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Abstract

Background: Endothelin-1 (ET-1), a long-acting paracrine mediator, is implicated in cardiovascular diseases but clinical trials
with ET-receptor antagonists were not successful in some areas. We tested whether the quasi-irreversible receptor-binding
of ET-1 (i) limits reversing effects of the antagonists and (ii) can be selectively dissociated by an endogenous
counterbalancing mechanism.

Methodology/Principal findings: In isolated rat mesenteric resistance arteries, ETa-antagonists, endothelium-derived
relaxing factors and synthetic vasodilators transiently reduced contractile effects of ET-1 but did not prevent persistent
effects of the peptide. Stimuli of peri-vascular vasodilator sensory-motor nerves such as capsaicin not only reduced but also
terminated long-lasting effects of ET-1. This was prevented by CGRP-receptor antagonists and was mimicked by exogenous
calcitonin gene-related peptide (CGRP). Using 2-photon laser scanning microscopy in vital intact arteries, capsaicin and
CGRP, but not ETs-antagonism, were observed to promote dissociation of pre-existing ET-1/ET 5-receptor complexes.

Conclusions: Irreversible binding and activation of ET-receptors by ET-1 (i) occur at an antagonist-insensitive site of the
receptor and (ii) are selectively terminated by endogenously released CGRP. Hence, natural stimuli of sensory-motor nerves
that stimulate release of endogenous CGRP can be considered for therapy of diseases involving ET-1.
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Introduction

Prototypic G-protein coupled receptors (GPCR) are characterized
by tight agonist concentration-response relationships on the short run
and by tolerance on the long run. For instance, acute Bo-
adrenoceptor stimulated cAMP production and the resulting smooth
muscle relaxation are readily reversible as a result of rapid
dissociation of the agonist-receptor complexes. This property
underlies the therapeutic applicability of drugs that inhibit the
synthesis or the receptor-binding of endogenous GPCR-agonists.
During prolonged exposure to agonists, Bo-adrenergic effects fade as a
result of phosphorylation, desensitization, uncoupling from the G-
proteins and internalization of the receptors (for review see [1]).

In sharp contrast, the GPCR-agonist endothelin-1 (ET-1) causes
long-lasting effects. Its in vitro arterial contractile effects persist
after thorough washout of the agonist[2]. Its in vivo vasopressor
effects are maintained long after clearance of the peptide from the
circulation by the lungs and the kidneys[3]. The 21 amino acid
bicyclic peptide, that is constitutively expressed by the endothe-
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lium and that can be induced in several other cell types[4,5], is
implicated in several cardiovascular diseases[4,6,7], cancers[8]
and pain[9]. Its vasoconstrictor, pro-inflammatory, oxidative and
mitogenic effects are mediated by ETs-receptors[4,6,7] while
more beneficial effects such as endothelium-dependent vasodila-
tation and scavenging of circulating ET-1 are mediated by
distantly related ETg-receptors[4,5,6,7,10]. ETg-agonism can be
mimicked by short C-terminal fragments of ET-1{11,12,13] but
high affinity ET s-agonism requires the full length, both disulfide
bonds and distinct amino acids in the N-terminal loop of the
peptide[12,14,15,16,17,18]. This suggests that distinct parts of ET-
1 have different functions in binding and activation of ET4-
receptors. Several classes of low molecular weight ET s-selective or
mixed ET-receptor antagonists have been developed primarily on
the basis of prevention of the binding of ET-1 to its recep-
tors[4,5,6,19,20,21]. These compounds are thought to compete
with the C-terminal tail of the agonist. They can prevent E'T-1-
induced effects in vitro (for review see [2]) and in animal
studies[4,6,19]. They are, however, less effective in reversing the
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effects of ET-1 in vitro[2], in animal studies[22] and in clinical
trials[6,23]. This may be due to the atypical properties of
ET s-receptors.

Irreversible agonism by E'T-1 is incompatible with homeostasis
unless counterbalancing systems exist. ET-1 can stimulate NO
release from the endothelium[24]. NO reduces ET-1 synthesis[25]
and counteracts vasoconstriction initiated by ETa-receptors on
smooth muscle cells[4,7,26]. ET-1 can also promote activity of
transient receptor potential (TRP) cation channels that stimulate
release of vasodilator neurotransmitters from peri-arterial sensory-
motor nerves (SMN)[27,28]. Hence, in cardiovascular diseases
characterized by reduced bioavailability of endothelium-derived
NO, ET-1 and ETj-effects are upregulated[4] and can be
tempered by counterbalancing effects of SMN[29,30,31]. Whether
the latter involves functional antagonism or a selective effect on
ET s-receptors has not been addressed.

In this study, we hypothesized that polyvalent agonist-receptor
binding by ET-1 limits reversing effects of ET-receptor antagonists
and used physiological reasoning to search for a superior inhibitor.
For these purposes we studied rat mesenteric arteries in which
ETA- and ETpg-receptors are expressed by several cell
types[31,32,33]. We discovered that calcitonin-gene related
peptide (CGRP) released from peri-arterial SMN terminates
long-lasting vasoconstrictor effects of ET by promoting dissocia-
tion of ET-1/ET s-receptor complexes.

Results

Key role of smooth muscle ET,-receptors in long-lasting
arterial contractile responses to ET-1

In isolated rat mesenteric resistance arteries, the ETg-selective
agonist Ala'*'"">.ET-1[10] (1 nM-1 uM) caused neither con-
traction (Table 1) nor relaxation (data not shown). In contrast, the
non-selective agonist ET-1[10] potently stimulated contractions
(Fig. 1A, table 1). The concentration-response relationship was
steep and the responses were quasi-irreversible (T, >20 min
versus Ty, =30 sec for similarly strong contractile responses to
norepinephrine (NE) (Fig. 1A/B). Contractile effects of ET-1 and
their persistence were not modified by 1 pM BQ788 (ETg-
antagonist)[10,34], 100 uM L-NAME and 10 pM indomethacin
(which reduce endothelial influences), nor by pre-treatment with
capsaicin (1 pM during 20 min, which reduces effects of SMN)
(Fig. 1A and table 1). Mechanical removal of the endothelium
resulted in a small increase in the sensitivity for ET-1 (Table 1).
The sensitivity to ET-1 was reduced in presence of the ETx-
antagonists BQ123[10,35] (1 uM), SB234551[10,21] (10 nM) or
bosentan[10,19] (3 pM studied in presence of 1 uM BQ788 to

Table 1. Arterial effects of ET-1 and two analogues.

CGRP Terminates ET-1/ETp

focus on E'Ty-antagonism by boseantan, a mixed ET s,/ p-receptor

antagonist) (Fig. 1A, Fig. S1A).

