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ABSTRACT 

Objectives 
To	investigate	the	modulatory	effect	of	the	Coxsackie	and	adenovirus	receptor	(CAR)	
on	ventricular	conduction	and	arrhythmia	vulnerability	in	the	setting	of	myocardial	
ischemia. 

Background 
A	 heritable	 component	 in	 risk	 for	 ventricular	 fibrillation	 (VF)	 during	 myocardial	
infarction	(MI)	has	been	well	established.	A	recent	genome-wide	association	study	
(GWAS)	for	VF	during	acute	MI	has	led	to	the	identification	of	a	locus	on	chromosome	
21q21	(rs2824292)	in	the	vicinity	of	the	CXADR	gene.	CXADR	encodes	the	coxsackie	
and	adenovirus	receptor	(CAR),	a	cell	adhesion	molecule	predominantly	 located	at	
intercalated discs of the cardiomyocyte.

Methods 
The	 correlation	 between	 CAR	 transcript	 levels	 and	 rs2824292	 genotype	 was	
investigated	 in	 human	 left	 ventricular	 samples.	 Electrophysiological	 studies	 and	
molecular	analyses	were	performed	in	CAR	haploinsufficient	mice	(CAR+/-).	

Results 
In	human	 left	ventricular	samples,	 the	risk	allele	at	the	chr21q21	GWAS	 locus	was	
associated	with	lower	CXADR	mRNA	levels,	suggesting	that	decreased	cardiac	levels	of	
CAR	predispose	to	ischemia-induced	VF.	Hearts	from	CAR+/- mice displayed ventricular 
conduction	slowing	in	addition	to	an	earlier	onset	of	ventricular	arrhythmias	during	
the	 early	 phase	 of	 acute	myocardial	 ischemia	 following	 LAD	 ligation.	 Connexin	 43	
expression	 and	 distribution	 was	 unaffected,	 but	 CAR+/-	hearts displayed increased 
arrhythmia	 susceptibility	 upon	 pharmacological	 electrical	 uncoupling.	 Patch-clamp	
analysis	 of	 isolated	 CAR+/-	 myocytes	 showed	 reduced	 sodium	 current	 magnitude	
specifically	 at	 the	 intercalated	 disc.	 Moreover,	 CAR	 co-precipitated	 with	 NaV1.5	
in vitro,	 suggesting	 that	 CAR	 affects	 sodium	 channel	 function	 through	 a	 physical	
interaction	with	NaV1.5.

Conclusion 
We	 identify	 CAR	 as	 a	 novel	 modifier	 of	 ventricular	 conduction	 and	 arrhythmia	
vulnerability	in	the	setting	of	myocardial	ischemia.	Genetic	determinants	of	arrhythmia	
susceptibility	 (such	 as	 CAR)	may	 constitute	 future	 targets	 for	 risk	 stratification	 of	
potentially	lethal	ventricular	arrhythmias	in	patients	with	coronary	artery	disease.
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INTRODUCTION

Ventricular	 fibrillation	 (VF)	 is	 a	 frequent	 and	 potentially	 lethal	 complication	 of	 acute	
myocardial	 infarction	 (MI).	 In	 this	 setting,	 VF	 is	 the	 consequence	 of	 disturbed	 electrical	
properties	 of	 the	 ischemic	 myocardium,	 which	 includes	 a	 decrease	 in	 cardiomyocyte	
excitability	and	cell-to-cell	coupling.	These	factors	result	in	conduction	slowing	of	the	cardiac	
electrical	impulse,	which	is	a	prerequisite	for	the	occurrence	of	life-threatening	arrhythmias	
such	as	VF	in	MI.1

Traditional	 cardiovascular	 risk	 factors	 do	 not	 identify	which	MI	 patient	 is	 at	 risk	 for	 VF,	
and	 specific	 and	 sensitive	 risk	 predictors	 are	 currently	 lacking.	 A	 heritable	 component	
in	 the	 determination	 of	 risk	 for	 VF	 and	 sudden	 cardiac	 death	 during	MI	 has	 been	well	
established,2,3	 but	progress	 in	understanding	 the	molecular	 and	genetic	determinants	of	
ischemia-induced	VF	has	been	limited.	In	order	to	identify	susceptibility	genes,	our	group	
recently	 conducted	 a	 genome-wide	 association	 study,	which	 led	 to	 the	 identification	 of	
common	 genetic	 variants	 at	 the	 chromosome	21q21	 locus	 associated	with	 risk	 of	 VF	 in	
the	setting	of	acute	MI.4	The	most	significant	association	signal	for	VF	on	the	chromosome	
21q21	 locus	 comprised	 the	 single	 nucleotide	 polymorphism	 (SNP)	 rs2824292	 located	
immediately	upstream	of	two	genes,	CXADR and BTG3	(the	only	genes	within	a	region	of	
one	megabase	spanning	the	association	signal).4 The BTG3	gene	encodes	B	cell	translocation	
gene	3,	a	member	of	the	anti-proliferative	BTG/Tob	protein	family,	known	to	regulate	cell	
cycle	progression,	gene	expression,	tumorigenesis	and	cancer.5 The CXADR	gene	encodes	
the	 Coxsackie	 and	 adenovirus	 receptor	 (CAR),	 a	 transmembrane	 cell	 adhesion	molecule	
predominantly	located	at	the	intercalated	disc	between	cardiomyocytes.6–9	While	CAR	has	
been	recognized	primarily	for	its	involvement	in	virus-mediated	myocarditis,	recent	studies	
in	CAR	knockout	mice	revealed	atrio-ventricular	conduction	slowing	due	to	loss	of	expression	
of	the	gap	junction	protein	connexin-45	(Cx45).9,10	Moreover,	expression	levels	of	Cx43,	the	
predominant	gap	junction	molecule	in	ventricular	myocardium,	were	decreased	in	hearts	
from	CAR	knockout	mice,9	 raising	 the	possibility	 that	CAR	may	play	 a	 role	 in	 ventricular	
conduction.	Of	note,	CAR	is	known	to	be	differentially	regulated	in	various	cardiac	disease	
states,	including	dilated	cardiomyopathy	and	MI.6,11

We	hypothesized	that	CAR	impacts	on	ventricular	conduction	and	susceptibility	to	ventricular	
arrhythmia	 in	 the	 setting	 of	 MI.	 We	 demonstrate	 that	 the	 rs2824292	 risk	 genotype	 is	
associated	with	decreased	CXADR	expression	in	human	heart.	Furthermore,	we	show	that	
mice	haploinsufficient	for	CAR	display	ventricular	conduction	slowing	and	an	earlier	onset	
of	ventricular	arrhythmias	during	MI,	at	least	in	part	mediated	by	a	reduced	sodium	current	
magnitude	at	the	intercalated	disc.

METHODS 

Genotype-expression analyses 
Analysis	of	human	ventricular	samples	conformed	to	the	principles	outlined	in	the	Helsinki	
Declaration	of	 the	World	Medical	Association.	 Procurement	 and	handling	 of	 the	human	
cardiac	material	was	approved	by	the	Ethical	Review	Boards	of	each	of	the	four	centers.	
The	correlation	of	rs2824292	with	CXADR or BTG3	transcript	levels	was	tested	in	human	left	
ventricular	samples	(n=129)	collected	from	non-implanted	(Caucasian)	human	donor	hearts	
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that	were	considered	 suitable	 for	 transplantation,	yet	not	used	due	 to	 logistical	 reasons	
or	used	to	obtain	pulmonary	and	aortic	valves	for	transplant	surgery	(for	details	see	Data	
Supplement).	

Generation of CAR+/- mice 
All	 experiments	 involving	 animals	 were	 performed	 according	 to	 governmental	 and	
institutional	 guidelines	 for	 animal	 use	 in	 research	 and	have	been	 approved	by	 the	 local	
German	 and	 Dutch	 authorities,	 respectively	 (LaGeSo	 Berlin,	 Germany	 and	 Animal	
Experimental	Committee	of	 the	Academic	Medical	Center,	University	of	Amsterdam,	 the	
Netherlands).	CAR+/-	mice	were	generated	at	the	Max	Delbrück	Center	(Berlin,	Germany)	
as	 described	 in	 the	 Supplemental	 Methods	 (Supplemental figure 1A).	 The	 loss	 of	 CAR	
was	validated	by	PCR,	Southern	blot,	qRT-PCR,	and	Western	blot	 (Supplemental figure 1 
B-E).	Adult	 (3-5	months	old)	 sex-	and	age-matched	CAR+/-	mice	and	 their	wild-type	 (WT)	
littermates	were	used	for	experiments.	

Surface ECG analysis
Surface	 ECGs	 were	 measured	 in	 isoflurane-anaesthetized	 mice	 at	 baseline	 and	 after	
i.p.	 administration	 of	 the	 sodium	 channel	 blocker	 flecainide	 (20	mg/kg	 bodyweight),	 as	
described	in	the	Supplemental	Methods.	

Isolated hearts
Mouse	hearts	were	 isolated,	connected	to	a	Langendorff	perfusion	system	and	perfused	
at	37°C	with	perfusion	buffer.	For	epicardial	mapping	experiments,	a	247-point	electrode	
was	placed	on	the	left	ventricular	(LV)	epicardial	surface,	and	hearts	were	stimulated	from	
the	center	of	the	electrode.	Programmed	electrical	stimulation	was	performed	by	applying	
16	extrastimuli	(S1,	120	ms	cycle	length)	followed	by	up	to	3	extrastimuli	(S2-S3-S4).	Next,	
36	 S1	were	 applied	 followed	 by	 40	 shortly	 coupled	 extrastimuli.	 Arrhythmia	 inducibility	
was	tested	at	baseline	and	after	low	level	carbenoxolone	(CBX,	5μM)	infusion.	For	regional	
myocardial	ischemia	experiments,	the	left	anterior	descending	(LAD)	coronary	artery	was	
ligated.	After	the	ischemia	experiment,	1%	Evans	blue	dye	was	infused	into	the	aortic	root	
and	hearts	were	 sliced	 into	parallel	 short-axis	 sections.	The	 ischemic	 zone	size	 (IZS)	was	
calculated	by	dividing	the	sum	of	the	IZS	by	the	sum	of	the	total	surface	area	of	all	slices.	

Immunoblot analysis 
Western	blot	analysis	for	NaV1.5,	Cx43,	CAR,	beta-catenin,	ZO-1,	N-cadherin	and	Cx45	in	left	
ventricular	tissue	samples	from	WT	and	CAR+/-	hearts	was	performed	as	described	in	the	
Supplemental Methods. 

Histology
Four-chamber	view	cryosections	(7	μm)	of	hearts	from	adult	mice	were	mounted	on	glass	
slides,	post-fixed	 in	4%	PFA,	and	stained	with	routine	hematoxylin-eosin	 (H&E)	stain	and	
picosirius	red	for	assessment	of	fibrosis.	

Electron Microscopy
Mice	were	perfused	with	4	%	formaldehyde	/	1.25	%	glutaraldehyde	in	0.08	M	phosphate	
buffer,	 left	 ventricular	 tissue	 was	 dissected	 and	 post-fixed	 with	 2.5%	 glutaraldehyde	 in	
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phosphate-buffer	overnight.	Tissue	was	then	washed	with	cacodylate-buffer	and	dehydrated	
in	a	graded	ethanol	 series.	Tissues	were	embedded	 in	Poly/BedR	812	 (Polysciences,	 Inc.,	
Eppelheim,	Germany).	Ultrathin	sections	were	stained	with	uranyl	acetate	and	lead	citrate	
and	examined	with	a	FEI	Morgagni	electron	microscope.	

Cellular Electrophysiology
Cardiomyocytes	were	isolated	using	methods	previously	described.12	Action	potentials	(APs)	
and INa	were	 recorded	 at	 36ºC	with	 the	 amphotericin-B-perforated	 and	 the	macropatch	
cell-attached	mode	of	patch-clamp	technique,	respectively,	using	an	Axopatch	200B	Clamp	
amplifier	(Molecular	Devices,	Union	City,	CA).	INa	was	measured	using	a	two-step	protocol	as	
depicted in Figure 8C	in	the	presence	of	5	µM	nifedipine	in	the	pipette	solution	to	prevent	
L-type	Ca2+ currents. 

