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REVIEW

Is urotensin-II the new endothelin?
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Urotensin-II (U-II), a peptide isolated from the urophysis of teleost fish 35 years ago, is the
endogenous ligand of the mammalian orphan receptor GPR14/SENR. Recently, human homologues
of both the receptor (UT-II) and the peptide (hU-II) have been discovered. Following de-
orphanization, hU-II was declared the ‘new endothelin’ as initial studies suggested similarities
between the peptides, and in isolated arteries of cynomolgus monkey U-II was a more potent
constrictor than endothelin-1 (ET-1), with equal efficacy. However, effects of U-II in vascular tissue
from other mammalian species are variable and although potent, U-II exhibits a lesser maximal
response than ET-1. In contrast, in humans U-II has emerged as a ubiquitious constrictor of both
arteries and veins in vitro and elicits a reduction in blood flow in the forearm and skin
microcirculation in vivo. In addition to direct vasoconstrictor activity on smooth muscle receptors,
endothelium-dependent U-II-mediated vasodilatation has also been observed. Non-vascular,
peripheral actions of U-II include potent inotropy and airway smooth muscle constriction and U-
II and its receptor are present throughout rat brain implying a possible neurotransmitter or
neuromodulatory role in the central nervous system. U-II is proposed to contribute to human
diseases including atherosclerosis, cardiac hypertrophy, pulmonary hypertension and tumour
growth. The development of selective receptor antagonists should help to clarify the relative
importance of hU-II as a multifunctional peptide in mammalian systems and its role in disease.
What is clear is that U-II is emerging as a new and potentially important mammalian transmitter.
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Introduction

Since its discovery in 1988, endothelin-1 (ET-1) has been
consistently described as the most potent vasoconstrictor yet
discovered (Yanagisawa et al., 1988). ET-1 has a possibly
unique ability to produce long lasting vasoconstriction both
in vitro (Yanagisawa et al., 1988) and in vivo (Clarke et al.,
1989; Ide et al., 1989; Weitzberg et al., 1991). It is proposed
that in human vasculature ET-1, released from endothelial
cells (Russell & Davenport, 1999), contributes to the
maintenance of normal vascular tone by opposing vasodilata-
tion produced by endothelium-derived mediators such as
nitric oxide and prostacyclin (Haynes & Webb, 1994). The
importance of ET-1 as a cardiovascular and renal peptide in
humans is well established (see reviews by e.g. Miyauchi &
Masaki, 1999; Miyauchi & Goto, 1999; Kedzierski &
Yanagisawa, 2001), and new physiological/pathophysiological
roles are emerging in, for example, cancer (Asham et al.,
2001; Nelson, 2001). At the closing session of the Sixth
International Conference on Endothelin held in Montreal in
1999 the pharmacology of the human form of a phylogen-
etically ancient fish peptide, urotensin-II (U-II), was
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described. U-II was shown to contract monkey arteries even
more potently than ET-1 and exhibited pronounced cardio-
vascular actions (Douglas et al., 2000a). This review aims to
summarise recent data on the mammalian U-II system, with
particular emphasis on information from human studies
where available, and to compare the pharmacology of U-II to
that of ET-1.

Urotensin-11 — a fish peptide?

U-II, an urophysial peptide, was first characterized biologi-
cally by Bern and colleagues in 1967 (see Bern et al., 1995).
This dodecapeptide (Figure 1), initially isolated from the
goby, Gillichthys mirabilis, exhibited sequence similarity to
somatostatin-14 and the cyclic portion of the peptide,
comprising six amino acids, was highly conserved in all
forms of the peptide isolated from the caudal secretory
system of teleost fish (Pearson et al., 1980). The earliest
described functions of U-II in fish inclued smooth muscle and
vascular constriction, osmoregulation and a role as a
prolactin inhibitory factor (see Bern et al., 1995). Effects of
fish U-II, usually goby, on mammalian smooth muscle were
subsequently reported. In contrast to smooth muscle
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Human U-II

Figure 1 Examples of the deduced amino acid sequences of
mammalian, amphibian and fish U-II. Shaded residues are those
conserved across all known species homologues of the peptide.

vasoconstriction in teleosts, initial observations were of
potent tetrodotoxin-insensitive relaxation of carbachol-in-
duced tone in the mouse anococcygeus muscle (Gibson et
al., 1984). In rat isolated aorta both endothelium-dependent
vasorelaxation and endothelium-independent vasoconstriction
were detected (Gibson, 1987). Constrictor responses to U-II
in rat arteries appeared, however, to be variable and highly
dependent on the vascular bed (Itoh et al., 1987; 1988). In
vivo, infusion of goby U-II into anaesthetized rats produced a
reduction in arterial blood pressure, with reflex tachycardia
(Gibson et al., 1986). Since the depressor response was
partially attenuated by L-N®monomethyl arginine (L-
NMMA) and completely inhibited by indomethacin (Hase-
gawa et al., 1992), U-II appeared to mediate its in vivo
actions via the release of endothelium-derived relaxing
factors. At this time the receptor through which U-II was
acting was unknown.

