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Abstract	

Objectives:	Arterial	hypertension	(AHT)	affects	the	voltage	dependency	of	L-type	Ca2+	

channels	in	cardiomyocytes.	We	analysed	the	effect	of	angiotensin	II	(AngII)-induced	AHT	

on	L-type	Ca2+	channel-mediated	isometric	contractions	in	conduit	arteries.		

Methods:	AHT	was	induced	in	C57Bl6	mice	with	AngII-filled	osmotic	mini-pumps	(4	

weeks).	Normotensive	mice	treated	with	saline-filled	osmotic	mini-pumps	were	used	for	

comparison.	Voltage-dependent	contractions	mediated	by	L-type	Ca2+	channels	were	

studied	in	vaso-reactive	studies	in	vitro	in	isolated	aortic	and	femoral	arteries	by	using	

extracellular	K+	concentration-response	(KDR)	experiments.		

Results:	In	aortic	segments,	AngII-induced	AHT	significantly	sensitized	isometric	

contractions	induced	by	elevated	extracellular	K+	and	depolarization.	This	sensitization	

was	partly	prevented	by	normalizing	blood	pressure	with	hydralazine,	suggesting	is	was	

caused	by	AHT	rather	than	by	direct	AngII	effects	on	aortic	smooth	muscle	cells.	The	EC50	

for	extracellular	K+	obtained	in	vitro	correlated	significantly	with	the	rise	in	arterial	blood	

pressure	induced	by	AngII	in	vivo.	The	AHT-induced	sensitization	persisted	when	aortic	

segments	were	exposed	to	levcromakalim	or	to	inhibitors	of	basal	nitric	oxide	release.	

Consistent	with	these	observations,	AngII-treatment	also	sensitized	the	vaso-relaxing	

effects	of	the	L-type	Ca2+	channel	blocker	diltiazem	during	K+-induced	contractions.	Unlike	

aorta,	AngII-treatment	desensitized	the	isometric	contractions	to	depolarization	in	

femoral	arteries	pointing	to	vascular	bed	specific	responses	of	arteries	to	hypertension.	

Conclusions:	AHT	affects	the	voltage-dependent	L-type	Ca2+	channel	mediated	contraction	

of	conduit		arteries.	This	effect	may	contribute	to	the	decreased	vascular	compliance	in	

AHT,	and	explain	the	efficacy	of	Ca2+	channel	blockers	to	reduce	vascular	stiffness	and	

central	blood	pressure	in	AHT.		
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Condensed	abstract	

Angiotensin	II-treatment	sensitized	isometric	contractions	of	mouse	aortic	segments	to	

depolarization	and	concomitant	L-type	Ca2+	channel	activation.	This	sensitization	

significantly	correlated	with	the	Angiotensin	II-induced	rise	in	blood	pressure	and	could	

not	be	fully	explained	by	differences	in	resting	membrane	potential	of	vascular	smooth	

muscle	cells	or	in	basal	nitric	oxide	release	with	arterial	hypertension.	Therefore,	it	is	

conceivable	that	arterial	hypertension	altered	the	voltage-dependent	properties	of	L-type	

Ca2+	channels.	In	line	with	this	hypothesis	was	the	higher	sensitivity	of	hypertensive	aortic	

segments	to	the	L-type	Ca2+	channel	blocker	diltiazem.		

Key	Words	

cardiovascular	system,	vascular	smooth	muscle,	L-type	Ca2+	channel,	isometric	

contraction,	hypertension,	angiotensin	II,	aorta,	femoral	artery	

Abbreviations	

AHT:	 arterial	 hypertension;	 AngII:	 angiotensin	 II;	 KDR:	 extracellular	 K+	 concentration-

response;	(V)SMC:	(vascular)	smooth	muscle	cell;	BP:	blood	pressure;	L-NAME:	NΩ-nitro-L-

arginine	methyl	ester;	NO:	nitric	oxide;	Emax:	maximum	contraction	or	relaxation;	EC50	or	

log	IC50:	concentration	(log	concentration)	exerting	50%	of	the	maximal	response	
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Introduction	

Angiotensin	II	(AngII)	increases	the	peripheral	arterial	resistance,	causes	arterial	

hypertension	(AHT)	and	reduces	compliance	of	large	conduit	vessels	by	activation	of	AT-1	

receptors	in	vascular	smooth	muscle	cells	(VSMCs)[20,21].	This	process	involves	Ca2+	flux	

through	L-type	Ca2+	channels,	as	shown	by		the	inhibitory	effects	of	Cav1.2	gene	deletion	

and	of	pharmacologic	L-type	Ca2+	channel	blockers	in	AngII-induced	hypertension	

[12,17,22,24,32].	Interestingly,	in	chronic	AHT,	isoforms	of	the	Cav1.2	gene	are	

alternatively	spliced,	leading	to	a	shift	in	the	population	of	L-type	Ca2+	channels	towards	

isoforms	with	a	different	voltage-dependency	[29,30].	This	shift	has	been	described	to	

occur	in	cardiomyocytes,	but	it	is	not	known	whether	it	also	occurs	in	VSMCs	and	if	this	

eventually	leads	to	a	changed	vascular	affinity	for	L-type	Ca2+	channel	blockers,	which	

might	have	important	consequences	for	their	application	in	the	treatment	of	AHT.		

