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CRF, receptors are highly expressed in the human cardiovascular
system and their cognate ligands urocortins 2 and 3 are potent

vasodilators

12K atherine E. Wiley & *'Anthony P. Davenport

!Clinical Pharmacology Unit, School of Clinical Medicine, Centre for Clinical Investigation, University of Cambridge, Box 110,

Level 6, Cambridge CB2 2QQ

1 Systemic infusions of urocortin 1 produce a decrease in mean arterial pressure. This effect may be
mediated by a direct action on novel corticotropin-releasing factor type 2 (CRF,) receptors predicted
to be expressed in blood vessels and the heart. Our objectives were to determine the presence of CRF,
receptors in the human cardiovascular system using the selective radioligand ['*T]antisauvagine 30.
We also investigated the potential functional roles of novel CRF, ligands in the regulation of vascular
tone in human arteries in vitro.

2 Radioligand binding techniques were used to characterise the CRF, receptor. [*’I]antisauvagine
30 bound specifically, saturably, reversibly and with high affinity to CRF, receptors in human left
ventricle (Kp 0.21 +£0.03 nM, Byax 0.80+0.18 fmolmg~' protein), and no change in receptor density
or affinity was observed in the dilated cardiomyopathy group.

3 Autoradiographical studies revealed highly localised binding of ['*’IJantisauvagine 30 to
intramyocardial blood vessels. Binding sites were also detected in the myocardium and in the medial
layer of internal mammary arteries.

4 In endothelium-denuded human internal mammary artery in vitro, all peptides tested produced a
potent and sustained vasodilator response reversing endothelin-1-induced constrictions (10nM)
(urocortin 1: pD, 8.394+0.32, Eyax 46+7.7%; urocortin 2: pD, 8.27+0.17, Epyax 60+8.5%;
urocortin 3: pD; 8.61+0.25, Eyax 61+7.2%; CRF: pD, 8.28+0.27, Eyax: 40+10%).

5 We have demonstrated the presence of CRF, receptors in the human cardiovascular system and a
direct, endothelium-independent vasodilator action of urocortins 2 and 3, which may counter-balance
the centrally mediated pressor effects of CRF and urocortin 1.
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Introduction

Originally identified as a transmitter involved in the hypotha-
lamic-pituitary-adrenal axis of the stress response (Vale et al.,
1981), corticotropin-releasing factor (CRF) was the first
endogenous ligand of the CRF family of peptides to be paired
to CRF receptors. Subsequently, it has been shown to elicit
cardiovascular effects mediated via both central and peripheral
mechanisms (Fisher et al., 1983; Parkes et al., 1997). The 41
amino-acid (aa) peptide is present in the central nervous
system (CNS) and only very low levels are in the heart and
periphery. Three further cognate ligands have been paired to
CRF receptors, the first being the 40aa, urocortin 1
(Donaldson et al., 1996). Two other peptides were codiscov-
ered independently from human and mouse cDNA libraries,
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leading to the evolution of two nomenclatures (Hsu & Hsueh,
2001; Lewis et al, 2001; Reyes et al, 2001), and the
International Union of Pharmacology has recommended that
urocortin II/stresscopin-related peptide is called urocortin 2
and urocortin III/stresscopin termed urocortin 3 (Hauger et al.,
2003). Although the propeptide sequences predicted by the two
groups are identical, the proposed cleavage sites for the mature
peptides differed slightly.

Two subtypes of receptor, CRF, and CRF,, have been
identified by molecular techniques, both of which couple
positively to adenylate cyclase. In addition, three splice
variants of the CRF, subtype have been reported, but there
is no evidence for any pharmacological differences to
distinguish them (Hauger ef al., 2003). There is no information
on the relative distributions of the receptor proteins; however,
their mRNAs have been mapped: mRNA for CRF, is localised
almost exclusively to the CNS, with negligible levels in the
periphery. Contrastingly, CRF, mRNA is localised to discrete
areas of the CNS and high levels are present in the
cardiovascular system (Nishikimi et a/., 2000; Kimura et al.,
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2002). It is therefore hypothesised that the central pressor
effects of CRF are via CRF, and CRF, mediate the peripheral
vasoactive responses.