The orphan G-protein coupled receptor SENR is identical
to rat GPRI4

Interest in U-II in mammals waned until the sequencing of
the human genome and the discovery of putative ‘orphan’
G-protein coupled receptors (GPCR). Sequences encoding
one novel GPCR (Tal et al, 1995) indicated some
sequence similarities with the rat somatostatin ssty and o-
opioid receptors and a human galanin receptor. Transcript
for the receptor was identified predominantly in sensory
and neural tissues and therefore the receptor was named
the sensory epithelium neuropeptide-like receptor (SENR)

(Tal et al., 1995). Independently, a screen of a rat genomic
DNA library led to the identification of a clone encoding
a rat orphan GPCR, GPR14 (Marchese et al., 1995) that
was identical to SENR. Both groups reported that the
novel gene was intronless and encoded a 386 amino acid
receptor.

Discovery of a novel human orphan GPCR

Ames et al. (1999), searching for novel human GPCRs, used
rat GPR14 to probe a human genomic library and isolated a
clone encoding a 389 amino acid human GPCR. Messenger
RNA encoding this human receptor was abundantly
expressed in heart and pancreas and also detected in brain,
human atria, ventricle, aorta, and endothelial and smooth
muscle cell lines. Message was not detected in venous tissue
(Ames et al., 1999).

Pairing of human U-II with its receptor by the ‘reverse
pharmacology’ approach

Reverse pharmacology was used to screen hundreds of
potential ligands against both rat GPR14 and the homo-
logous human receptor. Only goby U-II elicited a potent
response (Ames et al, 1999). A complementary DNA
sequence encoding human U-II (hU-II), was subsequently
identified, with the mature eleven amino acid peptide
sequence identical to that reported earlier by Coulouarn et
al. (1998) (Figure 1). In contrast to the wide distribution of
the human U-II receptor mRNA, the peptide message was
restricted to the spinal cord and medulla oblongata. As
expected, hU-II stimulated a calcium response in HEK-293
cells expressing the human receptor (Ames et al., 1999) and
following criteria set out by the International Union of
Pharmacology Committee on Receptor Nomenclature and
Drug Classification this new human receptor has been
designated the UT-II receptor (Davenport & Maguire,
2000). In contrast to the limited vasoconstrictor activity of
hU-II observed in rat arteries in vitro, hU-II contracted all
primate arteries tested and was 10 fold more potent than ET-
1 although, consistent with the lack of detectable UT-II
receptor mRNA, no response was obtained in venous
preparations. The effects of systemic infusion of hU-II into
anaesthetized monkeys were dramatic — with dose-dependent
(30—300 pmol kg~' i.v.) increases in total peripheral resis-
tance and left ventricular end diastolic pressure, and
decreases in stroke volume, cardiac output and myocardial
contractility. Unusually, compared to other vasoconstrictors
such as ET-1 and angiotensin-II, heart rate and mean arterial
pressure were only marginally reduced at concentrations that
elicited severe systemic vasoconstriction (300 pmol kg="). A
bolus dose of 3 nmol kg~! i.v. hU-II was sufficient to cause
death. Therefore the pharmacological profile of hU-II in the
monkey in vivo was strikingly different from that obtained in
the rat and suggested that in this species at least U-II was the
most potent vasoconstrictor discovered, superseding ET-1.
Following publication of the Nature paper by Ames et al.
(1999) three independent reports of the identification of U-II
as the endogenous ligand for the orphan receptor GPR14
appeared in the literature. Nothacker et al. (1999) identified a
robust Ca’" signal to bovine hypothalamic extracts in cells
transiently transfected with GPR14 cDNA. The active
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material was peptidic. A screen of cysteine-bridge-containing
peptides was carried out against GPR14 and only U-II had
demonstrable biological activity at subnanomolar concentra-
tions, with synthetic hU-II displaying the same time course
for stimulation of the Ca’>* response as the active extracts.
Iodinated hU-II bound with expected high affinity to
membranes of cells expressing GPR14 (K;=70 pMm).
Nothacker et al. (1999) also identified the presence of
GPR14 mRNA in cardiovascular tissues including rat heart
and aorta.