Co-immunoprecipitation
FLAG-tagged	NaV1.5	(260	kDa)	and	CAR	(46	kDa)	were	overexpressed	in	human	embryonic	
kidney	 cells	 (HEK293).	 Transient	 transfection	 was	 carried	 out	 with	 equal	 amounts	 of	
FLAG-SCN5A	cDNA	(encoding	FLAG-NaV1.5)	with	or	without	CXADR	cDNA	(encoding	CAR).	
Protein	 complexes	were	 immunoprecipitated	using	 anti-FLAG-M2	agarose-beads	 (Sigma)	
and	detected	with	α-FLAG-M2	and	α-CAR	antibodies	on	Western	blot.	Three	independent	
experiments	were	carried	out	to	validate	the	 interaction.	See	Supplemental	Methods	for	
detailed procedure.
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Figure 1 | Rs2824292	 regulates	 cardiac	 CXADR	 levels. (A)	 The	 human	 21q21	 locus.	 CXADR and BTG3	
are	 located	within	500	kb	region	downstream	of	rs2824292.	 (B)	Mean	mRNA	expression	of	CXADR and 
BTG3	as	a	function	of	genotype	at	rs2824292	in	human	heart	samples,	standardized	to	the	geomean	of	
cTNI and HPRT	mRNA	expression	 levels	 (*	 p=0.05;	 **	 p<	 0.01).	Mean	expression	 levels	 in	 hearts	 from	
AG	heterozygotes	and	GG	homozygotes	are	normalized	to	the	mean	expression	levels	from	hearts	of	AA	
homozygotes.	Numbers	in	bars	indicate	number	of	left	ventricular	samples	with	respective	genotype.
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Statistical analyses
Data	are	presented	as	mean	±	S.E.M.	Differences	between	groups	were	analyzed	by	paired	
or	unpaired	Student’s	t-test,	nonparametric	test,	Gehan-Breslow-Wilcoxon	test,	or	repeated	
measures	ANOVA	as	appropriate.	Sodium	current	amplitude	data	were	analyzed	by	two-
way	repeated	measures	ANOVA	(RM	ANOVA)	followed	by	post-hoc	analysis	(Holm-Sidak;	no	
adjustments	made	for	multiple	comparisons).	Differences	in	arrhythmia	inducibility	between	
groups	were	analyzed	using	the	Chi-square	test.	Statistical	analyses	were	conducted	using	
SPSS	version	18.0.	The	level	of	statistical	significance	was	set	to	p<0.05.	

RESULTS 

Rs2824292 regulates cardiac expression of CXADR, the gene encoding CAR
Since	the	risk	haplotype	tagged	by	rs2824292	occurs	in	a	non-coding	region	of	chr21q21,	
it	 is	 likely	 to	 impact	 on	 VF	 risk	 through	 effects	 on	 gene	 expression.	 We	 therefore	
investigated	 whether	 rs2824292	 genotype	 correlates	 to	 transcript	 expression	 levels	 of	
the	only	 two	neighboring	 genes	within	 one	megabase	distance,	 namely	CXADR	 (located	
100	kb	downstream	of	 rs2824292)	and	BTG3	 (located	179	kb	downstream).	Assessment	
of	 transcript	 abundance	 for	 these	 genes	 in	 normal	 donor-heart	 myocardium	 (n=129)	
uncovered	an	association	between	genotype	at	rs2824292	and	cardiac	CXADR	mRNA	levels	
(Figure 1).	 Individuals	 carrying	one	or	 two	copies	of	 the	 risk	allele	 (AG	or	GG	genotype)	
displayed	significantly	 lower	 (0.6	 fold)	CXADR	mRNA	expression	compared	 to	 individuals	
with	 the	 non-risk	 (AA)	 genotype	 (dominant	 model	 p=0.002;	 additive	 model	 p=0.006).	
No	 such	 relation	was	observed	with	 cardiac	expression	of	BTG3.	 Thus,	 the	VF	 risk	allele	
at	 rs2824292	 is	 associated	with	decreased	cardiac	expression	of	CXADR,	 suggesting	 that	
decreased	levels	of	CAR	predispose	to	VF	during	ischemia.

CAR haploinsufficient mice (CAR+/-) 
To	 investigate	 the	 effects	 of	 reduced	 CAR	 expression	 on	 cardiac	 conduction	 and	
arrhythmogenesis,	we	generated	mice	deficient	 for	CAR	 (Supplemental Figure 1 and ref 
13)	Homozygous	CAR	deficient	mice	were	not	viable	but	died	in	mid-gestation	between	day	
E10.5	 and	E12.5	 (Supplemental Figure 2 and Supplemental Table 1).	Heterozygous	CAR	
deficient	mice	(CAR+/-)	were	born	at	the	expected	Mendelian	ratio	(Supplemental Table 1)	
and had a normal life-span. 

Earlier onset of inducible ventricular arrhythmias during acute myocardial ischemia in 
CAR+/- mouse hearts
To	investigate	whether	reduced	CAR	levels	predispose	to	arrhythmia	during	acute	myocardial	
ischemia,	we	induced	regional	ischemia	in	Langendorff-perfused	wild-type	(WT)	and	CAR+/- 
hearts	by	ligating	the	left	anterior	descending	(LAD)	artery	and	tested	arrhythmia	inducibility.	
Ischemic	zone	size	was	not	significantly	different	between	WT	and	CAR+/-	(Figure 2A).	Hearts	
were	stimulated	from	the	non-ischemic	area	at	a	basic	cycle	length	(BCL)	of	120	ms	(S1),	
and	arrhythmia	inducibility	was	tested	before	LAD	ligation	and	at	different	intervals	during	
ischemia	using	up	to	three	extrastimuli	(S2-S3-S4)	and	burst	pacing.	Spontaneous	sustained	
arrhythmias	did	not	occur	in	WT	or	CAR+/-	hearts	at	baseline	or	during	the	ischemic	period.	
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Arrhythmias	were	 never	 induced	 prior	 to	 LAD	 ligation,	 but	were	 induced	 in	 all	WT	 and	
CAR+/-	 hearts	 during	 ischemia.	 These	 included	 premature	 ventricular	 contractions	 (PVC),	
non-sustained	ventricular	tachycardia	(VT)	and	sustained	VT	(Figure 2B).	During	the	first	15	
minutes	of	ischemia,	we	observed	inducible	arrhythmias	(non-sustained	and	sustained)	in	
7	out	of	9	CAR+/-	hearts.	In	contrast,	arrhythmias	were	induced	in	only	1	out	of	8	WT	hearts	
(p<0.05)	(Figure 2C and D).	Similarly,	in	the	first	15	minutes	of	ischemia	there	was	a	trend	
towards	a	higher	prevalence	of	inducible	sustained	VTs	(>	3	seconds)	in	CAR+/- compared to 
WT	hearts	(Figure 2E).	During	later	stages	of	the	ischemic	episode,	arrhythmia	inducibility	
was	not	different	between	WT	and	CAR+/-	hearts.	Thus,	CAR+/- hearts displayed an advanced 
onset	 of	 ventricular	 arrhythmia	 inducibility	 during	 the	 early	 phase	 of	 acute	myocardial	
ischemia.

Ventricular conduction slowing in isolated CAR+/- hearts
We	hypothesized	that	altered	electrophysiological	properties	secondary	to	CAR	deficiency	
renders	CAR+/-	hearts	more	susceptible	to	arrhythmia	inducibility	in	the	setting	of	myocardial	
ischemia.	Surface	ECG	analysis	demonstrated	no	significant	differences	in	ECG	parameters	
(RR-,	 PQ-,	 QRS-,	 and	 QTc-intervals)	 between	 CAR+/-	 and	WT	mice	 (Supplemental Figure 
3).	We	 therefore	 studied	 ventricular	 conduction	 in	more	 detail	 by	 electrical	mapping	 of	
isolated	WT	 and	CAR+/-	 hearts.	 A	 247-point	 electrode	was	 placed	on	 the	 left	 ventricular	

WT (n=8) CAR+/- (n=9)

0

10

20

30

40

50

%
  I

sc
he

m
ic

 z
on

e 
/ L

V

 No arrhythmia

6 PVCs
 

Sustained VT  

S1S2S3S4

S1 S2

S1S2S3S4

Time from onset ischemia

0
10
20
30
40
50
60
70
80
90

100

0-15 15-30 30-45 45-60 >60

All arrhythmic events

0
10
20
30
40
50
60
70
80
90

100

0-15 15-30 30-45 45-60 >60

VTs > 3 seconds

Time from onset ischemia

A B

C D E

-
0

20

40

60

80

0 10 20 30 40 50 60

P
er

ce
nt

ag
e 

of
 h

ea
rts

ar
rh

yt
hm

ia
fre

e WT
CAR+/-

*p<0.05

Time from onset ischemia

100
*

%
 o

f h
ea

rts
 w

ith
 in

du
ce

d 
ar

rh
yt

hm
ia

s 

%
 o

f h
ea

rts
 w

ith
 in

du
ce

d 
ar

rh
yt

hm
ia

s 
Figure 2Figure 2 | Accelerated	 onset	 of	 inducible	 arrhythmias	 during	 myocardial	 ischemia	 in	 isolated	 CAR+/- 

hearts. (A)	Ischemic	zone	size	after	LAD	ligation	(non-perfused	area;	as	a	percentage	of	the	left	ventricle)	
was	similar	in	WT	and	CAR+/- hearts. (B)	Arrhythmia	inducibility	during	LAD	ligation.	Typical	examples	of	
ventricular	 electrograms	 show	extrastimuli	 (S1-S4)	 followed	by	 either	 no	 arrhythmia	 (upper	 panel),	 six	
ventricular	extrasystoles	(premature	ventricular	contractions	[PVC]	-	middle	panel),	or	sustained	ventricular	
tachycardia	(lower	panel).	(C)	Kaplan	Meier	plot	showing	an	accelerated	onset	of	first	arrhythmic	event	
during	myocardial	 ischemia	 in	CAR+/-	hearts	 (n=9)	as	 compared	 to	WT	 (n=8).	 (D,E)	CAR+/- hearts display 
increased	inducibility	of	all	types	of	arrhythmia	(D)	and	of	sustained	ventricular	tachycardia	(VT	>	3	seconds)	
(E)	during	the	first	15	minutes	of	ischemia	(*p<0.05).
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(LV)	epicardial	surface	and	hearts	were	stimulated	from	the	center	of	the	electrode.	Local	
electrograms	were	used	to	construct	activation	maps	(Figure 3A),	from	which	longitudinal	
(CVL)	and	transversal	(CVT)	conduction	velocities	were	determined.	Stimulation	threshold	
and	 shortest	 coupled	 intervals	 of	 S2,	 S3	 and	 S4	 (effective	 refractory	 period,	 ERP)	 were	
not	significantly	different	between	CAR+/-	and	WT	hearts	 (Supplemental Table 3).	During	
basic	stimulation	(S1),	CVL	(CAR+/-:	63.7±4.7;	WT	77.8±2.8	cm/s;	p=0.02)	and	CVT	(CAR+/-:	
28.6±2.0;	WT	38.0±2.5	cm/s;	p=0.01)	were	significantly	reduced	in	CAR+/-	compared	with	WT	
(Figure 3B-C).	These	differences	in	conduction	velocity	were	also	observed	after	application	
of	 three	extrastimuli	 (S4;	CAR+/-:	 42.5±4.6;	WT	55.5±4.2	 cm/s;	p=0.054)	 and	CVT	 (CAR+/-:	
28.6±1.8;	WT	33.9±1.5	cm/s;	p=0.04)	(Figure 3B-C).	

