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BACKGROUND AND PURPOSE
Endothelin (ET)-1 and ET-2 cause potent long-lasting vasoconstrictions by tight binding to smooth muscle ETA receptors. We
tested the hypotheses that different mechanisms mediate initiation and maintenance of arterial contractile responses to ET-1
and ET-2 and that this differs among vascular beds.

EXPERIMENTAL APPROACH
Segments of rat mesenteric resistance artery (MRA) and basilar artery (BA) were studied in wire myographs with and without
functional antagonists.

KEY RESULTS
Sensitivity and maximum of MRA contractile responses to ET-1 were not, or only moderately, reduced by stimulation of
soluble GC, AC or K+-channels and by an inhibitor of receptor-operated ion channels. However, each of these reduced
maintenance of ET-1 effects and relaxed ET-1-induced contractions in MRA. A calcium channel antagonist did not alter
sensitivity, maximum and maintenance of ET-1 effects, but relaxed ET-1-induced contractions in MRA. A PLC inhibitor
prevented contractile responses to ET-1 and ET-2 in MRA and BA, and relaxed ET-1- and ET-2-induced responses in MRA and
ET-1 effects in BA. A Rho-kinase inhibitor did not modify sensitivity, maximum and maintenance of responses to both peptides
in both arteries but relaxed ET-2, but not ET-1, effects in MRA and ET-1 effects in BA.

CONCLUSIONS AND IMPLICATIONS
PLC played a key role in arterial contractile responses to ETs, but ET-1 and ET-2 initiated and maintained vasoconstriction
through different mechanisms, and these differed between MRA and BA. Selective functional antagonism may be considered
for agonist- and vascular bed selective pharmacotherapy of ET-related diseases.

Abbreviations
Bay412272, 3-(4-amino-5-cyclopropylpyrimidine-2-yl)-1-(2-fluorobenzyl)-1H-pyrazolo(3,4-b)pyridine; Bay602770,
4-((4-carboxybutyl) [2- (5-fluoro-2-([4′-(trifluoromethyl) biphenyl-4-yl]methoxy)phenyl)ethyl] amino}methyl)benzoic
acid; CCRC, cumulative concentration–response curve; ET, endothelin; KRB, Krebs Ringer bicarbonate buffer;
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L-VOCC, L-type voltage-operated calcium channel; PLC, phospholipase C; Pyr3, 1-[4-[(2,3,3-trichloro-1-oxo-2-propen-
1-yl)amino]phenyl]-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid; RhoK, Rho-kinase; Ro318220, 3-(3-(4-(1-methyl-
1H-indol-3-yl)-2,5-dioxo-2,5-dihydro-1H-pyrrol-3-yl)-1H-indol-1-yl)propyl carbamimidothioate; sGC, soluble guanylate
cyclase; TRPC3, transient receptor potential cation channel 3; U73122, 1-[6-[[(17β)-3-methoxyestra-1,3,5(10)-trien-17-
yl]amino]hexyl]-1H-pyrrole-2,5-dione

Introduction

Endothelins (ETs) are bicyclic 21 amino acid peptides, acting
as paracrine mediators (Yanagisawa et al., 1988; Wagner et al.,
1992) in the cardiovascular system (Kirkby et al., 2008), in
chronic pain (Khodorova et al., 2009) and in cancer (Buther
et al., 2012). In mammalian species, the ET family consists of
three members, ET-1, ET-2 and ET-3, the first being most
prevalent in the cardiovascular system as a regulator of vas-
cular tone (Masaki, 2004). After release from the endothe-
lium, ET-1 causes contraction of vascular smooth muscle cells
via endothelin ETA receptors (Rizzoni et al., 1997; receptor
nomenclature follows Alexander et al., 2011). In most ex vivo
preparations of freshly isolated arteries, there is no observable
effect on vasomotor tone attributable to ETB receptors in
endothelium or smooth muscle (Meens et al., 2010; Compeer
et al., 2012a). Activated ETA receptors can stimulate several
signal-transduction pathways including NADPH-oxidases,
phospholipases, Rho-kinase (RhoK) and cellular influx of
calcium ions (Badr et al., 1989; Neylon, 1999; Masaki, 2004).
For several other vasoconstrictor agonists, it has been estab-
lished that transient stimulation of calcium influx is followed
by calcium sensitization resulting from RhoK-mediated inhi-
bition of myosin light-chain phosphatase, illustrating differ-
ent molecular mechanisms underlying the initiation and
maintenance of vasoconstrictor responses (Somlyo and
Somlyo, 2000; Loirand et al., 2006; Wynne et al., 2009).

