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Abstract 

The effect of prostaglandins in myometrial tissue; a functional and lipidomic study 

Key words: Prostaglandins, myometrium, human, rat, menstrual cycle, oestrous cycle, 
pregnancy  

Prostaglandins are integral mediators in reproductive processes but their exact role in 

uterine function is still not clear. In addition, ethical restraints have limited the 

availability of human tissue to investigate uterine prostanoid receptor populations. The 

aim of this thesis was to characterise the prostanoid receptors on the human and rat 

myometrium in order to evaluate the potential of the rat as an animal model of human 

uterine function and disease. 

For functional analysis of myometrial prostanoid receptors the immersion technique 

was utilised. LC-ESI-MS/MS was also used to measure the ex vivo myometrial release 

of prostanoid metabolites. 

The results show that both the rat and human uterus displays cyclical changes in uterine 

motility, with myogenicity greatest in the follicular and oestrus stages. The data also 

indicate that whilst the human uterus is responsive to EP3, EP2, TP, FP and IP receptor 

agonists, a functional population of only EP3, EP2 and FP receptors is present on the rat 

uterus, although the TP receptor appears to be upregulated at gestation and post-partum.  

The results also show that myometrial prostanoid release in the human uterus is 

cyclically regulated, with the greatest amount of prostaglandins being released during 

the late follicular stage. 

In conclusion, although similarities do exist with regard to the ovarian regulation of 

uterine motility in both the rat and human uterus, the differences in the apparent 

functional prostaglandin receptor populations between the two species suggest further 

work is required before the rat can be used as a model of human uterine function. 

Uzmah Jabeen Sabar
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Chapter 1: Introduction 

1.1 The human female reproductive system: an anatomical description 

The human female reproductive system is specialised to accommodate the reproductive 

processes of oogenesis, the menstrual cycle and pregnancy. Abnormalities in the uterus 

however, a dynamic and integral organ of the reproductive system, can lead to common 

gynaecological diseases including abnormal uterine bleeding and premature labour. 

Understanding the physiology of the uterus may therefore lead to innovative therapy in 

female reproductive disorders. 

The human reproductive tract comprises of the ovaries, Fallopian tubes, uterus and 

vagina (Figure 1.1), all located within the pelvis between the urinary bladder and the 

rectum (Marieb et al., 2007). The ovaries, the main site of sex steroid production, are 

located at each side of the uterus, are small in size (about 2 to 3.5cm long) and are 

attached to the posterior surface of the broad ligament by the mesovarium. The surface 

of the ovary is covered by the ovarian epithelium (Tallitsch, 2009) and the ovary itself 

consists of a dense cortex containing the ovarian follicles holding the oocytes. The two 

Fallopian tubes are on either side of the uterus and each tube is located along the 

superior margin of the broad ligament (Figure 1.1). Each uterine tube consists of three 

layers, the outer serosa formed by the peritoneum, the middle muscular layer consisting 

of longitudinal and circular smooth muscle fibres, and the inner mucosa consisting of a 

mucous membrane of simple ciliated columnar epithelium (Ledger et al., 2010). The 

mucosa provides the essential nutrients for the oocyte and the ciliated epithelium helps 

propagate the oocyte through the uterine tubes. The vagina, a tube which extends from 

the uterus to the outside of the body, allows for menstrual blood flow and childbirth. 
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The walls of the vagina consist of an outer muscular layer consisting of smooth muscle 

and an inner mucous membrane (Barakat, 2009). 

1.2 The human uterus 

The human uterus is a hollow organ whose shape and size is similar to a pear. It is 

located between the urinary bladder and the rectum, and suspended in the pelvis by 

broad ligaments (Chard et al., 2003; Tate, 1995). The uterus of a nulliparous woman is 

usually 6-8cm long and weighs approximately 30-40g whereas the uterus of a 

multiparous adult is 9-10cm long and can weigh more than 80g (Chard et al., 2003).  

The female uterus has the capacity to stretch and proliferate to accommodate a fully 

developed foetus which is typically 50 cm long and weighs about 3.5kg (Louw, 2002; 

Thomson, 1951). 

The uterus comprises of two portions (Figure 1.1). The body (corpus) is the major 

component of the uterus and a portion of it extends above the insertions of the fallopian 

tubes which is the fundus. The body narrows and becomes continuous with the cervix, a 

narrow inferior outlet which protrudes into the vagina. The isthmus, a slightly 

constricted portion, joins the body and cervix (Chard et al., 2003; Marieb et al., 2007). 

The wall of the uterus consists of three layers, the peritoneum, endometrium and the 

myometrium (Tallitsch, 2009). The endometrium, consisting of a simple columnar 

epithelial lining, has a thin basal layer and a thicker superficial functional layer which 

lines the cavity (Elchalal et al., 1995). The myometrium, accounting for the majority of 

the uterine wall, is the smooth muscular region of the uterus, containing longitudinal 

and circular smooth muscle fibres. These fibres are arranged in cylindrical or flat 

bundles and are separated by thin septa of connective tissue (Tallitsch, 2009). In the 

cervical region, the myometrium contains less muscle and more connective tissue, 
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leading to the cervix being more rigid and less contractile than the rest of the uterine 

muscle (Tate, 1995). The outer serous layer of the uterus is the peritoneum (serosa) 

which covers most of the uterine surface except for the cervix. The blood supply to the 

uterus is via uterine and ovarian arteries which extend from the internal iliac arteries and 

the aorta. 

  

Figure 1.1: Human uterus, vagina, fallopian tubes, ovaries and supporting ligaments 

(Spencer et al., 2011). 

1.3 The rat uterus 

Whilst the human uterus is simplex in nature, the rat has a bicornuate uterus (Figure 

1.2). Two long uterine tubes fuse partially into a small uterine body through separate, 

partially fused cervices. The cervices are separated by a midsagittal septum and project 

caudally into the vagina. The rat uterus has both endometrial and myometrial layers. 

The endometrium consists of a simple columnar luminal surface epithelium which is 

surrounded by stromal cells containing endometrial glands in the lamina propria (Chen

et al., 1987). Surrounding the endometrium is the myometrium and like the human  
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uterus, it comprises of both longitudinal and circular muscles (Osol et al., 2009).  The 

serosa, a thin connective tissue layer, covers the myometrium. The blood supply of the 

rat duplex uterus is bidirectional, with the blood vessels outside the uterine wall in the 

mesometrium, perfused by arterial blood coming from either the uterine or the ovarian 

end (Wisenden, 2003).    

Figure 1.2; A schematic diagram to show the duplex structure of the rat uterus 

(Kawamata et al., 2007; Marshall, 1962).  
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1.4 Myogenicity of the uterus; mechanisms of contraction 

The contractions of the uterus are phasic in nature (Webb, 2003) and are regulated by 

receptor and mechanical activation of the contractile proteins myosin and actin. 

Contraction can also be triggered by a change in membrane potential brought on by the 

firing of action potentials or by the activation of the stretch-dependant ion channels in 

the plasma membrane. In response to specific stimuli in the smooth muscle, the 

intracellular concentration of Ca2+ increases through an increased release of Ca2+ from 

the intracellular sarcoplasmic reticulum stores (SR) and increased entry from the 

extracellular space through receptor operated Ca2+ channels (Webb, 2003) (Figure 1.3). 

Figure1.3: Regulation of smooth muscle contraction (Eude-Le Parco et al., 2007; Word

et al., 1994) 

The increased levels of Ca2+ ions combine with calmodulin and the resulting complex 

activates Myosin Light Chain (MLC) kinase to phosphorylate the light chain of myosin 

(Hilgers et al., 2005; Ruegg, 1971). As a result, myogenic activity is stimulated with the 

amplitude, duration and frequency of contractions being enhanced. Rho kinase, a 
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serine/threonine kinase, phosphorylates the myosin-binding subunit of MLC 

phosphatase which inhibits its activity and promotes the phosphorylation of the myosin 

light chain. In smooth muscle cells the phosphorlyation of the light chain of myosin is 

maintained at a low level in the absence of external stimuli which results in smooth 

muscle tone (Word et al., 1994).  

A decrease in the intracellular concentration of Ca2+ results in smooth muscle cell 

relaxation. Ca2+ is taken up by the SR which is dependent on ATP hydrolysis and the 

enzyme Ca-Mg-ATPase (Webb, 2003). This enzyme when phosporylated binds two 

Ca2+ ions which are translocated to the luminal side of the SR and released. 

Calsequestrin and calreticulin which are sarcoplasmic reticulum Ca2+ binding proteins 

are also known to contribute to the decrease in Ca2+ ions (Drummond, 2006). 

1.5 Ovarian control of human uterine contractility and function 

Under the influence of the gonadrophins, Follicle Stimulating Hormone (FSH) and 

Luteinising Hormone (LH), the ovaries secrete the sex steroids oestrogen and 

progesterone (Jabbour et al., 2006a; Maggiolini et al., 2010). These steroids are 

transported in the blood, bound to the human sex hormone-binding globulin (SHBG), 

and interact with their target organs via specific nuclear receptors, the progesterone 

receptor (PR) and the oestrogen receptor (ER). There is also evidence to suggest that the 

steroidal hormones may also act on membrane receptors (Enmark et al., 1997; Green et 

al., 1986; Kuiper et al., 1996). The oestrogen receptor has two known isoforms, namely 

ER  and ER , and the two subtypes are thought to be derived from separate genes 

(Saner et al., 2003; Wei et al., 1994). The progesterone receptor also has several 

isoforms. PR-A and PR-B bind progesterone and function as transcriptional regulators 

of progestin responsive genes. A third PR-C has been identified in the breast cancer cell 



7 

line T47D and has been reported to migrate to the nucleus after steroid activation 

(Baudouin-Legros et al., 1974; Phaneuf et al., 1995). Genes which respond to 

progesterone can be identified by their progesterone response element in their promoter 

region. However Lange (2004) has shown that progesterone is also able to sensitise 

kinase cascades to growth factors such as epidermal growth factor and also trigger the 

up-regulation of growth genes such as cyclin-D1.  

Uterine contractility is under the control of these ovarian steroids. Oestrogen, the main 

trophic hormone of the uterus, stimulates uterine contractility whereas progesterone 

promotes myometrial relaxation. Oestrogen enhances responsiveness and sensitivity to 

oxytocin, an agonist of uterine contractility (Janicek et al., 2007; Rozen et al., 1995) 

and myometrial and endometrial concentrations of the oxytocin receptor are greatest in 

the presence of increased levels of oestrogen (Fomin et al., 1999). Progesterone 

promotes uterine quiescence by suppressing the contractile activities of oestrogen and 

oxytocin (Neinstein et al., 2008; Tate, 1995) . 

The ovarian steroids also control the cyclic endometrial changes in the menstrual cycle 

and are also responsible for secondary sex characteristics including mammary gland 

development (Critchley et al., 2006; Critchley et al., 2001; Garcia et al., 1988; Lessey et 

al., 1988; Slayden et al., 2001; Snijders et al., 1992). In the menstrual cycle, the 

expression of the sex steroid receptors varies temporally and spatially (Jabbour et al., 

2006a) with the expression of ER  and PR being under the dual control of oestradiol 

and progesterone (Chauchereau et al., 1992; Mylonas et al., 2004). During the 

proliferative phase endometrial ER , PR-A and PR-B are up-regulated by oestradiol and 

then down-regulated in the secretory phase by progesterone (Critchley et al., 2006; 

Lessey et al., 1988; Snijders et al., 1992). In the transition from the proliferative to the 

secretory phase, there is a decline in PR expression in the glands of the functional layer 
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(Critchley et al., 2006) with the glands and stroma of the deeper zones expressing PR 

throughout the cycle (Jabbour et al., 2009). In menses, progesterone withdrawal leads to 

shedding of the endometrium and upregulation of  inflammatory mediators including 

chemokines, and the cyclooxygenase 2 enzyme (COX-2) (Hannemann et al., 2010). 

Oestrogen is mainly responsible for endometrial proliferation in the uterus (Edwards, 

2005). 

The uterus expresses both steroid receptors and the relative proportions of each PR 

subtype have been proposed to regulate uterine activity and function during pregnancy 

(Lim et al., 2010). Female mice lacking both PRA and PRB receptors are infertile and 

have multiple ovarian and uterine defects, although PRB- deficient mice do not show 

these defects (Giangrande et al., 1999; Pieber et al., 2001). PR-A predominantly 

represses the transcriptional activity which is mediated by PR-B (Merlino et al., 2007; 

Smith et al., 2002), and a significant increase in the myometrial PR-A: PR-B ratio has 

been identified at term labour in humans (Mesiano, 2001). Increased expression of PR-

A has been associated with enhanced myometrial responsiveness to oestrogen via the 

oestrogen receptor (Jabbour et al., 2006a). 

1.6: Uterine function; the menstrual and oestrous cycles and pregnancy 

1.6.1 The menstrual cycle 

Normal reproductive function in healthy women involves cyclic changes in endometrial 

proliferation, differentiation and shedding in response to sequential ovarian oestrogen 

and progesterone exposure. This cycle, namely the menstrual cycle, is essentially the 

cyclic preparation of the endometrium to receive a fertilised ovum (Mihm et al., 2010). 

It lasts about 28 to 30 days and day 1 is recognised as the start of menstruation (Figure 

1.4). There is however variability in menstrual cycle length between women (Heffner et 

al., 2010). 
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The cycle consists of the follicular, luteal and menstrual phases. Early in the menstrual 

cycle there is an increase in Gonadotrophin Releasing Hormone (GnRH) from the 

hypothalamus (Drummond, 2006) which stimulates the production and release of a 

small amount of  FSH and LH by the anterior pituary. FSH and LH stimulate follicular 

growth and maturation (Chappel et al., 1991) and both hormones interact with the 

ovarian follicle. LH stimulates theca cells to produce androgens and FSH stimulates 

gransulosa cells to convert the androgens to oestrogen, resulting in a net increase in the 

levels of circulating oestrogen (Heffner et al., 2010). 

In the follicular phase, approximately 50 of the primary oocytes become sensitive to the 

circulating steroids with the majority of oocytes undergoing atresia. A selected oocyte 

under the influence of FSH will mature and develop into a dominant follicle (Bartelmez, 

1951; Filicori, 1999). Studies in primates have indicated oestradiol secretion to be a 

causative agent in this follicle achieving dominance, as atretic follicles are characterised 

by a low follicular fluid oestrogen milieu and a decrease in the oestrogen/androgen ratio 

(Amer, 2006). High levels of intra-follicular FSH lead to an increase in the levels of 

oestradiol which in turn suppresses further FSH secretion by the pituary gland. A 

resulting decrease in the amount of FSH available to the non dominant follicles leads to 

the other follicles undergoing atresia, enabling the selected follicle to achieve 

dominance (Heffner et al., 2010).  

The rising levels of oestrogen during the follicular phase reach a peak and evoke a LH 

surge, which triggers ovulation. Ovulation is generally fixed in time and usually occurs 

14 days before the onset of the next menses. During ovulation the oocyte is released 

from the dominant follicle, now called a Graafian follicle, and travels down to the 

fallopian tubes, migrating towards the uterus. The high levels of LH in the luteal phase 

stimulate the ruptured Graafian follicle to develop into the corpus luteum (Figure 1.4) 
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resulting in elevated levels of progesterone (Chabbert-Buffet et al., 2002). The rise in 

progesterone stimulates epithelial cells of the endometrium to differentiate and become 

secretory cells whilst endometrial stromal cells undergo predecidualisation (Heffner et 

al., 2010; Shiina et al., 2006). 

The final phase of the cycle, menstruation, occurs when the endometrium does not 

receive a fertilised ovum. If this happens, the corpus luteum eventually involutes and 

there is a drop in the production of progesterone resulting in the shedding of the 

functional layer of the endometrium manifesting as a menstrual bleed (Westwood, 

2008). 

Figure 1.4: Changes occurring during the menstrual cycle. Levels of the hormones 

FSH, LH, oestrogen and progesterone are shown as are the associated changes in the 

follicles and in the endometrium (Figure taken from 

http://www.britannica.com/EBchecked/topic/186893/human-endocrine-

system?overlay=true&assemblyId=48183 ) 



11 

1.6.2 The oestrous cycle 

Analogous to the human menstrual cycle, the rat has a corresponding but shorter 

oestrous cycle lasting between 4-5 days. The cycle has four phases, namely: pro-

oestrous, the phase when the animal is coming on heat (physiological changes occur 

which prepare the body for oestrous) and lasts 12-14 hours; oestrous, a period of sexual 

desire (25-27 hours); metoestrous, the phase which is indicative of an absence of 

conception (6-8 hours); dioestrous, when the reproductive tract prepares for receipt of 

the ova. This last phase is also the longest in the oestrous cycle lasting between 55-57 

hours (Levine, 1997; Uenoyama et al., 2009). Rats are continuously poly-oestrous and 

unlike the human, the rat endometrium is reabsorbed if conception does not occur.  

Kisspeptin neurones play a critical role in generating GnRH/LH surges in the rat and the 

oestrous cycle is under ovarian and gonadotrophin control (Uilenbroek et al., 1979). 

Rising levels of oestrogen and progesterone are found during pro-oestrous and once a 

peak is reached, a positive feedback system between oestrogen and FSH and LH results 

in a preovulatory surge of LH (Westwood, 2008). This LH surge occurs during the 

afternoon of pro-oestrous and triggers ovulation around 10-12 hours later. Following 

ovulation, the corpus luteum is formed in metoestrous and dioestrous is characterised by 

rising levels of progesterone secreted by the corpus luteum. Dioestrous ends with the 

regression of the corpus luteum (Gellersen et al., 2007) . 

1.6.3 Pregnancy 

Following ovulation and fertilisation the blastocyst interacts with the endometrial 

surface epithelium and invades into the underlying stroma, initiating pregnancy. 

Gestation in the human is 37-40 weeks and in the rat, it ranges between 21-22 days. 

Attachment of the blastocyst to the uterine epithelium induces endometrial stromal cells 

to complete decidualisation (Strauss et al., 2004). The resulting decidua forms the 
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placenta, a specialised vascular region for nutrient and waste product exchange between 

the mother and the foetus. Blood supply to the placenta is increased and increased 

angiogenic activity and blood vessel growth in the foetus, placenta and uterus 

accompany the process of implantation (Reynolds, 1947). 

The surrounding myometrium changes dramatically during pregnancy, undergoing 

hyperplasia and hypertrophy. In mid gestation, hypertrophy is halted to allow the uterus 

to stretch to accommodate the growing foetus (Garfield et al., 1980). Under the 

influence of the corpus luteum, progesterone levels are high in gestation maintaining 

utero-quiescence through suppression of gap junction interactions within the 

myometrium (Strauss et al., 2004). Inhibitory uterotonins such as nitric oxide and 

relaxin which increase intracellular cAMP levels are also increased (Fuchs, 1969; 

Nathanielsz et al., 1997).  

1.6.4 Parturition (rat and human)

Parturition involves a switch in the myometrial contractility pattern from irregular 

contractures which are long lasting but low in frequency to regular contractions which 

are high in intensity and frequency (Fang et al., 1996). This transition is mediated by a 

rise in oestrogen levels and progesterone withdrawal (Golightly et al., 2010) although 

such changes in circulating steroids in the human have not been reported as levels of 

both are high throughout human pregnancy and parturition (Chow et al., 1994). 

Oestrogen increases the expression of uterine contraction associated protein (CAP) 

genes which include the oxytocin receptor (OTR), and the primary gap junction protein, 

connexin-43 (Cxn-43) (Hertelendy et al., 2004). The increase in oestrogen also leads to 

effacement and dilatation of the uterine cervix, in preparation for delivery (Terry et al., 

2008). 
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1.7 Prostanoids and their receptors 

1.7.1 Prostaglandins and thromboxane; history 

Prostanoids, which include prostaglandins, prostacyclin and thromboxane, are lipid 

autacoids involved in numerous physiological and pathophysiological processes 

including reproductive and vascular function (Kurzrok et al., 1930). They are short 

lived in vivo with half life’s of seconds to minutes. Prostaglandins were first discovered 

by Kurzrok and Lieb who found them to be biologically active and potent constituents 

of human semen, capable of contracting uterine smooth muscle (Von Euler, 1936). 

Later the Swedish physiologist Ulf von Euler characterised the components as acidic 

lipids and named them prostaglandins, thinking they came from the prostate (Bergstrom

et al., 1964). In the 1960’s, Bergstrom demonstrated that prostaglandins are metabolites 

of poly-unsaturated fatty acids (Narumiya et al., 1999).  

1.7.2 Prostaglandins synthesis  

The biosynthesis of prostaglandins from three related fatty acid precursors, dihomo- -

linolenic acid (DHGLA), arachidonic acid (AA) and 5,8,11,14,17-eicosapentaenoic acid 

(EPA) gives rise to the 1-, 2- and 3-series prostanoids respectively (Funk, 2001). 

Arachidonic acid release from the cell membrane is under the control of phospholipase 

enzymes, in particular the type IV cytosolic PLA2 (cPLA2), as cells which lack cPLA2

are devoid of eicosanoid production (Chandrasekharan et al., 2004; Chandrasekharan et 

al., 2002; Rouzer et al., 2005). cPLA2 translocates from the cytosol to the cell 

membrane and releases arachidonic acid which is then presented to cyclooxygenase 

(COX; also referred to as prostaglandin endoperoxidase synthase (PTGS) and PGHS for 

prostaglandin H synthase). 

At least three isoforms of COX exist; COX-1 which is ubiquitously and constitutively 

expressed; COX-2 which is highly inducible in response to various stimuli including 
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cytokines and growth factors and COX-3 which is formed by intron retention and has 

been shown to be sensitive to analgesic/antipyretic drugs with low anti inflammatory 

activity (Rouzer et al., 2005). The enzymes are bi-functional; they consist of 

cyclooxygenase and peroxidase activity and have short catalytic life spans as they are 

auto-inactivated (Chandrasekharan et al., 2004).  

COX oxygenases arachidonic acid (AA) to produce prostaglandin G2 (PGG2), and then 

the peroxidise activity of the enzyme reduces it to prostaglandin H2 (PGH2), the root 

prostaglandin from which all prostaglandin isomers are made (Catalano et al., 2011; 

Phillips et al., 2011). PGH2 is converted to various prostanoids by specific synthase and 

isomerase enzymes. These enzymes are named according to the prostaglandin they 

produce: prostaglandin D2 (PGD2) is synthesised by prostaglandin-D-synthase (PTGDS 

and HPGDS), prostaglandin E2 (PGE2) by prostaglandin-E-synthase; of which various 

forms exist; a membrane-bound type 1 (PTGES), and type 2 (PTGES2) and a cytosolic 

synthase (PTGES3); prostacyclin (PGI2) by prostaglandin-I-synthase (PTGIS), 

thromboxane (TxA2) by thromboxane A synthase (TBXAS1) and prostaglandin F2α

(PGF2α) which can be synthesised by PGF synthases (AKR1B1 and AKR1C3), or via 

PGE2 by the action of the enzymes carbonyl reductase 1 (CBR1), AKRIC1 and 

AKR1C2 or by reduction of PGD2 by AKR1C3 (Catalano et al., 2011) (Figure 1.5). 



15 

Figure 1.5; Prostanoid biosynthesis and signalling pathways. Once synthesized 

prostanoids cross the plasma membrane via a carrier mediated process and bind to their 

respective cell surface receptors (receptors are defined further in section 1.7.3) 

(Catalano et al., 2011). 

1.7.3 Prostanoid receptors and signalling 

Prostanoids are ligands for rhodopsin-type seven transmembrane receptors which are 

coupled to different guanine nucleotide-binding (G) proteins and downstream effector 

systems. Each receptor type, classified as EP, FP, IP, TP, DP and DP2 (current 

international union of basic and clinical pharmacology classification; receptors are also 

known as PTGER, PTGFR, PTGIR, TBXA2R, PTGDR and GPR44 respectively) is 
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based on the respective sensitivities to the five primary prostanoids PGE2, PGF2 , PGI2, 

TXA2 and PGD2 (Bos et al., 2004; Narumiya et al., 1999). The EP receptor can be 

arbitrarily subdivided into EP1, EP2, EP3 and EP4 receptors (Negishi et al., 1993; Pierce

et al., 1998). Alternative splice variants of the EP1, EP3 and TP receptors exist, with two 

isoforms each of EP1 and TP receptor and nine variants of the EP3 receptor in the 

human (Pierce et al., 1997). Two FP isoforms have also been identified in the sheep 

(Bos et al., 2004). 

Once bound, prostanoids can stimulate phospholipase C-mediated hydrolysis of 

phosphoinositides (FP, TP and EP1 receptors) inducing smooth muscle contraction, or 

adenylate cyclase-mediated synthesis of cAMP (DP, EP2 and EP4 receptors) causing 

smooth muscle relaxation. EP3 however produces smooth muscle contraction through 

inhibition of adenylate cyclase activity via G- protein Gi (Bos et al., 2004; Hirai et al., 

2001). The exception is DP2 which is a member of the chemo-attractant receptor sub 

grouping and is not involved in smooth muscle contractility (Fischer et al., 2008b; 

Goureau et al., 1992; Senior et al., 1993). Prostaglandins are actively metabolised by 

hydroxyprostaglandin dehydrogenase (HPGD) although PGI2 and TXA2 are unstable 

prostanoids and are deactivated spontaneously.  

1.7.4 Prostaglandin receptors on human and rat uterus 

Studies using selective prostanoid analogues have demonstrated the existence of a 

heterogeneous population of excitatory and inhibitory prostanoid receptors on the 

human (FP, TP, EP1, EP2, EP3, DP and IP receptors) and rat uterus (FP, EP3 and IP 

receptors) (Brodt-Eppley et al., 1998). Further, molecular biology studies have shown 

the expression of the EP2 receptor in the rat (Leonhardt et al., 2003) and receptor protein 

for EP1, EP2, EP4, IP, TP and FP on myometrial smooth muscle cells (Matsumoto et al., 
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1997). Isoforms of the EP3 receptor have also been detected in human myometrium 

(Slater et al., 1999). 

1.8 Prostanoids in female reproduction 

COX-1 and 2 are both expressed in the human (St-Louis et al., 2010) and rat uterus 

(Catalano et al., 2011) and prostaglandins are involved in the cyclic endometrial 

changes. In the menstrual cycle, the expression of the FP receptor in the endometrium is 

maximal during the proliferative phase (Sales et al., 2008; Sales et al., 2007) and PGF2

signalling via the FP in endometrial epithelial cells has been shown to induce changes in 

epithelial cell morphology and proliferation (Brown et al., 1984). The decidualisation of 

the endometrium which occurs in the secretory phase can be inhibited by Indomethacin, 

a COX enzyme inhibitor, whereas PGE2 is able to decidualise a  primed rat uterus 

(Sugimoto et al., 2007). 

Prostaglandins also play an important role in ovulation and luteolysis. Knockout of the 

COX2 gene in mice resulted in infertility due to inability to ovulate (Hara et al., 2010). 

A role for prostaglandins, in particular PGE2, as mediators of ovulatory actions of 

gonadotrophins has also been suggested. In the ovary, gonadotrophins induced COX-2 

expression in the granulosa cells of ovarian follicles prior to ovulation in vivo (Sayasith

et al., 2006) and ovulation was accompanied by intrafollicular increases in PGE2 and 

PGF2  as well as in FP mRNA (Liu et al., 2010). Further FPA and B isoforms have been 

found on ovarian follicles during ovulation (Krzymowski et al., 2008). In rodent 

species, PGF2  has a luteolytic effect on the corpus luteum (Atli et al., 2010) and 

analogues of PGF2  are used to synchronise oestrous and induce luteolysis in farm 

animals. PGE2 however, is considered to be luteoprotective in some species (Matsumoto

et al., 1997).  
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In pregnancy, the expression of EP3 and FP receptors is down regulated whereas the 

expression of the relaxatory EP2 receptor subtype is increased (Fetalvero et al., 2008) 

consistent with adoption of a quiescent phenotype in the pregnant state. There is also 

elevated synthesis of PGI2, which plays an important role in priming the uterus for 

contraction prior to labour both by enhancing oxytocin induced contractions and by 

increasing the expression of the gap junction protein connexin 43 (Erkinheimo et al., 

2000; Slater et al., 1999). 

Evidence for the roles of prostaglandins in parturition includes the observation that 

COX-2 mRNA expression is elevated over 15 fold in myometrium at the onset of labour 

(Erkinheimo et al., 2000) with the foetal membranes releasing increasing amounts of 

prostaglandins mainly PGF2  and PGE2 (Unlugedik et al., 2010). Further, with labour, 

the expression of EP1, EP3 and FP receptor increased in the placenta and foetal 

membranes and reduced expression and activity of the prostaglandin metabolising 

enzyme PGDH was observed (Phillips et al., 2011). Intrauterine tissues also express 

genes for PLA2G4A, a phospholipase responsible for the release of arachidonic acid 

from membrane phospholipids, COX-1 and COX-2, ABCC4 and SLCO3A1 which 

transport prostaglandins across cell membranes and HPGD which catalyses the first step 

in the degradation of prostaglandins (Schmitz et al., 2006). In addition, in the rat and 

sheep cervix, COX-2 expression and PGE2 synthesis are increased at the time of 

parturition, indicating a role for PGE2 in the regulation of the cervical ripening process. 

Treatment with COX-2 inhibitors delays cervical remodelling (Hofmeyr et al., 2003). 

Clinically PGE1 and PGE2 analogues are used for the induction of labour and for 

cervical ripening (Wenzel et al., 1993) and PGF2  analogues have been used clinically 

for induction of artificial parturition in cattle (Jamieson et al., 1996; Khalid et al., 

2010). 
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1.9 Prostaglandins and human uterine disorders  

1.9.1 Dysmenorrhoea 

Dysmenorrhoea is defined as a difficult menstrual flow or painful menstruation and is a 

common gynaecological complaint in young women (Deligeoroglou et al., 2010). The 

reported prevalence rate for dysmenorrhoea in women of reproductive age ranges from 

43 to 93% (Dawood, 2006). Dysmenorrhoea can be of two types. Primary 

dysmenorrhoea is idiopathic and is characterised by lower abdominal pain which often 

presents with nausea, vomiting and headaches (Deligeoroglou et al., 2010). Secondary 

dysmenorrhoea is defined as menstrual pain which arises as a result of an underlying 

pathology such as pelvic inflammatory disease. Both types involve uterine 

hypercontractility (Bulletti et al., 1996). 

The hypercontractility of the uterine muscle in dysmenorrhoea manifests itself 

alongside a reduction in uterine blood flow and resulting uterine ischaemia (Ziegler et 

al., 2001). An irregular contractility pattern in comparison with healthy women is also 

seen in dysmenorrhoeic women (Woodbury et al., 1947). The ‘labour-like’ pain that 

many dysmenorrhoeic women complain of is thought to be related to changes in 

intrauterine pressure (Stramberg et al., 1984) whereas the changes in contractility are 

related to the decreased uterine blood flow and pain (Powell et al., 1985; Rees et al., 

1984).

Dysmenorrhoeic women have increased endometrial synthesis of PGF2  and greater 

concentrations of PGF2  and PGE2 in menstrual blood compared with healthy women 

(Dawood, 1985). An increase in prostaglandins in the endometrium contributes to an 

increased myometrial tone and excessive uterine contractions (Bulun, 2009).  Further, 

PGF2  is a potent oxytocic vasoconstrictor and when administered into the uterus it 

gives rise to dysmenorrhoea-like pain, and occasionally menstrual bleeding. In addition 
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both PGE2 and PGF2  are hyperalgesic agents and may activate nearby sensory nerve 

endings causing pain.  

1.9.2 Endometriosis 

Endometriosis is a common oestrogen-dependent pathological condition of the uterus 

and occurs in 6-10% of women of reproductive age (Bulun, 2009). It is characterised by 

the presence of ectopic endometrial tissue, commonly found located on the pelvic 

organs and the peritoneal cavity. Three clinically distinct forms of endometriosis exist: 

peritoneal endometriosis; where endometriotic tissue implants on the surface of the 

pelvic peritoneum; endometriomas; where ovarian cysts are lined by endometrioid

mucosa; and rectovaginal endometriotic nodules, where a complex solid mass 

(comprised of endometriotic tissue, adipose and fibromuscular tissue) resides between 

the rectum and the vagina (Guzick et al., 1997; Stovall et al., 1997). A common feature 

to all three types is the presence of endometrial stromal and epithelial cells within the 

lesions. Patients with any type of endometriosis share common symptoms including 

pelvic pain, chronic bleeding and uterine hypercontractility (Mäkäräinen, 1988). The 

presence of the lesions is also associated with increased risk of infertility. 

Contractile hyperactivity, in the form of increased resting pressure has been observed 

both during the luteal and menstrual phases of the menstrual cycle in endometriosis 

sufferers (Bulletti et al., 2002). Further, the basal pressure tone, frequency of uterine 

contractions and amplitude and incidence of retrograde contractions were much higher 

in women with endometriosis compared to controls, with contraction amplitude three 

times higher in women with endometriosis (Zeitoun et al., 1999).  

Both the endometriotic and endometrial stromal cells of patients with endometriosis 

express all of the PGE2 receptor subtypes EP1, EP2 EP3 and EP4  (Jabbour et al., 2006b). 

PGE2 and PGF2  are produced in excess in uterine and endometriotic tissues of women 
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with endometriosis (Jabbour et al., 2006b). The vasoconstrictive properties of PGF2

can lead to dysmenorrhoea and PGE2 the principal pro-inflammatory prostanoid can 

induce pain directly (Ota et al., 2001; Wu et al., 2005). COX-2 is also upregulated in 

the endometrium of women with endometriosis compared to disease free women  

(Hayes et al., 2002; Olive et al., 2001). Nonselective COX inhibitors such as ibuprofen 

decrease the pelvic pain associated with endometriosis (Bulun, 2009) Importantly PGE2

has a critical role in the survival of ectopic lesions. The increased expression of 

aromatase in both ectopic lesions and eutopic endometrium from endometriosis 

sufferers can be stimulated by PGE2. The aberrant expression of aromatase gives rise to 

local biosynthesis of oestrogen which induces the expression of COX-2 leading to 

increased synthesis of PGE2; thus establishing a positive feedback loop (LaCour et al., 

2010).   

