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Pharmacologic characterization of the oxytocin receptor in human
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1 [PH]-oxytocin was used to characterize the oxytocin receptor found in human uterine smooth
muscle cells (USMCQ). Specific binding of [*’HJ-oxytocin to USMC plasma membranes was dependent
upon time, temperature and membrane protein concentration.

2 Scatchard plot analysis of equilibrium binding data revealed the existence of a single class of
high-affinity binding sites with an apparent equilibrium dissociation constant (K,) of 0.76 nM and a
maximum receptor density (Bpax) of 153 fmol mg™' protein. The Hill coefficient (ny) did not differ
significantly from unity, suggesting binding to homogenous, non-interacting receptor populations.
3 Competitive inhibition of [*H]-oxytocin binding showed that oxytocin and vasopressin (AVP)
receptor agonists and antagonists displaced [*H]-oxytocin in a concentration-dependent manner. The
order of potencies for peptide agonists and antagonists was: oxytocin>[Asu']-oxytocin>AVP =
atosiban > d(CH,);Tyr(Me)AVP >[Thr*,Gly’]-oxytocin>dDAVP, and for nonpeptide antagonists
was: L-371257>YMO087 > SR 49059 > OPC-21268 >SR 121463A >OPC-31260.

4 Oxytocin significantly induced concentration-dependent increase in intracellular Ca®>* concentra-
tion ([Ca"];) and hyperplasia in USMC. The oxytocin receptor antagonists, atosiban and L-371257,
potently and concentration-dependently inhibited oxytocin-induced [Ca®"]; increase and hyperplasia.
In contrast, the V4 receptor selective antagonist, SR 49059, and the V, receptor selective antagonist,
SR 121463A, did not potently inhibit oxytocin-induced [Ca®"]; increase and hyperplasia. The
potency order of antagonists in inhibiting oxytocin-induced [Ca>*]; increase and hyperplasia was
similar to that observed in radioligand binding assays.

5 1In conclusion, these data provide evidence that the high-affinity [*H]-oxytocin binding site found
in human USMC is a functional oxytocin receptor coupled to [Ca>"]; increase and cell growth. Thus
human USMC may prove to be a valuable tool in further investigation of the physiologic and
pathophysiologic roles of oxytocin in the uterus.
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[Asu']-oxytocin, Deamino-dicarba-oxytocin; Atosiban, 1-deamino-2-D-Tyr-(O-ethyl)-4-Thr-8-Orn-oxytocin;
AVP, vasopressin; BSA, bovine serum albumin; [Ca?'];, intracellular Ca?" concentration; CHO, Chinese
hamster ovary; d(CH,)sTyr(Me)AVP, [B-mercapto-B,B-cyclopentamethylenepropionyl', O-Me-Tyr?, Arg®-
Vasopressin); dDAVP, [deamino-Cys', D-Arg®]-Vasopressin; DMSO, dimethyl sulphoxide; FCS, foetal calf
serum; Fura 2-AM, Fura 2-acetoxymethyl ester; IP;, inositol-1,4,5-triphosphate; L-371257, 1-{1-[4-[(N-Acetyl-4-
piperidinyl)oxy]-2-methoxybenzoyl]piperidin-4-yl}-4 H-3,1-benzoxazin-2(1 H)-one; MAP, mitogen-activated pro-
tein; OPC-21268, 1-{1-[4-(3-acetylaminopropoxy)benzoyl]-4-piperidyl}-3,4-dihydro-2(1 H)-quinolinone; OPC-
31260, 5-dimethylamino-1-{4-(2-methylbenzoylamino)benzoyl}-2,3,4,5-tetrahydro-1H-benzazepine; PBS, phos-
phate-buffered saline; SmBM, Smooth Muscle Cell Basal Medium; SR 121463A, 1-[4-(N-tert-butyl-carbamoyl)-
2-methoxybenzene sulphonyl]-5-ethoxy-3-spiro-[4-(2-morpholinoethoxy) cyclohexane]indol-2-one; equatorial
isomer; SR 49059, (2S) 1-[(2R 3S)-(5-chloro-3-(2-chlorophenyl)-1-(3,4-dimethoxybenzene-sulphonyl)-3-hydroxy-
2,3-dihydro-1H-indole-2-carbonyl]-pyrrolidine-2-carboxamide; [Thr*Gly’]-oxytocin, [4-Threonine,7-glycineoxy-
tocin; USMC, uterine smooth muscle cells; YMO087, [4'-[(2-methyl-1,4,5,6-tetrahydroimidazo[4,5-d][1]benzoaze-
pine-6-carbonyl)-2-phenylbenzanilide monohydrochloride

Introduction

The neurohypophysial hormones oxytocin and vasopressin
(AVP), despite close structural similarities, have distinct
biological functions. AVP plays important physiologic roles
in vasoconstriction and antidiuresis (Sawyer & Manning,
1985). In contrast, oxytocin has important functions during
parturition: to contract the uterine myometrium during labour
and the mammary myoepithelium postpartum to elicit milk
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letdown (Soloff et al., 1979). Oxytocin exerts its biological
effects through binding to a specific receptor, which has been
identified, cloned and found to belong to a family of seven
membrane-spanning receptors that transduce signals through
G proteins (Kimura et al., 1992; Jasper et al., 1995; Rozen et
al., 1995). Oxytocin activates phospholipase C-mediated
hydrolysis of polyphosphoinositides via the oxytocin receptors
to generate second messengers, inositol-1,4,5-triphosphate
(IP5), which induces an increase of free intracellular calcium
(Tasaka et al., 1991; Jasper et al., 1995; Holda et al., 1996), and
1,2-diacylglycerol, which activates protein kinase C (Morrison
et al., 1996; Schrey et al., 1988). Oxytocin receptors have been
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shown to be present in uterus, mammary gland, brain and
ovarian tissues (Soloff, 1975; Soloff et al., 1977, Barberis &
Audigier, 1985) and mediate contraction, milk letdown and
induction of specific mating and maternal behaviours
(McCarthy et al., 1992; 1994).

In most target sites, the number of oxytocin binding sites is
highly regulated (Schumacher ez al., 1993). In the uterus of
each mammalian species studied, oxytocin binding sites
undergo a 10 to >100 fold (rat: 10 fold, rabbit: 17 fold,
human: 100—125 fold) upregulation during pregnancy, reach-
ing the maximum prior to the onset of parturition (Soloff et al.,
1979; Fuchs et al., 1982; 1984; Maggi et al., 1988; 1990),
indicating oxytocin may play a key role in the initiation of
labour, both before and at term. Therefore, oxytocin receptor
antagonists may be potential agents to prevent premature and
preterm labour (Soloff et al., 1979; Fuchs et al., 1982; Lefebvre
et al., 1992; Thornton & Smith, 1995). For over three decades,
scientists in a number of different laboratories have worked to
design peptide analogue of oxytocin and several peptide
oxytocin receptor antagonists have been discovered (Pettibone
et al., 1989; Melin et al., 1986; Lopez Bernal et al., 1989;
Manning et al., 1989; 1995). Among them, atosiban, which has
high affinity for both oxytocin and V,;, receptors and is a
competitive oxytocin and V,, receptor antagonist, exhibited a
therapeutic effect in preterm labour and primary dysmenor-
rhea (Akerlund, 1987; Andersen et al., 1989; Goodwin et al.,
1996). Recently, several non-peptide and orally bioavailable
oxytocin receptor antagonists, including L-371257, with
potential utility for managing preterm labour have been
discovered (Bell ez al., 1998; Williams et al., 1994; 1995).

