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Deletion of the UT receptor gene results in the selective loss of
urotensin-II contractile activity in aortae isolated from UT
receptor knockout mice
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1 Urotensin-II (U-II) is among the most potent mammalian vasoconstrictors identified and may play
a role in the aetiology of essential hypertension. Currently, only one mouse U-II receptor (UT) gene
has been cloned. It is postulated that this protein is solely responsible for mediating U-II-induced
vasoconstriction.

2 This hypothesis has been investigated in the present study, which assessed basal haemodynamics
and vascular reactivity to hU-II in wild-type (UT"/™)) and UT receptor knockout (UT/7) mice.
3 Basal left ventricular end-diastolic and end-systolic volumes/pressures, stroke volumes, mean
arterial blood pressures, heart rates, cardiac outputs and ejection fractions in UT"/*) mice and in
UT/™ mice were similar.

4 Relative to UT®/*) mouse isolated thoracic aorta, where hU-II was a potent spasmogen
(PECs5,=8.26+0.08) that evoked relatively little vasoconstriction (17+2% 60mM KCI), vessels
isolated from UT/~ mice did not respond to hU-II. However, in contrast, the superior mesenteric
artery isolated from both the genotypes did not contract in the presence of hU-II. Reactivity to
unrelated vasoconstrictors (phenylephrine, endothelin-1, KCl) and endothelium-dependent/indepen-
dent vasodilator agents (carbachol, sodium nitroprusside) was similar in the aorta and superior
mesenteric arteries isolated from both the genotypes.

5 The present study is the first to directly link hU-II-induced vasoconstriction with the UT receptor.
Deletion of the UT receptor gene results in loss of hU-II contractile action with no ‘nonspecific’
alterations in vascular reactivity. However, as might be predicted based on the limited contractile
efficacy recorded in wvitro, the contribution that hU-II and its receptor make to basal systemic
haemodynamics appears to be negligible in this species.
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BAC, bacterial artificial chromosome; CO, cardiac output; dCTP, 2’-deoxycytidine 5'-triphosphate; dNTP, 2'-
deoxynucleotide 5'-triphosphate; EDTA, ethylenediaminetetraacetic acid; EDV, end-diastolic volume; EF,
ejection fraction; ES, embryonic stem cells; ESV, end-systolic volume; GADPH, glyceraldehyde-3-phosphate
dehydrogenase; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVESP, left ventricular end-
systolic pressure; MAP, mean arterial blood pressure; Neo, neomycin phosphotransferase-encoding gene
OREF, open reading frame; PCR, polymerase chain reaction; PGK, phosphoglycerate kinase I promoter; SDS,
sodium dodecyl sulphate; SNP, sodium nitroprusside; SSC, 150mM NaCl, 15mM sodium citrate, pH 7.0; SV,
stroke volume; TE, 10mM Tris-HCl, 1mM EDTA; hU-II, human urotensin-II; UT, urotensin-II receptor
UT/?, homozygous UT receptor knockout mice; UT/7), heterozygous UT receptor knockout mice; UT /™),
wild-type mice
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Urotensin-IT (U-II) is a cyclic peptide (Pearson et al., 1980)
originally isolated from the goby urophysis (Bern & Lederis,
1969), a highly vascularized endocrine organ located at the
caudal end of teleost fish spinal cords. Isoforms of this peptide
are found not only in fish (Bern et al., 1985; Conlon et al.,
1996), but also in amphibians (Conlon et al., 1992) and
mammals (Coulouarn et al., 1998; 1999). In addition to
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altering metabolic (Sheridan & Bern 1986; Kelsall & Balment
1998; Silvestre et al., 2001), CNS (Gartlon et al., 2001;
Filipeanu et al., 2002; Lu et al., 2002; Pelletier et al., 2002),
osmoregulatory (Shenouda et al., 2002) and pulmonary
function (Hay et al., 2000), U-II exhibits profound effects
upon the cardiovascular system (Douglas & Ohlstein, 2000a;
Maguire & Davenport, 2002). Indeed, human urotensin-II
(hU-II) has been characterized as the most potent mammalian
vasoconstrictor identified (Ames et al., 1999; Douglas et al.,
2000). Recently, elevated U-II expression has been reported in
both hypertensive (Matsushita et al., 2001) and heart failure
patients (Douglas et al., 2002; Richards et al., 2002) suggesting
that U-II isopeptides may play a role in regulating mammalian
cardiovascular homeostasis. Similarly, U-II levels are higher in
patients on dialysis (Totsune ez al., 2001), with renal tubular
abnormality (Matsushita et al., 2001) and portal hypertension
(Heller et al., 2002), suggesting that U-II may also participate
in the (patho)physiology of renal and liver disease.