1.9.4 Menorrhagia 

Menorrhagia is a clinical definition for dysfunctional uterine bleeding with excessive 

menstrual blood loss defined as >80mL of blood lost per menstrual cycle, or bleeding 

lasting longer than 7 days (Sales et al., 2003b). It affects 10-30% of women of 

reproductive age and up to 50% of perimenopausal women (Farquhar et al., 1999; 

Jabbour et al., 2006b). Although commonly found alongside benign disorders of the 

uterus including fibroids and endometrial polyps, menorrhagia can occur on its own 

with no known pathology of the endometrium (Maybin et al., 2011; Smith et al., 1981).   

Aberrations in the synthesis and production of vasodilatory and uterorelaxatory 

prostanoids in the uterus have been associated with heavy menstrual blood loss. 

Menstrual blood loss in excess of 90mL has been shown to have a significantly 

decreased PGF2 /PGE2 ratio (Smith et al., 2007) and endometrial biopsies from patients 

suffering from heavy menstruation had a decreased FP receptor expression compared to 
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the endometrium of women with normal menstrual blood loss (Sales et al., 2003a).  

Prostacyclin synthesis is also elevated in menstrual blood collected from women with 

menorrhagia (Adelantado et al., 1988b; Smith et al., 2007). Further elevated expression 

of COX-1, COX-2, EP receptors and PGE2 synthesis are greater in endometrium 

obtained from women with heavy menstrual blood loss compared to normal women, 

and these levels correlate directly with menstrual blood loss (Maybin et al., 2011). COX 

enzyme inhibitors have been shown to reduce menstrual blood loss by approximately 

30% in women with menorrhagia (Zhang et al., 2007).  

1.9.4 Preterm labour 

Hypercontractility in the pregnant uterus can also lead to clinical pathologies including 

preterm labour, abortion (Cobo, 1964) and pre-eclampsia where uterine 

hypercontractility has been documented in the human uterus (Beck et al., 2010; 

Goldenberg et al., 2008). 

Preterm labour is defined as gestation less than 37 weeks. In the USA, the preterm 

delivery rate is 12–13% and in Europe it is 5–9% (Goldenberg et al., 2008), with the 

rate increasing in most industrialised countries (Beck et al., 2010). Around 30% of 

preterm births occur in association with an underlying infectious process, with 50% 

being idiopathic preterm births of unknown cause (Beck et al., 2010). Preterm birth is 

associated with 75% of perinatal mortality and although most preterm babies survive, 

they are at a higher risk of blindness, deafness, cerebral palsy, neurological disorders 

and pulmonary disorders (Sugimoto et al., 2000; Sugimoto et al., 1997) 

Early activation by contractile prostanoids in preterm labour can lead to premature 

uterine hyperactivity. Prostaglandins have been implicated in preterm labour as mice in 

which the FP gene is deleted become pregnant, but hold their pups past normal term 

because luteolysis is prevented and the fall in progesterone does not occur (Hirst et al., 
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2005). Also, THG113, a specific, non-competitive, reversible peptide inhibitor of the FP 

receptor, was reported to be effective in delaying preterm birth induced by RU486, a 

progesterone receptor inhibitor (Beck et al., 2010). 

Tocolytics which target the hyperactivity associated with preterm labour will be useful 

agents in preventing preterm labour and disorders associated with hypercontractility of 

the non-pregnant and pregnant uterus. Targeting the FP receptor directly may provide 

effective tocolysis because of its direct action, particularly in early preterm labour, 

which is most often triggered by a prostaglandin-mediated inflammatory response 

(Bulletti et al., 2000). 

1.10 Aims 

1.10.1 Targeting uterine dyskinesia 

The myogenic activity of the uterus is essential to uterine function and as mentioned, 

powerful contractions of the uterus are required for parturition. In addition, uterine 

contractions are involved in the expulsion of menstrual debris at the time of menses and 

assist in the migration of spermatozoa from the cervix to the distal end of the tubes 

(Fischer et al., 2008b; Hillock et al., 1999; Hutchinson, 2005; Popat et al., 2001). 

Disorders of uterine contractility and prostaglandin synthesis can lead to numerous 

uterine disorders including dysmenorrhoea, endometriosis, menorrhagia and preterm 

labour. Treating dyskinesia is therefore an important therapeutic target. The first aim of 

this thesis is to evaluate test compounds targeting the myometrial FP, EP1, EP3, and IP 

receptors for their potential use in uterine disorders involving uterine motility 

aberrations and also as tocolytic agents.  
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1.10.2 Evaluation of the rat as a model of uterine functional responses 

Ethical constraints have limited the availability of human uterine samples from both 

non- pregnant and pregnant donors; in particular uterine biopsies from labouring donors 

have been difficult to obtain in this study. Therefore, the second aim of this thesis is to 

evaluate, using functional studies, the suitability of the rat as a model of uterine 

pathology. The functional prostaglandin receptor population on the rat uterus will be 

presented along with topographical changes in uterine motility. This should aid 

understanding of prostaglandin function in the rat uterus and help determine the 

suitability of the rat as a potential model of human uterine disorders.   

1.10.3 Determining the ex vivo production of prostanoids in uterine tissues 

Finally, to better understand the role of prostaglandins in uterine physiology and 

pathology, this study will also present the results of a lipidomic analysis utilised for the 

simultaneous detection and quantitation of prostanoids in human myometrium ex vivo.  

The prostanoid profiles in conjunction with the functional expression of prostaglandin 

receptors in the myometrium will offer valuable insights into the function of the uterus.  
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Chapter 2.0: Materials and Methods 

2A: Functional studies

2.1 Tissue Preparations  

Human uterine myometrium and rat uterine horns were collected from: 

• Term pregnant (non labouring) donors, during Caesarean section and non 

pregnant donors undergoing a hysterectomy procedure

• Sexually mature non-pregnant, gestation day 18 pregnant and post-partum Lister 

Hooded female rats. 

2.2 Approval and Ethical Consent 

Ethical approval for studies was covered by the Ethical Research Tissue Bank (ERTB) 

based at the Institute of Cancer Therapeutics at the University of Bradford. The ERTB 

gained approval from the Local Regional Ethics Committee (2008), LREC ref: 

07/H1306/98. All women gave informed written consent before samples were collected 

and all samples were anonymous (appendix A1 & A2). Tissue samples from pregnant 

donors were collected from the Women and Newborn Unit (Maternity) at Bradford 

Royal Infirmary.  Uterine specimens from non pregnant donors were collected either 

from the Nucleus Theatres at Bradford Royal Infirmary or from the Yorkshire clinic.  

All experimental studies using animal tissue were carried out in accordance with the 

Animals Scientific Procedures Act (1996).  
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2.3 Human uterine smooth muscle 

2.3.1: Human myometrium from term pregnant (non labouring) donors 

Uterine myometrium from term pregnant (non labouring) donors (37–40 weeks 

gestation, n=68) was taken from the upper margin of the uterine incision during 

Caesarean section at the maternity unit, Bradford Royal Infirmary. For ethical reasons, 

sampling could only take place from the lower uterine segment. Donors were between 

the ages of 23-40 years and had the Caesareans for various reasons, including foetal 

distress, previous section, and failure to progress into labour (Appendix A1). 

Myometrium from pregnant donors was softer, bloodier and samples tended to be small 

compared to segments from non pregnant donors.  

2.3.2 Uterine biopsies from non pregnant donors  

Myometrium (n=15) was obtained from donors undergoing hysterectomy at the Nucleus 

Theatre, Bradford Royal Infirmary and from the Yorkshire Clinic. Patients (42-54 years 

old) underwent surgery for benign disorders including menorrhagia, dysmenorrhoea and 

fibroids (Appendix A2). Tissue samples collected were taken from the fundal region of 

the uterus (between 5cmx3cm) and the orientation of the uterine muscle was denoted by 

a ligature aligned with the upper serosal edge as indicated by the surgeon. Myometrial 

samples from patients with underlying malignancies and from postmenopausal patients 

were excluded from studies. Uterine biopsies from non pregnant donors were much 

tougher, less bloody and larger in size than specimens from pregnant donors.  

2.3.3. Collection and transportation of human tissue 

Following surgery, samples were placed in 20-25mLs of prepared Krebs solution in 

yellow sterile containers (Startest, UK), ready for transport to the laboratory. A 

polystyrene, clinical transport box (ERTB approved) was used for transport of the 



27 

sample, and once brought back to the university, patient information sheets and consent 

forms were handed to the ERTB staff for photocopying of patient information sheets, 

ensuring anonymity of patients, after which samples were taken to the laboratory. 

Before the start of any experiments, a human tissue log was updated with sample 

details. 

2.4 Preparation of human myometrium for experimental use 

In the laboratory, tissue was allowed to bathe in the Krebs solution it was transported in 

and was cleared of surrounding decidua, serosa, fat and connective tissue. In the case of 

biopsies from non-pregnant donors, any attached endometrium was first removed before 

clearing away unwanted mesentery. Some samples were also stored for lipidomic 

analysis (see section 2.17). 

Myometrium was then dissected into 8 (10x3x3mm) strips or as many as the donated 

size of the tissue allowed, in preparation for set-up in the immersion apparatus (see 

section 2.11). If tissue samples were very small in size, two samples from the same 

category of donor (e.g. pregnant with pregnant) when available were used in parallel on 

the immersion apparatus. The tissues were normally prepared for immersion within 1-2 

hours after surgery. Occasionally, however, some samples were stored in oxygenated 

Krebs solution at room temperature for up to 18-24 hours before being used. Previous 

studies have shown  human myometrium stored at room temperature is able to maintain 

tissue viability for up to 24 hours and does not respond differently to drugs compared 

with freshly prepared strips (Marcondes et al., 2002). Results from experiments done 

within 2-24 hours of surgery were pooled and analysed together. 
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2.5: Animal tissue 

2.5.1 Non pregnant rats 

Sexually mature virgin non-pregnant female Lister Hooded rats (n=80) (Harlan 

Laboratories, Bicester, UK) weighing between 200-250g on arrival, were housed in 

groups of 4 or 5. Animals were placed in solid floored, clear, polycarbonate cages 

(38x59x24cm) which had saw dust (Grade 6) and a red plastic cylinder for 

environmental enrichment. ‘Shred-bed’ was used for bedding (Datesand, Manchester, 

UK), standard laboratory chow (Special Diet Services, Essez, UK) and filtered tap water 

were available ad libitum. Animals had a 12 hour light cycle and all handling 

procedures and vaginal smearing was carried out in the light phase between the hours of 

8.30am and 3pm. Animals were allowed at least 1 week to acclimatise to their 

environment before any handling/smearing occurred. 

2.5.2 Pregnant animals 

Timed-mated, pregnant Lister Hooded rats (n=11) (Charles River Laboratories 

International, Inc), were housed individually in plastic cages as described in section 

2.5.1.  On arrival, animals were in different stages of gestation ranging from day 5 to 

day 13, with the day of plug detection termed as day 1 of gestation. Animals were 

regularly checked during their gestation period to ensure pregnancy remained successful 

and for signs of parturition. The average gestation period of the Lister Hooded rat is 22 

days, with parturition occurring between days 21-22 of gestation.  
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2.6 Vaginal smearing 

Vaginal smears, taken between the hours of 8-10.30am, were used to determine the 

phase of the oestrous cycle.  Animals were handled for a period of 1-7 days before 

smearing took place to allow familiarity with human touch. The smear was taken by 

flushing the vagina with 0.5-1ml of 0.9% w/v normal saline (NaCl, 0.9%) using the tip 

of a thin plastic pipette. The unstained smear was then placed onto a clean microscope 

slide and assessed using a light microscope with a 10x objective (Figure 2.1). Due to 

home office regulations only one smear per animal was taken. On the day of 

experiment, animals were selected based on this initial smear and a repeat smear was 

taken from the rat body to determine phase of cycle after sacrifice.  
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Figure 2.1 Photomicrograph’s of unstained vaginal smears from female rats in the 

different phases of the oestrous cycle (Caligioni, 2009; Marcondes et al., 2002). The 

mean duration of the cycle was 4-5 days, and each phase was determined by the 

proportion of the different types of cells (Figure is adapted from (Crankshaw, 2001).  

Pro-oestrous; Mostly consists of 
nucleated epithelial cells (E) although 
some cornifield epithelial cells may 
also be observed.  A peak in oestrogen 
levels precedes ovulation during this 
phase. The end of pro-oestrus is also 
associated with the second peak in 
progesterone levels. 

Oestrous; this phase consists entirely 
of large anucleated cornified cells (C). 
Oestrogen levels following the peak in 
pro-oestrus, remain elevated during 
the morning but fall back to basal 
levels during the afternoon. 
Progesterone levels rapidly decline 
following the earlier peak.  

Metoestrous; an equal proportion of 
nucleated epithelial cells (E), 
cornified cells (C) and leukocytes (L) 
are seen in this phase. Oestrogen 
levels remain low but progesterone 
levels begin to rise.

Di-oestrous; this phase is recognised 
by the predominance of leukocyte cells 
(L). Progesterone levels reach a peak 
and then begin to fall. Oestrogen levels 
start to rise again.  

a) 

b) 

c) 

d) 
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2.7: Preparation of isolated tissue  

2.7.1 Non-pregnant tissue 

On the day of the experiment, animals were killed using a schedule 1 technique namely 

carbon dioxide followed by cervical dislocation between the hours of 8-11am, 

occasionally being killed in the afternoon between 2-3.30 pm. Once sacrificed, animals 

were placed in white plastic containers and transported back to the laboratory. All tissue 

removal procedures were complied with, as instructed by the Animal Care Facility 

Manager. Once back in the laboratory, the weight of the animal and the smear was 

recorded before dissecting out the uterus. A full length longitudinal abdominal incision 

was made and abdominal cavity organs were pushed aside to expose the uterus. The 

length of each uterine horn was recorded (table 2.1) and horns were carefully dissected 

away from the attached mesentery and fat. To free the uterus, cuts were made just 

beneath the ovaries and above the cervix and gently pulled away. The wet uterine 

weight was recorded (table 2.1) and the cervical end of each uterine horn was gently 

snipped to indicate the regional location. Horns were immediately placed in Krebs 

solution containing indomethacin (1μM; Griffiths, 2007) in 30ml sterile yellow 

containers (Starstedt, UK) awaiting experimental use.  
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Table 2.1: The average length and wet weight of uterine horns from animals with 

increasing body weight (n=30).  Results are means ± S.E.M.

Preliminary studies indicated that there was no difference in myogenicity or responses 

to PGF2  (measured as percentage of hypotonic shock, see section 2.13 for explanation 

of hypotonic shock) between the left and right horns from matching topographical 

locations (Figure 2.2 and 2.3). To reduce the number of animals used, it was decided to 

pool data together from the bivariate uterus in the two regional locations (upper and 

lower uterus). 

Figure 2.2; Total spontaneous activity in the right and left uterine horn, taken from non 

pregnant rats (n=6). Myogenicity was measured after the equilibration period as 10 

minutes area under the curve and expressed as a percentage of 10 minutes hypotonic 

shock. Results are means ±S.E.M. 

Uterine horn length (cm) Uterine horn weight (g) 

Rat body weight 
(g) 

Left horn Right horn Left horn Right horn 

190-229 5.0±0.29 5.2±0.17 0.18±0.018 0.17±0.017 

230-269 6.0±0.14 6.0±0.15 0.17±0.0077 0.17±0.0086 

270-309 6.0±0.22 6.0±0.15 0.18±0.0222 0.19±0.020 

310-350 5.7±0.17 5.2±0.17 0.21±0.011 0.20±0.017 
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Figure 2.3: Concentration-response curves to PGF2 in a) upper  and b) lower segment 

myometrium taken from the left and right horns in non pregnant rats in dioestrus (n=6). 

Results are means ± S.E.M. 

a) 

b) 
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2.7.2 Pregnant animals 

Pregnant animals were killed on either day 18 of gestation or post-partum by carbon 

dioxide excess followed by cervical dislocation. The body of each animal was then cut 

open as described in section 2.7.1.  

For animals at gestation day 18, once exposed, the length of each horn of the uterus was 

recorded before the horn was opened longitudinally. The placental sacs were removed, 

opened and the foetuses killed by cervical dislocation. The uterine horn was then split 

into upper (region close to the ovaries), middle (mid section of horn) and lower (region 

closest to the cervix) segments, cleared of any attached mesentery and placed separately 

into sterile yellow containers with Krebs solution. Matching segments from both left 

and right horns were placed together in the same container and taken to the laboratory.  

For post-partum rats, animals were killed after all pups were delivered. Parturition 

usually occurred overnight and due to the limited number of pregnant animals, it was 

not always possible to be present at parturition. However, occasionally animals 

delivered during the afternoon, in which case it was decided to take the uterus post-

partum due to low n numbers. Parturition usually lasted between 20-30minues from the 

delivery of the first pup, and animals were killed within 2-8 hours post partum. The 

horns were removed, cleared of mesentery and split into upper, middle and lower 

segments as described for gestation day 18 rats. Foetuses were killed by cervical 

dislocation. Figure 2.4 shows the anatomical differences between uterine horns from 

animals in dioestrus and in late gestation.



Figure 2.4; The phys

dioestrus and b) a pre

a) 

b) 

sical difference in the duplex uterus from a)

egnant rat on day 18 of gestation. 

U

35 

) a non pregnant rat in 

Uterine horn

Uterine horn
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2.8 Preparing tissue for immersion 

Once uterine horns were excised from non pregnant animals, each horn was cut open 

longitudinally, laid flat on a dissecting dish and the endometrium was gently scrapped 

away using the back of a scalpel blade  (Crankshaw, 2001). The myometrium was then 

washed in Krebs solution and split transversely into the ovarian and cervical regions. 

Each segment was then cut into a longitudinal strip (10mmx2mm) and set up in 

individual organ baths for immersion (section 2.11). 8 strips in total from each animal 

(4 from each horn, 2 upper, 2 lower) were obtained (Chen, 1999).  

The endometrium was removed to ensure responses were from myometrium only, to 

allow comparisons to be made with the human myometrial functional responses. 

Previous studies in this laboratory  have shown that the removal of the endometrium has 

no affect on myometrial responses to PGF2  and PGF2  analogues compared to 

endometrium intact myometrial tissue (Fischer et al., 2008b; Griffiths, 2007; 

Hutchinson, 2005). Preliminary studies also indicated that myogenicity was not affected 

between strips with and without the endometrium (table 2.2). 

Table 2.2: The mean intrinsic activity of uterine strips with and without the 

endometrium removed, taken from non pregnant rats in pro-oestrus (n=6). Activity was 

recorded as 10 minutes area under the curve (grams/second; g.s), after 30 minutes of 

equilibration. Results are means ± S.E.M. 

 Endometrium intact Endometrium removed 

Area under the curve (g.s) 138.2 ± 39.45 140.2± 20.9 
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Upper, mid or lower uterine segments obtained from pregnant and post-partum animals 

were cleared of surrounding mesentery and each segment (from the left or right horn) 

was split into 4 strips (10mmx2mm) so that 8 strips in total were made per animal.  

Previous studies in this laboratory have shown no statistically significant differences in 

response to various agonists in tissue with and without the circular muscles intact 

(Griffiths, 2007). This made it possible to compare samples from non-pregnant and 

pregnant animals. 

2.9 Compounds 

Stock compounds were prepared according to the manufacturer’s advice (table 2.3) and 

serial dilutions were made with 0.9% w/v normal saline and kept on ice throughout 

experiments.  

2.10 Solutions 

Before immersion assays began, Krebs-Heinseleit physiological salt (Kreb’s) solution 

was freshly prepared at the following composition (mM): NaCl 118.9; KCl 4.7; 

KH2PO4 1.2; MgSO4 1.2; CaCl2 2.5, NaHCO3 25.0, glucose 10.0; oxygenated with 95% 

O2 and 5% CO2. In animal studies, 1μM Indomethacin was included (Coleman et al., 

1994). 
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2.11 The immersion apparatus 

The pharmacological immersion technique, which involves suspending an isolated piece 

of smooth muscle in an organ bath filled with nutrient fluid, has been well documented 

and used previously in our laboratory (Gaddum, 1953).  Compared to its counterpart, 

the superfusion technique (Fischer et al., 2008b), which comprises of the physiological 

solution flowing over and dropping onto the tissue, the immersion technique allows the 

formation of a cumulative concentration effect curve with factors such as incubation 

times and dosing intervals much easier to determine and maintain. A major advantage 

of the immersion technique however, is that the method enables equilibrium to occur 

between the receptor and its ligand at the receptor site. 

Myometrial strips were secured onto metal tissue holders and mounted longitudinally 

into individual 8 ml water-jacketed organ baths (York Glassware Services, York, UK) 

which were filled with oxygenated Krebs solution, aerated with 95% O2 and 5% CO2 

(BOC Gases, UK) at 37OC (Griffiths, 2007; Hutchinson, 2005)  (Figure 2.5). For animal 

experiments, 1μM Indomethacin was added to the Krebs solution (Chen, 1999; Senior

et al., 1991). The baths were operated using a tap and overflow system and the volume 

of Krebs solution was adjusted as required. Glass heating coils (York Glassware 

Services, York, UK) and a water bath were used to maintain the temperature.  
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Figure 2.5: The immersion equipment used to examine functional receptors in the 

isolated human and rat myometrium.  

Once immersed, the strips were attached to isometric force transducers (Grass 

Instruments Inc., Rhode Island, USA) which were connected to a PC (Dell Inc) via 

bridge amplifiers (AD Instruments, Hastings, UK). Myogenicity of the tissue, displayed 

as traces, was recorded digitally on a PowerLab data acquisition system running 

Microsoft V5.4 software (sampling frequency 2Hz; AD Instruments, Hastings, UK). An 

initial, optimum resting tension of 2g was applied to each immersed strip (Fischer et al., 

2008a; Fischer et al., 2008b; Hutchinson, 2005) and baths were refilled with Krebs 

solution.  

Human and rat myometrium was incubated for different periods of time. Human 

myometrial samples were equilibrated for 90 (non-pregnant) or 120 minutes (pregnant) 

or until the development of regular spontaneous contractions (Sharif, 2008). For the first 

°
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30 minutes of incubation, Krebs solution was displaced and refilled for at least 3 times 

(Figure 2.6, a&b). Before the start of any concentration-effect curves, 30 minutes of 

stable myogenic activity was recorded.  

Rat myometrial strips were allowed to equilibrate for 30 minutes (Crankshaw et al., 

1994) and were immersed in refilled Krebs solution at least 3 times in the first 12-15 

minutes of the equilibration period, allowing the tissue to develop regular, sustained 

contractions without causing periods of quiescence (Figure 2.6;c&d). Before the start of 

any concentration-effect curve, 10 minutes of stable myogenicity was recorded. The 

myogenic activity of the rat uterine strips remained stable for up to 3 hours (Fischer, 

2010; Hutchinson, 2005)  (Figure 2.7) which was sufficient time for the duration of the 

experiment.  
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Figure 2.6; Krebs solution was refilled at least 3 times in the first 30 (human; a&b) and 

12 (rat; c&d) minutes of equilibration. The wash steps sometimes induced contractions 

in human a) term pregnant (non laboring) and b) non pregnant donated strips. Intrinsic 

activity in myometrial strips from non pregnant rats (c) did not change in response to 

the washes, although strips from late gestation rats (d) initially had a smaller contraction 

following a wash step.  

5g 
7g 

a) b) 

Wash 1 Wash 2 Wash 3 
Wash 1 Wash 2 Wash 3 

3g 

d) 

Wash 1 Wash 2 Wash 3 

30 minutes 30 minutes 

12 minutes 

1.5g 

c) 

Wash 1 Wash 2 Wash 3 

12 minutes 
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Figure 2.7; Spontaneous activity of myometrial strips taken from non pregnant rats in 

pro-oestrus (n=7), over a four hour time span. Activity was measured in 60 minute 

intervals as area under the curve and results are means ± S.E.M. 

2.12 Administration of drugs 

After equilibration, agonists (table 2.3) were administered into each organ bath to create 

cumulative concentration-effect curves. This avoided any periods of quiescence 

produced by non-cumulative dosing (Fischer, 2010). Human and rat myometrial strips 

were exposed to drug concentrations for different periods of time. 

Once human myometrial strips were equilibrated, vehicle (0.9% V/V normal saline) and 

drugs were added to the organ baths at a maximum volume of 8μL to avoid any 

fluctuations in temperature and pH. Tissue strips were randomly assigned treatments 

and vehicle and agonists were added in 30 minute intervals using log unit concentration 

increases with a concentration range of 10-9 M –10-5M (Griffiths, 2007; Hutchinson, 



48 

2005). Time-matched vehicle studies were performed in parallel and only one 

concentration effect curve was completed per tissue strip. 

When antagonists were used, one or more randomly assigned myometrial strip was 

incubated with the antagonist with the remaining strips incubated with vehicle for 30 

minutes (Crankshaw, 2001; Crankshaw et al., 1994; Senchyna et al., 1999). This period 

of antagonist/vehicle incubation was followed by concentration-effect curves for time-

matched vehicle and agonists.  

Strips from rat uterus, after 30 minutes of equilibration, were introduced to agonists and 

vehicle (maximum volume 8μL) in 10 minute intervals (Fischer, 2010; Griffiths, 2007; 

Popat et al., 2001). Tissue strips were randomly assigned treatments and agonist 

concentration was increased in log units with a concentration range of 10-9M –10-5M. 

When used, antagonists were incubated with the tissue for 10 minutes before the 

commencement of concentration-response curves. Data measurements were recorded 

over 10 minute intervals as this allowed optimal time for agonist equilibrium to occur 

(Figure 2.8).  

Experiments were ended by causing hypotonic shock by replacing the Krebs solution 

with distilled water (see section 2.13) 
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Figure 2.8; Concentration-effects of PGF2 in myometrial strips taken from non 

pregnant rats in pro-oestrus (n=7) measured at 4, 6, 8 and 10 minute intervals after 

agonist addition to the organ bath. Results are expressed as means ± S.E.M. and 

analysed using repeated measures ANOVA with Bonferroni’s post-hoctest. **p<0.01; 

***p<0.001 for the reduction in measured activity over a) 4 and b)  6 minutes compared 

to 10 minute responses to PGF2 . 
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2.13 Normalising responses 

Figure 2.9;  Traces showing the variability in spontaneous activity from parallel 

myometrial strips taken from the same uterus from a non pregnant rat in dioestrus 

(a&b; ovarian segments, 10 minute period)  and a term pregnant (non laboring) human 

donor (c&d; 30 minute period).  

Each individual myometrial strip displayed unique intrinsic activity which was variable 

between strips from the same biopsy/animal (Figure 2.9).  To reduce intra- and inter-

assay variations, the data were normalised as a percentage of a reference contraction. 

Measured responses were expressed as percentage of a reference contraction, induced 

by displacing the Krebs solution with distilled water at the end of the experiment 

(Fischer, 2010; Griffiths, 2007). This contraction was induced in each myometrial strip 

and was unique to that concentration-effect curve (Table 2.4 and figures 2.10 and 2.11).  

c) 

8g 4g 

0.5g 1g

10 minutes a) b) 

30 minutes 
d) 
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Table 2.4; Mean force of contractions induced by hypotonic shock in human myometrial 

strips taken at follicular (n=5), menses (n=6), ovulation (n=2) and during term 

pregnancy (not in labour) (n=6). Results were measured for 30 minutes as the 

integrated area under the contraction curve (g.s) and expressed as arithmetic means ± 

S.E.M. 

Previous studies in our laboratory have shown that hypotonic shock creates a large, 

reliable and reproducible contraction (figure 2.10) which is sustained for longer than the 

contraction induced by potassium chloride (Fischer, 2010). The hypotonic shock 

contraction is mediated via calcium-activated potassium and chloride channels, and not 

via G protein coupled receptors (the signaling machinery of prostanoid receptors), thus 

favoring the use of hypotonic shock as a reference contraction.  

Human myometrium Hypotonic Shock (g.s) 
Term pregnant (non laboring) 2017± 452.9 
Follicular phase 2055± 281.7 
Menses 2569± 444.2 
Ovulation 1931 
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Figure 2.11; Mean force of contractions induced by hypotonic shock in rat myometrial 

strips taken at pro-oestrus (n=6), oestrus (n=6), metoestrus (n=6), dioestrus (n=6) and 

during late gestation (n=5) and post-partum (n=5). Results were measured for 10 

minutes as the integrated area under the contraction curve (g.s) and expressed as 

arithmetic means ± S.E.M.

2.14 Measurement of tissue activity 

Myometrial activity was measured as the integrated area under the contraction curve 

(AUC) which accounted for changes in contractile frequency, duration and amplitude. 

For human strips, the 30 minute recordings of myogenicity after agonist administration 

in the cumulative concentration-effect curves, were expressed as a percentage of 30 

minute hypotonic shock (Henke et al., 1984; Poyser et al., 1980). Data from the rat 

uterine strips were expressed as a percentage of 10 minute hypotonic shock after agonist 

administration.  
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2.15 Pooling of human myometrium from non pregnant donors  

Due to low numbers of donated tissue from human non pregnant donors, results were 

pooled together from follicular (n=5), menstruation (n=7) and ovulation (n=3) phases of 

the menstrual cycle. Table 2.9 lists the pathology each of the 15 donors had along with 

the recorded phase of menstrual cycle.  

Table 2.5; 15 uterine samples in total were received from non pregnant donors, in 

different phases of the menstrual cycle, who had hysterectomies for various pathologies.  
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2.16 Statistical analysis 

2.16.1: Statistics used 

Data were analysed using either the one or two-way ANOVA with Bonferroni’s post-

hoc test or a student’s t-test. Maximal effect (Em) and curve mid-points (EC50) were 

calculated for agonists and selective antagonists by applying non-linear regression to 

log concentration-response data (GraphPad Prism 4.0, San Diego, CA, USA). Results 

were expressed as arithmetic means ± S.E.M. and significance was accepted at p<0.05.  

2.16.2: Rationale behind the use of the chosen statistical tests 

All data was tested for normality using the Kolmogorov-Smirnov (K-S) test, thus 

whether parametric or non-parametric statistical tests should be deployed in the 

analysis.  

Differences in the intrinsic myogenic activity of tissue and the effects of drug treatment 

were determined by ANOVA and student’s t-test. In all instances a null hypothesis that 

there was no effect of treatment was tested by statistical analysis. When more than one 

factor was to be taken into account, concentration-response curves for example, the 

concentration and the treatment are both factors, so two-way ANOVA was used. Post-

hoc tests were used to determine the location of the differences between treatment 

means.  
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2B: LC-ESI-MS/MS

The production of prostaglandins in reproductive tissues has been analysed using both 

radioimmunoassays and High Performance Liquid Chromatography methods (HPLC) 

(Durn et al., 2010; Masoodi et al., 2006). However, the low specificity of the 

immunoassays and the use of radio-labelled fatty acid precursors in HPLC methods 

limits their use for the simultaneous profiling of cyclooxygenase derived products. The 

development of a prostaglandin assay for use in electrospray tandem mass spectrometry 

coupled to liquid chromatography (ESI-LC-MS/MS) by Professor Anna Nicoloau’s 

group at the University of Bradford has permitted the simultaneous profiling and 

quantitative analysis of prostaglandins and related mediators (Durn et al., 2010). This 

lipidomic approach was employed to determine the production of prostanoids in human 

uterine myometrium ex vivo. 

2.17 Samples for lipidomic analysis  

Human uterine samples were collected as described in section (2.3). Upon arrival to the 

laboratory, tissues were cleared of any surrounding mesentery (section 2.4) and a 

myometrial segment from each donated sample was excised (6mmx3mm) and placed 

immediately into a sterile, labelled cryovial (sigma Aldrich). Cryovials were labelled 

with the patient identification number (ERTB allocated), dated and bagged. Tissues 

were kept in a container and stored at -80oC awaiting analysis. 
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2.18 Sample preparation 

To avoid bias, each individual segment of tissue stored in a cyrovial was given a unique 

number ranging from 1-47. On the day of experiment, samples in the same tissue 

category (pregnant or non pregnant) were transferred from the -80oc freezer onto ice and 

transported to the laboratory in a polystyrene ice box. Once in the laboratory, samples 

were immediately placed in the -80 freezer and used one at a time.  

2.19 Homogenisation 

Labelled, flat bottomed glass tubes (VWR International Ltd, UK) were placed on ice 

and filled with analytical grade water (3mL) and HPLC grade methanol (530μL, Sigma 

Aldrich). The sample was allowed to thaw out on ice, cut into smaller pieces and then 

placed into the 15% (v/v) methanol water. A blade homogeniser (Ballrechten-Dottingen, 

Germany) was used to break open the tissue (5-6 up and down strokes in 5 second 

bursts). The resulting homogenates were then gently rolled and kept on ice, before a 

50μL aliquot was taken and stored at -20OC in an eppendorf tube (Fisher Chemicals, 

UK) awaiting protein content analysis. The internal standard PGB2-d4 (40ng; Cayman 

Chemical, USA) was added to all samples using a 50μl glass syringe (SGE, Australia) 

(Masoodi et al., 2006). Spiked samples were left to settle on ice in the dark for a period 

of 30-35minutes before acidification and extraction of lipids (Masoodi et al., 2006). 

2.20 Acidification of samples 

Samples were centrifuged at 3000rpm for a period of 8minutes at 40C to ensure removal 

of any precipitated proteins and placed back on ice in the dark. A glass pasteur pipette 

(Fisher Chemicals, UK) was used to acidify each sample with 0.1M hydrochloric acid 
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(Fischer Chemicals, UK) to pH 3.0. Once acidified, the supernatant was transferred to a 

clean set of new flat bottomed glass tubes for solid phase extraction. 