Partial and transient reversing effects of ET-antagonists

Although BQ123, SB234551 and bosentan prevented contrac-
tile responses to up to 8 nM ET-1, the antagonists could only
partly (=50%) reverse contractile responses initiated by 8 nM ET-
1 (Fig. 1C, Fig. S1C). The relaxing effect of the antagonists was
reversible, i.e. vasomotor tone rapidly recovered after washout of
the ET-receptor ligands (Fig. 1D, Fig. S1D). This indicates
irreversible agonism and reversible antagonism. In addition,
contractile effects of ET-1 that persisted in absence of free agonist
were partly and transiently reduced by the antagonists (Iig. 1E/T,
Fig. SIE/F).

Transient reversing effects of endothelium-derived and
exogenous vasodilators

In contrast to ET-antagonists, several vasodilator stimuli fully
reversed contractile responses to ET-1 (Fig. 2A). This was the case
for acetylcholine (endothelium-dependent vasodilator), forskolin
(direct activator of adenylyl cyclase), isoproterenol (beta-adrenergic
stimulus of adenylyl cyclase), Na-nitroprusside (NO-donor) and
pinacidil (activator of Karp-channels) (Fig. 2C). However,
vasomotor tone rapidly recovered in absence of vasodilators and
ET-1 (Fig. 2D). Moreover, contractions remaining after exposure
to ET-1 could be relaxed by for instance acetylcholine (Fig. 3B)
but again this inhibitory effect was reversible (Fig. 3C).

Effects of TRP-channel activators and CGRP

In contrast to these vasodilators, capsaicin relaxed ET-1-
induced contractions (Fig. 2B/C) and prevented their recovery
(Fig. 2B/D). This was also observed with rutaecarpine and with
allyl isothiocyanate (Fig. 4A/B). In the case of rutaecarpine these
effects were endothelium independent (Fig. S2). Capsaicin,
rutaecarpine and allyl isothiocyanate stimulate release of several
neurotransmitters from SMNJ[27,36,37,38,39,40]. The CGRP-
receptor antagonists CGRPg_37[41] (1 uM) and BIBN4096BS[42]
(20 nM)) reduced both the relaxation and the prevention of
persistent effects of ET-1 by the SMN stimuli (Fig. 2C/D, Fig. 4A/
B). Moreover, exogenous CGRP relaxed ET-1-induced contrac-
tions (Fig. 2C), prevented recovery of contractions initiated by ET-
1 (Fig. 2D) and caused long-lasting inhibition of the persistent
effects initiated by ET-1 (Fig. 3A/B). These effects were
endothelium independent (Fig. S2) and were reduced by CGRP-
receptor antagonists (Fig. 2C/D). The contraction that persisted
after exposure to ET-1 and that was transiently inhibited by ET-

Tension (%NE,.,; 8 min after agonist

Agonist Condition ECso (nM) Emax (% NEax) removal)
ET-1 - 49+0.8 88.5+4.0 80.9+3.5
Denuded 21+02* 100.1+6.2 82.54+54
L-NAME + INDO 3.5+0.5 100.4+5.0 79.2+33
CAPS + L-NAME + INDO 3.6+03 104.0+4.0 84.5+14.0
Rh-ET-1 CAPS + L-NAME + INDO 4103 102.0+10.0 80.6£14.6
Ala'>" 15 ET-1 CAPS + L-NAME + INDO >1uM 0 0

doi:10.1371/journal.pone.0010917.t001
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Potency, efficacy and persistence (response remaining at 8 min after agonist removal) are shown for arteries without and with pre-treatment with capsaicin (1 uM,
20 min; CAPS) and presence of L-NAME (100 uM) and indomethacin (10 uM; INDO) and for denuded arteries. n=6-10. *: p<<0.05 vs control.
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Figure 1. Partial and reversible reversing effect of ET-receptor antagonists on arterial contractile responses to ET-1 and their
persistence. Isolated rat mesenteric resistance arteries were studied after treatment with capsaicin and in continuous presence of L-NAME (100 uM)
and indomethacin (10 uM). A, responses to 0.25-16 nM ET-1 in absence (black) and presence of BQ123 (1 uM, red), BQ788 (1 uM, grey) or bosentan
(3 uM in presence of 1 uM BQ788, blue). BQ123 and bosentan prevented responses to up to 8 nM ET-1. B, vasomotor tone after removal of free
agonist and antagonist. C, effects of BQ123 and bosentan (0.1-3.0 uM) in the presence of 8 nM ET-1. D, vasomotor tone after removal of free agonist
and antagonist. E, effect of BQ123 (1 uM) and bosentan (3 uM) on contractile responses initiated by 8 nM ET-1 that persisted in absence of the
peptide. F, vasomotor tone after removal of free antagonist. n=6-20. *, P<0.05 vs. control.

doi:10.1371/journal.pone.0010917.g001

receptor antagonists (Fig. 1E/F) or by acetylcholine (Fig. 3B/C),
was terminated by capsaicin and by CGRP (Fig. 3B/C).

When arteries were transiently exposed to a high concentration
of CGRP (100 nM; Fig. 5A) or to ET-1 (16 nM) and then to
CGRP (100 nM; Fig. 5B), exogenous ET-1 (1-16 nM; applied
after removing other vasoactive compound from the organ bath)
caused contractions with a potency and an efficacy that deviate
only marginally from those observed in controls (Fig. 5C/D). This
suggests that CGRP does not induce a long-lasting relaxing effect
(Fig. 5C) but rather promotes dissociation of previously established
ET-1/ET s-receptor complexes allowing re-application of ET-1 to
again induced contractile responses (Fig. 5D).

Modulation of ET-1/ETs-receptor binding

We used rhodamine-labeled ET-1 (Rh-ET-1) and two-photon
laser scanning microscopy (TPLSM) focusing on the tunica media,
to visualize binding of ET-1 to the smooth muscle. Contractile
properties did not differ between Rh-ET-1 and ET-1 (Table 1).
Binding of Rh-ET-1 (16 nM) to smooth muscle (Fig. 6D) was
reduced by BQ788 (1 pM; Fig. 6E) and was prevented by presence
of either ET-1 (16 nM) or of both BQ788 (1 pM) and BQ123
(1 uM)[2] indicating selective binding to ETs- and ETg-receptors.
Once established, binding of Rh-ET-1 persisted after washout of
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free Rh-ET-1 and was not reversed by BQ123 (1 uM; Fig. 6F)
indicating quasi-irreversible receptor-binding of the agonist. In
contrast, capsaicin (1 uM) and exogenous CGRP (100 nM;
investigated in presence and absence (not shown) of 1 uM
BQ788), reversed the binding of Rh-ET-1 to smooth muscle that
remained after exposure to Rh-ET-1 (Fig. 61/M). Thereafter, Rh-
ET-1 could again label the arterial smooth muscle (Fig. 6]/N).