We	have	recently	shown	that	VSMCs	of	mice	conduit	vessels	display	a	continuous	

baseline	Ca2+	influx	via	L-type	Ca2+channels.	This	Ca2+	influx	occurred	at	a	window	of	

membrane	potentials	where	activation	and	inactivation	curves	of	the	L-type	Ca2+channels	

overlap,	leading	to	a	so-called	“window	current	induced	contraction	curve”	[7,8].	Hence,	

the	window	current	induced	contraction	curve	may	be	considered	as	a	physiologic	

reflection	of	the	voltage-dependency	of	the	L-type	Ca2+channels	expressed	in	SMCs	of	the	

blood	vessel.	Because	it	has	been	reported	that	the	expression	levels	and	the	

electrophysiological	properties	of	L-type	Ca2+	channels		change	with	hypertension	

[19,19,30,39],	it	was	hypothesized	that	the	swap	of	the	different	isoforms	with	

hypertension	and	the	concomitant	swap	of	electrophysiological	properties,	are	reflected	

in	different	window	current	induced	contraction	curves	in	the	multicellular	aorta	of	AngII-

induced	hypertension.	Apart	from	eliciting	altered	contraction,	the	degree	of	this	Ca2+	

influx	may	influence	the	efficacy	of	nitric	oxide	(NO)	to	relax	the	vessel.	Indeed,	in	mouse	

aorta	the	efficacy	of	NO	to	induce	vasorelaxation	was	decreased	when	contractions	were	

predominantly	elicited	via	L-type	Ca2+	influx[33].	Basal	Ca2+	influx	as	well	as	basal	NO	
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release	contribute	to	compliance	of	conduit	vessels	[1,27]	and	both	seem	to	be	changed	

during	AHT	[14,40].		

In	the	present	study,	we	analyzed	window	current	induced	contraction	curves	of	

conduit	vessels	of	mice	with	AngII-induced	AHT,	and	hypothesized	that	the	window	

current	induced	contraction	curves	would	shift	due	to	changing	voltage	gating	features	of	

the	L-type	Ca2+	channels.	Alternative	causes	of	such	shifts	of	the	window	current	induced	

contraction	curves,	including	reduced	NO	activity	and	changes	of	the	VSMCs	resting	

membrane	potential,	were	also	analyzed.	Given	previous	observations	that	proximal	and	

distal	conduit	vessels	react	differently	to	angiotensin	II	[28,43,44],	we	also	compared	

effects	of	AngII-induced	AHT	in	the	thoracic	aorta	and	femoral	artery.		
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Material	and	methods	

AngII-induced	AHT	model	

Male	 C57Bl/6	 mice	 were	 treated	 with	 saline	 (n=10)	 or	 with	 AngII	 (n=17)	 via	

subcutaneous	osmotic	minipumps	 (model	1004,	Alzet,	Cupertino,	CA)	 for	4	weeks	 (1000	

ng.kg-1.day-1).	Pumps	were	 implanted	subcutaneously	on	the	back	between	the	shoulder	

blades	 and	 hips	 while	 animals	 were	 anesthetized	 by	 inhalation	 of	 sevoflurane.	 To	

counteract	AHT	by	AngII-treatment	 some	mice	 (n=5)	 received	200	mg/ml	hydralazine	 in	

the	 drinking	 water,	 starting	 one	 week	 before	 implantation	 of	 the	 AngII-diluting	

minipumps.		

The	studies	were	approved	by	the	Ethical	Committee	of	the	University	of	Antwerp,	

and	the	investigations	conform	to	the	Guide	for	the	Care	and	Use	of	Laboratory	Animals	

published	 by	 the	 US	 National	 Institutes	 of	 Health	 (NIH	 Publication	 No.	 85–23,	 revised	

1996).	

Blood	pressure	measurements	

Systolic	and	diastolic	blood	pressure	(BP)	were	recorded	weekly	by	the	tail-cuff	

method.	Animals	were	put	in	a	heating	(37oC)	chamber	and	restraint	in	a	Plexiglas	cage	to	

which	the	animals	had	been	previously	conditioned.	A	pneumatic	pulse	sensor	was	

attached	to	the	tail	distal	to	an	occluding	cuff	controlled	by	a	Programmed	Electro-

Sphygmomanometer	(Narco	Bio-Systems,	Austin,	TX).	Voltage	output	from	the	cuff	and	

the	pulse	sensor	were	recorded	and	analyzed	by	a	PowerLab	signal	transduction	unit	and	

associated	Chart	software	(ADInstruments,	Colorado	Springs,	CO).	At	least	three	to	five	

separate	pressure	measurements	were	averaged	from	each	animal	on	each	recording	day.	

After	4	weeks	of	training	sessions,	necessary	for	the	mice	to	become	accustomed	to	the	

tail-cuff	procedure,	sessions	of	recorded	measurements	were	then	made	by	a	single	

investigator	between	9	and	12	AM	daily.	
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Vascular	reactivity	

Animals	were	euthanized	by	perforating	the	diaphragm	under	pentobarbital	

anaesthesia	(sodium	pentobarbital,	75	mg	kg-1,	i.p.).	The	thoracic	aorta	and	the	femoral	

artery	were	carefully	removed,	stripped	of	adherent	tissue	and	dissected	systematically.	

Segments	(vessel	width	±	2	mm)	were	immersed	in	Krebs	Ringer	solution	(KR	37°C,	95%	

O2/5%	CO2,	pH	7.4)	with	(in	mM):	NaCl	118,	KCl	4.7,	CaCl2	2.5,	KH2PO4	1.2,	MgSO4	1.2,	

NaHCO3	25,	CaEDTA	0.025,	and	glucose	11.1.	High	K
+-	solutions	were	prepared	by	

replacing	NaCl	with	equimolar	KCl.	

Aortic	 segments	 were	 mounted	 in	 10	 ml	 organ	 baths.	 Tension	 was	 measured	

isometrically	with	a	Statham	UC2	force	transducer	(Gould)	connected	to	a	data	acquisition	

system	 (Powerlab	 8/30,	 ADInstruments,	 Spechbach,	 Germany)	 as	 described	 [30].	