2.21 Solid Phase Extraction (SPE) 

A 12 position vacuum manifold (Phenomenex, Macclesfield, UK) was used for the 

extractions and the vacuum adjusted with 5mm Hg of pressure to ensure a steady stream 

of individual drops from each cartridge could be observed. Solid phase extraction 

cartridges (C18-E-500mg, 6mL; Phenomenex, UK) were attached to the manifold and 

activated first by washing with 20mL High Performance Liquid Chromatography 

(HPLC) -grade methanol (Fischer Chemicals, UK) followed by 20mL analytical grade 

water. Acidified samples were then immediately poured into the SPE cartridges and 

vacuum was adjusted, if needed, to maintain the drop-wise flow. The cartridges were 

then washed, in succession, with 20mL 15% (v/v) methanol to remove polar molecules, 

20mL water to remove non polar molecules and 10mL hexane (Fischer Chemicals, UK) 

to remove water from the cartridge (Masoodi et al., 2006). Finally the prostanoids were 

eluted into round bottomed glass tubes (VWR International Ltd, UK) with 15mL HPLC 

grade methyl formate (Fischer Chemicals, UK).  Samples were then dried under a 

steady stream of N2 (BOC gases, UK) in the dark for a period of 1.5-2hours, to allow 

the methyl formate to evaporate to dryness (Durn et al., 2010; Masoodi et al., 2006). 
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 2.22 Reconstitution 

Once dry, each sample (now a lipid residue) was placed on ice and reconstituted in 

100μl of HPLC grade ethanol (Fischer chemicals, UK), vortexed using a mini vortex 

(Hook and Tucker Instruments, UK) and centrifuged (3000rpm; 60 seconds). The 

reconstituted sample was then collected and transferred into 100μl glass insert vials 

(Kinesis, UK) contained within glass amber vials (Phenomenex, UK), capped with 

Teflon septa, sealed with open screw caps (Kinesis, UK) and stored at -20°C awaiting 

ESI/LC-MS/MS analysis.   

2.23 Composite standards 

Concentrations of 200pg/μl, 100 pg/μl, 50 pg/μl, 40 pg/μl, 20 pg/μl and 4 pg/μl, and 

2pg/μl and 2 pg/μl of composite prostanoid standard solutions were prepared and kindly 

given by Dr Karen Massey, University of Bradford. The internal standard, PGB2-d4, 

prepared in ethanol (1ng/μl) was also gifted by Dr Massey. Each composite standard 

was mixed with 40μl of the internal standard (40ng) to give a final concentration of 

400pg/μl. 

2.24 HPLC –MS/MS analysis 

Due to limited time, HPLC-MS/MS analysis of standards and biological samples was 

kindly carried out by Dr Paula Urquhart, University of Bradford, on a Waters Alliance 

2695 HPLC pump coupled to an electrospray (ESI) triple quadrope Quattro Ultina mass 

spectometrer (Waters, UK). The injection volume was 10μL, samples were analysed in 

duplicate and the instrument was operated in the negative mode (Masoodi et al., 2006). 

Instrument control and data acquisition were performed using the MassLynxTM V4.0 

software. Transition times (MRM) of compounds are listed in table 2.6.   
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Table 2.6; Composite standards and their multiple reaction monitoring times 

2.25 Quantification using calibration lines 

MassLynxTM software was used to integrate the peaks and to determine the peak area of 

detected prostanoids in samples and standards. Prostanoids were quantified using 

calibration lines of prostanoid standards. The calibration line comprised of the ratio of 

the peak area representing the concentration of prostanoid standard relative to peak area 

representing internal standard (PGB2-d4) against concentration of prostanoid standard 

(Masoodi et al., 2006). Calibration lines were plotted according to the least squares 

linear regression method and r2 was accepted at >0.950 (Durn et al., 2010). Detected 

prostanoid amounts (pg) were then expressed as pg per mg of protein (Masoodi et al., 

2006) . The limit of detection (LoD) was in the range of 0.5-50 pg whilst the limit of 

quantitation (LoQ) was in the range of 2-100pg (Battersby et al., 2004) 

2.26 Statistical analysis 

Due to limited samples, results were presented for individual donors rather than the 

mean of data, which meant statistical analysis was not carried out.  
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2.27 Protein content 

To analyse the protein content of the homogenates, the colorimetric BioRad DC protein 

assay was used.  This assay is based on the reaction of protein with copper tartrate in an 

alkaline medium and the subsequent reduction of Folin reagent by the copper-treated 

protein. 

Stock Bovine Serum Albumin (BSA; 1.5mg/ml, BioRad laboratories) was allowed to 

thaw out and diluted with 1M NaOH (Sigma Aldrich, UK) to create standards ranging 

between 0-1.5mg/ml (table 2.8). Sample homogenates (50μL in volume) were dissolved 

in 1M NaOH to create a 1 in 2 or 1 in 20 dilution and centrifuged (3000rpm, 

10seconds). 5μL of each standard and sample was plated in triplicate into 96 well plates 

(Corning Incorporated, USA) followed by 25μL of reagent A and then 200μL of reagent 

B. The resulting solution was kept in the dark for 15 minutes. Absorbance’s of the 

colorimetric reaction (proportional to the concentration of protein in samples) were read 

at 650nm using Gemini 4.0 software.   

Table 2.7; Serial dilutions of 1.5mg/ml BSA stock standard with 1M NaOH for use in 

the protein assay. 

BSA (1.5mg/ml stock) (μl) 1M NaOH (μl) Standard (mg/ml)

0 150 0 

25 125 0.25 

50 100 0.5 

75 75 0.75 

100 50 1.0 

150 0 1.5 
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Chapter 3.0 Non-pregnant human donors  
                  Functional prostanoid receptors in isolated non-gravid myometrium 

3.1 Introduction 

The uterus is exposed to cyclical changes in the hormonal milieu during the menstrual 

cycle. As prostaglandins are also cyclically regulated during this cycle (Critchley et al., 

2006) and oestrogen and progesterone receptors have been localised in the uterine 

myometrium (Sales et al., 2003b), it is possible that uterine motility and functional 

responsiveness to prostaglandins may also show a cyclical pattern during the different 

stages of the menstrual cycle. Further, aberrations in the synthesis of prostaglandins 

such as PGF2 and PGE2 in the non-gravid uterus can lead to reproductive disorders 

including menorrhagia, endometriosis and dysmenorrhoea (Schaaf et al., 1981).  

Targeting the prostaglandin receptors for therapeutic use in female reproductive 

disorders may therefore be viable routes of potential treatment.  

This chapter will explore the influence of the hormonal milieu on intrinsic activity and 

functional prostaglandin receptors in isolated human myometrial tissue obtained from 

different phases of the menstrual cycle. In addition, novel drug compounds for the EP1, 

EP3, FP and IP receptors will be evaluated for their potential therapeutic use. 
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3.2 Results 

3.3 Menstrual cycle and uterine smooth muscle intrinsic activity 

Uterine myometrial biopsies used in this chapter were collected from women who were 

at the follicular (n=5) and ovulatory (n=3) phases of the menstrual cycle and during 

menstruation (n=7). All myometrial strips obtained developed spontaneous activity and 

although a numerical trend for greater myogenicity during the follicular phase was 

observed, no significant differences between the phases were found (table 3.1). Whilst 

tissues taken from the follicular stage exhibited uniform and phasic contractions, tissues 

taken from menstruating women had sporadic activity and contractions were of low 

amplitude (figure 3.1).  

3.4 Underlying uterine pathology and myogenicity 

Donors underwent hysterectomy for various gynaecological disorders, including 

menorrhagia, dysmenorrhoea and endometriosis. All donors were premenopausal and 

still cycling (42-54 years of age) and use of oral contraceptives or hormone based 

therapies had been discontinued for 6-8 weeks prior to surgery. However one donor (in 

menses) had the progestin contraceptive, levonorgestrel releasing intrauterine system 

(LNG-IUS) in situ. All donors were white European (with one exception who was 

Asian) and were not smokers (with two exceptions). Phasic contractile activity was 

greatest in tissue donated by women suffering from menorrhagia compared to 

endometriosis sufferers (p<0.05) and sufferers with fibroids and menorrhagia (p<0.01; 

table 3.2).  
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Figure 3.1:  Spontaneous contractions and representative traces of immersed 

myometrial strips taken from the fundus at hysterectomy. Tissue was taken at the 

following phases of the menstrual cycle a) follicular (n=5), b) ovulatory (n=3) and c) 

menses (n=7). After equilibration, myogenic activity was measured as 30 minutes area 

under the curve and expressed as a percentage of 30 minutes hypotonic shock. Data are 

arithmetic means ± S.E.M. Each trace represents a 30 minute time period before the 

addition of any prostaglandin analogue.  
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4g 
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Table 3.1: Spontaneous activity measured as amplitude (g) and frequency of 

contractions over 30 minute intervals before the addition of test compounds in 

myometrium taken at the following phases of the menstrual cycle: follicular (n=5), 

ovulation (n=3) and menses (n=7). Results are expressed as means ± S.E.M. 

Stage of cycle Follicular Ovulation Menses 
Amplitude (g) 2.6 ± 0.7 2.6±  0.6 1.9± 0.3 
Frequency (No) 7.0 ± 0.7 13.6 ± 3.3 9.2± 1.4 

Table 3.2: Spontaneous activity of myometrial strips equilibrated in immersion baths 

and categorised according to the underlying pathology of the donor. Uterine samples 

were pooled from non pregnant donors in different phases of the menstrual cycle and 

were from donors who had endometriosis (n=3), menorrhagia alone (n=4) and from 

donors who had both menorrhagia and fibroids (n=4). Measurements are for 30 

minutes of area under the curve, expressed as a percentage of 30 minutes hypotonic 

shock and results are arithmetic means ± S.E.M.M data were analysed using one-way 

ANOVA with Bonferroni’s post-hoc test.  

*p<0.05; **p<0.01 for reduction in contractility compared to donors who had 

menorrhagia alone 

Indication Endometriosis Menorrhagia Menorrhagia and 
Fibroids 

Activity (% 
hypotonic shock) 

41.7 ± 2.9* 94.2 ±10.9 29.1 ±7.5** 
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3.5 Characterisation of EP receptors 

3.5.1 Stage of menstrual cycle and response to PGE2  

Although significant differences in response to PGE2 existed at 10-8M between menses 

and follicular and ovulation stage tissue (p<0.01 and p<0.001 respectively; Figure 3.2), 

PGE2 attenuated myogenic activity in a concentration-dependent manner at all three 

stages of the menstrual cycle. However, this decrease was most marked in tissues taken 

at ovulation (Figure 3.2).   
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Figure 3.2: Concentration- effect curves and representative traces for PGE2 in isolated 

myometrium obtained from non pregnant donors at the following stages of the 

menstrual cycle; a) follicular (n=3), b) ovulatory (n=3) and c) menses (n=3). PGE2 (10-

9M to 10-5M) was added to immersion baths in a cumulative manner at 30 minute 

intervals. Results are expressed as arithmetic means ± S.EM and data were analysed 

using two-way ANOVA with Bonferroni’s post-hoc test. 

 *p<0.05; **p<0.01; ***p<0.001 reduction in activity compared between menses and 

aovulation and bfollicular. 
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3.5.2: Use of different menstrual cycle stage tissue and test compounds 

A total of 15 myometrial samples were used in this chapter, as described in section 2.10. 

These limited samples were randomly allocated to be used in the analysis of EP, FP, TP 

and IP prostanoid receptors. As a result, for each study compound, tissue was obtained 

from across the menstrual cycle rather than the same stage.  

The same batch of each drug compound was used to test functional responsiveness in all 

the different tissue types (gravid and non-gravid human and rat myometrium). Using 

prostanoid analogues in this way prevented introducing bias into the results as one batch 

of drug was prevented from being used on only one tissue type. 

3.5.3: Myogenic responses to PGE2 and EP1/3 agonists 

 PGE2 significantly attenuated myogenicity in a concentration-dependent manner 

(p<0.001) with a pEC50 of 7.5 ±0.5.   

Sulprostone, an EP1/3 agonist (Billot et al., 2003) did not affect myogenicity compared 

to the vehicle (Figure 3.4; n=3). However the three tissue samples used for sulprostone 

responsiveness were obtained from donors at the following stages of the menstrual 

cycle:  follicular (n=1), menses (n=1) and ovulation (n=1).   

ONO-D1-004 a selective EP1 receptor agonist (Hallinan et al., 1994) also did not alter 

myogenic responses when compared to the vehicle (Figure 3.5). 
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Figure 3.3: Concentration- effect curves and representative traces for a) vehicle (n=6) 

and b) PGE2 (n=7) in isolated myometrium obtained from non-pregnant donors. Uterine 

samples were collected together from donors in mixed menstrual cycle phases. Vehicle 

and PGE2 (10-9M to 10-5M) were added to immersion baths in a cumulative manner at 

30 minute intervals. Results are expressed as arithmetic means ± S.EM. and data were 

analysed using two-way ANOVA with Bonferroni’s post-hoc test. 

 *p<0.05; ***p<0.001 reduction in activity compared to the time-matched vehicle 

control. 
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Figure 3.4: Concentration- effect curves and representative traces for a) sulprostone 

(n=3) and b) ONO-D1-004 (n=6) in isolated myometrium obtained from non-pregnant 

donors. Uterine samples were combined from donors at different stages of the menstrual 

cycle. EP receptor agonists (10-9M to 10-5M) were added to immersion baths in a 

cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. 
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3.5.4: Contractile EP receptor agonists and SC-51322 

PGE2, sulprostone and ONO-D1-004 were incubated with 10-6M SC-51322, an EP1

receptor antagonist (Yun et al., 2009). A preliminary concentration of 10-6M was used 

(Jones et al., 2009). 

The results show that incubation with SC-51322 alone did not affect vehicle or affect 

the responses to PGE2, sulprostone and ONO-D1-004 (Figure 3.5).  
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Figure 3.5:  Vehicle (a, n=5) and concentration-effect curves for b) PGE2, (n=5)  c) 

sulprostone (n=4) and d) ONO-D1-004 (n=6) alone and in the presence of the EP1

receptor antagonist SC-51322 (10-6M) in isolated human myometruim donated by 

women at different stages of the menstrual cycle phases. Vehicle and agonists (10-9M to 

10-5M) were added to immersion baths in a cumulative manner at 30 minute intervals. 

Results are expressed as arithmetic means ± S.E.M. 

a) b) 

d) c) 
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3.5.5: EP receptor agonists and L-826266 

PGE2, sulprostone and ONO-D1-004 were incubated with 10-6M L-826266, an EP3

antagonist (Fischer, 2010). A concentration of 10-6M, which has been previously used in 

this laboratory (Chollet et al., 2007) was used to determine if this compound displayed 

any antagonism. 

Myogenicity of controls was not affected by L-826266 (10-6M) nor was the response to 

sulprostone and ONO-D1-004, although the antagonist did appear to reduce the PGE2

inhibition in activity (Figure 3.6). 
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Figure 3.6:  Vehicle (a, n=6) and concentration-effect curves for b) PGE2 (n=7), c) 

sulprostone (n=3) and d) ONO-D1-004 (n=7) alone and in the presence of the EP3

receptor antagonist L-826266  (10-6M)  in isolated human myometruim donated by non- 

pregnant women at different stages of the menstrual cycle. Vehicle and agonists (10-9M 

to 10-5M) were added to immersion baths in a cumulative manner at 30 minute intervals. 

Results are expressed as arithmetic means ± S.E.M. 

a) b) 

d) c) 
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3.6:  Preliminary studies using the FP receptor antagonist AS404872   

PGF2 , U46619 and PGE2 were tested alone and in the presence of the reported FP 

receptor antagonist AS604872 (Abramovitz et al., 2000). As PGF2  has affinity for the 

TP receptor (Chollet et al., 2007) it was important to determine if AS604872 displayed 

any functional activity at this receptor so it was incubated in the presence of U46619, a 

selective TP receptor agonist. In addition, AS604872 is reported to have affinity for the 

EP2 receptor (Abramovitz et al., 2000; Jones et al., 2009). As tissue was limited, it was 

decided to incubate AS604872 with the parent EP receptor prostaglandin PGE2.

As mentioned in section 3.5.2, the same batch of drug compound was used in 

determining the functional responsiveness of tissue obtained from both animal and 

human donors.   

3.6.1: Myogenic responses to PGF2  and U46619 

PGF2 did not affect myogenicity when compared to the vehicle (Figure 3.7). Tissue 

was obtained from donors at the follicular (n=1) and menstruation (n=2) stages of the 

menstrual cycle.  

U46619, a TP receptor agonist, increased myogenic activity when compared to the 

vehicle (Figure 3.7).  Due to low sample numbers, statistical analysis was not carried 

out. Tissues were obtained from donors at the follicular (n=1) and ovulatory (n=1) 

stages of the menstrual cycle.  
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Figure 3.7: Concentration- effect curves and representative traces for vehicle (ai &  bi) 

aii) PGF2 (n=3) and bii) U46619(n=2) in isolated myometrium obtained from non-

pregnant donors at different stages of the menstrual cycle. Vehicle and agonists (10-9M 

to 10-5M) were added to immersion baths in a cumulative manner at 30 minute intervals. 

Results are expressed as arithmetic means ± S.E.M. 
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3.6.2: AS604872 and PGF2

AS604872 when incubated with PGF2  was used at both concentrations of 10-5M and 

10-6M to try to determine the optimum concentration to use. Incubation with AS604872 

at 10-5M (n=3(follicular n=1, menses n=1 and ovulation n=1)) and 10-6M (n=2 (menses 

n=1, ovulation n=1)) did not affect responses to vehicles (Figure 3.8a+b) or PGF2

(Figure 3.8 c+d). 
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3.6.2: U46619 and PGE2 alone and in the presence of AS604872  

The U46619 response was not affected by the antagonist (Figure 3.9; a, n=2). Similarly 

AS604872 did not alter the concentration-dependent inhibitory response to PGE2 

(Figure 3.9; b).  
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Figure 3.9:  Concentration-effect curves for a) U46619 (n=2) and b) PGE2 (n=3) alone 

and in the presence of the FP receptor antagonist AS604872 at 10-5M in isolated human 

myometrium donated by women in mixed menstrual phases. Vehicle and agonists (10-

9M to 10-5M) were added to immersion baths in a cumulative manner at 30 minute 

intervals. Results are expressed as arithmetic means ± S.E.M. 

a)

b)
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3.7 Characterisation of IP receptors 

3.7.1 Myometrial response to cicaprost 

Cicaprost, a selective IP receptor agonist (Bley et al., 2006; Jones et al., 2009; Jones et 

al., 2006) reduced myogenicity in a concentration-dependent manner (p<0.05) with an 

EC50 of 5.1 x 10-8M.  Activity decreased from 53.7 ± 8.2 at 10-9M to 21.7 ± 4.2 percent 

hypotonic shock at 10-5M. 
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Figure 3.10: Concentration- effect curves and representative traces for a) vehicle (n=5) 

and b) cicaprost (n=5) in isolated human myometrium obtained from non pregnant 

donors. Uterine samples were taken from donors at different stages of the menstrual 

cycle and vehicle and cicaprost (10-9M to 10-5M) were added to immersion baths in a 

cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. 
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3.7.2: CAY10449 (IP antagonist) and the response to cicaprost 

CAY10449, a selective IP receptor antagonist (Jones et al., 2009) was used at a 

concentration of 10-6M as recommended in the literature (Bley et al., 2006; Jones et al., 

2006).  

Incubation with 10-6M CAY1044 did not affect vehicle responses and it also did not 

antagonise the cicaprost induced inhibition of activity. However, although cicaprost 

alone caused a concentration-dependent decrease in activity, CAY10449 at 10-5M did 

demonstrate some attenuation of this response (Figure 3.11; b). 

3.7.3: R01138452 and the response to cicaprost 

A second selective IP receptor antagonist, R01138452 (10-6M) (Jabbour et al., 2009; 

Welboren et al., 2009) was also utilised. Incubation with RO1138452 alone did not 

effect myogenicity of controls but in the presence of cicaprost, RO1138 452 appeared 

to prevent the cicaprost induced inhibition of myogenicity. Whilst cicaprost decreased 

activity by 60%, myogenicity only reduced by 14% in response to R01138452 with 

activity changing from 38.8 ± 7.6 percent hypotonic shock at 10-9M to 33.0 ± 4.8 

hypotonic shock at 10-5M (Figure 3.11; d).  
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Figure 3.11: Vehicle and concentration- effect curves for cicaprost alone and in the 

presence of the IP receptor antagonists CAY10449 (10-6M) (a&b, n=5) and R01138452 

(c&d, n=7) respectively, in isolated myometrium obtained from non-pregnant donors. 

Uterine samples were taken from donors at different stages of the menstrual cycle and 

vehicle and cicaprost (10-9M to 10-5M) were added to immersion baths in a cumulative 

manner at 30 minute intervals. Results are expressed as arithmetic means ± S.E.M. 

a) b) 

d) c) 
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3.8: Discussion 

The steroidal hormones oestrogen and progesterone are involved in the regulation and 

development of the reproductive function of the uterus (Clancy, 2009). Under the 

control of the gonadotrophins FSH and LH, circulating levels of these two sex 

hormones fluctuate across the menstrual cycle, propagating cyclical changes in the 

uterine endometrium (Fischer, 2010; Hutchinson, 2005). The results of this study also 

suggest that sex steroids govern uterine motility as intrinsic activity of isolated uterine 

strips from distinct phases of the menstrual cycle displayed different levels of myogenic 

activity (figure 3.1). Previous immersion studies in this laboratory have also found a 

change in myogenicity across the menstrual cycle, with activity greatest in the follicular 

phase and least during menses (Webb, 2003). 

The underlying mechanism of uterine peristalsis is mediated by cross-bridge cycling 

between the contractile proteins actin and myosin (Phillippe et al., 1997) and is 

dependent on the constitutive activity of the phosphoinositide signalling pathway 

(Wray, 2007). Phosphorylation of serine 19 on the regulatory light chains of myosin is 

mediated by calcuim ions influxing through L-type Ca2+ channels in the uterus (Wray, 

2007), binding to calmodulin and the corresponding complex activates MLC kinase 

activity. The importance of MLC Kinase in uterine contractility is indicated by the fact 

that a rise in Ca2+ but inhibition of MLCK abolishes uterine contractions (Mylonas et 

al., 2004; Mylonas et al., 2009). Cell relaxation is mediated by a decrease in 

intracellular Ca2+ concentration and increased MLC phosphatase activity. Cells develop 

tonic and phasic contractions in response to changes in load or length and the contractile 

state of uterine myogenicity can be controlled by hormones including oestrogen and 

progesterone. 
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Oestrogen (ER) and progesterone (PR) receptors have been identified in the uterus and 

cyclical changes in their expression during the menstrual cycle have also been found 

(Welboren et al., 2009). Although the ER has two isoforms (namely ER  and ER ), in 

the uterus oestradiol signals mainly through ER  (Mylonas et al., 2009) which functions 

as a ligand-dependent transcription factor. PR is expressed as two major isofroms, PR-A 

and PR-B and progesterone acting through the PRA is the physiological negative 

regulator of oestrogen action (Âkerlund, 2004; Domali et al., 2001; Strauss et al., 2004). 

During the follicular phase, the rise in oestradiol is likely to be responsible for the 

heightened activity observed. Oestrogen is involved in the up-regulation of contractile 

associated proteins (CAP) which include the potent contractants oxytocin, endothelin 1 

and vasopressin (Liedman et al., 2008). Plasma levels of  oxytocin and vasopressin 

increase during the follicular phase, reach a maxima during ovulation and decrease 

during  the luteal phase (Âkerlund, 2004). Further, stimulation of vasopressin and 

oxytocin is counteracted by progesterone (Hendrix et al., 1995; Wathes et al., 1982) 

which could be responsible for the decline in myogenicity observed at ovulation. In 

follicular and ovulatory phase myometrium, representative traces show contractions 

were co-ordinated and of high amplitude. This well developed electrical and mechanical 

coupling of the myocytes is likely to require effective formation of gap junctions. In 

support of this, expression of connexin 43 (Cxn-43) mRNA, a major protein of 

myometrial gap junctions, is stimulated by oxytocin mRNA and inhibited by 

progesterone (Welboren et al., 2009). Expression of Cxn-43 is thought to be mediated 

by binding of the activation protein 1 (AP-1), a transcription factor oestradiol can tether 

to in its non-classical pathway of signalling (Kilarski et al., 2000). Gap junctions have 

been found to increase significantly in number in vitro, with increasing concentrations 

of oestradiol (Shemesh, 2001) and as oestrogen up regulates oxytocin, it is likely that 
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the observed increase in myogenicity at follicular stage myometrium is under the 

control of oestrogen. 

Although levels of oestradiol rise during the peri-ovulatory stage, uterine contractility 

was not greatest during the ovulatory stage. This could be due to the rising levels of LH. 

LH receptors have been immuno-localised in the myometrium and activation of LH 

receptor stimulates release of cAMP, a smooth muscle relaxant (Salonia et al., 2008). In 

addition androgens such as testosterone have shown significant fluctuations during the 

menstrual cycle, peaking during the ovulatory phase (Perusquia et al., 2005). As 

androgens can induce myometrial relaxation via membrane hyper-polarisation (Ayoubi

et al., 2003)  the decrease in myogenicity observed around ovulation could also be as a 

result of these circulating androgens. Studies examining uterine contraction frequency 

have shown that oestrogen exerts maximal stimulation on uterine contractility before 

rather than at ovulation (Kunz et al., 2002) which may suggest that during the late 

follicular phase the uterus becomes refractory to the contractile effects of this hormone 

(Jabbour et al., 2006a).  

Menses is associated with a loss of the steroid hormone receptors, ER and PR, and 

breakdown of the endometrial lining (Jabbour et al., 2006a; Maybin et al., 2011). This 

leads to diminishing association of the CAPs resulting in uterine quiescence. Further, 

menstruation is associated with inflammation and a rise in cytokines such as interferon 

gamma (IFNy) (Norman, 1996). IFNy is known to up regulate the synthesis of nitric 

oxide, a potent smooth muscle relaxant (Chrousos et al., 1998), which may contribute to 

the reduced myogenicity. In addition, corticotrophin releasing hormone (CRH) 

receptors are found in the myometrium at all stages of the menstrual cycle (Linton et al., 

2001) and CRH receptor activation is linked primarily to the production of cAMP 

(Vedernikov et al., 2003). Activation of this receptor may lead to further inhibition of 
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myogenicity. The myometrial hypotrophy observed during menses, which is due to sex 

hormone deficiency (Fischer, 2010), can also contribute to the reduced intrinsic activity 

of myometrial strips taken at menses. Fewer gap junctions and reduced ability to 

generate force are likely therefore to be responsible for the sporadic nature of recorded 

contractions seen at menses.   

Unlike previous immersion studies in this laboratory (Wilkinson et al., 2010), the 

results from this study indicate a significant difference in the myogenic activity of non-

gravid strips donated from women with menorrhagia compared to endometriosis and 

those with menorrhagia and fibroids. Menorrhagia is defined as prolonged (longer than 

7 days) or excessive (greater than 80ml) uterine bleeding occurring at regular intervals 

(Adelantado et al., 1988b; Deligeoroglou et al., 2010; Smith et al., 2007) and it is 

associated with increased uterine EP receptors and greater local circulating PGE2 levels 

(Bulun, 2009). PGE2 can regulate genes involved in steroid biosynthesis and oestradiol 

production (Leyendecker et al., 2004). As oestrogen is able to up-regulate CAP, and 

oestradiol itself is capable of inducing hyperpersistalis (Farina et al., 2007), excessive 

synthesis of PGE2 may have resulted in the increased intrinsic activity observed, 

indirectly via greater circulating levels of  oestrogen. In addition, endogenous oestradiol 

can modulate the expression and activity of secretory PLA2 (Battersby et al., 2004) 

thereby increasing the availability of arachdonic acid as a substrate for prostaglandin 

synthesis, such as prostacyclin, increased synthesis of which is also associated with 

menorrhagia (Fusi et al., 2006). However, it cannot be excluded that the response 

observed is a consequence of low sample numbers and pooling of data from different 

stages of the menstrual cycle.  

The suppression of myogenicity in strips from donors who had menorrhagia and 

fibroids can be attributed to the presence of the leiomyoma in the uterus disrupting the 
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coordinated peristaltic activity of the inner myometrium (Fusi et al., 2006). Also, as 

fibroids were found within close proximity to the junctional zone, and ER and PR 

expression is significantly higher in submucous fibroids when compared to outer 

myometrial fibroids (Bulletti et al., 2002) it may be that the suppressive effect of 

progesterone on oestrogen action could be responsible for the decrease in myogenicity. 

The myogenic activity of myometrial tissue from patients with endometriosis was lower 

than that from donors with menorrhagia. This result is conflicting with literature as 

endometriosis is associated with hyperpersistalis (Sitruk-Ware, 2004) It may be that the 

observed reduction could be influenced by the patient who had the levonorgestrel 

releasing intrauterine device (LNG-IUS) in situ. Levonorgestrel, which is released at a 

steady rate of 20μg every 24 hours into the uterine cavity (Grennan et al., 1975; Herkert

et al., 2000), has been shown to inhibit calcium entry from the extracellular space and 

activate protein kinase C-dependent mechanisms (Sales et al., 2003a; Slater et al., 

1999). Increased cAMP levels and activation of protein kinase C will lead to an 

inhibition of myogenicity.  However as only one patient was noted as having this device 

in situ, it is likely that the observed dampening of intrinsic activity is due to pooling and 

low sample numbers.  

Sex steroids also regulate COX-1 and COX-2 enzyme expression (Sales et al., 2003b). 

These enzymes, which have been isolated in uterine smooth muscle, are responsible for 

the synthesis of prostaglandins. Aberrations in the synthesis of prostaglandins can lead 

to uterine pathologies involving uterine dyskinesia. PGE2 and PGF2  are considered to 

be essential for several reproductive processes including luteolysis and implantation 

(Adelantado et al., 1988b) and imbalances in their production can lead to 

menorrhagia(Jabbour et al., 2009) and dysmenorrhoea (Battersby et al., 2004). These 
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prostaglandins are also cyclically regulated during the menstrual cycle (Canete Soler et 

al., 1988). 

Myometrial EP prostaglandin receptors bind prostaglandins of the E series with 10-fold 

greater affinity than  those of the F series (Milne et al., 2001). Such high affinity for the 

EP receptor could be the reason why PGE2 induced a concentration-dependent 

inhibition in activity in all three phases of the menstrual cycle in this study. This 

inhibition was most marked at ovulation, which could be partly due to the upregulation 

of EP4 receptor mRNA expression in the late follicular stage (Bos et al., 2004; Lebel et 

al., 2004). Although tissue donated at menses and ovulation exhibited relative 

stimulation at 10-5M to PGE2, this excitability was missing in follicular phase 

myometium. It is possible that activation of cAMP via the membrane receptor due to 

high oestradiol levels during the follicular phase could be responsible for this lack of 

excitation.  

PGE2 signals through its G protein coupled receptors EP1-EP4. Whilst EP1 and EP4

induce cAMP and thus myometrial relaxation, EP1 and EP3 receptors enhance uterine 

contractility through increases in Ca2+ (Schaaf et al., 1981). EP receptors, in particular 

the contractile EP receptor subtypes EP1 and EP3 may therefore have a role in uterine 

contractility disorders. In order to evaluate the effectiveness of EP1 and EP3 receptor 

antagonists, concentration-response curves were performed for PGE2 and EP1 and EP3

receptor agonists. As samples were low, data were pooled together from across the 

menstrual cycle.  

PGE2, as previously mentioned, inhibited myogenicity in a concentration-dependent 

manner with relative excitation at 10-5M. This pattern of response was replicated in 

tissues pooled together from across the cycle. However, the selective EP3 agonist 

sulprostone (Oka et al., 2003) and EP1 agonist ONO-D1-004 (Fischer, 2010) failed to 
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elicit a response in this study. Other studies have also found ONO-D1-004 to have poor 

efficacy (Abramovitz et al., 2000; Fischer, 2010; Jones et al., 2009; Senior et al., 1993) 

but the response to sulprostone is contrary to previous studies which have shown it to be 

a potent EP3 receptor agonist (Hallinan et al., 1994). The same batch of sulprostone was 

used in other chapters and it evoked a contractile response, the lack of response to this 

agonist may therefore be due to the very low sample numbers (n=3) which were all 

pooled from different stages of the menstrual cycle. This pooling may have masked any 

contractile responses evoked as well as introducing variability into the results. 

In order to determine the functional antagonism of SC-51322 and L-826266, EP 

agonists were evaluated alone and in the presence of each antagonist. SC-51322, a 

reported selective EP1 receptor antagonist (Jones et al., 2009) has inhibited PGE2

signalling in guinea pig ileum with a pA2 value of 8.1 and in a human cell line with a 

pA2 value of 8.80 (Jones et al., 2009). However in this study, SC-51322 did not affect 

the intrinsic activity of time matched vehicles or the responses to PGE2, ONO-D1-004 

or sulprostone, although the relative stimulation at 10-5M sulprostone was significantly 

reduced in the presence of the antagonist. L-826266 which behaves as an EP3 receptor 

antagonist in recombinant assays and cell lines (Harel, 2008), did not alter responses in 

time matched vehicles, or to ONO-D1-004 and sulprostone. However, in the presence of 

this antagonist, there was reduced inhibition of myogenicity in response to PGE2, which 

may suggest that L-826266 can antagonise the relaxant EP receptor subtypes EP2 or 

EP4. The lack of whole body interactions, expression of single prostanoid receptors and 

differences in methodologies between recombinant cell lines and functional techniques 

may have contributed to the lack of antagonism seen in this study. 