Although, previous investigations have characterized
oxytocin receptors in rat and human uterine and mammary
gland tissue, the characterization of oxytocin receptors in
human uterine smooth muscle cells (USMC) has not been
undertaken. Furthermore, a cellular system expressing human
oxytocin receptors would be very useful for the development of
new oxytocin receptor ligands, and would also allow detailed
investigation of the regulation of oxytocin receptor function.
In the present study, the first direct characterization of
oxytocin binding sites in human USMC is reported.
Furthermore, USMC were used to characterize and compare
the affinity, selectivity and potency of oxytocin and AVP
receptor agonists and antagonists using receptor binding,
second messenger and proliferation assays.

Methods

Materials

AVP and oxytocin were obtained from Peptide Institute Inc.
(Osaka, Japan). [Asu']-oxytocin (Deamino-dicarba-oxytocin)
(Yamanaka et al., 1970), [Thr*Gly’]-oxytocin ([4-Threonine,
7-glycineloxytocin) (Lowbridge et al., 1977), d(CH,)sTyr
(Me)AVP  ([f-mercapto-f3,-cyclopentamethylenepropiony-
1',0-Me-Tyr?, Arg®]-Vasopressin) (Kruszynski et al., 1980) and
dDAVP ([deamino-Cys',D-Arg®]-Vasopressin) (Zaoral et al.,
1967) were purchased from Sigma Chemical Co. (St. Louis,
MO, U.S.A)). Atosiban (1-deamino-2-D-Tyr-(O-ethyl)-4-Thr-
8-Orn-oxytocin) (Lopez Bernal et al., 1989), YMO087 (4'-[(2-
methyl-1,4,5,6-tetrahydroimidazo[4,5-d][1]benzoazepine-6-car-
bonyl)-2-phenylbenzanilide monohydrochloride) (Tahara et
al., 1997), OPC-21268 (1-{1-[4-(3-acetylaminopropoxy)ben-
zoyl]-4-piperidyl} -3,4-dihydro-2(1 H)-quinolinone) (Yama-
mura et al., 1991), OPC-31260 (5-dimethylamino-1-{4-(2-
methylbenzoylamino)benzoyl}-2,3,4,5-tetrahydro-1H-benzaze-

pine) (Yamamura et al., 1992), SR 49059 ((2S) 1-[(2R 3S)-(5-
chloro-3- (2- chlorophenyl)- 1 -(3,4- dimethoxybenzene- sulpho-
nyl) -3 -hydroxy -2,3 - dihydro- 1 H-indole- 2- carbonyl]- pyrroli-
dine-2-carboxamide) (Serradeil-Le Gal er al., 1993), SR
121463A  (1-[4-(N-tert-butyl-carbamoyl)-2-methoxybenzene
sulphonyl] - 5- ethoxy- 3-spiro - [4- (2-morpholinoethoxy)cyclo-
hexanelindol-2-one; equatorial isomer) (Serradeil-Le Gal et al.,
1996) and L-371257 (1-{1-[4-[(N-Acetyl-4-piperidinyl)oxy]-2-
methoxybenzoyl]piperidin - 4 - yl} - 4H - 3,1-benzoxazin -2(1 H)-
one) (Williams et al., 1995) were synthesized at Yamanouchi
Pharmaceutical Co. (Ibaraki, Japan). The structures of these
compounds were determined by 'H-nuclear magnetic reso-
nance, mass spectrometry and elemental analysis. Their purity
was measured by high-pressure liquid chromatography and
was >98%. These antagonists were initially dissolved in
dimethyl sulphoxide (DMSO) at 1072 M and diluted to the
desired concentration with the assay buffer. The final
concentration of DMSO in the assay buffer did not exceed
1%, which did not affect [*'H]-oxytocin binding. [*H]-oxytocin
(specific activity, 43.5 Ci mmol ') was obtained from DuPont-
New England Nuclear (Boston, MA, U.S.A.). Foetal calf
serum (FCS) and trypsin-EDTA were from Gibco (Grand
Island, NY, U.S.A.). Bovine serum albumin (BSA) was from
Nacalai Tesque Inc. (Kyoto, Japan). Fura 2-acetoxymethyl
ester (AM) was from Dojindo Laboratories (Kumamoto,
Japan) and EGTA and ionomycin were from Wako Pure
Chemicals (Osaka, Japan). All other chemicals were of the
highest reagent grade available.

Cell culture

Human USMC imported from Clonetics (Lot No. 16372; San
Diego, CA, U.S.A.) were purchased from IWAKI (Tokyo,
Japan). The cells were grown at 37°C in Smooth Muscle Cell
Basal Medium (SmBM) (Clonetics) supplemented with
0.5 ug ml~! human epidermal growth factor, 5 mg ml~!
insulin, 1 ug ml~' human fibroblast growth factor, 5% FCS
and antibiotics (GA-1000) in a humidified atmosphere of 5%
CO; in air. USMC were subcultured every 7 days into a
150 cm? culture dish using 0.05% trypsin-0.53 mM EDTA,
with culture medium changed every 3 days. Cells were
arranged in bundles forming a highly organized hill-and-valley
structure, which is characteristic of smooth muscle cells in
culture. All experiments were performed between passages 5—
10 and cells were identified histochemically by anti-x¢-actin and
factor VIII antibody.

[?H J-oxytocin binding assay

Human USMC in a 500 cm? culture dish was washed twice
with phosphate-buffered saline (PBS), scraped into a solution
containing 250 mM sucrose, 10 mM MgCl, and 50 mM Tris-
HCI (pH 7.4), and homogenized with polytron (Kinematica,
Lucerne, Switzerland) at 4°C. After centrifugation at
2,000 x g for 10 min at 4°C, the supernatant was centrifuged
at 40,000 x g for 20 min at 4°C. The resulting pellet was
resuspended in 50 mM Tris-HCI (pH 7.4) and 10 mM MgCl,
and stored in small aliquots at —80°C until use. Protein was
determined by the Coomassie blue method using BSA as a
standard. For saturation binding studies, membrane prepara-
tions were incubated with various concentrations of [*H]-
oxytocin (0.1-6.0 nm). For competition studies, [?’H]-oxytocin
(0.7 nM) was added to membrane preparations, which was
then incubated with various concentrations of compounds in
250 ul of assay buffer (Tris-HCI 50 mMm, pH 7.4, containing
MgCl, 10 mM and 0.05% BSA). Binding reactions were
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initiated by the addition of the membrane preparations and
assay mixtures were incubated for 60 min at 30°C, which
allowed equilibrium to be established. After incubation, the
reaction was terminated by addition of 3 ml of ice-cold Tris
buffer (Tris-HCI 50 mMm, pH 7.4, and MgCl, 10 mMm) followed
immediately by rapid filtration through Whatman GF/C
filters. The radioactivity retained on filters was counted with
a liquid scintillation counter (Packard Tricarb scintillation
counter, Packard Instrument Co., Inc., CT, U.S.A.). Non-
specific binding was determined in the presence of an excess
oxytocin (1 uM). The inhibitory dissociation constant (K;) was
calculated from the following formula: K;=1Csy/(1 +[L]/K,),
where [L] is the concentration of radioligand present in the
tube and K, is the dissociation constant of radioligand
obtained from Scatchard plot analysis (Cheng & Prusoff,
1973). Data were analysed using GraphPad PRISM software
(GraphPAD Software, Inc.: San Diego, CA, U.S.A.).