ET-1 binds tightly to ETA receptors (Meens et al., 2010; De
Mey et al., 2011), causing arterial contractions followed by
long-lasting vasospasms that are resistant to inhibition by ET
receptor antagonists (Yanagisawa et al., 1988; Inoue et al.,
1989; Hilal-Dandan et al., 1997; Adner et al., 2001; Meens
et al., 2010). This might explain why ET receptor antagonists
are rather ineffective in treating ET-related diseases in clinical
trials (Schneider et al., 2007; Kirkby et al., 2008; Kohan et al.,
2012). In view of the tight agonist binding, functional
antagonists may be better suited for therapeutic purposes
than receptor antagonists.

The endogenous ET-2 (Trp6Leu7 ET-1) has binding affini-
ties and efficacies at ET receptors that are seemingly similar to
those of ET-1 and has therefore been considered to display
identical pharmacological properties (Davenport, 2002).
Recently however we reported quantitative differences
between the effects of ETA antagonists on arterial responses to
ET-1 and ET-2 (Compeer et al., 2012a,b), and an elegant
review of the literature identified several differences in the
functions of ET-1 and ET-2 in the cardiovascular system,
ovaries, immunology and cancer (Ling et al., 2013).

Here we tested the hypotheses that (i) different mecha-
nisms mediate ET-induced contractions and vasospasm and
(ii) that these mechanisms display agonist and system
dependence. For the latter, we focused on differences between
ET-1 and ET-2 and between mesenteric and cerebral arteries.

Methods

Animals
All animal care and experimental procedures were in accord-
ance with the institutional guidelines and were approved by
the Ethics Committee on Experimental Animal Welfare of the
Maastricht University. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 66 animals were used
in the experiments described here.

Recording of vasomotor responses
Sixteen week old male Wistar Kyoto rats (Charles River,
Maastricht, The Netherlands) were killed by CO2 inhalation.
The basilar artery and second-order branches of the superior
mesenteric artery were isolated by dissection in KRB at room
temperature. To record isometric tension development,
2 mm long freshly isolated arterial segments were mounted
in wire myographs (DMT, Aarhus, Demark) in which the
segments were kept in KRB at 37°C and aerated with 95%
O2/5% CO2. The mesenteric resistance artery segments were
progressively stretched to the diameter at which the largest
contractile response to 10 μM noradrenaline was observed
(Meens et al., 2009). The optimal internal diameter of the
segments averaged 311 ± 7 μm and contractile responses to
10 μM noradrenaline and to 40 mM K+ averaged 4.7 ± 0.2
and 4.1 ± 0.3 N·m−1, respectively. The basilar artery seg-
ments were distended to a diameter corresponding to 90%
of the diameter at a transmural pressure of 100 mmHg
(0.9 D100). The internal diameter of these segments averaged
385 ± 13 μm and contractile responses to 40 mM K+ averaged
2.5 ± 0.2 N·m−1.

Following the stretch procedure, the arterial segments
were treated with 1 μM capsaicin for 20 min during contrac-
tion induced by, 40 mM K+, to desensitize peri-arterial sensory
motor nerves. The segments were thereafter studied in the
continuous presence of indomethacin (10 μM) and L-NAME
(100 μM) to inhibit prostaglandin and NO synthesis, respec-
tively, except when we studied the effect of ACh-induced NO.
This approach allowed us to focus on vascular smooth muscle
function, minimizing the effect of the endothelium and
sensory motor nerves (De Mey et al., 2008), on which ETs can
have complicating effects (Warner et al., 1989; Wang and
Wang, 2004).

