT patients
32 mice
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