Discussion

The novel finding of our work is that while ET-receptor
antagonists partly and transiently reduce endothelinergic vaso-
constriction as a result of bitopic and irreversible agonist-receptor
binding, stimuli of SMN can terminate effects initiated by ET-1
through CGRP-receptors that promote dissociation of ET-1/ET s-
receptor complexes. This may lead to novel therapies of diseases
mvolving ET-1.

We compared effects and mechanisms of action of competitive
and physiological antagonists of ET-1 in isolated rat mesenteric
resistance arteries. In these vessels, which influence local blood
flow and total peripheral resistance and contribute to the
development of hypertension[43], ET-receptor subtypes are
expressed by several cell types[31,32,33]. However, a selective
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Figure 2. Capsaicin and CGRP relax endothelinergic arterial contraction and prevent the persistent contractile effect of ET-1.
Isolated rat mesenteric resistance arteries were studied in presence of L-NAME (100 uM) and indomethacin (10 uM) (as indicated) and were
contracted with ET-1 (16 nM). Increasing vasodilator concentrations were administered until a maximal effect was observed. Thereafter
vasoconstrictor and vasodilator stimuli were removed from the organ chamber while the recording of active wall tension continued for >10 min. A
and B, typical tracings of active wall tension (WT) versus time (t) illustrating acute relaxing effects (green box) of acetylcholine (A; 0.01-10 uM) and
capsaicin (B; 0.01-1 uM) and rapid recovery of contraction after removal of the vasodilator (long-term effect, red box) in the case of acetylcholine (A)
but not capsaicin (B). C, maximal acute relaxing effects of various dilators. D, long-term effects of various dilators. a, time control; b and c,
acetylcholine; d, isoproterenol; e, forskolin; f, Na-nitroprusside; g, pinacidil; h - j, capsaicin in the absence (h) and presence of CGRPg3; (i) or
BIBN4096BS (j); k - m, CGRP in the absence (k) and presence of CGRPg_3; (I) or BIBN4096BS (m). For concentrations of vasodilators see “Methods”
section. n=6-8. *, § and #: P<<0.05 vs. control, capsaicin or CGRP, respectively.

doi:10.1371/journal.pone.0010917.9g002

ETg-agonist did not modify vasomotor tone. Contractile effects of
ET-1 were not modified by an ETg-antagonist, pre-treatment with
capsaicin or inhibition of NO-synthases and cyclo-oxygenases.
Thus, initiation and maintenance of contractile responses to E'T-1
were dominated by smooth muscle ET s-receptors and were hardly
affected by basal or endothelinergic influences of SMN or the
endothelium.

Ligand-binding studies and analyses of structure-affinity and
structure-selectivity relationships previously indicated quasi-irre-
versible and polyvalent binding of ET-1 to ETx-recep-
tors[2,5,15,17,44,45]. The high affinity of ET-1 for ET s-receptors
is due to slow dissociation of the agonist-receptor complexes|2].
ET-1 requires the C-terminal Trpzl, both disulphide bonds and
distinct amino acids in the N-terminal loop for high affinity
binding to ET-receptors[2,5,12,13,14,15,18]. It has therefore

@ PLoS ONE | www.plosone.org

been proposed that several parts of ET-1 interact with distinct sites
on the ETy-receptor[15,17]. To the best of our knowledge, the
consequences of this polyvalent and irreversible binding of ET-1 to
ET s-receptors for signaling have not been addressed before. We
show that ETs-antagonists can prevent binding and contractile
effects of ET-1 but that they are less effective in reversing effects
induced by ET-1. This discrepancy has also been observed in vivo
(e.g. [22]) and was even more marked in an in vitro study using
another ETs-antagonist [46]. In addition, we report that ET-
receptor antagonists reduce not only responses in presence of E'T-1
but also responses that had been initiated by ET-1 and that
persisted in absence of free agonist. These findings combined with
earlier models of ET s-receptor function [15,17] can be integrated
into a model regarding ET-1/ET -interactions and ET y-mediat-
ed signaling as depicted in Fig. 7. A part of ET-1, and the low
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Figure 3. Capsaicin, CGRP and acetylcholine relax endothelinergic arterial contraction that remained after removal of ET-1 from its
biophase but only capsaicin and CGRP prevent the persistent contractile effect of ET-1. A, schematic tracings of active wall tension (WT)
versus time (t) illustrating i) ET-1-induced contractions that are not reversed upon agonist removal (W), ii) acute effects of various dilators and iii)
prevention of long-term ET-1 effects by capsaicin (purple) and CGRP (blue) but not acetylcholine (grey). B, maximal acute relaxing effects of
acetylcholine (b), capsaicin (c) or CGRP (d). C, long-term effects of acetylcholine (b), capsaicin (c) or CGRP (d). For concentrations of vasodilators see

“Methods” section. n=6-8. *: P<0.05 vs. control.
doi:10.1371/journal.pone.0010917.9003

molecular weight antagonists, binds with high affinity to one
binding site on the receptor (site H). Thereafter another part of the
ET-1 molecule binds to a second distinct binding-site on the
receptor (site L). Binding of ET-1 at site H is dynamic and remains
susceptible to competition by the low molecular weight antago-
nists. It precedes and is required for binding at site L. which (i) is
insensitive to antagonists, (ii) triggers signalling and (iii) binds the
agonist quasi-irreversibly. This model explains the lower potency
than affinity and the steepness of the concentration-effect
relationships of ET-1 when signaling by ETa-receptors is
enhanced by cooperativity between the two binding sites of ET-
1. In addition, it takes into account the flexibility of ET-1 as
indicated by X-ray crystallography and NMR spectroscopy studies
[47,48] and displays similarities to the ‘“address and message
domain model” proposed for other GPCR agonists [49,50].
Because similar findings were obtained with BQ123, SB234551
and bosentan which represent i) hydrophilic and lipophilic
antagonists and 1i) ET s-selective and mixed antagonists, internal-
ization and heterodimerization of receptors do not seem to be
involved.