Due to the quasi-irreversible nature of ET-induced con-
tractions, a single set of experiments was performed in
one set of arterial segments, that is distinct pharmaco-
logical protocols were performed in parallel rather than
in series. Also, arteries from different rats were used to
monitor anti-ET effects of different putative functional
antagonists.
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Pharmacological protocols
To determine workable concentrations of putative functional
antagonists, we recorded contractile responses to 40 mM K+

and 10 μM phenylephrine in the presence of increasing con-
centrations of the compounds. The lowest concentration
with the maximal inhibitory effect was then selected for
further experiments. The reversibility of these effects was
tested after 10 min. repeatedly rinsing the organ chamber
with compound-free buffer. Stimuli of relaxing mechanisms
and the calcium channel antagonist were tested against
K+-induced contractions. Inhibitors of receptor-activated
mechanisms were evaluated against phenylephrine-induced
contractions and their selectivity was verified by testing their
effects on 40 mM K+-induced contractions. Effects of the
putative functional antagonists on (i) the apparent potency;
(ii) the maximal effect; and (iii) the maintenance of
ET-induced arterial contractions were determined by con-
structing cumulative concentration–response curves (CCRC)
to ET-1 or ET-2 in the absence (Figure 1A) and in the continu-
ous presence of the predetermined concentration of the com-
pound administered 15 min before the peptide (Figure 1B). In
addition, the relaxing effect of the antagonist was determined

by first inducing contraction with increasing concentrations
of the ET and subsequently administering the compound in
the presence of the peptide (Figure 1C). The three CCRCs for
the ET were performed in arterial segments from the same
rats. They started at 0.25 nM and the concentration of the
peptide was doubled at 5 min interval until 16 nM was
reached. This concentration was left in contact with the
tissues for 15 min allowing the first segment, which was not
exposed to the antagonist (Figure 1A), to be used as a time
control for the maintenance and relaxation parts of the pro-
tocol (Figure 1B and C). Finally, the peptide and compound
were washed from the organ chamber and tension was
recorded for a further 8 min to monitor the reversibility of
the ET-induced contraction and of the antagonist effects.

Data analysis
Data are shown as mean ± SEM with n ≥ 6 for each observa-
tion. Contractile responses are expressed as percentage of
the maximal contractile response to 10 μM noradrenaline
(NAMAX) or 40 mM K+ observed prior to the administration of
any pharmacological inhibitor for mesenteric and basilar
artery preparations, respectively. Individual CCRC were fitted

Figure 1
Original tracings of active wall tension in mesenteric artery segments, as a function of time, illustrating the pharmacological protocols. (A)
Contractile responses to increasing concentrations of ET-1 or ET-2 and the vasospasm its and persistence were recorded. The red dashed line
indicates washout of compounds from the organ chamber. (B) Effects of a putative functional antagonist on the potency and maximal effect of
the ET and its maintenance was recorded in another arterial segment in parallel. (C) In a third arterial segment, the relaxing effect of the putative
functional antagonist was recorded during ET-induced vasospasm.
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to a non-linear regression curve and ED50 values were calcu-
lated using GraphPad Prism 5.02 (GraphPad Software, San
Diego, Ca, USA). Data were analysed using one-way ANOVA

(comparison of EC50 and EMAX) or two-way ANOVA (comparison
of CCRC). Bonferroni’s post hoc test was used to compare
multiple groups.

Materials
Bay412272 and Bay602770 were a kind gift from Dr JP Stasch
(Bayer Healthcare, Wuppertal, Germany) and were dissolved
in DMSO. Felodipine, staurosporine (Sigma Aldrich, Zwijn-
drecht, The Netherlands), chelerythrine chloride, Pyr3,
OH-fasudil, Ro318220 and U73122; Tocris Bioscience, Bristol,
UK), were also dissolved in DMSO, the latter by heating to
70°C for 2 h as instructed by the supplier. Indomethacin
(COX inhibitor) and capsaicin (TRPV1 cation channel activa-
tor; Sigma Aldrich) was dissolved in 100% ethanol. Human
ET-1 and human ET-2 (Bachem, Weil am Rhein, D),

noradrenaline, phenylephrine, ACh, pinacidil, isoprenaline,
forskolin and L-NAME (NOS inhibitor; Sigma Aldrich) were
dissolved in Krebs Ringer bicarbonate buffer (KRB) contain-
ing, in mM: NaCl: 118.5; KCl: 4.7; CaCl2: 2.5; MgSO4: 1.2;
KH2PO4: 1.2; NaHCO3: 25.0; glucose: 5.5. K+-KRB was KRB in
which all NaCl was replaced by KCl. Buffers with intermedi-
ate K+-concentrations were prepared by mixing appropriate
volumes of KRB and K+-KRB. The maximal solvent concen-
trations did not exceed 0.1% and did not significantly modify
vascular reactivity.

