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1 Urotensin-II (U-II) and its receptor (UT) represent novel therapeutic targets for management of
a variety of cardiovascular diseases. To test such hypothesis, it will be necessary to develop
experimental animal models for the manipulation of U-II/UT receptor system. The goal of this study
was to clone mouse and primate preproU-II and UT for pharmacological pro®ling.

2 Monkey and mouse preproU-II genes were identi®ed to encode 123 and 125 amino acids.
Monkey and mouse UT receptors were 389, and 386 amino acids, respectively. Genomic
organization of mouse genes showed that the preproU-II has four exons, while the UT receptor
has one exon.

3 Although initially viewed by many exclusively as cardiovascular targets, the present study
demonstrates expression of mouse and monkey U-II/UT receptor mRNA in extra-vascular tissue
including lung, pancreas, skeletal muscle, kidney and liver.

4 Ligand binding studies showed that [125I]h U-II bound to a single sites to the cloned receptors in
a saturable/high a�nity manner (Kd 654+154 and 214+65 pM and Bmax of 1011+125 and
497+68 fmol mg71 for mouse and monkey UT receptors, respectively). Competition binding
analysis demonstrated equipotent, high a�nity binding of numerous mammalian, amphibian and
piscine U-II isopeptides to these receptors (Ki=0.8 ± 3 nM). Fluorescein isothiocyanate (FITC)
labelled U-II, bound speci®cally to HEK-293 cells expressing mouse or monkey UT receptor,
con®rming cell surface expression of recombinant UT receptor.

5 Exposure of these cells to human U-II resulted in an increase in intracellular [Ca2+]
concentrations (EC50 3.2+0.8 and 1.1+0.3 nM for mouse and monkey UT receptors, respectively)
and inositol phosphate (Ip) formation (EC50 7.2+1.8 and 0.9+0.2 nM for mouse and monkey UT
receptors, respectively) consistent with the primary signalling pathway for UT receptor involving
phospholipase C activation.
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Introduction

U-II peptide was originally isolated from the urophysis, a gland
located at the caudal end of the spinal cord of teleost ®sh (Bern

et al., 1969; Pearson et al., 1980) and subsequently from the
brain of an anuran amphibian (Conlon et al., 1992). This
peptide exhibits a wide range of pharmacological activities not
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only in ®sh but also in amphibian and mammalian species
(Bern et al., 1985; Conlon et al., 1996; 1997; Douglas &
Ohlstein, 2000; Winter et al., 1999; Yano et al., 1994; 1995). U-

II has potent endocrine and osmoregulatory actions (Bern et
al., 1985; Conlon et al., 1996; 1997; Douglas & Ohlstein, 2000;
Winter et al., 1999), a�ects habituated locomotor activity
following CNS administration (Gartlon et al., 2001) and exerts

potent bronchospactic actions in vitro (Hay et al., 2000).
However, U-II is probably best characterized as a peptide,
which in¯uences cardiovascular function (Ames et al., 1999;

Douglas & Ohlstein, 2000). Indeed, U-II is the most potent
mammalian spasmogen identi®ed to date (Ames et al., 1999). In
addition to its vasoconstrictor action, U-II also exerts

profound inotropic/arrhythmogenic actions in isolated cardiac
tissue (Russell et al., 2001), has potent vasodilator e�ects
(Bottrill et al., 2000; Gray et al., 2001; Strirrat et al., 2001) and

has even been shown to have an e�ect on human micro-
circulatory function in vivo (Leslie, 2000).
U-II orthologues have been identi®ed in lower vertebrates

such as ®sh (Bern et al., 1969; Pearson et al., 1980), frogs

(Coulouarn et al., 1998) and in mammals including man
(Ames et al., 1999; Coulouarn et al., 1998; Mori et al., 1999).
Human U-II splice variants are synthesized as 124 and 138

amino acids preproproteins (Ames et al., 1999; Coulouarn et
al., 1998). As is the case with many neurohumoral vasoactive
factors (e.g. angiotensin-II, and endothelin-1 `ET-1'), the

presence of proteolytic cleavage sites coupled with the
identi®cation of truncated mature proteins by HPLC from
mammalian hypothalamus and spinal cord suggest that the

molecule is processed from a prepro-/pro-form by proteolytic
cleavage. As a result of this proteolytic cleavage, the mature
protein of 11, 12, 14 amino acids for human, pig, and rat,
respectively, is formed (Ames et al., 1999; Coulouarn et al.,

1998; Mori et al., 1999). One of the most intriguing aspects of
the preproU-II isopeptides is the divergent primary structure
seen across di�erent animal species. For example, human

preproU-II shares only 25% amino acid identity with the
putative 125 amino acids carp preproU-II (Ames et al., 1999;
Coulouarn et al., 1998; Pearson et al., 1980). Interestingly,

however, the cyclic octapeptide C-terminus present in the
mature protein is highly conserved amongst all animal
isopeptides (Douglas & Ohlstein, 2000). This is also the
minimally active fragment of the U-II isopeptides (Douglas &

Ohlstein, 2001; Itoh et al., 1988).
Human U-II exerts its biological e�ects via an interaction

with a G-protein coupled receptor (GPCR) superfamily

member, originally termed GPR14 (Ames et al., 1999; Liu et
al., 1999; Mori et al., 1999; Nothacker et al., 1999) and recently
renamed the UT receptor (Douglas & Ohlstein, 2001).

Radioligand binding and functional studies demonstrate that
the human UT receptor binds goby and human U-II isoforms
with identical a�nity (Ames et al., 1999; Russell et al., 2001).

U-II binding to the UT receptor initiates a signal transduction
pathway, principally a GTP-binding protein (G-protein)-
mediated activation of phospholipase C and a subsequent
inositol trisphosphate-mediated increase in intracellular Ca2+

levels (Ames et al., 1999; Opgaard et al., 2000).
U-II mediates important physiological and pathophysiolo-

gical e�ects. Recently, it was demonstrated that U-II was the

most potent mammalian vasoconstrictor identi®ed to date
(Ames et al., 1999; Douglas & Ohlstein, 2000). In vitro, U-II
induces potent vasoconstriction in isolated vessels from the

rat, rabbit, dog, pig, marmoset (Douglas et al., 2000b), and
man (Russell et al., 2001; Strirrat et al., 2001), which di�er
greatly between regional vascular beds and between species.

Further, U-II exerts potent inotropic and pro-arryhtmogenic
actions in human isolated trabeculae (Russell et al., 2001),
and vasoconstrictor e�ects in man upon in vivo administra-
tion (Gray et al., 2001). Further, U-II was shown to induce a

profound vasoconstriction and lethal myocardial dysfunction
upon systemic administration in the intact primate (Ames et
al., 1999). These intriguing pharmacological properties of

U-II indicate that U-II and the UT receptor may play an
important role in cardiovascular disorders characterized by
abnormal vasoconstriction and/or cardiac dysfunction such

as congestive heart failure, pulmonary hypertension/chronic
obstructive pulmonary disease (COPD) and coronary artery
disease/atherosclerosis.

The perceived (patho) physiological signi®cance of the
pharmacological e�ects of U-II mediated by its receptor(s)
underscores the importance of utilizing molecular biological
approaches to dissect the components of U-II physiology.

