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Cellular localization of the inhibitory action of relaxin against
uterine spasm

Sarah J. Hughes & 'Michael Hollingsworth

Smooth Muscle Pharmacology Group, School of Biological Sciences, G38 Stopford Building, University of Manchester, Oxford
Road, Manchester, M13 9PT

1 The aim of this study was to determine whether the site of action of relaxin as a relaxant of rat
myometrium is at the cell membrane or at an intracellular site. Therefore, the potency of relaxin was
determined against spasms reliant predominantly upon either extracellular Ca2+ or intracellular Ca2".
Uterine spasms dependent upon extracellular Ca2" were elicited by (i) oxytocin (0.2 nM) (ii) Bay K 8644
(1 yM) in 10 mm K+-rich PSS and (iii) KCl (80 mM). Uterine spasm dependent upon intracellular Ca2+
was elicited by oxytocin (20 nM) in the presence of nifedipine (500 nM). The effects of relaxin against
these spasmogens were compared with those of levcromakalim, nifedipine and salbutamol.
2 Relaxin (0.2-6.3 nM), levcromakalim (25-800 nM), salbutamol (1-63 nM) and nifedipine (1-
250 nM) caused concentration-dependent inhibition of the spasm evoked by oxytocin (0.2 nM) and
relaxin was the most potent relaxant.
3 Relaxin and nifedipine were slightly less potent against the spasm induced by Bay K 8644 (1 uM)
than against spasm induced by oxytocin (0.2 nM) (15 fold and 13 fold respectively). Levcromakalim and
salbutamol were equipotent against the spasm evoked by Bay K 8644 (1 uM) and that evoked by
oxytocin (0.2 nM).
4 Relaxin induced only 47 + 7% inhibition of the KCl (80 mM)-evoked spasm at a concentration of
0.8 JM. Levcromakalim was much less potent (427 fold) against the spasm evoked by KCl (80 mM) than
against the spasm evoked by oxytocin (0.2 nM). The potency of salbutamol against the spasm evoked by
KCl (80 mM) was modestly reduced (14 fold) compared to that against the spasm evoked by oxytocin
(0.2 nM). The potency of nifedipine against the KCl (80 mM)-evoked spasm was not different from that
against the oxytocin (0.2 nM)-evoked spasm.

5 The potencies of relaxin and levcromakalim against the spasm evoked by oxytocin (20 nM) + nife-
dipine (500 nM) were greatly reduced (74 fold and 234 fold respectively) compared to their potencies
against the spasm evoked by oxytocin (0.2 nM). The potency of salbutamol against these two
spasmogens was not different.
6 Relaxin was much less potent against the spasm dependent upon intracellular Ca21 (that induced by
oxytocin (20 nM) + nifedipine (500 nM)) than against the spasms dependent upon extracellular Ca2 ,

those induced by oxytocin (0.2 nM) and Bay K 8644 (1 gM). In this regard, relaxin resembled
levcromakalim and nifedipine rather than salbutamol. Therefore, the major site of action of relaxin
appears to be located at the plasma membrane rather than at an intracellular level. The observation that
relaxin was less effective against the KCl (80 mM)-induced spasm than against the oxytocin (0.2 nM)-
evoked spasm may indicate that relaxin has a minor action involving K + -channel opening.
7 High concentrations of relaxin (up to 1 gM) induced significant inhibition of the spasm dependent
upon intracellular Ca2+. Thus at high concentrations relaxin also appears to have an additional
intracellular action.

Keywords: Relaxin; uterus; intracellular Ca2+; extracellular Ca2+; levcromakalim; salbutamol; nifedipine; oxytocin; Bay
K 8644; potassium chloride

Introduction

Relaxin is one of the most potent known relaxants of uterine
smooth muscle (Downing & Hollingsworth, 1993). It is a
polypeptide hormone mainly derived from the corpus luteum
and has a role in maintaining quiescence of the uterus during
pregnancy. The two mechanisms which have been proposed to
explain the inhibitory action of relaxin in the uterus are located
at different sites in the cell. There is evidence that relaxin may
act via a cell surface receptor to activate the adenylyl cyclase
pathway and stimulate an adenosine 3': 5'-cyclic monopho-
sphate (cyclic AMP)-dependent protein kinase which in turn
modulates intracellular enzymes and proteins (Sanborn &
Anwer, 1990; Downing & Hollingsworth, 1993). Relaxin has
been shown to increase the uterine concentration of cyclic
AMP (Cheah & Sherwood, 1980; Judson et al., 1980; Sanborn
et al., 1980; Hsu et al., 1985; Osa et al., 1991) and to increase
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the activity of cyclic AMP-dependent protein kinase A (Kemp
& Niall, 1981; Hughes & Hollingsworth, 1994). However, the
changes in uterine cyclic AMP concentrations produced by
relaxin are small and tend to follow rather than precede the
mechanical inhibition (Downing et al., 1992).

Alternatively, relaxin has been proposed to act at the level of
the plasma membrane and open potassium (K+)-channels
(Downing & Hollingsworth, 1991). In vivo, relaxin, as a uterine
relaxant, was selectively antagonized by glibenclamide, the
purported blocker of ATP-sensitive K+-channels (Cook &
Quast, 1990). The relative importance of these two mechanisms
in the action of relaxin is uncertain and it may be that a dif-
ferent mechanism altogether is involved. Clearly to elucidate
the mechanism by which relaxin inhibits uterine mechanical
activity it is necessary first to determine whether relaxin mod-
ulates events localized in the plasma membrane or whether it
acts via a more intracellular site to block tension development.