Results

General effects of functional antagonists
Figure 2 summarizes the contractile responses of segments
of mesenteric resistance artery to 40 mM K+ and to 10 μM
phenylephrine in the presence of functional antagonists.

Figure 2
Mesenteric artery; effects of functional antagonists on contractile responses to 40 mM K+ (upper) and 10 μM phenylephrine PHE (lower). The
reversibility of the effects of the vasodilator compounds (B and D) was evaluated at 10 min after flushing the antagonist from the organ chamber.
Results are expressed as % of the contractile response to 40 mM K+ or to 10 μM phenylephrine (PHEMAX) and are shown as means ± SEM (n = 6–8).
**P < 0.01, ***P < 0.001, significant effect of antagonist.
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Maximal reduction of K+-induced responses was observed with
1 nM felodipine [inhibitor of L-type voltage-operated Ca2+-
channels (L-VOCC; Herlitz et al., 1983)], 1 μM Bay602770
[haem-independent activator of soluble GC (sGC; Pankey
et al., 2011)] and with 10 μM of each ACh [endothelium-
dependent vasodilator (De Mey et al., 1982)], Bay412272
[haem-dependent stimulator of sGC (Stasch et al., 2001)],
forskolin [direct stimulus of AC (Seamon et al., 1981)] and
isoprenaline [β-adrenoceptor agonist (Aviado et al., 1958);
Figure 2A]. Responses to phenylephrine were reduced more
than 80% in the presence of 10 μM each of pinacidil [opener of
ATP-sensitive K+-channels (Carlsen et al., 1983)], U73122
[inhibitor of PLC (Bleasdale et al., 1990)], OH-fasudil [inhibi-
tor of RhoK (Kandabashi et al., 2002)] and Pyr3 [inhibitor
of receptor-operated Ca2+-channels (Kiyonaka et al., 2009);
Figure 2B]. 1 nM felodipine did not significantly modify con-
tractile responses to phenylephrine, and both 10 μM U73122
and 10 μM Pyr3 did not significantly modify K+-induced con-
traction (Figure 2A), as expected. Conflicting results were
obtained with candidate inhibitors of PKC. They either had no
effect on contractile responses at up to 10 μM (Ro318220) or
they reduced responses to K+ and phenylephrine to the same
extent (staurosporine and chelerythrine chloride; data not
shown). Inhibitory effects of ACh, forskolin, isoprenaline,
OH-fasudil, pinacidil and Pyr3 were abolished within 10 min
of washout of the compounds while inhibitory effects of
Bay412272, Bay602770, U73122 and especially felodipine
were only poorly reversible (Figure 2C and D).

Mesenteric resistance artery response to ET-1
After sensory motor nerve desensitization, and in the pres-
ence of L-NAME and indomethacin, mesenteric resistance
arteries responded to ET-1 with concentration-dependent
contractions (Figures 1, 3 and 4). The maximal response was
well maintained in the presence of 16 nM ET-1 and long-
lasting after washout of free unbound peptide (Figures 1A, 3B
and 4B).

Presence of most of the functional antagonists at concen-
trations that inhibited K+- or phenylephrine-induced contrac-

tion, did not significantly modify sensitivity or maximal
responses to ET-1. This was the case for ACh, Bay412272,
Bay602779, felodipine, isoprenaline, OH-fasudil, pinacidil
and Pyr3 (Figures 3A and 4A and Table 1). Forskolin moder-
ately reduced sensitivity to ET-1 (Figure 3A) and U73122
markedly attenuated the initiation of contraction by 0.25–
16.0 nM ET-1 (Figure 4A). Despite lack of effect on sensitivity
and maximal responsiveness to ET-1, presence of several
types of functional antagonists reduced the maintenance of
the contractile response to the peptide (Figures 3B and 4B).
Ten minutes after reaching the maximal response to ET-1, the
level of contraction was significantly lower ,than in the time
control, in preparations exposed to 10 μM isoprenaline,
10 μM ACh, 10 μM pinacidil, 10 μM Bay412272, 1 μM
Bay602770, 10 μM forskolin (Figure 3B), or 10 μM Pyr3
(Figure 4B). In contrast, the presence of 1 nM felodipine or
10 μM OH-fasudil did not significantly alter the maintenance
of mesenteric resistance artery responses to ET-1 (Figure 4B).