Indeed, to this end it has become apparent that consideration
should be made to experimental animal species being studied
in order to understand the pathophysiological e�ects of U-II

on peripheral haemodynamics. For example, systemic i.v.
administration of U-II elevates total peripheral resistance in
the primate (Ames et al., 1999), yet, in contrast, decreases

regional vascular resistance in the rat (Gardiner et al., 2001;
indeed, no contractile activity in the mouse). In view of these
regional di�erences in vascular reactivity to U-II seen

between species (Ames et al., 1999; Douglas et al., 2000b;
Gardiner et al., 2001), it is therefore important to dissect the
molecular components of U-II and UT receptors in animal
species in order to de®ne the basic pharmacology of these

receptors in an in vitro system. For example, it is not possible
to test UT receptor antagonists in the rat model of
hypertension since U-II is a systemic vasodilator in this

species. Rather, one would have to study such a moiety in a
primate model (where U-II elevates vascular resistance).
Accordingly, one needs to clone the primate receptor to

determine that such an antagonist exhibits a�nity for such a
receptor. The present study describes the identi®cation,
cloning, tissue localization, genomic structure and expression
of the genes from mouse and non-human primate (cyno-

molgus monkey) in human embryonic kidney cells (HEK-
293) cells. In addition, the present study also shows that
U-II/UT receptor are observed in extra-vascular and extra-

neuronal tissue (liver, skeletal muscle etc) providing evidence
that additional physiological actions warrant future investiga-
tion. The characterization of the preproU-II and UT receptor

orthologues should provide important tools for isolation and
characterization of small molecular antagonists for U-II
action and for future studies delineating speci®c mechanisms

underlining U-II action in the heart and vascular system.

Methods

Materials

Human and porcine U-II (A and B isoforms) peptides were
synthesized at GlaxoSmithKline, King of Prussia, PA, U.S.A.
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(J. Martin, Protein Biochemistry). Rat and mouse U-II
isoforms and FITC-human U-II were purchased from
Phoenix Pharmaceuticals Inc. (Mountain View, CA,

U.S.A.). Monoiodinated human U-II ([125I]Tyr9, was custom
synthesized through Amersham (Arlington Heights, IL,
U.S.A.). The bicinchoninic acid (BCA) protein assay kit
was obtained from Pierce Chemicals Co. (Rockford, IL,

U.S.A). All other reagents were from Sigma Chemical Co.
(St. Louis, MO, U.S.A.). All experiments and surgical
procedures were performed as described in the Guide for

the Care and Use of Laboratory Animals (DHSS publication
NIH 85-23) and according to the requirements of the United
Kingdom Animals (Scienti®c Procedures) Act (1986) and

strictly conformed to the ethical standards of GlaxoSmith-
Kline and adhered to the AALAC guidelines.

Cloning of mouse and monkey preproU-II

Mouse preproU-II was cloned as described previously
(Coulouarn et al., 1999). Primers were synthesized corre-

sponding to the 5' and 3' end of the genes as followed: Sense
(outer 5'-CCAGAGCAGACGCCCAGACGGAC-3' inner 5'-
GACTTCTCGCCGCATCATGGAC-3'), Anti-sense primer

(outer 5'-CTGAATGTAATGGTTCTGAGAGAC, inner 5'-
CAACGGG CGCTTGTGTCTCCTC). These primers were
used to obtain the full-length preproU-II complementary

DNA (cDNA) clone from mouse brain cDNA template
(Clonetech) by polymerase chain reaction (PCR).
For monkey preproU-II, primers were synthesized corre-

sponding to the amino terminal and carboxyl terminal of the
human preproU-II: Sense (outer 5'-ATGAAAGATTAAA
AAATGG, inner 5'-AAATGGAAACCAACGTATTTCA
TC), anti-sense (outer 5'-CTGAGCT GACTAACAGATG,

inner 5'-CTTATTTCACTTCAGACACAG). These primers
were used to obtain the monkey full-length preproU-II
cDNA clone from monkey brain cDNA as a template

(Clonetech) by PCR.

Cloning of mouse and monkey UT receptor

Mouse genomic library was screened by hybridization to
nitrocellulose replicates using 32P-labelled human UT receptor
cDNA coding sequence as a probe in 20% formamide,

56150 mM NaCl, 15 mM sodium citrate (SSC), 56
Denhardt's solution, 0.1% sodium dodecyl sulphate (SDS),
and 0.2 mg ml71 of E. coli tRNA at 428C (Elshourbagy et

al., 1993). Filters were washed with 26SSC, 0.1% SDS at
428C. Ten positive clones were isolated and characterized.
Preliminary sequence analysis of these clones showed seven of

them encode putative mouse UT receptor clones; the other
three clones were unrelated genes. For monkey UT receptor,
primers were synthesized corresponding to the 5' and the 3'
untranslated region of the human UT receptor: Sense (outer
5'-CCACAGGCTGA GCTGGTTGCCCACAGG-3', inner
5'-CCATCTCAGGGAGTGTCCACCCAGC-3'), anti-sense
(outer 5'-GCAGGGCCT GTGATTTGGGAGTTGG-3', in-

ner 5'-TGGACTCCAGC CGCCCCTCCGCGTG-3'). These
primers were used to obtain the monkey full-length sequence
from human genomic DNA using PCR reaction. The

fragments containing the entire mouse and monkey cDNA
coding sequences was subcloned into the mammalian
expression vector pCDN (Aiyar et al., 1994) and were then

sequenced from both strands using the ABI automated
sequencer (Applied Biosystems, Foster City, CA, U.S.A.).

PreproU-II and UT receptor genomic cloning The genomic
clones for mouse preproU-II and UT were isolated from the
mouse RPCI-22 mouse BAC library (Research Genetics,
Huntsville, AL, U.S.A.). Both PCR reactions were performed

as 35 cycles of 948C (30 s), 608C (30 s), and 728C (60 s). For
the UT receptor the pooled library was screened by PCR and
the positive clone con®rmed by PCR of the appropriate plate

using the following 5' primer: GCGTGGTGGGCAATGTGT
and 3' primer: GGCTACGATGAAGGGAAT.
For preproU-II the high density BAC library membranes

were screened with a 32P-labelled preproU-II speci®c probe.
The probe fragment was derived by PCR of total mouse
genomic DNA using primers speci®c to the 3' end of the

mouse preproU-II open reading frame 5' primer: GCAAA-
ATTCTAACACTGTACTGAGTCG; 3' primer: CATAAT-
GAAGAACA AGGCGTCGTTAGC). BAC DNA was pre-
pared using the BAC mini-prep protocol according to the

manufacturer instructions.
A number of restriction fragments containing preproU-II or

UT receptor genomic sequence were isolated and subcloned

into pBluescript II (Stratagene Inc., La Jolla, CA, U.S.A.), and
used to generate restriction maps of the loci. The sequences of
the loci were determined from these subclones using the Big

Dye Terminator cycle sequencing chemistry and sequencing
reactions were run on an ABI 377XL automated sequencer and
analysed using Sequence Analysis software version 3.3.

Reverse-transcription polymerase chain reaction
(RT ±PCR)

Tissues isolated from adult C57 Bl6 mice and cynomolgus
monkeys and immediately ¯ash frozen in liquid N2 (prior to
processing, all tissue was stored at 7808C). Tissue was

homogenized in liquid N2 using a mortar and pestle and total
RNA extracted using RNAzol (GIBCO BRL, Gaithersburg,
MD, U.S.A.).

