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The response of rat and human uterus to oxytocin from different

gestational stages in vitro
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Abstract. Oxytocin (OT) and oxytocin receptors (OTRs) play essential roles in parturition and the
effect of OT on uterine contractility is greatly influenced by the expression of OTRs in myometrium.
We investigated the effect of OT on uterine strips isolated from non-pregnant, late-pregnant, term-
pregnant, and labouring rats and from labouring and non-labouring women. Longitudinal uterine
strips (from each gestational stage) were dissected and mounted vertically in an organ bath setup
system and challenged with 5 nM OT and the effect was investigated on uterine contractility. In
other experiments, phospholipase C (PLC), prostaglandin H synthase-2 (PGHS-2), and calcium-
activated chloride channels (CaCCs) were blocked and the effect of OT was tested in labouring rats.
OT stimulated the labouring uterus with greater force compared to other gestations in rats and also
augmented the uterine force in labouring women compared to the non-labouring. However, block-
ing the PLC, PGHS-2, and CaCCs significantly reduced the OT-induced force increase in labouring
rats. These data suggest that as labour approaches, the sensitivity of the uterine tissues to OT is
greatly enhanced concomitant with the increased expression of OTR to ensure strong and adequate
uterine contractions essential for the normal delivery and to prevent the postpartum haemorrhage.
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Introduction

Throughout the journey of pregnancy, the uterus exhibits
a relatively quiescent organ and responds to a low level of
uterotonins until parturition approaches. So far, the exact
mechanisms triggering the onset of labour are not fully un-
derstood and during labour the uterus becomes a very active
organ being very sensitive to oxytocin (OT). OT is a neuro-
peptide hormone which plays essential roles in labour and
lactation and stimulation of the uterus by OT during labour
is mostly inevitable. OT is synthesised in the hypothalamus
and released into the circulation from its store in the posterior
pituitary gland. However, evidence confirmed the synthesis
of OT in some peripheral tissues such as myometrium, endo-
metrium, corpus luteum, placenta, and amnion (Gimpl and
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Fahrenholz 2001) to facilitate the local regulation and timing
oflabour contractions (Mitchell and Chibbar 1994). OT is not
important for the pregnant uterus only but its role is vital in
the non-pregnant uterine tissues during sperm transport (de
Vries etal. 1990; Lyons et al. 1991) and menstruation (Maggi
et al. 1992). In the non-pregnant uterus, the expression of
uterine oxytocin receptors (OTRs) is fluctuating throughout
the menstrual cycle. Lee et al. (1998) found higher OTRs
expression during preovulatory phase than the postovulatory
phase whereas others found significantly higher OTRs dur-
ing the late-luteal phase and menstruation than the follicular
phase (Maggi et al. 1992; Einspanier et al. 1998). Throughout
pregnancy, the expression of OTRs increases progressively as
the stages of pregnancy progresses and peaks at parturition
(Fuchs et al. 1984; Arthur et al. 2008).

The OTRs belong to rhodopsin type-1 G-protein cou-
pled receptor (GPCR) superfamily. In myometrium, Gqq/11
proteins are coupled to phospholipase C (PLC) (Phaneuf et
al. 1993), which cleaves the phosphatidylinositol biphos-
phate (PIP,) into two second messengers; inositol-tris-
phosphate (IP3) and diacylglycerol (DAG) which control
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the mobilisation of Ca?* from the sarcoplasmic reticulum
(SR) and the activation of PKC, respectively (Gimpl and
Fahrenholz 2001). Ca?* influx and release from the SR
stimulate the Ca?*-calmodulin complex and the activa-
tion of myosin light chain kinase. This mechanism causes
uterine smooth muscles contraction as well as contraction
of mammary myoepithelial smooth muscles leading to
milk let-down (Gimpl and Fahrenholz 2001). OT can also
act on voltage-gated Ca®* channels (VGCCs) resulting in
membrane depolarization and Ca®* influx (Sanborn et al.
2005). Moreover, OT can activate the calcium-activated
chloride channels (CaCCs) resulting in chloride efflux and
membrane depolarization, thereby allowing Ca®* influx
via calcium channels and further enhances the contraction
(Adaikan and Adebiyi 2005). In addition, OTRs can activate
the mitogen-activated protein kinase (MAPK) which acti-
vates the cytosolic phospholipase A2 (cPLA;) (Molnar et
al. 1999). This enzyme is essential for the hydrolysis of the
membrane phospholipids and the liberation of arachidonic
acid resulting in the increased production of prostaglan-
din (PG) via prostaglandin endoperoxide-H synthases-2
(PGHS-2) (Soloff et al. 2000). It has been shown that PGF,,
is significantly released after stimulation by OT in pregnant
and non-pregnant uteri (Franczak et al. 2004) suggesting
a strong interaction between OT and PG in synergizing
the force of uterine contraction. The activation of MAPK
pathways, increased production of PG in conjunction with
the membrane depolarization and increased intracellular
Ca* concentration which all together contribute to the
effect of OT in augmenting the force of uterine activity.
The objectives of the present study were to examine and
compare the effect of OT on uterine strips obtained from
different gestational stages in humans and rats in vitro, and
to investigate the possible physiological mechanisms of OT-
induced uterine activity in labouring animals.