PGF2  and thromboxane (TXA2), mediate their actions by binding to the FP and TP 

receptors respectively. Both prostaglandins are potent uterotonins and abnormalities in 
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their synthesis can lead to hypercontractility (Abramovitz et al., 2000; Bertele et al., 

1980). In order to determine the response of the pooled tissues to these two spasmogens, 

concentration effect curves were constructed for PGF2  and U46619, a stable mimetic of 

TXA2 (Fischer, 2010; Hutchinson, 2005). The data show that in pooled tissue, PGF2

did not affect myogenicity when compared to vehicle, although at 10-5M there was a 

non significant decrease in myogenic response. U46619 on the other hand, evoked an 

increase in contractility when compared to vehicle.  

The lack of response to PGF2  is surprising as previous studies in this laboratory using 

tissue obtained from the follicular stage of the menstrual cycle have demonstrated 

PGF2  to a potent contractile agent (Anwar et al., 2000). However, inhibitory FP-

receptors have been suggested to exist in the mouse and rabbit uterus (Kim et al., 2003) 

and Vielhauer et al., (2004) have identified an FP splice variant termed hFPs, which is 

present in the human placenta. It has also been found that the dose response curves to 

fluprostenol, a specific FP receptor agonist, and PGF2  in the superfusion set-up 

declined after 0.1 and 10nmols respectively using non pregnant human tissue (Marshall 

et al, University of Bradford; paper in preparation). In addition, PGF2  significantly 

hyperpolarized membrane potentials (Engstrom et al., 2000).  It may be possible that 

the increasing increments of PGF2  in the concentration-effect curves can inhibit smooth 

muscle contractility either by activating an inhibitory population of FP receptors or by 

interfering with the mechanical apparatus of smooth muscle contraction.  

In addition, the lack of response to PGF2  in tissue from the donors at follicular stage 

and at ovulation could also be due to the high oestradiol levels, as continued oestrogen 

stimulation of oxytocin receptor can decrease the contractile response to PGF2

(Vedernikov et al., 2003) and hyperpolarize smooth muscle by activating outward K+

currents (Maggiolini et al., 2010). Alternatively, the high levels of oestrogen may also 
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signal through a membrane associated ER, GPR30. This receptor is responsible for 

oestrogen stimulating adenylate cyclase activity and thus production of cAMP in human 

MCF7 breast cancer cells (Calebiro et al., 2010a). Thus the decrease in response to 

PGF2  during ovulation may be mediated by rising cAMP levels.  

However, as the FP receptor is a G protein coupled receptor (GPCR), the inhibitory 

response at 10-5M may be due to receptor desensitisation and internalisation as G 

proteins, upon prolonged agonist exposure undergo endocytosis (Fujino et al., 2001).  

Although the classical pathway for GPCR internalisation involves phosphorylation by a 

GPCR kinase which has recruited arrestin and in turn initiates clathrin-dependent 

internalisation, other mechanisms of GPCR internalisation also exist such as initial 

phosphorylation by protein kinase C (PKC) instead of GPCR kinase (Fujino et al., 

2000). The FP receptor consists of two isoforms, FPA and FPB which are generated by 

alternative mRNA splicing, giving rise to differences in their intracellular carboxyl 

terminal domains (Fujino et al., 2001; Srinivasan et al., 2002). Differences between 

these isoforms have been shown with respect to their regulation by PKC in which the 

FPA but not the FPB isoform is subject to negative feedback by PKC leading to 

differences in cell signalling and cell morphology (Calebiro et al., 2010b). Nevertheless, 

once receptors are internalised into endosomes, they can then be targeted for 

degradation and the consequent receptor downregulation contributes to signal 

desensitisation (Cirillo et al., 2007). However, the large standard error bars in this study 

would suggest that the limited samples used (n=3) from donors at different phases of the 

menstrual cycle demonstrate a variable response to PGF2  which may have masked any 

contractile effects. Further studies are required to explore the effect of pooled tissue on 

the apparent uterine unresponsiveness to PGF2 . 
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In order to determine the functional response of PGF2  and U46619 in the presence of a 

FP receptor antagonist, AS604872, a potent and supposedly highly selective functional 

antagonist of the prostanoid FP receptor (Chollet et al., 2007; Cirillo et al., 2007) was 

utilised. This novel compound has been reported to antagonise the FP receptor in 

murine models of preterm labour (Cirillo et al., 2007) and antagonise PGF2  with a pA2

of 7.33 in human recombinant cell lines (Chollet et al., 2007; Jones et al., 2009). 

However, AS604872 is also reported to have 20-fold selectivity for the EP2 receptor 

(Chollet et al., 2007; Cirillo et al., 2007) so antagonism of PGE2 was also assessed. 

In this study, no significant antagonism at the FP, EP or TP receptors in myometrial 

tissue from non-pregnant donors was seen. In the two studies which have reported 

antagonism with AS604872, a dose of 30mg/kg was required to elicit significant 

antagonism. A maximum of 27% antagonism was reported in these studies (Bos et al., 

2004; Narumiya et al., 1999) which may have been easily masked in the immersion set-

up with increasing cumulative additions of agonist. Additionally, the antagonist potency 

of this compound was determined in an in vivo setting using murine models. 

Differences between murine and human whole body interactions with the antagonist 

such as occupation of high/low affinity receptor binding sites and their downstream 

signalling cascades, may have contributed to the lack of antagonism seen in this study.  

Uterine dyskinesia can also involve excessive smooth muscle relaxation. Prostacyclin 

(PGI2), which signals through its G protein coupled receptor (IP) can stimulate both the 

Gs and Gq proteins causing an increase in cAMP generation and causing smooth muscle 

relaxation (Battersby et al., 2004). PGI2 is also the major prostanoid synthesised by the 

vascular endothelium (Baird et al., 1996; Jabbour et al., 2006b) and causes blood vessel 

dilatation and inhibition of platelet aggregation. Due to its vasoactive and smooth 

muscle relaxation properties, prostacyclin has also been implicated in the process of 
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menstruation (Battersby et al., 2004). In support of this, expression of both prostacyclin 

synthase (PGIS) and the IP receptor have been demonstrated in non-gravid myometrium 

with significant upregulation of both during menstruation (Adelantado et al., 1988b; 

Battersby et al., 2004). Prostacyclin has also been implicated in the pathology of 

menorrhagia, as elevated levels of PGI2 synthesis in women suffering from menorrhagia 

compared to those with normal blood loss have been noted (Jones et al., 2009). 

In order to determine the functional response of the IP receptor, cicaprost, an analogue 

of prostacyclin, was used alone and in the presence of two novel IP receptor antagonists 

RO1138452 and CAY10449. Cicaprost was chosen due its high potency and chemical 

stability and its higher IP receptor selectively compared to other readily available 

analogues (Bley et al., 2006; Jones et al., 2009; Jones et al., 2006). RO1138452 and 

CAY10449 are two reported selective and potent IP receptor antagonists (Abramovitz et 

al., 2000; McCormick et al., 2010) with pKi values of 9.3 and 7.7 respectively. Both 

compounds have been reported to behave as competitive antagonists lacking agonist 

activity at the IP receptor. 

The results of this study show that cicaprost caused a concentration-dependent decline 

in responses. Incubation with CAY10449 did not antagonise the spontaneous activity of 

time matched vehicles or attenuate the responses of cicaprost, although at 10-5M there 

was relative stimulation compared to inhibition shown by cicaprost alone. This is likely 

due to cicaprost acting at the EP3 receptor (Stitham et al., 2007). However, although 

R01138452 did not affect the activity of time matched vehicles, it did prevent the 

inhibition in activity induced by cicaprost (although not statistically significant), 

suggesting that RO1138452 behaves as a competitive antagonist at uterine IP receptors. 

Although antagonism was displayed by R01138452, inhibition of the IP receptor may 

not be clinically beneficial. This is because PGI2 plays a critical role in vascular 
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haemostasis. IP knockout mice have shown increased propensities towards thrombosis, 

intimal hyperplasia and reperfusion injury (Bley et al., 2006). Therefore IP receptor 

blockade could result in increased risk of cardiovascular events such as myocardial 

infarction. 

R01138452 may therefore be more beneficial in exploring the interaction between TP 

and IP receptors in vascular haemostasis and the downstream signalling cascades of 

these two prostanoid receptors, rather than in a clinical setting. It may also find 

relevance as a research tool in understanding the mechanisms of analgesia as PGI2 also 

plays a role in hyperalgesia. PGI2 is generated rapidly in response to mechanical injury 

or inflammation, and can sensitise or directly activate sensory nerves in painful or 

inflammatory conditions (Bley et al., 2006; Nakae et al., 2005; Pulichino et al., 2006). 

Further support for a role of PGI2 in analgesia comes from transgenic mouse studies 

which have indicated that IP receptors may have a primary role in experimental pain 

behaviours (Battersby et al., 2004).  

In conclusion, the nongravid uterus displays cyclical changes in uterine motility and 

although evidence exists for cyclical expression of prostaglandin receptors in the 

menstrual cycle (Jones et al., 2006), this study did not find significant differences in 

functional responsiveness of PGE2 at the follicular, ovulatory and menstruation phases 

of the menstrual cycle. Receptor desensitisation of the prostaglandin FP receptor may 

have been evident in myometrial tissue pooled from across the menstrual cycle at the 

high concentration of 10-5M, although the unresponsive nature of the pooled tissue to 

this agonist requires further study. In addition, although most of the tested antagonists 

did not significantly affect their corresponding agonist responses, the IP receptor 

antagonist, R01138452 (Golightly et al., 2010) was found to be effective at attenuating 

the cicaprost induced inhibition of myogenicity. As prostacyclin is essential for vascular 
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function, the use of this antagonist may be better suited for analgesia and in general 

research aiming to clarify the interplay between thromboxane and prostacyclin in 

reproductive processes. 
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Chapter 4.0 Term Pregnant (non labouring) human donors  
                  Functional prostanoid receptors in isolated non-gravid myometrium 

4.1 Introduction 

The exact molecular and cellular signalling mechanisms responsible for the timing of 

parturition are still unknown. However, preceding term labour the uterus, which is in 

state of quiescence and contractile refractoriness during the majority of pregnancy, must 

become sensitised to uterotonins; enabling it to develop the powerful, co-ordinated 

contractions of labour (Olson et al., 2007). Prostaglandins are involved in facilitating 

this transition and are deemed essential for the process of parturition, but the exact role 

of prostanoids in this process is still not fully understood. Thus the availability of 

isolated term gravid non labouring human myometrium provides an important 

opportunity to understand the influence of prostaglandins during the transition from 

uterine quiescence to contractile awakening. Additionally, aberrations in the synthesis 

of prostaglandins or the abnormal expression of prostaglandin receptors can lead to 

uterine dyskinesia and reproductive pathologies during pregnancy (Schaaf et al., 1981).    

This study examined the intrinsic activity and functional in vitro responses of a variety 

of prostaglandin agonists and antagonists for the EP, FP, TP and IP receptors in the 

isolated human myometrium of the term gravid uterus. In addition, the role of IP 

receptors in inhibiting uterine myogenicity was explored further with use of selective IP 

receptor antagonists. 
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4.2 Results 

4.3: Myogenic responses 

Myometrial tissue specimens were donated by term pregnant (non labouring) donors 

whose pregnancies were between 37 and 40 weeks gestational length (as listed on the 

patient information sheet). Uterine samples were incised from the lower segment of the 

gravid uterus and were pooled together from donors with different demographics and 

reproductive history. At the time of elective surgery all patients had spinal analgesia as 

pain relief. As mentioned in chapter 3, the same batches of all drug compounds were 

used in different sources of tissue (rat and human) to avoid introducing unnecessary 

variability into the results. 

Following equilibration and establishment of regular phasic contractions, spontaneous 

activity (measured as area under the curve (AUC)) of isolated myometrial strips 

displayed differences in their activity depending on the week of gestation at which they 

were taken.  Isolated myometrial tissue taken at 37 weeks gestation had the least total 

myogenic activity (842.6 ± 49.4, n=2) and the recorded contractions from this stage 

were of low amplitude, although the frequency of contractions was greater (Figure 4.2). 

Intrinsic activity increased at 38 (n=6) and 39 (n=7) weeks at which point there was a 

significant difference between the total myogenicity as measured as AUC at 39 and 37 

weeks (p<0.05; Figure 4.1). At 40 weeks gestation (n=6), the spontaneous activity of the 

strips began to decline (from 1897 ± 215.3 at 39 weeks to 1252 ± 226.8 at 40 weeks) 

although this was not statistically significant. The decrease in activity was represented 

by a decline in amplitude but a change in frequency was not evident (Figure 4.2). 
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Figure 4.1: Mean intrinsic activity of isolated myometrial strips from term pregnant 

(non labouring) donors at different time-periods of gestation (n=2-7). After 

equilibration, responses were recorded as 30 minutes area under the curve (AUC) for 4-

8 isolated strips per patient. Data are arithmetic means ± S.E.M. and statistical analysis 

was performed using one-way ANOVA with Dunnet’s post-hoc test. *p<0.05 for 

reduction in activity compared to 39 weeks 

Figure 4.2: Representative traces showing the stable myogenic activity developed in 

isolated myometrial strips taken from term pregnant (non labouring) donors at a) 37 b) 

38 c) 39 weeks and d) 40 weeks gestation at elective Caesarean section. All traces 

represent 30 minutes of activity. 
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4.4 Characterisation of EP receptors 

In order to characterise two novel antagonists, functional EP receptors were evaluated 

using selective EP receptor agonists. 

4.4.1 Myogenic responses to PGE2, EP1 and EP3 agonists 

PGE2 induced a concentration-dependent inhibition of myogenicity (p<0.01), with a 

pEC50 value of 7.8 ± 1.1. Activity declined from 51.1 ± 3.9 to 38.8 ± 3.0 percent of 

hypotonic shock. At 10-5M, activity increased by 14.8 % over that seen at 10-6M.  

Sulprostone, an EP3/1 agonist (Billot et al., 2003)  significantly enhanced myogenicity at 

10-8M compared to time-matched vehicles (p<0.001) with a pEC50 value of 8.5 ± 1.2. 

Although activity remained greater than the vehicle, there was no further change in 

contractility with increasing concentration of sulprostone (Figure 4.4). 

ONO-D1-004 a selective EP1 receptor agonist (Chollet et al., 2007) did not affect 

myogenicity compared to a time matched vehicle, with activity remaining unchanged 

from 55.6 ± 3.6 at 10-9M to 54.3 ± 2.7 percent hypotonic shock at 10-5M.  
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Figure 4.3:  Concentration- effect curves and representative traces for a) vehicle (n=9) 

and b) PGE2 (n=8) in isolated myometrial tissue obtained from non-labouring, term 

pregnant donors. Vehicle and PGE2 (10-9M to 10-5M) were added to immersion baths in 

a cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. and statistical analysis was determined using two-way ANOVA with 

Bonferroni’s post-hoc test. *p<0.05; **p<0.0 for reduction in activity compared to 

vehicle 
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Figure 4.4:  Concentration response curves and representative traces for vehicle (ai and 

bi, n=6), sulprostone (aii, n=7) and ONO-D1-004 (bii, n=8) in immersed myometrium 

taken from term pregnant (non labouring) donors. Vehicle and agonists were added to 

immersion baths at 30 minute intervals. Responses were expressed as 30 minute 

percentage hypotonic shock and presented as arithmetic means ± S.E.M. statistical 

analysis was performed using two-way ANOVA with Bonferroni’s post-hoc test, 

***p<0.001. 
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4.4.2 EP receptor agonists and SC-51322 

In order to characterise further the EP1 receptor, SC-51322 (an EP1 receptor antagonist) 

was tested in the presence of vehicle, PGE2, sulprostone and ONO-D1-004. SC-51322 

(10-6M) alone did not effect myogenicty of time-matched vehicles, or the responses to 

PGE2, sulprostone or ONO-D1-004 (Figure 4.5).  
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Figure 4.5:  Vehicle (a, n=7) and concentration-effect curves for b) PGE2 (n=7), c) 

Sulprostone (n=7) and d) ONO-D1-004 (n=7) alone and in the presence of the EP1

receptor antagonist SC-51322 (10-6M) in isolated human myometrium donated by non-

labouring term pregnant donors. Vehicle and agonists (10-9M to 10-5M) were added to 

immersion baths in a cumulative manner at 30 minute intervals. Results are expressed 

as arithmetic means ± S.E.M. 
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4.4.4 EP receptor agonists and L-826266 

The EP3 receptor antagonist L-826266 (10-6M) did not influence myogenicity or effect 

the responses to sulprostone or ONO-D1-004 (Figure 4.6). The inhibitory response to 

PGE2 was enhanced by L-826266 (with activity decreasing by 51.2 percent hypotonic 

compared to the 25.4 percent hypotonic decrease by PGE2 alone) but this was not 

statistically significant. 
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Figure 4.6:  Vehicle (a, n=6) and concentration-effect curves for b) PGE2 (n=6), c) 

Sulprostone (n=7) and d) ONO-D1-004 (n=7) alone and in the presence of the EP3

receptor antagonist L-826266  (10-6M) in isolated human myometrium donated by non-

labouring term pregnant donors. Vehicle and agonists (10-9M to 10-5M) were added to 

immersion baths in a cumulative manner at 30 minute intervals. Responses were 

recorded as 30 minutes hypotonic shock and results are expressed as arithmetic means ± 

S.E.M. 
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4.5 Characterisation of FP and TP receptors  

To evaluate the reported FP receptor antagonist AS604872 (Abramovitz et al., 2000), 

PGF2 and selective FP receptor agonists were incubated alone and in the presence of 

this antagonist. In addition, as PGF2  has affinity for the TP receptor (Cirillo et al., 

2007), AS604872 was also incubated in the presence of U46619, to determine if this 

antagonist had any functional activity at this receptor. AS604872 also has reported 

affinity for the EP2 receptor (Abramovitz et al., 2000) so to analysis the functional 

activity of AS604872 at the EP2 receptor, butaprost was incubated alone and in the 

presence of this antagonist.   

4.5.1 Myogenic responses to FP receptor agonists 

PGF2 increased contractility (in the form of amplitude) at the higher concentrations of 

10-6M and 10-5M (p<0.001) with a EC50 concentration of 1.4 x 10-6M, previous to which 

myogenicity did not differ compared to time matched vehicles (Figure 4.7).  

The selective FP receptor agonist, fluprostenol (Sharif, 2008) did not effect myogenic 

activity when compared to vehicle.  However, bimataprost free acid, an analogue of 

PGF2  and a selective FP receptor agonist (Chollet et al., 2007)  significantly increased 

myogenicity (p<0.001) at 10-5M (Figure 4.8). 
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Figure 4.7: Concentration- effect curves and representative traces for a) vehicle (n=8) 

and b) PGF2 (n=10) in isolated uterine muscle obtained from non labouring, term 

pregnant donors. Vehicle and PGF2  (10-9M to 10-5M) were added to immersion baths in 

a cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. and data were analysed using two-way ANOVA with Bonferroni’s post-hoc test, 

*p<0.05; ***p<0.001 compared to the time-matched vehicle control. 
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Figure 4.8: Concentration-response curves and representative traces for (ai and bi) 

vehicle (n=8), aii) fluprostenol (n=7) and bii) bimataprost free acid (n=9) in isolated 

myometrial strips taken from term pregnant, non-labouring donors. Vehicle and 

agonists (10-9M to 10-5M) were added to immersion baths in a cumulative manner at 30 

minute intervals. Results are expressed as arithmetic means ± S.E.M. and data were 

analysed using two-way ANOVA mixed model with Bonferroni’s post-hoc test, 

***p<0.001 compared to the time-matched vehicle control. 
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4.5.3 AS604872 and FP receptor agonists 

AS604872 (10-6M) had no effect alone on myogenicity or on the responses to PGF2 , 

fluprostenol and bimataprost free acid (Figure 4.9). AS604872 at 10-5M also did not 

affect the increase in myogenicity evoked by PGF2 .  

4.5.5 AL 8810 and the response to PGF2

PGF2 was incubated with AL-8810 (10-5M) to determine if this compound displayed 

any antagonism at the FP receptor on human gravid myometrium. AL-8810 alone (10-

5M) had no effect on myogenicity or the excitatory response seen with PGF2  (Figure 

4.10). 
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Figure 4.9:  Vehicle (a, n=6) and concentration-effect curves for b) PGF2 (n=9), c) 

fluprostenol (n=6) and d) bimataprost free acid (n=7) alone and in the presence of the 

FP receptor antagonist AS604872 (10-6M) in isolated human myometrial tissue taken at 

term pregnancy non labour. In addition PGF2  was also assessed with 10-5M AS604872 

(b, n=7). Vehicle and agonists (10-9M to 10-5M) were added to immersion baths in a 

cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. 
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Figure 4.10:  Concentration-effect curves and representative traces for a) PGF2  alone 

(n=5) and b) PGF2  in the presence of the FP receptor antagonist AL 8810 (10-5M, n=5) 

in isolated human myometrial tissue taken at term pregnancy (non labour). Vehicle and 

agonists (10-9M to 10-5M) were added to immersion baths in a cumulative manner at 30 

minute intervals. Results are expressed as arithmetic means ± S.E.M. 
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4.5.2 Myogenic responses to U46619 and butaprost (an EP2 receptor agonist) 

U46619 induced a concentration-dependent increase in contractility (p< 0.001) with a 

pEC50 value of 7.0. Activity increased from 50. 6 ± 3.5 to 79.1 ± 13.5 percent hypotonic 

shock, with both amplitude and frequency increasing with log increments of U46619 

(Figure 4.11a). 

To investigate the reported EP2 activity of the FP receptor antagonist AS604872 

(Abramovitz et al., 2000), the functional response to butaprost, a selective EP2 receptor 

agonist (Jones et al., 2009) was first determined. Butaprost significantly decreased 

myogenicity in a concentration-dependent manner (p<0.001; Figure 4.11b). Responses 

declined from 62.1 ± 8.4 to 13.2 ± 3.3 percent hypotonic shock. The EC50 of butaprost 

was 3.7 x 10-7M.  
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Figure 4.11: Concentration- effect curves and representative traces for vehicle and a) 

U46619 (n=10) and b) butaprost (n=6) in immersed lower segment myometrium 

obtained from non labouring, term pregnant donors. Responses were measured in 30 

minute intervals as area under the curve, expressed as percentage hypotonic shock and 

presented as arithmetic means ± S.E.M. Data were analysed using two-way ANOVA 

with Bonferroni’s post-hoc test, *p<0.05, ***p<0.001 compared to the time-matched 

vehicle control. 

8g 

10-7M

a) 

10g 

10-6M 10-5M Hypotonic 
shock

10-7M 10-6M 10-5M Hypotonic 
shock

b) 

30 minutes



116 

4.5.4 AS604872 and the myogenic responses to butaprost and U46619 

The increase in contractility in response to U46619 was not significantly changed in the 

presence of AS604872 (10-6M) (Figure 4.12). AS604872 also did not effect the 

monophasic concentration-dependent inhibition of activity caused by butaprost (Figure 

4.11).  

4.5.6 SQ 29458 and the response to U46619. 

To confirm the U46619 functional response, the TP receptor mimetic was incubated in 

the presence of 10-6M SQ 254266 a well established TP receptor antagonist (Jones et 

al., 2009). SQ29458 significantly reduced the increase in contractility evoked by 

U46619 (p< 0.05) at 10-6M. However at 10-5M U46619 appeared to overcome the 

inhibitory effects of the antagonist (Figure 4.13).  
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Figure 4.12:  Vehicle, concentration-effect curves and representative traces for ai)

U46619 (n=10) and bi) butaprost (n=6) alone and in the presence of 10-6M AS604872 

(aii, n=7 and bii, n=6) in myometrial tissue taken from non-labouring, term pregnant 

donor. Vehicle and agonists were added to immersion baths at 30 minute intervals and 

responses were expressed as percentage hypotonic shock and presented as arithmetic 

means ± S.E.M. 
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Figure 4.13:  Concentration-effect curves and representative traces for a) U46619 alone 

(n=6) and b) U46619 in the presence of the TP receptor antagonist SQ 29, 548 (10-6M, 

n=6) in isolated human myometrial tissue taken from term pregnant non labouring 

donors. Vehicle and U46619 (10-9M to 10-5M) was added to immersion baths in a 

cumulative manner at 30 minute intervals. Results are expressed as arithmetic means ± 

S.E.M. and data were analysed using two-way ANOVA with Bonferroni’s post-hoc test, 

*p<0.05compared to U46619 alone. 

12g 

a)

10-6M 10-5M Hypotonic 
shock

30 minutes

5g 

10-6M 10-5M Hypotonic 
shock

b)
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4.6 Characterisation of IP receptors 

4.6.1 Myometrial response to cicaprost 

Cicaprost attenuated myogenicity in a concentration-dependent manner (p< 0.01). 

Activity decreased from 54.6 ± 6.0 at 10-9M to 15.8 ± 3.6 at 10-5M percent hypotonic 

shock.  The EC50 value of cicaprost was 1.02 x 10-7M (Figure 4.14). 

4.6.2 CAY10449 and cicaprost 

Incubation with the selective IP receptor antagonist CAY10449 (10-5M and 10-6M) 

(Bley et al., 2006) did not affect myogenicity or alter the monophasic reduction in 

activity induced by cicaprost (Figure 4.15). However, when CAY10449 was used at 10-

5M, the cicaprost inhibition seen at 10-5M was attenuated.   
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Figure 4.14:  Concentration- effect curves and representative traces for a) vehicle (n=8) 

and b) cicaprost (n=8) in isolated uterine muscle obtained from non-labouring, term 

pregnant donors. Vehicle and cicaprost (10-9M to 10-5M) were added to immersion 

baths in a cumulative manner at 30 minute intervals. Results are expressed as arithmetic 

means ± S.E.M. and data were analysed using two-way ANOVA with Bonferroni’s 

post-hoc test, **p< 0.01 and ***p<0.01 compared to the time-matched vehicle control. 

6g 

a)

10-7M 10-6M 10-5M  Hypotonic 
shock

30 minutes 

4g 

b)

10-7M  10-6M  10-5M  Hypotonic 
shock
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Figure 4.15: Vehicle and concentration- effect curves for cicaprost alone and in the 

presence of 10-5M (a, n=6 and c, n=7) and 10-6M (b, n=6 and d, n=6) CAY10449 in 

isolated human myometrium taken at from term pregnant (non labouring) donors. 

Vehicle and cicaprost (10-9M to 10-5M) was added to immersion baths in a cumulative 

manner at 30 minute intervals. Results are expressed as arithmetic means ± S.E.M. 

a) b) 

c) d) 
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4.6.3 R01138452 and cicaprost 

The selective IP receptor antagonist R01138452 (10-5M and 10-6M) (Degani et al., 

1998; Li et al., 2009) alone did not affect the vehicle (Figure 4.16). However, 

RO1138452 (10-5M and 10-6M) did antagonise the response to cicaprost (p< 0.01 and 

p< 0.01 respectively) and reduced the total inhibition in activity to 14.9% and 16.2% 

respectively. 
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Figure 4.16: Vehicle and concentration- effect curves for cicaprost alone and in the 

presence of 10-5M (a, n=4 and c, n=6) and 10-6M (b, n=6 and d, n=8) RO1138452 in 

isolated human myometrium taken at term pregnancy. Vehicle and cicaprost (10-9M to 

10-5M) was added to immersion baths in a cumulative manner at 30 minute intervals. 

Results are expressed as arithmetic means ± S.E.M. Statistical analysis was carried out 

using two-way ANOVA with Bonferroni’s post-hoc test, **p<0.01  

a) b) 

c) d) 
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4.7 Discussion 

With advancing gestation, the capacity of the uterus increases to accommodate the 

foetus, placenta and amniotic fluid. Uterine weight increases from 70 grams to about 

1100 grams at term pregnancy compared to the non pregnant state (Luckas et al., 2000). 

This uterine enlargement is associated with marked myometrial growth which can be 

described in three phases; hyperplasia which occurs before nidation, hypertrophy which 

happens during the first half of pregnancy and is associated with thickening of the 

uterine wall, and finally dilation which occurs during the second half of pregnancy (Li

et al., 2009). In addition, in late pregnancy, increasing foetal growth significantly 

increases uterine wall tension (Knudsen et al., 1998) leading to an increase in 

myometrial contractions during pregnancy and early labour (Degani et al., 1998). 

However, as labour approaches, thinning of uterine walls occurs in the lower segment of 

the uterus (Luckas et al., 2000) enabling it to become distensible and passively stretched 

during pregnancy and labour compared to the upper segment (Luckas et al., 2000). This 

difference in uterine wall thinning suggests that the two locations of the uterus may 

have distinct roles during pregnancy. 

Topographical differences in the expression of the cycoloxygenase (COX) enzymes, 

and the prostaglandin, oxytocin and progesterone receptors (Myatt et al., 2004) have 

been reported to exist on the human uterus. In addition a fundus to cervix gradient in the 

expression of connexin- 43 has been reported (Luckas et al., 2000; Wikland et al., 1983; 

Word et al., 1993). However, other studies have found no differences in the in vitro

contractile properties of isolated myometrial strips from the upper and lower segments 

of the uterus from pregnant women (Popescu et al., 2007). Therefore, although it is a 

limitation, the use of lower segment tissue only (due to ethical constraints) in this study 

does still provide meaningful insights into the function of the human uterus.  
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The results of this study show that as gestational length increases, the intrinsic activity 

of the myometrial smooth muscle increases, as recorded by an increase in amplitude of 

contraction rather than an increase in frequency of contractions. This change in 

spontaneous activity at term pregnancy is in line with the enhanced uterine contractions 

associated with foetal stretch and labour. The observance of interstitial like cells of 

Cajal on the gravid myometrium which are involved in myogenic regulation (Li et al., 

2004) and the passive myometrial stretch caused by the growing conceptus may be 

responsible for the gestational related increase in myogenicity. Mechanical stretch of 

myometrial cells activates Extracellular Signal-Regulated Kinase (ERK) via focal 

adhesion signalling which are themselves activated at late pregnancy in rodent 

myometrium (Li et al., 2009). In addition to the ERK pathway which facilitates 

myometrial contraction, the smooth muscle protein Archillin (SmAV) a known 

regulator of ERK, has also been found to significantly increase during pregnancy 

(Fetalvero et al., 2008; Li et al., 2009). Expression levels of contractile apparatus 

proteins including myosin, calponin and h-caldesmon are also up-regulated during 

pregnancy (Strauss et al., 2004). Therefore, myometrial activation, increasing amounts 

of stretch and greater expression of the contractile machinery may all contribute to the 

increasing spontaneous activity of the uterus with advancing gestation (in weeks) 

observed in this study. 

However, at 40 weeks gestation a decline in myogenicity was observed, although this 

was not significant. This may have been due to rising maternal plasma levels of 

corticotrophin-releasing hormone (CRH) which increase exponentially during human 

pregnancy and peak at delivery (Golightly et al., 2010). During pregnancy the 

predominant CRH receptor in the myometrium is CRH receptor (R) 1 , binding of 

which by CRH promotes myometrial relaxation via activation of cAMP (Terry et al., 

2008). It may have been that at 40 weeks, the patient has reached full term and the rise 
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in CRH may have caused a reduction in spontaneous activity of the lower segment, in 

preparation for foetal delivery. In support of this, it has also been found that the rate of 

spontaneous contractions were less at late stage pregnancy compared to early pregnancy 

in the guinea pig uterus (Olson et al., 2007).

Prostaglandin receptors and COX enzymes, which are included in the contraction 

associated proteins (CAP) (Dong et al., 1996; Erkinheimo et al., 2000; Myatt et al., 

2004; Slater et al., 1999), are up-regulated and expressed in late gestational 

myometrium, consistent with the functional progesterone withdrawal theory 

(Nathanielsz et al., 2004). There is also a decreased expression of PGDH in the lower 

segment at term pregnancy in the baboon (Astle et al., 2007). The up-regulation of 

COX-2, which is functionally coupled to the microsomal prostaglandin E synthase 

(mPGES-1) (Golightly et al., 2010; Olson et al., 2007; Slater et al., 1999; Wilson et al., 

1982) mediates increased PGE2 and prostaglandin synthesis in human myometrium at 

term (Kawano et al., 1988). Passive myometrial stretch caused by the growing 

conceptus can also enhance myometrial prostaglandin production (Molnar et al., 1990) 

and in addition, an increasing oestrogen/progesterone ratio at the end of pregnancy is 

also related to enhanced uterine prostaglandin levels (Phillips et al., 2011). As a result 

term pregnancy and labour are associated with the increased synthesis of prostaglandins 

in uterine tissues and fluids including the amnion, chorion, deciduas and the 

myometrium itself (Fischer, 2010; Senior et al., 1993). The in vitro functional response 

to a variety of prostaglandin agonists and antagonists in gravid myometrium from non 

labouring donors was determined in this study to enhance understanding of the role 

prostaglandins have in gestation. 

The results of this study show that PGE2 induced a concentration-dependent inhibition 

of myogenicity with relative stimulation at 10-5M. This inhibition however was much 
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less than that observed in non-gravid myometrium (chapter 3). This at first appears 

contradictory, as relative to the expression in non-pregnant myometrium, the levels of 

EP2, the main EP receptor subtype responsible for the inhibitory effects of PGE2  

(Adelantado et al., 1988a; Olson et al., 2007) are increased during pregnancy (Olson, 

2003; Sharif, 2008). In addition, the EP2 receptor, along with progesterone is thought to 

mediate uterine quiescence (Arosh et al., 2004; Brodt-Eppley et al., 1998; Leonhardt et 

al., 2003; Ma et al., 1999; Nathanielsz et al., 2004). However, the myometrial tissue 

used in this study is obtained at term pregnancy at which time the expression of the EP2

receptor has been found to be inversely related with pregnancy; with increasing 

gestation and at term labour the expression of this receptor declines in human and 

animal pregnancies (Sooranna et al., 2005). In addition, the increasing uterine stretch 

induced by the growing foetus may further decrease the expression of the EP2 receptor 

at term pregnancy (Senior et al., 1993). The decreased expression of the EP2 receptor 

subtype may be responsible for the lower inhibition caused by PGE2. 