RT ±PCR was performed using DNase-I-treated monkey
(derived from an individual primate) and mouse (samples
pooled from 5 ± 20 mice, depending on the size of the
particular organ in question) total RNA. cDNA was

generated using oligo (dT16)-primed MultiScribe reverse
transcriptase (TaqMan, Pekin Elmer, Branchburg, NJ,
U.S.A.). The resultant samples were subjected to PCR

ampli®cation (948C, 30 s; 608C, 30 s; 728C, 30 s: 33 cycles
for mouse and monkey UT receptor, 42 cycles for mouse
preproU-II and 25 cycles for monkey preproU-II followed by

an additional 25 cycles using 588C, 30 s annealing tempera-
ture; Perkin Elmer Model 9600 GeneAmp PCR System) in
standard bu�er containing 0.2-mM universal UT receptor

primers designed against nucleotide sequences conserved
between human, monkey, rat and mouse (480 basepair `bp'
amplicon, 5'-GCC AGC ATC TTC ACG CTG ACC-3' and
5'-GTA CTG GGC GAG CAG CTG CCA-3'). Species-

speci®c primer sequences were used for ampli®cation of
mouse (306 bp amplicon, 5'-GAC TCT TCA GCT TCC
AGT GC-3' and 5'-CAA CGG GCG CTT GTG TCT CC-3')
and monkey (296 bp amplicon, 5'-GAA GTA TCC CTT
CAA CTC TC-3' and 5'-TCA GAC ACA GTA TTT CCA
GAA G-3') preproU-II.
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Ampli®cation ®delity was con®rmed by (a) omission of Taq
polymerase or reverse transcriptase from the initial RT step,
(b) Southern blot analysis (see below) using full-length UT

receptor or preproU-II probe and by (c) subcloning/
sequencing of the PCR product. All cDNA samples produced
the predicted 620 bp amplicon using universal GAPDH
primers. As a control reaction, ampli®cation was performed

using 100 ng of template DNA (genomic or plasmid DNA
for UT receptor and preproU-II, respectively).

Southern blot analysis

Upon completion of the cDNA electrophoresis above,

agarose gels were denatured in 0.5 M NaOH/1.5 M NaCl
for 60 min. Following neutralization (0.5 mM Tris HCl/1.5 M

NaCl (pH 7.5)), cDNA(s) were transferred to GeneScreen

Hybridization membranes (NEN Life Science, Boston, MA,
U.S.A.) using 106 SSC bu�er to which they were u.v. cross-
linked. Membranes were prehybridized for 2 h at 428C in the
presence of denatured ssDNA following which they were

incubated with denatured full-length UT receptor or
preproU-II cDNA probe (overnight at 428C in the presence
of 16106 c.p.m. ml71 radiolabel in 50% deionized form-

amide, 1.5 M NaCl, 1% SDS and 10% dextran sulphate
bu�er). Probe was labelled with [32P]dCTP using a standard
T7 DNA polymerase-random primer protocol (QuickPrime,

Pharmacia Biotech, Piscataway, NJ, U.S.A.).
Finally, membranes were washed under conditions of low

stringency (three 15 min washes in 16SSC, 0.1% SDS at

258C) followed by a 30 min high stringency wash (0.26 SSC,
0.1% SDS) at 558C. Hybridization signals were detected
using conventional X-ray autoradiography (Hyper®lm, Amer-
sham Life Science, U.K.) or phosphorimaging (STORM 860,

Molecular Dynamics, Sunnyvale, CA, U.S.A.).

Expression of mouse and monkey UT receptors in HEK-293

cells HEK 293 cells were cultured in DMEM/Earle's salts,
2.2 g L71 sodium bicarbonate, L-glutamine, and non-essen-
tial amino acids with 10% foetal bovine serum (JRH

Bioscience, Lenexa, KS, U.S.A.). For transient transfection,
HEK-293 cells were seeded in a 6-well dish at a concentration
of 36105 cells per well in complete media. pCDN monkey
UT receptor and pCDN mouse UT receptor plasmids were

transfected into HEK-293 cells using Lipofectamine reagent
(Gibco/Life Technologies, Gaithersburg, MD, U.S.A.) at a
ratio of 1 mg plasmid DNA to 5 ml Lipofectamine reagent per

well according to manufacture instructions. After 48 h, cells
were trypsinized and resuspended in complete media contain-
ing 0.4 mg ml71 G-418. G-418 resistant clones were selected

and tested for binding to [125I]h U-II. Fifteen 293 per monkey
UT receptor and 10 293 per mouse UT receptor clonal cell
lines were assessed under saturation conditions to determine

radioligand binding density (Bmax) and a�nity (Kd).

Identi®cation of FITC-labelled human U-II binding sites in
COS-1 cells transiently expressing recombinant mouse and

monkey UT receptors African green monkey kidney cells
(COS-1) in 10% FBS Dulbecco's modi®ed Eagles medium
(DMEM) were cultured under standard conditions on RS-

treated Lab-Tek II chamber slides (Nalge Nunc Int.,
Naperville, IL, U.S.A.) in humidi®ed incubators at 378C
(56105 cells per slide). Once 80 ± 90% con¯uence had been

reached, COS-1 were transiently transfected with either
monkey or mouse UT receptors (in pCDN mammalian
expression vector). Brie¯y, 1 mg plasmid DNA was preincu-

bated in 50 ml serum-free Opti-MEM I culture medium
containing 2.5 ml LipofactAMINE 2000 (Life Technologies,
Gaithersburg, MD, U.S.A.). Cells were exposed to the
transfection medium for 2 h at 378C at which point cells

were re-exposed to serum-containing media. Labelling studies
were performed 48 h following transfection.

Cells were washed two times with cold phosphate bu�ered

saline (PBS) containing 10 mM MgCl2, 0.1% (w v71)
D-glucose and 0.2% (w v71) bovine serum albumin (BSA).
Subsequently, cells were exposed to 10 nM ¯uorescein

isothiocyanate (FITC)-labelled human U-II (Ki determined
as *2 nM at recombinant UT receptor in a radioligand
binding assay; N. Aiyar, unpublished observation) either

alone or in the presence of excess cold, unlabelled U-II
(10 mM). Cells were incubated with U-II isopeptides for
30 min at 258C at which point cells were washed on the
chamber slides with 3 ml cold bu�er a total of four times and

examined using confocal microscopy (`control' cells trans-
fected with empty vector were devoid of any FITC-human
U-II binding sites). Images were collected using a Zeiss LSM-

510 confocal laser scanning microscope (Carl Zeiss Inc.,
Thornwood, NY, U.S.A.) equipped with a 250 mW argon/
krypton laser (Omnichrome Inc., Chino, CA, U.S.A.). FITC

images were collected using appropriate bandpass ®lters at an
excitation wavelength of 488 nm and an emission wavelength
of 520 nm. Di�erential interference contrast (DIC) images

were collected simultaneously and the images were merged
using the LSM-510 software.

Membrane preparation

For radioligand binding studies, the HEK-293 cells were
washed with Dulbecco's phosphate-bu�ered saline containing

a protease inhibitor mixture (5 mM EDTA, 0.5 mM phenyl-
methylsulphonyl ¯uoride (PMSF), 5 mg ml71 leupeptin, and
0.1 m ml71 aprotinin) and scraped in the same bu�er. The

membranes were prepared as described previously (Elshour-
bagy et al., 1998). Protein content was determined by the
bicinchoninic acid method using bovine serum albumin as the
standard.

