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1 Urocortin is an endogenous vasodilator although the mechanism of vasorelaxation is not
completely understood. The hypothesis that an alteration of smooth muscle calcium concentration is
involved was tested using isometric tension recording and calcium ¯uorimetry. The relationship
between contraction and intracellular calcium was also estimated.

2 Urocortin produced a concentration dependent relaxation (pD2 8.59+0.06, n=6) of vessels pre-
contracted with a physiological salt solution containing 42 mM KCl (42 mM K-PSS).

3 Removal of the endothelium did not alter the e�ect of urocortin, pD2 was 8.49+0.11, n=5.

4 Corticotropin-releasing factor relaxed 42 mM K-PSS pre-contracted vessels with less potency
compared to urocortin (pD2 6.99+0.28, n=5).

5 Urocortin at 100 nM relaxed vessels pre-contracted with 42 mM K-PSS by 59.6+4.6% (n=8)
and vessels pre-contracted with 500 nM noradrenaline by 25.2+6.8% (n=6). Both e�ects were not
accompanied by a change in the intracellular calcium concentration.

6 Urocortin at 100 nM produced a signi®cant rightward shift of 0.33+0.07 units of normalized
intracellular calcium (n=5) of the relationship between tension and intracellular calcium.

7 The urocortin-induced relaxation was considerably reduced in the presence of 0.3 mM Rp-8-CPT-
cAMPS, a cyclic AMP-dependent protein kinase (PKA) inhibitor.

8 The PKA-activator Sp-5,6-DCl-cBIMPS relaxed 42 mM K-PSS pre-contracted vessels (pD2

4.98+0.07, n=6). Sp-5,6-DCl-cBIMPS at 0.1 mM relaxed vessels by 85.3+2.5% (n=5), but did not
change the intracellular calcium concentration.

9 In conclusion, the data show that urocortin is a potent, endothelium-independent dilator of rat
tail arteries and suggest that this e�ect is mediated by PKA causing a reduction of the sensitivity of
the contractile apparatus for calcium.
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Introduction

Urocortin is a 40 amino acid peptide that displays a high
degree of structural homology to human corticotropin-
releasing factor (CRF) and to the peptides urotensin-I and

sauvagine. It is an endogenous ligand for CRF receptors
and binds with high a�nity to all CRF receptor subtypes,
i.e. CRF-1 and the two CRF-2 receptors, the neuronal splice

variant 2a and the peripheral splice variant 2b. Noteworthy,
urocortin is a more potent ligand for the CRF-2 receptor
than CRF-1 (Vaughan et al., 1995; Eckart et al., 1999). The
functional importance of CRF-2 receptor-mediated responses

has recently been shown in mice lacking this receptor. Thus,
alterations of urocortin-induced responses were observed in
the central nervous system, as well as in the peripheral

circulation, where the urocortin-evoked increase of cardiac
performance and the reduction of blood pressure seen in
wild-type mice were absent (Coste et al., 2000). The CRF-2

receptor-mediated e�ects of urocortin on the peripheral
circulation seem to be caused by a direct action on blood
vessels. CRF-2 receptors have been identi®ed by molecular-

biological techniques in rat cerebral and uterine arteries and
aorta (Lovenberg et al., 1995; Jain et al., 2000). Further-
more, urocortin- or CRF-induced vasorelaxations have been
observed in a variety of in vitro vessel preparations, e.g. rat

mesenteric, cerebral and femoral arteries (Lei et al., 1993),
rat aorta (Jain et al., 1997), rat basilar artery (Schilling et
al., 1998), and rat uterine artery (Jain et al., 1999). The

peripheral e�ect of urocortin on the circulation is
additionally supported by the ®nding that locally produced
urocortin regulates uteroplacental blood ¯ow during human
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pregnancy (Clifton et al., 2000). Therefore, urocortin seems
to be an endogenous regulator of blood pressure and blood
¯ow, which produces its e�ects on the peripheral circulation

by inducing vasorelaxation.
Some recent studies reported that a large part of CRF-

induced CRF-2 receptor-mediated vasorelaxation in human
foetal-placental circulation, rat aorta and rat uterine artery

was endothelium-dependent. It has been suggested to be
mediated by NO-release from the endothelium followed by
an activation of the guanylyl cyclase signalling pathway