Interestingly, compared to non-gravid tissue (chapter 3) sulprostone (EP3/1 agonist) 

evoked contractility in term gravid myometrial tissue, although not in a concentration-

dependent manner. This is in line with previous superfusion studies in this laboratory 

which have also found sulprostone to be a potent uterotonin (Olson et al., 2007). A 

significant increase in the mRNA expression of EP3 receptors with the onset of labour 

(Myatt et al., 2004) and the expression of two EP3 receptor isoforms (EP3-V and EP3-

VI) have been detected in the gravid human myometrium (Bos et al., 2004). In addition, 

studies also suggest that the EP3 receptor can signal through the small G-protein Rho 

(Friel et al., 2006; Lartey et al., 2009; Tahara et al., 2002) and expression of Rho 

Kinase (target proteins of Rho) is up-regulated at the transcriptional level during 

pregnancy (Alexander et al., 2009). Signalling through the G-protein Rho may be the 
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mechanism underlying the increased contractility of the pregnant myometrium to 

sulprostone.  

ONO-D1-004 is a selective EP1 receptor agonist (Suzawa et al., 2000) and  radioligand 

binding assays have found  the Ki value (micromolar concentrations) for ONO-D1-004 

is 0.15 for the EP1 receptor and > 10 for the other EP receptor subtypes (Jones et al., 

2007). However, despite its high selectivity, the results of this study show that ONO-

D1-004 did not affect the myogenic activity of the isolated myometrium in vitro. This 

lack of activity has been suggested to be due to its fast onset and offset action, as 

functional studies using guinea pig trachea preparations found ONO-D1-004 to have 

high selectivity for EP1 but with low potency (Terry et al., 2008). It may also be that as 

suggested by Senior et al., (1993) there is a paucity of EP1 receptors on gravid human 

myometrium which is supported by the finding that EP1 mRNA was not detected in 

gravid tissue from either early or late gestational age myometrium (Hallinan et al., 

1994). To determine further the functional status of EP1 receptors on gravid 

myometrium, the use of SC-51322, an EP1 receptor antagonist was utilised. 

SC-51322 was discovered to be a potent PGE2 receptor antagonist with a pA2 of 8.1 

(Abramovitz et al., 2000). It was later discovered to be a highly selective EP1 receptor 

antagonist when it was found to have the highest affinity for the EP1 receptor subtype 

among a class of EP1 receptor antagonists (Lebel et al., 2004; Senior et al., 1993). 

However, this study found that SC-51322 did not affect the sustained activity of time-

matched vehicles or the myogenic responses to PGE2, sulprostone or ONO-D1-004. It is 

possible that any antagonism displayed by the compound may have been masked by the 

affinity of SC51322 for EP3 and TP receptors.   

Activation of the EP3 receptor, as already shown, can lead to enhanced uterine 

contractility. However uterine dyskinesia can lead to uterine pathologies in pregnancy 
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and tocolytics targeting this increased contractility may be important therapeutic tools. 

As the EP3 receptor is reasoned to be the main EP receptor subtype responsible for 

uterine contraction (Gallant et al., 2002; Gunther et al., 2010), PGE2, sulprostone and 

ONO-D1-004 were evaluated alone and in the presence of L-826266, an EP3 receptor 

antagonist. 

L-8262266 was found to be a very selective EP3 receptor antagonist (Claudino et al., 

2006) and has been shown to prevent the PGE2 induced paw oedema formation in mice 

(Gunther et al., 2010) and able to antagonise the effect of sulprostone on noradrenaline 

release in the rat cortex with a pA2 value 7.56 (Jones et al., 2011). However in this 

study antagonism of EP receptor agonists was not observed, although incubation with 

L-826266 increased the total inhibition induced by PGE2. L-826266 has affinity for the 

TP receptor (Abramovitz et al., 2000; Kiriyama et al., 1997) which could explain the 

slightly greater inhibition induced by PGE2 in the presence of L-826266 as PGE2 itself 

has affinity for the TP receptor (Jones et al., 2009). Recent studies have shown that L-

826266 has a slow onset of activity despite having moderate affinity (pA2 of 7.58) for 

the EP3 receptor (Jones et al., 2011). This slow onset of L-826266 may be due to it 

being a highly lipophilic prostanoid antagonist (Keightley et al., 2010) which may 

compromise it’s antagonist action and contribute to the lack of functional activity 

displayed in this study.  

Although PGF2  is generally associated with physiological processes such as 

hypertrophic cell growth (Bos et al., 2004) and thromboxane with vascular haemostasis 

(Cirillo et al., 2007) both are potent uterotonins. In order to determine their effects in 

vitro, the functional response to PGF2 , selective FP receptor agonists and U46619 was 

evaluated. In addition, butaprost, an EP2 receptor agonist was utilised in preparation for 
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use with the FP receptor antagonist AS604872 as this antagonist has reported affinity at 

the EP2 receptor (Fischer, 2010).

The results show that PGF2  increased smooth muscle contractility. This is in line with 

studies in our laboratory (Al-Matubsi et al., 2001; Brodt-Eppley et al., 1999; Dong et 

al., 2000; Myatt et al., 2004; Palliser et al., 2005) and observations by others, that both 

PGF2  and the expression of its prostanoid receptor (FP) are upregulated in the 

myometrium at term labour (Dong et al., 2000; Nathanielsz et al., 2004). In addition a 

rise in oestradiol at term pregnancy has been associated with a greater expression of the 

FP receptor (Vielhauer et al., 2004). However, the results of this study do indicate that 

PGF2  only increased contractility at the higher concentrations of 10-7M to 10-5M, prior 

to which no change in myogenic activity compared to the time matched vehicles was 

observed. This may be due to the presence of FP receptor splice variants (Hay et al., 

2010) as it has been found that the gravid uterus expresses mRNA for the alternative 

splice variant of the human FP receptor, hFPS (Abramovitz et al., 2000; Jones et al., 

2009; Kiriyama et al., 1997) which may be responsible for the inhibition of contractility 

observed at the low concentrations of 10-9M and 10-8M in this study. 

Interestingly, this study did not find fluprostenol, a selective FP receptor agonist to be 

active on the uterine FP receptors.  Fluprostenol has been shown to have high affinity 

and be more selective than PGF2  for the FP receptor (Hutchinson, 2005; Senior et al., 

1993). It has also been previously shown in this laboratory using both the immersion 

and superfusion methods to evoke purely contractile responses on isolated uterine 

preparations in vitro (Sharif, 2008). The lack of response observed in this study is 

unlikely to be due to the nature of the compound but possibly is a result of several 

factors such as sample number, gestational age range, proximity to labour of the uterine 
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specimens or simply due to faults in establishing effective tissue equilibration, although 

this is unlikely as all tissues were equilibrated for the same length of time.   

Bimataprost free acid (17 phenyl PGF2 ), the free acid of the prostamide bimataprost, is 

a selective FP prostanoid receptor agonist (Sharif, 2008). It has been shown to induce 

contractility in rodent uteri, although not in a monophasic manner (Abramovitz et al., 

2000). In this study, bimataprost free acid increased uterine contractility only at the high 

concentration of 10-5M. This difference in drug efficacy may be due to species 

difference. Uterine contractions were also significantly enhanced by U46619, a potent 

mimetic of Thromboxane (TxA2) action (Olson et al., 2007; Stock et al., 2010). 

Butaprost, a selective EP2 receptor agonist, as expected, evoked a monophasic 

concentration-dependent decline in mygenicity similar to that seen in nongravid uterus 

(chapter 3). These results demonstrate that the myometrial smooth muscle strips 

maintained the receptor heterogeneity of the donor sample.  

Hypercontractility of the uterus during pregnancy can lead to premature birth as a result 

of spontaneous preterm labour (Chollet et al., 2007; Cirillo et al., 2007). In order to 

evaluate the FP and TP receptors further, the reported FP receptor antagonists 

AS604872 and AL-8810 and the TP receptor antagonist SQ-29548 were utilised. 

 The results show that AS604872 did not affect the responses to the FP receptor 

agonists. AS604872 has been previously found to inhibit spontaneous uterine 

contractions in pregnant rats near term and in pregnant mice, it was able to delay 

parturition (Cirillo et al., 2007). However there are only limited published studies which 

have utilised this antagonist in functional in vitro studies or in cell culture assays. The 

absence of antagonism at the FP receptor seen in this study may be attributed to species 

difference, receptor heterogeneity and experimental methodology. AS604872 is also 

reported to have affinity for the EP2 receptor (Griffin et al., 1999; Sharif, 2008) but in 
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this study it did not effect the response to butaprost, a selective EP2 receptor agonist. No 

significant difference in the response to U46619 in the presence of AS604872 were 

observed either, which may indicate that AS604872 is selective for the FP receptor but 

may not be a potent antagonist.  

The results also show that AL-8810 had no effect on PGF2  induced contractions. This 

could be due to the agonist activities of AL-8810 as although AL-8810 is regarded as an 

FP receptor antagonist, it is also a partial FP receptor agonist (Jones et al., 2009). SQ 

29548 is an effective TP receptor antagonist (Fischer, 2010; Hutchinson, 2005) and as 

previously shown in this laboratory on both gravid and non-gravid uterus (Stitham et 

al., 2007) it was able to antagonise U46619 induced uterine contractility.  

Uterine dyskinesia also comprises of aberrations in uterine relaxation. Prostacyclin 

(PGI2), the major prostanoid involved in inhibition of uterine myogenicity (Bos et al., 

2004) mediates its effects by binding to its receptor (IP) which activates G s coupled 

activation of adenylate cyclase (Durn et al., 2010). Synthesis of PGI2 is also 

significantly higher during term pregnancy non labour (Mitchell, 1981). Although this 

seems contradictory as PGI2 is a potent inhibitor of uterine contractions, it has been 

found that PGI2 can potentiate the actions of oxytocin in the rat uterus in vivo (Fetalvero

et al., 2008). In addition, it has been suggested that PGI2 is able to prime the uterus for 

enhanced contractility during parturition by up regulating the expression of connexin-43 

and of the contractile proteins involved in the machinery of smooth muscle contraction 

(Kiriyama et al., 1997). To determine further the role of the IP receptor during term 

pregnancy in vitro, cicaprost and two IP receptor antagonists (CAY10449 and 

R01138452) were used. 

The results show that cicaprost induced a monophasic concentration-dependent 

inhibition of intrinsic uterine contractility. Incubation with both antagonists (10-5M and 
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10-6M) did not affect the sustained myogenicity of time matched vehicles, however 

although CAY10449 failed to antagonise the effects of cicaprost, RO1138452 (10-5M 

and 10-6M) significantly attenuated the concentration-dependent inhibition of activity. 

The relative stimulation at 10-5M cicaprost in the presence of CAY10449 (10-5M) is 

likely to be due to the affinity of cicaprost for the contractile EP3 receptor (Bley et al., 

2006; Clark et al., 2004). The antagonism displayed by RO1138452 in this study is 

supported by the observations of Clark et al., (2004) who, through focused chemical 

screenings of a variety of compounds, found  RO1138452 to be the most potent and 

selective antagonist for the IP receptor. In addition, binding studies have found 

R01138452 does not have any affinity for the EP1, EP3, FP and TP receptors (Clark et 

al., 2004). It is surprising however that CAY10449 did not antagonise at the IP receptor, 

as both CAY10449 and R01138452 are related compounds of the 2-(phenylamio)-

imadazoline series (Merlino et al., 2007). However, as yet, binding affinity and 

selectivity data for CAY10449 is unknown, thus the characteristics of this antagonist 

have not yet been fully explored. Further studies are therefore required to understand the 

lack of inhibition shown by this antagonist. 

It is important to remember that although RO1138552 has been shown to be an effective 

IP receptor antagonist in these studies, antagonising the IP receptor, which is essential 

for vascular function, may prove lethal (explained in more detail in chapter three 

discussion). Thus R01138452 may not have a role in obstetrics and gynaecology, but it 

may prove more beneficial as a basic research tool exploring the role of PGI2 in 

prostaglandin mediated regulation of uterine function.  

In summary, this study has found that, despite being donated by women only a few 

weeks apart in gestational length, isolated myometrial tissue from term pregnant (non 

labouring) women shows increasing myogenic activity with advancing gestation. This is 
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in support of the functional progesterone withdrawal theory, suggesting the activation 

and sensitivity of the uterus to uterotonins at term pregnancy in preparation for the 

powerful contractions of parturition (Brodt-Eppley et al., 1999). This study also found 

that the term gravid uterus is responsive to contractile prostaglandins in vitro, in 

particular sulprostone (EP3/1), PGF2  (FP) and U46619 (TP) but the inhibitory response 

of PGE2 which is likely to be mediated by the EP2 receptor, is decreased relative to that 

seen in non-gravid uterus. The results of this study further support the down-regulation 

of the EP2 receptor subtype during term gestation (Henke et al., 1984; Poyser et al., 

1980). Although the majority of antagonists utilised in this study did not prove to be 

potent inhibitors of prostaglandin action, in particular the most recently developed 

antagonist for the FP receptor, AS604872, the IP receptor antagonist R01138452 did 

effectively antagonise the action of cicaprost.  



135 

Chapter 5.0: Lipidomics 

A quantitative preliminary study of the ex vivo biosynthesis of series-2 parent 

prostaglandins in the human myometrium 

5.1 Introduction 

Myometrial prostaglandin release has been analysed using several methods including 

radioimmunoassays and High Performance Liquid Chromatography (HPLC) (Durn et 

al., 2010; Masoodi et al., 2006). However, the low specificity of the immunoassays and 

the use of radio-labelled fatty acid precursors in HPLC methods have limited their use 

for the profiling of cyclooxygenase derived products. The development of a 

simultaneous  assay to measure COX products using electrospray ionisation tandem 

mass spectrometry coupled to liquid chromatography (ESI-LC-MS/MS) by Professor 

Anna Nicoloau’s group at the University of Bradford has permitted the simultaneous 

profiling and quantitative analysis of prostaglandins and related mediators (Baird et al., 

1996). This lipidomic technique was employed to profile the ex vivo biosynthesis of 

parent series-2 prostaglandins in the human myometrium in this preliminary study. 

The simultaneous qualitative and quantitative assessment of series-2 prostaglandins in 

human myometrium obtained from both pregnant and non pregnant donors in this study 

will in conjunction with functional analysis studies (presented in chapters 3 and 4), 

increase understanding of the involvement of prostaglandin in female reproduction and 

uterine pathology. 
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5.2 Results 

In this chapter, the ex vivo prostanoid biosynthesis in samples obtained from non 

pregnant donors is presented for each patient according to the day of the menstrual cycle 

the patient self-reported herself to be in. Day 1 of the cycle is the start of menses. 

Pregnant donors are identified according to the duration of pregnancy in weeks (as 

recorded on the patient information sheet), where term occurs 38-40 weeks after day 1 

of the last menstrual period. For both groups of patients, a bar chart reporting the 

synthesis of a single parent prostanoid is presented and alongside each bar chart is a 

table of patient characteristics to allow sample identification and correlation. Presenting 

data in this way should enable clear interpretation of results.  

5.3: Series-2 prostanoid biosynthesis in non-gravid myometrium 

5.3.1: 6-keto-PGF1  (metabolite of PGI2) 

Synthesis of prostacyclin was measured by the release of its stable metabolite, 6-keto-

PGF1 . The results show increasing 6-keto-PGF1  release from myometrium at late 

menses (12.3 pg metabolite/mg protein) through to the follicular stage, with the greatest 

concentration of the metabolite measured at day 15 of the menstrual cycle where a total 

of 295.9 pg metabolite/mg protein was released.  After this, the concentration of 6-keto-

PGF1  begins to decline, with the lowest amount synthesised at day 23 (luteal) at 3.2 pg 

metabolite/pg protein (figure 5.1; a). 

5.3.2: PGE2

The profile of PGE2 biosynthesis is similar to the release of 6-keto-PGF1 , increasing as 

the follicular stage processes, after which the release of the prostanoid decreases during 

the secretory phase. The ex vivo release of PGE2 was greatest at day 15 (13.1 pg 

metabolite/mg protein; late follicular stage) with the least being produced in the 
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myometrium donated by the patient at day 23 of the cycle (0.6 pg metabolite/mg 

protein). During menses, there is a slight decline in the PGE2 synthesis from 2.1 pg 

metabolite/mg protein at day 1 to 1.4 pg metabolite/mg protein at day 3 (Figure 5.1; b 

and table 5.1)   

5.3.3: Thromboxane metabolite TxB2

Thromboxane release (measured by its stable metabolite TxB2) was low at the start of 

the cycle at day 1 (17.1 pg metabolite/mg protein). The levels of TxB2 remained low 

until day 10, where a peak of 110.1 pg metabolite/mg protein was recorded. Levels 

remained high during days 15 (94.8 pg metabolite/mg protein) and 18 (55.8 pg 

metabolite/mg protein) but declined to 6 pg metabolite/mg protein at day 23 (Figure 5.1; 

c).  

5.3.4: PGD2

PGD2 release at the start of the cycle (day 1) was measured at 53.5 pg metabolite/mg 

protein. This initially decreased as the cycle progressed at day 3 (8.8 pg metabolite/mg 

protein) but increased to reach a peak at day 10 of the cycle at (212.2 pg metabolite/mg 

protein). After this, the release of PGD2 began to decline as the cycle progressed, with 

the lowest level detected at day 23 (5.8 pg metabolite/pg protein; figure 5.1; d).  

5.3.5: PGF2

At day 1 of the cycle, PGF2  release was recorded at 14.4 pg metabolite/mg protein, 

after which the levels of this metabolite decreased during the menses phase. During the 

follicular stage, at day 10, release of the metabolite began to increase and reached a 

peak at day 15 to 62.1 pg metabolite/mg protein. During the luteal phase, the levels of 

PGF2  began to decrease and reached the lowest level at day 23 where 2.1 pg 

metabolite/mg protein was released (Figure 5.1; e).  
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5.4: Series-2 prostanoid biosynthesis in gravid myometrium 

Samples from pregnant donors are identified according to the week of pregnancy, as 

listed on the patient information sheet (preterm or term). In addition, from the term 

pregnant donors, one was a user of a 2 agonist and the results of this patient are shown 

on their own.   

5.4.1: Metabolites detected 

The results show that the myometrium obtained from the 2 agonist (salbutamol) user 

released the greatest amount of each parent series 2 prostanoid compared to both the 

preterm and term donor myometrium (figure 5.2). For 6-keto-PGF1 , 408.9 pg 

metabolite/mg protein was released by the myometrium obtained from the 2 agonist 

user compared to 73.7 pg metabolite/mg protein released by the myometrium of the 

preterm donor and 254.4±127.7 for the term pregnant donors. Whilst similar amounts of 

PGD2 and TxB2 were released by the term pregnant myometrium (21.6±12.1 and 

22.2±3.1 respectively), there was greater release of both prostanoids in the salbutamol 

user (49.8 and 129.1 pg metabolite/mg protein respectively) and although thromboxane 

release was greater in the preterm user compared to the term donors (27.4 pg 

metabolite/mg protein) PGD2 release was the least in the preterm donor myometrium 

(16.7 pg metabolite/mg protein). Although both PGE2 and PGF2  were released in 

greater amounts in the 2 agonist user, similar amounts of PGF2 were produced in the 

term and preterm myometrium (10.2±3.3 and 10.3 pg metabolite/mg protein 

respectively). PGE2 however was produced in greater amounts in the term myometrium 

(12.2±2.8) compared to the preterm donor (6.7 pg metabolite/mg protein; figure 5.2).  
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5.5.1: Total biosynthesis in nongravid myometrium 

When comparing the total concentration of each metabolite released by myometrium 

obtained from non pregnant donors, the results show that the predominant prostaglandin 

released was the metabolite of prostacyclin, 6-keto-PGF1  (92.5 ± 42.2 pg 

metabolite/mg protein; table 5.3) and the least synthesised metabolite was PGE2 at 4.5 ± 

1.9 pg metabolite/mg protein. The order of prostanoid in rank order of greatest 

concentration was; 6-keto- PGF1 , PGD2, TxA2, PGF2  and PGE2 (Table 5.3).  

Table 5.3: Total ex vivo production of parent series 2 prostaglandins in myometrium 
from non pregnant donors in mixed menstrual cycle phases (n=7). Data was analysed 
by LC-ESI-MS/MS and expressed as mean pg prostanoid/mg protein. Values are 
presented as means ± SEM.  

5.5.2: Total biosynthesis in gravid myometrium 

The total ex vivo release of series-2 prostanoids in myometrium obtained from term 

pregnant donors (not taking salbutamol) was in rank order (of greatest concentration) as 

follows: 6-keto-PGF1 , TxA2, PGD2, PGE2 and PGF2  (Table 5.4). 6-keto- PGF1  was the 

predominant metabolite released at a concentration of 254 ± 127.7 pg metabolite/mg 

protein. 

Table 5.4: Total ex vivo production of parent series 2 prostaglandins in myometrium 
from term pregnant non labouring donors (n=4).  Data was analysed by LC-ESI-
MS/MS and expressed as mean pg prostanoid/mg protein. Values are presented as 
means ± SEM.  
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5.6: Discussion 

To analyse the ex vivo biosynthesis of series 2 prostanoids in human myometrium, this 

study made use of the availability of LC-ESI-MS/MS, a novel lipidomic technique for 

the simultaneous analysis of multiple prostanoids. Results for each of the five major 

series-2 prostaglandins (PGI2, PGE2, PGD2, TxA2 and PGF2 ) were presented according 

to the synthesis of each lipid metabolite in individual samples at different stages of the 

menstrual cycle. Data from pregnant donors however were presented as means, 

compared with preliminary studies obtained from the myometrium of a preterm patient 

and a term pregnant non-labouring salbutamol user. 

The results show that during the menstrual cycle, the ex vivo biosynthesis of each 

individual member of the series-2 parent prostaglandins is increased as the menstrual 

cycle progresses, reaching a peak during the late follicular phase and then decreasing 

again during the secretory phase. This is contradictory to previous studies which have 

reported a marked increase in the synthesis of PGF2  in the luteal phase of the cycle 

(Downie et al., 1974).  In addition, both PGF2  and PGE2 have been reported to be 

greatest during menses and lowest during the follicular phase (Catalano et al., 2011), 

although this was reported using the endometrium rather than the myometrium. 

However a recent expression analysis study of the endometrium found that the 

expression of the FP receptor is maximal during the proliferative phase (Maybin et al., 

2011). As PGF2  has a role in epithelial cell proliferation (Fischer, 2010; Hutchinson, 

2005) the enhanced release of myometrial prostanoids, specifically PGF2 , during the 

follicular phase may contribute to the growth of the proliferative endometrium. In 

addition, the follicular phase myometrium is reported to be most responsive to 

uterotonins in vitro  (Critchley et al., 2006); this may be influenced by the increase in 

series-2 prostaglandin biosynthesis as detected in this study.  
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The results indicate that the release of myometrial prostaglandins may be under ovarian 

control. During the follicular phase, oestrogen release increases, reaching a peak just 

before ovulation (Strauss et al., 2004). Oestrogen which is involved in the upregulation 

of CAP’s including COX-2, may lead to increasing levels of prostanoid release during 

the follicular phase. In addition, ovulation is associated with enhanced prostaglandin 

release, (via a LH surge-induced COX-2 expression) in particular PGE2 (Strauss et al., 

2004). This may also contribute to the high levels of prostanoids observed during the 

late follicular stage. Following the proliferative stage, the results show a fall in 

prostanoid release during the secretory phase. After ovulation, the corpus luteum 

releases both progesterone and oestrogen (Jabbour et al., 2006a). Progesterone which 

antagonises oestrogen action (Farrar, 2010) may lead to a fall in prostanoid production, 

reflecting the results observed. However, to confidently correlate ovarian steroid release 

(represented by the day of the menstrual cycle) with prostanoid production, serum 

measurements of steroid hormones across the menstrual cycle should be performed. 

Although steroid hormone measurements have already been done in this laboratory 

(Maybin et al., 2011), the data obtained were limited by sample numbers and sample 

collection only occurred on the day of a psychological assessment. Continuation of this 

study may therefore require repeat hormone measurements over a few cycles and to take 

samples at regular intervals during the day, results of which may help accurately 

determine the day of menstrual cycle the patient is at. 

The results obtained in this study may also have been influenced by the underlying 

patient pathology. For example, the patient at day 15 of the menstrual cycle suffered 

from mild endometriosis, fibroids and menorrhagia. Endometriosis, which is a chronic 

condition characterised by the presence of endometrial tissue outside the uterine cavity 

(Bulun, 2009; Maybin et al., 2011; Wu et al., 2010), is associated with elevated levels 

of inflammatory cytokines and prostaglandins PGE2 and PGF2   (Maybin et al., 2011). 
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Menorrhagia, a form of dysfunctional uterine bleeding (DUB) (Catalano et al., 2011; 

Jabbour et al., 2009; Jabbour et al., 2006b; Smith et al., 2007)  is associated with 

increased levels of total prostaglandins in particular excessive PGE2 production 

(Battersby et al., 2004; Downie et al., 1974). PGI2 has also been reported to have a role 

in menstruation (Battersby et al., 2004)  and  synthesis of PGI2 is high in menstrual 

blood collected from menorrhagic endometrium of women presenting with excessive 

menstrual bleeding (Stanley, 2008) therefore aberrations in PGI2 signalling may also 

contribute to DUB. Uterine fibroids (leiomyoma and myoma), which are benign tumour 

growths are also associated with increased production of PGF2   (Dawood, 2006; 

Maybin et al., 2011; Miura et al., 2006; Stanley, 2008). It may be that this underlying 

pathology in this patient also contributed to the increased concentration of these three 

prostanoids. However, the low levels of 6-keto-PGF1 , PGE2 and PGF2 released in the 

myometrium from the patient at day 23 of the menstrual cycle appear independent of the 

patient pathology as this patient also suffered from fibroids, menorrhagia, 

dysmenorrhoea (painful menstrual cramps) and pelvic pain, conditions associated with 

aberrant prostaglandin synthesis (Catalano et al., 2011; Matsuoka et al., 2007). The low 

levels of these metabolites in this patient might indicate that myometrial prostaglandin 

release is predominately regulated by the ovarian steroids. 

The results also show that when comparing individual donors, the patient at day 10 of 

the cycle had the greatest ex vivo release of PGD2 and TxA2.  The patient at day 23 had 

the least detected concentration of both prostaglandins. PGD2 which is involved in 

multiple aspects of inflammation (Jabbour et al., 2009), may be increased in the patient 

at day 10 of the cycle due to this patient presenting with dysmenorrhoea, which can be a 

symptom of inflammatory conditions such as pelvic inflammatory pain (Yeardley, 

1992). Again it is surprising that the patient at day 23, who presented with pelvic pain 

and dysmenorrhoea, had the least detected concentrations of TxA2 and PGD2, as the 
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immune properties of PGD2 and the uterotonic ability of thromboxane may indicate a 

role for these two prostanoids in these conditions. However, if samples could be 

obtained from the same patient across the menstrual cycle, a more complete picture of 

the role of prostaglandins in uterine disorders may emerge.  

The ex vivo biosynthesis of series-2 prostaglandins was also assessed in myometrium 

obtained from term pregnant donors, including one sample from a preterm pregnant 

donor and a term pregnant donor taking a 2 agonist, salbutamol. The results show that 

from all three groups (preterm, salbutamol and term), the release of prostanoids was 

greatest from the myometrium obtained from the patient taking salbutamol. Salbutamol 

has been shown to relax the myometrial smooth muscle by binding to uterine 2 

adrenoreceptors (Caughey et al., 2001) and is used as a tocolytic (Dadak et al., 1987), 

which makes it difficult to understand the effect of salbutamol on the high myometrial 

release in this patient. However, it is likely that the patient lifestyle may have affected 

uterine myometrial production, as this patient was also a smoker. In umblical veins of 

smoking mothers, there was a significantly lower concentration of PGE2  (Badawi et al., 

2002; Huang et al., 2011) but it has been reported that cigarette smoke can induce 

COX-2 expression and lead to enhanced PGE2 release (Duckworth, 2002). In addition, 

results from this laboratory have found smoking alters the responsiveness of the human 

umbilical artery to U46619 (a TP receptor agonist) and cicaprost (IP agonist) in vitro 

(Huang et al., 2011). The high biosynthesis of prostanoids may be caused by the 

smoking habit in this patient and a positive correlation between smoking and TxA2 has 

been reported (Golightly et al., 2010). However, the effect of inhaled salbutamol on 

uterine function is unknown and requires further study to understand the results of this 

preliminary study. 
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When comparing between the preterm and term group, the results show that the preterm 

myometrium produced the least concentration of PGE2. This might indicate that preterm 

labour is associated with lower levels of relaxatory PGE2. However, as the aetiology of 

preterm labour is complex and likely to involve inflammatory cascades (Fetalvero et al., 

2008), the role of PGE2, which is a principal mediator of inflammation, in preterm 

labour requires further study.  

The ex vivo release of PGD2 and 6-keto-PGF1  was greater in the term group compared 

to the preterm group, which may be due to the increasing myometrial stretch evoked by 

the growing conceptus, as stretch is known to enhance myometrial PGI2 producing 

activity (Golightly et al., 2010). PGD2 may be enhanced as gestation progresses in 

preparation for labour, which has been described as an inflammatory process (Catalano

et al., 2011) and DP and CRTH2 receptors which are present on immune cells (Thomas

et al., 2005) may be the target of myometrial PGD2. In addition it has been reported that 

women with gestational diabetes mellitus (impaired glucose tolerance), have higher 

levels of arachidonic acid (Knock et al., 1997) and there is abnormal vascular 

endothelial function in small arteries from women with gestational diabetes (Olson et 

al., 2007). As donors of the term group had diabetes, this pathology may have 

contributed to the myometrial synthesis of prostanoids. The ex vivo release of PGF2

was similar in myometrium obtained from the donor at preterm and those in the term 

group. As PGF2  has been suggested to have a role in preterm labour onset (Fetalvero et 

al., 2008) this result is surprising, as a higher concentration of PGF2  in the preterm 

sample would be expected. The results indicate a need for increasing sample numbers 

from all three categories, before any conclusions can be made.  

Comparing the total concentration of each metabolite released by myometrium obtained 

from non pregnant donors, the results show that the predominant prostaglandin released 
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was the metabolite of prostacyclin, 6-keto-PGF1  and the least synthesised metabolite 

was PGE2. PGI2 has been consistently reported as the major prostanoid released from 

myometrium (Jabbour et al., 2006b) however, the low level of PGE2 detected is 

surprising as 7 out of the 8 patients had menorrhagia, a condition associated with over 

expression of the EP receptor and aberrant PGE2 synthesis (Sales et al., 2003b) which 

might have indicated that levels of PGE2 overall would be high.  

The total ex vivo release of series-2 prostanoids in myometrium obtained from term 

pregnant donors was in rank order (of greatest concentration) as follows: 6-keto-PGF1 , 

TxA2, PGD2, PGE2 and PGF2 . 6-keto- PGF1  was the predominant metabolite released. 

It may be that the high levels of PGI2 and thromboxane at term are involved in vascular 

haemostasis and the low levels of the uterotonins PGE2 and PGF2  are involved in 

maintaining uterine quiescence till labour onset.  

In summary, the results suggest that myometrium obtained from non pregnant donors is 

capable of the greatest biosynthesis of prostanoids during the follicular phase of the 

menstrual cycle. The metabolite of prostacyclin 6-keto-PGF1  was the dominant 

prostanoid synthesised ex vivo in myometrium obtained from both the pregnant and non 

pregnant donors. However, the low sample numbers in this study indicate that whilst the 

LC-ESI/MS/MS method may prove useful in the study of ex vivo biosynthesis of series 

-2 prostaglandins, greater sample numbers are required to determine the influence of 

underlying pathology on myometrial prostanoid release. 
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Chapter 6.0 Non Pregnant rat tissue 

Functional prostanoid receptors in isolated non-gravid rodent myometrium 

6.1 Introduction 

To understand the function of the human uterus, uterine samples from human donors 

would ideally be obtained from all stages of the menstrual cycle and during both 

pregnancy and labour. However, ethical constraints can limit the availability of human 

samples which in the case of this study has led to an absence of tissue obtained from 

human labouring donors. In order to overcome such limitations and investigate the role 

of the uterus in three different hormonal states, the suitability of the rat uterus as a 

relevant animal model of human uterine function was explored. In this chapter, rat 

uterus was obtained from non pregnant animals.  

Prostaglandins are involved in numerous reproductive processes including implantation, 

regulation of ovulation and luteolysis (Griffiths, 2007). As observed in earlier chapters, 

they are also able to modulate motility of the human uterus. To determine which 

prostanoids are functionally involved in modulating rodent uterine motility, a functional 

analysis of the prostaglandin receptor population on the rat uterus is presented in this 

chapter. This will be done by using selective and novel EP, FP, TP, DP, and IP receptor 

agonists and antagonists. In addition, the effect of uterine site excision on uterine 

myogenicity and uterine responsiveness to prostaglandins across the oestrous cycle was 

explored.   
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6.2 Results 

6.2.1: Use of drug compounds and dioestrous phase uterus   

As mentioned in chapters 3 & 4, a batch of drug compound was used on different tissue 

types rather than just the one type of tissue, to prevent introducing variability into the 

results. 