Our model predicts that compounds which accelerate dissoci-
ation of ET-1/ET s-receptor complexes have a larger and more
long-lasting inhibitory effect on responses initiated by ET-1
compared to neutral competitive antagonists. Aspirin-like mole-
cules were reported to display such an allosteric inhibitory effect at
millimolar concentrations[45,51]. We focused on the endothelium
and on SMN; two structures that counterbalance ET-1/ET4-
effects in vivo [4,7,25,29,30,31], to identify a similar but more
potent mechanism. The endothelium-dependent vasodilator
acetylcholine and several directly acting vasodilators fully relaxed
ET-1-induced contractions. However, these relaxations were
transient and did not inhibit the persistent contractile effect

@ PLoS ONE | www.plosone.org

mitiated by ET-1. This indicates mere functional antagonism. In
contrast, stimuli of SMN not only reversed ET-1-induced
contractions but also prevented their recovery. This was observed
with capsaicin (pungent vanilloid TRPVI-stimulus of Capsicum
Spec[40]), rutaecarpine (an alkaloid TRPVl1-agonist from the
chinese traditional medicinal herb Evodia Rutaecarpa|39]) and with
allyl 1sothiocyanate (an organosulfur TRPA1-channel activator of
Allum and Brassica[37]). For rutaecarpine the effects were not
modified by removal of the endothelium excluding a role for
endothelial TRPV1-channels[52]. The effects of SMN-stimuli
were reduced by CGRP-receptor antagonists and mimicked by
exogenous CGRP, a neurotransmitter that can be released from
peri-arterial SMIN [27,36,40]. However, they could not be
reproduced by agents that stimulate adenylyl cyclase (forskolin
and 1soproterenol), generate NO (Na-nitroprusside) or open Kxp-
channels (pinacidil) and thus activate components of the classical
signal-transduction mechanism triggered by CGRP-receptors (for
review see [53]). Furthermore, the contractile potency and efficacy
of ET-1 were hardly modified by pre-exposure to capsaicin or
CGRP or after “termination” of the persistent effect of ET-1 by
CGRP. This suggests that the cAMP-independent effect of CGRP
against ET-1 involves dissociation of ET-1/ET z-receptor com-
plexes and not a long-lasting relaxing effect. Clearly, this invites for
further investigations into the molecular mechanism(s) induced by
CGRP in this setting. These studies should focus on possibilities
like 1) heterodimers between ETs- and CGRP-receptors, ii) rapid
phosphorylation followed by desensitization of ETs-receptors
mediated by e.g. G protein receptor kinases [54], which can be
activated by CGRP-receptor stimulation [55] and iii) possible
interactions between the different subunits of CGRP receptors,
most notably receptor activity modifying protein 1, and ETx-
receptors. We used imaging to study the effects of CGRP-receptor
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Figure 4. Stimuli of SMN, like rutaecarpine and allyl isothio-
cyanate, relax endothelinergic arterial contraction and prevent
the persistent contractile effect of ET-1. Isolated rat mesenteric
resistance arteries were precontracted with 16 nM ET-1. Increasing
concentrations of vasodilator compounds were administered until a
maximal effect was observed. Thereafter vasoactive stimuli were
removed from the organ chamber while the recording of active wall
tension continued for >10 min. A, maximal acute relaxing effects of
rutaecarpine and allyl isothiocyanate. B, long-term effects of rutaecar-
pine and allyl isothiocyanate. a, time control; b, rutaecarpine; c,
rutaecarpine in presence of BIBN4096BS; d, allyl isothiocyanate; e, allyl
isothiocyanate in presence of BIBN4096BS. For concentrations of
vasodilators see “Methods” section. n=6-8. *, $ and #: P<<0.05 vs.
control, rutaecarpine and allyl isothiocyanate, respectively.
doi:10.1371/journal.pone.0010917.9g004

activation on binding of ET-1 to arterial smooth muscle ETx-
receptors. In line with earlier findings, fluorescent labeling of E'T-1
at Lys” did not modify the pharmacology of the agonist [2,56,57].
We observed intense staining of intact vascular smooth muscle
which could be prevented by ET-1 and by combined ETs- and
ETg-antagonism ([2] and this study). Thus, we show that ET-1
agonist-receptor binding can be visualised in a vital tissue without
the need for supra-physiological receptor densities. Compared to
conventional radioligand binding experiments with microsomes or
intact arteries (e.g. [58] it has the added value that (i) small tissue
samples can be used efficiently without the need for large numbers
of arteries and animals, (ii) dissociation of ET-1/ET s-complexes
can be monitored in real-time and (iii) effects of second messengers
and endogenously released mediators (e.g. neurotransmitters) can
be registered. In line with the model that we propose, labeling of
vascular smooth muscle persisted after removal of free label. In
addition, labeling was not reversed by BQ123 in the presence of
BQ788. In contrast, capsaicin and CGRP each abolished pre-
existing labeling. Thereafter, Rh-ET-1 could again label the
smooth muscle with comparable intensity. This strengthens the
conclusion that CGRP-receptor stimulation promotes dissociation
of the agonist ET-1 from contractile ET s-receptors.

@ PLoS ONE | www.plosone.org
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In summary (Fig. 7), CGRP released from SMN promotes the
dissociation of the ET-1/ET s-receptor complexes that are respon-
sible for the long-lasting effects of the peptide. Hence CGRP can be
more suited to inhibit vascular effects of ET-1 compared to functional
antagonists and competitive antagonists. We could not demonstrate
that this mechanism acts as a negative feedback under normal
conditions because desensitization of SMN and presence of CGRP-
receptor antagonists do not alter the sensitivity to E'T-1 ([33] and this
study). This is in line with observations that ET-1 does not directly
stimulate but modulates effects of TRP channel activators[27,28].
The negative feedback may become operative during ischemia and
mflammation which stimulate SMN activity. Several other aspects
remain to be addressed to validate CGRP-receptor agonism and
SMN as valid targets for therapy of ET-1-related diseases. These
include effects of SMN and CGRP against endogenously produced
ET-1 in other vessels and other species. In the mean time it may be
worthwhile to consider how widely available natural and orally active
stimuli of SMN could be applied in diseases that involve ET-1 but in
which clinical efficacy of ET-receptor antagonists has been hard to

prove [6,23].

Materials and Methods

Experimental protocols were approved by the Ethics Commit-
tee on Experimental Animal Welfare of Maastricht University.