Relaxants that modulate events in the plasma membrane
and prevent calcium (Ca2+) influx should inhibit spasm(s) that
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are reliant upon extracellular Ca2" but should be relatively
ineffective against spasm(s) that result from the release of in-
tracellular Ca2". On the other hand, relaxants that modulate
events within the cell, further down the biochemical cascade
leading to tension development, should inhibit both spasms
that are dependent upon extracellular Ca2" and those that are
dependent upon intracellular Ca2". Therefore, the potency of
relaxin was determined against spasms reliant upon extra-
cellular Ca2" and intracellular Ca2". Uterine spasms depen-
dent upon extracellular Ca2" were elicited by (i) low
concentrations of oxytocin (Ashoori et al., 1985; Edwards et
al., 1986; Granger et al., 1986), (ii) the Ca2"-channel agonist,
Bay K 8644 (Poli et al., 1989; Calixto & Rae, 1991) and (iii)
iso-osmolar 80 mM KC1 (Granger et al., 1986). These spasms
were abolished in Ca2+-free media (oxytocin: Edwards et al.,
1986; Bay K 8644; Kyozuka et al., 1987; KCl: Granger et al.,
1986). Uterine spasm dependent upon intracellular Ca2" was
elicited by high concentrations of oxytocin (Edwards et al.,
1986; Marc et al., 1986) in the presence of the Ca2" channel
blocker nifedipine (Triggle & Rampe, 1989). Significant spasm
to oxytocin (20 nM) remained in Ca2"-free medium (Ashoori
et al., 1985). The effects of relaxin against these spasmogens
were compared with those of levcromakalim, a K+-channel
opener (Weston & Edwards, 1992), and nifedipine, a Ca+-
channel blocker (Triggle & Rampe, 1989), both of which in-
fluence events in the plasma membrane. The effects of relaxin
were also compared with those of salbutamol, a fi-adreno-
ceptor agonist, which acts via a G-protein-coupled cell surface
receptor to stimulate the adenylyl cyclase pathway (Diamond,
1990). Preliminary results have been presented to the British
Pharmacological Society (Hughes & Hollingsworth, 1993).

Methods

Tissue preparation and tension recording

Female, non-pregnant Sprague-Dawley rats (200- 300 g) were
purchased from Charles River Ltd. Rats were pretreated 18-
24 h prior to experimentation with 17fi-oestradiol benzoate
(100 jg kg-', s.c.). Rats were killed and uterine horns re-
moved and placed in a physiological salt solution (PSS). Each
horn was cut into two segments of approximately 1 cm length
which were mounted in 10 ml tissue baths for the isometric
recording of tension changes, primarily from the longitudinal
muscle layer. Tissues were allowed to equilibrate under 1 g
tension in PSS maintained at 37°C and gassed with 95% 02/
5% CO2 for 30-60 min prior to experimentation. Mechanical
responses were measured as the integral of the tension versus
time curve by the method of Granger et al. (1985) in units of
g s, usually over 5 min periods.

Protocol

Following equilibration, the tissues were exposed to one of the
following spasmogens: (a) oxytocin (0.2 nM); (b) Bay K 8644
(1 jM) in 10 mm K+-rich PSS; (c) iso-osmolar KC1 (80 mM);
(d) oxytocin (20 nM), following preincubation with nifedipine
(500 nM) for 40 min and in its continued presence. The uteri
were exposed to the spasmogen for 10 (c,d) or 15 (a,b) min
before relaxant (levcromakalim, salbutamol, nifedipine or re-
laxin) was added to the tissue bath in the continued presence of
the spasmogen. A single concentration-effect curve to a re-
laxant was constructed for each tissue segment. Two fold in-
crements in relaxant concentration were applied at 10 min
intervals in a cumulative manner until 100% or maximal in-
hibition was attained. In order to determine whether the
spasms were well-maintained for the duration of the con-
struction of the curve, the tension induced by each spasmogen
was monitored in separate tissues from the same animals to
which no relaxant was added. The integral of the spasm
evoked by oxytocin (0.2 nM) was well-maintained during the
time course of the experiment. The integral of the spasm in-

duced by Bay K 8644 (1 pM), by KCl (80 mM) and by oxytocin
(20 nM) declined slightly with time (see Results).

In each segment of tissue, for each concentration of relaxant
applied, the integral of the tension recorded from 5 to 10 min
after relaxant addition was expressed as a percentage of the
integral of the tension recorded in the 5 min period prior to the
administration of relaxant, to determine the % spasm re-
maining. For groups (b), (c) and (d) the relaxant-induced ef-
fects were adjusted to account for the decline of the spasm in
time-matched controls. The mean % spasm remaining was
calculated at each time point in the time-matched controls. For
each relaxant-exposed tissue the % spasm remaining at each
relaxant concentration was expressed as a percentage of the
mean % spasm remaining at the corresponding time point in
the time-matched controls. pD2 values were calculated for each
segment of tissue from the regression line fitted to the plot of
probit response versus logi0 molar relaxant concentration
(Tallarida & Murray, 1981; Foster & Hollingsworth, 1985).
The pD2 values were averaged for each experimental group to
give the mean pD2±s.e.mean. The differences in potencies of
the relaxants against spasmogens (b)-(d) above compared to
their potencies against the spasm evoked by oxytocin (0.2 nM,
a) were calculated as the difference of the corresponding mean
pD2± s.e.mean values or log10 concentration-ratio (oglO
CR)±s.e.mean. For graphical purposes the mean+s.e.mean
% spasm remaining was calculated for each relaxant con-
centration to give the mean loglo concentration-inhibition
curve. Due to the comparative nature of this work the effects of
the relaxants against the spasm taken as standard, that induced
by oxytocin (0.2 nM), are presented on each of the three
graphs. Statistical comparison of mean pD2 values was with a
Student's two-tailed, unpaired t test with significance identified
at P< 0.05.