In this chapter, the uterine horn was split into two segments, the upper segment (closest 

to the ovary) and the lower segment (near the cervix). This enabled a topographical 

analysis of uterine motility and prostaglandin responsiveness. In addition, dioestrous 

stage uterus was used only when testing antagonists. Using animals in one stage of the 

oestrous cycle meant that data were not pooled from different phases which avoided 

introducing variability into the results. In addition, using uterus from animals only in 

dioestrus reduced the number of animals killed. Dioestrous was chosen as it is the 

longest phase of the oestrous cycle, providing a larger window of opportunity for 

collecting tissue. It also allowed species comparison with previous functional analysis 

of prostaglandin receptor populations on the mouse uterus done in this laboratory (Nials

et al., 1993). 
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6.3: Myogenic activity throughout the oestrous cycle 

Uterine samples from both the upper and lower segments of the rat uterus obtained from 

all stages of the oestrous cycle, displayed spontaneous activity after equilibration 

(Figure 6.2). No significant differences between the two segments were observed 

although a trend towards greater myogenicity in the lower segment can be seen (Figure 

6.1) which is due to a greater frequency of contractions (Figure 6.2). 

Across the oestrous cycle, uterine activity was greatest in oestrous with the lower 

segment of the uterus from rats in oestrus displaying the greatest intrinsic activity 

(314.2 ± 31.1) measured as area under the curve (AUC). This was statistically greater 

than the activity displayed in both segments taken at metoestrous and dioestrous 

(p<0.001; Figure 6.1). Myogenicity was also statistically greater in the upper segment 

taken at oestrus compared to the upper segment taken at metoestrus (p<0.05). Segments 

taken during metoestrus and dioestrus displayed the lowest myogenic activity. This was 

due to low amplitude rather than a marked difference in frequency of contractions 

(Figure 6.2).  
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Figure 6.1: Spontaneous contractions of immersed myometrial strips taken from non 
pregnant Lister Hooded Rats. Tissue was obtained from rats in different stages of the 
oestrous cycle (pro-oestrous, n=8; oestrous, n=11; metoestrous, n=9 and dioestrous, 
n=6) and myometrium was excised from the upper (ovarian end) and lower (cervical 
end) segments of the duplex rat uterus. After 30 minutes equilibration, intrinsic activity 
was measured as 10 minutes area under the curve and expressed as a percentage of 10 
minutes hypotonic shock. Data are arithmetic means ± S.E.M. and statistical analysis 
was performed using one-way ANOVA with Bonferronis post-hoc test; *p<0.05, 
**p<0.01 and ***p<0.001 reduction in contractility compared with tissues taken at 
oestrus from a upper and b lower uterine segments.  
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Figure 6.2: Representative traces demonstrating the spontaneous activity of upper (left) 
and lower (right) segment isolated uterus from non-pregnant rats during a) pro-oestrous, 
b) oestrous, c) metoestrous and d) dioestrous. Traces represent a 10 minute time period. 
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6.4: The influence of uterine region and phase of oestrous cycle on functional 

responsiveness to prostaglandins 

6.4.1: Uterine responsiveness to PGE2 

PGE2 did not affect the responses of the upper segment of the uterine smooth muscle 

taken from rats in oestrus but did increase contractility in a monophasic manner in all 

other phases of the oestrous cycle, although the functional responsiveness of the lower 

segment at dioestrous to PGE2 was modest. Although no regional differences in 

response to PGE2 were observed in tissues taken at pro-oestrus and metoestrus, PGE2

significantly increased contractility in the upper segment at dioestrous compared to the 

lower segment (10-5M, p<0.05; Figure 6.3).  

6.4.2: Uterine responsiveness to PGF2

PGF2  evoked a concentration-dependent increase in myogenicity in uterine tissue from 

all four phases of the oestrous cycle (Figure 6.4).  No regional differences in response to 

the spasomogen were observed during the cycle except at pro-oestrous, during which 

the responsiveness of the lower segment of the uterine horn to PGF2  was significantly 

greater when compared to the upper segment (p<0.001; Figure 6.5 and 6.4). Maximum 

responses for the lower segment reached 102.3 % hypotonic shock compared to 54.3 % 

hypotonic shock in the upper segment.  This response was also greater than the 

maximum responses (expressed as hypotonic shock) reached in the lower segment of 

oestrous (49.6), metoestrous (39.7) and dioestrous (41.2) phases.  
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Figure 6.4: Concentration- effect curves for PGF2  in isolated uterine muscle (upper 
and lower segments) obtained from Lister Hooded rats in a) pro-oestrous (upper, n=5; 
lower, n=3), b) oestrous (upper, n=4, lower, n=3), c) metoestrous (upper, n=6, lower, 
n=8) and d) dioestrous  (upper, n=5, lower, n=4) phases of the oestrous cycle. PGF2

(10-9M to 10-5M) was added to immersion baths in a cumulative manner at 10-minute 
intervals. Results are expressed as arithmetic means ± S.E.M. and data were analysed 
using two-way ANOVA with Bonferroni’s post-hoc test, ***p<0.001; **p<0.01 and 
*p<0.05 increase in uterine contractility compared to the upper uterus. 
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Figure 6.5: Representative traces showing responsiveness to PGF2  in a) upper and b) 
lower segment of the rat uterus taken from a rat in pro-oestrus. 

6.4.3: Uterine responsiveness to U46619 

U46619 did not significantly change myogenicity along the length of the horn in uterine 

samples taken from across the oestrous cycle (Figure 6.6 & 6.7). Although no regional 

differences were observed, at 10-5M U46619 increased contractility in the lower 

compared to the upper segment in tissue taken from dioestrus rats (p<0.01; Figure 

6.6;d).  
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Figure 6.6: Concentration- effect curves for U46619  in isolated uterine muscle (upper 
and lower segments) obtained from Lister Hooded Rats in a) pro-oestrous (upper, n=5, 
lower, n=6), b) oestrous (upper, n=2, lower, n=3), c) metoestrous (upper, n=6, lower, 
n=6) and d) dioestrous (upper, n=6, lower, n=4) phases of the oestrous cycle. U46619 
(10-9M to 10-5M) was added to immersion baths in a cumulative manner at 10-minute 
intervals. Results are expressed as arithmetic means ± S.E.M. and data were analysed 
using two-way ANOVA with Bonferroni’s post-hoc test, **p<0.01 increase in 
contractility in lower compared to the upper segment. 
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Figure 6.7: Representative traces demonstrating the effect of U46619 in upper (left) and 

lower (right) segment isolated uterus from non-pregnant rats in a) pro-oestrus, b) 

oestrus, c) metoestrus and d) dioestrus. U46619 (10-9M to 10-5M) was added to 

immersion baths in a cumulative manner at 10-minute intervals 
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6.4.4: Uterine responsiveness to cicaprost 

In response to cicaprost, no significant change in myogenic responses were observed in 

any of the uterine segments obtained from animals in all four stages of the oestrous 

cycle, although a non significant increase in activity was observed at 10-5M (Figure 6.8 

& 6.9).  

6.4.5: Uterine responsiveness to PGD2 

PGD2 induced a modest increase in contractility in uterine tissue from all four phases of 

the oestrous cycle (Figure 6.10 & 6.11) and no significant regional differences were 

observed between the phases. 
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Figure 6.8: Concentration- effect curves for cicaprost in isolated uterine muscle (upper 
and lower segments) obtained from Lister hooded rats in a) pro-oestrous (upper, n=6, 
lower, n=5), b) oestrous (upper, n=5, lower, n=5), c) metoestrous (upper, n=6, lower, 
n=6) and d) dioestrous (upper, n=7, lower, n=4) phases of the oestrous cycle. Cicaprost 
(10-9M to 10-5M) was added to immersion baths in a cumulative manner at 10-minute 
intervals. Results are expressed as arithmetic means ± S.E.M.  
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Figure 6.9: Representative traces demonstrating the effect of cicaprost in upper (left) 
and lower (right) segment isolated uterus from non-pregnant rats in a) pro-oestrus, b) 
oestrus, c) metoestrus and d) dioestrus. Cicaprost (10-9M to 10-5M) was added to 
immersion baths in a cumulative manner at 10-minute intervals 
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Figure 6.10: Concentration- effect curves for PGD2 in isolated uterine muscle (upper 
and lower segments) obtained from Lister hooded rats  in a) pro-oestrous (upper, n=5, 
lower, n=5), b) oestrous (upper, n=4, lower, n=5), c) metoestrous (upper, n=7, lower, 
n=9) and d) dioestrous (upper, n=4, lower, n=8) phases of the oestrous cycle. PGD2 (10-

9M to 10-5M) was added to immersion baths in a cumulative manner at 10-minute 
intervals. Results are expressed as arithmetic means ± S.E.M. 
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Figure 6.11: Representative traces demonstrating the effect of PGD2 in upper (left) and 
lower (right) segment isolated uterus from non-pregnant rats in a) pro-oestrus, b) 
oestrus, c) metoestrus and d) dioestrus. PGD2 (10-9M to 10-5M) was added to immersion 
baths in a cumulative manner at 10-minute intervals
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6.5: Functional responsiveness to EP receptor agonists and antagonists  

In order to characterise the functional EP1-4 receptor sub-types present on the rat uterus, 

EP1-4 receptor agonist and antagonists were utilised. For these studies, tissue was 

obtained from rats in dioestrus to reduce the number of animals used.  

6.5.1: EP1-4 receptor agonists 

Sulprostone (EP3/1) significantly enhanced contractility when compared to vehicle at 10-

6M (p<0.05) and 10-5M (p<0.001; Figure 6.12). ONO-D1-004 however did not effect 

myogenic responses. 

Butaprost inhibited myogenicity, although this was not significant compared to the 

vehicle. However, AH13205 (EP2 agonist; (Sharman et al., 2011) did not appear to 

significantly affect contractility when compared to the vehicle (Figure 6.12; b). The EP4

receptor agonists AGN197564 and PDA124 (Abramovitz et al., 2000) also did not 

affect myogenic responses when compared to the vehicle (Figure 6.12; c). However 

PDA124, although not altering activity at the earlier concentrations, at 10-5M evoked a 

significant contractile effect (p<0.01; Figure 6.12;c).  
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6.5.2: EP receptor antagonists 

6.5.2.1; AH6809 and EP receptor agonists 

The EP1, EP2 and DP receptor antagonist AH6809 (Fischer, 2010) was used at a 

concentration of 10-5M as previously used in this laboratory (Wilson et al., 2006). In the 

rat uterus, AH6809 did not affect tissue myogenicity or the response to PGE2 although 

the antagonist did appear to reduce the contractile effect of PGE2 (Figure 6.13, b). 

AH6809 did not alter the effects of the EP receptor subtype agonists sulprostone (EP3/1; 

Figure 6.13; c), ONO-D1-004 (EP1, Figure 6.13; d), butaprost (EP2; Figure 6.13; e) and 

AH13205 (EP2; Figure 6.13; f). As AH6809 also has affinity for the DP receptor it was 

also tested in the presence of the endogenous prostanoid for the DP receptor PGD2; 

AH6809 (10-5M) did not affect the uterine response to this prostaglandin (Figure 6.14).   
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Figure 6.13: Vehicle (a, n=5) and concentration- effect curves for PGE2 (n=4), EP1/3 (c, 
n=5 and d, n=4) and EP2 (e, n=4 and f, n=4) receptor agonists alone and in the presence 
of the non specific EP and DP receptor antagonist AH6809 (10-5M) in isolated uterine 
strips obtained from Lister Hooded rats in dioestrus. Agonists (10-9M to 10-5M) were 
added to immersion baths in a cumulative manner at 10-minute intervals. Results are 
expressed as arithmetic means ± S.E.M. 
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Figure 6.14: Concentration-effect curves and representative traces for a) PGD2 alone 
(n=6) and b) in the presence AH6809 (10-5M, n=5) in uterine tissue taken from rats in 
dioestrus. PGD2 (10-9M to 10-5M) was added to immersion baths in a cumulative 
manner at 10-minute intervals. Results are expressed as arithmetic means ± S.E.M. 
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6.5.2.2: SC-51322 and EP receptor agonists 

The EP1 receptor antagonist SC-51322 (10-6M) did not affect the myogenicity of the 

controls nor did it significantly affect the contractile responses of PGE2 (Figure 6.15, b) 

or sulprostone (Figure 6.15; d).  It also did not affect the lack of response displayed by 

ONO-D1-004 although a trend for declining activity in the presence of SC-51322 was 

observed (Figure 6.15; c). 

6.5.2.3: L-826266 and EP receptor agonists 

The EP3 receptor antagonist L-826266 (10-6M) also did not affect the intrinsic activity 

of controls (Figure 6.16; a).  The uterotonin effects of PGE2 and sulprostone were not 

changed in the presence of L-826266 (Figure 6.16; b and d), nor was the response of 

ONO-D1-004 affected by the EP3 receptor antagonist (Figure 6.16; c). 
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Figure 6.15:  Vehicle (a, n=5) and concentration-effect curves for b) PGE2 (n=6), c) 
ONO-D1-004 (n=5) and d) sulprostone (n=5) alone and in the presence of the EP1

receptor antagonist SC-51322 (10-6M) ) in uterine tissue taken from rats in dioestrus. 
Vehicle and agonists (10-9M to 10-5M) were added to immersion baths in a cumulative 
manner at 10-minute intervals. Results are expressed as arithmetic means ± S.E.M.  

c) d) 

b) a) 
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Figure 6.16:  Vehicle (a, n=5) and concentration-effect curves for b) PGE2 (n=5), c) 
ONO-D1-004 (n=4) and d) sulprostone (n=5) alone and in the presence of the EP3

receptor antagonist L-826266 (10-6M) in uterine tissue taken from rats in dioestrus. 
Vehicle and agonists (10-9M to 10-5M) were added to immersion baths in a cumulative 
manner at 10-minute intervals. Results are expressed as arithmetic means ± S.E.M.  

c) d) 

b) a) 
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6.5.2.4: GW627368 and EP4 receptor agonists 

The final class of EP receptor antagonist used in this study was GW627368, an EP4

receptor subtype antagonist (Fischer, 2010). GW627368 was used at a concentration of 

10-6M, as previously used in this laboratory in human (Griffiths, 2007) and mice 

(Griffiths, 2007) functional studies. 

In rat uterus, GW627368 (10-6M) did not affect the activity of controls (Figure 6.17; a). 

Incubation with the EP4 antagonist also did not affect the responses of the EP4 receptor 

agonists PDA124 (Figure 6.17; b) and AGN197564 (Figure 6.17; c). However, 

AGN197564 did appear to evoke contractility at 10-6M when incubated with the 

antagonist (Figure 6.17; c). 
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Figure 6.17:  Vehicle (a, n=4) and concentration-effect curves for b) PDA124 (n=5) 
and c) AGN197564 (n=4) alone and in the presence of the EP4 receptor antagonist 
GW627368 (10-6M)  in uterine tissue taken from rats in dioestrus. Vehicle and agonists 
(10-9M to 10-5M) were added to immersion baths in a cumulative manner at 10-minute 
intervals. Results are expressed as arithmetic means ± S.E.M.  
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6.6: FP receptor antagonists 

In these studies, PGF2  was used alone and in the presence of novel FP receptor 

antagonists. All experiments were completed on dioestrous stage rat uterus. 

6.6.1: AS604872  

Tissue myogenicity was not affected by AS604872 (10-6M) nor was the response to 

PGF2  (Figure 6.18). In addition, incubation with the antagonist did not alter the 

response to U46619 (Figure 6.18; c). To determine the EP receptor activity of 

AS604872, PGE2 was incubated alone and in the presence of the antagonist. AS604872 

did not affect the contractile inducing effects of PGE2 on rat uterus taken at dioestrus 

(Figure 6.18; d).  

6.6.2: AL-8810 

PGF2 was also incubated in the presence of the FP receptor antagonist AL-8810 (10-

5M). Although AL-8810 did not significantly affect PGF2  responses, it did appear to 

reduce the contractility evoked by the spasmogen (Figure 6.19).  
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Figure 6.18:  Vehicle (a, n=4) and concentration-effect curves for b) PGF2 (n=8), c) 
U46619 (n=7) and d) PGE2 (n=6) in the presence and absence of the FP receptor 
antagonist AS604872 (10-6M) in isolated rat uterus taken from animals in dioestrus. 
Vehicle and agonists (10-9M to 10-5M) were added to immersion baths in a cumulative 
manner at 10-minute intervals. Results are expressed as arithmetic means ± S.E.M. 
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Figure 6.19:  Concentration-effect curves and representative traces for a) PGF2  alone 
(n=8) and b) in the presence of the FP receptor antagonist AL-8810 (10-5M, n=6) in 
uterine tissue taken from rats in dioestrus. PGF2  (10-9M to 10-5M) was added to 
immersion baths in a cumulative manner at 10-minute intervals. Results are expressed 
as arithmetic means ± S.E.M. 
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6.7: IP receptor antagonists 

In order to investigate further the role of IP receptors in rat uterine activity, cicaprost 

was incubated alone and in the presence of two IP receptor antagonists CAY10449 (10-

6M) and RO1138452 (10-6M). Incubation with the antagonists did not affect the 

response displayed by cicaprost. In addition, myogenicity of isolated myometrial strips 

used as controls was not altered by either antagonist (Figure 6.20).  
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Figure 6.20: Vehicle and concentration- effect curves for cicaprost alone and in the 
presence of the IP receptor antagonists CAY10449 (10-6M) (a, n=4 and b, n=6) and 
R01138452 (10-6M) (c, n=5 and d, n=6) respectively, in isolated uterine strips obtained 
from Lister Hooded rats in dioestrus (n=5-6). Cicaprost (10-9M to 10-5M) was added to 
immersion baths in a cumulative manner at 10-minute intervals. Results are expressed 
as arithmetic means ± S.E.M.   
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6.8: Discussion 

As discussed in chapter 3, changes in the circulating levels of ovarian sex steroids are 

likely to influence intrinsic activity of the uterus at various stages of the menstrual 

cycle. In this chapter, the influence of the hormonal milieu on rat uterine motility during 

the oestrous cycle was examined. Myogenic responses of the uterine muscle from the 

ovarian and cervical segments were also compared.  

The results show that whilst no significant differences in spontaneous activity between 

the two segments were present, despite a trend towards greater myogenicity in the lower 

segment, spontaneous activity was found to be greatest in isolated uteri obtained from 

rats in oestrus. No significant differences in spontaneous activity were found between 

uteri obtained from rats in pro-oestrus and oestrus, but the lower segment of the rat 

uterus in oestrus displayed significantly greater myogenic responses when compared to 

both the lower segments taken at metoestrus and dioestrus. In addition, the upper 

segment of the uterine horn taken at oestrus displayed significantly greater spontaneous 

activity when compared to the upper segment taken at metoestrus. The order of greatest 

myogenic responses (in the form of amplitude) displayed by uteri taken from rats in the 

different phases was oestrous>pro-oestrous>metoestrous=dioestrous. A similar rank of 

intrinsic activity across the oestrous cycle has been previously reported in our 

laboratory using isolated uterus obtained from mice (Butcher et al., 1974; Nequin et al., 

1979). 

During the oestrous cycle, the levels of circulating hormones progesterone and 

oestrogen differ between the phases. Plasma concentrations of both oestrogen and 

progesterone exhibit a peak on the day of pro-oestrous, with progesterone levels 

increasing further during metoestrous and into dioestrous (Butcher et al., 1974). 

Oestrogen reaches a peak during pro-oestrous, falls during oestrous and then gradually 
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starts to rise again during the metoestrous phase (Downing et al., 1981). The high 

intrinsic activity displayed by uterine strips taken from animals in oestrus may be due to 

the low circulating levels of ovarian steroids at this time. It is known that oestrogen 

inhibits spontaneous activity of the rat (Downing et al., 1981), and therefore low levels 

of it during oestrous may allow resumption of intrinsic activity.  Previous in vivo studies 

have also reported that myogenic activity of the rat uterus increased following the fall in 

oestrogen titres (Crane et al., 1991; Hendrix et al., 1995). In pro-oestrus, where 

myogenic activity was also high, the inhibition of mygenicity evoked by oestrogen may 

have been attenuated by the high levels of circulating progesterone, a natural antagonist 

of oestrogen (Downing et al., 1981). Progesterone itself however appears to have 

minimal effects on the spontaneous activity of the myometrium of the non pregnant rat 

(Downing et al., 1981), but prolonged use of progesterone was shown to reduce the 

amplitude of myogenic contractions. This may have resulted in the low myogenic 

responses observed in metoestrous and dioestrous. A low level of intrinsic activity 

during dioestrous has also been reported previously (Fischer, 2010).  

Although not significant, the results indicated a trend towards the lower segment 

displaying greater myogenic activity when compared to the upper segment. Such a 

topographical difference has also been found before in this laboratory in the human 

uterus taken from non pregnant patients at the follicular stage, where the lower segment 

uterus had a greater myogenic tone when compared to the upper segment (Cao et al., 

2006). This apparent difference in intrinsic activity may be due to the close proximity of 

the ovarian segments to the ovary, enabling the sex steroids to reach the upper segment 

prior to the lower cervical region. This may create a spatial-hormonal effect; whereby 

high levels of progesterone relax the upper portion of the uterus before reaching the 

lower segment, creating regional variation within the uterus.   
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Prostaglandins are also known to modulate uterine motility. The endogenous 

prostaglandins produced by the constitutive COX-1 enzyme have been shown to 

regulate spontaneous activity of myometrial strips obtained from the non-pregnant 

porcine uterus (Boie et al., 1997). This regulation of motility is due to the 

heterogeneous expression of contractile prostanoid receptors and the COX-1 enzyme on 

the porcine uterus. On the rat uterus, a heterogeneous expression of prostanoid receptors 

also exists. The rat prostanoid receptors EP1, EP2, EP3, EP4, (Lake et al., 1994), FP 

(Sasaki et al., 1994), IP (Kitanaka et al., 1995), TP (Wright et al., 1999)  and DP (Dong

et al., 1996) have all been cloned. In addition, the expression of COX-1 and COX-2 

enzymes has also been reported in the rat uterus during the oestrous cycle, with the 

uterine expression of COX-2 being elevated during the pro-oestrous and oestrous phases 

(Fischer, 2010; Popat et al., 2001). Therefore, to see if the oestrous cycle affects the 

functional responsiveness to prostaglandin receptor agonists in the rat uterus, the 

functional analysis of prostanoid receptors on rat myometrium during the oestrous cycle 

in both the lower and upper segments is presented. 

The results show that PGE2 increased myogenicity of uterine tissue taken from rats in 

different stages of the oestrous cycle. However, PGE2 did not affect the response of the 

upper segment taken from rats in oestrus and only produced a modest response in the 

lower segment obtained from dioestrous uteri.  Further, whilst no regional differences in 

response to PGE2 were observed in pro-oestrus and metoestrus, PGE2 significantly 

increased contractility in the upper segment taken at dioestrus compared to the lower 

segment.  

Although PGE2 is able to evoke a biphasic response on the human uterus (Coleman et 

al., 1994; Fischer, 2010; Goureau et al., 1992; Senior et al., 1992), the predominant 

excitatory response evoked on the rat uterus is likely to be mediated via the EP3 receptor 
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as this subtype has been reported to be the dominant EP receptor subtype expressed in 

rat myometrium (Adelantado et al., 1988a; Bauknecht et al., 1981). The lack of 

response observed in the upper segment uterus taken at oestrus may be due to the 

expression of a different combination of EP3 receptor isoforms, the downstream 

signalling mechanisms of which may lead to downregulation of the EP3 receptor in the 

ovarian segment.  

 During dioestrus, a significant regional difference in response to PGE2 was observed, 

with the upper segment being more responsive. This is similar to the human 

myometrium where binding studies have found that the binding capacity for PGE2

exhibited a topically different distribution pattern, with the highest values in the fundus 

and central parts and a low to undetectable level in the cervical region (Fischer, 2010). 

However, in the human uterus PGE2 evokes a concentration-dependent inhibition of 

myogenicity (chapters 4 & 5) which is in contrast to the contractile effects of the 

prostaglandin in rat uterus. This contractile effect as mentioned previously is likely to 

be mediated through the EP3 receptor subtype. In the human uterus, during follicular 

stage, the contractile profile stimulated by sulprostone (EP3/1 agonist) was identical in 

both segments (Adelantado et al., 1988a). The results suggest that unlike the human 

uterus, a functional topographical distribution of this subtype may exist on the rat uterus 

during the dioestrous phase. Although the binding affinities of PGE2 were similar in 

both the proliferative and secretory phases of the menstrual cycle (Atli et al., 2010), in 

the rat uterus, the hormonal milieu may influence a temporal-spatial difference in the 

expression of this receptor subtype. The ratio between oestrogen and progesterone 

during dioestrous, regional expression of high and low affinity binding sites of the EP3

receptor and the close proximity of the upper segment to the ovaries may all contribute 

to this regional difference. Also, as dioestrus follows luteolysis, a process associated 

with the up regulation of COX-2 and PGE synthase (Poyser et al., 1980), the increased 
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production of prostaglandins during the dioestrous stage (Sharif, 2008) may also affect 

regional expression of the contractile EP receptor.  

In this study, PGF2  the endogenous ligand for the FP receptor, was found to increase 

uterine contractility in the rat uterus. No regional differences were observed between 

segments during the oestrous cycle except at pro-oestrus, where the responsiveness of 

the lower segment to PGF2  was significantly greater than that observed in the upper 

segment. This response was also greater than all other uterine responses from the rat in 

the different oestrous cycle phases. This is similar to functional studies on the mouse 

which found that PGF2  achieved the greatest maximum response during the pro-

oestrous phase (Kay Marshall and Farooq Anwar, personal communication). 

The functional responsiveness to PGF2   in this study confirms previous studies which 

have found that the rat uterus exhibits a functional expression of the FP receptor 

(Ocklind et al., 1997) and contains FP receptor mRNA and protein (Oropeza et al., 

2002). However, the lack of topographical difference to PGF2  (except in pro-oestrus) is 

contrary to other studies which have found a regional difference in the uterine response 

to this spasmogen, in the ovariectomised (Oropeza et al., 2000) and cycling rat 

(Oropeza et al., 2000). This author also found that the maximal responses of the ovarian 

segments were higher than those of the cervical segments in all stages (Dong et al., 

2000).  This difference may be due to experimental technique (the authors used non 

cumulative concentration response curves compared to the cumulative concentration-

effect curves in this study) or strain differences in the animals (the authors used adult 

female Sprague-Dawley rats compared to the Lister Hooded Rats in this study). 

During pro-oestrous, the rising levels of oestrogen and progesterone may contribute to 

topographical differences in FP receptor expression. Oestrogen increases FP receptor 

mRNA (Engstrom, 2001), COX2 mRNA (Blatchley et al., 1974) and uterine release of 
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PGF2   (Thaler-Dao et al., 1982). In addition, the biosynthesis of PGF2  has been found 

to be greatest in pro-oestrus (Brown et al., 1985) and prostaglandin concentrations and 

the prostaglandin synthesising ability of the uterus have been reported to be highest on 

the day of pro-oestrus (Brown et al., 1985), which may contribute to a regional 

upregulation of the FP receptor at pro-oestrus. The increased PGF2  responsiveness in 

the lower segment may also help in aiding sperm transport into the oviduct which is 

most rapid around the time of ovulation (Pierce et al., 1997). Further, as the FP receptor 

has two known isoforms FPA and FPB (Fischer, 2010), spatio-temporal difference in the 

expression of these two isoforms in pro-oestrus may further contribute to the regional 

difference in responsiveness.  

The response to U46619 a mimetic of thromboxane was also analysed. The results show 

that U46619 did not significantly change myogenicity along the horn in uterine samples 

taken from across the oestrous cycle. Previous functional studies in this laboratory have 

found U46619 to be a potent contractile agonist in both the non pregnant human 

(Griffiths, 2007) and mouse (Whalley et al., 1980)  uterus. However, the results of this 

study suggest that the rat uterus is devoid of any functional TP receptors. This 

conclusion has been reported before. In vitro functional studies using uterine strips from 

rats in dioestrus found that although the rat uterus was responsive to PGF2  and PGE2, 

U46619 failed to elicit a response (Wainman et al., 1988). In addition, isolated uterus 

obtained from oestrogen dominated rats also failed to respond to U46619 in functional 

methods similar to the one employed in this study (Kitanaka et al., 1995). The authors 

of this study concluded that thromboxane and its analogues do not have any significant 

effects upon the non pregnant rat uterus. Although mRNA expression of the TP receptor 

has been found on the rat uterus (Flavahan, 2007; Kim et al., 2010), protein expression 

does not always translate to functional expression. The results therefore suggest that the 

TP receptor may not be functional in the non pregnant uterus, although as discussed in 
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chapter 7, the TP receptor is present on the rat uterus during the post-partum period. It 

may be therefore that the role of thromboxane in the non-gravid rat uterus is in vascular 

haemostasis and endothelial permeability (Abramovitz et al., 2000) rather than in 

modulating uterine motility.  

In response to cicaprost, no significant changes in myogenic activity were observed 

during the oestrous cycle. At 10-5M a stimulation of activity in response to cicaprost 

was evoked, which is likely to be mediated via the EP3 receptor subtype (Goureau et al., 

1992). Although activation of the IP receptor in the rat uterus resulted in generation of 

cAMP (Wainman et al., 1988), the findings of this study match previous reported 

functional studies which found IP receptor agonists did not significantly affect rat 

uterine myogenicity.  Iloprost was found to be devoid of any activity on the oestrogen 

dominated rat uterus (Whalley et al., 1980) and PGI2 did not potently affect 

myogenicity in the uterus taken from rats in dioestrus (Thaler-Dao et al., 1982). 

However, the biosynthesis of PGI2 has been reported in the rat uterus (Poyser et al., 

1980)  where it has been found to be the major prostaglandin synthesised (Kang et al., 

2011).  It may therefore be that similar to the TP receptor, the IP receptor may not be 

involved in uterine motility but in establishing haemostasis in the vascular system. In 

addition, the release of PGI2 from the rodent uteri could also be involved in the process 

of implantation. It has been shown that for successful implantation into the 

endometrium, the blastocyst needs to undergo hatching, a process which involves 

shedding of the zona pellucida. Hatching has been reported to be regulated by PGI2

acting on the peroxisome proliferator-activated receptor delta (PPAR ) as once bound, 

PGI2 and PPAR  accelerate blastocyst hatching in mice (Wainman et al., 1988).  
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The results of this study also show that PGD2 induced an increase in contractility in 

uterine tissues from all four phases of the oestrous cycle. Previous functional studies on 

the rat uterus have also found PGD2 to be contractile (Bos et al., 2004; Foley et al., 

2001; Sawyer et al., 2002). PGD2 is the natural ligand for the DP prostanoid receptor, a 

G s coupled receptor, activation of which results in elevations of cAMP (Abramovitz et 

al., 2000). The contractile response of PGD2 is therefore likely to be mediated by the FP 

receptor as PGD2 has affinity at this receptor (Goureau et al., 1992) and there is close 

correlation between the generation of inositol phosphates and between PGF2  and PGD2

(Tsuboi et al., 2002). In addition, PGD2 induced bronchoconstriction in the anesthetised 

dog has also been suggested to be mediated by the FP receptor (Abramovitz et al., 

2000). As PGD2 also shows affinity for the EP3 receptor (Senior et al., 1992) action at 

this receptor  may further contribute to the contractile response.  

The presence of DP receptors in the uterus based on findings of a relaxatory response to 

BW-245C, a PGD2 analogue, has so far only been demonstrated in the human (Cao et 

al., 2005) and porcine uterus (Bos et al., 2004). However in the gravid rat myometrium, 

11-keto fluprostenol, an analogue of PGD2 and 12PGJ2, a derivative of PGJ2 (the 

isomerised product of PGD2  (Khan et al., 2008), evoked relaxant effects on the uterine 

muscle when used in a very low range of concentrations (Griffiths, 2007). This 

inhibitory action was suggested to be via the DP2 (CRTH2) receptor. Therefore further 

studies are required to evaluate the exact functional role of the DP1 and DP2 receptor 

subtypes in the rat uterus. 

In order to determine the functional significance of the EP receptor subtypes in the rat 

uterus, EP1-4 receptor agonists were employed. Due to limited availability of tissue, only 

uterus from rats in dioestrus was used.  
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The results show that sulprostone increased contractility in a monophasic manner, 

whilst ONO-D1-004 did not induce any responses. Previous studies in the mouse also 

found that sulprostone evoked an increase in contractility (Griffiths, 2007)  with ONO-

D1-004 causing a reduced  response in contractility compared to sulprostone and PGE2 

(Fischer, 2010; Senior et al., 1992). This would suggest that, as previously mentioned, 

similar to the mouse and human uterus (Abramovitz et al., 2000; Nials et al., 1993), EP3

is the main receptor sub-type mediating the contractile effects of PGE2 in the rat uterus.  

Whilst butaprost reduced contractility, the EP2 receptor agonist AH13205 (Abramovitz

et al., 2000), did not affect contractility when compared to the vehicle. As butaprost is a 

selective EP2 receptor agonist (Garcia-Villar et al., 1995) the results might suggest that 

AH13205 is not a potent EP2 receptor agonist on the rat uterus compared to butaprost. 

AH13205 has been found to evoke a concentration-related inhibitory response in the 

baboon uterus but failed to evoke any responses in a myometrial strip preparation from 

pregnant sheep (Young, 2005). The activity of AH13205 on the EP2 receptor may 

therefore activate different combinations of downstream signalling cascades in different 

species. 

The EP4 receptor agonist AGN197564 (David Woodward, Personal communication)  

and PDA124 (Billot et al., 2003) also did not affect myogenic responses when 

compared to the vehicle, although a significant contractile response at 10-5M PDA124 

was observed. PDA124 showed high potency and agonist efficacy at the EP4 receptor 

(Abramovitz et al., 2000) but the excitatory effect at the high concentration of 10-5M 

suggests it is acting on non selective targets. The results suggest that there is a paucity 

of EP4 receptors on the non-gravid rat uterus at dioestrus, which may explain the 

predominant contractile response of PGE2.  
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To elucidate further the effects of the EP receptor subtypes on rat uterus, the non 

selective antagonist AH6809 (Griffiths, 2007) was used alone and in the presence of the 

EP1-4 agonists. AH6809 did not affect the response to PGE2 or any of the EP receptor 

subtype agonists. Although AH6809 also has affinity for the DP receptor, it was found 

not to affect the uterine response to PGD2 in this study. Previous studies from this 

laboratory using mouse (Fischer, 2010) and human (Wilson et al., 2006) uterus have 

also found that AH6809 did not effectively antagonise the responses of PGE2 and EP 

receptor subtype agonists. Although AH6809 continues to be used as an antagonist in 

molecular studies, the finding that it has no potent antagonist effects on three different 

species in functional in vitro studies, would suggest a lack of functional antagonism of 

this compound.  