Solutions and Drugs

Bosentan[19], BIBN4096BS[42] and SB-234551[21] were ob-
tained from Actelion Pharmaceuticals (Allschwill, CH), Boehringer
Ingelheim Pharma KG (Biberach, D) and GlaxoSmithKline
(Stevenage, UK) respectively, and dissolved in DMSO. Allyl
1isothiocyanate[37], capsaicin[38,40], forskolin and indomethacin
were purchased from Sigma Aldrich (Zwijndrecht, NL) and dissolved
in ethanol. Acetylcholine, isoproterenol, L-NAME (N (G)-nitro-L-
arginine methyl ester), Na-nitroprusside, norepinephrine, and
isoproterenol were purchased from Sigma Aldrich (Zwijndrecht,
NL) and dissolved in Krebs-Ringer bicarbonate (KRB) solution.
Pinacidil was obtained from Sigma Aldrich (Zwijndrecht, NL) and
dissolved in DMSO. BQ123[20] and BQ788(34] were obtained from
Bachem (Weil am Rhein, D) and dissolved in DMSO. Human
CGRP, CGRP g4;[*'], ET-1 and Ala; g, 5-ET-1[10] were
obtained from Bachem (Weil am Rhein, D) and dissolved in KRB
solution. Rutaecarpine[39] was a kind gift from Prof. Yu Huang
(Chinese University of Hong Kong, China) and was dissolved in
DMSO. The maximal concentrations of the solvents never exceeded
0.1% and did not alter arterial reactivity.

Tissue Preparation

16 weeks old male WKY rats (Charles River, Maastricht, NL)
were euthanized by COj inhalation. Second-order side branches
of the superior mesenteric artery were isolated, and either
mounted in a wire-myograph and stretched as previously
described [33,59] or mounted in a pressure-myograph and
pressurized at 80 mm Hg[27,60]. In some arteries, the endothe-
lium was mechanically removed([27,33,59].

Vasomotor responses

At optimal diameter (34026 um) the contractile response to
10 uM NE averaged 4.1£0.2 N/m. The relaxing responses to
acetylcholine (10 uM) during this precontraction averaged
93.7%0.7% and was absent in denuded arteries.

Effects of ET-receptor antagonists. The effect of the ET »-
antagonists BQ123[20] (1 uM), bosentan[19] (3 uM, in presence of
BQ788 (1 uM)) or SB234551[21] (10 nM) was assessed when applied
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Figure 5. Unaltered arterial contractile responses to ET-1 (0.25-16 nM) following exposure to CGRP. A, schematic tracings of active wall
tension (WT) versus time (t) illustrating contractile reponses to ET-1 (0.25-16 nM) in arteries transiently treated with (right) or without (left) CGRP
(100 nM). B, schematic tracing of active wall tension (WT) versus time (t) illustrating initial ET-1 effects which were reversed by CGRP before a second
concentration response curve was generated. C: Effect of ET-1 (0.25-16 nM) in arteries pre-treated with CGRP (100 nM, during 16 min). D: Effect of ET-
1 (0.25-16 nM) in arteries in which ET-1-induced contractions were reversed by CGRP (100 nM). n=6. *: p<<0.05 vs control.

doi:10.1371/journal.pone.0010917.g005

20 min. before ET-1 induced contractions (0.25-16 nM). In
addition, the effect of increasing concentrations (0.1-3 uM) of
BQ123 and bosentan was assessed during contractions induced by
8 nM ET-1. Also, the effect of SB234551 (10 nM) during ET-1-
induced contraction (8 nM) was determined. Finally, the effect of the
antagonists was determined during contractions that remained after
removal of ET-1 from its biophase. Before these experiments, peri-
arterial SMN were desensitized[33,38,40]. In addition, L-NAME
(100 uM) and indomethacin (10 pM) were continuously present.

Effects of candidate functional antagonists. During ET-1-
induced contractions (16 nM), and during contractions that remained
after removal of ET-1 (16 nM) from its biophase, arterial relaxing
responses to increasing concentrations acetylcholine (0.01-10 pM),
capsaicin (0.01-1.0 pM), CGRP (0.1-100 nM), Na-nitroprusside
(0.01-10 pM), rutaecarpine (0.1-10 uM), allyl isothiocyanate (0.01—
10 pM), forskolin (0.1-3 uM), isoproterenol (0.01-3 uM) or pinacidil
(0.01-10 pM) were assessed. These experiments were performed in
absence of pharmacological inhibitors and were repeated in presence
of L-NAME (100 uM) and indomethacin (10 pM) and in
presence of CGRP-receptor antagonists (BIBN4096BS[42] (20 nM)
or 0CGRPg 37[41] (I pM)). Some of these experiments were repeated
in denuded arteries.

Synthesis of fluorescently labeled ET-1

0.35 mg ET-1 (0.14 umol) was dissolved in 50 uL. dimethylfor-
mamide +1 uL. N,N-diisopropylethylamine. 50 pl. Rhodamine-
succinimidyl ester (Rh-SE) stock solution (6.3 umol/ul 33%

@ PLoS ONE | www.plosone.org

acetonitril/67% methanol) was added and left overnight for
coupling. After 16 hours HPLC and MALDI-TOF analyses
showed that >90% of ET-1 was mono-labeled. Rh-ET-1 was
purified using semi-preparative reversed-phase HPLC using a
Vydac C-18 column (250x10 mm, 10 um). A lineair gradient of
acetonitrile in water/0.1% TFA (flow rate 5 ml/min; 0.5%B/min)
was applied to elute peptides. Rh-ET-1 was lyophilized and stored
at —20°C until use.

Two-photon laser scanning microscopy (TPLSM)

After isolating and pressurizing the arteries, TPLSM was
performed as previously described [27,60]. In short, tissue samples
were excited with Tsunami Ti:sapphire laser (Spectra-Physics),
which was pumped by a Millennia Vs 5 W pump laser (Spectra-
Physics) and mode locked at 840 nm, with a 82.5 MHz repetition
rate and 100 fs pulse width. Autofluoresence was visualized at 400
to 450 nm and focal planes were positioned within the tunica
media. Arteries were incubated with Rh-ET-1 (16 nM) and
labeling of structures in the vessel wall was assessed at 620 to
660 nM. Subsequently, the effect of preincubation with BQ123
(1 uM), BOI23 (1 uM) + BQ788 (1 uM) on labeling was
determined. Labeling of arterial smooth muscle in the arterial
wall by Rh-ET-1 (16 nM) can be prevented by ET-1 (16 nM)[2].
Finally, the effects of BQ123 (1 uM), removal of free label and
antagonist and of administration of either CGRP (100 nM) or of
capsaicin (I pM) on labeling were determined. These experiments
were performed in presence of BQ788 (1 uM)[2].
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Figure 6. Binding of ET-1 is not reversed by ET-receptor antagonists (C-F) but can be reversed by CGRP (G-J) and by capsaicin (K-N).
Isolated rat mesenteric arteries were canullated, pressurized and mounted under a 2-photon laser scanning microscope. Analyses focussed on the
smooth muscle layer (bordered by the autofluorescent (blue) internal and elastic laminae) (C, G, H)). Experiments were performed in continuous
presence of BQ788 (1 uM) except panels C and D. A and B illustrate schematic tracings of active wall tension versus time illustrating the order of (i)
administration of rhodamine-labeled ET-1 (Rh-ET-1, 16 nM), (i) application of pharmacological agents and (iii) removal of agonists and antagonists. C,
autofluoresence. D - F, labeling of vascular smooth muscle (D, red) observed in presence of Rh-ET-1 is not noticeably affected by administration of
BQ788 (E, 1 uM) and BQ123 (F, 1 uM). G, autofluorescence. H - J, labeling induced by exposure to Rh-ET-1 (16 nM) persists in absence of free label
and is resistant to ET-receptor antagonists (H) but is rapidly abolished () by exposure of the artery to CGRP (100 nM); thereafter labeling of smooth
muscle can be re-established by exposure to Rh-ET-1 (16 nM) (J). K, autofluoresence. L - N, largely similar experiment using capsaicin (CAPS, 1 uM).
Labeling induced by exposure to Rh-ET-1 (16 nM) that persists in absence of free label (L) is abolished (M) by exposure of the artery to CAPS (1 uM);
thereafter labeling of smooth muscle can be re-established by exposure to Rh-ET-1 (16 nM) (N). Scale bars: 50 um. Findings are representative for 4