Radioligand binding studies

[125I]h U-II binding assays were performed using the
membranes prepared from HEK-293 cells stably transfected
with mouse or monkey UT receptor using a scintillation

proximity assay (SPA). Conditions were optimized for
membrane protein concentration and amount of wheat germ
agglutinin (WAG) coated SPA beads (Amersham, Arlington

Heights, IL, U.S.A.). Binding assay consisted of [125I]h U-II
(20 ± 600 pM for saturation binding and 300 pM for competi-
tion binding) in the presence or absence of unlabelled ligand
in assay bu�er (20 mM Tris-HCl (pH 7.4), 5 mM MgCl2 and

0.05% BSA) and cell membranes precoupled wheatgerm
agglutinin-scintillation proximity assay (WGA-SPA) beads at
a concentration of 5 ± 10 mg membrane protein and 0.5 mg of

WGA-SPA beads. The total assay volume was 150 ml.
Ninety-six well plates (Packard Optiplate) was used for
assays. Competition binding was done with 10 di�erent
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concentrations (1 pM± 1 mM) of unlabelled U-II (human,
goby, rat, mouse and both forms of porcine isopeptides).
The assay plate was sealed, shaken gently for 45 min at room

temperature. The plates were then centrifuged at 20006g for
10 min and counted in a Top Count Scintillation Counter
(Packard). The binding data were analysed by nonlinear
regression using the program Graph PAD Prism (Graph

PAD Software, San Diego, CA, U.S.A.) to calculate Bmax,
Kd, Ki and Hill coe�cient (nM).

Phosphoinositide (PI) turnover

Stable HEK-293 cells expressing recombinant UT receptors

(mouse and monkey) cells were exposed to inositol-free
DMEM containing 1 uCi ml71 D-myo-[2-3H]-inositol (Amer-
sham, 94 Ci mmol71) for 24 h. On the day of the experiment,

the medium was removed, the cells were washed twice with
Dulbecco's phosphate-bu�ered saline (DPBS) and then
suspended in 5 ml of DPBS containing 10 mM LiCl. The
cells were then aliquoted (500 ul) into 12675 mm tubes and

then incubated for 10 min at 258C. The experiment was
initiated by the addition of indicated concentrations of
human U-II, and the incubation continued for an additional

5 min at 378C after which the reaction was terminated by the
addition of 1% (®nal concentration) trichloroacetic acid and
centrifugation. The supernatants were extracted with ether

saturated with water and the inositol phosphates (Ips) were
separated using Dowex columns AG-168 anion exchange
column. The [3H] inositol and inositol 1-, 2- and 3-phosphates

were fractionated as described previously (Aiyar et al., 1986)
and the aliquots were counted in Beckman scintillation
counter using Beckman Ready Safe scintillant.

Ca2+-mobilization For measurements of [Ca2+]i, stable
HEK-293 cells expressing recombinant UT receptor (mouse
and monkey) cells were loaded with 2 mM fura-2/AM

(Calbiochem, La Jolla, CA, U.S.A.) in growth medium for
45 min after which fresh growth medium was added for
15 min to allow residual ester hydrolysis. The cells were then

rinsed in Dulbecco's PBS, trypsinized, resuspended in growth
medium, centrifuged, and resuspended into modi®ed Kreb's
Ringer's Henseleit (KRH) bu�er, pH 7.4, containing 0.1%
gelatin. The KRH is modi®ed by replacing sodium

bicarbonate with 25 mM HEPES. The cells were stored on
ice at a concentration of 26106 cells ml71 and diluted to
16106 cells ml71 with fresh KRH bu�er at 378C just prior to

use. Fluorescence of fura-2 in cells suspended in 2 ml of
bu�er was measured with a dual channel ¯uorometer
(University of Pennsylvania Biomedical Instruments Group)

(Lysko et al., 1994). Human U-II was added from
concentrated stock solutions in water at a volume of 51%.

Results

Cloning of mouse and monkey U-II and UT receptor

The nucleotide sequence of the mouse and the monkey PCR
products revealed that the full-length mouse preproU-II is

371 nucleotides in length (Coulouarn et al., 1999) and the
full-length monkey cDNA is 378 bases in length (encoding
proteins of 123 and 125, respectively; Figure 1). Analysis of

the structure of the mouse preproU-II sequence revealed that
the prepropeptides contain two potential dibasic proteolytic
cleavage sites for the preproU-II (position 85 ± 86 and

105 ± 106). Cleavage at these sites would generate a putative
17-residue peptide mature protein, containing the conserved
cyclic hexapeptide sequence (CFWKYC) motif (Coulouarn et
al., 1999). In monkey the preproU-II contains three putative

polybasic proteolytic cleavage sites at position 70 ± 71, 86 ± 87,
and 112 ± 113. Cleavage at the latter dibasic site would yield
an 11 amino acid mature U-II, which is identical to the

human U-II (Figure 1).
Cloning the mouse UT receptor cDNA was conducted

using genomic library screening. The human UT receptor

cDNA (Ames et al., 1999) was used to probe mouse genomic
l phage library. Ten positive clones were identi®ed.
Nucleotide sequence analysis revealed that seven positive

clones encoded for putative mouse UT receptor, while the
other three clones were unrelated sequences. The full-length
monkey UT receptor cDNA was cloned by PCR using
oligonucleotide primers corresponding to the 5' non-coding
region of human UT receptor cDNA and the 3' noncoding
region of the human UT receptor using the human monkey
genomic DNA as a template. Sequence analysis of the mouse

and monkey genes revealed open reading frames (ORF) of
1158 and 1167 nucleotides, respectively. The deduced
polypeptides of the mouse and the monkey receptors

consisted of 386, 389 amino acid residues, respectively, with
predicted molecular weights of approximately 42 kDa
(Figure 2).

Genomic organization of the mouse preproU-II and UT The
structures of the mouse preproU-II and UT receptor genes is
shown in Figure 3a,b. The preproU-II gene has four coding

exons corresponding to the full-length cDNA sequence
described above and encodes a putative protein of 123
amino-acids (Figure 3a). The sizes of the exons and introns

and the sequences of the exon/intron boundaries are
indicated in Table 1. The boundaries of each of the three
introns conform to the consensus sequences for mammalian

gene (Padgett et al., 1986). The mouse UT receptor gene has
a single coding exon, and encodes a putative protein of 385
amino acids (Figure 3b). The mouse UT receptor maps to
chromosomal 11. This is near the locus encoding mouse

Figure 1 Amino acid sequence alignments of the human, monkey,
mouse, rat, frog, and ®sh preproU-II. The potential cleavage sites of
the proU-II is underlined. The mature U-II peptide is highlighted.
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thymidine kinase and syntenic with human 17q23 ± 25
(Protopopov et al., 2000). Thus the mouse gene maps

syntenically with the human gene that is the receptor for
U-II.

Tissue distribution of mouse and monkey UT receptor As
originally observed with human UT receptor (using both
conventional RT ±PCR and Northern blot approaches),
RT ±PCR analysis of mouse UT receptor mRNA distribu-

tion revealed that the expression of monkey and mouse UT
receptor mRNA was cardiovascular in origin, namely the
heart and the thoracic aorta (Figure 4a). Interestingly, the

mouse UT mRNA expression was not detected in the
abdominal portions of this vessel. Furthermore, mouse UT
receptor mRNA expression was also observed in the bladder,

pancreas, skeletal muscle, oesophagus, lung and adipose
tissue. Using the ampli®cation paradigm employed in the
current study, the expression of UT receptor mRNA was also

detected in the mouse brain, testis, stomach, intestine (small
and lower (colon)), adrenal gland, kidney or spleen. In
contrast, ampli®cation of GAPDH resulted in the generation
of the predicted 620 bp transcript in all tissue samples

studied. Ampli®cation ®delity was con®rmed by the observa-
tions that PCR generated transcripts of the predicted
(480 bp) size from both (a) complementary and (b) genomic

DNA, (c) the lack of a PCR amplicon when Taq polymerase
is omitted from the reaction mix, (d) the lack of amplicon
generation using RNA samples not subjected to RT and (e)

hybridization of the ampli®ed cDNA with full-length human
UT receptor (Southern blot analysis).