Materials and Methods

Human and animal uterine tissues

Experiments were performed on intact uterine tissues
isolated from women and rats. Biopsies of human myome-
trial tissues were obtained from the upper lip of the lower
uterine segment from two groups of women; labouring
women undergoing emergency caesarean section (CS) or
non-labouring women undergoing planned elective CS
(n = 5 each). All labouring women were in the full term
of pregnancy (week 40-41) whereas all the non-labouring
women were in the late-pregnancy before the full term
(weeks 38-39). The indications for the emergency CS were
foetal distress and failure to progress while the indications
for the planned elective CS were previous CS, breech baby or

previous traumatic vaginal delivery. The mean maternal age
at the time of delivery for the labouring women was 30 + 6
years and 32 + 5 years for the non-labouring women. The av-
erage parity for all women in both groups was 1 (range 0-2).
All women provided written informed consent at Liverpool
Women’s Hospital, UK and ethical approval was sought and
granted by the Local Research Ethics Committee. Animal
myometrial tissues were obtained from female Wistar rats
at the following gestational stages: virgin non-pregnant
(180-200 g), late-pregnant (17-18 day of gestation), full
term-pregnant (22 day of gestation) and labouring (after the
delivery of the 1% pup). In rats, parturition occurs on day 22.

Animals were humanely killed by cervical dislocation
under CO, inhalation in accordance with the UK Home
Office legislation and guidelines. The uteri were removed
and immediately placed into physiological saline solution
(PSS) containing (in mM): 154 NaCl, 5.6 KCl, 1.2 MgSOy,,
7.8 glucose, 10.9 HEPES and 2.0 CaCl,, pH 7.4.

Tissue dissection and preparation of uterine strips

Longitudinal uterine strips (2 x 10 mm) were dissected from
rats (with intact endometrium) and from women (without
endometrium). To avoid any discrepancy in the results
amongst uterine samples, all strips were carefully measured
before experiments to obtain even size and all animal strips
were dissected from the ovarian ends (Alotaibi 2016).

Measurement of tension and experimental protocols

Uterine strips were mounted in an organ bath chambers as
previously described (Alotaibi et al. 2015). Briefly, strips were
vertically placed into 5 ml jacketed organ bath chambers
(Linton Instruments, UK), filled with buffered PSS solution
pre-bubbled with 95% O, and 5% CO, at 37°C. One end of
the strip was attached to a fixed hook using a silk suture and
the other end was attached to an isometric force transducer
(Letica Scientific Instrument, LSI) connected to data acqui-
sition system with DataTrax V.2 software (World precision
instruments Inc., USA).

All uterine strips were stretched to a 1 g standard resting
tension (Alotaibi et al. 2015) and allowed to equilibrate for
at least 30 minutes to obtain regular uterine contractions
before adding any drug. After obtaining regular sponta-
neous uterine contractions, OT was added directly to the
PSS for 20 minutes and its effect was monitored. In other
experiments, uterine strips were stimulated with OT and
the blockers were added in the continued presence of OT.