The G-protein-coupled receptor originally termed GPR14/
SENR (Marchese et al., 1995; Tal et al., 1995), and recently
renamed the urotensin-II receptor (UT) by IUPHAR (see
Douglas & Ohlstein, 2000b), has been identified as a receptor
for U-II (Ames et al., 1999; Liu et al., 1999). Human, rat,
mouse and monkey UT receptors have been cloned (Marchese
et al., 1995; Tal et al., 1995; Ames et al., 1999; Elshourbagy
et al., 2002). The amino-acid sequence identity of the monkey
UT receptor is 97 and 77% identical to the human and rat
sequence, while the mouse UT receptor is 76 and 93% identical
to the human and rat sequence, respectively. However, it is
unclear as to whether these sequences represent receptor
homologues or sequence paralogues. Data to support the
existence of UT receptor subtypes are ambiguous at best.
Using multi-tissue Northern analysis, Liu et al. (1999)
observed different UT receptor transcript sizes in human
tissues. Functional data suggesting the existence of UT
receptor subtypes have also been reported. Coy et al. (2000)
demonstrated that although the somatostatin analogue (Cpa-
c[D-Cys-Pal-D-Trp-Lys-Val-Cys]-Cpa-amide) was able to in-
hibit U-II-induced phasic contraction in the rat isolated aorta,
the peptidic moiety was unable to block tonic contraction.
Further, Camarda et al. (2002) demonstrated that [Orn®]U-I1
acts as a full agonist at HEK293 cells expressing recombinant
rat UT receptor, but is a competitive antagonist in rat isolated
aortae. Although these observations could be interpreted as
consistent with the existence of UT receptor subtypes, such
evidence is far from definitive.

The UT receptor is clearly expressed in vascular tissue
(Ames et al., 1999; Maguire et al., 2000), and it is possible
therefore that U-II exerts its effects on vascular smooth muscle
tone via an interaction with UT. However, a direct link
between U-II, the UT receptor and vasoconstriction has yet to
be established (Ames et al., 1999; Douglas & Ohlstein, 2001a).
In this study we have used homologous recombination in
embryonic stem (ES) cells to generate mice lacking the UT
receptor coding region to determine the effect(s) of this
receptor on vascular reactivity both in vivo and in vitro.

Methods

All procedures were performed in accredited facilities in
accordance with institutional guidelines (Animal Care and

Use Committee, GlaxoSmithKline), the requirements of the
United Kingdom Animals (Scientific Procedures) Act (1986)
and the Guide for the Care and Use of Laboratory Animals
(DHSS #NIH 85-23).

Targeting the UT gene and generation of mutant mice

Gene targeting was performed in murine E14.1 ES cells,
replacing the single coding exon of the UT receptor locus with
a positive selection cassette containing the neomycin phospho-
transferase gene (Neo) driven by the phosphoglycerate kinase I
(PGK) promoter. 5'- and 3’-homology arms, both of ~4.0kb,
were cloned from a 129SVJ mouse genomic bacterial artificial
chromosome (BAC) library and placed on either side of the
positive selection cassette. Homologous recombination in
neomycin-resistant ES cells was confirmed by Southern blot
of BamHI-digested genomic DNA using an ~ 800 bp BamHI/
Smal restriction fragment as the 5 external probe (which
detects 6.5 and 6.0kb bands at the wild-type and targeted
locus, respectively). Approximately one in 80 G418-resistant
clones had undergone homologous recombination. Homolo-
gous recombination at the 3’ end was confirmed in these ES
cell clones by Southern blot of HindllI-digested genomic DNA
using a ~ 700 bp Xmnl/Hindl1l restriction fragment as the 3'-
external probe (which detects 5.5 and 5.0 kb bands at the wild-
type and targeted locus, respectively). Three targeted clones
were injected into C57B16/J-derived blastocysts. Male chi-
meras were crossed with C57B16/J females to give NIFO0
offspring, which were subsequently intercrossed to generate
NI1F1 offspring. In addition, N1FO0 offspring were successively
backcrossed to C57B16/J females to generate NSFO mice.
These were intercrossed to create an N5SF1 population.