The lack of response displayed by ONO-D1-004 was evaluated further using the EP1

receptor antagonist SC-51322. However, this antagonist, similar to the results on human 

myometrium (chapters 3 & 4), did not significantly affect the contractile responses of 

PGE2, ONO-D1-004 or sulprostone. This may suggest therefore that the rat uterus is 

devoid of a functional population of EP1 receptors, similar to the findings in human 

tissue. This common finding may mean that the rat uterus may be a useful model of 

human uterine disorders. 

As the major functional response of the rat uterus to PGE2 is a contractile one, the 

underlying mechanism for this contraction was evaluated with the use of the EP3

receptor antagonist L-826266. However, this antagonist did not alter the uterotonic 

effects of PGE2 and sulprostone nor did it affect the ONO-D1-004 response. As 

discussed in chapter 3 & 4, this would suggest that whilst this antagonist is reported to 

have high affinity for the EP3 receptor, it may not have lasting antagonism effects due to 

its lipholiphic properties.  
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To evaluate further the lack of response to the EP4 agonists PDA124 and AGN197564, 

the EP4 antagonist GW 627 368X (Wilson et al., 2006) was used.  GW627368X has 

been reported to be a potent and selective antagonist of human and porcine prostanoid 

EP4 receptors, although it was also reported to have affinity for human TP receptor 

(Griffiths, 2007). However, the antagonist did not affect the responses of the EP4

receptor agonists PDA124 and AGN197564. In the mouse uterus, PDA124 evoked 

inhibition of 5-HT driven myogenic activity which was reduced by GW 627368 

(Fischer, 2010), but in the human uterus, GW 627368 did not affect responses to PGE2

or PDA124 (Fischer, 2010). PDA124 in the human myometrium did not significantly 

affect myogenic responses when compared to the vehicle (Golightly et al., 2010). This 

would suggest that unlike the mouse uterus, both the rat and human uterus do not 

consist of a functional population of the EP4 receptors. This may further support a role 

for the rat as an in vivo model of human reproductive disorders.  

To verify the lack of antagonism displayed by AS604872 in human myometrium 

(chapters 3&4), AS604872 was also used in the rat uterus. The results show that 

AS604872 did not affect the uterine response to PGF2 , U46619 or PGE2 suggesting 

that this antagonist is devoid of functional antagonism in both the human and rat uterus. 

In addition the partial antagonist AL-8810 also did not significantly affect PGF2

responses. 

The final class of antagonists used in this study were the two IP receptor antagonists, 

CAY10449 and R-0118542. These antagonists were utilised to confirm the absence of 

functional IP receptors in the rat uterus. The results show that incubation with the 

antagonists did not affect the response displayed by cicaprost, suggesting that these 

compounds are selective for the IP receptor, as discussed in chapter 4. Further, a lack of 

heterogeneous expression of the IP receptor on the rat uterus obtained from the non 



190 

pregnant rats may suggest that prostanoid control of uterine motility during the oestrous 

cycle is predominantly contractile.  

In summary, the results of this study suggest that the rat uterus expresses functional 

contractile receptors (FP, EP3) whilst the contractile TP receptor appears to be scarce. 

This tissue does not appear to express any functional relaxatory receptors (DP, IP, EP4) 

other than EP2 as indicated by the relaxatory response to butaprost, suggesting that 

uterine motility regulation by prostanoids in the rat uterus is predominantly contractile. 

The results further suggest that whilst an obvious regional difference in myogenic 

responses does not exist, myogenicity is greatest during the oestrous and pro-oestrous 

phases. This is likely to be due to the absence or antagonism of oestrogen thus implying 

that hormonal milieu regulates intrinsic activity. Across the oestrous cycle, the results 

show that functional responsiveness to PGF2  was greatest in the lower uterus at pro-

oestrous, whereas PGE2 responsiveness was greatest in the upper segment compared to 

the lower segment at dioestrous. Finally, this study also suggests that none of the 

antagonists employed were potent, suggesting a need for more selective compounds.  
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Chapter 7.0 Gestation day 18 and post-partum rat uterus 

Functional prostanoid receptors in isolated gravid and post-partum myometrium 

7.1 Introduction 

The increased synthesis of prostaglandins and up regulation of COX-2 at labour in both 

the rat and human (Durn et al., 2010) would suggest that these bioactive lipid molecules 

are involved in the process of parturition. Synthesis of prostaglandins has also been 

reported in gravid uterus (Nathanielsz et al., 2004) indicating a role for these 

compounds in the maintenance of pregnancy. A regional expression of prostanoid 

receptors and synthesis of prostaglandins has been suggested to help in the delivery of 

the foetus. A topographical distribution of prostanoid receptors has been suggested in 

the baboon (Astle et al., 2005) and human (Grigsby et al., 2006a) uterus. However an 

analogous systematic study has not been completed in the rat which is perhaps 

surprising as this species is so commonly used in research and if preclinical findings are 

to be extrapolated to the human, this analysis is important. Therefore, in this chapter, a 

topographical functional analysis of prostanoid receptors on the late gestational rat 

myometrium will be presented. In addition, whilst obtaining rat myometrium during 

parturition would have provided invaluable insights into the role of prostanoids in 

parturition in the rat, the small number of animals used meant that this tissue was 

limited. As the majority of pregnant rats delivered at night,when access to the BSU was 

not available, myometrium was instead obtained at 12-24 hours post-partum.  The 

regional functional analysis of prostaglandin receptors in the post-partum uterus will 

also be presented in this chapter, as will a comparison between the functional prostanoid 

responsiveness of both gestational and post-partum rat myometrium. The data generated 

may help in determining the suitability of the rat as an in vivo model of human 

parturition and reproductive disease. 
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7.2 Results 

7.3: Myogenic activity; spontaneous activity along the uterine horn  

In all experiments, the uterine horn was split into the upper (closest to the ovaries), 

middle and lower (closest to the cervix) segments. 

7.3.1: Late pregnancy and intrinsic activity

The results show that intrinsic activity (measured as AUC) of the rat uterine horn taken 

at gestation day 18 increases from the ovarian to the cervical region (p<0.05; Figure 

7.1). Activity increased from a mean of 28.2 ± 2.3 % hypotonic shock in the upper 

segment to a mean of 37.3 ±3.5 % hypotonic shock measured from the lower segment.  

7.3.2: The post-partum period and regional myogenicity 

In contrast to the spontaneous activity displayed along the horn taken from rats on day 

18 of pregnancy, uterine horns taken from rats within 24 hours post-partum displayed 

increasing myogenicity from the cervix to the ovarian end of the horn (p<0.05; Figure 

7.2). The mean intrinsic activity increased from 32.38 ± 3.8 % hypotonic shock in the 

lower segment to 42.95 ± 2.9 % hypotonic shock in the upper segment, with the middle 

segment displaying a mean intrinsic activity of 40.77 ± 2.9 % hypotonic shock. 
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Figure 7.1: Myogenic activity of gestation day 18 rat uterine myometrial strips taken 

from the upper, middle and lower segments of the uterus. After equilibration, 

spontaneous activity was measured as 10 minutes area under the curve and expressed as 

a percentage of 10 minutes hypotonic shock. Data are arithmetic means ± S.E.M, n=6. 

Statistical analysis was performed using a one-way ANOVA *p<0.05 reduction in 

contractility compared with lower segment tissue.  

Representative traces demonstrate the spontaneous activity of isolated myometrium 

taken from the a) upper, b) middle and c) lower rat uterine segments. Traces represent a 

10 minute time period. 
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Figure 7.2: Myogenic activity of post-partum rat uterine myometrial strips taken from 

the upper, middle and lower segments of the uterus. After equilibration, spontaneous 

activity was measured as 10 minutes area under the curve and expressed as a percentage 

of 10 minutes hypotonic shock. Data are arithmetic means ± S.E.M, n=5. Statistical 

analysis was performed using a one-way ANOVA *p<0.05 reduction in contractility 

compared with upper segment tissue.  

Representative traces demonstrate the spontaneous activity of isolated myometrium 

taken from the a) upper, b) middle and c) lower rat uterine segments. Traces represent a 

10 minute time period. 
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7.4: Uterine response to prostanoid receptor agonists  

In these preliminary studies, the uterine response to several agonists were examined 

from uterine segments taken from along the horn (upper, middle and lower) from both 

animals at day 18 of pregnancy and those within 24hours of post-partum delivery. No 

antagonists were utilised due to limited samples. 

7.4.1: Regional response to PGF2

PGF2  evoked an increase in contractility in all three uterine segments from rats in late 

pregnancy. At 10-5M, although activity had increased by 63.9%, 43.1% and 63.3% in 

upper, mid and lower segments respectively compared to that at 10-9M, a maximal 

response was not achieved (Figure 7.3). There was a significant regional difference in 

response to PGF2  between the middle and lower segments at 10-6M (p<0.05). 

PGF2  stimulated myogenicity in a concentration-dependent manner in uterus taken 

from rats post-partum. Maximum responses of 76.3, 83.2 and 94.6 % hypotonic shock 

were observed for the upper, middle and lower segments respectively, with no regional 

differences in response to the spasmogen (Figure 7.4). Similar to the tissue from late 

pregnancy, a plateau in response was not achieved in the three segments. 

7.4.2: Comparison of PGF2  responsiveness between late pregnancy and post-

partum 

When comparing the response of PGF2  in the two uterine tissues, PGF2  significantly 

enhanced contractility in post-partum tissue compared to late gestation at 10-5M 

between the upper (p<0.05) and middle segments (p<0.01) and at10-5M and 10-6M 

between the lower segments (p<0.001).  
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Figure 7.3: Concentration-effect curves and representative traces for PGF2  in a) upper 
(n=5), b) middle (n=6) and c) lower (n=4) uterine segments taken from pregnant rats. 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M. and statistical analysis was carried out using two-way ANOVA with 
Bonferroni’s post-hoc test. *p<0.05 increase in contractility compared to the lower 
segment.  
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Figure 7.4: Concentration-effect curves and representative traces for PGF2  in a) upper 
(n=5), b) middle (n=5) and c) lower (n=5) uterine segments taken from the post-
partum rat. Responses were measured over a 10 minute time period as area under the 
curve and expressed as a percentage of the hypotonic shock.  Results are expressed as 
arithmetic mean ± S.E.M. 
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Figure 7.5: Concentration-effect curves for PGF2  in a) upper, b) middle and c) lower 
uterine segments taken from rats in late pregnancy and at post-partum (n=5-6). 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M. and statistical analysis was carried out using two-way ANOVA with 
Bonferroni’s post-hoc test. *p<0.01; **p<0.01; ***p<0.001; increase in contractility 
compared to the uterine segment taken at late gestation.  
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7.5: Uterine response to U46619 

7.5.1: Regional response to U46619 

U46619 stimulated contractility in the lower segment of the uterine horn taken from rats 

in late pregnancy. This was significantly greater at 10-6M and 10-5M than the response 

evoked in the upper segment (p<0.05; Figure 7.6). However, this spasmogen did not 

affect myogenicity of the upper and middle segments. 

In tissue taken from rats post-partum, U46619 increased uterine activity in all three 

segments with an increase in response by 67%, 62.7% and 72.5% respectively in upper, 

middle and lower segments at 10-5M. When comparing the three segments together, 

there was a significant difference between the upper and middle (p<0.01) and lower 

segments (p<0.05) at 10-5M (Figure 7.7). There was no regional difference between the 

middle and lower segments in response to U46619. 

7.5.2: Comparison of U46619 responsiveness between late pregnancy and post-

partum 

No significant differences between the responsiveness of U46619 in uterine tissue taken 

from rats in day 18 of pregnancy and those at post-partum in the middle and lower 

segments were observed. However, there was a regional difference between the upper 

segments in the two gestational tissues. This was significant at 10-5M (p<0.001) U46619 

(Figure 7.8).  
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Figure 7.6: Concentration-effect curves and representative traces for U46619 in a) 
upper (n=5), b) middle (n=6) and c) lower (n=5) myometrium segments taken from 
pregnant rats. Responses were measured over a 10 minute time period as area under the 
curve and expressed as a percentage of the hypotonic shock.  Data are expressed as 
arithmetic mean ± S.E.M. and were statistically analysed using a two-way ANOVA 
with Bonferroni post-hoc test, *p<0.05 increase in contractility compared to the upper 
segment. 
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Figure 7.7: Concentration-effect curves and representative traces for U46619 in a) 
upper (n=4), b) middle (n=5) and c) lower (n=4) myometrium segments taken from 
post-partum rats. Responses were measured over a 10 minute time period as area under 
the curve and expressed as a percentage of the hypotonic shock.  Data are expressed as 
arithmetic mean ± S.E.M. and were statistically analysed using a two-way ANOVA 
with Bonferroni post-hoc test, **p<0.01 increase in contractility in the upper segment 
compared to the, a middle and blower uterus.  
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Figure 7.8: Concentration-effect curves for U46619 in a) upper, b) middle and c) lower 
uterine segments taken from rats in late pregnancy and at post-partum(n=4-6). 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M.and statistical analysis was carried out using two-way ANOVA with 
Bonferroni’s post-hoctest. ***p<0.001**p<0.01; increase in contractility compared to 
the uterine segment taken at late gestation.  
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7.6: Uterine responses to PGE2

7.6.1: Regional responsiveness to PGE2 

In rat uterus taken from pregnant rats at day 18 of pregnancy, PGE2 induced a 

concentration-dependent increase in contractility in all three segments, with activity 

increasing from 20.68% hypotonic shock to 56.61% in the upper segment, 31.71% 

hypotonic shock to 72.97% in the middle segment and 20.52% hypotonic shock to 

44.88% in the lower segment. When comparing the segments, there was no regional 

difference between the upper and lower segments, but a significant difference between 

the middle and upper (p<0.05) and middle and lower (p<0.05) segments was seen 

(Figure 7.9). 

Similarly, in tissue taken from post-partum rats, PGE2 evoked an increase in activity in 

all three segments (Figure 7.10) with activity increasing by 69.3%, 58.1% and 58.5% in 

the upper, middle and lower segments respectively at 10-5M compared to the responses 

observed at 10-9M. Comparing the segments, there was significant regional variation 

between the upper and lower segments (p<0.01) at 10-5M with the upper segment being 

significantly more responsive. There was no regional difference in response to PGE2

between the middle and lower segments. 

7.6.2: Comparison of PGE2 responsiveness between gestation day 18 and post-

partum uterus

PGE2 significantly enhanced activity in upper segment post-partum tissue compared to 

late gestation at 10-5M (p<0.05). No significant differences in response to PGE2 were 

observed between rat uterine tissue taken from late pregnancy and at post-partum 

between the middle and lower segments (Figure 7.11). 
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Figure 7.9: Concentration-effect curves and representative traces for PGE2 in a) upper 
(n=6), b) middle (n=5) and c) lower (n=6) uterine segments taken from pregnant rats. 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M. and statistical analysis was performed using two-way ANOVA with 
Bonferronis post-hoc test, *p<0.05 increase in contractility in the middle segment 
compared to; a upper and b lower segments  
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Figure 7.10: Concentration-effect curves and representative traces for PGE2 in a) upper 
(n=5), b) middle (n=4) and c) lower (n=5) uterine segments taken from post-partum
rats. Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M. and statistical analysis was performed using two-way ANOVA with 
Bonferronis post-hoc test, **p<0.01 increase in contractility compared to the lower 
uterine segment. 
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Figure 7.11: Concentration-effect curves for PGE2in a) upper, b) middle and c) lower 
uterine segments taken from rats in late pregnancy and at post-partum(n=4-6). 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M. and statistical analysis was carried out using two-way ANOVA with 
Bonferroni’s post-hoctest. *p<0.05; increase in contractility compared to the uterine 
segment taken at late gestation.  
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7.7: EP receptor agonists 

To characterise the receptor subtypes at which PGE2 acts on in both the gravid and post-

partum rat uterus, EP1-4 receptor agonists were utilised. 

7.7.1: Gestation day 18 

In gestation day 18 rat uterus, sulprostone (EP3/1) increased contractility in a 

concentration-dependent manner in all three segments, with activity increasing from 

26.9 to 102.5% hypotonic shock in the upper segment, 25.4 to 101.4 % hypotonic shock 

in the middle segment and 17.8 to 40.1% hypotonic shock in the lower segment (Figure 

7.12 and Figure 7.13). At the highest concentration of 10-5M, a maximum response was 

not achieved in all three segments. Between regions, there was a significant regional 

variation in response to sulprostone between the upper and lower (p<0.01) and middle 

and lower (p<0.001) segments.  

The EP1 agonist ONO-D1-004 and the EP4 agonist PDA124 did not have any significant 

effect on any of the three segments (Figure 7.12) although at 10-5M PDA124 seemed to 

begin to evoke some stimulation (Figure 7.13d). Butaprost (EP2) however, inhibited 

myogenicity in a concentration-dependent manner. Activity declined by 57%, 60.7% 

and 62.9% in the upper, middle and lower segments respectively. However, no regional 

differences in response to butaprost between the three segments were observed (Figure 

7.12).  
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Figure 7.12: Concentration-effect curves for a) sulprostone (upper; n=4, middle; n=6, 
lower; n=5), b) ONO-D1-004 (upper; n=5, middle; n=4, lower; n=5), c) butaprost 
(upper; n=5, middle; n=6, lower; n=4) and d) PDA124 (upper;  n=5, middle; n=5, 
lower; n=4) in upper, middle and lower segments of rat myometrium taken from 
gestation day 18 pregnant rats. After equilibration in immersion baths, responses to EP 
receptor agonists were measured as 10 minutes integrated area under the curve and 
expressed as a percentage of 10 minutes hypotonic shock. Results are arithmetic mean ± 
S.E.M.; **p<0.01; ***p<0.001; reduction in contractility in the lower segment 
compared to aupper and bmiddle uterine segments. 
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7.7.2: Post-partum tissue 

In rat uterus taken from post-partum rats, sulprostone evoked a monophasic increase in 

contractility which was concentration-dependent in all three segments (Figure 7.14). 

Myogenic responses increased from 20.80, 32.93, and 13.58 at 10-9M to 112.5, 104.1 

and 77.02% hypotonic shock at 10-5M in upper, mid and lower segments respectively. 

However, no regional differences between the three segments in response to sulprostone 

were seen.  

Similar to the uterine responses from gestation day 18 rats, ONO-D1-004 and PDA124 

did not evoke any changes in myogenic activity in uterine segments taken from along 

the horn (Figure 7.14 & Figure7.15). Butaprost inhibited myogenicity in a 

concentration-dependent manner in the upper and middle segments, with activity 

decreasing by 69% and 82% at 10-5M respectively. In the lower segment, butaprost did 

not appear to affect intrinsic activity (Figure 7.14; c). Between regions, there was a 

significant difference in response to butaprost between the middle and upper segment 

(p<0.05) and the middle and lower segment (p<0.01) at 10-8M.  
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Figure 7.14: Concentration-effect curves for a) sulprostone (upper; n=5, middle;  n=6, 
lower; n=6), b) ONO-D1-004 (upper; n=5, middle; n=5, lower; n=4), c) butaprost 
(upper; n=6, middle; n=6, lower; n=4) and d) PDA124 (upper; n=4, middle; n=6, lower; 
n=6) in upper, middle and lower segments of rat myometrium taken from post-partum
pregnant rats. After equilibration in immersion baths, responses to EP receptor agonists 
were measured as 10 minutes integrated area under the curve and expressed as a 
percentage of 10 minutes hypotonic shock. Results are arithmetic mean ± S.E.M, 
**p<0.01; *p<0.05; increase in contractility in the middle segment compared to aupper; 
and blower uterus.  

b) 

d) c) 
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7.7.3: Comparison of EP1-4 receptor agonist responsiveness in late gestational and 

early post-partum rat uterus 

7.7.3.1: Sulprostone 

There were no differences in uterine responsiveness to sulprostone between tissue taken 

from rats at day 18 of pregnancy and those at post-partum in the upper and middle 

segments (Figure 7.16; a & b). However in the lower segments, there was a significant 

difference in response to sulprostone (p<0.01; Figure 7.16; c) with tissue at post-partum 

being 1.9 fold more responsive at 10-5M than that taken at gestation day 18.   

7.7.3.2: ONO-D1-004 and PDA124 

As mentioned earlier, ONO-D1-004 and PDA124 did not affect myogenicity and no 

significant differences between gestation day 18 and post-partum tissue were observed 

(Figures 7.17). 

7.7.3.3: Butaprost 

No differences in response to butaprost were observed between the segments when 

comparing gestation day 18 and post-partum uterine responses (Figure 7.18). 



214 

  

Figure 7.16: Concentration-effect curves for sulprostone in a) upper (gestation day 18; 
n=4; post-partum; n=5), b) middle (gestation day 18; n=6; post-partum; n=6) and c) 
lower (gestation day 18; n=5, post-partum; n=6) uterine segments taken from rats in late 
pregnancy and at post-partum. Responses were measured over a 10 minute time period 
as area under the curve and expressed as a percentage of the hypotonic shock.  Results 
are expressed as arithmetic mean ± S.E.M. and statistical analysis was carried out using 
two-way ANOVA with Bonferroni’s post-hoc test. **p<0.01; increase in contractility 
compared to the uterine segment taken at late gestation.  
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7.7.4: Comparison of PGE2 and EP1 and EP3 agonist responsiveness 

In order to determine the contribution of the EP3 and EP1 receptor subtypes to the 

contractile response of PGE2 on the rat uterus taken at late gestation and at post-partum, 

the response of PGE2, sulprostone and ONO-D1-004 was compared in the three uterine 

segments.  

7.7.4.1: Gestation day 18 uterus 

The results show that in the upper segment, sulprostone was the most potent excitatory 

compound when compared to PGE2 (p<0.01) and ONO-D1-004 (p<0.001; Figure 7.19; 

a). The maximum response achieved with sulprostone was 102.5% hypotonic shock 

compared to 56.61% hypotonic shock for PGE2. In addition, PGE2 significantly 

enhanced contractility compared to ONO-D1-004 (p<0.01).  

In the middle uterine segment, no significant differences between sulprostone and PGE2

responsiveness were observed (Figure 7.19; b) although the maximum response evoked 

by sulprostone was greater than that of PGE2; 101.4% hypotonic shock compared to 

72.97% hypotonic shock respectively. Both sulprostone (p<0.001) and PGE2 (p<0.05) 

significantly increased contractility compared to ONO-D1-004. 

In the lower segment, no significant differences in responsiveness between sulprostone, 

PGE2 or ONO-D1-004 were observed (Figure 7.19; c). The maximum responses evoked 

by PGE2 (44.88% hypotonic shock) and sulprostone (40.06% hypotonic shock) were 

similar. 
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Figure 7.19: Concentration-effect curves for PGE2, sulprostone and ONO-D1-004 in a) 
upper (PGE2; n=6, Sulprostone; n=4, ONO-D1-004; n=4), b) middle (PGE2; n=6, 
Sulprostone; n=6, ONO-D1-004; n=4) and c) lower (PGE2; n=6, Sulprostone; n=5, 
ONO-D1-004; n=5) uterine segments taken from rats in late pregnancy. Responses 
were measured over a 10 minute time period as area under the curve and expressed as a 
percentage of the hypotonic shock.  Results are expressed as arithmetic mean ± S.E.M. 
and statistical analysis was carried out using two-way ANOVA with Bonferroni’s post-
hoctest. ***p<0.001, **p<0.01 and *p<0.05.  Increase in contractility in the response 
between asulprostone compared to PGE2; bsulprostone compared to ONO-D1-004 and 
cPGE2 compared to ONO-D1-004.  

b) a) 

c) 

MIDDLEUPPER

LOWER
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7.7.4.2: Post-partum uterus 

In the upper segment of the post-partum uterus (Figure 7.20; a), both PGE2 (p<0.001) 

and sulprostone (p<0.001) significantly increased contractility compared to ONO-D1-

004 at 10-5M. However, there was no significant difference in the maximum responses 

evoked by sulprostone (112.5% hypotonic shock) and PGE2 (111.1% hypotonic shock).  

In the middle segment, there was again no significant difference in the maximum 

responses of sulprostone and PGE2 (Figure 7.20; b) although sulprostone appeared to 

increase contractility more than PGE2 when comparing the increase in myogenicity 

from 10-9M to 10-5M (68.4% compared to 58% for PGE2). When compared to ONO-

D1-004, both PGE2 (p<0.05) and sulprostone (p<0.001) significantly enhanced 

myogenicity at 10-5M. 

In the lower segment, only sulprostone increased contractility when compared to ONO-

D1-004 (p<0.05), with no statistically different responses between PGE2 and ONO-D1-

004 (Figure 7.20; c). Although both PGE2 and sulprostone increased contractility in a 

concentration-dependent manner, the maximum response of sulprostone (77.02 % 

hypotonic shock) was greater than that of PGE2 (52.57% hypotonic shock).  



220 

     

Figure 7.20: Concentration-effect curves for PGE2, sulprostone and ONO-D1-004 in a) 
upper (PGE2; n=6, Sulprostone; n=5, ONO-D1-004; n=5), b) middle (PGE2; n=5, 
Sulprostone; n=6, ONO-D1-004; n=5) and c) lower (PGE2; n=6, Sulprostone; n=6, 
ONO-D1-004; n=4) uterine segments taken from rats in the early post-partum period. 
Responses were measured over a 10 minute time period as area under the curve and 
expressed as a percentage of the hypotonic shock.  Results are expressed as arithmetic 
mean ± S.E.M.M and statistical analysis was carried out using two-way ANOVA with 
Bonferroni’s post-hoctest. ***p<0.001 and *p<0.05.  Increase in contractility in the 
response between aPGE2 compared to ONO-D1-004 and bsulprostone compared to 
ONO-D1-004. 
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7.8: Discussion 

In this study, myometrial activity and functional response to FP, TP and EP agonists 

was examined at late gestation and in the early post partum period. Regional differences 

in functional prostaglandin receptor populations and intrinsic activity may help to 

determine the suitability of the rat as an in vivo model of human uterine function. 

The results suggest that a regional difference in intrinsic activity of the uterine horn is 

associated with pregnancy and the early post-partum period. During late pregnancy 

spontaneous activity of the uterine horn increased from the ovarian to the cervical 

region. This is in line with studies in the human myometrium which have found the 

lower segment to display a contractile phenotype throughout gestation whilst the upper 

segment remains relatively quiescent (Olson et al., 2007). As no regional differences in 

myogenic responses were observed during the oestrous cycle (chapter 6), this 

gestationally-related topographical difference may be due to a regional expression of the 

contractile associated proteins (CAPs) which are upregulated during pregnancy 

(Hendrix et al., 1995; Tabb et al., 1992). The expression of connexin-43, a gap junction 

protein, and COX-2, both of which are upregulated during pregnancy (Luckas et al., 

2000; Tattersall et al., 2008)  and are part of the CAP cascade, has been reported to be 

greater in the lower segment compared to the upper segment of the uterus (Lartey et al., 

2009). In addition, the expression of Rho proteins and contractile proteins such as 

caldesmon are found to be elevated in pregnant compared to non-pregnant rat 

myometrium (Olson et al., 2007). A regional expression in these contractile proteins 

may also account for the topographical myogenic responses observed in this study. 

Also, as parturition in the rat is associated with a rise in progesterone levels (Al-Matubsi

et al., 2001; Brodt-Eppley et al., 1998; Cook et al., 2000; Dong et al., 2000; Engstrom

et al., 2000; Myatt et al., 2004) and as progesterone is a myometrial relaxant, the close 

proximity of the upper segment of the uterine horn to the ovaries may lead to a regional 
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difference in intrinsic activity. It may be that at late gestation, a gradient of 

strengthening myogenic activity towards the cervix may help in developing a peristaltic 

movement to aid in delivery of the first pup closest to the cervix at term parturition.  

In contrast, post-partum uterine samples displayed increasing myogenicity from the 

cervix towards the ovarian end of the horn. The post partum period may require the 

upper horn to be more active in order to aid in propelling placental fluids, blood, tissue 

debris or endometrial exudates down the horn to be expelled after delivery. The relative 

low spontaneous activity of the cervical segment may also be due to the lower segment 

of the horn relaxing to enable the delivery of the last pup. However, further studies are 

required to establish the significance of a topographical myogenic response along the 

horn in the post-partum rat uterus. 

The endogenous ligand for the FP receptor, PGF2 ,  was used to determine if a regional 

functional expression of the FP receptor exists along the rat uterine horn. The results 

show that both the gestation day 18 and post-partum rat uterus is responsive to PGF2

and whilst there are no regional differences in the responsiveness to the spasomogen 

along the uterine horn in the post-partum period, the middle segment of the late 

gestation uterus appears most responsive to PGF2 . Studies in the rat and human uterus 

have reported that the FP receptor increases during pregnancy towards term (Griffiths, 

2007). It may be that this upregulation occurs in a topographical manner with greater 

expression in the middle segment in the gestational uterus. In the mouse uterus, the 

contractile response to PGF2  was consistent along the uterine horn from mice at 

parturition (Engstrom et al., 2000). This might suggest therefore that although the FP 

receptor may be upregulated during pregnancy, it is not subject to regional variation at 

labour or in the early post-partum period. 
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However, when comparing the two tissues together, PGF2  evoked a greater contractile 

response in post-partum tissue than in the gestation day 18 uterine strips.  The 

expression of the FP receptor is increased post-partum (Molnar et al., 1990) and a non-

significant increase in the binding sites for PGF2  post-partum have been reported 

(Olson et al., 2007). Further, the administration of PGF2  promotes uterine involution in 

cows (Lindell et al., 1982) and the duration of increased uterine synthesis of PGF2  is 

negatively correlated with the number of days to complete uterine involution and length 

of the interval between parturition and resumption of normal ovarian activity 

(Crankshaw et al., 1992). This would suggest that the increased responsiveness of the 

post-partum uterus to PGF2  is vital for post-partum contraction of the uterus, 

implicating an essential role for the FP receptor in uterine involution.  

In response to the TP receptor agonist, U46619, uterine activity in the lower segment of 

the uterine horn taken at late gestation increased. However, the upper and middle 

segments did not show any significant response to U46619, which is similar to 

published studies which found U46619 did not act on the gravid rat uterus (Griffiths, 

2007). However, the results would suggest that compared to the cycling rats (chapter 6), 

the TP receptor is upregulated in a topographical manner during pregnancy. The 

functional expression of this receptor in the lower segment may suggest the 

involvement of the TP receptor in uterine spontaneous activity, as the lower segment of 

the horn at late gestation was most active as previously discussed. In the mouse, the TP 

receptor also appears to be upregulated in a similar manner to the pattern of regional 

spontaneous activity along the uterine horn (Gratacap et al., 2001). As U46619 

stimulates Rho proteins (Griffiths, 2007), the regional functional expression of the TP 

receptor may suggest further  regional upregulation of the Ca2+ sensitising proteins in 

the gravid uterus. 
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In tissue taken from post-partum rats, U46619 increased uterine activity in all three 

segments. When comparing the three segments together, U46619 responsiveness was 

greatest in the upper segment compared to the middle and lower segments. This further 

suggests that the TP receptor may be involved in regulating uterine spontaneous activity 

with respect to functions related to gestation of the rodent uterus, as the ovarian end of 

the post-partum uterus displayed the greatest intrinsic activity. The results also suggest 

that there is a uniform upregulation of the TP receptor in the post-partum rat uterus. 

Upregulation of the TP receptor in both the middle and upper segments may occur 

during parturition, as in the parturient mouse uterus, there is no topographical difference 

in the functional responsiveness of the uterus to a TP receptor agonist along the horn 

(Perneby et al., 2011). The contractile forces of post-partum uterine contraction may 

require the combined potent uterotonic effects of PGF2  and U46619. Thromboxane 

production is seen to gradually increase during normal pregnancy and peaks after 

delivery in human (Dong et al., 1996) and both COX-1 and COX-2 are dramatically 

increased at parturition in the rat (Cong et al., 2006). This may result in the natural 

ligand upregulating its own receptor to provide the forceful contractions of labour and 

uterine involution.  

In both gravid and post-partum rat uterus, PGE2 evoked a concentration-dependent 

increase in contractility in all three segments. However in tissue taken at late gestation, 

the middle segment was the most responsive to PGE2 whilst in postpartal tissue it was 

the upper segment. In addition, when comparing the two tissue types, PGE2 

responsiveness was greater in the upper segment post-partum tissue compared to the 

gestation day 18 uterus. The enhanced contractile response to PGE2 in the middle 

segment of the late gestation uterus, suggests that the mid section of the uterine horn 

may contain a greater expression of receptors which can bind PGE2. The local PGE2

production at implantation (Astle et al., 2007) possibly via microsomal PGE synthase-1 
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and 2 (m-PGES-1 and m-PGES-2) and COX-2, all of which are expressed on the 

myometrium (Grigsby et al., 2006b) may lead to an up-regulation of EP receptors. In 

addition, EP receptors are present in the placenta and foetal membranes (Molnar et al., 

1990) which may lead to PGE2 acting on a greater number of EP receptors along the 

mid section of the horn, possibly due to greater numbers of placental sacs in this region. 

In the post-partum uterus, binding sites for PGE2 showed a significant increase on the 

third day after delivery (Ryan et al., 1972; Takamoto et al., 1998). This may be 

responsible for the increased uterine response to PGE2 in the post-partum uterus. 