Drugs and solutions

The following drugs were used: levcromakalim (SmithKline
Beecham); salbutamol sulphate (Glaxo); nifedipine, Bay
K 8644 (methyl 1,4-dihydro-2,6-dimethyl-3-nitro4-(2-tri-
fluoromethylphenyl)-pyridine-5-carboxylate, Bayer); oxytocin
acetate and 17fi-oestradiol benzoate (Sigma); KC1 (BDH
Chemicals). Porcine relaxin was isolated and purified from
pregnant sow ovaries by the method of Sherwood & O'Byrne
(1974) by Dr S.J. Downing. Relaxin was bioassayed in vitro by
inhibition of the electrically-stimulated uterus from oestrogen-
treated rats (100 ug kg-'), against highly purified porcine re-
laxin, kindly donated by Dr O.D. Sherwood, as standard. Our
porcine relaxin preparation was found to be equipotent with
highly purified porcine relaxin. Stock solutions were prepared
in the following solvents: levcromakalim, 70% v/v ethanol;
salbutamol, 0.1 M HCl; relaxin, saline; nifedipine, Bay K 8644,
oxytocin acetate, KCl, twice-distilled water; oestradiol benzo-
ate, arachis oil. Serial dilutions of the stock dilutions were
made in saline on the day of use. Experiments with nifedipine
were performed under sodium lamp illumination due to the
light-sensitive nature of this compound.

The normal PSS had the following composition (mM): Na+
143.0, K+ 5.9, Mg2+ 1.2, Ca2+ 2.6, H2PO4- 1.2, S042- 1.2,
Cl- 128.0, HC03- 25.0 and glucose 11.0. The composition of
the K+-rich PSS was modified from that above in order to
maintain osmolarity (mM), 10 mM K+-rich PSS: Na+ 138.9,
K+ 10.0; 80 mM K+-rich PSS: Na+ 68.9, K+ 80.0.

Results

Relaxant inhibition of spasm evoked by oxytocin
(0.2 nM)

Oxytocin (0.2 nM) induced a regular, phasic spasm (Figure la)
that was well-maintained for 2 h. The integral of the spasm in
the 5 min period before relaxant addition was 313 ± 23 (n= 28)
g s. Relaxin (0.2-6.3 nM), levcromakalim (25-800 nM), sal-
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FIgure 1 Illustration of spasms elicited by oxytocin (OT, 0.2nM; a), Bay K 8644 (1 M) in the presence of KC (1OmM; b), KC (80mM; c) and
oxytocin (20 nM) after preincubation with nifedipine (500 nM) for 40min (d). Shown are the effects of cumulative addition of relaxin (ii) and
solvent (saline, i).

butamol (1-63 nM) and nifedipine (1-250 nM) caused con-
centration-dependent inhibition of the spasm evoked by oxy-
tocin (0.2 nM), with maximal effects close to 100% inhibition
(Figure 1-4). The pD2 value for each relaxant against this
spasmogen is shown in Table 1. Relaxin was the most potent
relaxant against the spasm induced by oxytocin (0.2 nM).

Relaxant inhibition of spasm evoked by Bay K 8644
(I gm) in K+-rich PSS

Bay K 8644 (1 Mm) induced a regular, phasic spasm in 10 mM
K+-rich PSS (Figure lb), the integral of this spasm declined by
17% over 1 h 40 min. The integral of spasm in the 5 min
period before relaxant addition was 764±44 (n= 31) g s. Re-
laxin (0.8 nM-0.8 Mm) inhibited this spasm in a concentration-
dependent manner but with a maximum effect of 85.0± 5.7%
inhibition at 0.8 Mm (Figures lb(ii), 2b). Levcromakalim
(0.05-6.3 yM), salbutamol (0.5-250 nM) and nifedipine
(0.01-1.3 Mm) all caused concentration-dependent inhibition
of the spasm evoked by Bay K 8644 (1 uM) in K+-rich PSS
(Figure 2).

The potencies of relaxin and nifedipine against the spasm
induced by Bay K 8644 (1 uM) were reduced by a similar de-

gree (15 fold and 13 fold respectively; P< 0.01) compared to
their potencies against the spasm induced by oxytocin (0.2 nM)
(Table 1). Levcromakalim and salbutamol were equipotent
against the spasm evoked by Bay K 8644 (1 Mm) and that
evoked by oxytocin (0.2 nM) (Table 1).

Relaxant inhibition of spasm evoked by KCI (80 mM)

Iso-osmolar K+ (80 mM)-enriched PSS induced a tonic spasm
(Figure ic), the integral of this spasm declined by 23% over
1 h 40 min. The integral of spasm in the 5 min period before
relaxant addition was 1507 +73 (n= 36) g s. Relaxin induced
only 47± 7% inhibition of the KCl (80 mM)-evoked spasm at a
concentration of 0.8 Mm (Figure 3b). Levcromakalim (2-
500 MM), salbutamol (0.001-32 pM) and nifedipine (2-
130 nM) caused concentration-dependent inhibition of the
spasm evoked by iso-osmolar KCl (80 mM) (Figure 3). Most of
the inhibition by levcromakalim at concentrations above
100 yM is likely to be due to the effect of the ethanol vehicle
rather than of the drug itself (see Figure 3a).