(Clifton et al., 1995; Jain et al., 1997; 1999). By contrast,
CRF-induced relaxations of rat mesenteric arteries and
urocortin-induced relaxations of rat basilar arteries were

found to be completely endothelium-independent (Lei et al.,
1993; Schilling et al., 1998). All these e�ects were not
a�ected by potassium channel blockers in rat mesenteric

arteries (Lei et al., 1993) or by inhibitors of adenylate
cyclase and potassium channels in endothelium-denuded rat
uterine arteries (Jain et al., 1999). However, in rat basilar
arteries adenylate cyclase and potassium channel inhibitors

partly reduced the urocortin-induced vasorelaxation (Schil-
ling et al., 1998). In addition, it has recently been shown
that native and stably expressed CRF receptors can activate

multiple G proteins, i.e. not only Gsa, but also Gia, Gqa and
Gza (for review Grammatopoulos et al., 2000) suggesting
that CRF may in¯uence several signalling pathways. The

above cited data imply that the mechanism of endothelium-
independent vasorelaxation mediated by the CRF-2 receptor
and not involving potassium channel activation is still

unknown.
Therefore, our studies have focused on cyclic AMP-

dependent protein kinase (PKA) expected to be a signi®cant
factor of urocortin-induced vasorelaxation, as well as on the

possible role of changes in the intracellular Ca2+ concentra-
tion in this process. Since preliminary patch clamp experi-
ments have shown that urocortin does not a�ect potassium

currents in smooth muscle cells freshly isolated from rat tail
artery, this vessel was selected for the study.

Methods

Dissection and mounting of vessels

Male Wistar-Kyoto rats were killed by stunning and
subsequent decapitation and the ventral tail artery was

isolated. A 1.8 ± 2.0 mm long piece of the artery was
threaded on two 40 mm diameter stainless steel wires and
mounted on a wire-myograph (model 300A, JP Trading,

Denmark) containing physiological salt solution consisting
of (in mM): 120 NaCl, 4.5 KCl, 1.2 NaH2PO4, 1 MgSO4, 1.6
CaCl2, 0.025 EDTA, 5.5 glucose, 26 NaHCO3, 5 HEPES at

pH 7.4, which was continuously bubbled with carbogen.
Isometric tension was recorded with the program Myodaq
(JP Trading, Denmark). In all experiments, except those
investigating the role of the endothelium in urocortin-induced

responses, the endothelium was removed by gently moving a
wire through the lumen of the vessel, a procedure that
abolished acetylcholine induced relaxations. Probes for

temperature and pH were placed in the experimental chamber
and these experimental parameters were controlled through-
out the experiment. After the temperature reached

37.0+0.58C, the vessels were stretched radially to their
optimal lumen diameter do corresponding to 90% of the
passive diameter of the vessel at 100 mmHg and were allowed

to stabilize for 15 min (Mulvany et al., 1977). Thereafter, the
reactivity of the vessel was tested with two applications of a
solution containing 10 mM noradrenaline. All drugs were
applied directly into the experimental chamber. The potas-

sium-rich solution was made by an equimollar replacement of
sodium.

Measurement of intracellular calcium

Vessels were loaded with 5 mM FURA-2/AM, a calcium-

sensitive dye, at 378C for 80 min. During measurements the
dye was excited with light at 340 and 380 nm with the use of
a monochromator (PTI, Germany). The emission from the

vessels was ®ltered at 520 nm with a long pass ®lter,
detected by a photomultiplier and sent to a computer.
There, during intracellular calcium measurements, the ratio
of emission at both excitation wavelengths after subtraction

of the background ¯uorescence was calculated. The
acquisition rate was 1 Hz. Vessel background ¯uorescence
was determined before dye loading. A calibration of the

ratio in terms of calcium was not performed in view of the
many uncertainties related to the binding properties of
FURA-2 with calcium inside cells of intact vessel prepara-

tions. The e�ect of urocortin on calcium sensitivity of the
contractile apparatus was estimated in vessels bathed in
42 mM K-PSS to facilitate the opening of voltage-operated

calcium channels. This solution initially did not contain
calcium. The latter was added afterwards in half-log
increments from 0.03 mM to 3 mM either in the absence or
in the continuous presence of 100 nM urocortin. In order to

reduce vessel to vessel variability, all tension and calcium
responses have been normalized to the tension and calcium
response evoked by a single application of 42 mM K-PSS

performed before the calcium-series.