Segments	were	gradually	 stretched	until	a	 stable	 loading	 tension	of	16	mN,	 the	optimal	

preload	to	attain	maximal	force	development	by	50	mM	K+.	Isometric	force	was	reported	

in	 mN.	 When	 necessary,	 NO	 formation	 was	 inhibited	 with	 300	 μM NΩ-nitro-L-arginine	

methyl	ester	 (L-NAME)	and	 to	avoid	any	vasomotor	 interference	due	 to	prostanoids,	10	

μM	indomethacin	was	added	to	all	solutions.	

Femoral	artery	segments	(vessel	width	±	2	mm)	were	mounted	in	a	wire	(40	µm)	

myograph	(DMT,	Denmark).	After	a	short	equilibration	period	of	30	minutes,	the	segments	

were	gradually	stretched	until	wall	stress	attained	values	above	13.3	kPa	(100	mm	Hg).	

Segments	were	then	set	at	the	internal	circumference	according	to	90%	of	the	13.3	kPa	

stress,	after	which	all	transducers	were	re-set	to	zero	force	in	order	to	measure	active	

force.	Contractile	force	was	measured	and	reported	in	mN	mm-1.	Also	here,	NO	formation	

could	be	inhibited	with	300	μM L-NAME	and	prostanoid	release	with	10	μM	indomethacin.	

To	measure	window	current	induced	contraction	curves	voltage	clamp	protocols	as	

used	in	electrophysiological	studies	were	simulated	by	elevating	extracellular	K+	

concentration.	The	holding	potential	from	which	voltage	steps	would	be	applied	was	
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mimicked	by	holding	the	segments	at	each	K+	concentration	before	a	subsequent	

challenge	with	higher	K+	(cumulative	depolarisation)[8].	To	compensate	for	resting	

membrane	potential	differences	between	segments	of	different	animals	and	of	different	

experimental	groups,	in	some	experiments,	1	µM	levcromakalim,	an	ATP-dependent	K+	

channel	opener,	was	applied	at	the	start	of	the	K+-clamp	experiments	[7].	After	attaining	

maximal	contractions	with	50	or	124	mM	K+,	relaxations	were	induced	with	increasing	

concentrations	of	diltiazem	(3*10-9	–	3*10-5M).	 

Calcium	measurements	

An	aortic	 segment	 (1.5	mm	 in	 length)	was	mounted	 in	 a	wire	myograph	 (Danish	

Myo	 Technology,	 Gainesville,	 FL,	 USA)	 above	 an	 inverted	 microscope	 (Carl	 Zeiss,	

Zaventem,	Belgium).	To	avoid	endothelial	calcium	signals,	the	endothelium	was	removed	

by	rubbing	the	interior	of	the	segment	with	a	braided	silk	wax.	The	segment	was	loaded	

for	2	h	with	10	μM	Fura-2	AM	(Teflabs,	Austin,	TX,	USA)	in	KR	solution	supplemented	with	

1	 mg/ml	 BSA	 (Sigma-Aldrich)	 and	 0.02%	 Pluronic®	 F-127	 (Sigma-Aldrich)	 at	 room	

temperature	while	being	aerated	by	95%	O2/5%	CO2.	Subsequently,	the	temperature	was	

raised	 to	 37°C	 and	 the	 segment	was	 set	 to	 its	 optimal	 preload.	 The	 emission	 (510	 nm)	

ratio	 at	 dual	 excitation	 (340	 and	 380	 nm)	 was	 used	 as	 a	 relative	 measure	 of	 free	

intracellular	calcium	(relative	units,	RU)	after	subtraction	of	background	emission	values,	

which	 were	 determined	 by	 adding	 2	 mM	 MnCl2	 (Sigma-Aldrich)	 at	 the	 end	 of	 each	

experiment.	

Data		analysis	

All	results	are	expressed	as	mean±s.e.m.	with	n	representing	the	number	of	mice.	

Concentration-response	curves	were	fitted	with	sigmoidal	dose-response	equations	with	

variable	slope,	which	revealed	maximum	contraction	or	relaxation	(Emax)	and	(the	

logarithm	of)	the	concentration	resulting	in	50%	of	the	maximal	response	(EC50	or	log	IC50)	

for	each	vessel	segment.	Window	current	induced	contraction	curves	were	constructed	as	
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the	first	K+	derivative	of	the	K+	dose-response	curves	(dF	(mN	or	%)/dK+	(mM)[7]).	One-

way	ANOVA,		two-way	ANOVA	with	Bonferonni’s	multiple	comparison	post-test	or	

unpaired	t-test	were	performed	using	GraphPad	Prism,	version	6	(GraphPad	Software,	San	

Diego	California	USA)	to	compare	means	of	the	different	experimental	groups.	A	5%	level	

of	significance	was	selected.	Two-tailed	Spearman	correlation	(nonparametric	correlation,	

Graphpad	Prism)	with	Spearman	r	(Sr)	and	p	were	analyzed	from	XY	tables,	with	X,	systolic	

BP	and	Y,	log(IC50)	of	diltiazem	or	EC50	of	extracellular	K
+.	
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Results	

1.	AngII-treatment	causes	AHT	

The	mean	arterial	BP	after	4	weeks	of	AngII	treatment	increased	from	133±8	to	

167±4	mm	Hg	(n=10-17,	p<0.001,	Fig.	1).	During	co-treatment	of	AngII	with	hydralazine	

the	AngII-induced	hypertension	was	prevented	and	BP	was	129±11	mm	Hg	(n=5,	p<0.01	

versus	AngII).		

2.	AngII-induced	AHT	shifts	the	aortic	window	current	induced	contraction	curves	and	

increases	K+	sensitivity.		