Intracerebroventricular injections of CRF produce an
increase in mean arterial pressure (Fisher et al., 1983);
however, systemic infusions of CRF cause vasodilatation in
man (Hermus et al., 1987) and urocortin 1 has been shown to
act as a vasodilator of human veins in vitro (Sanz et al., 2002).
While CRF and urocortin 1 bind both CRF, and CRF, with
high affinity, urocortins 2 and 3 are selective for CRF, and
have little or no affinity at CRF, receptors. Thus, it has been
proposed that urocortins 2 and 3 are important in the recovery
phase of the stress response via activation of peripheral CRF,
receptors, thereby counteracting the effects of CRF, activation
in the CNS. Mice lacking CRF, receptors have elevated blood
pressure, suggesting that this pathway is also important in
maintaining basal tone (Coste et al., 2000) and urocortins have
been shown to cause vasodilatation in rat arteries in vitro
(Rohde et al., 1996; Kageyama et al., 2003). There is little
information on changes in this signalling pathway in
cardiovascular disease, but one study has reported a decrease
in CRF, mRNA in failing rat hearts (Nishikimi ez al., 2000).

A 30aa antagonist, antisauvagine 30, so called because it
is a truncated form of the amphibian CRF agonist sauvagine,
has up to 1000-fold selectivity for CRF, (Higelin et al., 2001).
Antisauvagine 30 has been iodinated, but to date the only
characterisation of this novel radioligand used receptors
artificially expressed in HEK cells. CRF, receptor protein
has not been identified in mammalian cardiovascular tissue;
therefore, the aims of this investigation were to use ['**I]anti-
sauvagine 30 to determine whether CRF, receptors are present
in the human cardiovascular system. We also determined if the
novel endogenous CRF, ligands have a functional role in the
peripheral regulation of vascular tone in human arteries.

Methods
Patients

Internal mammary artery (IMA) was obtained from patients
(11 male, two female) undergoing coronary artery bypass
surgery, mean age 55 years (range: 36-68 years). Cardiac tissue
was obtained from patients undergoing heart-lung transplants
for cystic fibrosis (four male, four female; mean age 24 years,
range 18-33 years) or heart transplant operations for dilated
cardiomyopathy (DCM) (six male, two female; mean age 44
years, range 24-59 years). Drug therapies included ACE
inhibitors, AT, receptor antagonists, f-blockers, calcium
channel blockers, diuretics, nitrates, statins, anticoagulants
and antiarrhythmics. All tissue was obtained with local ethical
approval.

Materials

Human CRF, urocortin 1, urocortin 2 (43 aa) and urocortin 3
(40aa) and mouse urocortin 2 (38aa, Peptide Institute Inc.,
Osaka, Japan) stock solutions (0.1 mM) were prepared in 1%
acetic acid (urocortin 1), 0.1% acetic acid (CRF) or distilled
H,O (human urocortins 2 and 3 and mouse urocortin 2) and
stored in aliquots at —20°C. [**IJantisauvagine 30 (specific
activity ~2000 Cimmol™") was from Amersham Biosciences

(Bucks, U.K.). All other reagents were from Sigma-Aldrich
Ltd (Dorset, U.K.) or BDH Ltd. (Dorset, U.K.).

Radioligand binding

CRF, receptors were characterised in human left ventricle
(LV) using the selective radioligand ['*IJantisauvagine 30
(Davenport & Kuc, 2002).

Tissue preparation All radioligand binding experiments
used 30 um cryostat sections of tissue on gelatin-coated slides,
except for autoradiographical studies, which used 10um
sections.

Saturation assays Cryostat sections of human LV were
preincubated for 15min in 50mM Tris buffer containing
100 mM NaCl, 10 mM MgCl, and 0.3% bovine serum albumin
at pH 7.4 and then incubated with increasing concentrations of
['**T]antisauvagine 30 (4pmoll~'-2nmol1™") in for 30 min at
room temperature. Nonspecific binding was determined by
incubating adjacent sections with 1 uM unlabelled urocortin 1.
Sections were washed for 10 min in Tris-HCI buffer (mM: Tris,
50, pH 7.4) at 4°C and counted in a y-counter.