Drugs and solutions

All chemicals used in this study were of analytical grade
and obtained from Sigma Aldrich, UK, unless stated
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otherwise. All stock solutions were made according to
the manufacturer’s guidelines. The stock solution of OT
was made using dH,O and a final concentration of OT
(5 nM) was used in the study (Alotaibi et al. 2015). Ni-
mesulide is a potent selective blocker for PGHS-2 which
was dissolved in dimethyl sulfoxide (DMSO), and used
at final concentration of 10 uM (Connolly et al. 1998).
Niflumic acid (NFA) is a relatively selective blocker for the
CaCCs and it was dissolved in DMSO and used at a final
concentration of 10 pM (Jones et al. 2004). U-73122 is
a selective potent blocker for PLC and it was obtained
from Calbiochem® and used at a final concentration of
10 uM (Trujillo et al. 2000).

Statistical and data analysis

Data were analyzed using Microcal Origin Software (Origin-
Lab, USA, V.9). Area under the curve (AUC) was calculated
as the main parameter to assess the entire uterine contractil-
ity (Alotaibi et al. 2015; Alotaibi 2016). Data were analysed
as follows: Spontaneous contractile activity during the last
10 minutes (in rats) and 20 minutes (in women) preceding
the application of OT was calculated and taken as 100% con-
trol. The first 10 minutes (in rats) and 20 minutes (in women)
after the application of OT was then analyzed and expressed
as a percentage of this control. In other experiments where
blockers were used, data were analysed by calculating the
last 10 minutes of contractile activity in the continued
presence of OT alone (100% control) and compared with
the last 10 minutes during the continued presence of OT
and blockers simultaneously. Data are presented as mean +
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standard error of the mean (SEM) using one-way analysis
of variance (ANOVA) with post hoc Bonferroni test only
when the ANOVA revealed a statistical significant difference
(p < 0.05). n represents the number of uterine samples, one
from each animal or women.

Results

The effect of oxytocin on rat uterine contractility

Stimulating the uterine strips with 5 nM OT produced a po-
tentiating effect on spontaneous uterine activity in all samples
tested irrespective of the gestational stages, however, the
response to OT is gestational-dependent. In non-pregnant
uterus (n = 6), addition of 5 nM OT significantly increased
the AUC to 282 * 6% compared to100% spontaneous uterine
activity (Fig. 1A, p < 0.01). In late-pregnant uterus (n = 6),
the AUC increased to 194.7 + 4% (Fig. 1B, p <0.01). In term-
pregnant (n = 6), the AUC significantly increased to 285.6 +
3% (Fig. 1C, p < 0.01). However, in labouring uterus (n = 6),
the AUC significantly increased to 367.5 + 3.4% compared to
100% control spontaneous uterine activity (Fig. 1D, p <0.01).

When comparing the means of the effect of OT from
different gestational stages, it is clear that OT produced the
most pronounced and significant increase in force in labour-
ing rats compared to any other gestations, whereas the effect
of OT was the least in late-pregnant compared to all other
gestations. Fig. 2 summarizes the effect of OT on rat uterine
contractility obtained from different gestational stages with
means comparison.

Oxytocin
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Figure 1. The effect of oxytocin on rat
uterine contractility in different ges-
tations. Original recordings showing

the increase of force after addition of
M 1 5nM oxytocin to spontaneously con-

Oxytocin

tracting uterus in Non-pregnant (A),

Late-pregnant (B), Term-pregnant
’ (C), and Labouring rats (D). Note
I\ the increase in force baselines in
Non-pregnant, Term-pregnant, and
Labouring uterine strips compared
to the Late-pregnant.
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Figure 2. The effect of oxytocin on rat uterine contractility in differ-
ent gestations. Bar charts showing the significant increase in % area
under the curve (AUC) after addition of 5 nM oxytocin to spontane-
ously contracting uterus in Non-pregnant (NP), Late-pregnant (LP),
Term-pregnant (TP), and Labouring rats compared to 100% control
spontaneous activity. The histograms represent AUC (mean + SEM),
n = 6 independent samples from each gestation. * indicates that
control is significantly different from all other gestations, ** p < 0.01.

The effect of oxytocin on human uterine contractility

In labouring uterus (n = 5), 5 nM OT significantly increased
the AUC to 222 + 3.5% compared to 100% spontaneous
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uterine activity (Fig. 3A, p <0.01). In non-labouring uterus
(n = 5), OT significantly increased the AUC to 143 + 2%
compared to 100% spontaneous uterine activity (Fig. 3B,
p < 0.01). Figure 3C summarizes the comparison between
the means with significant values.