The potency of relaxin against the KCl (80 mM)-evoked
spasm was greatly reduced compared to that against the oxy-
tocin (0.2 nM)-evoked spasm (more than 100 fold; Table 1).

Table 1 The potencies (pD2) and loglo concentration ratios of 4 relaxants against different spasmogens in isolated uterus of the non-
pregnant rat

Oxytocin Oxytocin (20 nM) +
(0.2nM) nifedipine (500 nM)

9.15 ±0.16

6.58 ±0.32

8.14±0.12

7.86±0.12

7.24± 0.25**

1.87 ±0.30
74

4.21 ±0.17**
2.37±0.36

234
7.98±0.10
0.16±0.16

1.4

Spasmogens
Bay K 8644 (1 M)

+ 1OmMK+ rich PSS

7.98 ± 0.23*

1.17±0.28
14.8

7.06±0.21
-0.48 ±0.38

-3.0
8.48 ±0.16

-0.34±0.20
-2.2

6.74 ± 0.13**
1.12±0.18

13.2

KCI (80mM)

Only 47±7%
inhibition at 0.8.uM

>100
3.95 ± 0.09**
2.63 ±0.33

427
6.98 ± 0.14**
1.16±0.18

14
8.01 ±0.13

-0.15±0.18
-1.4

pD2 and log1o CR values are means± s.e.mean, n= 6- 8. loglo CR± s.e.mean values represent potency vs oxytocin (20 nM), Bay K 8644
(1 uM) or KC1 (80mM) compared to potency vs oxytocin (0.2nM). Mean CR=anti-log of log1o CR. *P<0.01, **P<0.001 indicate a
significant difference from the pD2 value attained against the oxytocin (0.2nM)-induced spasm.

Relaxin

Levcromakalim

Salbutamol

Nifedipine

pD2

loglo CR
mean CR

pD2
log1o CR
mean CR

pD2
loglo CR
mean CR

pD2
loglo CR
mean CR
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Figure 2 The effects of (a) salbutamol (0, 0) and levcromakalim
(0. *) and (b) relaxin (0, 0) and nifedipine (E3, ) on the spasms
evoked by oxytocin (0.2 nM) (open symbols) and Bay K 8644 (1pM)
in K+-rich (10mM) PSS (closed symbols) in isolated uterus from the
17f-oestradiol benzoate-pretreated, non-pregnant rat. Ordinate
scales: % spasm remaining represents the integral of the tension
recorded from 5 to 10min after the addition of relaxant expressed as
a percentage of the integral of the tension recorded for 5 min prior to
any relaxant addition. Abscissa scales: logl0 molar concentration of
relaxant. Points represent the means±s.e.mean of n=6-8 tissues.

Levcromakalim was much less potent against the spasm
evoked by KCI (80 mM) than against the spasm evoked by
oxytocin (0.2 nM) (427 fold; P< 0.001; Table 1). The potency
of salbutamol against the spasm evoked by KCI (80 mM)-was
modestly reduced compared to that against the spasm evoked
by oxytocin (0.2 nM) (14 fold; P < 0.001; Table 1). The potency
of nifedipine against the KCl (80 mm)-evoked spasm was not
different from that against the oxytocin (0.2 nM)-evoked spasm
(P> 0.05; Table 1).

Relaxant inhibition of spasm evoked by oxytocin
(20 nM) + nifedipine (500 nM)

Oxytocin (20 nM), in the presence of nifedipine (500 nM), in-
duced a tonic spasm (Figure ld), the integral of this spasm
declined by 49% over 1 h 40 min. The integral of spasm in the
5 min period before relaxant addition was 870 ±48 (n= 24) g s.
Relaxin (0.16 nM-1.6 Mm) inhibited this spasm in a con-
centration-dependent manner but with a maximum effect of
only 80.0±4.7% inhibition at 1.6 pM (Figure ld(ii), 4b).
Levcromakalim (0.002-1 mM) and salbutamol (1-500nM)
caused concentration-dependent inhibition of the spasm
evoked by oxytocin (20 nM) in the presence of nifedipine
(500 nM) (Figure 4a). High concentrations of ethanol vehicle,
added when applying very high concentrations of levcroma-
kalim, itself had a pronounced inhibitory effect (Figure 4a).

The potencies of relaxin and levcromakalim against the
spasm evoked by oxytocin (20 nM) + nifedipine (500 nM)

120'

100I
so

E 8
0
E
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a
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-10 -9 -8 -7 -6 - 4 -3
log [Relaxin/Nifedipinel (M)

Fige 3 The effects of (a) salbutamol (0, *) and levcromakalim
(El ) and (b) relaxin (0. 0) nifedipine (0, *) on the spasms
evoked by oxytocin (0.2nM) (open symbols) and KCl (80mM) (closed
symbols) in the isolated uterus from the 17fi-oestradiol benzoate-
pretreated, non-pregnant rat. In a separate set of tissues ethanol, the
vehicle for levcromakalim, was applied at concentrations equivalent
to those applied when constructing a concentration-inhibition curve
for levcromakalim (a, A). Ordinate scales: % spasm remaining
represents the integral of the tension recorded from 5 to 10min after
the addition of relaxant expressed as a percentage of the integral of
the tension recorded for 5min prior to any relaxant addition.
Abscissa scales: loglo molar concentration of relaxant. Points
represent the means±s.e.mean of n=6-8 tissues.

were greatly reduced (74 fold and 234 fold respectively;
P<0.001) compared to their potencies against the spasm
evoked by oxytocin (0.2 nM) (Table 1). The potency of sal-
butamol against these two spasmogens did not differ (Table
1).