Drugs

The salts for the solutions and CRF were obtained from
Sigma (Deisenhofen, Germany). Rat urocortin and KT5823
were from Calbiochem (Bad Soden, Germany). FURA-2 was

purchased from Molecular Probes (Leiden, The Netherlands)
and Rp-8-CPT-cAMPS, 8-(4-Chlorophenylthio)adenosine-
3',5'-cyclic monophosphorothioate (Rp-8-CPT-cAMPS) as

well as 5,6-Dichlorobenzimidazole riboside-3',5'-cyclic mono-
phosphorothioate (Sp-5,6-DCl-cBIMPS) from Biolog (Bre-
men, Germany).

Statistics

All data are means+s.e.; n is the number of vessels.
Statistical analysis was performed using unpaired t-test and
repeated measures ANOVA as appropriate (SPSS 9.0 for
Windows). The pD2 values were obtained by ®tting the curve

y � ymax
xn

xn � ED50
n

8>: 9>;
to the individual dose-response relationships and pD2-values

were calculated as -log(ED50).
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Results

Effect of urocortin on rat tail arteries

Addition of urocortin to vessels pre-contracted with
physiological salt solution containing 42 mM KCl (42 mM

K-PSS) produced a concentration dependent relaxation

(n=6; P50.001) (Figure 1a). This e�ect was characterized
by a maximum relaxation to 61.2+6.5% (n=6) of the full
contraction and a pD2 of 8.59+0.06 (n=6). The removal of

the endothelium did not alter the e�ect of urocortin (n=5;
P=0.81) (Figure 1b). The pD2 after endothelium removal
was 8.49+0.11, which was not di�erent from the one in

endothelium-intact vessels (n=5; P=0.51). Removal of the
endothelium did not alter vessel contractile function; the
tension produced by 42 mM K-PSS was 7.84+0.46 N/m

(n=5) in intact vessels and 7.82+0.35 N/m (n=5; P=0.97)

in endothelium-denuded vessels. CRF also dilated vessels pre-
contracted with 42 mM K-PSS; however, its concentration-
response curve was located to the right as compared to the

concentration-response curve of urocortin (n=5; P50.001)
(Figure 1c). The pD2 for CRF was 6.99+0.28, signi®cantly
di�erent from the urocortin e�ect (n=5; P50.01).

Effect of urocortin on intracellular calcium

Urocortin at 100 nM, the concentration producing the

maximum e�ect, relaxed vessels pre-contracted with 42 mM

K-PSS by 59.6+4.6% as compared to the 2.2+2.3%
relaxation recorded with time (n=8; P50.001) (Figure

2a(i)). The urocortin-induced relaxation was accompanied
by a reduction of intracellular calcium by 7.7+2.7%, which
was not signi®cantly di�erent from the 7.4+3.7% reduction

in intracellular calcium during time control (n=8; P=0.95)
(Figure 2b(i)). In addition, urocortin at 100 nM relaxed
vessels pre-contracted with 0.5 mM noradrenaline by
25.2+6.8% compared to the 0.2+3.3% relaxation during

the time control (n=6; P50.01) (Figure 2a(ii)). The
urocortin-induced relaxation was accompanied by a reduction
of intracellular calcium by 2.4+3.2%, which was not

signi®cantly di�erent from the 5.7+2.4% reduction in
intracellular calcium during the time control (n=6;
P=0.48) (Figure 2b(ii)).