The effect of blocking PLC, PGHS-2, and CaCCs on
OT-induced uterine contractility in labouring rats

To investigate the underlying mechanism of OT-induced
force increase in labouring rats, important pathways were
blocked including PLC, PGHS-2, and CaCCs. As shown in
Fig. 4, blocking the PLC, PGHS-2, and CaCCs pathways sig-
nificantly decreased the force produced by OT. Inhibiting the
PLC with U-73122 significantly decreased the force produced
by OT to 77 + 5.5% compared to 100% control before adding
the drug (p < 0.05). Blocking the PGHS-2 with nimesulide
significantly decreased the force produced by OT to 44 + 4%
compared to 100% control before adding the drug (p <0.01).
However, blocking the CaCCs with niflumic acid significantly
decreased the force produced by OT to 59 + 3% compared to
100% control before adding the blocker (p < 0.01).

Discussion

In this study we examined the effect of OT on rat and
human uterine strips obtained from different gestational
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Figure 3. The effect of oxytocin on human uterine contractility in different gestations. Original recordings showing the increase in force
after addition of 5 nM oxytocin to spontaneously contracting uterus in Labouring (A) and Non-labouring (B) women. C. Bar charts show-
ing the significant increase in % area under the curve (AUC) after addition of OT to spontaneously contracting uterus in Labouring and
Non-labouring human uterus. * indicates that control is significantly different from all other gestations, ** p < 0.01.
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Figure 4. The effect of blocking PLC, PGHS-2, and CaCCs on
oxytocin (OT)-induced uterine contractility in labouring rats. Bar
charts showing the significant decrease in % area under the curve
(AUC) after addition of 10 uM PLC blocker (U-73122), 10 uM
PGHS-2 (nimesulide), and 10 uM CaCCs blocker (niflumic acid)
on OT-induced uterine contraction in Labouring rats. The histo-
grams represent AUC (mean = SEM), n = 4 independent samples.
*p<0.01,* p<0.05.

stages using the previously established perfusion system
(Polacek and Daniel 1971). We show that the effect of
OT on spontaneous uterine contractility is a gestational-
dependent and is more pronounced in labouring uterus
than in uteri from other gestational stages. The effect of
OT on uterine contractions depends mainly on the level
of OTRs present in uterine compartments (Gimpl and
Fahrenholz 2001). It has been shown that OTRs are ex-
pressed in pregnant and non-pregnant uteri (Lefebvre et
al. 1994; Arthur et al. 2008) and that their expression is sig-
nificantly increased as pregnancy progresses and reached
their maximal peak at parturition (Soloff et al. 1979; Fuchs
et al. 1984). We have found that OT was able to stimulate
uterine contractions in all uterine strips obtained from rats
and humans regardless of the gestational stages. However,
the uterine strips from the late-pregnant animals or the
non-labouring human responded with less force compared
to the term-pregnant or labouring rats and humans. These
findings are in agreement with the previous studies which
showed that the expression of OTRs mRNA was reduced in
mid-pregnant rat uterus compared to the non-pregnant but
increased significantly as labour approaches (Arthur et al.
2008). In addition, studies have found a dramatic increase
in uterine OTRs mRNA (~150 fold) very close to labour
which preceded the increase in OTRs expression (Soloft et
al. 1979; Lefebvre et al. 1994). In addition to the increase in

OTRs, several studies have shown a significant increase in
the maternal plasma OT at the onset of labour compared
to the late pregnancy or before the onset of labour in both
humans and animals (Fuchs et al. 1983; Higuchi et al.
1985; Fuchs et al. 1991; Olsson et al. 2003). The increase
in maternal plasma OT is gradual and concomitant with
the increase in OTRs as labour progresses to maintain
adequate and frequent labour contractions essential for
the delivery of the foetus and placenta. The level of uterine
stimulant system (OTRs, prostaglandin, connexin-43) has
been reported to be greatly reduced in rat uteri during
early pregnancy to ensure adequate uterine quiescence and
suppression of premature contractility (Alexandrova and
Soloff 1980; Arthur et al. 2008).