Kinetic assays For association assays sections were incu-
bated with 0.2nM ['**IJantisauvagine 30 in incubation buffer
for increasing periods of time (0—150 min) at room tempera-
ture. Sections were then washed for 10 min in Tris-HCI buffer
at 4°C and counted in a y-counter. For dissociation assays,
sections were incubated in 0.2nM ['*I]antisauvagine 30 in
incubation buffer for 30min, followed by washing for
increasing periods of time (0—24h) in an excess of Tris-HCI
buffer (4°C) and counted in a y-counter. Nonspecific binding
was determined using 1 uM urocortin 1.

Competition assays Competition assays were carried out
under the same conditions as for the saturation assays.
Sections of human LV were incubated with 0.2nM ['**T]anti-
sauvagine 30 alone and in the presence of increasing
concentrations (20 pM—10 uM) of urocortins 1 or 2. Nonspecific
binding was determined using 1 uM urocortin 1.

Autoradiographical studies Sections were incubated with
0.2nM ['*I]antisauvagine 30 as described above. After
washing, sections were air-dried and apposed, with '*I
microscale standards (Amersham Biosciences, Amersham,
U.K.), to radiation-sensitive film (Kodak Biomax MR).
Histological localisation was verified using immunohistochem-
ical staining of adjacent tissue sections with antibodies raised
against a-actin (Kuc, 2002) (DAKO, Bucks, U.K.).

Data analysis Association and dissociation rate constants
(Kos and K—1, respectively), affinity constants (Kp) and
maximum binding densities (Byax) Were calculated using the
KELL suite of programmes (Biosoft, Cambs, U.K.). All data
were expressed as mean+s.e.m. Affinity constants were
compared using a Mann—Whitney U-test (P<0.05) and Byax
values (expressed as fmolmg~' protein) were compared using
Student’s z-test (P<0.05). Autoradiographical images were
analysed using computer-assisted densitometry (Quantimet
970, Leica, Bucks, U.K.) and binding densities were expressed
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as amol mm 2

2002).

as described previously (Davenport & Kuc,

In vitro pharmacology

The endothelial layer was removed from rings of IMA (3 mm)
using a blunt seeker and the vessels were mounted in 5Sml
organ baths for the measurement of isometric tension (Wiley &
Davenport, 2001). Tissue was maintained at 37°C in Krebs’
solution (mM: NaCl, 90; NaHCOs, 45; KCl, 5; MgSO, - 7H,0,
0.5; Na,HPO, - 2H,0, 1; CaCl,, 2.25; fumaric acid, 5; glutamic
acid, 5; glucose, 10; sodium pyruvate, 5; pH 7.4) and gassed
with 95% 0O,/5% CO,. Optimal basal tension was determined
by constricting vessels with 100mM KCI under increasing
levels of resting tension until no greater magnitude of response
was obtained. Vessels were washed and left for 10 min between
additions of KCI. The absence of endothelium was verified by
constricting vessels with 100nM U46619 and testing for
endothelium-dependent relaxation with 100nM bradykinin.
Rings were then left for 1 h before the start of the experiment.
Constrictions were induced with 10nM endothelin-1 (ET-1)
and cumulative concentration response curves to urocortin 1
and related peptides were constructed once the constrictor
response had reached a plateau. One ring of artery from each
patient was constricted with 10nM ET-1 and monitored over
the time course of the experiment as a control. Each
experiment was terminated with 100 mM KCI to confirm tissue
viability.

Data analysis Data were expressed as the percentage
relaxation of the constrictor response to ET-1. The negative
log of the concentration required to produce 50% of the
maximum response of the agonist in the tissue (pD, value) was
determined for each concentration-response curve using the
iterative curve fitting software Fig P (Biosoft, Cambs, U.K.).
All data were expressed as mean +s.e.m. (Wiley & Davenport,
2001).

Results
Radioligand binding

Kinetic studies Assay conditions were optimised by char-
acterising the binding kinetics of ['**I]antisauvagine 30 in
human LV. An association rate constant (K, of
0.164+0.02min~! was obtained giving a half-time for associa-
tion of 5.0+ 1.0min (n=3, Figure 1). The dissociation rate
constant (K—1) was calculated to be 0.010+0.0006 min~!,
giving a half-time for dissociation of 68+4min (n=3,
Figure 1).

