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Summary

1. A synthetic oxytocin analogue, [l1-N-carbamoyl-hemicystine-2-O-methyl-
tyrosine]-oxytocin (carbamoyl-methyloxytocin), has been tested as an antagonist
to the actions of oxytocin and vasopressin on the uterus, the mammary gland
and blood pressure.

2. The analogue inhibited the response of the isolated rat uterus to both
oxytocin and vasopressin without itself stimulating the uterus to contract. The
responses to equipotent doses of oxytocin and vasopressin were inhibited
equally. There was little or no inhibtion of the response to bradykinin.
carbachol, angiotensin or 5-hydroxytryptamine with doses of the analogue up
to 160 times that required to inhibit the response to oxytocin by 509%. The
analogue caused a parallel displacement of the log dose-response curve for
oxytocin ; the pA, value (2 min contact) varied from 6-4 to 7-1 according to the
ionic composition of the solution in the organ bath.

3. The analogue inhibited the response of the rat uterus in situ to oxytocin but
not to angiotensin or 5-hydroxytryptamine. It did not stimulate the uterus.

4. When, in certain experimental conditions, spontaneous activity occurred in
the isolated uterus or the uterus in situ, this activity was unaffected by the
analogue but the increase in amplitude and frequency of contractions caused by
oxytocin was inhibited. The regular rhythm of contractions induced in the

* Present address: Biological and Medical Research Division, Sandoz AG. Basle, Switzerland.

+ Present address: Department of Pharmacology, University of Alberta, Edmonton, Alberta.
Canada.

+ Present address: Institute for Molecular Biology and Biophysics. Swiss Federal Institute
of Technology, Ziirich, Switzerland.



An antagonist to neurohypophysial hormones 343

quiescent uterus by the intravenous infusion of oxytocin was interrupted by
intravenous injections of the analogue.

5. The response of the isolated strip of rat mammary gland to the analogue
depended on whether or not magnesium was present in the bath solution. In
the presence of this ion, the analogue generally caused an increase in tension ;
in its absence, it acted as a pure antagonist. As on the isolated uterus,
oxytocin and vasopressin were equally inhibited, and the analogue caused a
parallel displacement of the log dose-response curve for oxytocin. With 0-9 mm
Ca and 1:0 mM Mg, the mean pA, value (2 min contact) was 628 +0-08 (S.E.)

6. In the lactating rat, the analogue inhibited the milk-ejection response to
oxytocin and vasopressin but not that to acetylcholine, bradykinin or
5-hydroxytryptamine. A milk-ejection response to the analogue itself was seen
occasionally with retrograde arterial but not with intravenous injections.

7. The analogue inhibited the avian depressor response to oxytocin and the
rat pressor response to vasopressin.

8. On all assay preparations, the degree of inhibition caused by the analogue
was dependent on the dose, and the inhibition could be surmounted by increas-
ing the dose of agonist. Recovery usually occurred within 15 min. These
features, together with the parallel displacement of the dose-response curve for
oxytocin on the isolated uterus and mammary strip, and the equal inhibition
of the responses to oxytocin and vasopressin, suggest that carbamoyl-methyl-
oxytocin acts as a specific competitive inhibitor of the neurohypophysial
hormones.

9. The structure-activity relationships of analogues of oxytocin having sub-
stituents in the terminal amino and phenolic hydroxyl groups, and some prac-
tical applications of the carbamoyl-methyl analogue, are discussed.

Introduction

It has been reported that the inhibitory properties of [2-O-methyltyrosine]-
oxytocin (methyloxytocin) (Law & du Vigneaud, 1960 ; Berdnkovd, Rychlik, Jost,
Rudinger & Sorm, 1961) can be accentuated by additional substitution of the
terminal amino group by a carbamoyl residue (Fig. 1) (Bisset & Smyth, unpub-
listed: quoted by Smyth, 1967b ; Bisset & Clark, 1968 ; Chimiak, Eisler, Joit &
Rudinger, 1968). Whereas methyloxytocin acts as an inhibitor of oxytocin on some
assay systems but has an oxytocin-like action on others (for review, see Rudinger &
Krejci, 1968), its N-carbamoyl derivative acts as an antagonist on all the systems
which are generally used for the assay of oxytocin. The pharmacological proper-
ties of the synthetic oxytocin analogue [1-N-carbamoyl-hemicystine-2-O-methyl-
tyrosine]-oxytocin (carbamoyl-methyloxytocin) are reported in this paper.

Methods

Isolated rat uterus

A uterine horn was removed from a virgin rat, in natural pro-oestrus or early
oestrus, and used either on the same day or after being stored overnight at 4° C.
The horn was suspended in a 5 or 125 ml organ bath at 29°-32° C with van Dyke-
Hastings solution (Munsick, 1960) containing (mm) NaCl 114, KCI 6-2, NaHCO; 30,
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NaH,PO; 1-0, CaCl, 0-5-2-5, MgCl, 0-0'5, glucose 2-8. A mixture of 95% oxygen
and 5% carbon dioxide was bubbled continuously through the solution both in
the organ bath and the reservoir.

Two different methods were used to test the action of the analogue:

(1) Single doses of the analogue or other drugs were tested and the organ bath
was washed out by overflow between doses. When this method was used, tension
was recorded isometrically with a Statham universal transducing cell (Model UC3)
and micro-scale accessory (Model ULS) coupled with a potentiometric recorder
(Goertz, type RE511). An initial tension of 1-2 g was applied. To test for a
stimulant action on the uterus, the analogue or other drug was added to the organ
bath and washed out as soon as the tension had reached a peak, or, if no contraction
occurred, after 2 min. The interval between doses was 4 min. To test for an
inhibitory action, the analogue was added to the bath 1 min before oxytocin or
other drugs.

(2) A cumulative dose procedure was used (Rudinger & Krejéi, 1962). With
this method, contractions were recorded isotonically on a smoked drum. The
horn was initially loaded with 2 g and allowed to relax for 30 min ; the load was
then reduced to 0-5 g. Oxytocin was first tested. When the response to repeated
doses had become constant, a cumulative dose-response curve was obtained by
doubling the dose when the response to the preceding dose had reached a maximum.
The organ bath was not washed out until a maximal response, passing into a
contracture, was reached. To test for inhibition the procedure was repeated after
adding the analogue to the organ bath 2 min before the first dose of oxytocin, and a
PA:; value was calculated from the displacement of the dose-response curve along
the concentration axis (Schild, 1949 ; van Rossum, 1963).