Discuusion

This study examined the relative ability of relaxin to inhibit
uterine spasm that was predominantly dependent upon either
extracellular or intracellular Ca2+ in order to determine whe-
ther the primary site of action of relaxin is localized within the
cell or at the level of the plasma membrane. Relaxin was able
to inhibit spasms dependent upon both extracellular Ca2" and
intracellular Ca2" but it was more potent against the former
than the latter. Thus, the action of relaxin appears to be lo-
cated primarily at the level of the plasma membrane.

Nature of the spasms

The phasic spasm elicited by low concentrations of oxytocin is
probably dependent mainly upon extracellular Ca2". Low
concentrations of oxytocin have been shown to increase the
influx of Ca2' across the plasma membrane (Ashoori et al.,
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Figure 4 The effects of (a) salbutamol (0. 0) and levcromakalim
(CO, ) and (b) relaxin (O. 0) on the spasms evoked by oxytocin
(0.2nM) (open symbols) and oxytocin (20nM)+nifedipine (500nM)
(closed symbols) in isolated uterus from the 17fi-oestradiol benzoate-
pretreated, non-pregnant rat. In a separate set of tissues ethanol, the
vehicle for levcromakalim, was applied at concentrations equivalent
to those applied when constructing a concentration-inhibition curve
for levcromakalim (a, A). Ordinate scales: % spasm remaining

represents the integral of the tension recorded from 5 to 10min after
the addition of relaxant expressed as a percentage of the integral of
the tension recorded for 5min prior to any relaxant addition.
Abscissa scales: logl0 molar concentration of relaxant. Points
represent the means±s.e.mean of n=6-8 tissues.

1985; Edwards et al., 1986; Granger et al., 1986) and to en-
hance the inward Ca2+ current (Mironneau, 1976). Both the
spasm and Ca2" influx induced by low concentrations of
oxytocin are abolished by L-type Ca2"-channel blockers or by
removing extracellular Ca2" (Edwards et al., 1986).

Bay K 8644 is a dihydropyridine Ca2"-channel agonist
(Triggle & Rampe, 1989) which induces uterine spasm that is
abolished by Ca2"-channel blockers and by the absence of
extracellular Ca2" indicating that this spasm is dependent
upon extracellular Ca2" (Conte-Camerino et al., 1987; Kyo-
zuka et al., 1987). Application of Bay K 8644, in normal PSS,
will not induce a well maintained spasm in uterine tissue. Most
studies in rat uterus have shown that Bay K 8644 requires
raised K+ concentrations to induce spasm (Conte-Camerino et
al., 1987; Kyozuka et al., 1987) and 45Ca2+ uptake (Ichida et
al., 1991). In this study it was shown that only a small rise in
the K+ concentration (total K+ 10 mM) was required for Bay
K 8644 to induce a well maintained phasic spasm. Under these
conditions of partial depolorization it is thought that the in-
active Ca2"-channels are converted to the open, active state
(Triggle & Rampe, 1989).

Spasm elicited by KCl (80 mM) is probably dependent
mainly upon extracellular Ca2". The tonic contraction induced
by this spasmogen has been shown to be associated with the
influx of Ca2" across the plasma membrane (Granger et al.,

1986). L-type Ca2+-channel blockers and zero extracellular
Ca2' conditions abolish both the spasm evoked by KC1
(80 mM) and the associated Ca2" influx (Granger et al., 1986).

Spasm dependent upon intracellular Ca2+ was elicited by
oxytocin (20 nM) in the presence of the Ca2"-channel blocker,
nifedipine (500 nM). The spasm induced by high concentra-
tions of oxytocin is not abolished by lowering the extracellular
Ca2" concentration indicating that at these high concentra-
tions oxytocin probably releases Ca2+ from the intracellular
stores (Ashoori et al., 1985; Edwards et al., 1986). Inositol
trisphosphate has been shown to be involved in this action
(Marc et al., 1986; 1988). Nifedipine was added to prevent
influx of Ca2+ from the extracellular fluid via L-type Ca2+-
channels, and so ensure that the spasm was dependent mainly
upon intracellular Ca2+.

Effects of levcromakalim

Levcromakalim was used as a standard drug whose site of
action is thought to be within or close to the plasma mem-
brane. It is proposed that levcromakalim opens K+-channels
and hyperpolarizes the plasma membrane, an action thought
to deactivate voltage-dependent Ca2"-channels and inhibit
spasm (Weston & Edwards, 1992). As expected, levcromaka-
lim was of similar high potency against the two spasmogens
with actions dependent mainly upon extracellular Ca2+, oxy-
tocin (0.2 nM) and Bay K 8644 (1 Mm). As anticipated, lev-
cromakalim was of much lower potency against the spasm
evoked by KCl (80 mM) (Piper et al., 1990). This observation,
characteristic of this class of drug, relates to the fact that under
these conditions the potassium equilibrium potential is more
positive than the potential at which the Ca2+-channels are
opened, hence the hyperpolarization induced by the K+-
channel openers is insufficient to deactivate the Ca2+-channels
and inhibit the associated spasm.