Saturation assays ['*llantisauvagine 30 (4 pM-2nM)
bound to normal LV with an affinity of 0.21+0.03nM and a
Byax of 0.804+0.18 fmolmg™"' protein (n=8; Figure 2;
Table 1). No change in either affinity or receptor density was
observed in ventricular tissue from patients transplanted for
DCM (Kp: 0.184+0.03nM; Byax: 0.65+0.15fmolmg~" pro-
tein; P>0.05; n=38; Figure 2; Table 1). A one-sit fit was
preferred over a two-sit fit and Hill slopes were close to unity
(Table 1).
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Figure 1 Time-dependent association and dissociation of 0.2nM
['**I]antisauvagine 30 binding in human LV (n=3).
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Figure 2 Saturation binding assay for ['**I]antisauvagine 30 (4 pM—
2nM) in human LV (normal, n=8 and DCM, n=8, P>0.05).

Table 1 Saturation binding data in left ventricle of
human heart

Control Dilated cardiomyopathy
Buax (fmolmg™") 0.80+0.18 0.65+0.15
Kp (nM) 0.2140.03 0.1840.03
nH 0.93+0.08 0.88+0.07
n 8 8
Specificity In human LV, competition assays for urocortins

1 and 2 (5pM-10 M) against 0.2nM. ['*I]antisauvagine 30
yielded affinities of 24.0+5.0 and 16.143.4nM, respectively
(n=6). Six unrelated peptides expressed in the cardiovascular
system (ET-1, atrial natriuretic peptide, apelin, proadrenome-
dullin peptide 12, ghrelin and angiotensin II) failed to compete
for ['*I]antisauvagine 30 binding sites in human LV at a
concentration of 1 uM (n =3, data not shown).

Autoradiography The highest density of ['**I]antisauvagine
30 binding was observed in small intramyocardial
blood wvessels of human LV (diameters <200 um,
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452+59amolmm™> n=35, verified in comparison with
a-actin-like immunoreactivity in adjacent sections) and lower
levels were detected in myocytes (8.0+3.2amolmm™> n=>5;
Figure 3). Binding was also visualised in the media of internal
mammary arteries (17.74+3.9amolmm™2, n=4).

In vitro pharmacology

Vasoreactivity IMA produced a maximal contractile force
of 15.94+1.3mNmm™" (response to 100 mM KCI; 55 segments
from 13 patients). All segments tested produced a sustained
constriction (mean force 12.1+ 1.0l mNmm™") to 10nM ET-1,
a concentration previously shown to induce a submaximal
response (Wiley & Davenport, 2001). Bradykinin (100 nMm) did
not produce vasodilatation in any segment, indicating an
absence of functional endothelium.

Reversal studies All CRF-related peptides tested (0.1
300nM) produced endothelium-independent vasodilatation,
reversing constrictions induced by 10nM ET-1. All five CRF
peptides caused a partial reversal of the constrictor response to
ET-1 (Figure 4). Urocortins 2 and 3 had the greatest maximum
responses of the five peptides (Table 2), producing 60+8.5%
(n=28/10) and 61+7.2% (n=7/9) reversals, respectively. All
the peptides had similar, nanomolar potencies as can be seen
from the pD, values (Table 2). None of the peptides tested
produced a vasoconstrictor response on endothelium-denuded
vessels.

Discussion

We have presented the first evidence of ['*I]antisauvagine 30
binding in human cardiovascular tissue. CRF, receptors were
abundant in the heart, consistent with the reported mRNA
distribution (Valdenaire et al., 1997). Interestingly, particularly
high levels were localised to intramyocardial blood vessels. As
expected, binding was inhibited by unlabelled urocortin 1 and
the CRF, selective urocortin 2, but not by other vasoactive
peptides tested, consistent with the proposal that urocortins 1
and 2 are cognate ligands for CRF, receptors. In addition, we
have demonstrated a vasodilator role for the novel endogenous
ligands urocortins 2 and 3 in human arteries in vitro.
['**T]antisauvagine 30 binding in human LV was saturable,
reversible, specific and had high affinity, characteristics
indicative of receptor-ligand interactions. Saturation assays