Two molecular species of U-II were isolated from porcine
spinal cord (Mori et al., 1999) and release of arachidonic
metabolites was demonstrated when CHO cells expressing
SENR were exposed to the prepared peptide fraction (Mori
et al., 1999). Using HEK-293/aeq 17 cells stably expressing
GPR14, Liu et al. (1999) also demonstrated selective
activation of this receptor by fish, frog and human forms
of U-II. Finally, the gene coding for the human GPCR, UT-
II, has been located to chromosome 17q25.3 (Protopopov et
al., 2000).

Vascular responses to U-II in rat in vivo and in vitro

Initial studies into effects of U-II in mammals were mainly
carried out in rat. Goby U-II, in vivo, produced an overall
depressor response (Gibson er al., 1986, Hasegawa et al.,
1992) but in vitro heterogeneity of responsiveness of arteries
from different vascular beds was observed. U-II potently
contracted rat thoracic aorta and carotid artery with lower
maximum responses in abdominal aorta and mesenteric
arteries and no response in femoral artery (Gibson, 1987;
Itoh et al., 1987). Even within the thoracic aorta the maximal
contraction to U-II was less robust in the distal segments
compared to those proximal to the aortic arch (for example
see Figure 2A). Removal of the endothelium did not influence
the constrictor effect of U-II, suggesting a direct action on
smooth muscle and saturation binding experiments indicated
that a positive correlation existed between receptor density in
different rat arteries and the degree of maximum contraction
obtained in vitro (Itoh et al., 1988). Vasodilatation of the rat
aorta was also reported, but was attenuated by removal of

A B

the endothelium (Gibson, 1987). The use of selective and
mixed receptor antagonists, ion channel and enzyme
inhibitors suggested that the contractile actions of U-II in
rat thoracic aorta did not involve either the direct or indirect
activation of adrenergic, muscarinic acetylcholine, 5-hydroxy-
tryptamine or histamine receptors, tetrodotoxin-sensitive
sodium channels or the generation of products of arachidonic
acid metabolism (Gibson, 1987; Itoh et al., 1987). Therefore,
U-IT produces both endothelium-independent vasoconstric-
tion and endothelium-dependent vasodilatation, as does ET-
1, which mediates these opposing effects through its two
receptor subtypes.

In rat isolated heart, hU-II produced an initial decrease in
coronary flow followed by sustained vasodilatation that could
be attenuated by inhibition of cyclo-oxygenase or nitric oxide
synthase (NOS) (Katano et al., 2000). In a more detailed
study, hU-II produced an increase in perfusion pressure,
maximal at 100 nM, with the late depressor response observed
at higher concentrations. Although potent (ECsq=x2.5 nM),
the increase in pressure to hU-II (12 mmHg) was less than
one fifth that produced by ET-1 (Gray et al, 2001).
Comparable data were obtained in isolated rat coronary
artery, although in rat mesenteric resistance and basilar
arteries only endothelium-dependent relaxations were ob-
served (Bottrill et al., 2000). Human U-II also contracted rat
main pulmonary arteries (ECspx3 nM) but not smaller
diameter vessels (Maclean et al., 2000) with hU-II four times
more potent than ET-1, although the maximum response to
U-II was less than 50% of that to ET-1. In common with
other vasoconstrictors, contraction to U-II was potentiated
by low concentrations of ET-1 (Maclean et al., 2000).
Interestingly, whilst the potency of hU-II in pulmonary
arteries from chronic hypoxic rats was not different from
controls there was a significant increase in the maximum
response to hU-II in animals with pulmonary hypertension
suggesting a possible pathophysiological role in this disease
(Maclean et al., 2000).

The apparent paradox of the in vivo depressor activity of
goby U-II in rat and the early reports that in vitro the
predominant response to goby and hU-II in isolated blood
vessels was vasoconstriction has been addressed using hU-II

C

1001 B
Aortic rings 100
O Proximal to aortic arch
L
= ﬁ ‘ =
éé A Distal to aortic arch L;é
L 50 O 504
2 g
1) 15}
2 (=9
] [
& o
0- 0 '
10" 10" 10°® 10"
Urotensin II [M]

Agonist [M]

191 oM
® U-1l
0
5
e
o 504
w
=
[=]
&
[
=
e 0 7 . R,
-9 -7 - | -
10 10 10" 10 10

Agonist [M]

Figure 2 Variability of responsiveness of rat and human blood vessels to U-II. An example of the constrictor response to U-II in
consecutive 4 mm rings of rat thoracic aorta: the maximum response to U-II diminishes with distance of aortic ring from the carotid
bifurcation (A). Comparison of concentration-response curves to U-II and ET-1 in endothelium-denuded rat thoracic aorta (n=06)
(B) and human coronary artery (n=6-9) as an example of the species variability in efficacy of U-II. Values are mean +s.e.mean.