Levcromakalim was much less potent against the spasm
dependent mainly upon intracellular Ca2` (that evoked by
oxytocin (20 nM) in the presence of nifedipine (500 mM)) than
against the spasm evoked by oxytocin (0.2 nM). This ob-
servation is compatible with the proposed mechanism of action
of levcromakalim and supports the idea that inhibition of the
former spasm is diagnostic of an agent acting via intracellular
mechanisms.

At high concentrations ( > 60 gM), levcromakalim was ob-
served to inhibit the KCl (80 mM)-evoked spasm, as seen
previously with cromakalim (Piper et al., 1990). Also, some
inhibition of the oxytocin (20 nM)-evoked spasm was produced
by levcromakalim at concentrations> 1O Mm. At these con-
centrations these effects are likely to be attributable in part to
the ethanol vehicle. However, in rat uterus very high con-
centrations ofcromakalim appear to have an action which may
not involve K+-channel opening (Piper et al., 1990). Indeed, in
other tissues it has been suggested that levcromakalim-induced
membrane hyperpolarization is linked to the modulation of
intracellular Ca2+ stores and that levcromakalim can modulate
intracellular events via mechanisms not linked to the opening
of K+-channels in the plasma membrane (Greenwood &
Weston, 1993; Quast, 1993).

Effects of nifedipine

Nifedipine was used as a standard drug whose mechanism of
action involves inhibition of Ca2+ influx from the extracellar
medium. The observations that nifedipine inhibited the spasms
induced by oxytocin (0.2 nM) and by KC1 are compatible with
this mechanism. The reduced potency of nifedipine against the
Bay K 8644 induced spasm relative to its potency against the
oxytocin (0.2 nM)-induced spasm was also expected on the
basis of the competitive interaction seen between Bay K 8644
and nifedipine (Asano et al., 1987; Conte-Camerino et al., 1987;
Kyozuka et al., 1987). It was clearly not feasible to assess the
potency of nifedipine against the model of spasm dependent on
intracellular Ca2+, oxytocin (20 nM) + nifedipine (500 nM).
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Effects of salbutamol

Salbutamol was used as a standard drug whose mechanism of
action involves a cell surface receptor coupled via a G-protein
to adenylyl cyclase, and results in an increase in the con-
centration of cyclic AMP and activation of protein kinase A
(Diamond, 1990). Since protein kinase A has wide ranging
effects, salbutamol was expected to inhibit various spasmogens
which employ different mechanisms to induce spasm. Salbu-
tamol was indeed equipotent against the spasms induced by
oxytocin (0.2 nM), by Bay K 8644 (1 uM) and by oxytocin
(20 nM) + nifedipine (500 nM). Clearly salbutamol was equi-
potent against spasms dependent upon extracellular and in-
tracellular Ca2`.

Salbutamol was slightly less potent against the spasm
evoked by KCl (80 mM). Salbutamol was able to cause com-
plete inhibition of this spasm which indicates that the main
action of salbutamol is not attributable to the opening of K+-
channels. However, the reduced potency of salbutamol against
this spasm may indicate a minor K+-channel opening action as
has been suggested for f-adrenoceptor agonists in uterus
(Diamond & Marshall, 1969; Marshall, 1977; Anwer et al.,
1992) and in trachealis (Cook et al., 1993). Such actions have
been suggested to have a supportive rather than a central role.
Alternatively, such a decrease in potency may be a con-
sequence of functional antagonism due to the degree of tone
induced by the KCl (Cook et al., 1995).

Effects of relaxin

Relaxin was the most potent of the four relaxants against the
spasm induced by oxytocin (0.2 nM). Relaxin was less potent
against the spasm induced by oxytocin (20 nM)+ nifedipine
(500 nM), which was dependent upon intracellular Ca2+, than
against the spasms induced by oxytocin (0.2 nM) or Bay
K 8644 (1 pM), which were dependent upon extracellular
Ca2". In this regard, relaxin resembled levcromakalimn more
than salbutamol. Thus, the major action of relaxin appears to
be located at the plasma membrane rather than at an in-
tracellular site. Although relaxin inhibited both the spasms
induced by oxytocin (0.2 nM) and by Bay K 8644 (1 LM), it
was 15 fold less potent against the latter spasmogen than
against the former. In this regard relaxin was very similar to

nifedipine. Since the action of nifedipine is located at the
plasma membrane this observation further supports the sug-
gestion that relaxin modulates events localized in the plasma
membrane and might even be taken to indicate that relaxin
modulates L-type Ca2'-channel activity.

Relaxin has been suggested to induce relaxation of uterus by
a cell-surface receptor coupled via a pertussis toxin-sensitive
G-protein to adenylyl cyclase (Sanborn & Anwer, 1990).
However, relaxin-induced increases in myometrial cyclic AMP
(Downing et al., 1992) and protein kinase A (Hughes & Hol-
lingsworth, 1994) are small. The current functional results do
not support the contention that this mechanism is fundamental
to the uterine relaxant action of low concentrations of relaxin.

With most of the evidence suggesting that relaxin modulates
events localized in the plasma membrane it was surprising to
find that relaxin could induce a maximum inhibition of only
47% of the spasm evoked by KCl (80 mM). Such an action
might be indicative of a K+-channel opening action of relaxin
(Downing & Hollingsworth, 1991; Hughes et al., 1992) or a
consequence of functional antagonism due to the degree of
tone induced by the KC1. The integral of spasm induced by
KCl was greater than that produced by the other spasmogens.