Figure 3 Example of 0.2nM ['*’I]antisauvagine 30 binding in
human LV: (a) total binding and (b) nonspecific binding. CA,
coronary artery; IMB, intramyocardial blood vessel; M, myocar-
dium.
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Figure 4 Concentration—response curves to human CRF receptor
ligands (0.1-300 nM, n=7-9), reversing constrictions induced by
10nM ET-1 in human endothelium-denuded IMA. Results were
expressed as a percentage of the constrictor response to ET-1
(mean +s.e.m.).

Table 2 Vasodilatation to CRF, receptor ligands in
human internal mammary artery

Peptide Eyax £ pDsEs.em. n
s.e.m. (% (responders/
relaxation) total )*
CRF 40+10 8.28+0.27 8/8
Urocortin 1 46+7.7 8.394+0.32 7/8
Urocortin 2 60+38.5 8.274+0.17 8/10
Urocortin 2 3946.3 8.4340.38 5/7
(mouse)
Urocortin 3 61+7.2 8.61+0.25 7/9

“Not all patients responded to the peptides and the n value is
given as the number of responders as a fraction of the total
tested.

gave a binding density of approximately 1fmolmg~! protein
in human LV. This is comparable to the density of other
recently paired orphan receptors such as the APJ receptor
(~4fmolmg ! protein) (Katugampola et al., 2001a) and GHS
receptor (~8fmolmg~"' protein) (Katugampola et al., 2001b)
and also to well-characterised cardiovascular receptors such as
the AT, receptor (~5fmolmg~! protein) (Zisman et al., 1998)
in human LV. Autoradiograms of ['*IJantisauvagine 30
binding revealed a medium density of binding in the
myocardium, but much higher levels were localised to the
small intramyocardial vessels. Consequently, the receptor
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density is likely to be much higher within small coronary
vessels. Receptors present on the cardiac myocytes are
consistent with the inotropic effects of CRF and related
peptides observed by other groups (Parkes et al., 1997; Terui
et al., 2001) and also with the cardioprotective effect of
urocortin (Lawrence et al., 2002). The distribution of binding
in human heart is unusual for a G-protein-coupled receptor,
but is similar to CGRP receptors (Coupe et al., 1990).

[**I]antisauvagine 30 bound rapidly to the tissue and
spontaneously dissociated, as was found with cloned receptors
expressed in HEK cells (Higelin et al., 2001). Saturation curves
were monophasic and Hill slopes were close to unity,
consistent with the hypothesis that it is the CRF, subtype
that is expressed in this tissue. Both urocortin 1 and the CRF,
selective urocortin 2 competed for ['*IJantisauvagine 30
binding sites with nanomolar affinities. Furthermore, iterative
nonlinear curve fitting produced one-site fits for both ligands,
suggesting that the majority of CRF receptors in the human
heart are of the CRF, subtype.

There was no difference in either receptor density or affinity
in tissue from patients transplanted for DCM. This result is at
variance with the report of decreased CRF, mRNA expression
in rat hearts with DCM (Nishikimi ez al., 2000); however in
this study, we measured binding levels in entire sections of LV
and this may mask any downregulation of receptor protein
within the small vessels. Alternatively, the discrepancy could
be explained by the fact that the tissue obtained from patients
transplanted for DCM are in end-stage heart failure and the
disease progression could have gone beyond compensatory
mechanisms.

We showed for the first time that urocortins 2 and 3 are
directly acting, potent vasodilators in human arteries. ET-1
produces an extremely long-lasting vasoconstriction, both in
vivo (Clarke et al., 1989) and in vitro (Wiley & Davenport,
2001), and although none of the peptides tested fully reversed
the constriction induced by 10nM ET-1, the responses
obtained were comparable to other established vasodilators
including adrenomedullin and CGRP, in a study also
conducted in IMA contracted with 10nM ET-1 (Wiley &
Davenport, 2002). Additionally, urocortin 2 reduces mean
arterial pressure when systemically infused in rats (Chen ez al.,
2003), an effect that could be blocked with antisauvagine 30
(Mackay et al., 2003), and CRF, knockout mice have elevated
mean arterial pressure (Coste et al., 2000). Taken together,
these data suggest that the peripheral CRF pathway may be
important in modulating vascular tone, particularly in
pathophysiological conditions, where ET-1 levels are increased
(Hiroe et al., 1991; Lerman et al., 1991).