arteries of 3 rats.
doi:10.1371/journal.pone.0010917.g006
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Figure 7. Schemes illustrating the interaction of ET-1 with arterial smooth muscle ET,-receptors (A - D) and the influences of
vasodilators. A, Initially, a part of ET-1 binds to a high affinity binding site (H) on an ETs-receptor. B, next, another part of ET-1 binds to a low affinity
binding site (L) of the receptor. Signaling is triggered by the occupied site L and reinforced by the occupied site H. C, while binding of ET-1 to site L is
quasi-irreversible, the binding of ET-1 to site H remains dynamic and can be competed off by low molecular weight antagonists such as BQ123. D,
binding of antagonists is readily reversible after which bivalent binding of ET-1 to the ETx-receptor and cooperative signaling can be re-established. E,
schematic representation of the endothelium (red), arterial smooth muscle (blue) and peri-arterial SMN (green). Endothelium-derived relaxing factors
such as nitric oxide (NO), endothelium-derived hyperpolarizing factor (EDHF) and prostacyclin (PGl,) released upon stimulation of e.g. endothelial
muscarinic receptors (M) by acetylcholine (ACh), counteract the ET-1/ET, contractile effect by their relaxing effect (functional antagonism).
Stimulation of TRPA1-channels by allyl isothiocyanate (AITC) or of TRPV1-channels by capsaicin (CAPS) or rutaecarpine (RUT) leads to release of CGRP.
In addition to functional antagonism, stimulation of post junctional CGRP-receptors causes dissociation of ET-1/ETa-receptor complexes resulting in
termination of thepersistent vasoconstrictor effect of ET-1.
doi:10.1371/journal.pone.0010917.g007
Data and Statistical Analysis Supporting Information
Contractile responses are expressed as percentage of the
maximal contractile response to 10 uM NE in absence of
pharmacological inhibitors (NEmax). Relaxing responses are
expressed as percentage reduction of the level of pre-contraction.
Concentration-response curves (CRC) were fitted to a non-linear
sigmoid regression curve (Graphpad Prism 5.0). All data are shown
as mean = SEM. Statistical significance was assessed using either
one-way ANOVA (comparison of EC5y and E,,,) or two-way

Figure S1 Partial and reversible reversing effect of the ETx-
receptor antagonist SB234551 on arterial contractile responses to
ET-1 and their persistence. Isolated rat mesenteric resistance
arteries were studied after treatment with capsaicin (1 uM during
20 min.) in the continuous presence of L-NAME (100 uM) and
indomethacin (10 pM). A, responses to 0.25—16 nM ET-1 in the
absence (black) and presence of SB234551 (10 nM, red). Note that

ANOVA (comparison of CRCs). Bonferroni’s post-hoc test was
used to compare multiple groups. A P value <0.05 was considered
statistically significant.

@ PLoS ONE | www.plosone.org 9

SB234551 prevented responses to up to 8 nM ET-1. B, vasomotor
tone after removal of free agonist and antagonist. C, effects of
SB234552 (10 nM) on contractile responses to 8 nM ET-1. D,
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vasomotor tone after removal of free agonist and antagonist. E,
effect of SB234551 (10 nM) on the contractile response initiated
by 8 nM ET-1 and persisting in the absence of the peptide. F,
vasomotor tone after removal of free antagonist. Data are
expressed as % of the maximal response to norepinephrine
(NEmax) prior to exposure to any drug, and are shown as mean =
SEM (n = 6). *, the difference from control is statistically significant
(P<0.05).

Found at: doi:10.1371/journal.pone.0010917.s001 (9.27 MB TTF)

Figure 82 Effects of CGRP and rutaecarpine are endothelium-
independent. Isolated, denuded rat arteries were studied in
presence of L-NAME (100 uM) and indomethacin (10 uM) as
indicated. Arteries were precontracted with 16 nM ET-1. Next,
increasing concentrations of vasodilator compounds were admin-
istered until a maximal effect was observed. Thereafter vasoactive
stimuli were removed from the organ chamber while the recording

References

1. Pierce KL, Premont RT, Lefkowitz R] (2002) Seven-transmembrane receptors.
Nat Rev Mol Cell Biol 3: 639-650.

2. De Mey JGR, Compeer MG, Meens MJ (2009) Endothelin-1, an endogenous
irreversible agonist in search of an allosteric inhibitor. Molecular and Cellular
Pharmacology 5: 246-257.

3. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, et al. (1988)
A novel potent vasoconstrictor peptide produced by vascular endothelial cells.
Nature 332: 411-415.

4. Hynynen MM, Khalil RA (2006) The vascular endothelin system in
hypertension-recent patents and discoveries. Recent Pat Cardiovasc Drug
Discov 1: 95-108.

5. Masaki T (2004) Historical review: Endothelin. Trends Pharmacol Sci 25:
219-224.

6. Kirkby NS, Hadoke PW, Bagnall AJ, Webb DJ (2008) The endothelin system as
a therapeutic target in cardiovascular disease: great expectations or bleak house?
Br J Pharmacol 153: 1105-1119.

7. Schneider MP, Boesen EI, Pollock DM (2007) Contrasting actions of endothelin
ET(A) and ET(B) receptors in cardiovascular disease. Annu Rev Pharmacol
Toxicol 47: 731-759.

8. Bagnato A, Spinella F, Rosano L (2008) The endothelin axis in cancer: the
promise and the challenges of molecularly targeted therapy. Can J Physiol
Pharmacol 86: 473-484.