Effect of urocortin on the sensitivity of the
contractile apparatus to calcium

The application of extracellular calcium produced an increase
in tension, which was smaller in the presence of 100 nM
urocortin as compared to its absence (n=5; P50.001). The

urocortin-induced reduction in tension was not reversed after
10 min washout. The increase in tension induced by the
addition of calcium was accompanied by an increase in

intracellular calcium concentration, which was not signi®-
cantly di�erent in the presence and absence of urocortin
(n=5; P=0.64). The relationship between contractile tension

and the intracellular calcium concentration was shifted to the
right in the presence of urocortin (Figure 3a). Thus, the
calcium concentration producing a normalized tension of 0.4
was shifted by 0.33+0.07 units of normalized calcium (n=5)

after application of urocortin, which was signi®cantly
di�erent from the change during time control (Figure 3b),
where the calcium concentration producing a normalized

tension of 0.4 was shifted only by 0.09+0.02 units of
normalized calcium (n=5; P50.05).

Effect of urocortin in the presence of a PKA-inhibitor

The e�ect of urocortin was tested in vessels pretreated with

0.3 mM Rp-8-CPT-cAMPS, a potent and selective PKA-
inhibitor (Schubert et al., 1997). In the presence of Rp-8-
CPT-cAMPS the tension produced by 42 mM K-PSS was
6.09+1.02 N/m (n=5), which was not signi®cantly di�erent

from 5.20+0.51 N/m (n=5; P=0.50), the tension produced by
42 mM K-PSS in the absence of the PKA-inhibitor. By
contrast, the relaxation induced by urocortin was considerably

smaller in the presence of the PKA-inhibitor compared to the
results observed in its absence (n=5; P50.001) (Figure 4). To
validate these ®ndings, the e�ect of urocortin was tested in the

Figure 1 E�ect of urocortin on rat tail arteries pre-contracted with
42 mM K-PSS. (a) Concentration-response curve of the e�ect of
urocortin on vessels pre-contracted with 42 mM K-PSS. Signi®cant
e�ect of urocortin (n=6; P50.001, repeated measures ANOVA). (b)
Concentration-response curves of the e�ect of urocortin on vessels
with and without intact endothelium; no signi®cant di�erence was
observed (n=5; P=0.81). (c) E�ect of corticotropin-releasing factor
(CRF) on rat tail arteries. Concentration-response curves of the e�ect
of CRF and of urocortin on vessels pre-contracted with 42 mM K-
PSS showing a signi®cant di�erence between the e�ect of urocortin
and CRF (n=5; *P50.001).

British Journal of Pharmacology vol 134 (7)

Urocortin reduces calcium sensitivityL. Lubomirov et al1566



presence of 500 nM KT5832, a potent and selective inhibitor of

cGMP-dependent protein kinase (PKG) (Adragna et al., 2000).
In the presence of KT5832 the tension produced by 42 mM K-
PSS was 6.44+0.91 N/m (n=5), which was not signi®cantly
di�erent from 6.52+0.28 N/m (n=5; P=0.94), the tension

produced by 42 mM K-PSS in the absence of the PKG-
inhibitor. Urocortin at 1 nM produced a 6.0+0.6% relaxation
in the absence of KT5832, which was not signi®cantly di�erent

from the 4.2+1.0% relaxation in the presence of KT5832

(n=4; P=0.25). At 100 nM urocortin produced a 70.6+14.5%

relaxation in the absence of KT5832, which was not
signi®cantly di�erent from the 73.6+2.2% relaxation in the
presence of the blocker (n=4; P=0.85).

Effect of a PKA-activator on rat tail arteries

Addition of Sp-5,6-DCl-cBIMPS, a potent and selective

PKA-activator (Schubert et al., 1999), to vessels pre-

Figure 3 E�ect of urocortin on the sensitivity of the contractile apparatus for calcium. The calcium concentration producing a
normalized tension of 0.4 was shifted by 0.33+0.07 units of normalised calcium (n=5) after application of urocortin (a), which was
signi®cantly di�erent from the change during time control (b), where the calcium concentration producing a normalized tension of
0.4 was shifted only by 0.09+0.02 units of normalized calcium (n=5; P50.05).