In accord with the observations described above for mouse

UT receptor, RT ±PCR analysis of monkey tissue also
revealed that the mRNA expression of monkey UT receptor

Figure 2 Amino acid sequences alignments of the human, monkey,
mouse and rat UT. Deduced amino acid residues are indicated
beginning with the initiation methionine. The regions identifying the
positive transmembrane as domains 1 ± 7 are underlined and
numbered sequentially. The potential N-glycosolation site (O), the
conserved cysteins (*), and the potential palmytalation site (boxed),
are indicated. The optimal alignment of the deduced amino acid
sequences of the mouse and monkey UT receptor were compared to
the rat and human UT receptor using the Wisconsin program
obtained from Devereux et al. (1984).

a

b

Figure 3 Genomic structure of the mouse U-II and its receptor. Mouse U-II and UT receptor BAC clones were isolated as
described in Methods. Restriction fragments containing U-II or UT receptor genomic sequence were isolated and subcloned into
pBluescript II, and used to generate restriction maps of the loci which were determined by sequence analysis. (a) Restriction map of
the genomic structure. Note that for NcoI, BamHI, and SpeI only the sites, which have been con®rmed by sequence analysis, are
indicated. The restriction map upstream of exon I and downstream of exon 4 shows approximately site locations as determined by
restriction digest of genomic subclones. (b) Restriction map of the genomic structure of UT receptor indicating one coding exon.

Table 1 Intron and exon sizes, and the sequence of intron-
exon junctions in the mouse preprourotensin-II genes

Exon Exon size (bp) Donor Intron size (bp) Acceptor

1 141 CAG:gt 1872 cag:TG
2 111 CAG:gt 998 cag:GT
3 44 AAG:gt 1390 cag:GC
4 243 ± ± ±
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was cardiovascular in origin, namely the heart (ventricle4
atrium) and aorta (Figure 4b). As was observed previously in

human tissue (Ames et al., 1999), no transcript was detected
in venous tissue (vena cava), monkey blood vessels known to
be refractory in vitro to the vasoconstrictor actions of human

U-II. As is seen in humans and mice (see above), UT receptor
mRNA is also expressed in monkey pancreas. In contrast to
the observations reported above using murine tissue,
however, no monkey UT receptor mRNA expression was

detected in the bladder. As with the mouse, detectable levels
of expression were observed in the monkey skeletal muscle,
oesophagus and lung, (but not adipose tissue). Detectable

expression was also evident in endocrine organs (thyroid and
adrenal glands), kidney and upper portions of the gastro-
intestinal tract (in addition to the oesophagus, expression was

evident in both stomach and small intestine was not detected
at the mRNA level in colonic tissue under the present
ampli®cation conditions). In addition, detectable expression

was evident in spinal cord tissue (not in the cortical or
cerebellar samples isolated). No detectable transcripts were
derived from hepatic or splenic tissue. As anticipated,
ampli®cation of GAPDH resulted in the generation of the

predicted 620 bp transcript in all tissue samples studied.
Further, ampli®cation ®delity was con®rmed using the
approaches described above for studies performed using

material derived from mice.

Tissue distribution of mouse and monkey preproU-II As with

the UT receptor, RT ±PCR analysis of mouse preproU-II
distribution revealed that the mRNA expression of the ligand
was cardiovascular in origin, namely the heart and the

thoracic aorta (Coulouarn et al., 1999; Figure 5a). Interest-
ingly, the preproU-II mRNA expression was also observed in
testes and brain of the mouse. The mRNA expression of
mouse preproU-II was also recorded in skeletal muscle, liver,

kidney and spleen, which clearly indicates that the U-II
should not be merely viewed as a simple neuropeptide.
Further to this, using the ampli®cation paradigm employed in

the current study, detectable expression of preproU-II
mRNA was observed in the mouse gastrointestinal tract
(stomach, oesophagus, small intestine and colon), bladder,

pancreas, adrenal, lung and adipose tissue. In contrast,
ampli®cation of GAPDH resulted in the generation of the
predicted 620 bp transcript in all tissue samples studied.

Ampli®cation ®delity was con®rmed by the observations
that PCR generated transcripts of the predicted (306 bp) size
from both (a) complementary and (b) plasmid DNAs, (c) the
lack of a PCR amplicon when Taq polymerase is omitted

from the reaction mix, (d) the lack of amplicon generation
using RNA samples not subjected to RT and (e) hybridiza-
tion of the ampli®ed cDNA with full-length human preproU-

II (Southern blot analysis). Further to this, ampli®cation
®delity was con®rmed by subcloning and sequencing the PCR
amplicon.

In accord with the observations described above for mouse
preproU-II and for mouse/monkey UT, RT±PCR analysis of
monkey tissue also revealed that the preproU-II mRNA
expression was cardiovascular in origin, namely the heart

(ventricle and atrium) and thoracic aorta (Figure 5b). As was
observed previously in human and monkey tissue for UT
receptor, no preproU-II transcript was detected in venous

tissue (vena cava), blood vessels known to be refractory in
vitro to the vasoconstrictor actions of U-II. In addition,
expression was detected within the CNS of the monkey (from

caudal regions such as the spinal cord and cerebellum to
rostral regions of the brain, namely the cortex). As with
mouse preproU-II, monkey preproU-II expression was also

evident in skeletal muscle, kidney, liver and spleen. Using this
technique, no monkey preproU-II mRNA expression was
evident in the major endocrine tissues examined (thyroid,
pancreas and adrenal glands), lung, gastrointestinal tissue

(oesophagus, stomach, small intestine, colon), bladder or
adipose tissue. As anticipated, ampli®cation of GAPDH
resulted in the generation of the predicted 620 bp transcript

in all tissue samples studied. Further, ampli®cation ®delity
was con®rmed using the approaches described above for
studies performed using material derived from mice.

a

b

Figure 4 Tissue distribution of the mouse and monkey UT receptor:
(a) Tissue distribution of mouse UT receptor cDNA transcripts by
RT±PCR revealed expression within cardiac and vascular (thoracic
but not abdominal aorta) tissue in addition to bladder and pancreas.
Trace levels of expression are also observed in skeletal muscle,
oesophagus, lung and adipose tissue. (Middle panel) Ampli®cation of
GAPDH cDNA did not di�er signi®cantly between tissues. The
speci®city of the RT±PCR ampli®cation of UT receptor transcripts
was con®rmed (Lower panel) by Southern analysis using full-length
UT receptor cDNA probe. (b) Tissue distributions of monkey UT
receptor cDNA transcripts by RT±PCR revealed expression within
heart (ventricle4atrium) and arterial blood vessels (aorta not vena
cava), pancreas. Detectable levels of expression were also observed in
the skeletal muscle, lung, thyroid and adrenal glands, kidney, upper
portions of the gastrointestinal tract (oesophagus, stomach and small
intestine but not colonic tissue) and spinal cord (but not in the
cortical or cerebellar samples isolated). No detectable transcripts were
derived from hepatic, bladder, adipose tissue or splenic tissue.
(Middle panel) Ampli®cation of GAPDH cDNA did not di�er
signi®cantly between tissues. The speci®city of the RT±PCR
ampli®cation of UT receptor transcripts was con®rmed (lower panel)
by Southern analysis using full-length UT receptor cDNA probe.
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Identi®cation of FITC-labelled U-II binding sites to mouse and
monkey UT receptor In order to demonstrate that U-II
binds to membrane associated mouse and monkey UT

receptor, we examined the binding of FITC-labelled human
U-II in cells transiently expressing the cloned putative mouse
and monkey UT receptor. Using confocal microscopy, no
FITC-human U-II binding was evident in mock transfected

COS-1 cells (Figure 6a ± c). However, this contrasted those
cells transiently expressing either monkey (not shown) or
mouse (Figure 6d ± i) UT receptor, which clearly bound the

¯uorescein-conjugated ligand (10 nM) to the plasma mem-
brane of COS-1 cells (Figure 6d ± f and g ± l). Binding of the
¯uorescein conjugate was competitive in as much as it was

abolished in the presence of 1000 fold excess cold human

U-II (10 mM; Figure 6j ± l).