Measurement of intracellular Ca®* concentration

([Ca"])

Serum-deprived monolayer cultures of USMC were grown on
coverglasses (13.5 mm in diameter) and were assayed 1 day
later. Cell monolayers were loaded with Fura 2-AM (2 um/
coverglass) in Krebs-Henseleit-HEPES buffer (containing in
mM: NaCl 130, KCI1 5, CaCl, 1.25, MgSO, 0.8, glucose 5.5,
HEPES 20 and 0.1% BSA, pH 7.4) for 30 min at 37°C. They
were then washed with PBS, transferred to Fura 2-free Krebs-
Henseleit-HEPES buffer and incubated for an additional
30 min at 37°C. The coverglass was placed into a quartz
cuvette containing 2 ml Krebs-Henseleit-HEPES buffer and
maintained at 37°C with continuous stirring. When thermal
equilibrium was reached, the fluorescence signal was recorded
with a CAF-110 spectrofluorometer (Japan Spectrometer Co.,
Tokyo, Japan) at both 340 and 380 nm excitation wave-
lengths, and 500 nm emission wavelength. After recording the
baseline signal for 3 min, oxytocin was added to the cuvette to
stimulate the mobilization of intracellular calcium in the
presence or absence of antagonists (preincubation of 3 min).
Fluorescence measurements were converted to [Ca’*]; by
determining maximal fluorescence (R,..) with the nonfluor-
escent Ca’" ionophore, ionomycin (25 uM), after which
minimal fluorescence (R,;,) was obtained by adding 3 mm
EGTA. From the ratio of fluorescence at 340 and 380 nm, the
[Ca’"]; was determined using the following equation: [Ca®"];
(nM) = K; X [(R— Ruin)/(Rmax— R)] x b (Grynkiewicz et al.,
1985). The term b is the ratio of fluorescence of Fura 2 at
380 nm under zero Ca’" conditions to saturated Ca®*
conditions. K, is the dissociation constant of Fura 2 for
Ca*", taken from Grynkiewicz et al.’s measurement of
224 nM.

Determination of cell number

Human USMC were seeded into 48-well culture plates at 60—
80% confluence, washed with PBS, and incubated in SmBM
containing 0.5% FCS for 48 h. The cultures were then
incubated for 72 h in SmBM containing 0.5% FCS and
0.05% BSA containing vehicle alone or various concentrations
of agonists, antagonists, or both. To determine the number of
cells per culture well, the cells were exposed to AlamarBlue
(IWAKI, Tokyo, Japan) (Ahmed et al., 1994) during the last
3 h of the incubation, and the absorbencies of the wells at 570
and 600 nm were measured with SPECTRAmax 250 micro-
plate spectrophotometer (Molecular Devices, Sunnyvale, CA,
U.S.A.). Control experiments showed a linear relation between

absorbance and cell number up to a cell density of 30,000
cells well ™",

Analysis of data

Experimental results are expressed as the mean +standard
error of the mean (s.e.mean) or the mean with 95% confidence
limits. All experiments were repeated at least three times, and
comparable results were obtained.

Results
Saturability of [*H]-oxytocin binding

Specific binding of [*H]-oxytocin to USMC plasma membranes
was dependent upon time, temperature and membrane protein
concentration. The saturability of [*’H]-oxytocin binding was
measured by incubating the USMC membranes with various
concentrations of [*H]-oxytocin from 0.1-6.0 nM (Figure 1a).
The saturation isotherm is a rectangular hyperbola, suggesting
that a single population of saturable high affinity oxytocin
binding sites exists. Scatchard plot analysis of specific binding
of [PH]-oxytocin to USMC membranes gave an apparent
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Figure 1 (a) Saturation equilibrium specific binding of [PHJ-oxytocin
to human USMC membranes. Increasing concentrations of [*HJ-
oxytocin were incubated with USMC membranes (0.1 mg protein) for
60 min at 30°C. Specific binding was determined as the difference
between total and nonspecific binding in the absence and presence of
1 uM unlabelled oxytocin. (b) Scatchard plot of specific [°H]-oxytocin
binding data in (a). X-intercept of least-squares fit to Scatchard plot
is a measure of maximal receptor density (Bp.x); negative reciprocal
of the slope is the dissociation constant (K,). Results are
representative data from eight independent experiments performed
in duplicate.
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dissociation constant (K,;) of 0.76+0.04 nM and a maximal
receptor density (Bm.) of 15344 fmol mg~"' protein (6560
receptors cell™!) (Figure 1b). A plot of binding data for [*H]-
oxytocin according to the Hill equation gave a straight line
with a Hill coefficient (n) of 1.024+0.02, suggesting the
existence of one population of binding sites.

Specificity of [2H]-oxytocin binding

Pharmacologic specificity of binding was assessed by studying
the inhibition of [*H]-oxytocin binding by oxytocin and AVP
receptor agonists and antagonists. Naturally occurring
neurohypophysial hormones, oxytocin and AVP, showed high
affinities for USMC membranes, with K; values of
0.7540.08 nM for oxytocin and 2.99+0.39 nM for AVP
(Figure 2a). Synthetic analogues selective for oxytocin, Via
or V, receptors were then tested for their ability to displace
[PHl]-oxytocin binding. The oxytocin receptor agonists,
[Asu"l-oxytocin and [Thr*,Gly’]-oxytocin, and the antagonist,
atosiban, had high affinity for USMC with K; values of
1.404+024 nM for [Asu'®-oxytocin, 17.9+2.8 nM for
[Thr*,Gly’]-oxytocin and 3.55+0.52 nM for atosiban (Figure
2a,b). In contrast, the V;, receptor selective antagonist,
d(CH,)sTyr(Me)AVP, exhibited moderate affinity for USMC
with K; value of 7.434+0.54 nM, and the V, receptor agonist,
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Figure 2 Displacement of specific [*HJ-oxytocin bound to human
USMC membranes by oxytocin, AVP and oxytocin receptor agonists
(a) and nonpeptide oxytocin and AVP receptor antagonists (b).
Membranes (0.1 mg protein) were incubated with 0.7 nm of [*H]-
oxytocin in the presence or absence of increasing concentrations of
unlabelled compounds for 60 min at 30°C. Specific binding of [*H]-
oxytocin is expressed as percentage of the control binding. Results
are representative data from four independent experiments performed
in duplicate.

dDAVP, exhibited much lower affinity with K; value of
141+ 11 nM (Table 1). Nonpeptide oxytocin and AVP receptor
antagonists, L-371257, SR 49059, OPC-21268, SR 121463A,
OPC-31260 and YMO0S87, were then assayed for their ability to
inhibit binding of [*H]-oxytocin (Figure 2b, Table 1). The
oxytocin receptor selective antagonist, L.-371257, showed high
affinity for USMC membranes with a K; value of
2.214+0.23 nM. The V,5 receptor selective antagonists, SR
49059 and OPC-21268, exhibited moderate affinity with K;
values of 69.3+7.3 nM and 209+ 10 nM, respectively. How-
ever, the V, receptor selective antagonists, SR 121463A and
OPC-31260, exhibited much lower affinity with K; values of
1940+ 110 nM and 24904480 nM, respectively. On the
contrary, the V,5/V, receptor antagonist, YMO087, showed
moderate affinity with a K; value of 29.8+4.1 nM. For the
entire series of oxytocin and AVP receptor agonists and
antagonists tested, there was a highly significant correlation
between the pK; values determined on human USMC
membranes and the corresponding values measured on human
myometrium oxytocin receptors (Figure 3a). No such
correlation was found when comparing the ligand specificity
of USMC to those of human V4, V3 and V, receptor-
expressing Chinese hamster ovary (CHO) cell membranes
(Figure 3b,c,d).