Pharmacological electrical uncoupling induces ventricular arrhythmias in CAR+/- hearts 
Conduction	 slowing	 in	 CAR+/-	 hearts	 may	 stem	 from	 altered	 tissue	 architecture,	 cell-to-
cell	coupling,	and/or	cardiomyocyte	excitability.	No	evidence	 for	myocardial	hypertrophy	
or	fibrosis	was	 found	 in	CAR+/-	hearts	 (Supplemental Figure 4).	 In	addition,	 transmission	
electron	microscopy	did	not	reveal	ultrastructural	changes	in	CAR+/-	hearts	(Supplemental 
Figure 5). To	 evaluate	 whether	 the	 conduction	 slowing	 in	 CAR+/-	 hearts	 is	 mediated	 by	
alterations	 in	 gap	 junction	 composition	 and/or	 function,	we	 investigated	 the	 expression	
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Figure 3 | Ventricular conduction slowing in CAR+/- hearts. (A)	Representative	left	ventricular	epicardial	
activation	maps	at	baseline	and	after	carbenoxolone	(CBX)	infusion	in	WT	and	CAR+/-	hearts.	Crowding	of	
isochrones	is	indicative	of	conduction	slowing.	(B,C)	Average	longitudinal	(B) and transversal (C)	conduction	
velocities	measured	during	basic	stimulation	(120	ms)	and	three	extrastimuli	(S4)	at	baseline	and	after	CBX	
(*	p<0.05	CAR+/-	vs.	WT;	#	p<0.05	CBX	vs.	baseline).	
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and	distribution	of	connexins	and	challenged	WT	and	CAR+/-	hearts	with	the	gap	junction	
uncoupler	carbenoxolone.	Carbenoxolone	is	known	to	decrease	conduction	velocity	both	in	
the	longitudinal	and	transversal	direction	without	affecting	action	potential	characteristics	
and	underlying	ionic	currents.14	During	stimulation	at	basic	cycle	length	(S1),	carbenoxolone	
significantly	 reduced	 CVL	 in	 both	WT	 and	 CAR+/-	 hearts	 (Figure 3B).	 Similarly,	 CVT	 was	
decreased	by	carbenoxolone	in	WT	and	CAR+/-	hearts	after	application	of	3	extrastimuli	(S4;	
Figure 3C).	
The	 consequences	 of	 the	 observed	 conduction	 slowing	 after	 carbenoxolone	 infusion	
with	 respect	 to	 arrhythmia	 inducibility	 were	 tested	 using	 up	 to	 three	 extrastimuli	 (S2-
S3-S4)	 and	 burst	 pacing.	 The	 shortest	 possible	 coupling	 intervals	 of	 S2-S3-S4	 and	 burst	
trains	were	not	significantly	different	between	CAR+/-	and	WT	hearts	at	baseline	and	after	
carbenoxolone	 infusion	 (Supplemental Table 3).	 Spontaneous	arrhythmias	did	not	occur	
in	either	experimental	group	and	we	were	unable	to	 induce	arrhythmias	 in	WT	or	CAR+/- 
hearts	 at	baseline.	However,	while	none	of	 the	WT	hearts	 showed	 induced	arrhythmias	
upon	 carbenoxolone	 infusion,	 50%	 of	 CAR+/- hearts developed sustained ventricular 
arrhythmias	during	burst	pacing	following	carbenoxolone	administration	(CAR+/-	4/8	vs.	WT	
0/9,	p=0.015)	(Figure 4A-B).	VTs	induced	in	CAR+/-	hearts	following	carbenoxolone	infusion	
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Figure 4 |	Increased	arrhythmia	inducibility	after	carbenoxolone	infusion	in	CAR+/-hearts. (A) Example of a 
sustained	ventricular	arrhythmia	induced	by	burst	pacing	in	a	CAR+/-	heart	after	infusion	of	carbenoxolone	
(CBX).	 (B)	 Increased	 incidence	 of	 inducible	 arrhythmias	 after	 CBX	 in	 CAR+/- hearts as compared to WT 
(p=0.015).	(C)	Activation	maps	of	two	consecutive	VT	beats	induced	in	a	CAR+/-	heart	showing	the	impulse	
propagating	around	a	 line	of	 functional	conduction	block,	 indicating	a	 re-entrant	mechanism.	The	right	
panel	 depicts	 electrograms	 at	 positions	 A-B-C-A’	 which	 correspond	 to	 recording	 sites	 as	 indicated	 in	
the	activation	maps	(left).	Local	activation	times	are	determined	as	the	maximal	negative	dV/dt	 in	each	
electrogram	(indicated	by	red	dots).	BCL:	Basic	cycle	length	(120	ms).
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were	reproducible	and	lasted	for	more	than	5	seconds	to	1	minute.	Activation	maps	of	two	
consecutive	beats	of	an	induced	ventricular	tachycardia	in	a	CAR+/-	heart	show	the	impulse	
propagating	 around	 a	 line	 of	 block,	 indicating	 a	 re-entrant	 mechanism	 underlying	 the	
arrhythmia	(Figure 4C).	Ventricular	mRNA	and	protein	levels	of	the	gap	junction	proteins	
Cx43	and	Cx45	were	not	different	between	WT	and	CAR+/-	hearts	(Figure 5A-C)	and	there	
were	no	differences	 in	Cx43	distribution	(in	particular,	no	 lateralization	or	redistribution)	
in	 ventricular	 cryosections	 (Figure 5D)	 and	 isolated	myocytes	 (Supplemental Figure 6).	
Protein	 expression	 levels	 of	 other	 intercalated	 disc	 proteins,	 namely	 β-catenin,	 zonula	
occludens-1	(ZO-1),	N-cadherin	and	Cx45,	were	not	different	between	WT	and	CAR+/- hearts 
(Supplemental Figure 7).

Reduced sodium channel availability in CAR+/- mice and cardiomyocytes
Since the cardiac sodium channel protein NaV1.5	is	enriched	in	the	intercalated	disc	region,	
CAR	may	also	impact	on	conduction	by	affecting	sodium	channel	expression	and/or	function.	
Scn5a	mRNA	and	NaV1.5	protein	levels	were	not	different	between	CAR

+/- and WT ventricular 
tissue	(Figure 5A-C),	and	there	were	no	differences	in	NaV1.5	localization	at	the	intercalated	
disc	or	lateral	membrane	(Figure 5D).	Functionally	however,	action	potential	(AP)	upstroke	
velocity	 (dV/dtmax,	 a	 measure	 of	 sodium	 channel	 availability	 under	 near-physiological	
conditions15)	was	altered	in	cardiomyocytes	isolated	from	CAR+/-	hearts	(Figure 6A,B).	On	
average,	 dV/dtmax	was	 ≈15%	 lower	 in	 CAR+/-	myocytes	 as	 compared	 to	WT,	 indicating	 a	
decrease	 in	 functional	 sodium	 channel	 availability	 secondary	 to	 CAR	 haploinsufficiency.	
Resting	 membrane	 potential,	 AP	 amplitude	 and	 AP	 duration	 were	 unchanged	 in	 CAR+/- 
cardiomyocytes	 (Figure 6B).	 In vivo	 acute	 administration	of	 the	 sodium	 channel	 blocker	
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Figure 6Figure 6 | Reduced	sodium	channel	availability	and	decreased	sodium	current	amplitude	at	the	intercalated	
disc	 in	 CAR+/- cardiomyocytes. (A)	 Action	 potentials	 (APs)	 measured	 from	 isolated	 left	 ventricular	
cardiomyocytes	of	WT	and	CAR+/-	hearts	(inset:	dV/dt	of	the	AP	upstroke).	(B)	Average	AP	characteristics.	
Maximal	AP	upstroke	velocity	(dV/dtmax)	was	significantly	lower	in	CAR+/- myocytes as compared to WT 
(*	 p<0.05).	 Resting	membrane	 potential	 (RMP);	 action	 potential	 amplitude	 (APA)	 and	 action	 potential	
duration	at	20,	50	and	90%	of	repolarization	(APD20,	APD50	and	APD90,	respectively)	were	not	different	
between	WT	and	CAR+/-	myocytes. (C,D)	Current-voltage	(I-V)	relationships	show	similar	INa amplitude at the 
lateral	membrane	of	WT	and	CAR+/-	cardiomyocytes (C),	but	reduced	INa	amplitude	in	CAR+/- versus WT at 
the	intercalated	disc	(assesed	by	two-way	RM	ANOVA	followed	by	Holm-Sidak	post-hoc	testing:	p=0.002	for	
overall	effect)	(D).	Asterisks	(*)	denote	membrane	potentials	at	which	INa	amplitude	is	significantly	different	
between	WT	and	CAR+/-.  (E,F)	Average	voltage-dependencies	of	activation	and	inactivation	demonstrate	no	
significant	difference	between	WT	and	CAR+/-	at	the	lateral	membrane	(E)	or	at	the	intercalated	disc	(ID)	(F).
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flecainide	in	anaesthetized	mice	revealed	a	significantly	larger	increase	in	PR-interval	and	
QRS-duration	in	CAR+/-	versus	WT	mice,	underlining	the	functional	relevance	of	the	reduced	
sodium	channel	availability	for	cardiac	conduction	(Supplemental Figure 3C,D).	

CAR	haploinsufficiency	affects	sodium	current	magnitude	specifically	at	the	intercalated	disc
Sodium	channels	are	located	both	at	the	lateral	membrane	and	at	the	intercalated	disc	of	
the cardiomyocyte.16,17	 Since	CAR	 is	 localized	predominantly	 at	 the	 intercalated	disc,	we	
hypothesized	that	CAR	deficiency	affects	sodium	current	(INa)	preferentially	in	this	region.	We	
therefore	investigated	INa	characteristics	at	the	lateral	membrane	and	at	the	intercalated	disc	
of	isolated	CAR+/-	and	WT	ventricular	myocytes	using	the	macropatch	cell-attached	mode	of	
the	patch-clamp	technique,	which	allows	for	regional	assessment	of	INa	amplitude	and	gating	
properties	at	a	physiological	temperature	(36ºC).18	At	the	lateral	membrane,	the	number	of	
functional	sodium	channels	 (INa	amplitude)	was	similar	 in	WT	and	CAR+/- cardiomyocytes, 
(Figure 6C).	However,	a	significant	decrease	 in	 INa	amplitude	at	 the	 intercalated	disc	was	
observed	in	CAR+/-	cardiomyocytes	as	compared	to	WT	(Figure 6D).	Voltage	dependence	of	
INa	activation	and	inactivation	was	not	significantly	different	between	WT	and	CAR+/- at the 
lateral	membrane	or	at	the	intercalated	disc	(Figure 6E,F).	These	findings	indicate	that	CAR	
haploinsufficiency	leads	to	reduced	sodium	channel	availability	secondary	to	a	decreased	
INa amplitude at the ID. 

Physical interaction between NaV1.5and CAR
To	determine	if	CAR	affects	NaV1.5	function	through	a	physical	association,	we	performed	
co-immunoprecipitation	 studies.	 FLAG-tagged	 human	 NaV1.5	 and/or	 human	 CAR	 was	
transiently	overexpressed	in	HEK293	cells,	and	cell	lysates	were	incubated	with	anti-FLAG	
affinity	beads.	Overexpressed	CAR	was	not	 found	 to	precipitate	with	anti-FLAG	beads	 in	
the	absence	of	NaV1.5	(Figure 7).	In	contrast,	immunoblotting	of	eluates	from	HEK293	cells	
overexpressing	both	NaV1.5	and	CAR	revealed	that	CAR	co-precipitates	with	NaV1.5	(Figure 
7),	indicating	a	direct	or	indirect	physical	interaction	between	the	two	proteins.	

Figure 7 | CAR	interacts	with	NaV1.5	
in vitro. The	 left	 panel	 shows	 input	
levels of NaV1.5	and	CAR	in	lysates	of	
HEK293A	cells	over-expressing	FLAG-
tagged	NaV1.5	(lane	1),	CAR	(lane	2),	
or	FLAG-tagged	NaV1.5	together	with	
CAR	 (lane	 3)	 versus	 untransfected	
cells	 (lane	 4).	 The	 right	 panel	
(´eluate´)	shows	levels	of	NaV1.5	and	
CAR	after	elution	from	FLAG-agarose	
beads.	 Neither	 overexpressed	 CAR	
(lane	 2)	 nor	 endogenous	 CAR	 (lane	
4)	precipitated	with	anti-FLAG	beads	
in	 the	 absence	 of	 NaV1.5	 (lanes	 6	
and	 9,	 respectively).	 Eluates	 from	
HEK293	 cells	 overexpressing	 both	
NaV1.5	 and	 CAR	 revealed	 that	 CAR	
co-precipitates	with	NaV1.5	 (lane	8).	
´E´indicates	empty	lane	(lane	7).
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DISCUSSION

Our	current	work	follows	up	on	the	discovery	by	GWAS	of	a	genetic	locus	on	chromosome	
21q21	associated	with	vulnerability	for	VF	in	the	setting	of	acute	MI.4 We demonstrate that 
in	human	cardiac	tissue,	 the	risk	allele	at	 this	 locus	 is	associated	with	decreased	cardiac	
expression of CXADR,	 suggesting	 that	 reduced	 levels	 of	 CAR	 predispose	 to	 VF	 during	
ischemia.	 Reduced	 CAR	 expression	 in	 CAR	 haploinsufficient	 mice	 leads	 to	 ventricular	
conduction	slowing	and	an	earlier	onset	of	inducible	ventricular	arrhythmias	during	acute	
regional	myocardial	 ischemia,	mediated	 (at	 least	 in	part)	 through	a	 reduction	of	 sodium	
current	magnitude	specifically	at	the	intercalated	disc.	Our	findings	thus	establish	CAR	as	a	
novel	modifier	of	cardiac	conduction	and	arrhythmia	vulnerability	in	myocardial	ischemia	
and	 underline	 the	 usefulness	 of	 GWAS	 for	 the	 identification	 of	 novel	 determinants	 of	
complex phenotypes such as arrhythmia.