Window	current	induced	contraction	curves	in	aortic	segments	were	determined	

by	exposure	to	extracellular	K+	(Fig.	2)	[7,8].	Maximal	contractions,	attained	at	40	to	50	

mM	K+,	were	significantly	larger	in	segments	of	AngII-treated	mice	versus	control	mice	

(Emax:	16.7±0.9	mN,	n=12,	versus	12.8±1.1	mN,	n=6,	P<0.05,	Fig.	2c).	Moreover,	also	

intracellular	Ca2+	was	elevated	in	VSMCs	of	AngII-treated	mice	as	well	in	basal	conditions	

as	after	depolarization	of	the	aortic	segments	with	30	mM	K+	(Fig.	2e).	As	shown	in	Figs	2a	

and	b,	segments	of	AngII-treated	mice	were	significantly	more	sensitive	to	the	

extracellular	K+	concentration	than	control	mice	and	EC50	decreased	from	31.9±0.3	(n=6)	

to	25.8±0.8	mM	(n=12,	P<0.001).	Accordingly,	the	window	current	induced	contraction	

curve	(Fig.	2b),	the	peak	of	which	coincides	with	the	EC50	for	extracellular	K
+	

concentration,	was	shifted	by	6	mM	in	the	direction	of	lower	K+.		

3.	Inhibition	of	basal	NO	release	synthesis	attenuates,	but	does	not	eliminate	the	AngII-

induced	shift	of	the	aortic	window	current	induced	contraction	curve.	

Mice	with	AngII-induced	AHT	have	been	described	to	display	endothelial	

dysfunction	[23].	Because	this	might	result	in	a	reduction	of	the	hyperpolarizing	effect	of	

NO	on	the	VSMCs	[2,6],	this	would	shift	the	window	current	induced	contraction	curves	to	

lower	K+	concentrations	without	affecting	the	functional	properties	of	the	L-type	Ca2+	
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channels	[7].	In	order	to	exclude	that	the	shift	of	the	window	current	induced	contraction	

curves	in	aortic	segments	of	mice	with	AngII-induced	AHT	was	due	to	attenuated	NO	

availability	and	the	subsequent	depolarization	of	VSMCs,	aortic	segments	from	saline-	and	

AngII-treated	mice	were	studied	before	and	after	inhibition	of	basal	NO	release	with	300	

µM	L-NAME	(Fig.	2d).	

First,	as	expected,	L-NAME	significantly	shifted	the	window	current	induced	contractions	

to	lower	K+	in	both	experimental	groups.	This	shift	was	significantly	larger	in	saline-treated	

(-7.1±0.6	mM,	n=6)	than	in	AngII-treated	animals	(-4.2±0.4	mM,	n=18,	p<0.01),	consistent	

with	endothelial	dysfunction	and	impaired	NO	availability	in	mice	with	AngII-induced	AHT.	

However,	even	in	the	presence	of	L-NAME,	the	window	current	induced	contraction	

curves	of	AngII-treated	animals	remained	significantly	shifted	to	the	left	compared	with	

control	animals.	This	observation	indicates	that	NO-mediated	changes	of	membrane	

potential	are	not	sufficient	to	explain	the	shifts	of	the	curves	induced	by	AngII-treatment.	

It	should	be	noted	that	endothelial	function,	as	assessed	by	acetylcholine-induced	

relaxation,	and	smooth	muscle	cell	sensitivity	to	NO,	as	assessed	by	diethylamine	NO	

(DEANO)-induced	relaxation,	were	not	affected	by	AngII-treatment	(Table	1).		

4.	Hyperpolarization	of	aortic	segments	with	levcromakalim	attenuates,	but	does	not	

eliminate	the	AngII-induced	shift	of	the	aortic	window	current	induced	contraction	

curve.	

In	order	to	exclude	other,	NO-independent	mediated	changes	of	membrane	

potential	as	a	cause	of	shifted	window	current	induced	contraction	curves	in	aortic	

segments	of	mice	with	AngII-induced	AHT,	the		curves	were	determined	in	the	presence	of	

1	µM	levkromakalim	(Fig.	2f).	This	substance	opens	ATP-dependent	K+	channels,	and	

hyperpolarizes	the	resting	membrane	potential	of	VSMC	to	the	K+-equilibrium	potential	

[7,15],	thereby	equalizing	the	membrane	potentials	of	all	aortic	preparations.		
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First,	according	to	levcromakalim´s	action,		the	K+-contraction	curves	shifted	to	

higher	K+	concentrations.	Consistent	with	the	L-NAME-effects,	the	levcromakalim-induced	

shift	of	the	curves	was	significantly	larger	in	AngII-treated	than	in	control	segments	

(respectively	+7.4±0.5	mM,	n=18;	and	+5.1±0.7	mM,	n=6,	p<0.05).	Second,	in	the	presence	

of	levcromakalim,	window	current	induced	contraction	curves	of	aortic	segments	from	

AngII-treated	mice	remained	significantly	shifted	to	the	left	compared	with	segments	from	

saline-treated	mice.	This	indicates	that	differences	in	resting	membrane	potential	are	not	

sufficient	to	explain	the	shifts	in	the	window	current	induced	contraction	curves.		

5.	Equal	time-dependent	shifts	of	the	window	current	induced		contraction	curves	for	

saline-	and	AngII-treated	mice.	

In	saline-	and	AngII-treated	animals,	contractions	at	different	K+	were	measured	at	3	

minutes,	when	Ca2+	signals	attained	steady-state	and	at	15	minutes,	when	sensitization	

increased	force	further	without	change	in	Ca2+	[8]	(Fig.	3).		As	expected,	sensitization	

shifted	the	window	current	induced	contraction	curves	to	lower	K+,	but	the	shift	of	the	

window	current	induced	contraction	curve	(red	and	green	arrow	in	figure	3)	in	AngII-	

compared	with	saline-treated	animals	was	the	same	at	3	and	15	minutes.	This	indicated	

that	AngII-treatment	mainly	affected	the	L-type	Ca2+	influx	(compare	with	Fig.	2c)	and	had	

only	minor	effects	on	subsequent	sensitization.	