Oxytocin-induced [Ca’™ ]; increase

Because a prominent action of oxytocin in several cell types is
to increase [Ca®"];, the coupling of oxytocin receptors present
in human USMC to second messenger pathways was tested.
The basal [Ca’']; in human USMC was 66.2+0.6 nM.
Addition of oxytocin, AVP, [Asu"‘l-oxytocin and
[Thr*,Gly’]-oxytocin to USMC resulted in an increase in
[Ca?"];in a concentration-dependent manner (Figure 4a, Table
2). Agonist-induced rise of [Ca®*]; was biphasic and an
immediate and transient spike was observed (time to
peak <10 s), followed by a prolonged plateau of elevated
[Ca2"]; which was still above basal values 2 min after addition

Table 1 K; values of various oxytocin and AVP receptor
agonists and antagonists measured using human uterine
smooth muscle cell (USMC) plasma membranes and human
oxytocin receptors

Oxytocin

Uusmc receptors
Oxytocin 0.75+0.08 1940.1*
AVP 2.9940.39 7.0+1.6*
[Asu'“]-oxytocin 1.40+0.24
[Thr?*, Gly'J-oxytocin 17.9+2.8 22+4*
Atosiban 3.554+0.52 3442
d(CH,)sTyr(Me)AVP 7.43+0.54 5.9+1.0°
dDAVP 141+11 140+ 16*
L-371257 2.21+0.23 4.6+0.3¢
SR 49059 69.3+7.3 130°
OPC-21268 209+ 10 170 +49%
SR 121463A 1940+ 110 12134383¢
OPC-31260 2490 +480 1077 +319°
YMO87 29.8+4.1

Inhibitory constant (K;) values were calculated according to
the equation of Cheng & Prusoff (K;=1Csy/(1+ C/Ky)) using
data from competition experiments. Values are mean-
s+s.e.mean obtained from 3-6 independent experiments
performed in duplicate. Corresponding values for human
oxytocin and AVP receptors are taken from previously
reported data. Key to references: “Jasper et al, 1995,
"Serradeil-Le Gal er al., 1993, °Serradeil-Le Gal et al.,
1996 and Williams ez al., 1995.
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Figure 3 Ligand selectivity of human USMC receptors assessed using (a) human oxytocin, (b) V4, (¢) Vg and (d) V, receptors
(constructed from data given in Table 1 and previously reported data, Tahara et al., 1998). pK; (—log K;) values for binding of
oxytocin and AVP receptor agonists and antagonists tested to human USMC membranes are plotted against corresponding values
determined for both human myometrium, and AVP receptor subtypes (Via, Vig and V,) expressed on CHO cell plasma membranes.

of the stimulus. On the contrary, dDAVP did not cause an
increase in [Ca®"]; at concentrations up to 1 um (data not
shown). The oxytocin receptor antagonists, atosiban and L-
371257, potently inhibited an increase in [Ca®*]; stimulated by
100 nM oxytocin in a concentration-dependent manner with K;
values of 0.49 (0.28—0.86) nM and 0.46 (0.29-0.73) nMm,
respectively (Figure 4b, Table 2). In contrast, the inhibitory
potency of the V5 receptor selective antagonists, SR 49059
and OPC-21268, and the V,,/V, receptor antagonist, YMO087,
was 18-20 times lower than that of oxytocin receptor
antagonists (Table 2). Furthermore, the V, receptor selective
antagonists, SR 121463A and OPC-31260, did not potently
inhibit oxytocin-induced [Ca®"]; increase. These K; values
correspond well with the K; values obtained from the [*H]J-
oxytocin displacement experiments.

Oxytocin-induced hyperplasia

Addition of oxytocin and AVP significantly and concentra-
tion-dependently increased cell number in USMC. The ECs,
values of oxytocin and AVP were 5.47 (4.34—6.91) nM and
1190 (239-5950) nM, respectively (Figure 5a). The oxytocin
receptor antagonists, atosiban and L-371257, potently and
concentration-dependently inhibited hyperplasia stimulated by
100 nM oxytocin with K; values of 0.47 (0.02—1.35) nM and
1.42 (0.67-3.00) nM, respectively (Figure Sb, Table 2). In

Table 2 Effect of oxytocin and AVP receptor agonists and
antagonists on [Ca®"J; response and hyperplasia in human
uterine smooth muscle cells

ECso/K; (nM)

Compounds [Ca’™ ]; response  Hyperplasia
Agonists
Oxytocin 2.09 (1.19-3.65) 5.47 (4.34—6.91)
AVP 114 (52-251) 1190 (239-5950)

[Asu'“]-oxytocin
[Thr?*, Gly’J-oxytocin

7.04 (3.44—14.4)
71.4 (29.7-172)

Antagonists

Atosiban 0.49 (0.28-0.86) 0.47 (0.02—-1.35)
L-371257 0.46 (0.29-0.73) 1.42 (0.67—-3.00)
d(CH,)sTyr(Me)AVP  1.39 (0.67-2.90) 3.70 (1.06—12.9)
dDAVP 20.5 (9.2-45.4) 14.4 (4.2-50.0)

SR 49059 13.4 (8.1-22.0) 16.2 (10.4-25.1)
OPC-21268 13.0 (8.5-19.9) 88.4 (38.8—201)
SR 121463A 398 (267-596) 512 (235-1120)
OPC-31260 400 (185-865) 821 (306-2200)
YMO87 8.59 (5.90—-12.5) 45.0 (26.4-76.7)

The half-maximal

effective concentration (ECsg) was

calculated for the concentration-response curve obtained
for each agonist. The half-maximal concentration inhibiting
100 nm oxytocin-induced responses (ICsg) is given for each
antagonist. Apparent K; values were calculated from Cheng
& Prusoff (1973) relationship, K;=1Csp/(1+[L]/ECsp).
Values are means with 95% confidence limits obtained from
four independent experiments.
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Figure 4 (a) Effect of oxytocin, AVP, [Asu'®]-oxytocin and
[Thr*,Gly’J-oxytocin on [Ca®"]; increase in human USMC. (b)
Inhibitory effect of oxytocin and AVP receptor antagonists
(preincubation of 3 min) on the response to a submaximal
concentration of oxytocin (100 nm). Values are means+s.e.mean of
four independent experiments.

contrast, the inhibitory potency of the V;, receptor selective
antagonists, SR 49059 and OPC-21268, and the V;A/V,
receptor antagonist, YMO087, was 30—200 times lower than
that of oxytocin receptor antagonists (Table 2). Furthermore,
the V, receptor selective antagonists, SR 121463A and OPC-
31260, did not potently inhibit oxytocin-induced [Ca’"];
increase.