The rs2824292 SNP at the arrhythmia susceptibility locus on 21q21 is associated with 
reduced cardiac CXADR expression
In	a	recent	GWAS	study,	we	identified	a	susceptibility	locus	for	ventricular	fibrillation	during	a	
first	acute	MI	at	chromosome	21q21.4	The	risk-haplotype	at	this	locus,	tagged	by	rs2824292,	
occurred	at	an	inter-genic	region	and	thus	likely	modulates	risk	for	VF	through	effects	on	
gene	expression.19	Of	the	two	genes	at	this	locus	(CXADR and BTG3),	CXADR appears the most 
biologically	plausible	as	previous	studies	have	demonstrated	its	myocardial	localization	at	
the	intercalated	disc	and	its	modulatory	effect	on	connexin	expression	and	atrio-ventricular	
conduction.9,10	Our	finding	that	carriership	of	the	risk	(G-)	allele	at	rs2824292	is	associated	
with	 reduced	 expression	 of	 the	 CXADR	 gene	 encoding	 CAR	 in	 human	 heart	 samples	
supports	the	proposition	that	the	effect	of	the	21q21	locus	on	ischemia-induced	arrhythmia	
is	mediated	by	CAR	and	suggests	that	decreased	cardiac	levels	of	CAR	predispose	to	VF.	The	
genome-wide	association	study	for	ischemia-induced	VF,	which	identified	the	chr21q21	risk	
locus	is	so	far	the	only	study	for	this	specific	clinical	presentation.	Genetic	studies	on	this	
phenotype	are	hindered	by	the	unavailability	of	large	patient	sets;	indeed	a	study	by	Bugert	
and	co-workers20	 in	a	 small	 case-control	 set	did	not	detect	 the	association	of	 rs2824292	
with	VF.	Thus,	although	the	effect	of	this	variant/haplotype	that	we	here	detect	on	CXADR 
expression	is	in	line	with	our	previous	GWAS	findings,	the	robustness	of	this	signal	must	be	
further	validated	in	future	association	studies	in	larger	patient	sets.

Mechanism(s) of ventricular conduction slowing and arrhythmia vulnerability in CAR+/- 

mice
Conduction	 slowing	 in	 CAR+/-	 hearts	 may	 stem	 from	 altered	 cardiomyocyte	 excitability	
(i.e.	sodium	channel	function),	cell-to-cell	coupling,	tissue	architecture,	and	combinations	
thereof.	We	 found	 no	 evidence	 for	 myocardial	 hypertrophy	 or	 fibrosis	 in	 CAR+/- hearts, 
making	electrical	remodeling	secondary	to	structural	abnormalities	unlikely.	NaV1.5	protein	
levels	were	unchanged	in	CAR+/-	hearts,	but	decreased	AP	upstroke	velocity	was	observed	
in	 CAR+/-	 myocytes.	 Moreover	 prolongation	 of	 ECG	 conduction	 indices	 after	 flecainide	
administration	 was	 more	 pronounced	 in	 CAR+/-	mice,	 further	 underlining	 the	 functional	
relevance	of	the	reduced	sodium	channel	availability	secondary	to	CAR	haploinsufficiency.	
In	cardiac-specific	inducible	CAR	knockout	mice	(i.e.	post-natal	CAR	knockout),	Cx43	protein	
levels	in	ventricular	myocardium	are	reduced	by	approximately	40%.9	Although	we	did	not	
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detect	significant	reduction	in	Cx43	expression	in	CAR+/- hearts, this does not preclude the 
possibility	that	subtle	alterations	in	Cx43	expression	and/or	function	may	be	of	relevance	
for	conduction,	especially	during	perturbed	conditions	such	as	ischemia	as	discussed	below.
Decreased	 membrane	 excitability	 and	 electrical	 uncoupling	 are	 key	 mechanisms	 for	
conduction	 slowing	and	conduction	block	during	 ischemia	and	provide	a	pro-arrhythmic	
substrate	 for	 the	 development	 of	 re-entrant	 ventricular	 arrhythmias.21,22 The ventricular 
conduction	slowing	in	CAR+/-	hearts	likely	exacerbates	conduction	slowing	during	ischemia,	
thereby	contributing	to	arrhythmogenesis	in	this	setting.	The	degree	of	conduction	slowing	
observed	at	baseline	in	CAR+/-	hearts	was	modest	and	not	sufficient	to	facilitate	spontaneous	
or	 induced	ventricular	 arrhythmias.	 Thus,	 in	order	 for	 (re-entrant)	 arrhythmias	 to	occur,	
additional	electrical	and/or	structural	perturbations	appear	necessary,	such	as	intercellular	
uncoupling	or	ischemia.	Infusion	of	carbenoxolone,	a	gap	junctional	uncoupler	which	does	
not	affect	action	potential	characteristics	or	underlying	 ion	currents,14 further decreased 
conduction	velocity	 in	both	the	 longitudinal	and	the	transversal	direction,	and	 increased	
arrhythmia	susceptibility	in	CAR+/-	but	not	in	wild-type	hearts.	Of	note,	carbenoxolone	also	
decreased	conduction	velocity	in	wild-type	hearts,	and	although	the	magnitude	of	the	effects	
of	carbenoxolone	was	similar	in	both	wild-type	and	CAR+/-	hearts,	the	absolute	values	of	both	
CVL	and	CVT	were	lowest	in	CAR+/-	hearts	after	carbenoxolone.	The	concomitant	reduction	
in	 sodium	channel	availability	 in	CAR+/-	hearts	 (but	not	 in	wild-type	hearts)	makes	 these	
hearts	more	susceptible	to	arrhythmias	in	the	presence	of	the	uncoupler	carbenoxolone.	
Interestingly,	an	earlier	onset	of	ventricular	arrhythmias	during	ex vivo	 regional	 ischemia	
was	 also	 observed	 in	 hearts	 from	 Cx43	 haploinsufficient	 mice,23 similar to our current 
observation	in	CAR+/-	hearts.	As	carbenoxolone	infusion	is	arrhythmogenic	in	CAR+/- mice, 
subtle	alterations	in	gap	junction	proteins	(undetected	in	our	study)	may	contribute	to	the	
observed	ischemia-induced	proarrhythmia	in	CAR+/- hearts. On the other hand, arrhythmias 
in	the	early	phase	of	ischemia	are	predominantly	associated	with	conduction	delay	(which	
can	facilitate	reentry)	secondary	to	decreased	membrane	excitability	in	depolarized	tissue.	
Thus,	reduced	sodium	channel	availability	secondary	to	decreased	INa	(as	demonstrated	in	
CAR+/-	myocytes)	may	also	contribute	to	increased	arrhythmia	susceptibility.	
Several	animal	models	have	been	developed	to	study	CAR.	Of	these	the	complete	(germline)	
constitutive	knockout	results	 in	early	embryonic	 lethality	characterized	by	severe	cardiac	
morphologic	defects,23,24	cardiac-specific	knockout	(CAR-cKO)	mice	develop	cardiomyopathy	
and/or	 atrio-ventricular	 conduction	 disturbance10	 and	 the	 cardiac-specific	 inducible	
knockout	develops	progressive	atrio-ventricular	block.9	We	chose	to	investigate	the	effects	
of	CAR	in	heterozygous	knockout	mice	in	order	to	assess	the	impact	of	a	less	drastic	reduction	
in	CAR	in	the	absence	of	remodeling,	which	may	better	reflect	the	variability	in	CAR	levels	
occurring	in	human	health	and	disease.	Our	observation	that	CAR	haploinsufficiency	results	
in	ventricular	conduction	slowing	appears	 in	contrast	with	findings	 in	CAR-cKO	hearts,	 in	
which	atrio-ventricular	conduction	was	abnormal	whereas	ventricular	conduction	velocities	
remained	 unaffected.10	 However,	 this	 discrepancy	 may	 be	 attributed	 to	 differences	 in	
measuring	techniques,	targeting	strategies	or	genetic	backgrounds.26 

CAR affects cardiac sodium channels at the intercalated disc
CAR	 is	a	cell	adhesion	molecule	with	multiple	binding	partners,	 including	the	scaffolding	
protein	ZO-1	which	in	turn	interacts	with	Cx43.8,27	Sodium	channels	interact	with	Cx43	and	
are	 regulated	 by	 cell	 adhesion	 molecules,	 including	 the	 sodium	 channel	 β-subunit	 and	
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ankyrin-G.28,29	Thus,	CAR	may	exert	its	effects	on	sodium	channel	availability	by	both	direct	
and	indirect	mechanisms,	which	are	likely	not	mutually	exclusive.	Crucially,	INa	was	reduced	
at	the	intercalated	disc	of	CAR+/-	myocytes,	whereas	INa at	the	lateral	myocyte	membrane	
was	unaffected.	 Since	 sodium	 channels	 at	 the	 intercalated	disc	 are	 considered	 essential	
for	proper	conduction,16 a decrease in INa	in	this	region	is	likely	to	impair	function.	Indeed,	
our	findings	demonstrate	that	a	relatively	modest	reduction	in	INa at the intercalated disc 
is	sufficient	for	sodium	channel	availability	to	be	decreased.	Moreover,	we	found	that	CAR	
interacts	with	NaV1.5	in vitro,	suggesting	that	CAR	affects	sodium	channel	function	through	
a	physical	interaction	with	NaV1.5.	The	observation	that	CAR	impacts	on	INa	specifically	at	
the	 intercalated	disc	 is	 in	 line	with	 the	emerging	 concept	 that	 cross-talk	 exists	between	
structural	and	electrical	components	within	the	intercalated	disc	region.30–32 

Study limitations
Extrapolation	 from	studies	with	animal	models	 to	humans	should	be	done	with	caution.	
We	have	shown	increased	arrhythmia	inducibility	in	CAR+/-	hearts	after	carbenoxolone	and	
earlier	onset	of	arrhythmia	inducibility	in	CAR+/-	hearts	after	LAD	ligation	but	did	not	observe	
spontaneous	arrhythmias	 in	 these	settings.	Arrhythmia-inducing	triggers	 in	patients	with	
ischemia-induced	arrhythmias	may	not	be	present	in	our	model	and	vice	versa,	and	patients	
may	differentially	compensate	CAR	deficiency.
Despite	 the	 observed	 CAR-dependent	 differences	 in	 AP	 upstroke	 velocity	 and	 INa at the 
intercalated	 disk,	 we	 did	 not	 detect	 changes	 in	 NaV1.5	 protein.	 Nevertheless,	 small	 yet	
functionally	relevant	differences	in	amount	and/or	localization	of	NaV1.5	may	be	present,	
albeit	below	the	detection	limit	of	our	Western	blot	and	immunohistochemistry	assays.