Ligand binding properties The preliminary FITC-h U-II

studies described above using intact COS-1 cells were
extended using [125I]h U-II in order to determine the kinetic
characteristics of this interaction. Initial characterization of

[125I]h U-II (125 pM) binding to HEK-293 cell membranes
containing either mouse or monkey UT receptor revealed
that speci®c binding at this concentration was 490% of total

binding as de®ned in the presence of unlabelled 1 mM U-II.
[125I]h U-II bound to membranes from HEK-293 cells
containing either mouse or monkey UT receptor in a speci®c
and saturable manner. No such binding was detected on

membranes prepared from vector DNA transfected HEK-
293. Scatchard plot analysis of [125I]h U-II binding (Figure 7a
and c inset) showed a single set of sites with Kd of 654+154

and 214+65 pM and for mouse and monkey UT receptor
and the Bmax were 1011+125 and 497+68 fmol mg71 protein
for mouse and monkey UT receptor, respectively.

a

b

Figure 5 Tissue distribution of the mouse and monkey U-II. (a):
Tissue distribution of mouse preproU-II cDNA transcripts by RT±
PCR revealed expression within heart, thoracic aorta, testes, brain,
skeletal muscle, liver, kidney and spleen (upper panel). Negligible
expression of preproU-II was observed in the mouse gastrointestinal
tract (stomach, oesophagus, small intestine and colon), bladder,
pancreas, adrenal, lung and adipose tissue. Ampli®cation of GAPDH
cDNA did not di�er signi®cantly between tissues (middle panel). The
speci®city of the RT±PCR ampli®cation of preproU-II transcripts
was con®rmed by Southern analysis using full-length preproU-II
cDNA probe (lower panel). (b) Tissue distribution of monkey
preproU-II cDNA transcripts by RT±PCR revealed expression
within heart (ventricle and atrium), thoracic aorta, CNS (spinal
cord, cerebellum and cortex), skeletal muscle, kidney, liver and spleen
(upper panel). No detectable transcripts were derived from vena cava,
endocrine tissues including thyroid, pancreas and adrenal glands,
lung, gastrointestinal tissue (oesophagus, stomach, small intestine,
colon), bladder or adipose tissue. Ampli®cation of GAPDH cDNA
did not di�er signi®cantly between tissues (middle panel). The
speci®city of the RT±PCR ampli®cation of preproU-II transcripts
was con®rmed by Southern analysis using full-length preproU-II
cDNA probe (lower panel).

Figure 6 Binding of FITC-labelled human U-II to COS-cells
transfected with mouse and monkey UT receptor. FITC-labelled
human U-II (10 nM) does not bind to control COS-1 cells `mock'
transfected with empty vector (panels a ± c). Binding is evident at the
plasma membrane of cells transfected with mouse UT receptor (two
di�erent ®elds of view either at original magni®cation of 206 or
406, panels d ± f and g ± i, respectively). FITC- human U-II binding
to the cell surface of COS-1 cells expressing mouse UT receptor is
inhibited by the presence of 1000 fold excess ligand (10 mM cold
human U-II; panels j ± l). In each set of three images, di�erential
interference contrast (DIC) images appear on the left, ¯uorescence
images are in the centre, and computer-generated composites of the
DIC and ¯uorescence image are on the right.
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The speci®city of U-II binding to the recombinant mouse
and monkey UT receptor was assessed by examining the

ability of human U-II and related peptides from goby, rat,
mouse and porcine A and B isoform to compete [125I]h U-II
binding sites (Figure 7b,d). Competition binding revealed

that all six isoforms of U-II displaced the radioligand with
comparable Ki (Figure 7b,d) (Table 2). In all cases, the
peptides displayed monophasic competition curves with Hill
coe�cients, which were not signi®cantly di�erent from unity

(indicative of interaction with single class of binding sites).
The activation of signal transduction pathways through

U-II ligand-receptor coupling was investigated using HEK-

293 cells expressing recombinant mouse and monkey UT
receptor. Human and goby U-II stimulated PI metabolism in
a concentration-dependent manner Figure 8a,b). No U-II-

induced response of PI hydrolysis was observed in cells

transfected with the vector DNA alone (data not shown). PI
hydrolysis was measured by incubating cells labelled with [3H]
myo-inositol with human U-II for 20 min and monitoring the

maximal formation of a mixture of inositol phosphates while
blocking further dephosphorylation by LiCl. The EC50 for
the activation of IPs accumulation in mouse and monkey UT
receptor were 7.2+1.8 and 0.88+0.2 nM respectively for

human U-II and 2.6+0.8 and 0.7+0.2 nM respectively for
goby U-II (Figure 8a,b). There was a good agreement
between the peptide binding speci®city of each receptor and

its ability to increase inositol phosphate formation. To
determine whether the stimulation of PI hydrolysis results
in enhancement of intracellular [Ca2+]i mobilization, human

U-II-mediated changes in the levels of intracellular Ca2+ were
also examined. As shown in Figure 9a,b human U-II
increased intracellular Ca2+ in a concentration-dependent

manner with EC50 of 3.2+0.8 and 1.1+0.3 nM respectively
for mouse and monkey UT receptor. U-II failed to modulate
the forskolin-activated adenylate cyclase (data not shown).

Discussion

The discovery of U-II as the cognate ligand for UT receptor
(Ames et al., 1999; Liu et al., 1999; Mori et al., 1999;
Nothacker et al., 1999) has attracted the interest of many

a b

c d

Figure 7 [125I]-U-II binding to HEK-293 cells transfected with mouse and monkey UT receptor cDNAs: Scatchard plots of [125I] h-
U-II saturation binding to cell membranes from HEK-293 cells stably transfected with mouse (a) or monkey (c) UT receptor.
Membranes (10 ± 15 mg) were incubated with increasing concentrations of [125I] human U± II (0.02 ± 0.6 nM) in a total volume of
150 ml at 258C for 45 min and assayed as described in Methods. Competition binding curves for iso U-II peptides (human, goby,
rat, mouse, porcine-1 and porcine-2) of mouse (b) or monkey (d) UT receptor (respectively). Membranes (10 ± 15 mg) were incubated
with 0.18 nM [125I] human U-II for 45 min at 258C in the presence of increasing concentrations of U-II isopeptides. Data are the
means of duplicate determinations and are representative results from one of three independent experiments. Ki values for pooled
data are shown in Table 2.