Discussion

The data generated during this study clearly demonstrate the
existence of specific, high-affinity binding sites for oxytocin in
human USMC. Binding of [*HJ-oxytocin to USMC mem-
branes is time-, temperature- and protein concentration-
dependent. The population of receptor sites is homogeneous,
as indicated by the linear Scatchard plot of the binding
experiments shown in Figure 1. The K, of the oxytocin
receptors in USMC is the nanomolar range, in agreement with
K, values obtained for oxytocin receptors from other tissues
and species (Kimura et al., 1994; Soloff et al., 1977; Bonne &
Cohen, 1975). Furthermore, the maximal oxytocin binding
capacity of USMC is also in the same order of magnitude as
the maximal oxytocin binding capacities found in rat uterus
and mammary gland (Soloff et al., 1977).

Radioligand binding experiments using a variety of
oxytocin and AVP receptor agonists and antagonists indicate

140 9 -8 7 6 -5 -4
Drug Concentration (log M)

Figure 5 (a) Effect of oxytocin and AVP on hyperplasia of cultured
human USMC. (b) Inhibitory effect of oxytocin and AVP receptor
antagonists on the response to a submaximal concentration of
oxytocin (100 nm). Values are means+s.e.mean of four independent
experiments.

pharmacologic similarity between human USMC and uterine
tissue oxytocin binding sites which is distinct from the known
AVP receptor subtypes (Tahara et al., 1998). The oxytocin
receptor antagonist, L-371257, exhibits much higher affinity
for the oxytocin receptors in USMC than for the AVP receptor
subtypes Vi, Vig and V,, which is consistent with earlier
results (Williams ez al., 1995). In addition, the selective
oxytocin receptor agonists [Asu'°]-oxytocin and [Thr*,Gly’]-
oxytocin possess similar high affinities for USMC. In contrast,
the V,, receptor selective antagonist SR 49059, and the V,
receptor selective antagonist SR 121463A show appropriate
selectivity for their AVP receptor subtypes but had measurably
lower affinities for oxytocin binding sites in USMC. For the
entire series of oxytocin and AVP receptor agonists and
antagonists tested, there was a highly significant correlation
between pK; values determined with USMC and the
corresponding values measured for oxytocin receptors in
human myometrium (r=0.932, P<0.0001; y=0.77x+ 1.58).
No such correlation was found when comparing the ligand
specificity of oxytocin receptors in USMC with those of V4,
Vg and V, receptors (r value of 0.138, P=0.21; 0.121,
P=0.24; and 0.188, P=0.14, respectively).

Following the characterization of oxytocin receptor in
USMC, the signal transduction pathway of USMC was
investigated. Oxytocin activates phospholipase C-mediated
hydrolysis of polyphosphoinositides via the oxytocin receptors
to generate second messenger, IP;, which induces an increase in
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free intracellular calcium. Oxytocin, AVP, [Asu'‘]-oxytocin
and [Thr*,Gly’]-oxytocin administered to USMC increased
[Ca%"]; in a concentration-dependent manner and the relative
order of potency was  oxytocin>[Asu"]-oxytocin
>AVP=[Thr*,Gly’]-oxytocin. These agonistic potencies are
consistent with published affinities for oxytocin receptors and
biological oxytocic activities (Lowbridge et al, 1977,
Yamanaka et al., 1970). Nevertheless, for AVP in particular,
an approximately 10 fold difference was obtained between
affinity and agonistic potency. It has been reported that an
approximately 100 fold concentration of AVP is required to
induce the same physiological response as that induced by
oxytocin in oocytes expressing oxytocin receptors, and this was
not consistent with the observation in uterus strips (Kimura et
al., 1994). Such a difference remains unclear and has to be
studied thoroughly, however, AVP may act as a partial agonist
at human oxytocin receptors. In contrast, oxytocin-induced
[Ca®"]; increases were effectively blocked by oxytocin and AVP
receptor antagonists. The relative order of potency was L-
371257 =atosiban > d(CH,)sTyr(Me)AVP > YMO087 > OPC-
21268 = SR49059 > dDAVP > SRI121463A = OPC-31260.
These antagonistic potencies are consistent with their affinities
for oxytocin receptors in USMC. L-371257 and atosiban,
potent oxytocin receptor antagonists, blocked the effect of
oxytocin on [Ca®"]; increase in USMC at concentrations well
below the micromolar levels needed to antagonize the actions
of AVP via the V,, and V, receptors in vitro (Pettiborne et al.,
1989). This suggests that the high-affinity [*HJ-oxytocin
binding sites found in USMC are functional oxytocin receptors
coupled to a [Ca®"]; increasing mechanism. Recent studies
have reported that oxytocin induces [Ca?"]; mobilization in
human uterine smooth muscle (Schrey et al., 1988) and
myometrium (Szal et al., 1994). The present results provide
further support for a general role of this system to mediate the
contractile effects of oxytocin on smooth muscle, as previously
suggested for the uterine tissues (Phillippe, 1994; Miyauchi &
Uchida, 1994; Nohara et al., 1996).

The important function of oxytocin in parturition is based
on its contractile effects on uterine myometrium at term. It has
been reported that in addition to the maintenance of labour,
oxytocin is a key initiator of parturition, at term and in
premature labours (Soloff et al., 1979; Fuchs et al., 1982; Chan
et al., 1982). However, the exact role of oxytocin remains
unclear because the precise location of oxytocin in the complex
chain of events leading to labour and delivery remains
unknown. It is clear that parturition is highly regulated and
likely involves the interplay of many additional factors,
including prostaglandins, oestrogen, progesterone, cytokines
and possibly bacterial endotoxins (Fuchs et al., 1984; Novy &
Liggins, 1980; Romero er al., 1989). Unfortunately the
experiments in this study provide no information of the

References

AHMED, S.A., GOGAL, Jr. RM. & WALSH, J.E. (1994). A new rapid
and simple non-radioactive assay to monitor and determine the
proliferation of lymphocytes: an alternative to [°H]-thymidine
incorporation assay. J. Immunol. Methods, 170, 211 —224.

AKERLUND, M. (1987). Can primary dysmenorrhea be alleviated by
a vasopressin antagonist? Results of a pilot study. Acta. Obstet.
Gynecol. Scand., 66, 459 —461.

ANDERSEN, L.F., LYNDRUP, J., AKERLUND, M. & MELIN, P. (1989).
Oxytocin receptor blockade: a new principle in the treatment of
preterm labor? Am. J. Perinatol., 6, 196—199.

BARBERIS, C. & AUDIGIER, S. (1985). Vasopressin and oxytocin
receptors in the central nervous system of the rat. Ann.
Endocrinol. Paris, 46, 35— 39.

regulation or production of these factors in USMC; to
determine this, additional studies are required to identify the
cellular mechanisms leading to labour. From the present data,
however, it is clear that oxytocin could play an important role
in the regulation of human uterine smooth muscle cell
contraction via the specific oxytocin receptors.