6.	AngII-treatment	increases	aortic	sensitivity	to	the	L-type	Ca2+	channel	blocker	

diltiazem		

Above	experiments	suggest	that	AngII-induced	AHT	changes	the	functional	

properties	of	the	L-type	Ca2+	channels	in	aortic	VSMCs.	To	further	prove	this	possibility,	

relaxing	effects	of	the	L-type	Ca2+	channel	blocker	diltiazem	(3*10-9-3*10-5	M)	were	

measured	after	attaining	steady-state	contractions	with	124	mM	K+	in	the	presence	of	L-

NAME.	Although	diltiazem	completely	inhibited	the	contraction	by	124	mM	K+	in	both	
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experimental	groups,	aortic	segments	of	AngII-treated	mice	displayed	a	significantly	

higher	sensitivity	for	diltiazem	(Fig.	4a,	Table	2).	

7.	Hydralazine	partly	reverses	the	AngII-induced	shift	of	the	aortic	window	current	

induced	contraction	curve.	

Subsequently,	we	studied	whether	either	AngII	or	alternatively	the	increase	in	BP	

induced	the	shift	of	the	window	current	induced	contraction	curves.	As	shown	in	Fig.	1,	

hydralazine	counteracted	AngII-induced	AHT.	Figs.	4b	shows	K+-contraction	curves	for	

aortic	segments	of	control,	AngII-treated	and	AngII	+	hydralazine-treated	mice.		The	

leftward	shift	of	the	curves	for	the	AngII-treated	mice	was	partly	prevented	by	

hydralazine.	The	higher	sensitivity	of	aortic	segments	of	AngII-treated	mice	to	the	L-type	

Ca2+	channel	blocker,	diltiazem,	was	completely	reversed	by	co-treatment	with	

hydralazine	(Fig.	4a)	and	also	the	shift	of	the	curves	with	NO-inhibition	was	partly	reversed	

by	hydralazine	co-treatment	(data	not	shown).	These	data	indicate	that	at	physiologic	

membrane	potentials	of	-65	to	-35	mV	[7],	the	effects	of	AngII-treatment	on	voltage-

dependent	contractions	via	L-type	Ca2+	channels	are	explained	by	its	effect	on	arterial	BP.	

8.	Relationship	between	BP	and	K+-	or	diltiazem-sensitivity	

Given	the	causal	relationship	between	arterial	BP	and	the	voltage-dependent	

properties	of	aortic	L-type	Ca2+	channels,	we	plotted	individual	data	for	in	vivo	arterial	

systolic	BP	of	each	mouse	against	the	in	vitro	log(IC50)	of	the	aorta-dilating	effect	of	

diltiazem	(Fig.	4c)	or	against	its	corresponding	in	vitro	aortic	EC50	for	extracellular	K+	(Fig.	

4d).	Both	plots	show	a	significant	correlation.	With	increasing	BP	the	sensitivity	to	aortic	

dilation	by	diltiazem	and	to	aortic	VSMC	depolarization	and	contraction	by	extracellular	K+	

was	higher.	

9.	Femoral	artery	segments	display	decreased	K+	sensitivity	with	AngII-treatment	
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Given	previous	observations	that	proximal	and	distal	conduit	vessels	react	

differently	to	AngII	[28,43,44],	window	current	induced	contraction	curves	were	also	

measured	in	segments	of	the	femoral	artery.	As	in	the	thoracic	aorta,	maximal	force	

induced	by	50	mM	K+	was	significantly	larger	for	AngII-treated	versus	control	animals	

(5.38±0.16	versus	4.52±0.20	mN/mm).	Remarkably,	and	opposite	to	thoracic	aortic	

segments,	femoral	artery	segments	of	AngII-treated	mice	became	less	sensitive	to	

extracellular	K+.	Thereby,	EC50	increased	from	21.6±0.5	to	25.1±1.6	mM	(P<0.001)	and	the	

window	current	induced	contraction	curve	shifted	by	3.5	mM	to	higher	K+	(Fig.	5).		

In	addition,	L-NAME	did	not	affect	contractions	of	femoral	artery	segments	in	

saline-	or	AngII-treated	segments,	indicating	that	basal	NO	release	in	femoral	artery	was	

absent	(data	not	shown).	Levcromakalim	shifted	both	window	current	induced	contraction	

curves	to	the	left	by	2.1±0.5	mM	in	control	and	3.5±0.4	mM	(p=0.07,	n=6)	in	AngII-treated	

segments.	These	shifts	were	smaller	than	in	aortic	segments	(P<0.01	control	and	P<0.001	

AngII-infused).	Similarly	as	observed	in	aortic	segments,	even	after	normalization	with	

levcromakalim	for	different	resting	potentials,	vascular	segments	of	AngII-treated	mice	

were	significantly	less	sensitive	to	depolarization	than	control	segments.	