(see Maguire et al., 2000).
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in conscious, unrestrained animals (Gardiner et al., 2001).
Human U-IT (300 and 3000 pmol kg~') elicited fast onset
vasodilatation of the mesenteric vascular bed preceding more
prolonged vasodilatation in the hindquarters. Dose-depen-
dent tachycardia was associated with significant reduction in
mean arterial blood pressure only at the highest concentra-
tion and at 3000 pmol kg=' hU-II, renal blood flow was
reduced without effect on renal vascular conductance. There
was no difference between rat and hU-II (Gardiner et al.,
2001). It is clear from this study that the main action of hU-
II in the rat in vivo is vasodilatation. The absence of
significant pressor activity in vivo may reflect the fact that
robust constriction in vitro is observed in large blood vessels
(e.g. aorta) that do not contribute substantially to blood
pressure control and also that the constrictor activity of U-II
may be modified by the presence of a functional endothelium.

Variable pharmacological profile of hU-II in mammalian
species

The variability in response of rat arteries to U-II was seen in
other species. In this respect U-II differs markedly from ET-
1 since ET-1 contracts all arteries and veins tested.
Continuing their investigations following the pairing of
hU-II and its receptor, Douglas et al. (2000b) determined
the effect of hU-II on vascular tissues from rat, mouse, dog,
pig, marmoset and cynomolgus monkey. The rat data
obtained with hU-II were comparable to those previously
described for goby U-II by others. An example of the
comparative vasoconstrictor responses to hU-II and ET-1 in
rat aorta is shown in Figure 2B. Mouse aorta was
unresponsive to the peptide. In dog, hU-II was devoid of
any significant activity in arteries or veins other than
coronary artery. In pig, the data were more complicated.
No vasoconstriction was obtained in coronary, renal,
mammary or carotid arteries or saphenous vein. In other
vascular beds, hU-II elicited some response, but not in all
vessels tested. Similar variability in reactivity was obtained
in blood vessels of the marmoset (New World primate). The
only species tested in which hU-II was consistently a potent
and efficacious vasoconstrictor was cynomolgus monkey
(Old World primate). Human U-II contracted coronary,
pulmonary, renal, femoral, mesenteric, internal mammary
and basilar arteries and both thoracic and abdominal aorta
(ECs9p 0.1-1.1 nM). Where determined, hU-II exhibited
between 10 and 20 fold higher potency than ET-1.
Constrictor responses were also reported in pulmonary
arteries and airway smooth muscle of cynomolgus monkey
from different regions of the lung (Hay et al., 2000).
However, as in other species, hU-II was without notable
effect in venous preparations, with modest vasoconstriction
observed in pulmonary vein (Douglas et al., 2000b; Hay et
al., 2000) and only in tissue taken proximal, but not distal,
to the atria (Hay et al., 2000). In airways, whilst potency of
hU-II was consistent (ECs50~0.6—2.5 nM) the maximum
response to hU-II increased from upper trachea to tertiary
bronchus and there was marked inter-animal variation in
response (Hay et al., 2000). In rabbit, potent vasoconstric-
tion was obtained to hU-II in thoracic aorta and coronary
artery, but no response in pulmonary or ear arteries or ear
vein (Saetrum Opgaard er al., 2000). Overall these data
implied that in mammals hU-II is a potent (ECsy values in

the range 0.1-3 nM), predominantly arterio-selective con-
stricting factor. The most obvious explanation for the
variability of the responses obtained is that the level of
receptor expression is low and possibly absent or below the
density required to elicit a vasoconstrictor response to the
peptide in vascular beds from some species or indeed in
individual animals.

Human cardiovascular pharmacology of U-I1

The overt species variability in responsiveness of blood
vessels to hU-II has increased the requirement for human
studies to clarify the potential importance of this peptide to
human cardiovascular physiology and its role in disease.
What is apparent is that, like ET-1, hU-II is emerging as a
ubiquitous constrictor of both human arteries and veins in
vitro with no evidence of the highly localized expression of U-
IT receptors in a particular anatomical region of a vascular
bed as there is in rat aorta, for example. We have shown that
human U-II produced vasoconstriction in human coronary,
mammary and radial arteries and saphenous and umbilical
veins (Maguire et al., 2000), however, coronary and
mammary arteries from some patients were unresponsive to
hU-II. In both arterial and venous tissues ECs, values were
subnanomolar (~0.1-0.5 nM) and between 10 and 50 times
more potent than ET-1. Despite its potency, the maximum
response to hU-II was low compared to ET-1 (see Figure 2C)
although comparable to that of angiotensin-II. In agreement
with these results, hU-II contracted coronary artery from one
of three patients to a lesser extent than ET-1 (Russell et al.,
2001). Contractile responses to hU-II were also reported in
small muscular pulmonary arteries (internal diameter
~250 pm) in vitro, from three out of ten patients tested,
although only in the presence of L-NS-nitroarginine methyl
ester. Preconstriction of pulmonary arteries with ET-1 failed
to unmask a more robust constrictor response or dilatation
to hU-II (Maclean et al., 2000).