Oxytocin has mitogenic properties in mouse mammary
gland, rat cortical and hypothalamic astroglia and human
vascular endothelial cells mediated by stimulation of oxytocin
receptors (Sapino et al., 1993; Lucas et al., 1995; Thibonnier et
al., 1999). Furthermore, it has been reported that oxytocin
stimulates mitogen-activated protein (MAP) kinase activity in
human uterine myometrial cells (Nohara et al., 1996; Ohmichi
et al., 1995). From these observations, it can be inferred that
the oxytocin receptors in the human myometrium may
contribute to uterine growth associated with diverse physiolo-
gic and pathophysiologic situations. However, no data is
available concerning a potential growth-promoting role in
human myometrial cells. The present results demonstrate that
oxytocin can induce cell proliferation in cultured human
USMC. It has been reported that AVP causes a mitogenic
effect on cultured human vascular smooth muscle cells and
oxytocin also exhibited weak mitogenic activity through the
Via receptors (Serradeil-Le Gal er al., 1995). However, in this
study, oxytocin induced potent mitogenic effect than that of
AVP in human USMC. Furthermore, oxytocin-induced
hyperplasic effect was more effectively inhibited by oxytocin
receptor antagonist, atosiban and L-371257, than V4 receptor
antagonist, SR 49059, suggesting that oxytocin induces
mitogenic effect through the oxytocin receptors in human
USMC. To our knowledge, this is the first demonstration of
oxytocin receptor involvement in human myometrial cell
proliferation. Although the physiological and pathophysiolo-
gical function of oxytocin-induced proliferation in human
USMC remains unclear, the present study suggests that
oxytocin may contribute to the process of hyperplasia which
occur in the uterus throughout pregnancy and variety of
disease states such as endometriosis and endometrial cancer.

In conclusion, using receptor binding, second messenger
and proliferation assays, the oxytocin receptor in human
USMC was pharmacologically characterized. USMC should
prove useful in studying the binding and biochemical function
of oxytocin and its analogues, as well as aid in the evaluation
of future human oxytocin receptor antagonists.

The authors acknowledge Drs Toichi Takenaka, Takashi Fujikura,
Noboru Satoh, Isao Yanagisawa, Gensei Kon, Yuichi lizumi,
Hisataka Shikama and Kazuo Honda (Yamanouchi Pharmaceutical
Co., Ltd.) For their valuable comments and continuing encourage-
ment.

BELL, LM., ERB, J.M., FREIDINGER, R.M., GALLICCHIO, S.N.,
GUARE, J.P., GUIDOTTI, M.T., HALPIN, R.A., HOBBS, D.W.,
HOMNICK, C.F., KUO, M.S., LIS, E.V.,, MATHRE, D.J., MICHEL-
SON, S.R., PAWLUCZYK, J.M., PETTIBONE, D.J., REISS, D.R.,
VICKERS, S., WILLIAMS, P.D. & WOYDEN, C.J. (1998). Develop-
ment of orally active oxytocin antagonists: studies on 1-(1-[4-[1-
(2-methyl - 1 - oxidopyridin - 3- ylmethyl)piperidin- 1 - yloxyl] - 2-
methoxybenzoyl]piperidin-4-yl)-1,4-dihydrobenz[d][1,3]oxazin-
2-one (L-372,662) and related pyridines. J. Med. Chem., 41,
2146-2163.

BONNE, D. & COHEN, P. (1975). Characterization of oxytocin
receptors on isolated rat fat cells. Eur. J. Biochem., 56, 295—303.

British Journal of Pharmacology



138 A. Tahara et al

Oxytocin receptor in human uterine smooth muscle

CHAN, W.Y.,POWELL, A.M. & HRUBY, V.J. (1982). Antioxytocic and
antiprostaglandin-releasing effects of oxytocin antagonists in
pregnant rats and pregnant human myometrial strips. Endocri-
nology, 111, 48— 54.

CHENG, Y. & PRUSOFF, W.H. (1973). Relationship between the
inhibition constant (K;) and the concentration of inhibitor which
causes 50 per cent inhibition (ICsy) of an enzymatic reaction.
Biochem. Pharmacol., 22, 3099 —3108.

FUCHS, A.R., FUCHS, F., HUSSLEIN, P. & SOLOFF, M.S. (1984).
Oxytocin receptors in the human uterus during pregnancy and
parturition. Am. J. Obstet. Gynecol., 150, 734—741.

FUCHS, A.R., FUCHS, F., HUSSLEIN, P., SOLOFF, M.S. & FERN-
STROM, M.J. (1982). Oxytocin receptors and human parturition:
a dual role for oxytocin in the initiation of labor. Science, 215,
1396—-1398.

GOODWIN, T.M., VALENZUELA, G., SILVER, H., HAYASHI, R.,
CREASY, G.W. & LANE, R. (1996). Treatment of preterm labor
with the oxytocin antagonist atosiban. Am. J. Perinatol., 13,
143 - 146.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new
generation of Ca” " indicators with greatly improved fluorescence
properties. J. Biol. Chem., 260, 3440 —3450.

HOLDA, J.R.,OBERTI, C., PEREZ-REYES, E. & BLATTER, L.A. (1996).
Characterization of an oxytocin-induced rise in [Ca®"]; in single
human myometrium smooth muscle cells. Cell calcium, 20, 43 —
51.

JASPER, J.R., HARRELL, C.M., O’'BRIEN, J.A. & PETTIBONE, D.J.
(1995). Characterization of the human oxytocin receptor stably
expressed in 293 human embryonic kidney cells. Life Sci., 57,
2253-2261.

KIMURA, T., MAKINIO, Y., SAJI, F., TAKEMURA, M., INOUE, T.,
KIKUCHI, T., KUBOTA, Y., AZUMA, C., NOBUNAGA, T.,
TOKUGAWA, Y. & TANIZAWA, O. (1994). Molecular character-
ization of a cloned human oxytocin receptor. Eur. J. Endocrinol.,
131, 385-390.

KIMURA, T., TANIZAWA, O., MORI, K., BROWNSTEIN, M.J. &
OKAYAMA, H. (1992). Structure and expression of a human
oxytocin receptor. Nature, 356, 526—529.

KRUSZYNSKI, M., LAMMEK, B., MANNING, M., SETO, J., HALDAR,
J. & SAWYER, W.H. (1980). [1-(beta-Mercapto-beta,beta-cyclo-
pentamethylenepropionicacid),2-(O-methyl)tyrosine] arginine-
vasopressin and [1-(beta-mercapto-beta,beta-cyclopentamethy-
lenepropionic acid)]arginine-vasopressin, two highly potent
antagonists of the vasopressor response to arginine-vasopressin.
J. Med. Chem., 23, 364—368.

LEFEBVRE, D.L., GIAID, A., BENNETT, H., LARIVIERE, R. & ZINGG,
H.H. (1992). Oxytocin gene expression in rat uterus. Science, 256,
1553 -1555.

LOPEZ BERNAL, A., PHIPPS, S.L. ROSEVEAR, S.K. & TURNBULL,
A.C. (1989). Mechanism of action of the oxytocin antagonist 1-
deamino-2-D-Tyr-(OEt)-4-Thr-8-Orn-oxytocin. Br. J. Obstet.
Gynaecol., 96, 1108 —1110.