10.	Direct	effects	of	AngII	in	aortic	and	femoral	artery	segments	

AngII	concentration-response	experiments	were	measured	in	thoracic	aorta	and	femoral	

artery	in	non-treated	C57Bl6	mice	(Fig.	6).	At	normal	K+,	AngII	reached	maximal	effects	of	

4.7±0.5	mN/mm	or	74.3±12.7%	of	the	50	mM	K+	contraction	with	an	EC50	of	5.64	±0.79	

nM	in	femoral	artery,	but	was	without	any	effect	in	aorta	(n=4).	The.	Pre-treatment	of	

femoral	artery	and	aortic	segments	with	20	mM	K+	or	27.5	mM	K+,	respectively,	(K+	

concentrations	which	elicited	20-25%	contraction)	failed	to	increase	the	sensitivity	of	

aorta	to	AngII,	but	slightly	increased	the	efficacy	(Emax:	6.1±0.8	mN/mm	or	82.4±15.1%	of	

the	50	mM	K+	contraction	with	EC50	of	2.41±0.16	nM)	in	femoral	artery.	This	contraction	

was	sensitive	to	diltiazem	(not	shown).		
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Discussion	

The	main	result	of	the	present	study	is	that	AngII-induced	AHT	increased	and	

sensitized	the	voltage-dependent	contractions	of	mice	aortic	segments	depolarized	by	

extracellular	K+.	This	results	in	a	higher	sensitivity	of	aortic	segments	to	the	relaxing	

effects	of	the	L-type	Ca2+	channel	blocker	diltiazem.	The	effects	occurred	in	parallel	with,	

but	independently	from,		a	shift	in	the	resting	membrane	potential	of	the	VSMC.	The	latter	

shift	in	membrane	potential	was,	at	least	partly,	induced	by	reduced	basal	NO	bio-

availability	in	the	vessel	wall.	

Endothelial	dysfunction	is	a	common	feature	in	AHT	[23],	leading	to	impaired	NO	

synthesis	and/or	bioavailability		[3,13,35,36,42].	We	did,	however,	not	find	evidence	for	

attenuated	NO	release	evoked	by	acetylcholine	or	sensitivity	of	the	VSMCs	for	exogenous	

NO.	Because	basal	and	stimulated	NO	release	are	probably	differently	regulated[34],	this	

does	not	preclude	attenuated	basal	NO	efficacy.	In	line	with	our	previous	observation	that	

basal	NO	release	from	endothelial	cells	of	mouse	aorta	shifted	the	window	current	

induced	contraction	curve	in	the	repolarizing	direction	[7],	inhibition	of	basal	NO	release	

shifted	the	window	current	induced	contraction	curve	in	aorta	to	lower	K+	concentrations	

in	the	present	study.	The	shift	was	significantly	larger	in	control	(-7.1	mM	K+)	and	AngII	+	

hydralazine	(-5.5	mM	K+,	data	not	shown)	than	in	AngII-treated	animals	(-4.2	mM	K+),	

indicating	that	basal	endothelial	NO	release	in	aortas	of	hypertensive	animals	was	indeed	

attenuated.		

Both	in	AngII	[6]	and	in	other	hypertensive	models	[2,40],	AHT	is	associated	with	

depolarized	membrane	potentials	of	the	VSMC.	This	depolarization	may	be	due	to	

attenuated	basal	NO	release	and	(partial)	removal	of	the	hyperpolarizing	effect	of	NO	[2].	

After	elimination	of	basal	NO	release	with	L-NAME	or	after	hyperpolarization	of	the	VSMC	

to	the	K+	equilibrium	potential	with	levcromakalim,	which	does	not	affect	the	voltage-

dependent	properties	of	L-type	Ca2+	channels	[7,8],	window	current	induced	contraction	

curves	were	still	significantly	shifted	with	AHT.	This	finding	indicated	that	shifts	of	the	
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window	current	induced	contraction	curves	with	hypertension	were	not	only	due	to	

depolarized	resting	potentials	of	VSMCs,	but	probably	reflect	shifts	in	the	voltage-

dependence	of	L-type	Ca2+	channels.	Also	in	the	femoral	artery,	which	lacks	basal	eNOS	

activity	[5],	hyperpolarization	of	the	VSMCs	with	levcromakalim	could	not	prevent	the	

shift	of	the	window	current	induced	contraction	to	higher	K+	with	hypertension,	

suggesting	that	in	the	hypertensive	femoral	artery	shifts	in	the	Ca2+	channel	population	

occur.		

Isometric	contractions	of	arteries	induced	by	elevated	extracellular	K+	are	

exclusively	mediated	by	L-type	Ca2+	influx	and	are	therefore	completely	inhibited	by	L-type	

Ca2+	channel	blockers	[8].	In	most	hypertensive	models,	including	the	spontaneously	

hypertensive	rat,		L-type	Ca2+	channel	expression	and	activity	increases	and	voltage-

dependent	properties	are	affected	[39,9,25,26,38,40,4],	which	is	consistent	with	the	

increased	maximal	isometric	contraction,	altered	window	current	induced	contraction	

curves	and	intracellular	Ca2+	concentration	with	hypertension	in	AngII-treated	mice	in	this	

study.	In	the	cardiovascular	system,	numerous	alternatively	spliced	isoforms	of	L-type	Ca2+	

channels	occur,	which	leads	to	a	non-homogeneous	population	of	channels	[16].	In	

addition,	the	channel	population	appears	to	be	flexible	and	to	adapt	during	different	

pathophysiological	conditions	including	AHT	and	other	[9,25,26,31,39,38,37,40].		We	

hypothesize	that	changes	in	Cav1.2	channel	populations	is	the	molecular	basis	for	the	

observations	in	this	study.	For	example,	Cav1.2	channels	in	cardiac	myocytes	and	smooth	

muscle	cells	differ	at	four	alternatively	spliced	sites:	exon	1/1a,	exon	8/8a,	exon	9*,	and	

exon	31/32	[18].	Notably,	the	VSMC-specific	Cav1.2	splice	variant,	Cav1.2SM	

(1/8/9*/32/Δ33)	displays	a	hyperpolarized	window	current	and	an	enhanced	state-

dependent	block	by	nifedipine,	when	compared	with	the	predominant	cardiac	isoform,	

Cav1.2CM	(1a/8a/Δ9*/32/33).	This	phenomenon	is	a	presumed	explanation	of	the	

different	cardiac	and	vascular	sensitivity	to	L-type	Ca2+	channel	blockers.	Hence,	if	AHT	

affects	the	voltage-dependent	gating	of	L-type	Ca2+	channels,	as	shown	in	mesenteric	

arteries	of	spontaneous	hypertensive	rats,	which	displayed	higher	abundance	of	exon9*	
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transcripts[4],	it	should	also	affect	the	window	L-type	Ca2+	influx	and	related	contraction,	

which	was	suggested	in	the	present	study	by	the	higher	affinity	for	the	L-type	Ca2+	channel	

blocker	diltiazem.	Although	the	results	of	the	present	study	indicate	that	arterial	

hypertension	may	affect	voltage-dependent	properties	of	L-type	Ca2+	channels,	the	

regulation	of	these	properties	in	AngII-induced	AHT	in	mice	may	involve	other	regulatory	

intracellular	mechanisms	[41,10].			