Table 2 A�nities for U-II isopeptides to rat, mouse and
monkey UT receptor

Mouse UT receptor Monkey UT receptor
U-II isopeptides Ki (nM) +s.e.m. Ki (nM) +s.e.m.

Human 4.05 0.72 3.52 0.31
Goby 2.48 0.69 2.93 0.15
Rat 2.28 0.74 2.11 0.85
Mouse 2.5 0.64 2.69 0.72
Porcine 1 1.69 0.51 2.1 0.33
Porcine 2 1.22 0.29 1.8 0.31
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investigations in biochemical, physiological and pharmacolo-

gical research. U-II is the most potent mammalian
vasoconstrictor identi®ed to date. Its action is sustained,
and resistant to washout (Ames et al., 1999). In human tissue,
the functional responses of U-II include positive inotropic

and arrythmogenic e�ects in isolated cardiac trabeculae
(Russell et al., 2001), vasoconstriction (Douglas et al.,
2000b; Maguire et al., 2000) and vasodilation in human

resistance and microvasculature preparations in vitro and in
vivo (Leslie, 2000; MacLean et al., 2000; Strirrat et al., 2001),
rat cardiac myocyte and ®broblast ®brosis and hypertrophy

(Tzanidis et al., 2000) and rat and rabbit smooth muscle cell
hyperplasia (Sauzeau et al., 2001; Watanabe et al., 2001).
These responses suggest that U-II may be involved in the

pathophysiology of a number of vascular diseases character-
ized by aberrant and peripheral vascular and cardiac tone/
remodelling such as hypertension, angina pectoris, congestive
heart failure, cardiac arrythmias and other related patholo-

gical conditions (Douglas & Ohlstein, 2000). As part of the
e�orts to validate the UT receptor and U-II as targets for
therapeutic intervention, it was necessary to characterize the

mouse and monkey receptors. The characterization of the
mouse gene would allow the development of knockout and/or
transgenic mice for modelling many of the vascular actions of

U-II. Furthermore, the characterization of primate genes for

modelling is essential since primate and rat models have very
di�erent haemodynamic pro®les in response to U-II admin-
istration. Thus, the rat model is not the most appropriate
model for testing antagonists for antihypertensive action

(since, unlike the monkey where U-II is a systemic
vasoconstrictor, U-II actually increases regional vascular
conductances in the intact rat; Ames et al., 1999; Gardiner

et al., 2001). The outcome of the present study would provide
important information not only for understanding the
biology of the interaction of the receptor/ligand but also

for the utilization of these animals as models for drug testing.
The present study describes the cloning of cDNAs

encoding the mouse and monkey preproU-II, their tissue

distribution, genomic structure as well as their pharmacolo-
gical properties. Although the primary structure of the
preproU-II is divergent between lower and higher vertebrates
(Ames et al., 1999; Coulouarn et al., 1998; 1999; Pearson et

al., 1980), there are important similarities among the overall
organization in their structure. The most common feature is
that U-II is synthesized as a preproprotein with an amino

terminus signal peptide. The preproU-II is then cleaved by
putative polybasic endopeptidase to form the mature protein
(Ames et al., 1999; Coulouarn et al., 1998; Mori et al., 1999).

a b

Figure 8 U-II-mediated inositol phosphates accumulation: Inositol phosphates accumulation in response to human and goby U-II
(1 pM± 1 mM) in HEK-293 cells stably transfected with mouse (a) or monkey (b) UT receptor. The cells were treated with myo-
[3H]inositol (1.0 mCi ml71) overnight and then washed to remove excess myo-[3H]inositol. The cells were challenged with di�erent
concentrations of human or goby U-II for 5 min, and the inositol phosphates were separated from free inositol using ion-exchange
chromatography. Data are the mean+s.e.mean values from three di�erent experiments for the accumulation of inositol
trisphosphate. Similar observation was made for inositol mono and diphosphates.

a b

Figure 9 U-II-mediated [Ca2+]i release. Concentration-response curve for human U-II-mediated [Ca2+]i increase in mouse (a) or
monkey (b) UT receptor stably transfected in HEK-293 cells. Each point represents the mean+s.e.mean from three separate
experiments.
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This latter polybasic cleavage site is conserved in human,
monkey, rat, frog, and carp, and as a result the mature U-II
for the human, monkey, rat, frog, and carp would generate

11, 11, 14, 13, and 12 amino acids, respectively (Figures 1
and 3, Ames et al., 1999; Coulouarn et al., 1998; 1999;
Pearson et al., 1980). In mouse, however, there is one
putative cleavage site at position 105 ± 106 (Figure 1).

Cleavage at these sites would generate 17-residue peptide
containing the U-II signature motif at its C-terminus.
Amino acid comparisons of the primate (human, monkey),

rodent, amphibian and carp preproU-II sequences revealed
an overall low identity between higher vertebrates and lower
vertebrates (93% human and monkey; 48% between human

and mouse; 25% human and carp). The only domain that
exhibited signi®cant amino acid sequence identity among the
di�erent species is the extreme C-terminus of the precursors

which encodes the mature U-II peptide sequence. The most
intriguing aspect is that this region is the cyclic hexapeptide
¯anked by acidic D/E N-terminus residue and an extreme I/V
carboxyl residue (Figure 1), which is identical in all species

examined. This octapeptide is the minimal sequence required
for retaining full biological activity (Itoh et al., 1988). This
was based on the observation that truncation of the

N-terminus is tolerated up until the last eight residues (Itoh
et al., 1988), and the fact that all mammalian, amphibian,
piscine U-II isopeptides are equipotent agonists at recombi-

nant UT receptors (Gardiner et al., 2001; Russell et al.,
2001).
The structural signature of the putative mouse and monkey

UT receptor revealed that it belongs to the GPCR super-
family. The most characteristic feature of this family is the
presence of seven hydrophobic regions, putative transmem-
brane (TM) domains (Probst et al., 1992). There are also two

potential N-linked glycosylation sites in the N-terminus
extracellular domain, palmitoylation site (NPxxLY) in the
TM-7 motif, as well as the presence of several conserved

cysteine residues in the ®rst and second extracellular loop and
proline residues in TM3 and TM6, in addition to sequence
similarity in putative TM domains (Probst et al., 1992). These

domains were present in human, monkey, rat, and mouse
indicating that the UT receptor is a member of the G protein-
coupled receptor super-family (Probst et al., 1992). The
structure of UT receptor peptide sequence is distantly related

to the somatostaitin-4 (Rohrer et al., 1993), galanin (Habert-
Ortoli et al., 1994) and kappa opioid (Mansson et al., 1994)
receptors with 25 ± 26% identity. The deduced amino acid

sequence identity of the monkey UT receptor is 97 and 77%
identical to the human and the rat sequence, while the mouse
UT receptor is 76 and 93% identical to human and rat

respectively. It is apparent that the recombinant UT receptors
from the mouse and monkey are the likely orthologues of the
human gene. This is supported by the high degree of

homology of mouse, rat, monkey, and human UT receptors.
For more supportive evidence of the cloned mouse gene as
the orthologue of the human UT receptor, Southern analysis
of the mouse genomic DNA digested with EcoRI, and

screened under low homology (condition used to identify
60% paralogues i.e. ETA and ETB receptors; Elshourbagy et
al., 1993) with human UT receptor cDNA identi®ed only one

5 kb-band. Sequence analysis of the entire 5 kb-band,
con®rmed the existence of the mouse orthologue of UT
receptor.

