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Why	are	we	interested	in	studying	cardiac	dynamics	?	

Cardiac	diseases	are	among	the	leading	causes	of	death	and		
we	should	understand	beOer	all	the	mechanisms	associated	with	them.	



(Keener y Panfilov (1995)) 

Tachicardia	->	Ventricular	fibrilla)on	

Normal	electric	ac)vity	may	be	disrupted	by	failures	in	the	
propaga)on	of	the	ac)on	poten)als	



The	structure	of	the	cardiac	muscle	is	complex	and	influences	
its	electrical	behavior	and	dynamics	

The	cardiac	muscle	is	formed	with	cardiomyocytes,	gap	junc)ons	(GJ),	
collagen	fibres,	fibroblasts,	blood	vessels,…	

100	μm	

Sources	:	Wikipedia;	Sachse’s	lab.	
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Gap	junc)ons	(GJ)	are	essen)al	for	the	propaga)on	of	the	
electrical	impulse	AP	from	one	myocyte	to	the	next.	

Source	:	Wikipedia	
GJs	form	low	resistance	passages	between	cardiomyocytes.	



Different	types	of	gap	junc)ons	(GJ)	have	been	iden)fied	in	
the	cardiac	muscle	

Source	:	AP	Moreno,	Cardiovasc.	Res.	62	,	2004	

In	cardiac	)ssue	of	mammalian,	connexins	type	Cx40,	Cx43	and	Cx45	are	the	most	common.	
The	permeability	of	the	GJ	depends	on	its	structure.	



Different	types	of	gap	junc)ons	(GJ)	have	been	iden)fied	in	
the	cardiac	muscle	(II)	

Source	:	T.	Desplantez	et	al.,	BMC	Cell	Biol.	18	,	2017	

The	connexin’s	expression	paOern	varies	in	different	loca)on	of	the	heart		



Dual	voltage-clamp	method	and	whole-cell	recording	allow	to	
measure	the	electrical	proper)es	of	the	GJ	

Source	:	T.	Desplantez	et	al.,	Eur.	J.	Physiol.		448	,	2004	
The	conductance	between	the	two	cells	is	a	dynamical	variable	

a)	Fix	the	membrane	poten)al	of	both	cells		

b)	Measure	the	current	between	cells		

c)	Calculate	the	normalized	conductances		

transjunc)onal	voltage	



Mathema)cal	model	of	a	strand	of	cardiac	)ssue	

The	)me	constant								is	highly	dependent	of	the	connexin’s	transjunc)onal	voltage	

1)	Connexin’s	dynamics	

Myocyte	(i)	

g	(i)	g	(i-1)	 g	(i+1)	

Myocyte	(i+1)	

Source	:	T.	Desplantez	et	al.,	Eur.	J.	Physiol.		448	,	2004	
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Sources	:	Y.	Rudy,	Circ.	Res.	1997;	Cantalapiedra	et	al.	PRE	82	2010.	

•  The	gap	junc)ons	are	the	primary	sites	of	membrane	poten)al	changes		
•  The	en)re	myocyte	cytoplasm	becomes	effec)vely	iso-poten)al.	

2)	Myocyte’s	transmembrane	dynamics	

Mathema)cal	model	of	a	strand	of	cardiac	)ssue	(ii)	
Myocyte	(i)	

g	(i)	g	(i-1)	 g	(i+1)	

Myocyte	(i+1)	

Monodomain	approxima)on	

5	variables	model	(BCN)	



Source	:	Keener	1991	

Super-index	(n)	refers	to	)me	step	n.	Subscript	i	refers	to	posi)on	i	in	the	chain.	

Numerical	method	

Myocyte	(i)	
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Integra)on	)me	step		



Source	:	Hawks	et	al.	IJBC	2019		

S)mula)on	protocol	(L=400	cells)		

1.  Same	ini)al	values	are	set	to	all	the	GJ	conductances		(																															)	

2.  We	excite	the	first	7	cells	(i=1..7)	to	elicit	an	AP	that	propagates	through	the	fiber	

3.  We	repeat	the	s)mula)on	with	a	period	of		T	=	480	ms	

4.  We	measure	the	)me	evolu)on	of	the	GJ	conductances	amer	each	s)mula)on		

i	=	1	…	400	
AP	



Source	:	Hawks	et	al.	IJBC	2019		

Results	for	the	normal	case	(healthy)		

Here	we	set	

The	conductances	of	all	the	GJ	are	returning	to	the	max	value	

Nothing	fancy	happens	!			



Source	:	Hawks	et	al.	IJBC	2019		

Modifica)on	of	the	GJ	dynamics	(diseased	case)		

In	order	to	model	a	diseased	)ssue	we	modify	the	characteris)cs	of	the	GJ	

•  We	reduce	the	overall	conductance	to	40%	of	the	normal	values	(ischemia)	

•  We	introduce	the	‘shrinking	factor’	FS	that	alters	the	width	of	the	plateau	

(Normal)	(Diseased)	



Source	:	Hawks	et	al.	IJBC	2019		

Results	of	the	GJ	bistability	induced	by	varying	FS	

We	observe	a	transi)on	by	increasing	FS	

from	GJ	conductance	close	to	0.4	(upper	

state)	to	GJ	conductance	close	to	0.1	

(lower	state).	For	intermediate	values	of	

FS,	we	observe	a	spa)ally	mixed	state.	
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Study	of	the	transi)on	from	UP	to	LOW	GJ	conductances	
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We	have	studied	the	influence	of	both	FS	and											

for	characterizing	the	transi)on	between	upper	and	lower	states	of	conductance	

The	spa)al	average	of	the	conductance	

is	used	as	an	order	parameter	to	characterize	this	transi)on	

Hysteresis	is	observed	when	varying	the	ini)al	values	of	the	conductance	



Influence	of											and	added	noise	on	the	transi)on	

We	have	studied	the	influence	of	an	

ini)al	added	noise		

to	the	transi)on.	
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Persistent	mixed	state	over	3	orders	of	magnitude	



Related	experimental	study	showing	bistability	for	GJ	

Cx45-45	
Cx43-45	

Pacing	=	1Hz	 Pacing	=	3Hz	

Source	:	W.G.	Ye	et	al.,	JMCC.		111	,	2017	

By	varying	the	junc)onal	delay											and	the	pacing	frequency,		

they	observe	a	different	dynamics	for	the	GJ	conductances.	

It	also	highly	depends	on	the	GJ	composi)on	



Conclusions	

•  We	have	studied	the	conductance	dynamics	of	the	GJ	in	a	1D	model	

•  In	some	simulated	diseased	situa)ons	we	observe	bistability	in	the	

values	of	the	GJ	conductances.	

•  The	high	to	low	level	of	conductance	is	mediated	by	parameter	FS	

•  In	the	intermediate	mixed	state	we	observe	a	highly	alterna)ng	

spa)al	distribu)on	of	the	GJ	conductances	

•  Future	Plan:	Connect	our	findings	to	electrophysiology	experiments			
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Source : Hawks et al. IJBC 2019  

Justification of the FS factor  
(Diseased) 
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Heterotypic GJs have asymmetrical         functions. 
A blend of several type of GJ types may justify the FS parameter 



Source : DP Lackey et al. Ann. BE 2011  

Justification of the introduction of noise (Ns)  

Spatial heterogeneities and different geometric orientation 
lead to variability in the GJ conductance 

This may justify the noise factor 