Higher concentrations of relaxin (0.16 nM- 1.6 yM) did in-
hibit the spasm evoked by oxytocin (20 nM) + nifedipine
(500 nM) but the slope of the concentration-effect curve was
less than that against oxytocin (0.2 nM) and the maximum
effect was 80% inhibition at 1.6 yM. This observation is
compatible with a mechanism involving intracellular actions. It
is possible that the data supporting adenylyl cyclase stimula-
tion are relevant to these concentrations of relaxin.

In summary, the primary site of action of low concentra-
tions of relaxin in rat uterus appears to be located at the
plasma membrane. At high concentrations, relaxin appears to
exert an additional action involving an intracellular mechan-
ism.

S.J.H. was supported by the Medical Research Council. We thank
SmithKline Beecham for levcromakalim, Glaxo for salbutamol and
Bayer for nifedipine and Bay K 8644. The authors thank Dr S.
Downing for her time and effort in isolating the porcine relaxin.

References

ANWER, K., TORO, L., OBERTI, C., STEFANI, E. & SANBORN, B.M.
(1992). Ca2 + -activated K+ channels in pregnant rat myome-
trium: modulation by a P-adrenergic agent. Am. J. Physiol., 263,
C1049-C1056.

ASANO, M., AOKI, K., SUZUKI, Y. & MATSUDA, T. (1987). Effects of
Bay K 8644 and nifedipine on isolated dog cerebral, coronary and
mesenteric arteries. J. Pharmacol. Exp. Ther., 647, 646-656.

ASHOORI, F., TAKAI, A. & TOMITA, T. (1985). The response of non-
pregnant rat myometrium to oxytocin in Ca-free solution. Br. J.
Pharmacol., 84, 175- 183.

CALIXTO, J.B. & RAE, G.A. (1991). Effects of endothelins, Bay K 8644
and other oxytocics in non-pregnant and late pregnant rat
isolated uterus. Eur. J. Pharmacol., 192, 109-116.

CHEAH, S.H. & SHERWOOD, O.D. (1980). Target tissues for relaxin in
the rat - tissue distribution of injected 1SI-labeled relaxin and
tissue changes in adenosine 3',5'-monophosphate levels after in
vitro relaxin incubation. Endocrinology, 106, 1203-1209.

CONTE-CAMERINO, D., LOGRANO, M.D., DE LUCA, A., PERSI-
CHELLA, M. & FRANCONI, F. (1987). The effects of the calcium
channel agonist, Bay K 8644, on guinea-pig ileum and rat uterine
horn. J. Pharm. Pharmacol., 39, 954-957.

COOK, N.S. & QUAST, U. (1990). Potassium channel pharmacology.
In Potassium Channels. Structure, Classification, Function and
Therapeutic Potential. ed. Cook, N.S. pp. 181-255. Chichester:
Ellis Horwood Ltd.

COOK, S.J., ARCHER, K., MARTIN, A., BUCHHEIT, K.H., FOZARD,
J.R., MULLER, T., MILLER, A.J., ELLIOTT, K.R.F., FOSTER, R.W.
& SMALL, R.C. (1995). Further analysis of the mechanisms
underlying the tracheal relaxant action of SCA 40. Br. J.
Pharmacol., 114, 143-151.

COOK, S.J., SMALL, R.C., BERRY, J.L., CHIU, P., DOWNING, S.J. &
FOSTER, R.W. (1993), P-Adrenoceptor subtypes and the opening
of plasmalemmal K' -channels in trachealis muscle: electrophy-
siological and mechanical studies in guinea-pig tissue. Br. J.
Pharmacol., 109, 1140-1148.

DIAMOND, J. (1990). f-adrenoceptors, cyclic AMP, and cyclic GMP
in control of uterine motility. In Uterine Function. ed. Carsten,
M.E. & Miller, J.D. pp. 249-276. New York: Plenum Press.

DIAMOND, J. & MARSHALL, J.M. (1969). Smooth muscle relaxants:
dissociation between resting membrane potential and resting
tension in rat myometrium. J. Pharmacol. Exp. Ther., 168, 13-20.

DOWNING, S.J. & HOLLINGSWORTH, M. (1991). Antagonism of
relaxin by glibenclamide in the uterus of the rat in vivo. Br. J.
Pharmacol., 104, 71 - 76.

DOWNING, S.J. & HOLLINGSWORTH, M. (1993). Action of relaxin on
uterine contractions - a review. J. Reprod. Fert., 99, 275-282.

DOWNING, S.J. MCILWRATH, A. & HOLLINGSWORTH, M. (1992).
Cyclic adenosine 3'5'-monophosphate and the relaxant action of
relaxin in the rat uterus in vivo. J. Reprod. Fert., 96, 857-863.



3034 S.J. Hughes & M. Hollingsworth Sib of action of relaxin

EDWARDS, D., GOOD, D.M., GRANGER, S.E., HOLLINGSWORTH,
M., ROBSON, A., SMALL, R.C. & WESTON, A.H. (1986). The
spasmogenic action of oxytocin in the rat uterus - a comparison
with other agonists. Br. J. Pharmacol., 88, 899-908.

FOSTER, R.W. & HOLLINGSWORTH, M. (1985). Microcomputer
integration of tension development, a versatile aid to concen-
tration: response data collection and analysis. Br. J. Pharmacol.,
85, 389P.

GRANGER, S.E., HOLLINGSWORTH, M. & WESTON, A.H. (1985). A
comparison of several calcium antagonists on uterine, vascular
and cardiac muscles from the rat. Br. J. Pharmacol., 85, 255-262.