9. Khodorova A, Navarro B, Jouaville LS, Murphy JE, Rice FL, et al. (2003)
Endothelin-B receptor activation triggers an endogenous analgesic cascade at
sites of peripheral injury. Nat Med 9: 1055-1061.

. Davenport AP (2002) International Union of Pharmacology. XXIX. Update on
endothelin receptor nomenclature. Pharmacol Rev 54: 219-226.

. Maggi CA, Giuliani S, Patacchini R, Santicioli P, Rovero P, et al. (1989) The C-

terminal hexapeptide, endothelin-(16-21), discriminates between different

endothelin receptors. Eur J Pharmacol 166: 121-122.

Sacki T, IThara M, Fukuroda T, Yamagiwa M, Yano M (1991) [Alal,3,11,15]en-

dothelin-1 analogs with ETB agonistic activity. Biochem Biophys Res Commun

179: 286-292.

. Takai M, Umemura I, Yamasaki K, Watakabe T, Fujitani Y, et al. (1992) A
potent and specific agonist, Suc-[Glu9,Alal1,15]-endothelin-1(8-21), IRL 1620,
for the ETB receptor. Biochem Biophys Res Commun 184: 953-959.

. Kimura 8, Kasuya Y, Sawamura T, Shinmi O, Sugita Y, et al. (1988) Structure-
activity relationships of endothelin: importance of the C-terminal moiety.
Biochem Biophys Res Commun 156: 1182-1186.

15. Lattig J, Oksche A, Beyermann M, Rosenthal W, Krause G (2009) Structural
determinants for selective recognition of peptide ligands for endothelin receptor
subtypes ETA and ETB. J Pept Sci 15: 479-491.

. Randall MD, Douglas SA, Hiley CR (1989) Vascular activities of endothelin-1

and some alanyl substituted analogues in resistance beds of the rat.

Br J Pharmacol 98: 635-699.

Sakamoto A, Yanagisawa M, Sawamura T, Enoki T, Ohtani T, et al. (1993)

Distinct subdomains of human endothelin receptors determine their selectivity to

endothelinA-selective antagonist and endothelinB-selective agonists. J Biol Chem

268: 8547-8553.

. Tam JP, Liu W, Zhang JW, Galantino M, Bertolero F, et al. (1994) Alanine scan

of endothelin: importance of aromatic residues. Peptides 15: 703-708.

Clozel M, Breu V, Gray GA, Kalina B, Loffler BM, et al. (1994)

Pharmacological characterization of bosentan, a new potent orally active

nonpeptide endothelin receptor antagonist. J Pharmacol Exp Ther 270:

228-235.

. Ihara M, Ishikawa K, Fukuroda T, Sacki T, Funabashi K, et al. (1992) In vitro
biological profile of a highly potent novel endothelin (ET) antagonist BQ-123
selective for the ETA receptor. J Cardiovasc Pharmacol 20 Suppl 12: S11-14.

@ PLoS ONE | www.plosone.org

10

CGRP Terminates ET-1/ETp

of active wall tension continued for >10 min. A, maximal acute
relaxing effects of CGRP and rutaecarpine. B, long-term effects of
CGRP and rutaecarpine. a, time control; b, CGRP; c,
rutaecarpine.

Found at: doi:10.1371/journal.pone.0010917.s002 (8.27 MB TIF)

Acknowledgments

We thank Dennis Suylen for technical assistance.

Author Contributions

Conceived and designed the experiments: MM MC BJ JDM. Performed
the experiments: MM MC MvZ JDM. Analyzed the data: MM MC MvZ
JDM. Contributed reagents/materials/analysis tools: TMH MvZ. Wrote
the paper: MM BJ JDM.

21. Ohlstein EH, Nambi P, Hay DW, Gellai M, Brooks DP, et al. (1998)

Nonpeptide endothelin receptor antagonists. XI. Pharmacological characteriza-

tion of SB 234551, a high-affinity and selective nonpeptide ETA receptor

antagonist. ] Pharmacol Exp Ther 286: 650-656.

Sabaa N, de Franceschi L, Bonnin P, Castier Y, Malpeli G, et al. (2008)

Endothelin receptor antagonism prevents hypoxia-induced mortality and

morbidity in a mouse model of sickle-cell disease. J Clin Invest 118: 1924—

1933.

. McMurray JJ, Teerlink JR, Cotter G, Bourge RC, Cleland JG, et al. (2007)
Effects of tezosentan on symptoms and clinical outcomes in patients with acute
heart failure: the VERITAS randomized controlled trials. JAMA 298:
2009-2019.

. Hirata Y, Emori T, Eguchi S, Kanno K, Imai T, et al. (1993) Endothelin
receptor subtype B mediates synthesis of nitric oxide by cultured bovine
endothelial cells. J Clin Invest 91: 1367-1373.

5. Boulanger C, Luscher TF (1990) Release of endothelin from the porcine aorta.

Inhibition by endothelium-derived nitric oxide. J Clin Invest 85: 587-590.

Vanhoutte PM (2000) Say NO to ET. J Auton Nerv Syst 81: 271-277.

De Mey JG, Megens R, Fazzi GE (2008) Functional antagonism between

endogenous neuropeptide Y and calcitonin gene-related peptide in mesenteric

resistance arteries. J Pharmacol Exp Ther 324: 930-937.

Plant TD, Zollner C, Kepura F, Mousa SS, Eichhorst J, et al. (2007) Endothelin

potentiates TRPV1 via ETA receptor-mediated activation of protein kinase C.

Mol Pain 3: 35.

Xie C, Wang DH (2009) Ablation of transient receptor potential vanilloid 1

abolishes endothelin-induced increases in afferent renal nerve activity:

mechanisms and functional significance. Hypertension 54: 1298-1305.

Supowit SC, Zhao H, Hallman DM, DiPette DJ (1997) Calcitonin gene-related

peptide is a depressor of deoxycorticosterone-salt hypertension in the rat.

Hypertension 29: 945-950.

Wang Y, Wang DH (2004) Prevention of endothelin-1-induced increases in

blood pressure: role of endogenous CGRP. Am J Physiol Heart Circ Physiol 287:

H1868-1874.

Molero MM, Giulumian AD, Reddy VB, Ludwig LM, Pollock JS, et al. (2002)

Decreased endothelin binding and [Ca2+]i signaling in microvessels of DOCA-

salt hypertensive rats. ] Hypertens 20: 1799-1805.

Meens M]J, Fazzi GE, van Zandvoort MA, De Mey JG (2009) Calcitonin gene-

related peptide selectively relaxes contractile responses to endothelin-1 in rat

mesenteric resistance arteries. ] Pharmacol Exp Ther 331: 87-95.