	Although	AngII-	induced	AHT	increased	the	maximal	isometric	contractions	

induced	by	depolarization	in	aortic	and	femoral	segments,	the	effects	of	AHT	on	the	

voltage-dependent	window	current	induced	contraction	curves	were	different	between	

both	vessel	types.	The	AngII-induced	changes	in	the	window	current	induced	contraction	

curves	may,	however,	reflect	direct	or	indirect	effects	of	AngII	on	L-type	Ca2+	channels.	

Similar	to	our	observations	in	aorta	and	femoral	artery,	it	has	been	described	that	the	

direct	contractile	response	of	thoracic	and	abdominal	aorta,	carotid	artery	and	femoral	

artery	to	the	application	of	AngII	were	completely	different:	with	60	mM	K+	contraction	

set	to	100%,	AngII	caused	contractions	of	75%	in	abdominal	aorta,	76%	in	femoral	artery,	

but	only	24%	in	carotid	artery	and	3.5%	in	thoracic	aorta.	In	abdominal	aorta,	the	EC50	was	

4.6	nM	[44,43].	In	view	of	the	previously	observed	high	expression	of	AT1b	receptors	in	

femoral	artery	and	the	low	expression	in	aorta	[28,43,44],	it	may	be	assumed	that	the	

decrease	in	sensitivity	to	depolarization	in	the	femoral	artery	may,	therefore,	be	related	to	

the	direct	effects	of	AngII	on	femoral	artery.	This	may	be	a	local	protective	mechanism	to	

prevent	strong	AngII-induced	constrictions	of	the	smaller	blood	vessels	during	prolonged	

AngII-infusion.	On	the	other	hand,	the	increase	in	sensitivity	to	depolarization	in	the	aorta,	

which	is	also	observed	in	rat	aorta	from	NOS	inhibition-induced	hypertensive	rats	[11],	is	

probably	merely	due	to	the	hypertensive	effect	of	AngII	rather	than	to	direct	AngII	effects	

on	the	aortic	VSMC.	The	significant	correlation	between	the	in	vivo	systolic	BP	and	the	in	

vitro	aortic	EC50	for	extracellular	K+	or	the	in	vitro	log(IC50)	of	the	aorta-dilating	effect	of	

diltiazem	and	the	partial	counteraction	by	hydralazine	of	the	AngII-induced	shifts	of	the	
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window	current	induced	contraction	curves	in	aorta	suggest	that	hypertension	and	not	

AngII	directly	affects	vascular	biology	of	aortic	L-type	Ca2+	channels.			

In	summary,	in	the	present	study	we	showed	that	during	AngII-induced	AHT	the	

increase	in	voltage-sensitivity	of	the	hypertensive	aorta	was	due	to	the	depolarized	resting	

membrane	potential	of	the	VSMC,	the	reduced	efficacy	of	basal	NO	release	and	the	

altered	properties	of	the	L-type	Ca2+	channels	as	evidenced	by	the	higher	sensitivity	to	the	

L-type	Ca2+	channel	blocker	diltiazem.	These	events,	together	with	altered	passive	

properties	of	the	conduit	arteries	in	hypertension,	may	be	at	the	basis	of	the	decreased	

vascular	compliance	in	AHT.	They	may	also	explain	the	high	efficacy	of	Ca2+	channel	

blockers	to	improve	vascular	compliance	and	to	decrease	central	blood	pressure	in	

hypertension	[17].		
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Fig.	1	Mean	arterial	blood	pressure	in	control	mice	(n=10),	AngII-infused	mice	(n=17)	and	

AngII-infused	mice	treated	with	hydralazine	(n=5).***:	p<0.001	AngII	versus	control;	##:	

p<0.01:	AngII	+	hydralazine	(H)	versus	AngII		

	

Fig.	2	Effect	of	extracellular	K+	on	isometric	contractions	of	aortic	segments	of	saline	(n=6)-	

and	AngII	(n=17)-treated	mice.	a	K+	concentration-force	curves	for	aortic	segments	in	

control	(open	circles)	and	following	AngII-treatment	(red,	solid	circles).	b	Window	current	

induced	contraction	curves		were	constructed	by	plotting	the	change	of	force	(%)	per	mM	

change	of	extracellular	K+.		The	dashed	lines	indicate	the	EC50	in	the	absence	of	eNOS	

blockers	and	are	also	indicated	in	d	and	f.	c	Maximal	contractions	induced	by	50	mM	K+	in	

saline-	and	AngII-treated	mice.	d	Window	current	induced	contraction	curves	following	

inhibition	of	basal	NO	release	with	300	µM	L-NAME	(squares).	For	comparison,	the	arrows	

on	top	of	the	figure	(black	for	control	and	red	for	AngII)	indicate	the	EC50-shifts	induced	by	

adding	L-NAME.	e	Intracellular	VSMC	Ca2+	concentration	(ratio	340/380	in	RU)	in	saline	