Genotyping of study populations

N1F1 and NS5F1 study populations were genotyped by
polymerase chain reaction (PCR) and Southern blot of
genomic DNA isolated from the hearts of animals used in
the studies. Hearts of wild-type (UT*/*?) and UT receptor
knockout (UT“/7)) mice were cut into small pieces (~ 1 mm)
and placed into polypropylene tubes. Extraction buffer (2 ml;
10 mM Tris-HCI pH 8.0, 50 mM NaCl, 100 mM ethylenediami-
netetraacetic acid (EDTA), 0.5% SDS, 20 ugml~' RNase,
100 ugml™" Proteinase K) was added and samples were
incubated at 50—55°C for 4h until completely lysed. The
mixture was then extracted two times each with phenol,
phenol/chloroform and chloroform (Maniatis et al., 1989).
Genomic DNA was precipitated by adding 2.5 volumes of cold
ethanol, washed with 70% v v~' ethanol (—20°C) and dissolved
in 200 ul of (10mM Tris-HCI, 1 mM EDTA TE, pH 8.0). Once
dissolved, the purity and concentration of the DNA were
measured by spectrophotometry (absorbency at 260 and
280 nm wavelength).

PCR amplification was performed in 50 ul aliquots (50 mM
KCl, 10mM Tris-HCI [pH 8.3], 17mM MgCl,, 200nM 2’-
deoxynucleotide 5'-triphosphates (dNTPs), 10% vv~' di-
methylsulphoxide, 1.25U Tag DNA polymerase; Perkin-
Elmer, Norwalk, CT, U.S.A.) using 200 ng of genomic DNA
as the template and PCR primers specific to the neomycin
resistance gene present at the targeted locus (5-TGA ACA
AGA TGG ATT GCA CGC AGG TTC TCC GGC-3' and 5'-
GCC AAG CTC TTC AGC AAT ATC ACG GGT AGC-3,

British Journal of Pharmacology vol 139 (2)



466 D.J. Behm et al

UT receptor is coupled to vasoconstriction

yielding an ~700bp product) and mouse UT gene-specific
primers (5-CTG GCT GAC CTG CTG TAT CTG CT-3' and
5'-CAG GGT CAC ACA AAG CAC TCT CA-3, yielding an
~900bp product). A 500 bp mouse glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) amplicon was used as the
internal control (5-TGG CCA AGG TCA TCC ATG AC-3'
and 5-GTC CAC CAC CCT GTT GCT GTA G-3, yielding
an ~500bp product). Amplification was performed for 30
cycles at 60°C annealing for 30s, 72°C extension for 90s and
94°C denaturing for 30s. Amplification of a 500 bp (GAPDH)/
700 bp doublet alone corresponded to a UT"/~) genotype and
a 500 bp (GAPDH)/900bp doublet alone corresponded to a
UT®/*) genotype.

Genomic DNA (20 ug) was digested with BamHI and run on
an agarose gel (1%). The agarose gel was then treated with
denaturing solution (0.5M NaOH, 1.5M NaCl) for 45min,
followed by neutralization with 0.5M Tris-HCI (pH 7.5), 1.5M
NaCl for 30 —40min. The DNA was transferred to a nylon
membrane (GeneScreen Plus, NEN Life Science Products,
MA, U.S.A)) and probed with cDNA corresponding to the
full-length mouse UT receptor open reading frame (ORF).
cDNA fragments were labelled with [0¢-**P] 2’-deoxycytidine 5'-
triphosphate (dCTP) using standard random primed methods
(T7 QuickPrime; Pharmacia Biotech, Piscataway, NJ, U.S.A.).
Membranes were prehybridized for 2h at 42°C and incubated
overnight at 42°C with 1 x 10°cpm ug™' denatured radiola-
belled probe in standard buffer (50% deionized formamide,
6 x sodium chloride, sodium citrate (SSC), 5 x Denhardt’s
reagent, 0.5% sodium dodecyl sulphate (SDS), 100 ugml™
denatured, fragmented salmon sperm DNA). Membranes were
washed under conditions of low stringency (three 15min
washes in 1 x SSC, 0.1% SDS at 28°C) followed by a high
stringency wash in 0.1 x SSC/0.1% SDS for 30 min at 55°C.
Hybridization signals were detected by conventional X-ray
autoradiography (Hyper film, Amersham Life Science, U.K.)
and phosphor imaging (Storm 860, Molecular Dynamics,
Sunnyvale, CA, U.S.A.).