In view of the different findings on initiation and main-
tenance of contraction we determined whether the func-
tional antagonists could relax ET-1-induced contractions. In
an earlier study we demonstrated this for isoprenaline, ACh
and pinacidil (Meens et al., 2010). Here we observed marked
relaxation with stimuli of sGC or AC, which was long-lasting
for both Bay412272 and Bay602770 and readily reversible for
forskolin (Figure 3C). Also U73122, Pyr3 and felodipine, but
not OH-fasudil, markedly relaxed ET-1-induced contraction
(Figure 4C). While the effects of the PLC inhibitor and the
L-VOCC blocker (felodipine) were long lasting that of the
inhibitor of receptor-operated calcium-channels (Pyr3) was
readily reversible. It is noteworthy that felodipine, which did
not alter the potency, maximal effect and maintenance of
ET-1-induced contractions, did induce a marked reversal of
the response to peptide (Figure 4).

Mesenteric resistance artery responses to ET-2
The potency and maximal contractile effects of ET-2 and their
maintenance and persistence did not differ from those of ET-1
(Figure 4 and Table 1). The PLC inhibitor, U73122, largely

Figure 3
Mesenteric artery; effects of the antagonists on sensitivity and maximal contractile responses to ET-1 (A) and their effects on the persistent
ET-1-induced vasospasm before and after removal of compounds from the tissue (washout) (B). (C) The acute relaxing effect of the antagonists
on ET-1-induced vasospasms and reversibility of the relaxation when the agonist and antagonist were removed. Results are expressed as % of the
contractile response to 10 μM noradrenaline (NAMAX) and are shown as means ± SEM (n = 6–8). *P < 0.05, ***P < 0.001, significant effect of
antagonist.
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prevented contractile responses to ET-2 and markedly relaxed
ET-2-induced contraction. The RhoK inhibitor, OH-fasudil,
did not significantly modify the sensitivity and the
maximum and maintenance of responses to ET-2. These find-
ings are very similar to those with ET-1 (Figure 4). However,
unlike ET-1-induced contractions (Figure 4C), ET-2-induced
contractions were significantly relaxed by OH-fasudil
(Figure 4F).

Basilar artery responses to ET-1 and ET-2
These cerebral arteries were somewhat more sensitive to ET-1
and ET-2 than the mesenteric resistance arteries, and also in
these vessels, the contractile responses to the peptides were
maintained and long-lasting (Figures 4 and 5, Table 1). As
observed with the mesenteric vessels, U73122 largely sup-
pressed basilar artery contractile responses to ET-1 and ET-2
(Figure 5A, D) and the PLC inhibitor markedly relaxed con-
tractile responses to ET-1 (Figure 5C). While the presence of
OH-fasudil did not modify sensitivity, maximum and main-
tenance of responses to ET-1, this RhoK inhibitor markedly
relaxed ET-1-induced contractions in rat basilar arteries
(Figure 5C). This is noteworthy because OH-fasudil had no
statistically significant effects on responses to ET-1 in rat
mesenteric resistance arteries (Figure 4C).

Discussion

The main findings of this work are that several functional
antagonists reduce the maintenance of ET-induced arterial
contractions more markedly than their initiation and that
this differs between ET-1 and ET-2 and between rat mesenteric
resistance and basilar arteries.