Figure 2 E�ect of urocortin on intracellular calcium concentration. E�ect of 100 nM urocortin on tension (a(i),(ii)) and
intracellular calcium (b(i),(ii)) in vessels pre-contracted with 42 mM K-PSS (a(i), b(i)) and 0.5 mM noradrenaline (a(ii), b(ii)).
Compared to the time control, urocortin produced signi®cant e�ects on tension (in a(i) n=8; **P50.001; in a(ii) n=6; *P50.01)
but no signi®cant e�ect on intracellular calcium (in b(i) n=8; P=0.95; in b(ii) n=6; P=0.48).
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contracted with 42 mM K-PSS produced a concentration
dependent relaxation (n=6; P50.001) (Figure 5a). This e�ect
was characterized by a maximum relaxation to 93.7+0.8%

(n=6) of the full contraction and a pD2 of 4.98+0.07 (n=6).
Sp-5,6-DCl-cBIMPS at 100 mM, the maximum concentration
used, relaxed vessels pre-contracted with 42 mM K-PSS by
85.3+2.5% as compared to the 1.4+2.6% relaxation

recorded with time (n=5; P50.001) (Figure 5b(i)). The Sp-
5,6-DCl-cBIMPS-induced relaxation was accompanied by a
reduction of intracellular calcium by 4.7+2.5%, which was

not signi®cantly di�erent from the 5.7+2.3% reduction in
intracellular calcium during time control (n=5; P=0.79)
(Figure 5b(ii)).

Discussion

The present study shows that urocortin relaxes in vitro
preparations of rat tail arteries. An e�ect of urocortin or
CRF on this vessel has not been previously reported. The

present study also shows that urocortin is a more potent
dilator of rat tail arteries than CRF. A similar ®nding has
been reported for rat basilar arteries and, together with the

known a�nity of these hormones to cloned CRF receptors,
suggests an activation of CRF-2 receptors (for a more
detailed discussion see Schilling et al., 1998). Thus, our data

show that urocortin is a potent, endothelium-independent
dilator of rat tail arteries.

The results show that urocortin-induced relaxation of rat
tail arteries is not accompanied by an alteration of the

intracellular calcium concentration and that the relationship
of contractile tension to intracellular Ca2+ concentration is
markedly shifted to the right after pretreatment with

urocortin. Relaxation without a change in calcium concen-
tration was observed under both potassium-induced and
noradrenaline-induced pre-contractions. Both types of pre-

contractions were always accompanied by a marked increase
in the intracellular calcium concentration ± a widely
observed phenomenon, usually explained by a calcium in¯ux

Figure 5 E�ect of the PKA-activator Sp-5,6-DCl-cBIMPS on rat tail arteries pre-contracted with 42 mM K-PSS. (a)
Concentration-response curve of the e�ect of Sp-5,6-DCl-cBIMPS. Signi®cant e�ect of Sp-5,6-DCl-cBIMPS (n=6; P50.001,
repeated measures ANOVA). (b) E�ect of Sp-5,6-DCl-cBIMPS on intracellular calcium concentration. E�ect of 100 mM Sp-5,6-DCl-
cBIMPS on tension (b(i)) and intracellular calcium (b(ii)) in vessels pre-contracted with 42 mM K-PSS. Compared to the time
control, Sp-5,6-DCl-cBIMPS produced a signi®cant e�ect on tension (in b(i) n=5; *P50.001) but no signi®cant e�ect on
intracellular calcium (in b(ii) n=5; P=0.79).

Figure 4 E�ect of urocortin in the presence of a PKA-inhibitor.
Concentration-response curves of the e�ect of urocortin on vessels
pretreated with 0.3 mM of the PKA-inhibitor Rp-8-CPT-cAMPS
(PKA-I) and in control showing a signi®cant di�erence (n=5;
*P50.001).
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via voltage-operated and receptor-operated calcium channels,
as well as by a calcium release from intracellular stores
(Ganitkevich & Isenberg, 1992). Thus, the employed

precontraction induced a functional state of the vessel, where
mechanisms producing vasorelaxation by a decrease of the
intracellular calcium concentration could have been identi-
®ed. Vasorelaxations not accompanied by a change of

intracellular calcium concentration have been described, in
particular in rat tail artery after the application of
nitroglycerin (Chen & Rembold, 1996), forskolin (Rembold

& Chen, 1998) or NO (Tran et al., 1998). These relaxations
have been attributed to a reduction of the sensitivity of the
contractile apparatus to calcium as a consequence of down-

regulation of myosin light chain kinase and/or up-regulation
of myosin light chain phosphatase (SMPP-1M), i.e. desensi-
tization to calcium (for review see Somlyo et al., 1999).