Haemodynamics and echocardiography

Male wild-type (UT¢"/*)) and homozygous UT receptor
knockout (UT/)) mice, anaesthetized with 1.5% isoflurane,
underwent transthoracic echocardiographic determination of
left ventricular end-diastolic volume (EDV), end-systolic
volume (ESV), stroke volume (SV), cardiac output (CO) and
ejection fraction (EF). Further to this, mice were reanaesthe-
tized the following day for haemodynamic evaluation where a
fluid-filled catheter was inserted into the left carotid artery for
the measurement of mean arterial blood pressure (MAP) and
heart rate (HR). The catheter was then advanced into the left
ventricle (LV) to obtain measurements of left ventricular end-
systolic (LVESP) and end-diastolic pressure (LVEDP). At the
end of the study, selected organs (right and left kidney, heart,
right and left ventricle and lungs) were isolated and wet
weights were measured.

Preparation and utilization of mouse isolated aortae and
mesenteric arteries

Male (4 months; 27 g) wild-type (UT"/*)) and UT receptor
knockout (UT/7)) mice were anaesthetized with inhaled
isoflurane (5% in O,) and killed by cervical dislocation.

Proximal descending thoracic aortae were isolated and cleaned
of adherent tissue. Vessels approximately 3 mm in length were
suspended in 10ml organ baths containing Krebs of the
following composition (mM): NaCl, 112.0; KCl, 4.7; KH,PO,,
1.2; MgSO,, 1.2; CaCl,, 2.5; NaHCOs;, 25.0; dextrose, 11.0.
Krebs was maintained at 37+1°C and aerated with 95%
0,:5% CO, (pH 7.4). For contraction studies, vessels were
denuded of endothelium by rubbing with a fine forceps and
indomethacin (10 uM) was added to the buffer. Changes in
isometric force were measured under 0.5g optimal resting
tension using FTO03 force —displacement transducers (Grass
Instruments, Quincy, MA, U.S.A.) coupled to Model 7D
polygraphs.

The Halpern—Mulvany wire myograph (Model 610M;
Danish Myo Technology, Denmark) was used for measure-
ment of isometric force development of endothelium-intact
superior mesenteric arteries (optimal resting tension of 0.5g)
and data were recorded using a Grass 7400 direct thermal
recorder.

Following a 60 min equilibration period, vessels were treated
with standard concentrations of KCl (60 mM) and phenylephr-
ine (1 uM) to which subsequent agonist-induced responses were
normalized. Once the contractile response to phenylephrine
had plateaued, carbachol (10 uM) was added to the vessels in
order to evaluate endothelial integrity.

Cumulative concentration — response curves to phenylephr-
ine (0.1 nM — 10 uM), angiotensin-II (0.1 nM — 10 uM), endothe-
lin-1 (0.1 nM — 1 uM) and hU-II (0.01 nM — 3 uM) were obtained
for each vessel by adding the spasmogen to the tissue bath at
half-log increments. During relaxation studies, vessels were
preconstricted with an ECg, concentration of phenylephrine
and contractile tone was reversed by adding cumulative
amounts of carbachol (1 nM —30 M) or sodium nitroprusside
(SNP; 0.1nM —1 uM). Each response was allowed to plateau
before the addition of subsequent agonist concentrations.
Vessels were allowed to recover for at least 30 min between
subsequent agonist — response curves, and were not exposed to
subsequent agonists after treatment with either endothelin-1 or
hU-II.

Statistical and data analysis

All values are expressed as mean +s.e.m. and n represents the
total number of animals from which the vessels were isolated.
Statistical comparisons were made using an unpaired, two-
tailed z-test or Fisher’s exact tests and differences were
considered significant when P<0.05. Concentration — response
curves were fitted to a logistic equation as previously described
(Douglas et al., 1995):

R— Rpax . C™
o ECY + Cn
where R is the contraction response; C, the concentration of
agonist; ECsy, the concentration of agonist required to

produce a half-maximal response; ny, the Hill coefficient;
Ri.x, the maximal contractile or relaxant response.

Drugs and reagents

hU-II was custom synthesized by California Peptide Research
Inc. (Napa, CA, U.S.A.). Angiotensin-II, carbachol, endothe-
lin-1, phenylephrine and SNP were from Sigma (St Louis, MO,
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U.S.A.). All other reagents used were of analytical grade. All
drug solutions were made fresh on the day of experimentation
and stored in a light-tight container on ice.