We found that uteri from non-pregnant rats responded
to OT with the same force as the uteri from the term-
pregnant rats and this could be attributed to the effect of
estrogen on the expression of OTRs. It has been found that
the expression of uterine OTRs is significantly increased
in non-pregnant uterus to a level comparable to those in
pregnant ones when treated with estogen (Liu et al. 1996;
Engstrom et al. 1999; Richter et al. 2004). Furthermore,
in pregnant rat uterus, studies have shown similar OTR
expression in non-pregnant and term-pregnant uterine
horns and that the estogen was the likely contributor for
OTR expression in these tissues (Alexandrova and Soloft
1980). In addition, anti-estrogen compound, tamoxifen,
has been found to significantly reduce uterine OTRs in
pregnant rats (Murata et al. 2000). These studies support
the notion that the expression of OTRs is physiologically
regulated by steroid hormones (Lee et al. 1998). As term
approaches, the level of estrogen increases while proges-
terone decreases which is necessary for the expression of
uterine OTRs during labour (Murata et al. 2000). It has
been demonstrated that administration of progesterone
prolongs pregnancy and reduced the expression of uter-
ine OTRs in rats (Ou et al. 1998). This may explain why
uterine tissues obtained from the late-pregnant rats or
non-labouring women responded with less force to OT
compared to the labouring tissues.

OT/OTRs activate PLC pathways and the downstream
increase in intracellular calcium concentration essential
for uterine contraction (Molndr et al. 1999). We found that
blocking the PLC with its specific inhibitor decreases the
OT-increased uterine contraction significantly. This is con-
sistent with some studies showing that PLC is activated by
OT in pregnant and non-pregnant myometria (Phaneuf et
al. 1996; Zhou et al. 2007), and our finding further confirms
these results.

In labouring uteri, we found that OT produced the most
significant and pronounced effect on uterine activity com-
pared to its effect on any uterine strips obtained from other
gestational stages in both rats and humans. This supports the
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notion that uterine OTRs are at their highest level in labour-
ing uterine tissues (Fuchs et al. 1984; Kimura et al. 1996) and
that uterine sensitivity to OT is markedly enhanced during
labour (Gimpl and Fahrenholz 2001). Our data show that
blocking the PGHS-2 (an important enzyme for PG biosyn-
thesis) with nimesulide decreased the uterine response to OT
significantly in labouring rats. Our findings are consistent
with the previous studies which found that PGHS-2 was es-
sential for the normal labour and that the level of this enzyme
was found to be significantly up-regulated in human and rat
uteri prior to the onset of labour possibly due to the poten-
tial stimulus of pro-inflammatory cytokines that is usually
occur during normal labour (Slater et al. 1999; Arthur et al.
2008). Blocking the PGHS-2 decreased the PG biosynthesis
induced by OT stimulation, and hence decreased the uterine
contractions. Furthermore, Murata et al. (2000) found that
injection of pregnant rat with PGF, significantly increased
the mRNA OTRs expression in myometrium within 24 h of
injection. In addition, OT is able to release arachidonic acids
and PGF, significantly from uterine decidual cells in the
labouring women than in non-labouring or non-pregnant
women (Wilson et al. 1988) and this finding correlates well
with the higher concentration of OTRs in labouring tissues
and the strong interactions between OT and PG at the onset
of labour.

Another possible mechanism by which OT augments the
uterine contraction is via the activation of CaCCs. It has been
demonstrated that these channels are expressed in pregnant
rat myometrial tissues and OT was able to open these chan-
nels resulting in membrane depolarization (Arnaudeau et al.
1994; Adaikan and Adebiyi 2005). We found a significant
decrease in force induced by OT when these channels were
blocked with niflumic acid which further confirms that
these channels are target for OT. Activation of CaCCs by OT
would depolarize the myometrial cell membrane allowing
more Ca>* to enter the cell via VGCCs, and hence further
increase the uterine contractility.

In conclusion, we presented a unique data showing that
the effect of OT is pronounced in uterine tissues at labour
compared to any other gestational stages. OT is a potent
stimulator for the uterine smooth muscle contraction
regardless of the gestational stage and this hormone is
widely prescribed in clinical settings to induce the labour.
However, as pregnancy progresses further, the sensitivity
of uterine smooth muscles to the OT is enhanced reaching
its maximum sensitivity at parturition. Maternal plasma
OT also increases during labour concomitant with the
increase in OTRs. This is to maintain strong uterine
contractions essential for the normal labour through
different molecular mechanisms including the activation
of PLC, PG biosynthesis, and CaCCs. Any aberration in
these pathways can partly decrease the effect of OT on
uterine activity.
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