Rat small artery vasomotor responses to ETs are mediated
by smooth muscle ETA receptors (Rizzoni et al., 1997). The
peptides bind tightly to these receptors leading to long-
lasting contractions that are refractory to reversal by ETA

antagonists (Yanagisawa et al., 1988; Inoue et al., 1989;
Hilal-Dandan et al., 1997; Adner et al., 2001; Meens et al.,
2010). This is even more marked in rat cerebral arteries than
mesenteric resistance arteries (Meens et al., 2011) and sug-
gests that inhibitors other than receptor antagonists, such as
a ‘physiological’ antagonist CGRP (Meens et al., 2010; 2012),
negative allosteric modulators of receptor function (De Mey
et al., 2011; Compeer et al., 2012a,b) and functional antago-
nists might be more effective in reversing ET-induced
vasospasm . Here we have concentrated on the ‘anti-
endothelinergic’ effects of some inhibitors of contractile
mechanisms and of stimulants of relaxing mechanisms. We
verified the selectivity of these pharmacological tools by

Figure 4
Upper set of results show responses to ET-1 in mesenteric artery; effects of felodipine, Pyr3, OH-fasudil and U73122 on ET-1-induced contractions
(A) and persistence of vasospasms before and after washout (B), and the acute relaxing effect of the felodipine, Pyr3, OH-fasudil and U73122 on
ET-1-induced vasospasms and reversibility of the relaxation when the agonist and antagonist were removed (C). Lower set of results show
responses of mesenteric artery to ET-2; effects of OH-fasudil and U73122 on ET-2-induced contractions (D) and persistence of vasospasms (E), and
the acute relaxing effect of OH-fasudil and U73122 on ET-2-induced vasospasms and reversibility of this effect (F). Results are expressed as % of
the contractile response to 10 μM NAMAX and are shown as means ± SEM (n = 6). ***P < 0.001, significant effect of antagonist.
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analyses of their effects on contractions induced by K+-and by
α1-adrenoceptor agonists. It remains to be established if NOS,
COX and sensory motor nerves alter the effects of candidate
functional antagonists, as these systems were inhibited in
our experiments, in order to focus on smooth muscle ETA

receptors.
The molecular mechanisms of vasoconstriction induced

by agonists that activate 7-TM receptors are still only partly
understood. A widely held view suggests important differ-
ences between the mechanism(s) of initiation and those
involved in maintenance, of smooth muscle contractions.
The agonists would stimulate PLC and cause an initial tran-
sient marked increase in cytoplasmic calcium concentration
that is followed by increased calcium sensitivity of the con-
tractile apparatus resulting from RhoK-mediated inhibition
of myosin light chain phosphatase (Somlyo and Somlyo,
2000; Loirand et al., 2006; Wynne et al., 2009). Most of the
uncertainties remain in the origin of the calcium ions, in
the nature of the channels involved in intracellular calcium
release and influx over the sarcolemma and in the transi-
tion to RhoK-dependent mechanisms. In general, ETA recep-
tors have been shown to stimulate, among others, several
G-proteins, PLC activity, a transient increase in intracellular
calcium concentration and RhoK activity (Badr et al., 1989;
Neylon, 1999; Saleh et al., 2009; Wynne et al., 2009), and
most of these were confirmed in smooth muscle cells from

rat mesenteric resistance arteries (Clarke et al., 2008; Morris
et al., 2010). However, the distinct roles of these processes
in the initiation and maintenance of ET-induced contrac-
tions are much less clear. Here, we observed that different
mechanisms are involved in the initiation and maintenance
of ETA-mediated arterial contractions, but found no evi-
dence for involvement of RhoK. We did obtain the first
indications that the mechanisms involved display agonist-
and system-dependence.

The widely used PLC inhibitor U73122, at a concentra-
tion that did not reduce K+-induced responses, largely pre-
vented and reversed contractile effects of ET-1 and ET-2 in
mesenteric arteries and to ET-1 in basilar arteries. This sug-
gests a major overall role for PLC in arterial ETA-mediated
contractions. The precise isoenzymes were proposed to differ
from PLC-δ1 involved in sustained α1-adrenergic arterial con-
traction (Clarke et al., 2008). The use of U73122 as a selective
general inhibitor of phospholipases has recently been chal-
lenged (Klein et al., 2011), but there is no valid pharmaco-
logical alternative available yet. A potentially serious
additional effect for this study is the potent PLC-independent
inhibition of plasmalemmal calcium channels (Pulcinelli
et al., 1998). PLC synthesizes inositol trisphosphate which
stimulates intracellular calcium-release and diacylglycerol
which stimulates PKC, and thus can promote calcium influx.
The former is compatible with a strong, but transient mesen-
teric resistance artery contractile response to ET-1 in the
absence of extracellular calcium (Boonen and De Mey, 1990).
The roles of the latter could not be investigated because
putative inhibitors were either ineffective or lacked the
desired selectivity.