Rat uterus in situ

The method of Bisset, Haldar & Lewin (1966) was used. The intraluminal fluid
pressure in the uterine horn of a rat in natural pro-oestrus or oestrus was recorded
with a strain-gauge transducer and potentiometric recorder. Uterine activity was
measured with a digital integrator. A saphenous artery was cannulated for retro-
grade arterial injections and a jugular vein for intravenous injections or infusions.
To test for inhibition, the analogue was injected 1 or 5 min before oxytocin or
other drugs.

OCH,
e
NH,CONH—CIH-CO—NH—CH—CO—
T
S

FIG. 1. Partial formula of sequence positions 1 and 2 of carbamoyl-methyloxytocin showing
the O-methyl and N-carbamoyl groups (bold-face type).
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Isolated strip of rat mammary gland

The method used was based on that of Rydén & Sjoholm (1962). A strip 3 cm x
0-5 cm x 0-5 cm was suspended in a 10 or 12-5 ml organ bath at 38° C containing
Tyrode’s solution: (mM) NaCl 137, KCl 2-7, NaHCO, 119, NaH,PO, 0-42, CaCl,
0-9-1-8, MgCl, 0-1-0, glucose 5-6, gassed with a mixture of 95% oxygen and 5%
carbon dioxide. Before use, the strip was stored overnight in Tyrode’s solution at
4° C. Tension was recorded isometrically by the same method as that used for
the isolated uterus or with a Briiel-Kjaer strain-gauge and recorder (Polddek,
Krej¢i & Rudinger, 1967). An initial tension of 400-500 mg was applied and the
tissue allowed to equilibrate for 1-2 h before use. To test for a stimulant action on
the strip, the analogue and other drugs were added to the organ bath and washed
out by overflow after 2 min. Tests were made every 10-15 min with two changes
of the bath fluid in the intervals between doses. In some experiments, a digital
integrator was used to estimate tension-time over the 2 min period, as for the uterus
in situ. To test for inhibition, the analogue was added to the organ bath 1-2 min
before oxytocin or other drugs. Values of pA, (2 min contact) were calculated
from the linear portions of the log dose-response curves.

Mammary gland in situ

Milk-ejection pressure was recorded from a cannulated teat duct in the lactating
rat by the method of Bisset, Clark, Haldar, Harris, Lewis & Rocha e Silva (1967).
A saphenous artery and jugular vein were cannulated as for the uterus in situ. To
test for inhibition, the analogue was injected 10-60 s before oxytocin or other
substances with milk-ejecting activity.

Chicken blood pressure

Avian depressor activity was tested in anaesthetized roosters (Coon, 1939). After
administration of three or four equal doses of standard pituitary (posterior lobe)
extract the analogue (60-150 ug ; in one experiment 640 png) was injected, followed
by the original dose of extract which was repeated at 5 min intervals.

Rat blood pressure

Pressor activity was assayed in rats, 150-180 g, pithed under ether anaesthesia
and maintained on artificial respiration. Arterial blood pressure was recorded from
the carotid artery with a strain gauge transducer and potentiometric recorder (1 mm
Hg=1-333 mbar). Drugs were injected, in a volume of 0-2 ml, into a cannulated
femoral or external jugular vein. Injections were given as soon as the blood pres-
sure had returned to the base-line after a pressor response. The analogue was
injected 1 min before vasopressin or pituitary (posterior lobe) extract.

Materials

The carbamoyl-methyloxytocin was material prepared by total synthesis
(Chimiak et al., 1968) and purified by countercurrent distribution. Two batches of
the analogue were tested, the first containing 0-5 mg/ml in 0-559% acetic acid and
the second, 0-6 mg/ml in 19 acetic acid. All solutions were neutralized with 2 N
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Na,CO; before use. Except in tests for milk-ejecting activity by retrograde arterial
injection into the mammary gland (see Results), no difference was observed between
the pharmacological actions of the two batches and no distinction is made in the
presentation of results. Other drugs used were synthetic oxytocin (Spofa, Prague
& Syntocinon, Sandoz) ; synthetic arginine vasopressin (Sandoz) and lysine vaso-
pressin (Spofa, Prague) ; synthetic [l-asparagine, 5-valine]-angiotensin II (Hyper-
tensin, Ciba) ; synthetic bradykinin (Parke-Davis) ; 5-hydroxytryptamine creatinine
sulphate (May & Baker) ; acetylcholine chloride (Roche Products) and carbachol
(B.P. Savory & Moore). Doses of 5-hydroxytryptamine are expressed in terms of
the base. Doses of oxytocin and vasopressin are given in units (oxytocic and pressor
units respectively). The weight of peptide corresponding with a given number of
units is shown in parentheses. This was calculated on the basis that pure synthetic
oxytocin has an oxytocic activity of 500 u./mg (Bodanszky & du Vigneaud, 1959)
and pure synthetic arginine vasopresin a pressor activity of 400 u./mg (Boissonnas,
Guttmann, Berde & Konzett, 1961).

Results

In general the analogue acted as a specific antagonist to oxytocin and vasopressin
and did not itself stimulate the test preparations. The degree of inhibition was
dependent on the dose of analogue and in all cases the inhibition could be sur-
mounted by increasing the dose of agonist. With in situ preparations, recovery
from inhibition was usually complete within 10-20 min and, with isolated organ
preparations, after the organ bath had been washed out once or twice at 4 or 10
min intervals.