There has been one report of hU-II relaxation of human
vessels. Resistance pulmonary and mesenteric arteries did not
contract to hU-II but potent vasodilatation (ICsy values of
0.04 nMm and 0.05 nM, respectively) was obtained following
preconstriction with ET-1. In pulmonary artery, hU-II was as
effective as adrenomedullin and more potent than acetylcho-
line and sodium nitroprusside (Stirrat ez al., 2001). One study
reported no effect of hU-II in human arteries and veins
(Hillier et al., 2001). The authors suggested that although
tissue was obtained from patients with coronary heart
disease, sufficient endothelial function remained for hU-II
vasodilatation to mask any constrictor response. However, in
contrast to the potent vasodilatory actions of hU-II in human
pulmonary and abdominal resistance arteries (Stirrat et al.,
2001), no such effect was seen in the subcutaneous arteries
(Hillier et al., 2001). It had been hoped that the impressive
pharmacological profile of hU-II in cynomolgus monkey
would be predictive, at least to some degree, of that observed
in man. Clearly, it is apparent that the in vitro pharmaco-
logical activity of hU-II in the human vasculature differs
greatly from that in other species and reinforces the need for
in vitro and in vivo studies in man.

The in vivo actions of hU-II in healthy volunteers have also
been investigated. In the microcirculation of human skin,
intradermal injections (10 ul) of hU-II (0.3 100 pmol 10 ul~")
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produced a dose-dependent reduction in blood flow with
sustained vasoconstriction at the highest dose (Leslie et al.,
2001). Similarly, a significant, dose-dependent decrease in
blood flow was obtained in the human forearm in vivo following
infusion of hU-II (0.1, 1, 10, 100 and 300 pmol min~"), with
each dose administered for 15 min at 1 ml min~'. A maximum
reduction in forearm blood flow of 31% was achieved, with no
significant change in flow recorded in the contralateral non-
infused arm (Bohm & Pernow, 2002). This group previously
showed that forearm blood flow is also attenuated by infusions
of low concentrations of ET-1 (3—10 pmol min~'), although as
reported in human in vitro studies the maximal responses to
ET-1 (60% reduction in flow) was greater than that achieved
with hU-II (Pernow et al., 1991). These experiments indicate
that the predominant response to hU-II in man in vivo, at least
in these vascular beds, is vasoconstriction. In a similar
investigation no vasoconstrictor effect on human forearm was
observed in patients receiving 30 and 100 pmol min~—' or 100
and 300 pmol min~' hU-II, each dose given for 20 min at
I ml min—" (Wilkinson ez al., 2002). Pressor activity was not
unmasked following administration of aspirin and ‘clamping’
of the NO system using L-NMMA and sodium nitroprusside,
despite the high levels of hU-II achieved in the plasma. Some
methodological differences between the two studies may
account for the observed discrepancy. More detailed studies
on the systemic effects of hU-II and the development of
antagonists for the UT-II receptor will allow the importance of
hU-II as a regulator of human vascular tone to be elucidated.

In addition to its vascular effects, hU-II has cardiostimu-
lant properties in human heart in vitro (Russell et al., 2001).
In isolated, paced human right atrial trabeculae the peptide
increased force of contraction more potently than ET-1 (ECsq
value ~0.3 nM and =3.0 nM, respectively) making it the
most potent inotropic agent described. Unlike ET-1, which
increased time to 50% relaxation and induced spontaneous
arrhythmogenic activity in 70% of atrial tissues (Burrell et
al., 2000), hU-II did not affect time either to 50% relaxation
or to reach peak force and produced spontaneous contrac-
tions in only 12% of atria. A maximal concentration of hU-II
also increased force of contraction in human right ventricular
trabeculae although to a lesser extent than in atria (Russell et
al., 2001). These direct effects of hU-II on human heart
contrast with those reported in monkey following systemic
administration where myocardial contractility was reduced
(Ames et al., 1999), although effects of hU-II on the human
heart in vivo have yet to be determined.