In contrast to U73122, the dihydropyridine inhibitor of
L-VOCC, felodipine, and the RhoK inhibitor, OH-fasudil,
at concentrations that inhibited K+-induced and α1-
adrenoceptor responses, respectively, did not significantly
modify sensitivity, maximum and maintenance of mesenteric
artery responses to ET-1. We therefore looked at the involve-
ment of receptor-operated calcium channels with the use of
Pyr3. This pyrazole compound was recently reported to selec-
tively inhibit the cation channel, TRPC3, which is known to
be involved in ET-1-induced vasospasms after subarachnoid
haemorrhage (Xie et al., 2007), and Orai1, a component of
store-operated calcium channels (Kiyonaka et al., 2009;
Schleifer et al., 2012). Pyr3 did not alter initiation of mesen-
teric artery responses to ET-1, but reversibly inhibited their
maintenance and reversibly relaxed ET-1-induced contrac-
tions in this tissue. Because the functions of TRPC3 and Orai1
are modulated by diacylglycerol, either directly or via PKC
(Kawasaki et al., 2010; Vazquez et al., 2010; Harteneck and
Gollasch, 2011), these channels might be linked to ET-1-
induced PLC activation and involved in the sustained mes-
enteric artery responses to the peptide, but not to the
initiation of the contractile response.

Stimuli of relaxing mechanisms that act via hyperpolari-
zation, AC or sGC did not alter sensitivity or maximal
responses to ET-1, but could relax ET-1-induced vasospasms.
These results indicate different intracellular mechanisms
involved in initiation and maintenance of smooth muscle
contractions. It is noteworthy that we did not observe a
marked difference between the effects of a haem-dependent
stimulator of sGC (Bay412272) and a haem-independent

Table 1
EC50 values of ET-1 and ET-2 in absence and presence of functional
antagonists, in segments of mesenteric resistance artery MRA and
basilar artery BA

ET
Functional
antagonist EC50

ET-1 (MRA) – 4.7 ± 0.3 nM

Isoprenaline 3.8 ± 0.4 nM

ACh 3.7 ± 0.6 nM

Pinacidil 6.8 ± 0.4 nM

Bay412272 5.9 ± 0.3 nM

Bay602770 6.3 ± 0.5 nM

Forskolin 13.6 ± 0.3 nM

U73122 –

OH-fasudil 5.2 ± 0.2 nM

Pyr3 3.3 ± 0.2 nM

Felodipine 8.2 ± 0.3 nM

ET-2 (MRA) – 6.3 ± 0.4 nM

U73122 –

OH-fasudil 7.6 ± 0.3 nM

ET-1 (BA) – 2.9 ± 0.2 nM

U73122 –

OH-fasudil 3.0 ± 0.4 nM

ET-2 (BA) – 2.8 ± 0.1 nM

U73122 –

OH-fasudil 5.1 ± 0.3 nM
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activator of sGC (Bay602770; Evgenov et al., 2006) although
ET-1 potently stimulates NADPH oxidase activity via ETA

receptors (Elmarakby et al., 2005). The stimuli that produced
non-reversible relaxation of ET-1-induced vasospasms were
those that were characterized, based on their effects on
K+-induced and α1-adrenergic contractions, as poorly revers-
ible, possibly due to their hydrophobicity profiles, and prob-
ably did not alter binding of ET-1 to ETA receptors.

In mesenteric resistance arteries, most functional antago-
nists reduced the maintenance of ET-1-induced contractions
more markedly than the initiation of the responses. In addi-
tion, these functional antagonists could markedly reduce the
contraction elicited by prior application of ET-1. For most
functional antagonists, the amplitude of this acute relaxing
effect did not differ significantly from the reduction of
the maintenance of ET-1-induced responses. Felodipine,
however, did not influence maintenance, but induced a
marked relaxation. We have no clear explanation yet for this
discrepancy. It will be of interest to verify whether it is shared
by other dihydropyridine and non-dihydropyridine inhibi-
tors of the L-VOCCs. The binding of these compounds to
calcium channels is known to be influenced by membrane
potential (Morel and Godfraind, 1988). Whether this or other
aspects of the signal transduction of ETA receptors modulate
the pharmacology of L-VOCCs may be the subject of future
investigations.