Isolated rat uterus

Concentrations of the analogue up to 6 ug/ml did not cause contraction of the
uterus ; the threshold for inhibiting the response to oxytocin (0-16-0-64 mu./ml ;
0-32-1-28 ng/ml) was 0-03 ug/ml. Figure 2 illustrates a typical experiment using
the first of the two procedures described in Methods ; tension was recorded iso-
metrically and the organ bath washed out between doses. The responses to equi-
potent concentrations of oxytocin and vasopressin were inhibited by the analogue to
the same degree ; at a concentration of 0-06 pg/ml the analogue produced 50%,
and at 0-12 ug/ml, 75% inhibition. The response to both hormones recovered 4-12
min after the analogue had been washed out of the organ bath. The molar ratio
of hormone to analogue for 509 inhibition (the “ drug-ratio ”, Gaddum, Hameed,
Hathway & Stephens, 1955) was 1:47 for oxytocin and only 1:2 for vasopressin.
In seven other similar experiments, the ratio for oxytocin varied from 62 to 312
with a mean of 166. In six of the eight experiments, the analogue caused no inhibi-
tion, and in two only 259% inhibition, of the responses to bradykinin, 5-hydroxy-
tryptamine, carbachol or angiotensin when tested at concentrations up to 160 times
those required for 509 inhibition of the response to oxytocin. The lack of an
inhibitory effect on the response to bradykinin is illustrated in Fig. 2.

An increase in the calcium concentration of the van Dyke-Hastings solution in
the organ bath to 2-5 mM with the addition of magnesium (0-5 mMm) caused spon-
taneous rhythmic contractions of the uterus. Oxytocin (1-10 mu./ml ; 2-20 ng/ml)
increased the frequency and amplitude of the contractions and, in some cases, the
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tonus also. The analogue at concentrations up to 6 pg/ml had no effect on the
spontaneous contractions but inhibited the response to oxytocin (Fig. 3).

An experiment in which the cumulative-dose procedure was used is illustrated in
Fig. 4. The addition of the analogue to the organ bath at concentrations of 0-3 and
0-6 ug/ml caused a parallel shift of the dose-response curve for oxytocin. From
experiments of this type, pA, values were determined under various conditions of
ionic composition and hormonal state of the uterus. These values (for 2 min con-
tact) ranged from 64 to 7-1 (Table 1). Addition of magnesium or an increase in the
calcium concentration decreased the pA; value, in most cases significantly (P<<0-05).
The values for inhibition of the response to oxytocin and to lysine vasopressin
under comparable conditions were equal.

2 min
—

—

05¢g

O mu./ml 0~.I6 o-°32 0~.64 0~.64 " 0-‘64 064 064 0-16 0-64 064
(ng/ml) (0-32) (0-64) (1-28) (1-28) | (1-28) (1:28) (1-28) (0-32) (1-28) (1-28)
C pg/ml 0-06 0-12

L Ul

V mu. |||.~2 S.-6 12 12 12 112 112 112
(n;;:fﬂl)m (28) (14) (28) (28) (28) (28) (28) T T T (28)

B ng/ml ‘ 04 02 0-4 0-4
C pg/ml 0-06 0-12 2.4

FIG. 2. Isolated rat uterus. Tension recorded isometrically. Van Dyke-Hastings solution with
0625 mM Ca and no Mg. O, Oxytocin ; V, arginine vasopressin ; B, bradykinin ; C, carbamoyl-
methyloxytocin. The analogue was added to the organ bath 1 min before oxytocin, vasopressin
or bradykinin ; one of these three substances was tested every 4 min. The organ bath was
washed out as soon as a contraction reached its peak. The two tracings were obtained from
the same uterine horn. In this and subsequent figures, the ordinate scale is linear.
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Rat uterus in situ

Experiments were carried out on nine rats in pro-oestrus in which there was no
spontaneous uterine activity. The threshold dose of oxytocin for causing an increase
in uterine tension was 0-5-1-0 mu. 1-2 ng) by intravenous and 0-1 mu. (0-2 ng) by
retrograde arterial injection. In every experiment the analogue inhibited the response
to oxytocin without itself stimulating the uterus to contract. It was tested in doses
up to 120 ng ; the dose required for 50% inhibition was 12-15 ug. A typical experi-
ment is illustrated in Fig. 5. The injection of 24 .g analogue abolished the response

Y

O mu./ml 1-3 I3
("8/"1'/) T (2:6) o (2:6)
C ug/ml —— 04 ]l cm
O mu./ml 65 ! 65 ' I3
(ng/ml) (13) T (13) (26)
C pg/ml 10

e

5 min

FIG. 3. Isolated rat uterus. Effect of carbamoyl-methyloxytocin on the spontaneously con-
tracting uterus and its response to oxytocin. Isotonic contractions. Van Dyke-Hastings
medium with 25 mM Ca and 05 mm Mg. O, Oxytocin; C, carbamoyl-methyloxytocin.
Downward arrows denote washing out.

1
O mu./ml 002 0-08 032 128
(ng/ml)  (0-04) (0-16) (0-64) (2:56)

FIG. 4. Isolated rat uterus. Contractions recorded isotonically. Cumulative dose-response
curves for oxytocin alone (1) and in the presence of 0-3 (2) and 06 (3) ug/ml carbamoyl-
methyloxytocin added to the organ bath 2 min before the first dose of oxytocin. Van Dyke-
Hastings medium with 1:0 mm Ca and no Mg. Ordinate, Height of contraction in mm of
record ; abscissa, concentration of oxytocin (O).
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TABLE 1. Inhibition of the response of the isolated uterus to oxytocin and lysine vasopressin by
carbamoyl-methyloxytocin under various experimental conditions

Concentration of Differences
—_— No of pA.t significant
Agonist Ca(mMm) Mg (mM) experiments (mean-tS.E.) at P<0-05
Oxytocin 0-5 0 20 6:904-0-05 a
Oxytocin 05 0-5 21 6-614+-0-06 b
Oxytocin 1-0 0 18 6:704-0-12 c
Oxytocin 1-0 05 10 6-404-0-08 d
Oxytocin 0-2* 0 4* 7094016
Lysine vasopressin 05 0 15 6:961+0-06

* Uteri from rats spayed 14-21 days before the experiment washed with calcium-free medium until
the response to oxytocin disappeared and restored to van Dyke-Hastings medium with 0-2 mm Ca.
As indicated in the last column of the table, the differences between a and ¢, b and d and c and d are
significant at P<0-05.

¥ 2 min contact.