Structure activity studies

Urotensin-II isoforms from mammals, amphibians and fish
contain a conserved C-terminal cyclic hexapeptide sequence
(see Douglas & Ohlstein, 2000; Figure 1). Despite low sequence
homology in the N-terminus, different isoforms exhibit similar
potencies both in vitro (Ames et al., 1999; Liu et al., 1999; Mori
et al., 1999; Russell et al., 2001) and in vivo (Gardiner et al.,
2001) suggesting that the majority of biological activity resides
in the C-terminus. In rat aorta, goby U-IIs.;, competed for
[*1]-U-II binding and elicited vasoconstriction with equal
potency to the full length peptide, whilst U-II¢_, was six times
less potent and goby U-II¢ ;; was essentially inactive (Itoh et
al., 1987; 1988). Urotensin-115_1, is therefore the minimum
sequence required for full biological activity.

Localization of hU-II mRN A

By dot blot analysis of human tissues, significant expression
of prepro-hU-II mRNA appeared to be limited to spinal
cord, medulla oblongata and kidney (Ames er al., 1999;
Nothacker et al., 1999), although this method only
investigates restricted tissue homogenates from one individual
and gives no information on cellular localization. The dot
blot data were consistent with that reported for frog
(Chartrel et al., 1996; Coulouarn et al., 1998) and rodents
(Coulouarn et al., 1999), and in the developing rat spinal
cord U-II mRNA was detected in sacral motor neurones as
carly as E10 (Coulouarn et al., 2001). Low Ilevels of
hybridization signal could also be detected in human
peripheral tissues including spleen, prostate, pituitary, thymus
and adrenal gland (Coulouarn et al., 1998) and, using RT—
PCR, hU-II mRNA was found to be abundantly expressed in
pituitary, adrenal gland, placenta, colonic mucosa, kidney,
atrium (Matsushita et al., 2001; Totsune et al., 2001) and to a
lesser extent in vascular tissue such as aorta, thoracic artery
and saphenous vein (Matsushita et al., 2001). Autoradio-
graphical analysis identified prepro-hU-II mRNA in cervical
sections of human spinal cord located specifically to a sub-
population of motor neurones (Coulouarn et al., 1998) and in
motor nuclei of the rat brain, including the motor trigeminal
and abducens nuclei, and ventral horn of the rat spinal cord
(Coulouarn et al., 1999).

Localization of hU-II peptide

Limited immunocytochemical studies have been carried out
to localize the hU-II peptide. Human U-II-like immuno-
reactivity (hU-II-LI) was originally reported in human and
monkey vasculature with diffuse staining in cardiac
myocytes, intense staining in the macrophage and smooth
muscle-rich region of human coronary atherosclerotic plaque
tissue and immunoreactivity also present in ventral horn
motor neurones of spinal cord and acinar cells of the
thyroid (Ames et al, 1999). More recently, we have
identified hU-II-LI in endothelial cells of human aorta,
epicardial coronary artery as well as intramyocardial vessels
with diameters (60—120 uM) typical of resistance arteries.
No staining was evident over cardiac myocytes or vascular
smooth muscle cells. In coronary arteries with atherosclero-
tic lesions hU-II-LI was detected within the region of
infiltrating macrophages of the plaque but not to contractile
smooth muscle cells of the media or proliferated smooth
muscle cells of the thickened intima (Kuc et al, 2001).
Interestingly, in rat brainstem and ventral horn of spinal
cord U-II-LI is predominantly co-localized to choline acetyl
transferase (ChAt)-positive neurones (Dun et al, 2001)
indicating the presence of U-II in cholinergic motor
neurones.