Potential clinical implications
Our	 expression	 studies	 in	 human	 heart	 combined	 with	 electrophysiological	 studies	
in	 CAR+/-	 mice	 establish	 a	 novel	 role	 for	 CAR	 in	 mediating	 ventricular	 conduction	 and	
arrhythmogenesis	 during	 conditions	 such	 as	 gap	 junctional	 uncoupling	 or	 myocardial	
ischemia.	CAR	may	have	similar	modulatory	effects	on	cardiac	electrical	activity	 in	other	
pathophysiological	 conditions	 including	 dilated	 cardiomyopathy	 and	 myocarditis,	 which	
require	further	investigation.	The	regulatory	effects	of	CAR	on	sodium	channel	availability	
and	cardiac	conduction	provide	additional	insight	into	the	complex	mechanisms	underlying	
arrhythmogenesis	 during	 myocardial	 ischemia.	 Furthermore,	 genetic	 determinants	 of	
arrhythmia	susceptibility	during	myocardial	ischemia	(such	as	CAR)	may	constitute	future	
targets	for	risk	stratification	and	prevention	of	potentially	lethal	ventricular	arrhythmias	in	
patients	with	coronary	artery	disease.	
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SUPPLEMENTAL METHODS

Human heart genotype-expression analysis
All	 samples	 originated	 from	 individuals	 of	 European	 descent	 and	were	 collected	 at	 four	 centers,	
respectively	 in	 Szeged	 (Hungary),	 Sydney,	 (Australia),	 Miami	 and	 Vanderbilt	 (USA).	 Investigations	
using	the	human	ventricular	samples	conformed	to	the	principles	outlined	in	the	Helsinki	Declaration	
of	 the	World	Medical	Association.	 Procurement	 and	handling	of	 the	human	 cardiac	material	was	
approved	by	 the	Ethical	Review	Boards	of	each	of	 the	 four	centers.	The	human	ventricular	tissue	
samples	used	for	the	genotype-expression	analyses	were	obtained	from	hearts	explanted	for	cardiac	
transplantation	 purposes.	 These	 non-diseased	 hearts	 of	 unrelated	 organ	 donors	 were	 explanted	
and	 either	 used	 to	 obtain	 pulmonary	 and	 aortic	 valves	 for	 transplant	 surgery,	 or	 not	 used	 for	
transplantation	for	logistical	reasons.	
Samples	were	flash-frozen	and	stored	in	 liquid	nitrogen.	DNA	and	RNA	were	isolated	from	cardiac	
tissue	following	standard	protocols.	Genotype	at	rs2824292	was	determined	by	means	of	a	Taqman	
assay	(Applied	Biosystems).	In	total,	left	ventricular	samples	from	129	hearts	were	studied	with	the	
following	distribution	of	 (rs2824292)	 genotype	at	 the	 chr21q21	 locus:	AA	 (n=31),	AG	 (n=71),	 and	
GG	 (n=27).	 cDNA	 was	 prepared	 using	 Oligo-dT	 and	 Thermoscript	 First-Strand	 Synthesis	 System	
(Invitrogen)	 and	 used	 for	 real-time	 quantitative	 PCR	 (qRT-qPCR)	 for	 determination	 of	CXADR and 
BTG3	 transcript	 levels	 using	 the	 following	 primer	 sets:	CXADR:	 F,	 5’	 ATTCATCCCTGGGGTCCATG	 3’,	
and	R,	5’	ATCAGTCTT	GTAAGGGTACTTGAA	3’;	BTG3:	F,	5’.	CCAGGGCCCTTGATAAGGTTAC	3’,	and	R,	5’	
GGTGCCACATTGGAAGAGGTG	3’.	All	qRT-PCR	assays	were	performed	in	triplicate.	Expression	values	
were	normalized	by	dividing	by	the	geometric	mean	of	HPRT	and	cTNI	expression	values	(1).	For	each	
set	of	triplicates	the	mean,	standard	deviation,	and	the	coefficient	of	variation	were	calculated.	Sets	
with	a	coefficient	of	variation	higher	than	0.20	were	left	out	of	the	analysis,	as	previously	described	
(2),	leaving	a	total	of	87	sets	for	eQTL	analysis	for	CXADR, and 70 sets for BTG3.	The	correlation	of	
rs2824292	with	CXADR or BTG3	 transcript	 levels	was	 tested	using	 linear	modeling,	 taking	gender,	
age	 and	 center	 of	 origin	 as	 covariates,	 and	 using	 an	 additive	 and	 a	 dominant	 genetic	model.	 All	
calculations	were	performed	in	the	statistical	programming	language	R	version	2.15.1.

Animal care and breeding
All	 experiments	 involving	 animals	 were	 performed	 according	 to	 governmental	 and	 institutional	
guidelines	 for	 animal	 use	 in	 research	 and	 have	 been	 approved	 by	 the	 local	 German	 and	 Dutch	
authorities,	 respectively	 (LaGeSo	 Berlin,	 Germany	 and	 Animal	 Experimental	 Committee	 of	 the	
Academic	Medical	Center,	University	of	Amsterdam,	the	Netherlands).
Timed	matings	were	set	up	in	the	afternoon	and	the	morning	of	detecting	a	vaginal	plug	was	regarded	
as	day	0.5	post	conception	(E0.5	or	0.5	d.p.c).	Pregnant	mice	were	killed	at	the	indicated	stages	of	
development.

Generation of CAR+/- mice 
Cxadr-floxed	mice	have	been	described	previously	(3).	CAR+/-	mice	were	generated	at	the	Max	Delbrück	
Center	(Berlin,	Germany)	as	follows:	the	floxed	allele	was	converted	to	an	allele	deficient	in	the	ATG	
containing	Exon	1	using	germline	expression	of	the	cre	recombinase	(Figure 2A).	The	Cre	transgene	
(Protamine-Cre,	The	Jackson	Laboratory)	was	removed	by	breeding	to	C57bl/6	wildtype	animals.	A	
mouse	colony	was	established	through	heterozygous/heterozygous	breedings.	The	loss	of	CAR	was	
validated	by	PCR,	Southern	blot,	qRT-PCR,	and	Western	blot	(Figure 2 B-E).	Genotyping	of	the	mice	
was	performed	by	PCR	as	described	previously.	Using	primers	P1f	5’CCATGCACAGGGTGATCTG3’,	P1r	
5’TGAGACTAAAAACCAGCAGCTTC3’	and	P2f	5’AACCTAGCCATTCAAAAAGAAGG3’,	a	419	bp	product	for	
the	wild	type	allele	(WT)	and	a	251	bp	band	for	the	recombined	allele	(Rec)	was	amplified.	

Surface ECG analysis
Mice	were	anesthetized	using	isoflurane	inhalation	(0.8–1.0%	volume	in	oxygen)	and	surface	ECGs	
were	recorded	and	analyzed	using	the	Powerlab	acquisition	system	and	ChartPro	analysis	software,	
as	previously	described	(4).	 In	a	subset	of	mice,	ECGs	were	measured	continuously	before	and	10	
minutes	after	i.p.	administration	of	the	sodium	channel	blocker	flecainide	(20	mg/kg	bodyweight).
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Isolated hearts
Epicardial mapping.	 Epicardial	 mapping	 experiments	 were	 performed	 as	 previously	

described	(4).	A	247-point	electrode	was	placed	on	the	left	ventricular	(LV)	epicardial	surface,	and	
hearts	were	stimulated	from	the	center	of	the	electrode.	Effective	refractory	period	(ERP)	was	defined	
as	the	shortest	coupled	interval	that	activated	the	heart.
 Conduction velocity measurements.	Local	activation	was	defined	as	the	maximum	negative	
slope	(maximal	-dV/dt	of	the	extracellular	electrogram,	which	corresponds	to	the	maximum	positive	
slope	of	the	action	potential)	of	the	electrogram	and	determined	using	the	custom	written	software	
MapLab	(5).	Local	activation	times,	measured	between	the	stimulus	artifact	and	the	maximal	-dV/
dt,	 were	 used	 to	 construct	 ventricular	 activation	 maps.	 To	 calculate	 conduction	 velocity	 (CV)	 in	
longitudinal	(CVL)	and	transversal	(CVT)	directions,	the	difference	in	activation	time	between	at	least	
three	electrode	terminals	parallel	(CVL)	or	perpendicular	(CVT)	to	the	fiber	direction	as	evidenced	by	
the	activation	pattern	(6).	

Arrhythmia inducibility.	Programmed	stimulation	was	performed	by	applying	16	extrastimuli	
(S1)	at	a	basic	cycle	length	(BCL)	of	120	ms	followed	by	up	to	3	extrastimuli	(S2-S3-S4)	with	progressively	
shortened	coupling	intervals	until	the	ERP	of	each	premature	beat.	Next,	36	S1	were	applied	followed	
by	40	 shortly	 coupled	 stimuli.	Arrhythmia	 inducibility	was	 tested	at	baseline,	 after	25	minutes	of	
carbenoxolone	(CBX)	infusion	and	after	30	minutes	of	washout,	and	at	baseline	and	approximately	
every	 5	minutes	 after	 ligation	 of	 the	 left	 anterior	 descending	 (LAD)	 artery.	 Carbenoxolone	 (5μM;	
C4790,	 Sigma-Aldrich)	 does	 not	 affect	 action	 potential	 characteristics	 or	 underlying	 ion	 currents	
and	has	minimal	vasoconstrictive	effects	(7,8).	In	the	regional	ischemia	experiments,	the	heart	was	
stimulated	 from	 the	 non-ischemic	 right	 ventricular	 myocardium.	 Observed	 induced	 arrhythmias	
included	extrasystoles	 (at	 least	3	consecutive),	non-sustained	ventricular	tachycardia	(VT;	duration	
<3	sec),	and	sustained	VT	(duration	>3	sec).	Reproducibility	of	arrhythmias	was	tested	by	repeated	
stimulation	(at	least	twice)	at	the	same	cycle	length	at	which	the	arrhythmia	was	provoked.	

Regional myocardial ischemia.	A	7-0	suture	was	used	to	ensnare	the	left	anterior	descending	
(LAD)	coronary	artery	just	below	the	left	atrial	appendix.	The	multi-electrode	grid	(see	above)	was	
placed	on	the	interventricular	sulcus	covering	the	epicardium	of	the	prospectively	ischemic	left	(LV)	
and	of	the	nonischemic	right	ventricle	(RV).	After	a	15	min	equilibration	period	and	assessment	of	RV-
ERP	and	arrhythmia	inducibility,	the	LAD	was	occluded	for	60	minutes	by	tightening	the	ligature.	Sham	
hearts	underwent	the	same	procedure	without	closure	of	the	LAD.	After	the	ischemia	experiment,	1%	
Evans	blue	dye	(EBD;	E2129,	Sigma-Aldrich)	was	retrogradely	infused	into	the	aortic	root.	The	heart	
was	then	stored	at	-20	ºC	for	15	minutes,	sliced	into	5-6	parallel	short-axis	sections	of	~5-7	mm	width	
and	fixed	in	4%	paraformaldehyde	(PFA).	Slices	were	photographed	and	the	ischemic	zone	size	(IZS,	
EBD	unstained	region)	and	total	area	(LV	free	wall	and	septum)	for	each	slice	were	determined	by	
planimetry	using	Image	J.	The	ischemic	zone	size	was	calculated	by	dividing	the	sum	of	the	IZS	by	the	
sum of the total surface area of all slices. 

Immunoblot
Samples	of	 left	 ventricular	tissue	were	used	 for	 harvesting	protein	 for	Western	blot	 as	 described	
previously	 (9).	Densitometrical	analysis	was	performed	using	AIDA	densitometry	analysis	software	
(Raytest).	 Blots	 of	 calnexin	were	 performed	 to	 normalize	 loading	 of	 lanes,	 using	 the	 same	 PVDF	
membrane.

Membrane isolation.	Left	ventricular	tissue	was	homogenized	by	a	polytron	in	ice-cold	lysis	
buffer	(containing	5	mmol/L	Tris-HCl	pH	7.5,	2	mmol/L	EDTA)	supplemented	with	a	protease	inhibitor	
cocktail	tablet	(Complete	Mini,	Roche	Diagnostics)	and	then	centrifuged	at	2200	rpm	at	4ºC	to	remove	
cellular	debris.	An	aliquot	of	the	supernatant	(whole	cell	lysate)	was	kept	for	immunoblotting	and	the	
remainder	was	centrifuged	at	14,000	rpm	for	30	minutes.	The	pellet	containing	the	total	membrane	
fraction	was	resuspended	in	resuspension	buffer	(containing	75	mmol/L	Tris-HCl	pH	7.5,	5	mmol/L	
EDTA,	 12.5	mmol/L	MgCl2	 and	protease	 inhibitor	 cocktail)	 supplemented	with	0.1%	Triton	X-100.	
Protein	concentrations	were	determined	by	the	DC™	(detergent-compatible)	colorimetric	assay	kit	
(500-0111,	Bio-Rad).	

Western blot.	Samples	(50	μg	total	protein)	of	both	whole	cell	lysates	and	total	membrane	
fractions	in	Laemmli	buffer	were	loaded	on	8%	and	12%	SDS-PAGE	gel,	followed	by	standard	Western	
blotting	(Bio-Rad	Criterion	system,	PVDF	membrane).	Blots	were	 incubated	with	primary	antibody	
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overnight	 at	 4°C.	 Immuno-reactive	 bands	were	 stained	with	 ECL	 reagents	 (Amersham	 Pharmacia	
Biotech)	according	to	the	manufacturer’s	instructions.