10 min

5 mmHg
[ [ ] [ X ] [ ] [ ] ® o oo
Omu | Q-5 I |
(ng) (2 a (0] (0l T T T 1\
Ang ng 50 25 50 50
Cpg 24 . 120
count 205 123 0 202 96 69 101 Il

FIG. 5. Rat uterus in situ. Recording of intraluminal fluid pressure in uterine horn: O,
Oxytocin; Ang, angiotensin; C, carbamoyl-methyloxytocin., Intravenous injections. The
analogue was injected 1 min before oxytocin or angiotensin ; one or other of these two drugs
was injected every 10 min. An integrator was used to provide 2 min (angiotensin) or 10 min
(oxytocin) counts, proportional to tension-time (see Methods) ; these counts are shown in the
bottom row of the figure.
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to an intravenous injection of 1 mu. (2 ng) oxytocin ; recovery was complete within
10 min (section A). Section B of Fig. 5 shows the effect of the analogue on the
response to angiotensin. This peptide has been shown to produce a short-lasting
contraction of the rat uterus in situ (Bisset, Haldar & Lewin, 1966). The response
to 50 ng angiotensin was not reduced by 120 g analogue, that is 5 times the amount
required for complete inhibition of the response to oxytocin. In a similar experiment
in which 12 ug analogue caused >75% inhibition of the response to an intravenous
injection of 1 mu. (2 ng) oxytocin, 60 ng did not inhibit the response to an intra-
venous injection of 4 ug 5-hydroxytryptamine.

The effect of the analogue on the response to a continuous intravenous infusion
of oxytocin is illustrated in Fig. 6. There was no spontaneous uterine activity in
the preparation. Section A shows the responses to intravenous injections of oxy-
tocin which produced bursts of contractions lasting for 5 or 10 min. The continuous
intravenous infusion of oxytocin at the rate of 09 mu. (1-8 ng)/min during the part
of the experiment shown in section B induced a regular rhythm of uterine con-
tractions which tended to increase gradually in amplitude. There was no increase
in the basal intrauterine pressure. The intravenous injection of 30 ug analogue
caused an abrupt cessation of uterine contractions followed by a slow recovery.
Similar but larger inhibitory responses were obtained with 60 and 120 ug. As
shown by the integrated counts of tension-time, the uterine activity remained below
the initial control level for a period of at least 25 min after each injection. The
decrease in uterine activity caused by stopping the infusion of oxytocin was small
compared with the inhibitory effect of the analogue.

In two experiments rats in oestrus were used. The uteri showed a regular rhythm
of spontaneous contractions. Oxytocin (8 mu.; 16 ng) increased the frequency and
amplitude of contractions. The analogue, 60 ug, produced only a small (129%) or
no reduction in the integrated count of spontaneous uterine activity, but it inhibited
the response to oxytocin.

Isolated strip of rat mammary gland

The results depended on whether or not Mg was present in the bath fluid. In its
presence, the analogue generally stimulated the strip ; in its absence, it acted as a
pure antagonist.

Fifteen experiments were carried out with Mg-free solution containing 1-8 mm
Ca. The analogue (0-24-3-2 ng/ml) did not cause contraction of the strip in any
experiment whereas threshold responses to oxytocin were obtained with 0-04-0-32
mu./ml (0-08-0-64 ng/ml). In nineteen experiments the solution contained 1:-0 mm
Mg and 09 mm Ca. In thirteen of these the analogue caused contraction in concen-
trations of 0-15-3 pg/ml. The time course of the response did not differ from that
seen with oxytocin. The contractions were generally weak even with high doses, and
only occasionally, with low doses, was the response found to vary with the dose.
On two preparations, a 2+2 dose assay was possible, giving a potency of 0-007-
0009 u./mg. In the other six experiments, with concentrations of 0-4-6-4 pg/ml,
contraction was not observed.

In all experiments the analogue inhibited the response to oxytocin regardless of

whether or not it had itself caused contraction. The lowest effective concentration
for causing 50% inhibition was 0-08 ug/ml. The mean pA, (2 min contact), calcu-
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lated from fifteen experiments with 0-9 mm Ca and 1-0 mm Mg, was 6:28 +0-08
(S.E.).

The analogue acted as an antagonist not only to oxytocin but to vasopressin
also. An experiment in which its effects on the response to these two substances were
compared is illustrated in Fig. 7. The analogue did not itself cause an increase in
tension of the strip. At a concentration of 0-06 ng/ml it caused 50% and at 0-12
pg/ml 75% inhibition of the response to 0-32 mu. (0-64 ng)/ml oxytocin (section
A). The response to oxytocin recovered 10 min after the analogue had been washed
out of the organ bath. The responses to 0-32 mu. (0-64 ng)/ml, 0-16 mu. (0-32 ng)/
ml and 0-08 mu. (0-16 ng)/ml oxytocin were closely matched by 11:2 mu. (28 ng)/
ml, 56 mu. (14 ng)/ml, and 2-8 mu. (7 ng)/ml vasopressin (section B). The con-
centrations of analogue (006 and 0-12 ug/ml) which had caused 50 and 75%
inhibition of the response to 0-32 mu. (0-64 ng)/ml oxytocin caused practically the

2 min
——
0lg / /
- L j 5‘/
[ ] (] [ ] [ ] [ ] [ ] [ ] [ ] L]
O mu./ml 032 016 008 032 0-32 0-32 0-32
(ng/ml) (0-64) (0-32) (0-16) (0-64) (0-64) (0-64)  (0-64)
C pg/ml 0-06 0-12

90 150

2 min count 172 92
[ ]

V mu./ml 112 5-6 f2 11-2 -2 12 -2
(ng/ml) (28) (19 () (28) (28 (28) (28) (29

C pg/mi 0-06 012
2 min count 164 82 49 94 161 54 124 148

FIG. 7. Isolated strip of rat mammary gland; 18 mM Ca, no Mg. Tension recorded iso-
metrically. O, Oxytocin ; V, arginine vasopressin ; C, carbamoyl-methyloxytocin. The analogue
was added to the organ bath 1 min before oxytocin or vasopressin. The bath was washed out
2 min after each addition of oxytocin and vasopressin; one or other of these two drugs
was tested every 10 min. The numbers in the bottom row of the figure give 2 min integrator
counts (see legend to Fig. 5).
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same percentage inhibition of the response to 11-2 mu. (28 ng)/ml vasopressin. The
molar ratio of hormone to analogue for 509 inhibition (the “ drug ratio ”’) was 1:170
for oxytocin and only 1:4-3 for vasopressin. Smith (1961) showed that the potency
of arginine vasopressin, in assays on the isolated strip of rat mammary gland, was

only 3-2+024% of the potency of oxytocin. Our result is consistent with this
estimate.