Results
Targeting of the UT gene and generation of mutant mice

Targeted deletion of the mouse UT receptor gene was
successfully achieved using standard homologous recombina-
tion in ES cells. Specifically, the single coding exon of the UT
receptor was replaced with the positive selection cassette, thus
removing all coding sequence (Figure la). Chimeric mice
derived from the targeted 1290la ES cell lines were crossed
with C57B1/6] females to generate N1F0 heterozygotes, which
were intercrossed giving rise to overtly healthy N1F1 homo-

(i) = PGK-Neo .
5' probe 3’ probe
B S P l B HX B X H
i) LI L M PakNeo
6.5kb
6.0kb

Figure 1 Disruption of the UT receptor gene by homologous
recombination. (a) Targeting strategy for the UT receptor locus. (i)
Structure of the UT receptor genomic locus. The single coding exon
is indicated as urotensin-II receptor open reading frame (‘UT
ORF’). The position of the ~800bp BamHI/Smal (B/S; see below)
and Xmal/Hindlll (X/H; see below) restriction fragment probes
used to identify homologous recombination events at the 5’ and 3’
ends, respectively, are also indicated, (ii) Structure of the targeting
construct. The 5’ and 3’ arms of homology are ~4kb Smal — PstI (S-
P; see below) and ~4 kb Xmnl (X, see below) restriction fragments,
respectively. The PstI site (P; see below) is 158 bp upstream of the
UT initiation codon and the 5 Xmnl site (X; see below) is 40 bp
downstream of the termination codon. The PGK-Neo selection
cassette is indicated. (iii) Structure of the targeted locus. Homo-
logous recombination replaces the single coding exon with a PGK-
Neo selection cassette. Restriction sites: B, BamHII; S, Smal; P,
Pstl; H, Hindlll; X, Xmnl. (b) Southern blot analysis of N1F1
offspring tail DNA (wild-type, UT*/"); heterozygote, UT"/7;
homozygous UT receptor knockout, UT/), digested with BamHI
and probed with the BamHI/Smal restriction fragment. The 6.5 kb
wild-type locus specific band and 6.0 kb targeted locus specific band
are indicated.

zygous mutant offspring in the expected Mendelian ratio.
Successful targeting of the locus and germline transmission
was confirmed by Southern analysis (Figure 1b). The NSF1
study population was generated by successive backcrossing of
male heterozygotes to C57B1/6J females to generate NSFO
heterozygotes, which were then intercrossed.

PCR and Southern blot analysis of heart genomic DNA was
used to identify wild-type mice and mice homozygous for the
UT targeted mutation (Figure 2). Wild-type mice show the
UT-specific PCR product of 900bp and lack the 700bp
neomycin resistance gene product. Conversely, mice homo-
zygous for the UT targeted mutation show the neomycin
resistance gene product of 700bp and lack the 900 bp UT-
specific PCR product (Figure 2a). This PCR genotyping was
confirmed by Southern blot analysis of BamHI-digested
genomic DNA probed with a UT gene-specific restriction
fragment where, in contrast to UT"/™) mice, the 6.5kb
BamHI restriction fragment containing the UT receptor gene
was absent in UT/~) mice (Figure 2b).

Basal haemodynamics, echocardiography and body weight

Targeted deletion of the UT receptor did not alter basal
systemic haemodynamics or major organ weights. Basal left

a
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400bp
b

Figure 2 UT receptor gene analysis of wild-type (UT"/*’) and UT
receptor knockout (UT/~)) mice as determined by (a) PCR and (b)
Southern blot. PCR analysis indicates that the 900 bp UT receptor
gene is replaced with the neomycin resistance gene product (Neo) of
700bp in UT/7). The lack of UT receptor gene in UT"/7) is
confirmed by Southern blot analysis of BamHI-digested heart
genomic DNA probed with probed radiolabelled with cDNA
corresponding to the full-length mouse UT receptor ORF.
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ventricular EDV, ESV, SV, CO and EF determined by
transthoracic echocardiography in the wild-type (UT"/*))
mice were similar to those values determined in UT receptor
knockout (UT“/7)) mice (Table 1). Inaddition, mean arterial
blood pressure, heart rate and left ventricular systolic and end-
diastolic pressure were similar in both the genotypes (Table 1).
In accord with these haemodynamic data, body weights and
organ-to-body-weight ratios were similar in UT*/*) and
UT/? mice (Table 2).