Distribution of GPRI14 and UT-II receptors

In contrast to the peptide, dot blot analysis of human tissues
showed both central and peripheral expression of mRNA
encoding the UT-II receptor (Ames et al., 1999; Liu et al.,
1999), with similar findings for the SENR/GPR14 receptor in
bovine (Tal et al., 1995) and rodent tissues (Tal et al., 1995;
Liu et al., 1999; Nothacker et al., 1999; Gartlon et al., 2001).
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In human tissues, expression of UT-II mRNA was confirmed
by RT-PCR in brain cortex, hypothalamus, medulla
oblongata, pituitary, kidney, adrenal gland, placenta, colonic
mucosa, atrium and ventricle of heart, thoracic artery and
aorta (Matsushita et al., 2001; Totsune er al., 2001).
Distribution of GPR14 and UT-II receptor proteins has also
been determined using radiolabelled goby or human U-II
(['*I]-U-II). In rat thoracic aorta, goby ['*I]-U-II exhibited
high affinity (Kp=6 nM), saturable binding. Binding density
to rat arteries was greatest in thoracic aorta (~20 fmol mg~'
protein) with lower levels in abdominal aorta and mesenteric
artery (6 and 2 fmol mg~' protein respectively) (Itoh et al.,
1988) and correlated to maximal contractile activity shown
by the unlabelled peptide in vitro. Comparable binding data
were obtained in rat cardiac membranes (Kp=0.35nMm,
Bmax~4 fmol mg~"' protein) (Ames et al., 1999). Using in
situ hybridization in rat brain, Clark and colleagues identified
GPR14 mRNA in the pedunculopontine tegmental (PPTg)
and lateral dorsal tegmental (LDTg) nuclei that are
associated with motor function, arousal and sleep. Levels
were too low for detection or absent in other brain regions.
Within these mesopontine tegmental nuclei U-II receptor
mRNA co-localized to cholinergic neurones (i.e. ChAt-
positive) (Clark et al., 2001). Interestingly, using receptor
autoradiography, ['*’I]-U-II binding sites were identified in
many additional brain regions, including the lateral septal,
medial habenular and interpeduncular nuclei, although for
the most part these were areas receiving axonal projections
from the mesopontine PPTg or LDTg nuclei (Clark et al.,
2001). Differences in the sensitivity between the techniques
may be sufficient to explain the different distribution patterns
obtained using the in situ hybridization and radioligand
binding assays and indeed a wider expression of UT-II
mRNA was reported by others in brain using dot blot
analysis and RT—PCR (Tal et al., 1995; Ames et al., 1999).
One other explanation put forward by the authors is that the
binding sites, detected in areas in which no message was
apparent, may represent presynaptic U-11 receptors on
axonal projections from the PPTg or LDTg nuclei. The
presence of U-II peptide in cholinergic neurones of the rat
brain stem may also indicate that these are presynaptic U-II
autoreceptors, as has been suggested for motor neurones of
the spinal cord (Liu et al., 1999). In sections of rat medial
habenular binding of ['I-U-II was saturable, with the
expected subnanomolar K value, but density of binding was
low (~4 fmol mg~' protein) (Clark er al., 2001).

Distribution of the human UT-II receptor

Using for the first time iodinated hU-II, autoradiographical
analysis of human ['*I]-U-II binding in human tissues
reported highest levels (~30 amol mm~2) in skeletal muscle
and cerebral cortex. Saturation binding experiments in
skeletal muscle indicated a single (Hill slope close to one),
high affinity binding site with a low receptor density of
2 fmol mg~' protein. Binding sites were also present in the
medial layer of human coronary artery (with no difference in
density apparent in normal and atherosclerotic vessels)
kidney cortex, myocytes of the left ventricle and pulmonary
arteries and bronchioles (Maguire e al., 2000). The density of
U-II receptors measured in rat brain, arteries and human
skeletal muscle was comparable to that determined for other

vasoactive peptides such as ET-1 (Davenport et al., 1995;
Bacon et al., 1996), angiotensin II (Wharton et al., 1998) and
thromboxane A, (Katugampola & Davenport, 2001) in, for
example, human arteries. However, compared to U-II, much
greater densities of ET receptors are present in kidney, lung
and brain.

Central effects of U-II in rats

The presence of both U-II-LI and U-II receptors in rat brain
imply a neurotransmitter/neuromodulatory role in the central
nervous system. Following intracerebroventricular (i.c.v.)
administration of hU-II (10 ug), rats exhibited a prolonged
increase in rearing, grooming and motor activity with
decreased periods of inactivity. This behaviour was accom-
panied by increased plasma prolactin and thyroid stimulating
hormone with no alteration in the ratio of dopamine or 5-
hydroxytryptamine to their metabolites in frontal cortex,
hypothalamus, nucleus accumbens, striatum or hippocampus
(Gartlon et al., 2001). The responses to i.c.v. hU-II were
consistent with the presence of U-II receptor mRNA (Ames
et al., 1999; Clark et al., 2001) and protein (Clark et al., 2001)
in brain areas associated with locomotor activity, arousal and
control of endocrine function.

Signal transduction pathways

A role for calcium, calmodulin and phospholipase A, in the
vasoconstrictor response to U-II were inferred from the early
in vitro experiments (Gibson, 1987; Itoh et al., 1987; 1988;
Gibson et al., 1988) and receptor expression systems linked to
calcium mobilization (Ames et al., 1999; Liu et al., 1999;
Nothacker et al., 1999) and arachidonic acid metabolism
(Mori et al., 1999) were used to identify U-II as the
endogenous ligand for GPR14 and UT-II receptors. In rabbit
aorta, the maximum contractile response to hU-II was
significantly attenuated by the phospholipase C (PLC)
inhibitor 2-nitro-4-carboxyphenyl-N, N,-diphenylcarbamate
(NCDC) with no effect of indomethacin. In slices of the
same preparation, hU-II-stimulated accumulation of [*H]-
inositol phosphates, that was also inhibited by NCDC
(Saetrum Opgaard et al., 2000). These data indicate that
hU-II activation of its receptor is linked to PLC stimulated
phosphoinositide turnover, consistent with the coupling of U-
IT receptors to G-proteins of the ubiquitous Gg,; family.
Furthermore, in rat arterial smooth muscle, both hU-II-
mediated vasoconstriction and proliferation are associated
with activation of the small GTPase RhoA and its down-
stream effector Rho-kinase (Sauzeau et al., 2001). In these
experiments vasoconstriction resulted from both a rise in
intracellular calcium and calcium sensitization of the
contractile proteins, as previously suggested by Gibson
(1987) (see Figure 3).