In two experiments, the response to 5-10 ug acetylcholine was not inhibited by
4-20 times the dose of analogue producing 509 inhibition of the response to oxy-
tocin.

Mammary gland in situ

The first batch of analogue was tested by retrograde arterial injection only. In
five rats, doses of 2:5-10 ug at first produced milk-ejection responses which were
matched by retrograde arterial injections of 10-40 pu. (0-02-0-08 ng) oxytocin, but
repeated injections induced tachyphylaxis.

The second batch did not elicit a milk-ejection response when a dose of 30 ug
was tested by retrograde arterial injection in a rat responding to 10 wu. (0-02 ng)
oxytocin or a dose of 60 pg in a rat responding to 2 upu. (0:004 ng). It was tested
both by retrograde arterial and intravenous injection for an inhibitory effect on the
response to oxytocin. The retrograde arterial injection of 6 ug 15 s before a retro-
grade arterial injection of 40 wu. (0-08 ng) oxytocin caused 509% inhibition of the
response to oxytocin. However, the milk-ejection response to acetylcholine injected
15 s after the analogue was also inhibited and the injection of 0-9% NaCl solution
10, 15 or 20 s before oxytocin caused an inhibition similar to that observed with
the analogue. Possibly the inhibitory effect produced in these conditions was caused
by a change of temperature or vasoconstriction in the mammary gland. Whatever
the cause of the inhibition, the retrograde arterial route of injection is evidently
unsuitable for the analogue, at least if the interval between the injections of analogue
and oxytocin is short. When the analogue was given by intravenous injection it
inhibited the response to oxytocin specifically, and the degree of inhibition was
approximately the same with intervals of 10, 20, 30 and 60 s between the injections
of analogue and oxytocin. Therefore, the procedure adopted in all subsequent
experiments was to give the analogue by intravenous injection 1 min before an
intravenous or retrograde arterial injection of oxytocin or other substances with
milk-ejecting activity.

Intravenous injections of the analogue were tested in twelve rats. In every one,
the analogue inhibited the response to oxytocin without itself eliciting an increase
in milk-ejection pressure. The largest dose of analogue tested was 240 pg. On a
weight basis the amount of analogue injected was at least 27,000 and in one experi-
ment 500,000 times the threshold dose of oxytocin. Expressed in another way, the
milk-ejecting activity of the analogue was <<0-001 u./mg.

The degree of inhibition produced by the analogue depended on the dose (see
Fig. 8 (section A)). Doses of 12-60 pg were required to produce 50% inhibition
of the response to 20 or 40 pu. (0-04-0-08 ng) oxytocin by retrograde arterial or
200-1,000 wu. (0-4-2 ng) by intravenous injection. The lowest molar ratio of oxy-
tocin to analogue for 509 inhibition (the “ drug ratio ”’) by the same route of injec-
tion was 1:5,500. The inhibitory effect of the analogue was of short duration ;
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even after the response to oxytocin had been abolished, it usually recovered com-
pletely within 15-20 min.

The action of arginine vasopressin on the mammary gland was also inhibited by
the analogue. The milk-ejecting activity of this hormone in the lactating rat is
equivalent to about 149, of its antidiuretic activity (Bisset et al., 1967). In one
experiment, identical milk-ejection responses were obtained with intravenous injec-
tions of 200 wu. (0-4 ng) oxytocin and 1,400 pu. (3-5 ng) vasopressin. The response
to oxytocin was inhibited 50% by 12 ug of the analogue, 75% by 24 ug and 87-5%
by 48 ug. The response to vasopressin was inhibited 87-5% by only 12 ng. In this
experiment, the molar ratio of hormone to analogue for a given degree of inhibition
(the ““ drug ratio ™) was 30 times higher for vasopressin than for oxytocin.

The analogue acted as a specific antagonist to oxytocin and vasopressin. The
experiment shown in Fig. 8 illustrates how it may be used in conjunction with 2-
bromolysergic acid diethylamide (BOL), a specific antagonist to 5-hydroxytrypt-
amine (5-HT), to distinguish between this substance and oxytocin. Section A shows
graded inhibition of the response to oxytocin. The analogue did not itself cause an
increase in milk-ejection pressure. After each dose of analogue the response to
oxytocin recovered within 15 min. Later in the experiment (section B). the sen-
sitivity to oxytocin increased. The responses to 200 and 400 pu. (0-4 and 0-8 ng)
were then matched by intravenous injections of 2 and 4 ug 5-HT. The analogue did
not reduce the milk-ejection response to 4 ug 5-HT, although the dose tested, 96 ug.
was 8 times the threshold for inhibiting oxytocin. In contrast, the response to 5-HT
was partially inhibited by 20 ug and completely by 40 pg BOL and this did not
reduce the response to 400 uu. (0-8 ng) oxytocin. In five other experiments. the
milk-ejection responses to retrograde arterial injections of 2 ug bradykinin or 10-40
ng acetylcholine were not reduced by doses of the analogue up to 5 times that
required to produce 509 inhibition of the response to oxytocin in the same rat.

The effect of the analogue in inhibiting the action of oxytocin given by continuous
intravenous infusion in the lactating rat is shown in Fig. 9. Section A shows milk-
ejection responses to intravenous injections of oxytocin. The infusion of oxytocin
at the rate of 13 mu. (2:6 ng)/min during the part of the experiment shown in
section B produced a sustained increase in milk-ejection pressure accompanied by
small rhythmic oscillations. The response was similar to the “ plateau ” or “ tonic ™
type of reaction to the infusion of oxytocin described in the rabbit by Cross (1958)
and by Berde & Cerletti (1960). The intravenous injection of 30, 60 or 120 ..g of the
analogue caused an abrupt fall in milk-ejection pressure. The oscillations were at
first abolished for 1 or 2 min and then restored with increased amplitude. The
milk-ejection pressure and the amplitude of the oscillations returned to their con-
trol levels 15-30 min after the injections of the analogue. The absolute fall in
pressure produced by the injections was similar to that observed when the infusion
of oxytocin was stopped.