(white,	n=3)-	and	AngII	(red,	n=6)-treated	aortic	segments		in	basal	(open	bars)	conditions	

and	following	depolarization	with	30	mM	K+	(dotted	bars).		f	Window	current	induced	

contraction	curves	in	the	presence	of	1	µM	levcromakalim	(diamonds).	For	comparison,	

the	arrows	on	top	of	the	figure	(black	for	control	and	red	for	AngII)	indicate	the	EC50-shifts	

induced	by	adding	levcromakalim.	*,	**,	***:	P<0.05,	0.01,	0.001	AngII	versus	control	

 

Fig.	3	Time-dependent	shifts	of	the	window	current	induced	contraction	curves	for	saline-	

and	AngII-treated	mice.	Contractions	by	cumulative	increase	of	extracellular	K+	were	

measured	in	saline-treated	(saline,	n=6)	and	AngII-treated	(AngII,	n=12)	mice	3	minutes	

(3’)	and	15	minutes	(15’)	after	increasing	the	extracellular	K+	concentration	in	the	

presence	of	L-NAME.	Arrows	indicate	the	shifts	with	AngII-treatment	of	the	window	
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current	induced	contraction	curves	measured	after	3’	and	15’	and	these	shifts	were	

similar.		

	

Fig.	4	Effects	of	hydralazine	treatment	on	relative	KDR	curves	(a)	and	maximal	effects	(b,	

Emax,	mN)	in	saline-	(open	circles,	white,	n=6),	AngII-treated	(solid	circles,	red,	n=	12)	and	

AngII-treatment	in	combination	with	hydralazine	(AngII	+	H,	solid	circles,	black,	n=5).	a:	*,	

**,	***:	P<0.05,	0.01,	0.001	AngII	versus	saline;	$,	$$$:	P<0.05,	0.01	AngII	+	H	versus	AngII;	

#,	###:	P<0.05,	0.001	AngII	+	H	versus	saline,	b:	*:	P<0.05	AngII	or	AngII	+	H	versus	saline.	

	

Fig.5	Relationship	between	L-type	Ca2+	channel	inhibition	or	K+	sensitivity	and	systolic	

blood	pressure.	a	Diltiazem	concentration-relaxation	curves	of	segments	pre-constricted	

with	124	mM	K+	for	saline-	(open	circles,	white,	n=6)	and	AngII-treated	(solid	circles,	red	or	

grey,	n=12)	mice	or	for	AngII-treatment	in	combination	with	hydralazine	(AngII	+	Hydra,	

solid	circles,	black,	n=5).	*,		***:	P<0.05,	0.001	AngII	versus	control;	$,	$$,	$$$:	P<0.05,	

0.01,	0.001	AngII	+	H	versus	AngII;	#:	AngII	+	H	versus	saline.	b	Window	current	induced	

contraction	curves	were	determined	by	plotting	the	change	of	force	(%)	per	mM	change	of	

extracellular	K+	for	aortic	segments	in	control	(open	circles,	n=6)	and	following	AngII-

treatment	(red	or	grey,	solid	circles,	n=17)	or	AngII-treatment	in	combination	with	

hydralazine	(black,	solid	circles,	n=5).	*,	**,	***:	P<0.05,	0.01,	0.001	AngII	versus	saline;	$,	

$$$:	P<0.05,	0.01	AngII	+	H	versus	AngII;	#,	###:	P<0.05,	0.001	AngII	+	H	versus	saline.	

Relationship	between	the	log(IC50)	of	diltiazem	(c)or	EC50	of	K+	(d)	and	the	systolic	blood	

pressure	of	each	animal.	White	(open)	symbols	refer	to	control	animals,	red	or	grey	(solid)	

symbols	to	AngII-treated	animals	and	black	(solid)	symbols	to	AngII-treated	animals	

receiving	hydralazine.	Both	linear	relationships	were	significantly	different	from	zero.	The	

95%	confidence	band	is	given	by	the	dashed	lines.	Spearman	r	(Sr)	and	p	are	indicated	in	c	

and	d.	
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Fig.	6	Effect	of	extracellular	K+	on	isometric	contractions	of	femoral	artery	segments	of	

saline-	and	AngII-treated	mice.	a	K+	concentration-force	curves	for	femoral	artery	

segments	in	control	(open	circles)	and	following	AngII-treatment	(red,	solid	circles).	For	

comparison	the	dashed	lines	indicate	the	K+	concentration-force	curves	for	aortic	

segments	in	control	(black)	and	AngII	(red).	Window	current	induced	contraction	curves	

for	femoral	artery	in	control	(b)	and	in	the	presence	of	1	µM	levcromakalim	(c)	were	

constructed	by	plotting	the	change	of	force	(%)	per	mM	change	of	extracellular	K+.	The	

arrows	in	b	show	the	shifts	of	the	window	current	induced	contraction	curves	in	femoral	

artery	(dashed	lines)	versus	aorta,	whereas	in	c	they	show	the	shifts	of	the	window	

current	induced	contraction	curves	in	femoral	artery	after	addition	of	1	µM	

levcromakalim.	*,		**,	***:	P<0.05,	0.01,	0.001	AngII	versus	control;	n=6	for	control	and	

n=6	for	AngII	

		

Fig.	7	AngII	concentration-response	curves	for	femoral	artery	and	aorta.	Force	was	

measured	for	increasing	AngII	concentrations	in	control	solution	(open	circles)	and	

following	mild	depolarization	with	20	(femoral	artery,	a)	or	27.5	mM	K+	(aorta,	b)	(solid	

circles).	AngII	increased	force	in	femoral	artery	at	both	K+	concentrations,	whereas	in	

aortic	segments,	AngII	was	ineffective	even	after	a	slight	increase	of	basal	force	with	27.5	

mM	K+.	**,	***:	P<0.01,	0.001	high	versus	low	K+,	n=3.	
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