Similar to the intrinsic activity and U46619 response, responsiveness to PGE2 was 

greatest in the upper segment of the involuting uterus. The topographical responsiveness 

to PGE2 may help in the extensive remodelling process of uterine involution which 

consists of cell proliferation, apoptosis and rapid collagen removal (Kindahl et al., 

1999). However, uterine involution which consists of three overlapping processes 

comprising of contraction, loss of tissue and tissue repair (Slama et al., 1991), is 

delayed by PGE2 in the cow (Abramovitz et al., 2000; Tsuboi et al., 2002). The 

significance of a regional responsiveness to PGE2 in the rat post-partum myometrium 

therefore requires further studying.  

These results also suggest that similar to the non-pregant rats (chapter 6), PGE2 is 

predominately acting on the contractile EP1 and EP3 receptors on the rat uterus. The 

results also indicate that either one or both of these two sub-types show a regional 

expression during pregnancy and in the involuting rat uterus.  In order to evaluate the 

PGE2 response further, EP1-4 receptor agonists were utilised.  

In the late gestation uterus, the results show that during pregnancy, sulprostone (EP3/1) 

increased contractility in a concentration-dependent manner in all three segments and a 

regional difference in response to the agonist was observed, with the upper and middle 
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segments being more responsive to sulprostone compared to the lower segment. The 

results further indicate that the predominant contractile receptor subtype PGE2 acts upon 

in the rat uterus is the EP3 receptor as ONO-D1-004 (EP1) did not evoke any response. 

As PGE2 produced the greatest contractile response in the middle segment, this would 

suggest that an inhibitory EP receptor sub-type is present in the upper segment along 

with EP3. However, whilst the EP4 agonist PDA124 did not affect myogenic responses 

suggesting a paucity of EP4 receptors on the rat uterus, butaprost (EP2 agonist), 

inhibited intrinsic activity in a concentration-dependent manner in all three segments.  

Sulprostone has affinity for the EP1 receptor but it predominantly actives the EP3

receptor sub-type (Myatt et al., 2004; Nathanielsz et al., 2004). A higher expression of 

the EP3 receptor has been reported in the fundus compared to the cervical region of the 

uterus in several species (Astle et al., 2005; Grigsby et al., 2006a) including the human 

(Astle et al., 2005). However, although expression of the EP3 receptor and its isoforms 

were found to down-regulate with advancing pregnancy in the human uterus (Grigsby et 

al., 2006a), at term pregnancy, the fundal region of the uterus expressed a greater 

population of the EP3 receptors when compared to the lower segment (Myatt et al., 

2004). The greater responsiveness of the gravid uterine horn to sulprostone in the upper 

and middle segments may therefore suggest that the EP3 receptor is involved in creating 

a topographical gradient along the uterus. This regional expression of the receptor may 

be necessary for parturition in both the rat and human uterus. Although abundant 

expression of the EP4 receptor has been found in the gravid rat uterus (Griffiths, 2007), 

the results indicate that the rat uterus does not have a functional EP4 receptor 

population. This is similar to the mouse uterus, which is also reported not to have 

functionally active EP4 receptors (Dong et al., 2000). 
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Expression of the EP2 receptor has been reported to be greater in the gravid rat uterus 

compared to tissue obtained from non-pregnant rats (Brodt-Eppley et al., 1998) but with 

advancing gestation, a down-regulation of the EP2 receptor has been reported (Arosh et 

al., 2003). This would contradict the results of this study which show that the EP2

receptor appears to be present uniformly across the uterine horn at late gestation. 

However, a significant increase in EP2 expression with pregnancy has been reported in 

the bovine myometrium (Shi et al., 2005).  A uniform expression of the EP2 receptor in 

this study indicates that it might be involved in uterine quiescence. It may also have a 

role during embroyo implantation in rats, as EP2 mRNA and protein expression are 

increased on day 6 of pregnancy at implantation sites, compared to undetectable levels 

in the uterus from days 1 to 4 (Ma et al., 1999). 

In post-partum rat uterus, the results show that sulprostone evoked a monophasic 

increase in contractility in all three segments, although a regional difference between 

the three segments in response to sulprostone was not observed. Both ONO-D1-004 and 

PDA124 failed to elicit a response in the post-partum uterus, suggesting that uterine 

involution is devoid of EP1 and EP4 receptor mediated activity. Butaprost however 

inhibited myogenicity in the upper and middle segments, with the middle segment being 

most responsive. The cervical end of the horn however did not respond to butaprost. 

These results suggest that similar to the TP and FP receptor, the EP3 receptor in the 

post-partum uterus is not subject to regional variation. Upregulation of the EP3 receptor 

has been reported during labour in the sheep (Astle et al., 2005) which in the rat, may 

lead to a uniform expression along the horn at post-partum. However, the EP2 receptor 

does appear to show a topographical change along the horn, with greater density of the 

receptor in the mid section of the horn followed by the ovarian end. During pregnancy, 

no gestational related changes in the EP2 receptor were observed in the human uterus 

(Smith et al., 2001) but a reduction in the expression of the EP2 receptor at labour has 
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been reported in the baboon (Giannopoulos et al., 1985). Thus regulation of the EP2 

appears to be species dependent.  

When compared, responsiveness to sulprostone was not significantly different in the 

upper and middle segments between tissues obtained at late gestation or at post-partum. 

However in the lower segments, post partum uterus was significantly more responsive 

to sulprostone than the gravid segment. This indicates that as previously mentioned the 

EP3 receptor population is low in the lower segment of the uterine horn at late gestation. 

No differences in response to butaprost between gestation day 18 and post-partum 

myometrium in matched uterine segments were observed, indicating that the EP1 and 

EP4 receptors may not have a role in modulating uterine motility in either late gestation 

or in uterine involution. However, the affinity and concentration of PGE2 receptors were 

found not to be significantly different before and during labour at term (Fischer, 2010; 

Hutchinson, 2005).  

As suggested previously, PGE2 appears to act via the EP3 receptor subtype in the rat 

uterus. To determine the contribution of this receptor sub-type to the PGE2 response, the 

contractile response of PGE2 and sulprostone was compared in the three segments. 

Although ONO-D1-004 did not appear to be functionally active, responses of this 

agonist were also compared. The results show that during late pregnancy, in the upper 

segment, sulprostone evoked a greater excitatory response than PGE2. In the middle and 

lower segments however, no significant differences between sulprostone and PGE2

responsiveness were observed, although the maximum response evoked by sulprostone 

was greater than that of PGE2 in the middle segment. This would suggest that during 

late gestation, in both the middle and lower segments, PGE2 is acting solely via the EP3

receptor, but in the upper segment it may act on an inhibitory population of EP 
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receptors or a different combination of the EP3 receptor isoforms exist in the ovarian 

region in the term gravid rat uterus.  

In post partum tissue, in the upper and middle segments, no significant difference in the 

maximum responses evoked by sulprostone or PGE2 was observed, although in the 

middle segment sulprostone appeared to increase contractility more than PGE2. In the 

lower segment, the maximum response of sulprostone was greater than that of PGE2. 

This suggests that whilst the maximum contractile response of PGE2 is through the EP3

receptor, PGE2 action on other receptors creates a reduced contractile response in the 

lower and middle sections of the post-partum uterus. This indicates that whilst PGE2 is 

predominantly contractile on the rat uterus, its contractile response also comprises of 

activation of inhibitory receptors, most likely to be the EP2 receptor.   

In summary, the results suggest that the enhanced uterine contractions associated with 

pregnancy and uterine involution involve contractile prostanoid receptors, which 

includes the TP receptor, as the results indicate an up-regulation of this prostanoid 

receptor during both gestation and at post-partum. In addition, whilst regional 

differences in the functional expression of the TP and EP3 receptor exist at late 

gestation, post-partum uterus is associated with a uniform expression of the FP, TP, and 

EP3 receptors. The topographical differences in the TP and EP3 receptors during late 

pregnancy may be involved in preparing the uterine muscle for parturition. In addition, 

the results suggest a regional distribution of the EP2 receptor subtype at post-partum, 

indicating a smaller population of the EP2 receptor is present in the cervical region. The 

increased response to PGF2 in the post-partum uterus also indicates an essential role for 

the FP prostanoid receptor in uterine involution. Further studies are however required to 

establish the significance of the gradient in myogenic responses during both late 

pregnancy and the post-partum period in the rat uterus. 
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Chapter 8.0: Final discussion 

One of the main aims of this thesis was to determine the suitability of the rat as a 

potential in vivo model of human reproductive disorders. This aim was investigated 

using a functional organ bath technique (immersion method) to determine both the 

intrinsic activity and myometrial prostaglandin receptor populations on both the rat and 

human uterus.  

The results of this study show that the spontaneous activity of the human uterus 

obtained from the fundal region of the isolated uterine muscle, was greatest during the 

follicular phase, followed by that seen in samples taken at ovulation and then menses. 

Previous immersion studies in this laboratory have also found a change in myogenicity 

across the menstrual cycle, with activity greatest in the follicular phase and lowest 

during menses (Griffiths, 2007). In the rat however, uterine activity was greatest in the 

oestrous phase followed by that seen during pro-oestrous and then metoestrous and 

dioestrous phases. Previous studies from this laboratory using isolated uterus from the 

mouse have also shown that the intrinsic activity is greatest at oestrous followed by pro-

oestrous and then metoestrous and dioestrous in the lower segment of the horn (Strauss

et al., 2004).  

These results indicate that uterine motility is likely to be governed by the sex steroids 

oestrogen and progesterone. Oestrogen which is high during the follicular phase and 

during ovulation (Âkerlund, 2004; Domali et al., 2001; Strauss et al., 2004) is involved 

in the up-regulation of contractile associated proteins (CAP) which include the potent 

contractants oxytocin, endothelin 1 and vasopressin (Hendrix et al., 1995; Wathes et al., 

1982) and also the expression of connexin 43 (Cxn-43) mRNA, a major protein of 

myometrial gap junctions (Jabbour et al., 2006a; Maybin et al., 2011). Upregulation of 

these CAPs is likely to increase myogenicity as the formation of increasing gap 



231 

junctions will enable increasing co-ordinated contractions. The loss of steroid hormone 

receptors ER and PR, breakdown of the endometrial lining, loss of CAPs and an 

increase in inflammation (Downing et al., 1981)  may all contribute to the uterine 

quiescence and reduced myogenicity during menses.  In the rat however, the high 

intrinsic activity at oestrus is likely to be due to the low circulating levels of ovarian 

steroids at this time as oestrogen inhibits the spontaneous activity of the rat uterus 

(Crane et al., 1991; Hendrix et al., 1995) and therefore low levels of it during oestrous 

may allow resumption of intrinsic activity.  During pro-oestrous, when myogenic 

activity was also high, the inhibition of mygenicity evoked by oestrogen may have been 

attenuated by the high levels of circulating progesterone, a natural antagonist of 

oestrogen (Jabbour et al., 2009). These results suggest that whilst the rodent uteri (both 

rat and mouse) respond similarly to the ovarian steroids during the oestrous cycle, the 

effect of these steroids on uterine myogenicity is different when compared to the human 

uterus. Caution therefore must be used when extrapolating between the species when 

comparing ovarian steroid action on uterine intrinsic activity.   

In addition to regulating uterine growth and regeneration as observed in the non-

pregnant state, results from this thesis also suggest that the ovarian steroids may have a 

role in prostaglandin biosynthesis. Using the LC-ESI-MS/MS method, the provisional 

data from this thesis show increasing parent series-2 prostanoid biosynthesis as the 

menstrual cycle progresses, reaching a peak during the late follicular stage, and then 

falling again. During the follicular stage, oestrogen levels steadily rise, reaching a peak 

just before ovulation. As oestrogen is involved in upregulating COX-2 (Strauss et al., 

2004) and ovulation itself is associated with high prostaglandin levels (Griffiths, 2007), 

the detection of high prostanoid levels during the late follicular phase is likely to be 

reflecting these systemic hormonal changes. However, the sample numbers do require 

increasing before any firm conclusions can be made.
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During pregnancy, spontaneous activity of the human and rat uterus increased compared 

to the non-pregnant state. Activity has also been reported to increase during pregnancy 

in the mouse (Fetalvero et al., 2008). Although the uterus is in a state of uterine 

quiescence during pregnancy, increasing passive myometrial stretch caused by the 

growing conceptus (Strauss et al., 2004), uterine hypertrophy (Popescu et al., 2007) and 

the observance of interstitial like cells of Cajal on the myometrium during pregnancy 

(Fetalvero et al., 2008; Li et al., 2009) may all contribute to the increased myogenicity 

of the term gravid uterus compared to the non-pregnant state. Expression levels of 

contractile apparatus proteins including myosin, calponin and h-caldesmon are also up-

regulated during pregnancy (Grigsby et al., 2006a)  which may contribute further to the 

enhanced myogenicity.  

Although samples from the human uterus were limited to the lower segment from 

pregnant donors, in the rat uterus, myogenic activity of isolated horns taken at late 

gestation and post-partum suggest that a regional difference in intrinsic activity of the 

uterine horn is associated with pregnancy and the early post-partum period. During late 

pregnancy, spontaneous activity of the uterine horn increased from the fundal to the 

cervical region. This is in line with studies in the human myometrium which have found 

the lower segment to display a contractile phenotype throughout gestation whilst the 

upper segment remains relatively quiescent (Bos et al., 2004; Lebel et al., 2004). In 

contrast, during the post-partum period the uterus displayed increasing myogenicity 

from the cervix towards the ovarian end of the horn. Whilst the relative low 

spontaneous activity of the cervical segment may help to enable delivery of the last pup, 

the relevance of a topographical myogenic response in the post-partum uterus in relation 

to uterine function requires further study. Investigating the role of smooth muscle 

contractile and relaxant elements during the post-partum period may be one way to do 

this. 
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To investigate the prostaglandin receptor populations on the human and rat uterus, 

prostaglandin agonists and antagonists were utilised. The results from this thesis show 

that in the human uterus, PGE2 evoked a concentration-dependent inhibition of uterine 

contractility but it contracted the isolated uterus from the rat (Cao et al., 2002). 

Although PGE2 is able to evoke a biphasic response in the human and porcine uterus 

(Griffiths, 2007), it contracts the mouse uterus (Bos et al., 2004). This would suggest 

that the PGE2 response is species specific and as PGE2 signals through its G protein 

coupled receptors EP1-EP4, it is likely that the presence of a predominant sub-type is 

responsible for the PGE2 response, as whilst EP2 and EP4 induce cAMP and thus 

myometrial relaxation, EP1 and EP3 receptors enhance uterine contractility through 

increases in Ca2+  (Oka et al., 2003).  

To determine the functional contribution of these receptor subtypes to the PGE2

response, EP1-4 agonists were used. In the human non-gravid uterus, sulprostone (EP3) 

and the EP1 agonist ONO-D1-004 (Griffiths, 2007) failed to elicit a response in this 

study, possibly due to the low sample numbers obtained from different stages of the 

menstrual cycle. However using myometrium obtained from term pregnant donors, 

sulprostone evoked a contractile response but ONO-D1-004 appeared to be ineffective. 

Similarly, in the rat uterus (both gravid and non gravid), sulprostone increased 

contractility in a monophasic manner, whilst ONO-D1-004 did not induce any 

responses. Previous studies on the mouse isolated  uterus from this laboratory also 

found sulprostone to evoke an increase in contractility (Griffiths, 2007)  with ONO-D1-

004 causing a reduced  response in contractility compared to sulprostone and PGE2 

(Smith et al., 2001). This may suggest that although a small population of EP1 receptors 

are present on the mouse uterus, the human and rat uterus are devoid of the EP1 receptor 

subtype. In addition, expression studies have reported conflicting results for EP1

receptor mRNA in the uterus. Some studies have reported the expression of EP1 in the 
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baboon (Astle et al., 2005) and human uterus (Ma et al., 1999; Palliser et al., 2005), 

others have reported no expression of the EP1 receptor in the sheep (Terry et al., 2008) 

and guinea pig myometrium (Fischer, 2010; Senior et al., 1992). Therefore it may be 

that functional PGE2 regulation of the EP1 receptor is species dependant. The results 

also suggest that the main contractile EP receptor on both rat and human uterus is the 

EP3 receptor. This has been concluded before in this laboratory in both the human 

(Griffiths, 2007) and mouse uterus (Young, 2005). 

The contribution of the relaxatory EP2 and EP4 receptors to the PGE2 response were 

studied further using EP2 and EP4 agonists. The results show that on both the human 

and rodent uterus, butaprost reduced contractility but the EP4 receptor agonists 

AGN197564 and PDA124 (Cao et al., 2005) did not effect myogenic responses when 

compared to the vehicle. The EP2 receptor has been reported to be found on the non-

pregnant porcine uterus (Garcia-Villar et al., 1995). AH13205, an EP2 receptor agonist, 

failed to elicit a response on the rat uterus in this study, but it has been reported to evoke 

a concentration-related inhibitory response in the baboon uterus but had no effect on 

myometrial uterine strips from pregnant sheep (Griffiths, 2007). These results indicate 

that the expression of the EP2 receptor in the uterus is also species dependent. The data 

from this thesis suggest that there is a paucity of EP4 receptors on both the human and 

rat uterus. In the mouse uterus, PDA124 evoked inhibition of 5-HT driven myogenic 

activity which was reduced by GW 627368 (Fischer, 2010) but PDA124 in the human 

myometrium did not significantly affect myogenic responses when compared to the 

vehicle (Dong et al., 2000). It may be that unlike the mouse uterus, both the rat and 

human uterus do not consist of a functional population of the EP4 receptors. This may 

further support a role for the rat as an in vivo model of human reproductive disorders.  
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In the gravid human uterus, total inhibition evoked by PGE2 was much less than that 

observed in non-gravid myometrium (table 8.1). As the data from this thesis suggest 

that the human uterus is devoid of inhibitory EP4 receptors, the inhibitory effect of 

PGE2 is likely to be mediated by the EP2 receptor subtype. Expression of the EP2

receptor has been reported to be greater in the gravid rat uterus compared to tissue 

obtained from nonpregnant rats (Brodt-Eppley et al., 1998) but with advancing 

gestation, a down-regulation of the EP2 receptor has been reported (Terry et al., 2008) 

which may be responsible for the reduced inhibitory response observed. However, 

during pregnancy, no gestational-related changes in the EP2 receptor were observed in 

guinea pig (Smith et al., 2001) or baboon uterus (Arosh et al., 2003) but a significant 

increase in EP2 receptor expression with pregnancy has been reported in the bovine 

myometrium (Myatt et al., 2004; Nathanielsz et al., 2004).  

In the rat, comparing the PGE2 response between the non pregnant, pregnant and post-

partum states, the results from this thesis suggest whilst no differences were observed 

between the non pregnant and pregnant states, there is a significant upregulation of the 

contractile EP3 subtype post-partum (p<0.01; table 8.2). In addition, a topographical 

expression of the EP3 receptor on the pregnant and postpartal uterus was observed. A 

higher expression of the EP3 receptor has been reported in the ovarian end compared to 

the cervical region of the uterus from the rat and baboon (Astle et al., 2005; Grigsby et 

al., 2006a) and also the human (Griffiths, 2007). The results may indicate that regional 

expression of the EP3 receptor may be necessary for parturition in various species. 

During dioestrous, a significant regional difference in response to PGE2 was observed, 

with the upper segment being more responsive. This is contrary to previous functional 

studies from this group which report PGE2 evoked a similar response along the length 

of the mouse uterine horn during dioestrus (Cao et al., 2005). However, in the porcine 
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uterus, PGE2 responsiveness was greatest in the cornu (Fischer et al., 2008b; 

Hutchinson, 2005). This may suggest that the PGE2 response is species specific and also 

regionally regulated.  

The results of this study show that PGF2  did not evoke a functional response on the non 

pregnant human uterus. However, this is likely to be due to limited sample numbers as 

previous studies from this laboratory using the immersion method have shown PGF2  to 

be a potent FP receptor agonist on the human non-gravid uterus (Anwar et al., 2000). 

However the influence of inhibitory FP receptors (Vielhauer et al., 2004), FP splice 

variants (Calebiro et al., 2010b) and receptor desensitisation and internalisation 

(Fischer, 2010) cannot be excluded. Further studies are required therefore to explore the 

effect of pooled tissue on the apparent uterine unresponsiveness to PGF2 . On the gravid 

human uterus however, PGF2  increased smooth muscle contractility as it did on the rat 

uterus, obtained from the non pregnant, pregnant and post-partum rats.   

Table 8.1: The maximum inhibitory and excitatory responses (% hypotonic shock) 

obtained by EP1-4 receptor agonists on human uterus from non-pregnant (mixed 

menstrual phase; n=1-5) and term pregnant (n=4-6) donors. Data are expressed as 

arithemetic mean ± S.E.M. **p<0.01, non pregnant compared to pregnant. ND= not 

determined, N/A= not applicable. 
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Table 8.2: The maximum inhibitory and excitatory responses (% hypotonic shock) 

obtained by EP1-4 receptor agonists on upper rat uterus obtained from non-pregnant 

(dioestrus; n=5) and pregnant (day 18; n=5) and post-partum (n=6) animals. Data are 

expressed as arithemetic mean ± S.E.M. ***p<0.001; **p<0.01, anon pregnant 

compared to post-partum, bpregnant compared to post-partum; cnon-pregnant 

compared to pregnant. ND= not determined, N/A= not applicable.  

Comparing the PGF2  response on the isolated rat uterus obtained from the non-

pregnant and pregnant rats, the results show that PGF2  increased contractility in the 

post-partum uterus when compared to the non-pregnant and pregnant state (table 8.3). 

This is in line with studies in our laboratory (Al-Matubsi et al., 2001; Brodt-Eppley et 

al., 1999; Dong et al., 2000; Myatt et al., 2004; Palliser et al., 2005) and observations 

by others, that both PGF2  and the expression of its prostanoid receptor (FP) are 

upregulated in the myometrium at term labour  (Engstrom et al., 2000). In addition, the 

expression of the FP receptor is increased at post-partum (Molnar et al., 1990) and a 

non significant increase in the binding sites for PGF2  post-partum have been reported 

(Fischer, 2010). This would suggest that the increased responsiveness of the post-

partum uterus to PGF2  is vital for post-partum contraction of the uterus, implicating an 

essential role for the FP receptor in uterine involution.  
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Table 8.3: The maximal excitatory responses (% hypotonic shock) evoked by FP and TP 

receptor agonists on upper rat uterus obtained from non-pregnant (dioestrus; n=5) and 

pregnant (day 18; n=5) and post-partum (n=6) animals. Data are expressed as 

arithemetic mean ± S.E.M. ***p<0.001; **p<0.01, compared to post-partum. ND= not 

determined. 

In addition, a regional difference in response to PGF2  was observed at pro-oestrous, 

where the responsiveness of the lower segment to PGF2  was significantly greater than 

that observed in the upper segment. In myometrium from non-pregnant human donors, 

PGF2  responsiveness was greater in the lower compared to upper segment myometrium 

(Griffiths, 2007). However in the mouse, the upper portion of the uterine horn was more 

responsive to PGF2  compared to the ovarian end (Cao et al., 2005) and in the non-

pregnant porcine myometrium, the contractile response to FP receptor agonists was 

strongest in the cornu but weakest in the corpus and cervix in pro-oestrous porcine 

uterus (Griffiths, 2007). This would suggest that the topographical regulation of FP 

receptor may be species dependent.  

U46619, a potent thromboxane mimetic, increased contractility in both the non-

pregnant and pregnant human uterus, similar to the mouse uterus (Whalley et al., 1980). 

However it did not significantly change myogenicity along the horn in uterine samples 

taken from across the oestrous cycle in the rat. This lack of response on the rat uterus 

has been reported before using  in vitro functional studies and uterine strips obtained 

from rats in dioestrus (Wainman et al., 1988) and from oestrogen dominated rats 

(Griffiths, 2007). However, on late gestational and post-partum rat uterus, U46619 
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displayed a regional functional response, suggesting that compared to the cycling rats, 

the TP receptor is upregulated in a topographical manner during pregnancy and in the 

post-partum period. A regional distribution of the TP receptor has been reported in the 

mouse uterus in the upper segment compared to the lower in the dioestrous mouse 

(Fischer, 2010) and in the cervix compared to the fundus in the follicular stage human  

myometrium (Cao et al., 2004). In the porcine uterus TP receptors have also been 

identified and display a regional distribution with the fundus-corpus area having a 

greater abundance of TP receptors than the cervical end tissues (Senior et al., 1992). 

Cicaprost, an IP receptor agonist, reduced contractility in both the non pregnant and 

pregnant human uterus, although no significant difference in this inhibition between the 

two states was observed (table 8.4). This is in contrast to the rat uterus, where cicaprost 

did not affect myogenicity. The results suggest that whilst the human uterus contains IP 

receptors, the rat uterus is devoid of functional IP receptor populations. The results also 

show that the PGD2 did not inhibit myogenicity on the rat uterus across the oestrous 

cycle. However, the presence of DP receptors in the uterus based on findings of a 

relaxatory response to BW-245C, a PGD2 analogue, has so far only been demonstrated 

in the human (Cao et al., 2005) and porcine uterus (Jones et al., 2011).  

Table 8.5: The maximal excitatory and inhibitory responses (% hypotonic shock) 

evoked by FP, TP and IP receptor agonists on isolated uterus obtained from non-

pregnant (mixed menstrual phases n=2-5) and pregnant (term non labour; n=5-6) 

human donors. Data are expressed as arithemetic mean ± S.E.M. ND= not determined. 
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The second aim of this study was to evaluate several novel prostaglandin receptor 

antagonists. The EP1 (SC-51322) and EP3 (L-826266) receptor antagonists did not 

antagonise the EP receptor agonists on the human or rat uterus.  Recent studies have 

shown that L-826266 has a slow onset of activity (Griffiths, 2007) which may 

compromise it’s antagonist action and contribute to the lack of functional activity 

displayed in this study. AH6809 was also shown to be an ineffective antagonist. 

Previous studies from this laboratory using mouse (Fischer, 2010) and human (Griffiths, 

2007) uterus have also found that AH6809 did not antagonise the responses of PGE2

and EP receptor subtype agonists. The EP4 receptor antagonist GW627368X did not 

affect the responses of the EP4 receptor agonists PDA124 and AGN197564 on the rat 

uterus in this study. In the mouse uterus, PDA124 evoked inhibition of 5-HT driven 

myogenic activity which was reduced by GW 627368 (Fischer, 2010), but in the human 

uterus, GW 627368 did not affect responses to PGE2 or PDA124 . The FP receptor 

antagonist AS604872 did not antagonise the FP, EP or TP receptors in myometrial 

tissue from either the human or rat uterus.  In the human uterus AL-8810 did not 

antagonise the FP receptor either. However, the TP receptor SQ 29548 and the IP 

receptor antagonists CAY10449 and R0118542 were shown to be effective receptor 

antagonists. 

 The disappointing results with the antagonists suggest a need for the development of 

more selective prostanoid antagonists. However, to fully evaluate the response of the 

antagonists used, a future aim could be to use a parallel superfusion method. As the 

immersion method used in this study immerses the tissue in bathing fluid, the 

equilibrium developed between the prostaglandin receptor antagonists and the 

membrane receptor may mask the action of these compounds. This method may also 

cause receptor desensitisation as prostaglandin analogues may build up on the receptor 

surface.  Use of the functional method superfusion may overcome these limitations as 
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this method enables direct contact between the drug and the receptor membrane, helping 

to determine the immediate action of the prostaglandin analogues once bound. In 

addition, use of this method will enable direct comparisons to be made between the two 

functional methods, helping to gain a detailed insight into the interaction between the 

prostaglandin analogues and their prostanoid receptor.  

The provisional results gained by the LC-ESI-MS/MS method used in this study were 

limited by the low sample numbers used. Increasing sample numbers from each stage of 

the menstrual cycle as well as during pregnancy will overcome this limitation. Although 

a trend towards greater prostaglandin output during the follicular phase was observed 

from the non-pregnant donor samples, analysis of circulating blood plasma oestrogen 

and progesterone alongside the myometrial prostaglandin release will help to correlate 

the prostanoid biosynthesis with steroid levels. Doing this will help to gain a detailed 

insight into the interaction between prostaglandins, steroids and uterine function, which 

may lead to a greater understanding of menstrual disorders and uterine abnormalities.  

Working within ethical guidelines, human uterine samples should also be obtained from 

the whole length of the uterus, from across the menstrual cycle and during the different 

stages of pregnancy. This will allow correlation with the rat uterus, allowing 

comparison between receptor topography and regional myogenicity. This will also help 

increase understanding of the role of prostanoids in uterine function in both the rat and 

human uterus. Doing so may further help validate the role of the rat as an in vivo model 

of human uterine disease. In addition, using uteri obtained from different species, in 

particular during post-partum will help develop a greater understanding of prostaglandin 

function across species. 

Another future aim of this project could be to determine myometrial prostaglandin 

receptor populations from women experiencing uterine abnormalities such as 
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endometriosis and menorrhagia. Comparing with the normal uterine state, this will lead 

to greater understanding of the prostanoid function which may lead to more selective 

and potent receptor agonists and antagonists, such as the development of a more 

selective FP receptor antagonist, which may find a therapeutic use in disorders such as 

preterm labour. 

In summary, the results of this thesis suggest that both the human and rat uterus display 

cyclical changes in uterine motility. In addition, the results also indicate that in the 

gestational and post-partum rat uterus, intrinsic activity is regionally regulated, with the 

upper segment of the gestational and lower horn of the post-partum rat uterus displaying 

the greatest myogenicity. This study also found that the human uterus has a functional 

prostaglandin receptor population consisting of the EP3, EP2, TP, FP and IP receptors. 

The rat however, only appears to consist of a functional population of EP3, EP2, and FP 

receptors, although the TP receptor appears to be upregulated in a regional manner 

during gestation and post-partum. Although the majority of antagonists utilised in this 

study did not prove to be potent inhibitors of prostaglandin action, in particular the most 

recently developed antagonist for the FP receptor, AS604872, the IP receptor 

antagonists were found to be effective at attenuating the cicaprost induced inhibition of 

myogenicity. 
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Appendix 

Appendix A1: Patient information form for uterine muscle taken at Caesarean section 

from pregnant donors (see overleaf for form) 

Appendix A2: Patient information form for uterine muscle taken at hysterectomy from 

non pregnant donors (see overleaf for form)  



Patient Hospital Number 
First 3 letters of patient surname 

Reproduction Research Group, School of Pharmacy, University of Bradford, BD7 1DP
Miss Debbie Fischer, Miss Jo Durn, Prof. Kay Marshall Tel: 234693, 232323 ext. 5246 / 4675 
Ethical Tissue, University of Bradford, West Yorkshire, BD7 1DP  Tel: 01274 235897 
REC ref: 07/H1306/98     R&D ref: ReDA 937

 (Appendix A1) Pregnant donor form – myometrial tissue & umbilical cord
Reproduction Research Project

Patient ET No. (top left box of consent 
form)  Age (yrs)  

Date  Time of delivery  
Consultant 
Ethnicity (White European, Indian 
subcontinent, black African, black 
American/ Caribbean, Chinese) 
      - Other (please specify) 
Gestation length (weeks) 
Blood Pressure (mmHg) 
Number of previous gravida:  
Number of  miscarriages: abortions: 
Number of previous labours Preterm: Term: 
Number of previous Caesareans Preterm: Term: 
Number of previous vaginal births Preterm: Term: 
Does the mother smoke? Y N 
If Yes, how many per day?  

Does the mother have any of the 
following medical conditions: 

(please tick where appropriate) 

- essential hypertension  
- gestational hypertension  
- pre-eclampsia  
- diabetes  - IDDM  
 - NIDDM  
 - Gestational  
- Other (please state)  

Rh factor 
Body Mass Index before pregnancy  
Any current medication  
Anaesthetic General Spinal 

If labouring: Duration  
(hrs):  Stage: Dilation   

(cm): 

Drugs used in labour: 

Reason for Caesarean section: 

(please tick where appropriate) 

- Maternal/ foetal distress  
- Multiple births  
- Abnormal presentation  
- Failed induction of labour
- Dystocia  
- Other (please state)  

Any other comments 
? Planned treatments 
? Planned follow up 

  



Patient Hospital Number 
First 3 letters of patient surname 

Reproduction Research Group, School of Pharmacy, University of Bradford, BD7 1DP
Miss Debbie Fischer, Miss Jo Durn, Prof. Kay Marshall Tel: 234693, 232323 ext. 5246 / 4675 
Ethical Tissue, University of Bradford, West Yorkshire, BD7 1DP  Tel: 01274 235897 
REC ref: 07/H1306/98     R&D ref: ReDA 937

(Appendix A2)  Non-pregnant donor info form – myometrial and endometrial tissue

Patient ET No. (top left box of 
consent form)  Age (yrs)  

Date  Time of surgery  
Consultant 
Ethnicity (White European, Indian 
subcontinent, black African, black 
American/ Caribbean, Chinese) 
      - Other (please specify) 
Stage of Menstrual cycle Menstruation Follicular Ovulation Luteal 

Type of surgical procedure laparoscopy hysterectomy Other (please 
state): 

Site of endometrial tissue 
excision (please specify): 

Eutopic: Ectopic: 

Comments on location, size & 
number of endometrial lesions 
Site of hysterectomy (please 
ligature fundus end) Fundus Lower Total 

Blood Pressure (mmHg)  

Body Mass Index 

Number of previous  gravida: miscarriages: abortions: 
vaginal births: Caesarean sections: 

Does the patient smoke? Y N 
If Yes, how many per day?  

Does the patient have any of the 
following medical conditions: 

(please tick where appropriate) 

- endometriosis mild moderate severe 
- fibroids  
- menorrhagia  
- dysmenorrhoea  
- pelvic pain  
- Fertility problems infertility subfertility 
- Diabetes IDDM NIDDM 
- Other (please state)  

Rh factor 

Medication history and dates 

Any current medication 

Reason for procedure: - recurrent pathology  
- severe disease state  
- Other (please specify)  

Date medical condition was 
diagnosed 
Any other comments 
? Planned treatments 
? Planned follow up 
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