GRANGER, S.E., HOLLINGSWORTH, M. & WESTON, A.H. (1986).
Effects of calcium entry blockers on tension development and
calcium influx in rat uterus. Br. J. Pharmacol., 87, 147- 156.

GREENWOOD, I.A. & WESTON, A.H. (1993). Effects of rubidium on
responses to potassium channel openers in rat isolated aorta. Br.
J. Pharmacol., 109, 925-932.

HSU, C.J., MCCORMACK, S.M. & SANBORN, B.M. (1985). The effect
of relaxin on cycle adenosine 3',5'-monophosphate concentra-
tions in rat myometrial cells in culture. Endocrinology, 116,
2029-2035.

HUGHES, S.J., DOWNING, S.J. & HOLLINGSWORTH, M. (1992).
Relaxin, a potassium channel opener on the isolated rat uterus?
Br. J. Pharmacol., 106, 80P.

HUGHES, S.J. & HOLLINGSWORTH, M. (1993). Evidence that relaxin
acts predominantly at the level of the plasmalemma in the
isolated rat uterus. Br. J. Pharmacol., 110, 52P.

HUGHES, S.J. & HOLLINGSWORTH, M. (1994). Does relaxin inhibit
myometrial activity via a cAMP-dependent pathway in rat
uterus? Br. J. Pharmacol., 112, 564P.

ICHIDA, S., ARIYOSHI, S., FUJISUE, T., WADA, T. & AKIMOTO, T.
(1991). Effects ofcalcium agonists (BAY-K-8644, CGP28392 and
YC-170) on 45Ca uptake by rat uterine segments. Jpn. J.
Pharmacol., 56, 397-402.

JUDSON, D.G., PAY, S. & BHOOLA, K.D. (1980). Modulation of cyclic
AMP in isolated rat uterine tissue slices by porcine relaxin. J.
Endocr., 87, 153-159.

KEMP, B. & NIALL, H.D. (1981). Effect of relaxin on the activation of
cAMP-dependent protein kinase in rat uterus. In Relaxin. ed.
Bryant-Greenwood, G.D., Niall, H.D.S. & Greenwood, F.C. pp.
273-275. New York: Elsevier/North Holland.

KYOZUKA, M., CRANKSHAW, J., BEREZIN, I., COLLINS, S.M. &
DANIEL, E.E. (1987). Calcium and contractions of isolated
smooth muscle cells from rat myometrium. Can. J. Physiol.
Pharmacol., 65, 1966-1975.

MARC, S., LEIBER, D. & HARBON, S. (1986). Carbachol and oxytocin
stimulate the generation of inositol phosphates in the guinea pig
myometrium. FEBS Lett., 201, 9-14.

MARC, S., LEIBER, D. & HARBON, S. (1988). Fluoroaluminates
mimic muscarinic- and oxytocin-receptor-mediated generation of
inositol phosphates and contraction in the intact guinea pig
myometrium. Biochem. J., 255, 705-713.

MARSHALL, J.M. (1977). Modulation of smooth muscle activity by
catecholamines. Fed. Proc., 36, 2450-2455.

MIRONNEAU, J. (1976). Effects of oxytocin on ionic currents
underlying rhythmic activity and contraction in uterine smooth
muscle. Pflagers Arch., 363, 113- 118.

OSA, T., INOUE, H. & OKABE, K. (1991). Effects of porcine relaxin on
contraction, membrane response and cyclic AMP content in rat
myometrium in comparison with the effects of isoprenaline and
forskolin. Br. J. Pharmacol., 104, 950-960.

PIPER, I.T., MINSHALL, E., DOWNING, S.J., HOLLINGSWORTH, M.
& SADRAEI, H. (1990). Effects of several potassium channel
openers and glibenclamide on the uterus of the rat. Br. J.
Pharmacol., 101, 901-907.

POLI, R., RUSAGARA, J.N., CORUZZI, G. & BERTACCINI, G. (1989).
Dihydropyridine receptors in the pregnant human uterus in vitro.
Pharmacology, 39, 309-3 16.

QUAST, U. (1993). Do the K+ channel openers relax smooth muscle
by opening K+ channels? Trends Pharmacol. Sci., 14, 332-336.

SANBORN, B.M. & ANWER, K. (1990). Hormonal regulation of
myometrial intracellular calcium. In Uterine Contractility. ed.
Garfield, R. pp. 69-82. Norwell, Mass.: Serono Symposium.

SANBORN, B.M., KUO, H.S., WEISBRODT, N.W. & SHERWOOD, O.D.
(1980). The interaction of relaxin with the rat uterus. I. Effect on
cyclic nucleotide levels and spontaneous contractile activity.
Endocrinology, 106, 1210- 1215.

SHERWOOD, O.D. & O'BYRNE, E.M. (1974). Purification and
characterization of porcine relaxin. Arch. Biochem. Biophys.,
160, 185-196.

TALLARIDA, R.J. & MURRAY, R.B. (1981). Manual of Pharmacolo-
gical Calculations with Computer Programs. New York: Springer-
Verlag.

TRIGGLE, D.J. & RAMPE, D. (1989). 1,4-dihydropyridine activators
and antagonists: structural and functional distinctions. Trends
Pharmacol. Sci., 10, 507-511.

WESTON, A.H. & EDWARDS, G. (1992). Recent progress in potassium
channel opener pharmacology. Biochem. Pharmacol., 43, 47 - 54.

(Received August 9, 1995
Accepted August 10, 1995)