As previously described, effects of ETA receptor antago-
nists are agonist-dependent, that is the extent of the modu-
lation by these receptor antagonists depends on which
agonist is used to activate ETA receptors (Compeer et al.,

2012a,b). We therefore investigated if such agonist-
dependence also applied to functional antagonists and we
found that RhoK inhibition reversibly relaxed ET-2-induced
vasospasm, in contrast to the lack of effect on ET-1-induced
vasospasm. Because the Rho/RhoK-mediated pathway is a
signalling pathway parallel to PLC (Wynne et al., 2009) and
the effects of the PLC inhibitor did not differ between ET-1-
and ET-2-induced responses; ET-1 and ET-2 display a func-
tional selectivity and could be considered as biased agonists
(Kenakin and Miller, 2010). Thus, ET-1 selectively activated
PLC signalling, whereas ET-2 was more biased to a non-
selective, parallel activation of PLC and Rho/RhoK pathways,
in mesenteric resistance arteries. In basilar arteries, ET-1 acti-
vated both PLC and Rho/RhoK pathways during vasospasm.
This is worth some consideration when functionally antago-
nizing ETA-mediated signalling, as agonist dependence, one
of the indicators of allosterism (Kenakin and Miller, 2010;
Keov et al., 2011) at a receptor level, is now also found in
intracellular signalling systems.

To further explore allosteric modulation, we addressed
another criterion: system dependence (Christopoulos et al.,
2004). To this end, we compared mesenteric arteries with
basilar arteries, a system that is resistant to ETA receptor
antagonism and to the physiological antagonist CGRP
(Meens et al., 2011). As observed with mesenteric arteries, the
PLC inhibitor U73122 largely prevented and reversed con-
tractile effects of ET-1. But OH-fasudil, the RhoK inhibitor,
induced a reversible relaxation of ET-1-induced vasospasms in
basilar arteries, in contrast to its lack of effect in mesenteric
arteries. This suggests a functional selectivity of ET-1 towards

Figure 5
Basilar artery; effects of U73122 and OH-fasudil on sensitivity and maximal contractile responses to ET-1 (A) and ET-2 (D), on the persistence of
the vasospasms before and after washout (B, E), and on the acute relaxing effect of U73122 and OH-fasudil on ET-1-induced vasospasms and
reversibility of the relaxation (C). Findings were expressed as % of the contractile response to 40 mM K+ and are shown as means ± SEM (n = 6).
*P < 0.05, **P < 0.01, ***P < 0.001, significant effect of antagonist.
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a biased, PLC-mediated response in mesenteric arteries and
a non-selective, non-biased parallel PLC- and Rho/RhoK-
mediated response in basilar arteries.

It is unlikely that smooth muscle or endothelial ETB recep-
tors affected our current findings. We have not found a role of
contractile ETB receptors in freshly isolated arteries (Meens
et al., 2010; 2011; Compeer et al., 2012a) and vasodilation
induced via ETB receptors is mediated by endothelial NO
(Hirata et al., 1993). We have used L-NAME to block NOS and
thereby any NO-mediated relaxation.

In conclusion, the intracellular signalling mechanisms
of ETA receptor-mediated contractile responses not only
changed during sustained receptor activation, but was also
dependent on which agonist activated ETA receptors. Unlike
Rho/RhoK, PLC was involved in the contractions as well as
the vasospasm induced by ET-1 or ET-2 in rat mesenteric
arteries. The initiation and maintenance of ET-induced con-
tractile responses were mediated by different mechanisms,
downstream of PLC. Additionally, the intracellular signalling
mechanism was not only agonist-dependent, but also system
dependent, as Rho/RhoK signalling was involved in ET-1-
induced responses in basilar arteries. When using functional
antagonists as a method of pharmacological intervention in
the ET system, both system- and agonist-selectivity of the
functional antagonist should be considered.
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