The two novel wurocortins reversed ET-1-induced
constrictions with a similar potency to CRF and urocotin
1, but produced the greatest maximum responses, supporting
the hypothesis that they may be the endogenous ligands for
CRF, receptors in the periphery. Furthermore, both urocor-
tins 2 and 3 show no activity at the CRF, subtype (Hsu &
Hsueh, 2001; Lewis et al., 2001; Reyes et al., 2001). In
agreement with the effects of human urocortin 2, the 38aa
mouse sequence of urocortin 2 was also a potent vasodilator in
this study.

The source of the endogenous ligands that activate
peripheral CRF receptors physiologically remains unknown.

Although CRF production has been reported in the
adrenal glands, the peptide is present at very low levels
in human plasma (Suda et al., 1985; Watanabe et al., 1999),
and plasma levels of urocortin 1 are also extremely
low (Watanabe et al., 1999), although they have been
reported to be elevated in patients with heart failure
(Ng et al., 2004). Both urocortin 1 and CRF bind with
nanomolar affinity to CRF-binding protein present in the
plasma (Lewis et al., 2001; Reyes et al., 2001), so the level of
either peptide actually exposed to the vascular smooth
muscle from the plasma is likely to be negligible. CRF-like
immunoreactivity has only been detected in cultured human
umbilical vein endothelial cells (Simoncini et al., 1999). This
localisation may be restricted to the foetal and placental
vascular beds, since extremely low levels of CRF are reported
in human heart (Kimura er al.,, 2002). Urocortin 1-like
immunoreactivity has been localised to the endothelial layer
and media of coronary arteries in rats and humans (Huang
et al., 2002; Kimura et al., 2002), although it did not have as
great an effect as either urocortins 2 or 3 in this study.
Urocortin 1 has also been detected in human cardiac myocytes
(Nishikimi er al., 2000; Kimura et al., 2002). No detailed
studies have been published on the localisation of urocortins 2
or 3; however, high levels of both urocortins 2 and 3 are
present in the adrenals, suggesting their potential release as
hormones (Hauger et al., 2003), and urocortin 2 transcript has
been detected in the human heart (Hsu & Hsueh, 2001). It
would therefore be tempting to speculate that the urocortins
are the main endogenous ligands of CRF receptors in the
periphery, rather than CRF.

In this study, the dilator effect of the CRF peptides was
caused by a direct action on the vascular smooth muscle. It is
not possible to test whether a greater response could be
obtained with an intact endothelium with the vessels we obtain
from coronary bypass surgery, since surgical manipulation
does not leave a functional endothelium. The endothelium
dependence of the dilator response to CRF ligands remains
unclear and appears to vary between vascular beds. In the rat,
endothelial denudation had no effect on dilator responses in
the basilar (Schilling et al., 1998) or mesenteric artery (Lei
et al., 1993); however, responses to urocortin were reduced in
the absence of endothelium in coronary (Huang et al., 2002)
and uterine (Jain et al., 1999) arteries.

In conclusion, the novel radioligand ['*I]antisauvagine 30
was used to localise and characterise the CRF, receptor in the
human cardiovascular system. The localisation of ['**I]anti-
sauvagine 30 binding to the medial layer of blood vessels and
potent vasodilator action of the novel CRF, selective ligands
urocortins 2 and 3 suggests that the CRF, receptor may
mediate a compensatory mechanism to decrease vascular tone
in the periphery. This may serve to counter-balance the
centrally mediated hypertensive effects of CRF and urocortin 1
and the signalling pathway could also provide a novel target
for the treatment of hypertension associated with cardiovas-
cular disease.

This work was funded by the British Heart Foundation. We thank the
theatre and consultant staff at Papworth Hospital for help with tissue
collection.
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