Effects of vasoactive agents in mouse-isolated arteries

Relative to the responses in UT"/*) mice, where hU-II was a
potent (ECs, of ~5nM) and low-efficacy (Rup.x<20%
response to 60 mM KCI) vasoconstrictor, aortae isolated from
UT"/~ mice did not respond to hU-II (Table 3, Figures 3 and
4). However, this observation was not accompanied by any
general aberration in vascular reactivity, since responses to
unrelated vasoactive agents were unaltered. Thoracic aortae

Table 1 Basal echocardiographic and haemodynamic measurements in wild-type (UT"/")) and UT receptor knockout (UT/™) mice

Genotype MBP Heart rate LVESP LVEDP EDV ESV SV co EF
(mmHg) (min~") (mmHg)  (mmHg) (ml) (ml) (ml) (ml min™") (%)
uTe /™ 78+3 383422 93+7 2.5+0.8 0.0914+0.002  0.0574+0.004  0.034+0.018 14.0+0.9 38+2
n 7 7 5 5 15 15 15 15 15
uTe™ 79+3 369127 87+4 1.0+0.3 0.086+0.003  0.052+0.002  0.035+0.002 142+1.0 40+2
n 8 8 8 8 16 16 16 16 16

All values are expressed as mean+s.e.m. Statistical comparisons were made using unpaired two-tailed z-tests. No statistical differences

were identified between the UT"/*) and UT"/~) mice.

Table 2 Organ-to-body-weight ratios in wild-type (UT*/*) and UT receptor knockout (UT~/~)) mice

Genotype Body weight (g) Left kidney Right kidney Heart Left ventricle Right ventricle Lung
(107) (10) (107) (107) (107 (107)

UTS'") (n=38) 27.540.9 6.140.2 6.540.2 4240.2 3.240.1 0.8+0.1 4940.2

UTE n=38) 27.14+0.6 6.2+0.1 6.3+0.1 4.340.1 3.3+0.1 0.8+0.1 5.0+0.1

All values are expressed as mean +s.e.m. Kidney:, heart: and lung: to-body-weight ratios are expressed as mg g~'. Statistical comparisons
were made using unpaired two-tailed -tests. No statistical differences were identified between the UT*/*) and UT/~ mice.

Table 3 Responses to various vasoactive compounds in thoracic aortae and superior mesenteric artery isolated from wild-type

(UT®/™) and UT receptor knockout (UT/7)) mice

Thoracic aorta —log[ECsy] R,,.x (% normalized) Respondersin
Vasoactive agent T ur—'"-/ T ur—'-/ ur’ ur—"-’
Urotensin-IT 8.35+0.07 - 1742 0* 5/7 0/8%*
Phenylephrine 7.33+0.07 7.39+0.04 115+6 11748 6/6 6/6
Endothelin-1 8.51+0.06 8.394+0.19 1543 16+2 9/9 8/10
Angiotensin-II - - 0 0 0/4 0/4
KCl 1.64+0.03 1.5840.03 13248 13647 6/6 6/6
Carbachol 6.33+0.17 6.08+0.25 65+5 67+6 6/6 5/6
Sodium nitroprusside 8.87+0.09 8.854+0.10 10040 10040 6/6 6/6
Mesenteric artery —log[ECsy] R,ux (% normalized) Respondersin
Vasoactive agent urt ur—"-’ T ur—"-/ urt ur-—"-)
Urotensin-11 - - 0 0 0/6 0/6
Phenylephrine 5.83+0.10 5.68+0.13 148 +8 134414 6/6 6/6
Endothelin-1 8.66+0.32 8.84+0.21 10+4 10+3 4/4 5/5
Angiotensin-11 - - 0 0 0/4 0/4
KCl1 1.4240.04 1.4240.04 244 +44 3844145 5/5 5/5
Carbachol 6.69+0.16 6.41+0.13 100+0 100+0 6/6 6/6
Sodium nitroprusside 8.66+0.32 8.84+0.21 10040 10040 6/6 6/6