The expression patterns of the mouse and monkey UT
receptor and preproU-II mRNAs were cardiovascular in
nature. As was observed previously in human tissue (Ames et

al., 1999), the expression of monkey UT receptor mRNA
were detectable in arterial tissue as compared to the venous
vasculature supporting the observation that U-II constriction
is limited to arterial tissue in non-human primates. Similar

data showed that rat UT receptor is present in thoracic aorta,
and that U-II is capable of causing contractions of rat vessels
where expression of UT receptor mRNA as well as the

radioligand U-II binding sites exists (Douglas et al., 2000b;
Itoh et al., 1988). Yet, Maguire et al. (2000) have reported
contraction of human isolated saphenous vein, which suggest

that some venous tissue may express the UT receptor that
may account for the vasoconstrictor properties of U-II in the
venous tissues. In mouse, however, it has been reported that

UT receptor expression is greater in the thoracic aorta versus
the abdominal aorta, yet neither of these vessels respond to
U-II with contractile response (Douglas et al., 2000b; Itoh et
al., 1988). Several explanations could account for the lack of

contractile response of mouse aorta in response to U-II: the
low level of expression of the receptor in these tissues, or lack
of coupling mechanism, or the receptor could be coupled to a

di�erent signal transduction mechanism. Further experimen-
tation is required to delineate this process.
The mRNA expression data demonstrate that, in addition

to the vasculature, the preproU-II and the UT receptor
mRNAs are expressed in several peripheral tissues; namely
the pancreas and lung for the receptor and skeletal muscle,

liver and kidney for ligand. These data suggest that U-II
should not only be considered as a neuropeptide or a
modulator of cardiovascular function, but also as an agent
with a wider range of multi-physiological function. In

support of this hypothesis, U-II has been shown to modulate
insulin release from the rat pancreas in vitro (Silvestre et al.,
2001). Furthermore, putative endocrine actions have been

postulated for U-II previously (Douglas & Ohlstein, 2000),
actions which include the regulation of cortisol and
norepinephrine release in ®sh (Kelsall & Balment, 1998)

and, most recently, secretion of circulating prolactin and
thyroid-stimulating hormone in the conscious rat (following
intracerebroventricular administration; Gartlon et al., 2001).
As such, U-II may play a role in the regulation of

mammalian endocrine function. In the skeletal muscle,
central administration of U-II also in¯uenced motor function
in the intact rat. Such an observation is of interest since U-II

is reported to be expressed in ventral horn motorneurones
and receptor is also located in locomotor nuclei within the
brain stem (Ames et al., 1999; Chartrel et al., 1996;

Coulouarn et al., 1998; 2001; Dun et al., 2001; Liu et al.,
1999). Further, Maguire et al. (2000) recently identi®ed
human skeletal muscle as a tissue which exhibited an

appreciable number of [125I]hU-II radioligand-binding sites
in a quantitative receptor autoradiography study. This
observation is not surprising since the UT receptor was
originally identi®ed as one expressed by cardiac myocytes,

striated cells derived from a common embryonic origin as
skeletal muscle (Ames et al., 1999). U-II expression was also
observed in the mammalian kidney (including the human;

Nothacker et al., 1999), an observation of note since U-II has
been postulated to be an osmoregulatory factor in lower
vertebrates and has been shown to regulate ion transport
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across epithelial membranes (Douglas & Ohlstein, 2000). The
®nding that preproU-II was detectable in liver was of interest
since it has been proposed that U-II regulates glucose

mobilization as indicated by decreased liver glycogen content
and increased liver glucose-6-phosphate activity in ®sh
(Sheridan et al., 1987). Detection of UT receptor in the lung
is consistent with reports demonstrating that U-II is a potent

bronchoconstrictor (Hay et al., 2000). In the GI tract, U-II
showed to have a spasmogen of the GI smooth muscle tissue
from ®sh and amphibians (Douglas & Ohlstein, 2000)

consistent with the present study where expression of
preproU-II mRNA was observed in the mouse and monkey
gastrointestinal tract. The wide range of physiological e�ects

of U-II coupled the tissue distribution of U-II and UT
receptor in the peripheral tissues suggest that U-II could be
important therapeutic target for many diseases.

Genomic localization has been used to determine the possible
link with certain disease. The genomic localization of the
human preproU-II showed that it is localized on chromosomal
1p36. At this locus, it seems to be the hot spot for vasoactive/

natriuretic peptide genes such as U-II, cortistatin (de Lecea et
al., 1997), and atrial natriuretic factor (ANF) (Oikawa et al.,
1984). Interestingly, this region is syntenic with rat chromoso-

mal 5, which was recently identi®ed as stroke hotspot (Read et
al., 2001). However, attempts to map mouse U-II were not
successful, and it is not yet determined if it is syntenic with the

human preproU-II. The mouse UT receptor maps to
chromosomal 11. This is near mouse thymidine kinase and
syntenic with human 17q23 ± 25 (Protopopov et al., 2000). Thus

the mouse UT receptor gene maps syntenically with the human
UT receptor gene.
The pharmacological pro®le of UT receptor from mouse

and monkey showed that U-II binds to UT receptor as

demonstrated by the selective binding of FITC-labelled U-II
to the recombinantly expressed mouse and monkey UT
receptor with a Ki of 2 nM. The apparent a�nity of U-II to

the recombinant mouse and the monkey UT receptor is
similar to that previously observed for the human and rat
receptors (Ames et al., 1999). Functional and competition

binding data (Figure 7) indicated that regardless of the
species of U-II used, whether from human, porcine, mouse,
rat, or goby, they all are equipotent in competing with
[125I]hU-II binding in cells transfected with either mouse or

monkey UT recombinant receptors. This is in accord with the

functional studies, which showed that di�erent isoforms of
U-II are equipotent inotropic agents in human isolated
trabeculae (Russell et al., 2001) and as vasodilators in

conscious rats (Gardiner et al., 2001). The U-II binding to
UT receptor initiates an increases in PI turnover and Ca2+

mobilization which are all consistent with the primary
signalling pathway for UT receptor involving activation of

phospholipase C (Douglas et al., 2000a; Opgaard et al., 2000;
Saetrum et al., 2000): U-II-induced vasoconstriction is
attenuated by inhibition of phospholipase C-mediated

[Ca2+]i-mobilization from the sarcoplasmic reticulum (leading
to a secondary membrane depolarization and [Ca2+]i-in¯ux)
and by L-type [Ca2+]-channel blockers, calmodulin antagon-

ism and by chelation of extracellular [Ca2+]e. Thus, and as
with other G-protein coupled receptors, activation of
phospholipase C is one mechanism by which the signal

transduction pathway of UT receptor orthologs takes place.
In summary, we have identi®ed the mouse and monkey UT

receptors and established that they are activated by a number
of U-II ligands from lower (®sh, amphibian) and higher

vertebrate (mammals) species. The tissue distribution studies
demonstrated that the U-II and UT receptors are expressed
in the heart and peripheral tissues which suggests that the

physiological e�ects of U-II are not limited to cardiovascular
but are also likely to encompass much wider non-
cardiovascular organs e.g. GI tract e�ect, metabolic e�ects,

in addition to CNS e�ect. The characterization of mouse and
monkey U-II and UT receptor will allow the establishment of
the appropriate model needed for understanding many of the

physiological and pathological e�ects of U-II. As with other
hormones, de®nition of the physiological and pathological
roles of the U-II/UT receptor system clearly requires potent
and speci®c UT receptor antagonists. Such compounds may

have important therapeutic potential.
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