Chicken blood pressure

In one of four animals, injection of the analogue (60 ng) caused a slight decrease
in the blood pressure; in the remaining experiments there was no significant
depressor response. The response to pituitary (posterior lobe) extract given after
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the analogue was at first completely inhibited and then gradually recovered (Fig.
10). After doses of 60-150 ng in three experiments the original responses to the
extract were restored after 20-30 min ; in the remaining experiment recovery after
540 ug of the analogue took about 45 minutes.

Rat blood pressure

In six experiments in which doses up to 600 ug were tested, the analogue did
not cause a rise of blood pressure. The pressor response to vasopressin or pituitary
extract was inhibited by doses of 60 ug and above. Figure 11 shows graded inhi-
bition of the response to vasopressin. It was calculated from the dose-response
curve for vasopressin that 80 ug analogue caused 389 and 160 ug 609% inhibition
of the response to 8 mu. (20 ng) vasopressin with full recovery within 5-10 minutes.
In this experiment, the analogue itself caused a fall of blood pressure which was
not reproduced by a control injection of saline. It is possible that the analogue pro-
duced this fall by inhibiting a small amount of residual or endogenous vasopressin
in the circulation. Inhibition of the response to vasopressin following the injection

(A) (®)

— Oxytocin |-3 mu. (2:6 ng)/min
2 min 10 min I
— —

5 mmHg
—
e o [ J [ ] [
Omu. 02 01 C ug 30 60 120

(ng) (0-4) (0-2)

FIG. 9. Milk-ejection pressure in lactating rat. O, Oxytocin ; C, carbamoyl-methyloxytocin.
(A), Milk-ejection responses to intravenous injections of oxytocin (recorder switched off 30 s
after injections). (B), A sustained increase in milk-ejection pressure was produced by the con-
tinuous intravenous infusion of oxytocin at the rate of 13 mu. (2'6 ng)/min. During the
infusion, the analogue was injected intravenously. At the arrow the infusion was stopped.
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FIG. 10. Blood pressure of chicken. At dots, 30 mu. pituitary (posterior lobe) extract and, at
arrow, 60 ng carbamoyl-methyloxytocin injected intravenously.
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of 80 and 160 ng analogue was not attributed to the fall of blood pressure since a
dose of 40 ug induced a similar fall without inhibition.

Discussion

The work reported here has confirmed that carbamoyl-methyloxytocin inhibits
the action of oxytocin and the vasopressins on the uterus, the mammary gland and
the vasculature over a wide range of conditions. For completeness it may be noted
that it also inhibits the action of oxytocin on rat epidydymal adipose tissue (Braun,
Hechter & Rudinger, 1969). In the water-loaded rat under ethanol anaesthesia,
carbamoyl-methyloxytocin has an oxytocin-like antidiuretic effect which, however,
is attended by tachyphylaxis and inhibition of the response to oxytocin (V. Pligka,
unpublished results).

The inhibition by carbamoyl-methyloxytocin is reversible and surmountable. The
parallel displacement by the analogue of the log dose-response curves for oxytocin
on the preparations in vitro and the selectivity of the inhibitory effect, together with
the structural relation to oxytocin and methyloxytocin, provide strong evidence that
carbamoyl-methyloxytocin acts as a competitive antagonist at the tissue receptors
for the neurohypophysial hormones. In addition, the equal inhibition of oxytocin
and vasopressin by the analogue on the isolated uterus and mammary gland strip
confirms the generally held assumption that in these tissues the two peptides act on
the same receptors.

The place of carbamoyl-methyloxytocin in the general scheme of structure-
activity relations for oxytocin analogues is best discussed with reference to the
properties of methyloxytocin and other derivatives modified in sequence position 2.

On the rat uterus methyloxytocin reproducibly acts as an inhibitor only if the
organ is taken from a spayed rat and the medium contains a low concentration of

f
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FIG. 11. Blood pressure of pithed rat. V, Arginine-vasopressin ; C, carbamoyl-methyloxytocin.
Intravenous injections.
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calcium and no magnesium (Rudinger, Krej¢i, Pold¢ek & Kupkovi, 1968 ; Polacek,
Krej¢i & Rudinger, unpublished). Under other conditions it may either act as an
inhibitor, or show fully oxytocin-like properties, or exhibit intermediate behaviour
Krejci, Poli¢ek & Rudinger, 1967b). The higher homologue [2-O-ethyltyrosine]-
oxytocin (ethyloxytocin) causes inhibition, sometimes preceded by rudimentary
contractions which are not dose-dependent (Pold¢ek, Krejéi & Rudinger, unpub-
lished). Like oxytocin, methyloxytocin intensifies the spontaneous contractions of
the rat uterus elicited in vitro by high concentrations of calcium and magnesium
(see Rudinger, 1969 ; Krej¢i, Pola¢ek & Rudinger, unpublished) and induces or
intensifies contractions of the rat uterus in situ. By contrast, carbamoyl-methyl-
oxytocin has no contractile effect and inhibits the action of oxytocin on the uterus
over the whole range of experimental conditions in vitro and in vivo.

In the lactating guinea-pig (Bisset, 1964) methyloxytocin, like oxytocin, increases
milk-ejection pressure. It also contracts the mammary gland strip in vitro, but the
rate of contraction is slower than with oxytocin and the onset of tachyphylaxis is more
rapid ; with ethyloxytocin these anomalies become more pronounced (Poldéek et al.,
1967). On the mammary gland, carbamoyl-methyloxytocin, though it invariably
inhibits the response to oxytocin, does retain some remnants of oxytocin-like acti-
vity. In isolated instances, a milk-ejection response has been seen in vivo and the
mammary-gland strip will generally contract in response to the analogue in the
presence (but not in the absence) of magnesium. When such contractions occur they
are rudimentary, or at any rate submaximal, show no regular dependence on dose
and are attended by inhibition of the response to oxytocin. In these features they
resemble the responses sometimes observed with methyloxytocin or ethyloxytocin on
the isolated rat uterus, as described above. In both cases the occurrence of such
responses is difficult to predict and varies even under apparently identical experi-
mental conditions, and in both cases the presence of magnesium favours the con-
tractile over the inhibitory effect (Krejéi et al., 1967b ; Krejéi, Poli¢ek & Rudinger,
unpublished).