All values are expressed as mean+s.e.m. Statistical comparisons were made using unpaired two-tailed -tests or Fisher’s exact tests:
*P<0.01 compared to values obtained in UT*/*) mice. Responses to KCl are normalized to 1uM phenylephrine and responses to
phenylephrine, endothelin-1, angiotensin-II and urotensin-II are normalized to 60mM KCI. Responses to carbachol and sodium
nitroprusside are expressed as per cent reversal of 1 uM phenylephrine-induced tone.
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Figure 3 Representative experimental traces illustrating the contractile responses to hU-II in the aortae isolated from wild-type
(UT®/")) and UT receptor knockout (UT™/) mice. In contrast to (a) UT"/*) mice (where hU-II is a potent spasmogen evoking
relatively little vasoconstriction), (b) aortae isolated from UT/™ do not respond to hU-II. Vessels were precontracted with 60 mm
KCIl. Following washing (W), endothelial cell integrity was evaluated by adding 1 uM phenylephrine (PE) and observing the response
to 10 uM carbachol (CCh). The vertical and horizontal scale bars represent tension (0.5 and 0.25g) and time (10 min), respectively.
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Figure 4 Loss of the UT receptor does not alter the responses to vasoconstrictors other than hU-II in the mouse isolated thoracic
aorta. Log concentration-response curves to (a) hU-II, (b) endothelin-1, (c) phenylephrine and (d) KCl in aortae isolated from wild-

type (UT"/*) and UT receptor knockout (UT/)) mice. Values are mean and vertical bars represent the s.e.m. Curves were derived
by fitting experimental data to a logistic equation (Douglas et al., 1995).

isolated from UT/") and UT"/? mice responded to the endothelium-dependent and -independent vasodilators,
cumulative concentrations of KCl, phenylephrine and endothe- carbachol and SNP (Table 3, Figure 5).

lin-1 with similar potencies and efficacies (Table 3, Figure 4). As in the aorta, responses to endothelin-1, phenylephrine,
Similarly, loss of the UT receptor did not alter the responses to angiotensin-II, KCI, carbachol and SNP were similar in the
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Figure 5 Loss of the UT receptor does not alter the responses to
vasodilators in the mouse isolated aorta. Log concentration-
response curves to (a) carbachol and (b) SNP in aortae isolated
from wild-type (UT"/*)) and UT receptor knockout (UT/~) mice.
Vessels were preconstricted with an ECg, concentration of pheny-
lephrine and contractile tone was reversed by adding cumulative
amounts of carbachol or SNP. Values are mean and vertical bars
represent the s.e.m. Curves were derived by fitting experimental data
to a logistic equation (Douglas et al., 1995).

superior mesenteric arteries isolated from both the genotypes.
However, in contrast to the response to hU-II observed in the
aorta (vasoconstriction in UT /") mice), the superior
mesenteric artery isolated from both the UT®/7 and
UT®/*) mice did not contract in the presence of hU-II
(Table 3).

Discussion

U-II, among the most potent peptidic mammalian vasocon-
strictors identified, is purported to elicit a contractile response
via an interaction with its G-protein-coupled receptor, UT
(Douglas & Ohlstein, 2000a, b; Maguire & Davenport, 2002).
Interestingly, and in contrast to the majority of knockout
studies investigating vasoactive peptide systems (where recep-
tor subtypes exist typically), the hU-II/UT system is somewhat
atypical inasmuch as no receptor subtypes have been identified
to date. As in other mammalian species, one mouse UT
receptor gene has been cloned. Therefore, it is assumed that
this specific protein mediates U-II-induced vasoconstriction.

However, since this has not been previously investigated, the
present study represents the first to provide a direct link
between the UT receptor and vasoactivity, an association
achieved via the generation of UT-receptor-deficient (knock-
out) mice.

In order to determine the effects of the UT receptor on
cardiovascular homeostasis, basal haemodynamic measure-
ments were made in wild-type mice (UT"/*)) and UT receptor
knockout mice (UT/™). Basal echocardiographic and hae-
modynamic measurements in UT/™) mice were similar to
those determined in UT*/*) mice, suggesting that loss of the
mouse UT receptor does not uncover an overt cardiovascular
phenotype in vivo. This observation is not surprising since
systemic administration of hU-II does not effect basal
haemodynamics in this species (R. Willette, unpublished
observation).