Plasma levels of U-II in humans

Following development of radioimmunoassays for the
detection of U-II (Winter et al, 1999) levels of
5+1 fmol ml~" have been measured in plasma from healthy
individuals (Totsune et al., 2001). These levels are relatively
low, suggesting that U-II is not predominantly a circulating
hormone. They are, however, comparable to normal
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circulating levels of ET-1, which acts principally in a
paracrine/autocrine manner and are consistent with hU-II
functioning as an endothelium-derived mediator. Plasma ET
levels increase in cardiovascular disease and conditions such
as diabetes mellitus and trauma (see Huggins et al., 1993).
Similarly, significantly increased levels of hU-II were present
in plasma from patients with renal failure (2—3 fold greater
than control), with those on dialysis recording the highest
concentrations (Totsune et al., 2001). Augmented hU-II levels
in plasma of patients with cirrhosis (Heller ez al., 2001) have
also been reported. The increased plasma hU-II in renal
failure patients may reflect reduced clearance by the kidneys,
but increased production of U-II in disease cannot be
discounted. Indeed, mRNA for hU-II and its receptor are

present in human kidney (Matsushita et al., 2001), suggesting
that the kidney may be one source of hU-II. The amount of
hU-II detected in urine was significantly elevated in patients
with essential hypertension and those with abnormal renal
tubules (but not with glomerular disease) compared to
healthy controls. The observation that the fractional
excretion of U-II exceeded glomerular filtration rate further
indicates a renal source of U-II (Matsushita ez al., 2001).

Human U-II and disease

To date most research into the role of hU-II in mammalian
systems has focused on the cardiovascular effects of the
peptide. Data suggest that hU-II has potential as a
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modulator of vascular tone and cardiac function and that
alterations in the hU-II system may contribute to, or result
from, cardiovascular disorders. It is unclear at present
whether the predominant action of hU-II in human disease
will be protective or deleterious. In human atherosclerotic
coronary artery lesions the additional macrophage source of
hU-II (Kuc et al., 2001) may contribute not only to overall
vasoconstriction in the diseased vasculature but also to
progression of the lesion, since hU-II has been shown to be
mitogenic. In cultured vascular smooth muscle cells, hU-II
stimulated proliferation (Sauzeau et al., 2001; Watanabe et
al., 2001a, b) and actin cytoskeleton organization (Sauzeau et
al., 2001). Its effects were synergistic with other mitogens
such as mildly oxidized low density lipoprotein (Watanabe et
al., 2001a) and 5-hydroxytryptamine (Watanabe et al.,
2001b). U-II antagonists may therefore be beneficial in
conditions characterized by vasospasm or vascular remodel-
ling. Similarly, in addition to enhanced hU-II vasoconstrictor
responses in pulmonary arteries from rats subjected to
chronic hypoxia (Maclean et al., 2000), cardiac hypertrophy
resulting from the pulmonary hypertension was associated
with an increase in both cardiac tissue U-II levels and U-II
receptor density, although binding affinity was reduced
compared with control animals (Zhang et al., 2002). In this
model, plasma levels of U-II were unchanged by chronic
hypoxia suggesting a paracrine or autocrine role for the
peptide. Human U-II-induced hypertrophic responses were
also observed in cultured neonatal rat cardiomyocytes, with
hU-II stimulating MAP kinase activity, expression of foetal
genes, protein synthesis and morphological changes (Zou et
al., 2001). Bovine pulmonary artery endothelial cells, exposed
to high shear stress to reproduce the increased pulmonary
pressure associated with congestive heart failure, showed a
decrease in U-II mRNA expression and release of the peptide
in contrast to an increase in gene expression and release of
ET-1 (Dschietzig et al., 2001). The significance of this
observation will be more apparent when the physiological
role of U-II in bovine pulmonary vasculature (i.e. vasocon-
strictor or vasodilator) is clarified. Finally, consistent with its
vasoactive and proliferative properties, U-II peptide and
receptor mRNAs have been identified in human tumour cell
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