Co-immunoprecipitation
Human	 embryonic	 kidney	 (HEK293A)	 cells	 were	 transiently	 transfected	 with	 FLAG-tagged	 SCN5A 
cDNA	(kind	gift	from	Dr.	D.	Roden,	Vanderbilt	University	School	of	Medicine,	Nashville,	USA)	with	or	
without	CXADR	cDNA	(Origene	Technologies)	subcloned	into	the	pcDNA3.1	vector.	(Co-)transfected	
HEK293	cells	were	 lysed	 in	 ice-cold	 lysis	buffer	 (0.1%	Triton	 in	PBS)	containing	protease	 inhibitors	
(Complete	Mini,	Roche).	Protein	lysates	were	sonicated	by	means	of	Sonics	Vibracell,	Sonicator	VCX-
130.	Unsoluble	components	were	removed	by	centrifugation.	300	μg	lysate	protein	was	incubated	
overnight	at	4°C	with	anti-FLAG	M2	affinity	agarose	beads	(Sigma).	Aliquots	of	the	protein	 lysates	
were	maintained	as	input	control.	Beads	were	washed	three	times	with	lysis	buffer	and	the	bound	
protein	complexes	were	eluted	with	100	mM	glycine	pH	2.5.	Protein	eluates	were	concentrated	with	
1/10	 volume	of	 100%	 trichloroacetic	 acid	 (TCA)	 and	pellets	were	 resuspended	 in	 Laemmli	 buffer.	
Input	samples	and	eluates	were	analysed	using	standard	Western	blotting	(primary	antibodies:	anti-
FLAG	M2	mouse	monoclonal	antibody	(Stratagene)	and	CAR	(H-300)	rabbit	polyclonal	antibody	(Santa	
Cruz),	secondary	antibody:	horseradish	peroxidase-conjugated	against	mouse	and	rabbit	(NA9310	&	
NA9340	GE-health	sciences)).	Protein	bands	were	detected	with	ECL	Prime	Western	blotting	detection	
reagent	 (Amersham)	and	visualized	by	means	of	a	digital	 image	analyzer	 (LAS-4000	Lite,	Fujifilm).	
Three	independent	experiments	were	carried	out	to	validate	the	found	interaction.

Immunostaining
Whole-mount	embryos	for	immunohistology	were	fixed	o/n	in	freshly	prepared	4%	PFA	in	PBS,	pH	
7.4	at	4°C.	Four-chamber	view	cryosections	(7	μm)	of	adult	hearts	were	mounted	on	glass	slides	and	
permeabilized	for	1	hour	in	0.2%	Triton	X-100	in	PBS.	Isolated	adult	LV	cardiomyocytes	(see	below)	
were	allowed	to	attach	to	laminin-coated	coverslips	and	permeabilized	for	1	hour	in	0.1%	Triton	X-100	
in	PBS.	Next,	sections	and	myocytes	were	blocked	in	2%	BSA/PBS	for	30	minutes,	and	incubated	with	
primary	antibody	(10%	heat-inactivated	normal	goat	serum	(NGS)/PBS)	overnight.	Slides	were	then	
washed	three	times	 in	PBS,	blocked	 in	2%	BSA/PBS	for	30	minutes	and	 incubated	with	secondary	
antibody	in	10%	NGS/PBS	for	90	minutes.	Slides	were	washed	three	times	with	PBS	and	stained	with	
the	nuclear	stain	Topro	(1:500,	Invitrogen).	After	staining,	confocal	imaging	was	performed	using	a	
confocal	laser	scanning	microscope	(BioRad	MRC1024)	equipped	with	a	15	mW	Krypton/Argon	laser,	
using	the	532	and	488	excitation	lines	and	605DF32	and	522DF35	emission	filters.

Antibodies
Supplemental Table 2	 shows	 the	 primary	 antibodies	 used.	 Horseradish	 peroxidase-coupled	 anti-
rabbit	and	anti-mouse	secondary	antibody	(1:5000,	ECL	Mouse	IgG,	HRP-Linked,	NA9310;	ECL	Rabbit	
IgG,	HRP-Linked,	NA9340,	Ge	Healthcare	Life	Sciences)	were	used.	For	 immunohistochemistry	and	
–cytochemistry,	 fluorescent-conjugated	 goat	 anti-rabbit	 Alexa	 Fluor	 488	 and	 532	 (1:250,	 A11008,	
A11009	Invitrogen)	and	goat	anti-mouse	Alexa	Fluor	488	and	532	(1:250,	A11017,	A11002,	Invitrogen)	
were	used.

Quantitative RT-PCR
Samples	of	left	ventricular	tissue	from	WT	and	CAR+/-	hearts	were	used	to	isolate	total	RNA	with	Trizol	
(Invitrogen).	RNA	was	then	purified	with	the	RNeasy	Mini	kit	(QIAGEN)	and	cDNA	was	synthesized	
using	Thermoscript	First-Strand	Synthesis	System	(Invitrogen).	Real	time	PCR	was	performed	using	
predesigned	 fluorogenic	 TaqMan	 primers	 and	 probes	 for	 Scn5a	 (Applied	 Biosystems)	 and	Gapdh 
(BioTez	GmbH,	Berlin,	Germany)	as	described	previously	(10).	

Histology
Four-chamber	 view	 cryosections	 (7	 μm)	 of	 hearts	 from	 adult	micewere	mounted	 on	 glass	 slides,	
post-fixed	in	4%	PFA,	and	stained	with	routine	hematoxylin-eosin	(H&E)	stain	and	picosirius	red	for	
assessment	of	fibrosis.	Whole	mount	embryos	were	processed	through	a	series	of	increasing	graded	
alcohol	concentrations	from	70-100%	followed	by	Xylol.	Embryos	were	embedded	and	5μm	sections	
were	cut	on	the	microtome	HM355S	(MICROM).	Up	to	6	sections	were	placed	on	3-aminopropyl-
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triethoxysilane	 (APTEX)	 coated	 slides	 and	 stored	 at	 RT.	 After	 washing	 with	 Xylol,	 sections	 were	
rehydrated	for	H&E	staining.	After	incubation	with	20%	Mayer’s	haemalaun	solution	(Merck)	sections	
were	developed	under	the	running	tap	water	and	counterstained	with	1%	eosin	solution.	For	PAS	
staining	 rehydrated	 sections	 were	 placed	 into	 1%	 periodic	 acid	 and	 rinsed	 with	 distilled	 water,	
transferred	 into	 Schiff’s	 reagent.	 After	 washing	 with	 tap-water,	 slides	 were	 counterstained	 with	
Mayer’s	hemalum	and	developed	with	tap	water.	For	trichrome	staining	paraffin	embedded	slides	
were	deparaffinized,	 rehydrated,	 and	fixed	with	Bouins	 solution.	After	 rinsing	 and	washing	nuclei	
were	stained	in	Weigerts	haematoxylin,	developed	under	running	water,	and	stained	with	Biebrich-
Scarlet-Acid	fuchsin.	After	rinsing	with	ddH2O,	slides	were	put	in	phosphotungstic/phosphomolybdic	
acid	solution	and	transferred	directly	 into	aniline	blue	for	collagen	staining.	Sections	were	fixed	in	
1%	 acetic	 acid.	 After	 staining	with	H&E,	 PAS,	 or	 Trichrime,	 sections	were	 dehydrated	 through	 an	
increasing	 alcohol	 series,	 cleared	with	 Xylol,	 and	mounted	with	 canada	balsam	 (Merck).	Multiple	
serial	sections	were	analyzed	for	each	developmental	stage	and	genotype	on	a	CK30	microscope	with	
bright	field	(Olympus).

Electron microscopy
Mice	were	perfused	with	4	%	 formaldehyde	/	1.25	%	glutaraldehyde	 in	0.08	M	phosphate	buffer.	
Mouse	hearts	were	harvested	and	kept	 in	4%	PFA	 in	Phosphate-buffer.	Left	ventricular	tissue	was	
post-fixed	with	2.5%	Glutaraldehyde	 in	Phosphate-buffer	overnight.	Tissue	was	 then	washed	with	
cacodylate-buffer	and	dehydrated	in	a	graded	ethanol	series.	Tissues	were	embedded	in	Poly/BedR 
812	 (Polysciences,	 Inc.,	Eppelheim,	Germany).	Ultrathin	sections	were	stained	with	uranyl	acetate	
and	lead	citrate	and	examined	with	a	FEI	Morgagni	electron	microscope.	Digital	images	were	taken	
with	a	Morada	CCD	camera	and	the	iTEM	software	(Olympus	Soft	Imaging	Solutions	GmbH,	Münster,	
Germany).

Cellular electrophysiology
Isolation of cardiomyocytes.	 Excised	mouse	 hearts	were	 first	 perfused	 in	 a	 Langendorff	

system	for	15	minutes	with	oxygenated	perfusion	buffer	(37ºC)	containing	(in	mmol/l):	NaCl	146.5,	
KHCO3	 3.3,	 NaHCO3	 1.0,	 KH2PO4	 1.1,	 CaCl2	 0.01,	MgCl2	 1.9,	 glucose	 11.1	 and	HEPES	 16.8;	 pH	 7.3	
(NaOH).	Next,	the	heart	was	perfused	for	15	minutes	with	a	nominally	Ca2+-free	(10	µM	Ca2+)	buffer	
supplemented	with	10.7	mM	creatine	for	15	minutes	after	which	the	enzymes	trypsin	(1	μl/mL	of	
2.5%	solution,	T6567,	Sigma)	and	Liberase	(0.04	mg/mL,	05401127001,	Roche)	were	added	to	the	
nominally	Ca2+-free	buffer	for	5-10	minutes.	Subsequently,	atria	and	the	RV	free	wall	were	removed	
and	LV	digested	tissue	was	gently	triturated	in	the	nominally	Ca2+-free	enzyme	solution	supplemented	
with	serum	albumin	(BSA,	50	mg/mL)	to	obtain	single	cells.	The	isolated	cells	were	washed	twice	in	
the	nominally	Ca2+-free	solution	to	eliminate	enzymes	and	albumin,	and	twice	in	CaCl2	containing-
perfusion	buffer.	Cells	were	used	within	4h	after	cell	isolation.	

Data acquisition and analysis.	Action	potentials	(APs)	and	INa	were	recorded	at	36ºC	with	
the	amphotericin-B-perforated	and	the	macropatch	cell-attached	mode	of	patch-clamp	technique,	
respectively,	using	an	Axopatch	200B	Clamp	amplifier	(Molecular	Devices,	Union	City,	CA).	Voltage	
control,	data	acquisition,	and	analysis	were	accomplished	using	custom	software.	 INa	was	 low-pass	
filtered	 (10	 kHz)	 and	 digitized	 (30	 kHz),	 while	 APs	 were	 filtered	 and	 digitized	 at	 10	 and	 40	 kHz,	
respectively.	

AP measurements.	Quiescent,	rod-shaped	single	cells	with	clear	cross-striations	and	smooth	
surface	were	selected	for	AP	measurements.	The	extracellular	solution	consisted	of	normal	Tyrode’s	
solution	containing	(in	mmol/l):	NaCl	140,	KCl	5.4,	CaCl2	1.8,	MgCl2	1.0,	glucose	5.5,	and	HEPES	5.0,	
pH	7.4	(NaOH).	Pipettes	(1.8–2.4	MΩΩ)	were	filled	with	(in	mmol/l):	K-gluconate	125,	KCl	20,	NaCl	
10,	amphotericin-B	0.22,	HEPES	10,	pH	7.2	(KOH).	APs	were	elicited	at	4	Hz	by	3-ms,	1.5*threshold	
current	pulses	 through	 the	patch	pipette.	We	analyzed	resting	membrane	potential	 (RMP),	action	
potential	amplitude	(APA),	maximal	upstroke	velocity	 (dV/dtmax)	and	AP	duration	(APD)	at	20,	50	
and	90%	repolarization	(APD20,	APD50,	and	APD90,	respectively).	Data	from	10	consecutive	APs	were	
averaged	and	the	RMP	was	corrected	for	liquid	junction	potential.	

INa measurements. INa	were	 recorded	with	 the	macropatch	 cell-attached	mode	of	 patch-
clamp	technique.	Both	superfusion	and	pipette	solutions	were	Tyrode’s	solution,	except	that	all	Na+ 
was	replaced	by	K+	in	the	superfusion	solution.	The	high	K+	Tyrode’s	solution	will	result	in	membrane	
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potentials	of	around	0	mV	and	the	pipette	command	potentials	were	relative	to	this	potential.	The	
advantage	of	this	approach	is	that	the	exact	membrane	potential	 is	known.	INa	was	defined	as	the	
difference	between	peak	current	and	the	current	at	the	end	of	the	voltage	step.	Absolute	current	
magnitude	measurements	were	not	translated	into	current	density	per	unit	of	capacitance	for	reasons	
as	described	in	detail	by	Lin	and	co-workers	(11).	Briefly,	measurements	of	membrane	capacitance	
within	small	areas	(such	as	the	ID)	are	very	sensitive	to	variations	introduced	by	electrode	capacitance	
and	therefore	we	did	not	correct	currents	for	membrane	capacitance	and	measured	at	least	11	cells	
independently.