Hence, our data show that urocortin-induced relaxation of
the rat tail arteries is produced by a reduction of the
sensitivity of the contractile apparatus to calcium.
The present study shows that the urocortin-induced

relaxation of rat tail arteries is markedly reduced by a
PKA-inhibitor while an inhibitor of PKG is without e�ect.
The PKA-inhibitor used, Rp-8-CPT-cAMPS, at a concentra-

tion of 0.3 mM, is a potent and selective blocker of this
kinase (see discussions in Schubert et al., 1997; 1999). The
pretreatment of vessels with the PKA-inhibitor did not block

the e�ect of urocortin completely probably due to the
incomplete blockade of PKA. Unfortunately, higher concen-
trations of the PKA-inhibitor are not useful because of

possible side e�ects on PKG. In addition, the conclusion
about the involvement of PKA in the urocortin-induced
relaxation was strengthened by the observation that a PKA-
activator produced a marked relaxation without any change

of the intracellular calcium concentration, i.e. evoked the
same e�ect on tension and intracellular calcium as urocortin.
The PKA-activator used, Sp-5,6-DCl-cBIMPS, is a potent

and selective activator of this kinase (see discussions in
Schubert et al., 1997; 1999). A PKA-independent mechanism
contributing to the e�ect of urocortin could not be excluded,

either. The observation of a PKA-mediated e�ect of urocotin
in tail artery is supported by the ®ndings that urocortin
increased intracellular cyclic AMP levels in cells transfected
with CRF receptors 1, 2a, and 2b, i.e. suggesting that these

receptors are coupled to the adenylate cyclase-PKA pathway
(Donaldson et al., 1996). Additionally, it has been shown that
the urocortin-induced relaxation of rat basilar artery was

reduced by an inhibitor of adenylate cyclase (Schilling et al.,
1998). However, in the latter study the adenylate cyclase-
PKA pathway was suggested to mediate the e�ect of

urocortin via calcium-activated potassium channels. Potas-
sium channel activation leads to membrane hyperpolariza-
tion, a closure of voltage-operated calcium channels and
subsequently, to a decrease of the intracellular calcium

concentration. Since such a change of the intracellular
calcium concentration was not observed in the present study,
di�erences in the adenylate cyclase ± PKA signalling pathways

in rat basilar and tail arteries should be considered. To date
multiple di�erently regulated adenylate cyclase isoforms have
been found (Sunahara et al., 1996). Such a variety may

explain the above mentioned tissue-dependent diversity of
PKA-dependent signalling by creating spatial and functional
compartmentalization of cyclic AMP-PKA e�ects (Vegesna &

Diamond, 1983; Duridanova et al., 1999). Despite the
intensive studies focused on the cyclic nucleotide-induced
desensitization, its molecular mechanism remains unknown
(MacDonald et al., 2000; Carvajal et al., 2000). Several

hypotheses have been proposed to explain PKA- and PKG-
induced desensitization: (i) stimulation of SMPP-1M either
by a direct activation of its regulatory subunit, or by

phosphorylation and inactivation of an inhibitory protein
(Wu et al., 1996); (ii) inhibition of protein kinase C-induced
sensitization (for review Carvajal et al., 2000); (iii) phosphor-

ylation of telokin and other still unidenti®ed low molecular
weight proteins (MacDonald et al., 2000) including a small
heat-shock related protein (for review Carvajal et al., 2000).

In addition, PKG was found to inhibit RhoA-induced
calcium sensitization of rat aorta contraction (Sauzeau et
al., 2000). The possible in vivo cross-activation of PKA and
PKG regulatory systems additionally complicates the picture.

Hence, the mechanism of PKA-induced, calcium-independent
relaxation of smooth muscles remains to be elucidated.
In conclusion, the data presented here show that urocortin

is a potent, endothelium-independent dilator of rat tail
arteries and suggest that its e�ect is mediated by PKA
causing a reduction of the sensitivity of the contractile

apparatus to calcium.
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