Like carbamoyl-methyloxytocin, methyloxytocin has no rat pressor activity and
inhibits the pressor response to oxytocin and the vasopressins (Law & du Vigneaud,
1960 ; Krej¢i, Kupkovda & Vavra, 1967a). However, methyloxytocin does retain
some avian depressor activity, althought this activity is absent in ethyloxytocin.

It has earlier been shown (Zhuze, Jost, Kasafirek & Rudinger, 1964 ; Cort,
Lichardus, Rudinger & Hagemann, 1966 ; Rudinger & Krej¢i, 1968 ; Polacek,
Rudinger & Krejéi, in preparation) that a bulky substituent in the para position of
the side-chain in position 2 extends the range of biological preparations in which the
analogues show incipient or full antagonism. Evidently introduction of the car-
bamoyl substituent into the terminal amino group of methyloxytocin has the same
effect to an even greater extent.

The structural cause of this effect is not clear. Analogues of oxytocin substituted
in the terminal amino group with methyl (Jo3t, Rudinger & Sorm, 1963 ; Berdnkova-
Ksandrovi, Bisset, Jost, Pliska, Rudinger, Rychlik & Sorm, 1966 ; Yamashiro,
Aanning, Branda, Cash, Murti & du Vigneaud, 1968), isopropyl (Hruby &
du Vigneaud, 1969), acetyl (Boissonnas, Pechére & Guttmann, unpublished ;
compare Boissonnas et al., 1961 ; Smyth, 1967b), sarcosyl (Jost et al., 1963 ;
Berdnkova-Ksandrovd et al., 1966) or carbamoyl (Smyth, 1967a) groups show
negligible or low but, as far as has been recorded, qualitatively normal oxytocin-
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like activity on the isolated rat uterus and on the mammary gland although
N-acetyloxytocin does inhibit the avian depressor response to oxytocin. In view
of their low activity, these analogues do not appear to have been studied in detail.
Low to moderate protracted activity is found in derivatives substituted with
enzymically removable amino-acyl or peptidyl groups (Berdnkov4-Ksandrov4 et al.,
1966).

On the other hand, N,O-disubstitution of oxytocin (Smyth, 1967a, b, 1970) affords
derivatives which, like carbamoyl-methyloxytocin, inhibit the action of oxytocin
on the isolated rat uterus under the standard assay conditions (the presence or
absence of magnesium is not specified) without showing any uterotonic action of
their own. It seems, therefore, that simultaneous substitution in the amino group
and modification of the side-chain in sequence position 2 generally leads to effective
inhibitors of the neurohypophysial hormones.

Carbamoyl-methyloxytocin has already proved invaluable for identifying oxytocin
in extracts of blood samples collected during suckling (Bisset, Clark & Haldar, 1970)
and electrical stimulation of the paraventricular nucleus (Bisset & Clark, 1968 ;
Bisset, Clark & Errington, 1970) when these extracts are assayed for milk-ejecting
activity in the lactating rat. Another interesting application of the analogue has
been for distinguishing between the receptors for oxytocin and insulin on isolated
fat cells from rat epididymal adipose tissue where the “insulin-like ” action of
oxytocin is inhibited but not the effect of insulin itself (Braun et al., 1969). How-
ever, although carbamoyl-methyloxytocin behaves almost as a pure antagonist, high
concentrations are required for effective inhibition and a more potent and longer
lasting antagonist would be desirable for blocking the response of target organs in
the whole animal to oxytocin released endogenously, for example, during suckling
or parturition.

REFERENCES

BERANKOVA-KSANDROVA, Z., BisseT, G. W., JoSt, K., PL13kA, V., RUDINGER, J., RYCHLIK, 1. &
Sorm, F. (1966). Synthetic analogues of oxytocin acting as hormonogens. Br. J. Pharmac.
Chemother., 26, 615-632.

BERANKOVA, Z., RycHLIK, I., JO8T, K., RUDINGER, J. & Sorm, F. (1961). Inhibition of the uterus-
;gl;tracting effect of oxytocin by O-methyloxytocin. Colln. Czech. chem. Commun., 26, 2673-

S.

BERDE, B. & CerLeTTI, A. (1960). Uber die Wirkung pharmakologischer Oxytocindosen auf die
Milchdriise. Acta endocr. (Kbh), 34, 543-557.

Bisse, G. W. (1964). The effect on milk-ejecting activity of modifying two functional groups in
oxytocin. In Oxytocin, Vasopressin and their Structural Analogues, ed. Rudinger, J., Proc.
2nd int. pharmacological meeting, Prague, vol. 10, pp. 21-29. Oxford: Pergamon Press.

BisseT, G. W. & CLARK, BArBARA J. (1968). Synthetic [1-N-Carbamylhemicystine-2-O-methyl-
tyrosine]-oxytocin (N-Carbamyl-O-methyl-oxytocin): a specific antagonist to the actions of
oxytocin and vasopressin on the uterus and mammary gland. Nature, Lond., 218, 197-199.

BisseT, G. W., CLARK, BARBARA J. & ERRINGTON, M. (1970). The hypothalamic neurosecretory
pathway for the release of oxytocin in the cat. J. Physiol., Lond., 207, 21-22P.

BisseT, G. W., CLARK, BARBARA J. & HALDAR, JAvA (1970). Blood levels of oxytocin and vaso-
pressin during suckling in the rabbit and the problem of their independent release. J. Physiol.,
Lond., 206, 711-722.

BisseT, G. W., CLARK, BARBARA J., HALDAR, JAYA, HARRIS, M. C., LEwis, G. P. & ROCHA E SILvA,
M., Jr. (1967). The assay of milk-ejecting activity in the lactating rat. Br.J. Pharmac. Chemother.,
31, 537-549.

BisseT, G. W., HALDAR, Jaya & LEwIN, J. E. (1966). Actions of oxytocin and other biologically
active peptides on the rat uterus. Mem. Soc. Endocr., 14, 185-198.

BoDANSzKY, M. & DU VIGNEAUD, V. (1959). A method of synthesis of long peptide chains using a
synthesis of oxytocin as an example. J. Am. chem. Soc., 81, 5688-5691.

BoissonNas, R. A., GUTTMANN, ST., BERDE, B. & KoNzeTT, H. (1961). Relationship between the
chemical structures and the biological properties of the posterior pituitary hormones and their
synthetic analogues. Experientia, 17, 377-432.