For	the	voltage-dependence	of	activation	curve,	normalized	peak	conductance	was	plotted	
as	a	function	of	membrane	voltage.	To	determine	INa	activation	characteristics,	current-voltage	curves	
were	corrected	for	changes	in	driving	force,	normalized	to	maximum	peak	current,	and	fitted	with	a	
Boltzmann	distribution	curve	(see	below)	to	determine	V1/2	(membrane	potential	for	half-maximal	
(in)activation)	and	the	slope	factor	k.	For	the	steady-state	inactivation,	peak	INa	were	normalized	to	
maximum	values	and	plotted	as	a	function	of	the	voltage	of	the	conditioning	step.	Voltage-dependence	
of	(in)activation	was	determined	by	fitting	a	Boltzmann	function	I/Imax=A/{1.0+exp[(V1/2–V)/k]}	to	
determine	the	half-maximum	(in)activation	voltage	(V1/2)	and	slope	factor	(k).

SUPPLEMENTAL REFERENCES

1.		 Vandesompele	J,	De	Preter	K,	Pattyn	F,	Poppe	B,	Van	Roy	N,	De	Paepe	A,	Speleman	F.	Accurate	normalization	
of	real-time	quantitative	RT-PCR	data	by	geometric	averaging	of	multiple	internal	control	genes.	Genome	Biol. 
2002;3:RESEARCH0034.	

2.		 Schmittgen	 TD,	 Zakrajsek	 BA,	Mills	 AG,	 Gorn	 V,	 Singer	MJ,	 Reed	MW.	 Quantitative	 reverse	 transcription-
polymerase	 chain	 reaction	 to	 study	 mRNA	 decay:	 comparison	 of	 endpoint	 and	 real-time	 methods.	 Anal 
Biochem.	2000;285:194–204.	

3.		 Shi	Y,	Chen	C,	Lisewski	U,	Wrackmeyer	U,	Radke	M,	Westermann	D,	Sauter	M,	Tschöpe	C,	Poller	W,	Klingel	K,	
Gotthardt	M.	Cardiac	deletion	of	the	Coxsackievirus-adenovirus	receptor	abolishes	Coxsackievirus	B3	infection	
and	prevents	myocarditis	in	vivo.	J Am Coll Cardiol.	2009;53:1219–26.	

4.		 Remme	CA,	Verkerk	AO,	Nuyens	D,	van	Ginneken	ACG,	van	Brunschot	S,	Belterman	CNW,	Wilders	R,	van	Roon	
MA,	Tan	HL,	Wilde	AAM,	Carmeliet	P,	de	Bakker	JMT,	Veldkamp	MW,	Bezzina	CR.	Overlap	syndrome	of	cardiac	
sodium	 channel	 disease	 in	mice	 carrying	 the	 equivalent	mutation	of	 human	 SCN5A-1795insD.	Circulation. 
2006;114:2584–94.	

5.		 Potse	M,	Linnenbank	AC,	Grimbergen	CA.	Software	design	for	analysis	of	multichannel	intracardial	and	body	
surface	electrocardiograms.	Comput Methods Programs Biomed.	2002;69:225–36.	

6.		 Kléber	AG,	Riegger	CB,	Janse	MJ.	Electrical	uncoupling	and	increase	of	extracellular	resistance	after	induction	
of	ischemia	in	isolated,	arterially	perfused	rabbit	papillary	muscle.	Circ Res.	1987;61:271–9.	

7.		 De	Groot	 JR,	Veenstra	T,	Verkerk	AO,	Wilders	R,	Smits	 JPP,	Wilms-Schopman	FJG,	Wiegerinck	RF,	Bourier	 J,	
Belterman	CNW,	Coronel	R,	Verheijck	EE.	Conduction	slowing	by	the	gap	junctional	uncoupler	carbenoxolone.	
Cardiovasc Res.	2003;60:288–97.	

8.		 Ullian	 ME,	 Hazen-Martin	 DJ,	 Walsh	 LG,	 Davda	 RK,	 Egan	 BM.	 Carbenoxolone	 damages	 endothelium	 and	
enhances	vasoconstrictor	action	in	aortic	rings.	Hypertension.	1996;27:1346–52.	

9.		 Remme	CA,	Scicluna	BP,	Verkerk	AO,	Amin	AS,	van	Brunschot	S,	Beekman	L,	Deneer	VHM,	Chevalier	C,	Oyama	
F,	Miyazaki	H,	Nukina	N,	Wilders	R,	Escande	D,	Houlgatte	R,	Wilde	AAM,	Tan	HL,	Veldkamp	MW,	de	Bakker	JMT,	
Bezzina	CR.	Genetically	determined	differences	in	sodium	current	characteristics	modulate	conduction	disease	
severity	in	mice	with	cardiac	sodium	channelopathy.	Circ Res.	2009;104:1283–92.	

10.		 Lisewski	U,	Shi	Y,	Wrackmeyer	U,	Fischer	R,	Chen	C,	Schirdewan	A,	Jüttner	R,	Rathjen	F,	Poller	W,	Radke	MH,	
Gotthardt	M.	The	tight	junction	protein	CAR	regulates	cardiac	conduction	and	cell-cell	communication.	J Exp 
Med.	2008;205:2369–79.	

11.		 Lin	X,	 Liu	N,	 Lu	 J,	 Zhang	 J,	Anumonwo	 JMB,	 Isom	LL,	 Fishman	GI,	Delmar	M.	 Subcellular	 heterogeneity	of	
sodium	current	properties	in	adult	cardiac	ventricular	myocytes.	Hear Rhythm.	2011;8:1923–30.



 208 |  CHAPTER 09

D.p.c. CAR+/+ CAR+/- CAR-/-

E9.5 77	(21.3%) 194	(53.7%) 90	(24.9%)

E10.5 123	(28.6%) 227	(52.8%) 80	(18.6%)

E11.5 75	(34.9%) 106	(49.3%) 34	(15.8%)

E12.5 13	(26.5%) 36	(73.5%) 0	(0%)

SUPPLEMENTAL TABLES

Supplemental table 1 | Viability	of	CAR+/+,	CAR+/-	and	CAR-/-	embryos

d.p.c.	Days	post	coitum.	Numbers	(percentages).

Supplemental table 2 |	Primary	antibodies

Cat	#,	catalog	number;	WB,	Western	blot;	IH,	immunohistochemistry

Supplemental table 3| Shortest	coupled	intervals	(ERP)	of	S2,	S3,	S4	and	burst

ERP,	effective	refractory	period.	All	data	are	mean	±	SEM.

Antigen Clone Cat # Host Dilution WB Dilution IH Provider

CAR H300 sc-15405 Rabbit 1:800 Santa	Cruz	Biotechnology

Cx43 AB1727 Rabbit 1:200 Millipore

Cx43 2/Cx43 610061 Mouse 1:500 BD	Transduction	Labo

Cx45 40-7000 Rabbit 1:500 Invitrogen

NaV1.5 S0819 Rabbit 1:100 1:50 Sigma-Aldrich

Pan-cadherin C3678 Rabbit 1:10.000 1:200 Sigma-Aldrich

N-cadherin GC-4 C3865 Mouse 1:200 Sigma-Aldrich

ZO-1 617300 Rabbit 1:1000 Invitrogen

Beta-catenin 610153 Mouse 1:1000 BD Biosciences

Calnexin 208880 Rabbit 1:2000 Calbiochem

Gapdh 2118 Rabbit 1:2000 Cell	Signaling

α-Actin A2547 Mouse 1:2000 Sigma-Aldrich

BASELINE    CARBENOXOLONE

WT CAR +/- P-value WT CAR +/- P-value 

No. of mice 9 8 9 8

ERP (S1-S2), ms 60.6	±	3.9 57.2	±	3.4 0.74 49.3	±	2.6 50.6		±	4.7 0.61

S3, ms 45.6	±	3.8 45.0	±	2.8 0.42 39.3	±	2.0 42.8		±	5.0 0.46

S4, ms 46.7	±	3.2 48.9	±	3.7 0.20 42.1	±	1.6 47.2		±	5.1 0.07

burst, ms 60.0	±	4.0 54.4	±	3.5 0.64 55.0	±	3.5 58.9		±	4.9 0.23
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Supplemental Figure 1 | Generation	and	characterization	of	CAR	deficient	mice. (A)	Mice	with	a	floxed	
CAR	Exon	1	were	mated	with	Protamine-Cre	transgenic	mice	to	remove	the	ATG	containing	exon	 in	the	
germline.	 Excision	 of	 exon	 1	 results	 in	 the	 loss	 of	 the	 transcription	 and	 translation	 start	 and	 leaves	 a	
single	 lox	 site	 in	 the	 recombined	allele	 (rec).	Arrows	 indicate	 the	 location	of	 genotyping	primers.	 (B,C) 
Genotyping	of	wildtype,	heterozygote,	and	knockout	animals	by	PCR	and	Southern	blot	produces	bands	of	
the	predicted	sizes.	PCR	yielded	a	419	bp	product	for	the	wild	type	allele	(WT)	and	a	251	bp	band	for	the	
recombined	allele	(Rec).	For	Southern	blot,	genomic	DNA	was	digested	with	BamHI	and	hybridized	with	a	
600	bp	PCR	product	to	produce	a	wildtype	signal	at	12	kb	and	a	3.4	kb	signal	for	the	recombined	knockout	
allele. (D)	Quantification	of	CAR	mRNA	levels	by	TaqMan	documents	the	intermediate	expression	of	CAR	
in	heterozygotes	and	loss	of	CAR	in	the	KO	(n=6,	**	p<0.01;	***	p<0.001).	(E)	A	similar	regulation	on	the	
protein	level	was	documented	by	Western	blot	analysis.	CAR	protein	typically	appears	as	a	doublet	(42/46	
kDa).	Blots	were	re-probed	with	an	anti-α-actin	antibody	to	confirm	equal	loading.
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Supplemental Figure 2 | Morphological	changes	in	CAR-KO	embryos.	(A) CAR	deficient	animals	(-/-)	are	
reduced	in	size	from	embryonic	day	E9.5,	frequently	display	cardiac	haemorrhage	by	E11.5,	and	die	by	day	
E12.5	(Size	bar:	500μm). (B)	At	E10.5	the	pericardial	space	is	enlarged	in	CAR	KO	mice.	Size	bar:	0.5	mm.	
(C)	Histology	at	E10.5	indicated	an	increase	in	ventricular	wall	thickness.	Endocardial	cushion	and	atrium	
chamber	were	enlarged	in	KO	embryos.	At	E11.5	the	increased	wall	thickness	is	pronounced	and	the	aorta	
and	cardinal	veins	were	slightly	enlarged.	Abbreviations:	ach,	atrium	chamber;	vch,	ventricular	chamber;	
ec,	endocardial	cushion;	ao,	aorta;	cv,	cardinal	vein;*,	atrioventricular	canal.
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Supplemental Figure 3 | Surface	 ECG	 parameters. (A) Typical	 examples	 of	 ECGs	 in	 WT	 and	 CAR+/- 
anaesthetized	mice.	(B) Average	ECG	parameters	in	WT	and	CAR+/-	mice.	No	significant	differences	in	heart	
rate	(RR),	P	wave,	PR-interval,	QRS	duration	or	QTc-interval	were	observed	between	WT	and	CAR+/- mice.
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A B

Supplemental Figure 4 | Tissue	 architecture	 and	 heart	weight	 to	 body	weight	 ratio. (A) Picosirius red 
staining	and	hematoxylin-eosin	staining	of	WT	and	CAR+/-	heart	section.	(B)	Heart	weight	to	body	weight	
ratio	was	not	significantly	different	between	WT	and	CAR+/-	mice.
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Supplemental Figure 5 | Transmission electron microscopy. Transmission electron microscopy did not 
reveal	altered	sarcomere	structure,	cell	borders,	spacing	between	cell	membranes	of	neighboring	cells,	size	
of	mitochondria	in	CAR+/- cardiomyocytes compared to WT cardiomyocytes. The upper panel displays an 
overview	of	the	sarcomeric	structure	with	embedded	mitochondria.	The	lower	panels	show	the	structure	
of	the	sarcolemma	and	the	intercalated	disc.	Size	bar:	1	µm.
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Supplemental Figure 6