Ishikawa K, Thara M, Noguchi K, Mase T, Mino N, et al. (1994) Biochemical

and pharmacological profile of a potent and selective endothelin B-receptor

antagonist, BQ-788. Proc Natl Acad Sci U S A 91: 4892-4896.

. Thara M, Noguchi K, Sacki T, Fukuroda T, Tsuchida S, et al. (1992) Biological
profiles of highly potent novel endothelin antagonists selective for the ETA
receptor. Life Sci 50: 247-255.

. Burnstock G (2009) Autonomic neurotransmission: 60 years since sir Henry

Dale. Annu Rev Pharmacol Toxicol 49: 1-30.

Bautista DM, Movahed P, Hinman A, Axelsson HE, Sterner O, et al. (2005)

Pungent products from garlic activate the sensory ion channel TRPAIL. Proc

Natl Acad Sci U S A 102: 12248-12252.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, et al.

(1997) The capsaicin receptor: a heat-activated ion channel in the pain pathway.

Nature 389: 816-824.

Deng PY, Ye F, Cai W], Tan GS, Hu CP, et al. (2004) Stimulation of calcitonin

gene-related peptide synthesis and release: mechanisms for a novel antihyper-

tensive drug, rutaecarpine. J Hypertens 22: 1819-1829.

Szallasi A, Blumberg PM (1999) Vanilloid (Capsaicin) receptors and mecha-

nisms. Pharmacol Rev 51: 159-212.

22.

26.
27.

28.

29.

31.
32.
33.

34.

37.

38.

39.

40.

June 2010 | Volume 5 | Issue 6 | €10917



41.

42,

43.

44.

46.

47.

48.

49.

50.

Chiba T, Yamaguchi A, Yamatani T, Nakamura A, Morishita T, et al. (1989)
Calcitonin gene-related peptide receptor antagonist human CGRP-(8-37).
Am ] Physiol 256: E331-335.

Doods H, Hallermayer G, Wu D, Entzeroth M, Rudolf K, et al. (2000)
Pharmacological profile of BIBN4096BS, the first selective small molecule
CGRP antagonist. Br J] Pharmacol 129: 420-423.

Mulvany MJ (1990) Structure and function of small arteries in hypertension.
J Hypertens Suppl 8: $225-232.

Hilal-Dandan R, Villegas S, Gonzalez A, Brunton LL (1997) The quasi-
irreversible nature of endothelin binding and G protein-linked signaling in
cardiac myocytes. ] Pharmacol Exp Ther 281: 267-273.

. Talbodec A, Berkane N, Blandin V, Breittmayer JP, Ferrari E, et al. (2000)

Aspirin and sodium salicylate inhibit endothelin ETA receptors by an allosteric
type of mechanism. Mol Pharmacol 57: 797-804.

Adner M, Shankley N, Edvinsson L (2001) Evidence that ET-1, but not ET-3
and S6b, ET(A)-receptor mediated contractions in isolated rat mesenteric
arteries are modulated by co-activation of ET(B) receptors. Br J Pharmacol 133:
927-935.

Aumelas A, Kubo S, Chino N, Chiche L, Forest E, et al. (1998) Formation of
native disulfide bonds in endothelin-1. Structural evidence for the involvement of
a highly specific salt bridge between the prosequence and the endothelin-1
sequence. Biochemistry 37: 5220-5230.

Hewage CM, Jiang L, Parkinson JA, Ramage R, Sadler IH (1999) Solution
structure of a novel ETB receptor selective agonist ET1-21 [Cys(Acm)l,15,
Aib3,11, Leu7] by nuclear magnetic resonance spectroscopy and molecular
modelling. J Pept Res 53: 223-233.

Conner AC, Simms J, Barwell J, Wheatley M, Poyner DR (2007) Ligand binding
and activation of the CGRP receptor. Biochem Soc Trans 35: 729-732.

Peng X, Knapp BI, Bidlack JM, Neumeyer JL (2007) Pharmacological
properties of bivalent ligands containing butorphan linked to nalbuphine,

@ PLoS ONE | www.plosone.org

1

52.

53.

54.

56.

57.

58.

59.

60.

CGRP Terminates ET-1/ETp

naltrexone, and naloxone at mu, delta, and kappa opioid receptors. ] Med Chem

50: 2254-2258.

. Blandin V, Vigne P, Breittmayer JP, Frelin C (2000) Allosteric inhibition of

endothelin ETA receptors by 3, 5-dibromosalicylic acid. Mol Pharmacol 58:
1461-1469.

Nilius B, Owsianik G, Voets T, Peters JA (2007) Transient receptor potential
cation channels in disease. Physiol Rev 87: 165-217.

Brain SD, Grant AD (2004) Vascular actions of calcitonin gene-related peptide
and adrenomedullin. Physiol Rev 84: 903-934.

Morris GE, Nelson CP, Standen NB, Challiss RA, Willets JM (2010) Endothelin
signalling in arterial smooth muscle is tightly regulated by G protein-coupled
receptor kinase 2. Cardiovasc Res 85: 424-433.

. Aiyar N, Disa J, Dang K, Pronin AN, Benovic JL, et al. (2000) Involvement of G

protein-coupled receptor kinase-6 in desensitization of CGRP receptors.
Eur J Pharmacol 403: 1-7.

Oksche A, Boese G, Horstmeyer A, Furkert J, Beyermann M, et al. (2000) Late
endosomal/lysosomal targeting and lack of recycling of the ligand-occupied
endothelin B receptor. Mol Pharmacol 57: 1104-1113.

Zemanova L, Schenk A, Hunt N, Nienhaus GU, Heilker R (2004) Endothelin
receptor in virus-like particles: ligand binding observed by fluorescence
fluctuation spectroscopy. Biochemistry 43: 9021-9028.

Stassen FR, Maas RG, Schiffers PM, Janssen GM, De Mey JG (1998) A positive
and reversible relationship between adrenergic nerves and alpha-1A adreno-
ceptors in rat arteries. ] Pharmacol Exp Ther 284: 399-405.

Hilgers RH, De Mey JG (2009) Myoendothelial coupling in the mesenteric
arterial bed; segmental differences and interplay between nitric oxide and
endothelin-1. Br J Pharmacol 156: 1239-1247.

Megens RT, Reitsma S, Schiffers PH, Hilgers RH, De Mey JG, et al. (2007)
Two-photon microscopy of vital murine elastic and muscular arteries. Combined
structural and functional imaging with subcellular resolution. J Vasc Res 44:

87-98.

June 2010 | Volume 5 | Issue 6 | €10917