360 G. W. Bisset, Barbara J. Clark, 1. Krejéi, 1. Poldéek and J. Rudinger

BrauN, T., HECHTER, O. & RUDINGER, J. (1969). “Insulin-like” action of oxytocin: evidence for
sz%zrate oxytocin-sensitive and insulin-sensitive systems in fat cells. Endocrinology, 85, 1092—
1

CHIMIAK, A., EISLER, K., Jo3T, K. & RUDINGER, J. (1968). Amino acids and peptides. LXXX.
Unambnguous synthesns of N-carbamyl-oxytocm and N-carbamyl-2-methyltyrosine-oxytocin.
Colln. Czech. chem. Commun., 33, 2918-2926.

CooN, J. M. (1939). A new method for the assay of posterior pituitary extracts. Archs int. Pharma-
cadyn Thér., 62, 79-99.

Corr, J. H., LICHARDUS, B., RUDINGER, J. & HAGEMANN, 1. (1966). Effect of oxytocin antagonists
on the saluresns accompanying carond occlusion. Am J. Physiol., 210, 162-168.

Cross, B. A. (1958). The motility and reactivity of the oestrogenized rabbit uterus in vivo: with
comparative observations on milk ejection. J. Endocr., 16, 237-260.

GapbpuM, J. H., HaMmeep, K. A., HATHWAY, D. E. & StepHENS, F. F. (1955). Quantitative studies
of antagonists for S-hydroxytryptamine. Quart. J. exp. Physiol., 40, 49-74.

HRUBY, V. J. & DU VIGNEAUD, V. (1969). The detection of a Schiff base intermediate in the forma-
tion of acetone-oxytocin. J. Am. chem. Soc., 91, 3624-3626.

Jost, K., RUDINGER, J. & Sorm, F. (1963). Analogues of oxytocin exerting protracted biological
effects. Coll. Czech. chem. Commun., 28, 2021-2030.

KRresci, I, KurkovA, B. & VAvra, L. (1967a). The effect of some 2-O-alkyltyrosine analogues of
oxytocin and lysine vasopressin on the blood pressure of the rat, rabbit and cat. Br..J. Pharmac.
chemother., 30, 497-505.

KRres&f, 1., POLACEK, 1. & RUDINGER, J. (1967b). The action of 2-O-methyltyrosine-oxytocin on the
rat and rabbit uterus: effect of some experimental conditions on the change from agonism to
antagonism. Br. J. Pharmac. Chemother., 30, 506-517.

Law, H. D. & DU VIGNEAUD, V. (1960). Synthesis of 2-p-methoxyphenylalanine oxytocin (O-
methyl-oxytocin) and some observations on its pharmacological behaviour. J. Am. chem.
Soc., 82, 4579-4581.

MUNSICK, R. A. (1960). Effect of magnesium ion on the response of therat uterus to neurohypophysial
hormones and analogues. Endocrinology, 66, 451-457.

PoLACEK, 1., KrECI, I. & RUDINGER, J. (1967). The action of oxytocin and synthetic analogues
on the ‘isolated mammary-gland myoepithelium of the lactating rat: effect of some ions. J.
Endocr., 38, 13-24

vAN RossuM, J. M. (1963). Cumulative dose-response curves. II. Technique for the making of dose-
response curves in isolated organs and the evaluation of drug parameters. Archs int. Pharma-
codyn. Thér., 143, 299-330.

RUDINGER, J. (1969). Neurohypophysial peptides and synthetic analogues: structure and hormonal
action. Progress in Endocrinology, ed. Gual, R., pp. 419-424. Proc. 3rd int. Congr. Pharmac.,
Mexico 1968. Amsterdam: Excerpta Medica Foundation.

RUDINGER, J. & KRrEIC, . (1962). Dose-response relations for some synthetic analogues of oxytocin,
and the mode of action of oxytocin on the isolated uterus. Experientia, 18, 585-588.

RUDINGER, J. & KRrEeICE, 1. (1968). Antagonists of the neurohypophysial hormones. In Handbook of
Experimental Pharmacology, ed. Berde, B., vol. 23, pp. 748-801. Berlin: Springer-Verlag.

RUDINGER, J., KREICH, I., POLACEK, I. & KuPKOVA, B. (1968). Neurohypophysial hormone analogues
with inhibitor properties: Structure-activity relationships. In Protein and Polypeptide Hormones,
ed. Margoulies, M., pp. 217-218. Proc. Intern. Symp., Liege. Amsterdam: Excerpta Medica
Foundation.

RYDEN, G. & SioHOLM, L. (1962). Assay of oxytocin by rat mammary gland in vitro. Br.J. Pharmac.
Chemother., 19, 136-141

ScHIiLD, H. O. (1949). pAx and competitive drug antagonism. Br. J. Pharmac. Chemother., 4,
277-280.

SMiTH, M. W. (1961). Some properties of rat mammary tissue. Nature, Lond., 190, 541-542.

SMyTH, D. G. (1967a). Carbamylation of amino and tyrosine hydroxyl groups. Preparation of an
inhibitor of oxytocin with no intrinsic activity on the isolated uterus. J. biol. Chem., 242,
1579-1591.

SMYTH, D. G. (1967b). Acetylation of amino and tyrosine hydroxyl groups. Preparation of inhibitors
of oxytocin with no intrinsic activity on the isolated uterus. J. biol. Chem., 242, 1592-1598.

SMyYTH, D. G. (1970). On the molecular mechanism of oxytocin action. Btochxm biophys. Acta,
200, 395-403.

YAMASHIRO, D., AANING, H. L., BRANDA, L. A., CasH, W. D., MurTl, V. V. S. & DU VIGNEAUD, V.
(1968). A synthesis of [1-(N-methyl-hemi-L-cystine)]-oxytocin and a study of its reaction with
acetone. J. Am. chem. Soc., 90, 4141-4144.

ZHuzg, A. L., Jo3t, K., KAsAFiRek, E. & RUDINGER, J. (1964). Analogues of oxytocin with O-
ethyltyrosine, p-methylphenylalanine and p-ethylphenylalanine replacing tyrosine.  Colin.
Czech. chem. Commun., 29, 2648-2662.

(Received May 18, 1970)