LOWBRIDGE, J., MANNING, M., HALDAR, J. & SAWYER, W.H.
(1977). Synthesis and some pharmacological properties of [4-
threonine,7-glycineJoxytocin, [1-(L-2-hydroxy-3-mercaptopro-
panoic acid), 4-threonine,7-glycineloxytocin (Hydroxy[Thr? -
GlyJoxytocin), and [7-GlycineJoxytocin, peptide with high
oxytocic-antidiuretic selectivity. J. Med. Chem., 20, 120—123.

LUCAS, R.L. & SALM, A K. (1995). Astroglia proliferate in response
to oxytocin and vasopressin. Brain Res., 681, 218 —222.

MAGGI, M., DEL CARLO, P., FANTONI, G., GIANNINI, S., TORRISI,
C., CASPARIS, D., MASSI, G. & SERIO, M. (1990). Human
myometrium during pregnancy contains and responds to V1
vasopressin receptors as well as oxytocin receptors. J. Clin.
Endocrinol. Metab., 70, 1142—-1154.

MAGGI, M., GENAZZANI, A.D., GIANNINI, S., TORRISI, C., BALDI,
E., DI TOMASSO, M., MUNSON, P.J., RODBARD, D. & SERIO, M.
(1988). Vasopressin and oxytocin receptors in vagina, myome-
trium, and oviduct of rabbits. Endocrinology, 122, 2970—2980.

MANNING, M., CHENG, L.L., KLIS, W.A., STOEV, S., PRZYBYLKSKI,
J., BANKOWSKI, K., SAWYER, W.H., BARBERIS, C. &« CHAN, W.H.
(1995). Advances in the design of selective antagonists, potential
tocolytics, and radioiodinated ligands for oxytocin receptors.
Adv. Exp. Med. Biol., 395, 559 —583.

MANNING, M., KRUSZYNSKI, M., BANKOWSKI, K., OLMA, A,
LAMMEK, B., CHENG, L.L., KLIS, W.A_, SETO, J., HALDAR, J. &
SAWYER, W.H. (1989). Solid-phase synthesis of 16 potent
(selective and nonselective) in vivo antagonists of oxytocin. J.
Med. Chem., 32, 382—-391.

MCCARTHY, M.M., KLEOPOULOS, S.P., MOBBS, C.V. & PFAFF, D.W.
(1994). Infusion of antisense oligodeoxynucleotides to the
oxytocin receptor in the ventromedial hypothalamus reduces
estrogen-induced sexual receptivity and oxytocin receptor
binding in the female rat. Neuroendocrinology, 59, 432 —440.

MCCARTHY, M.M., KOW, L.M. & PFAFF, D.W. (1992). Speculations
concerning the physiological significance of central oxytocin in
maternal behavior. Ann. N.Y. Acad. Sci., 652, 70 —82.

MELIN, P., TROJNAR, J., JOHANSSON, B., VILHARDT, H. &
AKERLUND, M. (1986). Synthetic antagonists of the myometrial
response to vasopressin and oxytocin. J. Endocrinol., 111, 125—
131.

MIYAUCHI, Y. & UCHIDA, M.K. (1994). Ca®"-inhibition of Ca®*-
induced small contraction of rat uterine smooth muscle. Eur. J.
Pharmacol., 263, 75— 80.

MORRISON, J.J., DEARN, S.R, SMITH, S.K. & AHMED, A. (1996).
Activation of protein kinase C is required for oxytocin-induced
contractility in human pregnant myometrium. Hum. Reprod., 11,
2285-2290.

NOHARA, A., OHMICHI, M., KOIKE, K., MASUMOTO, N., KOBAYA-
SHI, M., AKAHANE, M., IKEGAMI, H., HIROTA, K., MIYAKE, A.
& MURATA, Y. (1996). The role of mitogen-activated protein
kinase in oxytocin-induced contraction of uterine smooth muscle
in pregnant rat. Biochem. Biophys. Res. Commun., 229, 938 —944.

NOVY, M.J. & LIGGINS, G.C. (1980). Role of prostaglandins,
prostacyclin, and thromboxanes in the physiologic control of
the uterus and in parturition. Semin. Perinatol., 4, 45— 66.

OHMICHI, M., KOIKE, K., NOHARA, A., KANDA, Y., SAKAMOTO, Y.,
ZHANG, Z.X., HIROTA, K. & MIYAKE, A. (1995). Oxytocin
stimulates mitogen-activated protein kinase activity in cultured
human puerperal uterine myometrial cells. Endocrinology, 136,
2082-2087.

PETTIBONE, D.J., CLINESCHMIDT, B.V., ANDERSON, P.S., FREI-
DINGER, R.M., LUNDELL, G.F., KOUPAL, L.R., SCHWARTZ,
C.D., WILLIAMSON, J.M., GOETZ, M.A., HENSENS, O.D., LIESCH,
C.D. & SPRINGER, J.P. (1989). A structurally unique, potent, and
selective oxytocin antagonist derived from Streptomyces silven-
sis. Endocrinology, 125, 217—222.

PHILLIPPE, M. (1994). The relationship between oxytocin, phos-
phoinositide-specific phospholipase C, and phasic myometrial
contractions. J. Soc. Gynecol. Investig., 1, 49 —54.

ROMERO, R., MANOGUE, K.R., MITCHELL, M.D., WU, Y.K.,
OYARZUN, E., HOBBINS, J.C. & CERAMI, A. (1989). Infection
and labor. IV. Cachectin-tumor necrosis factor in the amniotic
fluid of women with intraamniotic infection and preterm labor.
Am. J. Obstet. Gynecol., 161, 336 —341.

ROZEN, F., RUSSO, C., BANVILLE, D. & ZINGG, H.H. (1995).
Structure, characterization, and expression of the rat oxytocin
receptor gene. Proc. Natl. Acad. Sci. U.S.A., 92, 200—204.

SAPINO, A., MACRI, L., TONDA, L. & BUSSOLATI, G. (1993).
Oxytocin enhances myoepithelial cell differentiation and pro-
liferation in the mouse mammary gland. Endocrinology, 133,
838 -842.

SAWYER, W.H. & MANNING, M. (1985). The use of antagonists of
vasopressin in studies of its physiological functions. Fed. Proc.,
44, 78 - 80.

SCHREY, M.P., CORNFORD, P.A., READ, A.M. & STEER, P.J. (1988).
A role for phosphoinositide hydrolysis in human uterine smooth
muscle during parturition. Am. J. Obstet. Gynecol., 159, 964 —
970.

SCHUMACHER, M., COIRINI, H., JOHNSON, A.E., FLANAGAN, L. M.,
FRANKFURT, M., PFAFF, D.W. & MCEWEN, B.S. (1993). The
oxytocin receptor: a target for steroid hormones. Regul. Pept.,
45, 115-119.

SERRADEIL-LE GAL, C., HERBERT, J.M., DELISEE, C., SHAEFFER,
P., RAUFASTE, D., GARCIA, C., DOL, F., MARTY, E., MAF-
FRAND, J.P. & LE FUR, G. (1995). Effect of SR 49059, a
vasopressin Vy, antagonist, on human vascular smooth muscle
cells. Am. J. Physiol., 268, H404—H410.