Supplemental Figure 6 |	 Isolated	 cardiomyocytes	 stained	 for	 Cx43	 and	 pan-cadherin.	 Normal	
immunoreactive	signals	were	observed	for	Cx43	and	pan-cadherin.	Cx43	and	pan-cadherin	co-localize	at	
the	intercalated	disc	of	WT	and	CAR+/-	cardiomyocytes.	No	apparent	lateralization	of	Cx43	was	observed.	
Size	bar:	25	µm.	
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Supplemental Figure 7 | Protein	 expression	 levels	 of	 intercalated	 disc	 proteins.	 No	 difference	 in	 left	
ventricular	protein	levels	was	detected	for	beta-catenin,	zonula	occludens-1	(ZO-1),	N-cadherin	and	Cx45	
in	WT	compared	to	CAR+/-	hearts.	Gapdh	was	used	as	a	loading	control.
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EDITORIAL COMMENT ON CHAPTER 9

Alterations in coxsackievirus and adenovirus receptor (CAR) confer susceptibility to 
ventricular arrhythmia with an ischemic event

H.	Yasukawa,	T.	Oba	and	Y.	Fukumoto	

Journal of the American College of Cardiology In press 2013 Doi:	10.1016/j.jacc.2013.12.001

Malignant	 ventricular	 arrhythmias,	 including	 ventricular	 tachycardia	 and	 ventricular	
fibrillation	(VF),	are	 leading	cause	of	total	and	cardiovascular	mortality.1,2 Sudden cardiac 
death	 resulting	 from	 these	 ventricular	 arrhythmias	 represents	 a	 significant	 unsolved	
clinical	problem.1,2	Sudden	cardiac	death	following	ventricular	arrhythmia	in	adults	is	most	
frequently	caused	by	the	sequelae	of	myocardial	 ischemia	or	myocardial	 infarction	(MI).1  
Epidemiological	studies	have	indicated	that	sudden	death	of	a	family	member	is	a	risk	factor	
for sudden cardiac death.2	 Two	 groups	 have	 compared	 individuals	with	 and	without	 VF	
during	the	early	phase	of	a	first	MI,	and	found	that	family	history	of	sudden	death	is	a	strong	
risk	factor	for	cardiac	arrest	during	myocardial	ischemia	or	MI.3,4	These	reports	suggest	that	
common	genetic	factors	underlie	susceptibility	to	VF	during	myocardial	ischemia	or	MI.	
Genome-wide	 association	 studies	 (GWAS)	 are	 a	 high-throughput	 genotyping	 method	
to	 search	 for	 associations	 between	 a	 large	 number	 of	 single-nucleotide	 polymorphisms	
(SNPs)	and	phenotypic	traits.5	Bezzinia	et	al.6	used	this	method	to	investigate	patients	with	
acute	MI,	 focusing	on	a	highly	specific	arrhythmic	phenotype	to	minimize	heterogeneity.		
Their	results	show	a	significant	association	between	the	SNP	rs2824292	on	chromosome	
21q21	and	VF	in	patients	with	acute	MI.	Perhaps	their	most	compelling	finding	is	that	the	
susceptibility	allele	is	located	near	the	CXADR gene,	which	encodes	the	Coxsackievirus	and	
adenovirus	receptor	(CAR)	protein.
CAR	is	a	46-kD	type	I	transmembrane	protein	of	the	tight	junction	and	intercalated	discs,	
which	 functions	 in	 maintaining	 cell–cell	 contacts	 through	 its	 extracellular	 Ig-domains.7,8 
CAR	was	initially	identified	as	a	common	receptor	involved	in	virus	uptake,	and	has	been	
implicated	in	viral	myocarditis	and	dilated	cardiomyopathy	in	mice	and	humans.7,8	Recent	
reports	 indicate	 that	 CAR	 expression	 is	 required	 for	 normal	 embryonic	 development,	
and	that	 its	myocardium-specific	disruption	interrupts	electrical	conduction	between	the	
atria	and	ventricles,	leading	to	complete	heart	block	and	loss	of	connexin-45	(Cx45)	in	the	
atrioventricular	 (AV)	node.9,10	These	findings	 indicate	 that	CAR	expression	 is	 required	 for	
normal	function	of	the	AV	conduction;	however	the	role	of	CAR	in	ventricular	conduction	and	
the	causal	relationship	between	CAR	and	ventricular	arrhythmogeneity	and	susceptibility	
remain	unknown.	
In this issue of the Journal, Marsman et al.11	report	that	CAR	is	a	novel	modifier	of	ventricular	
conduction	 and	 arrhythmia	 vulnerability	 in	 the	 setting	 of	 myocardial	 ischemia.	 Their	
examination	of	human	 left	ventricular	tissues	 reveals	 that	 the	 risk	allele	at	 rs2824292—
which	was	previously	linked	to	VF	during	MI—is	associated	with	decreased	expression	of	
the	CAR-encoding	CXADR	gene,	suggesting	that	reduced	cardiac	levels	of	CAR	predispose	
to	VF	during	myocardial	 ischemia.	 CAR-haploinsufficient	mice	 (CAR+/−)	 exhibit	 slowing	of	
ventricular	 conduction	 and	 an	 earlier	 onset	 of	 inducible	 ventricular	 tachycardia	 during	
myocardial	ischemia.	Patch-clamp	analysis	of	isolated	CAR+/−	cardiomyocytes	showed	reduced	
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sodium	channel	availability,	secondary	to	a	reduced	sodium	current	density	specifically	at	
the	 intercalated	disc.	 In	vitro	binding	analysis	 revealed	 interaction	between	CAR	protein	
and the sodium channel NaV1.5.	Thus,	expression	studies	using	human	samples	combined	
with	studies	in	CAR+/−	mice	clearly	indicate	a	novel	role	of	CAR	in	ventricular	conduction	and	
arrhythmogenesis	during	perturbed	conditions,	such	as	myocardial	ischemia.	
Various	CAR-deficient	animal	models	have	been	generated	to	gain	additional	 insight	 into	
its	physiological	 functions.9–15	Global	CAR	knockout	mice	exhibit	 embryonic	 lethality	due	
to	cardiac	defects,	indicating	the	essential	role	of	CAR	for	normal	cardiac	development.12,13 
Studies	using	cardiac-specific	CAR	knockout	mice	have	revealed	that	CAR	plays	an	essential	
role	 in	 normal	 AV	 conduction,	 associated	with	 loss	 of	 Cx45	 localization	 at	 the	 AV	 node	
cell–cell	junction.9,10		Additionally,	Lim	et	al.10	reported	that	cardiac-specific	CAR	knockout	
mice	exhibit	disorganization	of	 the	 intercalated	disc	ultrastructure	and	 late-onset	dilated	
cardiomyopathy.	These	murine	studies	clearly	indicate	that	CAR	plays	essential	physiological	
roles	in	normal	cardiac	development,	AV	node	conduction,	and	cardiac	function.	In	contrast,	
the	CAR+/−	mice	used	by	Marsman	et	al.11	were	normally	born	at	the	expected	Mendelian	
ratio,	and	exhibited	no	ultrastructural	changes,	and	had	a	normal	life-span.	The	expression	
levels	 and	 localizations	 of	 intercalated	 disc	 proteins,	 including	 Cx43,	 were	 comparable	
between	CAR+/−	mice	and	wild-type	mice,	and	the	CAR+/−	mice	did	not	exhibit	spontaneous	
ventricular	 arrhythmias	 at	baseline.11	 	 Since	 cardiac	 structure	and	 function	were	normal	
in	CAR+/−	mice	without	 ischemic	 insult,	 these	mice	are	suitable	 for	 investigating	whether	
the	risk-haplotype	tagged	by	rs2824292	is	a	susceptibility	locus	for	ventricular	arrhythmia	
during	myocardial	ischemia.	
One	key	finding	of	Marsman	et	al.11	 is	 that	ventricular	tachycardia	was	 induced	 in	CAR+/− 
mice	during	acute	ischemia	or	infusion	of	the	gap	junctional	uncoupler	carbenoxolone.	It	is	
known	that	carbenoxolone	causes	cellular	electrical	uncoupling	and	slowing	of	conduction	in	
ventricular	myocardium,	without	affecting	action	potential	characteristics	or	the	underlying	
major	ion	currents.16	It	is	conceivable	that,	in	addition	to	CAR	haploinsufficiency,	perturbed	
stimuli	such	as	ischemia	or	carbenoxolone	may	be	required	for	the	generation	of	ventricular	
arrhythmia.	 Another	 important	 finding	 is	 that	 CAR	 physiologically	 interacts	 with	 the	
major	cardiac	sodium	channel	NaV1.5,	reducing	sodium	current	density	specifically	at	the	
intercalated disc.11 NaV1.5	is	a	major	cardiac	voltage-gated	sodium	channel	a-subunit,	and	
mutations	in	the	NaV1.5-encoding SCN5A	gene	are	associated	with	a	variety	of	arrhythmic	
disorders,	including	long	QT,	Brugada,	and	sick	sinus	syndromes,	as	well	as	primary	cardiac	
conduction	 diseases	 and	 idiopathic	 VF.17,18	 Recent	 studies	 demonstrated	 that	 in	 vivo	
interaction	 between	 structural	 proteins	 and	 NaV1.5	 at	 the	 intercalated	 disc	 provides	 a	
molecular	pathway	for	electrical	disturbances.19,20	 	Therefore,	the	increased	susceptibility	
to	ventricular	arrhythmia	in	CAR+/−	mice	may	result	from	the	interplay	between	structural	
(i.e.,	 CAR)	 and	 electrical	 (i.e.,	 NaV1.5)	 proteins	 at	 the	 intercalated	 disc	 under	 perturbed	
conditions,	such	as	acute	ischemia	(Figure).	
CAR	is	a	multifunctional	molecule	for	cell–cell	interaction,	virus	uptake,	cardiac	development	
and	function,	AV	node	conduction,	and	ventricular	arrhythmogenesis.	Various	therapeutic	
applications	 have	 been	 proposed,	 including	 the	 use	 of	 CAR-transgenic	 erythrocytes	 or	
soluble	CAR	to	eliminate	CVB3	infection.21,22	In	fact,	virally-induced	myocarditis	and	cardiac	
dysfunction	are	substantially	prevented	in	cardiac-specific	CAR-deficient	mice.14,15	However,	
when	inhibiting	CAR	expression,	one	must	aware	of	the	potential	unexpected	effects,	such	
as	heart	block	or	ventricular	arrhythmia.	
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Several	interesting	questions	remain	unanswered:	How	are	cardiac	function	and	mortality	
in	CAR+/−	mice	after	MI	in	vivo?	Does	CAR	haploinsufficiency	affect	cardiac	electrical	activity	
during	other	pathophysiological	conditions	including	post-infarct	heart	failure	or	pressure	
overload-induced	 cardiac	 hypertrophy	 and	 failure?	 How	 does	 CAR	 interact	 with	 and	
modulate the NaV1.5	protein	at	the	molecular	level?	Is	there	an	association	between	risk-
haplotype	 tagged	by	 rs2824292	and	sudden	cardiac	death	by	VF	 in	other	cardiovascular	
diseases,	such	as	cardiomyopathy	or	myocarditis?
In summary, the studies of Marsman et al.11	 in	 human	 cardiac	 samples	 combined	with	
their	electrophysiological	studies	in	CAR+/−	mice	establish	a	novel	role	for	CAR	in	mediating	
ventricular	 conduction	 and	 arrhythmogenesis	 during	 perturbed	 conditions,	 such	 as	 gap	
junctional	uncoupling	or	myocardial	 ischemia.	 Their	findings	 suggest	 that	CAR	may	be	a	
susceptibility	 factor	 for	 life-threatening	 ventricular	 arrhythmia	 during	 acute	 myocardial	
ischemia.

Figure | Proposed	 scheme	 for	 the	 induction	 of	 ventricular	 arrhythmia	 in	 CAR-haploinsufficient	 mice	
during	acute	myocardial	 infarction.	CAR	physiologically	 interacts	with	the	major	cardiac	sodium	channel	
NaV1.5	 and	 reduces	 the	 sodium	current	density	 specifically	 at	 the	 intercalated	disc.	 In	 addition	 to	CAR	
haploinsufficiency,	perturbed	stimuli	such	as	ischemia	may	be	required	for	the	generation	of	ventricular	
arrhythmia.	CAR	=	Coxsackievirus	and	adenovirus	receptor;	MI	=	myocardial	infarction.
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