hU-II induces potent vasoconstriction in blood vessels
isolated from the rat, rabbit, dog, pig, monkey (Douglas
et al., 2000; Saetrum Opgaard et al., 2000; Camarda et al.,
2002) and man (MacLean et al., 2000; Maguire et al., 2000;
Paysant et al., 2001; Russell et al., 2001; Camarda et al., 2002).
Vasoconstriction appears to be dependent on the species and
anatomical origin of the wvessel, that is, hU-II-induced
contraction is restricted to isolated thoracic aortae in the rat
and the spasmogen is a universal arterial vasoconstrictor in the
cynomolgus monkey (Douglas et al., 2000). Previous studies
have demonstrated that vertebrate U-II isopeptides (fish,
amphibian and mammalian) exhibit similar functional poten-
cies across species (Gardiner ef al., 2001 [haemodynamic
responses in the rat]; Russell ez al., 2001 [contractile activity in
isolated trabeculae]). Indeed, competition binding studies
reveal that both mouse and human U-II isopeptides exhibit
similarly high affinities (2.5 and 4.0nM K;s, respectively) for
mouse UT receptor (Elshourbagy et al., 2002). Together, these
data demonstrate that hU-II is an agonist at the mouse UT
receptor and that the relatively poor contractile activity
described herein is not likely to reflect the use of a nonmurine
(i.e. human) isoform of U-II in mouse isolated tissue.
Although Douglas et al. (2000) reported no contractile
response to hU-II in the mouse-isolated aorta, the ability of
hU-IT to contract various arteries isolated from wild-type
(UT“/™)) mice was evaluated. As in the rat and dog, where
vasoconstriction has only been observed in vessels proximal to
the aortic arch (Douglas et al., 2000), the present study
reported that hU-II contracted UT*/™) mouse isolated aortae
but failed to elicit a contractile response in the superior
mesenteric arteries. However, in contrast to the response
previously observed in the rat aorta, hU-II induced relatively
little vasoconstriction in the UT*/*) mouse aorta (Ry.x was
only 17+2% response to 60mM KCI). The fact that the
present investigation was able to elicit a contractile response in
wild-type UT*/*) mice, albeit small in size, contrasts a
previous report (Douglas er al., 2000) where hU-II was
purported to lack contractile activity in mouse aortae. This
apparent disparity likely reflects difficulties encountered when
trying to record such small responses (i.e. <20% response to
60mM KCI, likely because of low UT receptor expression/
spare receptor reserve in this tissue; Douglas, 2003).

In addition to being a potent vasoconstrictor in vessels
isolated from several species, hU-II has been reported to
induce vasodilation in rat (Bottrill ez al., 2000) and human
(Stirrat et al., 2001) isolated resistance arteries. Consistent with
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the effects in rat-isolated resistance arteries, Gibson et al.
(1986), Gardiner et al. (2001) and Lin et al. (2003) have all
reported vasodilation to be the predominant cardiovascular
response when hU-II is given systemically as a bolus dose in
the rat (infusions, however, are associated with pressor
responses in the rat; Bennett er al., 2002). Although i.v.
administration of hU-II does not induce a systemic hypoten-
sive response in the mouse as it does in the rat (R. Willette,
unpublished observation), it remains to be determined if a
vasodilator response can be elicited with hU-II in mouse
isolated arteries (and, if so, whether such a phenotype is lost as
a function of UT deletion UT™/~ mouse).

Once the contractile responses to hU-II were observed in
tissues isolated from UT*/™) mice, they were compared to
those in UT/~ mice. Relative to UT*/*) mouse isolated
thoracic aorta where hU-II was a potent spasmogen, vessels
isolated from UT"/7 mice did not respond to hU-II. Thus,
loss of the UT receptor results in the loss of U-II-induced
contractile action. However, loss of the UT receptor gene did
not alter the contractile responses of KCI, phenylephrine,
endothelin-1 or angiotensin-II in the isolated aorta. Similarly,
responses to the endothelium-dependent vasodilator carbachol
or SNP, an endothelium-independent vasodilator, were not
altered by the deletion of the UT receptor. Together, these
data suggest that loss of the UT receptor results in the selective
loss of hU-II contractile activity, that is, the lack of response to
hU-II in UT“/™ mice was not accompanied by any alteration
in reactivity to unrelated spasmogens. However, even though
the contractile efficacy of hU-II was low in mouse isolated
aorta, it is pertinent to note that neither endothelin-1 nor
angiotensin-II was able to elicit contractile responses equiva-
lent to those seen with KCl or phenylephrine in this vessel.
Although the aorta is a conduit vessel, since both angiotensin-
II and endothelin-1 play a significant (patho)physiological role
in the control of haemodynamic function/regional vascular
resistance in man, one must recognize the potential short-
comings of using this species for studying the effects of
vasoactivc neurohormones.
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