SERRADEIL-LE GAL, C., LACOUR, C., VALETTE, G., GARCIA, G.,
FOULON, L., GALINDO, G., BANKIR, L., POUZET, B., GUILLON,
G., BARBERIS, C., CHICOT, D., JARD, S., VILAIN, P., GARCIA, C.,
MARTY, E., RAUFASTE, D., BROSSARD, G., NISATO, D.,
MAFFRAND, J.P. & LE FUR, G. (1996). Characterization of SR
121463A, a highly potent and selective, orally active vasopressin
V, receptor antagonist. J. Clin. Invest., 98, 2729 -2738.

British Journal of Pharmacology



A. Tahara et al

Oxytocin receptor in human uterine smooth muscle 139

SERRADEIL-LE GAL, C., WAGNON, J., GARCIA, C., LACOUR, C.,
GUIRAUDOU, P., CHRISTOPHE, B., VILLANOVA, G., NISATO, D.,
MAFFRAND, J.P., LE FUR, G., GUILLON, G., CANTAU, B.,
BARBERIS, C., TRUEBA, M., ALA, Y. & JARD, S. (1993).
Biochemical and pharmacological properties of SR 49059, a
new, potent, nonpeptide antagonist of rat and human vasopres-
sin Vy, receptors. J. Clin. Invest., 92, 224—231.

SOLOFF, M.S. (1975). Oxytocin receptors in rat oviduct. Biochem.
Biophys. Res. Commun., 66, 671 —677.

SOLOFF, M.S., ALEXANDROVA, M. & FERNSTROM, M.J. (1979).
Oxytocin receptors: triggers for parturition and lactation?
Science, 204, 1313—-1315.

SOLOFF, M.S., SCHROEDER, B.T., CHAKRABORTY, J. & PEARL-
MUTTER, A.F. (1977). Characterization of oxytocin receptors in
the uterus and mammary gland. Fed. Proc., 36, 1861 —1866.

SZAL, S.E., REPKE, J.T., SEELY, E.W., GRAVES, S.W., PARKER, C.A.
& MORGAN, K.G. (1994). [Ca®"]; signaling in pregnant human
myometrium. Am. J. Physiol., 267, E77—E87.

TAHARA, A., SAITO, M., SUGIMOTO, T., TOMURA, Y., WADA, K.,
KUSAYAMA, T., TSUKADA, J., ISHII, N., YATSU, T., UCHIDA, W.
& TANAKA, A. (1998). Pharmacological characterization of the
human vasopressin receptor subtypes stably expressed in Chinese
hamster ovary cells. Br. J. Pharmacol., 125, 1463 —1470.

TAHARA, A., TOMURA, Y., WADA, K., KUSAYAMA, T., TSUKADA,
J., TAKANASHI, M., YATSU, T., UCHIDA, W. & TANAKA, A.
(1997). Pharmacological profile of YMO087, a novel potent
nonpeptide vasopressin Vi and V, receptor antagonist, in vitro
and in vivo. J. Pharmacol. Exp. Ther., 282, 301 —308.

TASAKA, K., MASUMOTO, N., MIYAKE, A. & TANIZAWA, O. (1991).
Direct measurement of intracellular free calcium in cultured
human puerperal myometrial cells stimulated by oxytocin: effects
of extracellular calcium and calcium channel blockers. Obstet.
Gynecol., 77, 101 -106.

THIBONNIER, M., CONARTY, D.M., PRESTON, J.A., PLESNICHER,
C.L., DWEIK, R.A. & ERZURUM, S.C. (1999). Human vascular
endothelial cells express oxytocin receptors. Endocrinology, 140,
1301-1309.

THORNTON, S. & SMITH, S.K. (1995). The physiological basis for
administration of oxytocin antagonists in preterm labor. J. Royal
Soc. Med., 88, 166—170.

WILLIAMS, P.D., ANDERSON, P.S., BALL, R.G., BOCK, M.G., CAR-
ROLL, L., CHIU, S.H., CLINESCHMIDT, B.V., CULBERSON, J.C.,
ERB, J.M., EVANS, B.E., FITZPATRICK, S.L., FREIDINGER, R.M.,
KAUFMAN, M.J., LUNDELL, G.F., MURPHY, J.S., PAWLUCZYK,
J.M., PERLOW, D.S., PETTIBONE, D.J., PITZENBERGER, S.M.,
THOMPSON, K.L. & VEBER, D.F. (1994). 1-((7,7-Dimethyl-2(S)-
(2(S)-amino-4-(methylsulfonyl)butyramide)bicyclo [2.2.1]-hep-
tan-1(S)-yl)methyl)sulfonyl)-4-(2-methylphenyl)piperazine  (L-
368,899): an orally bioavailable, non-peptide oxytocin antagonist
with potential utility for managing preterm labor. J. Med. Chem.,
37, 565-571.

WILLIAMS, P.D., CLINESCHMIDT, B.V, ERB, J.M., FREIDINGER,
R.M., GUIDOTTI, M.T., LIS, E.V., PAWLUCZYK, J.M., PETTI-
BONE, D.J., REISS, D.R., VEBER, D.F. & WOYDEN, C.J. (1995). 1-
(1-[4-[N-acetyl-4-piperidinyl]oxy]-2-methoxybenzoyl]piperidin-
4-yl)-4H-3,1-benzoxazin-2(1H)-one (L-371,257): a new, orally
bioavailable, non-peptide oxytocin antagonist. J. Med. Chem.,
38, 4634—-4636.

YAMAMURA, Y., OGAWA, H., CHIHARA, T., KONDO, K., ONOGA-
WA, T., NAKAMURA, S., MORI, T., TOMINAGA, M. & YABUU-
CHI, Y. (1991). OPC-21268, an orally effective, nonpeptide
vasopressin V1 receptor antagonist. Science, 252, 572—574.

YAMAMURA, Y., OGAWA, H., YAMASHITA, H., CHIHARA, T.,
MIYAMOTO, H., NAKAMURA, S., ONOGAWA, T., YAMASHITA,
T., HOSOKAWA, T., MORI, T., TOMINAGA, M. & YABUUCHI, Y.
(1992). Characterization of a novel aquaretic agent, OPC-31260,
as an orally effective, nonpeptide vasopressin V, receptor
antagonist. Br. J. Pharmacol., 105, 787—791.

YAMANAKA, T., HASE, S., SAKAKIBARA, S., SCHWARTZ, I.L.,
DUBOIS, B.M. & WALTER, R. (1970). Crystalline deamino-
dicarba-oxytocin: Preparation and some pharmacological prop-
erties. Mol. Pharmacol., 6, 474 —480.

ZAORAL, M., KOLGC, J. & SORM, F. (1967). Amino acids and peptides.
LXXII. Synthesis of 1-deamino-8-D-gamma-aminobutyrine-va-
sopressin, 1-deamino-8-D-lysin-vasopressin, and 1-deamino-8-D-
arginine-vasopressin. Coll. Czech. Chem. Commun., 32, 1250 —
1257.

( Received June 11, 1999
Revised September 24, 1999
Accepted October 8, 1999)

British Journal of Pharmacology



