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ABSTRACT

The ovine endometrial oxytocin receptor (OTR) plays a pivotal role in both luteolysis
and maternal recognition of pregnancy.

The purpose of this PhD thesis was to

investigate structure, function, localisation and regulation of OTR in light of this role.

An ovine endometrial OTR cDNA was sequenced. The encoded receptor was a 391
amino acid polypeptide, 94% homologous to a previously reported human myométrial
OTR, and was assigned to the G-protein-coupled seven transmembrane domain
receptor family. The ovine OTR contained two extra amino acids compared to the
human OTR, located in the third intracytoplasmic loop; the region associated with Gprotein coupling. Northern blot and primer extension analysis revealed multiple OTR
transcript sizes in oestrous endometrium of 1.65, 2.5, 3.9 and 6.2 kb and a possible
transcription start site 90 base pairs upstream of the ATG translation initiation codon.

The OTR cDNA was transiently expressed in Cos-7 cells and shown to be fimctional.
Binding parameters for the expressed receptor were consistent with native OTR.
Accumulation of inositol phosphates in OTR cDNA transfected Cos-7 cells was
measured in response to treatment with ligand, non-specific G-protein analogues
(AIF4 , GTPyS), pertussis toxiu (PTX) and a phospholipase C (PLC) inhibitor to
characterise oxytocin-induced stimulation of PLC activity. OTRmRNA was localised,
using in situ hybridisation, primarily to the epithelial cells. It first appeared in the
luminal epithelium (LE) on day 14 of the cycle and reached a peak at oestrus. OTR
mRNA was absent during early pregnancy, appearing only on day 21 vdiich coincides
with the time at which the inhibition of OTR by trophoblast interferon (IFNt) ceases.
In situ hybridisation on uterine sections from ovaiiectomized steroid-treated ewes
demonstrated that OTR mRNA was under transcriptional control such that
progesterone loses its inhibitory influence in the LÉ on day 14, whereas development
in the myometrium at oestrus is oestrogen-dependent. Oxytocin had no effect on its
own receptor at the level o f gene transcription, suggesting its reported inhibitory effect
occurs at the level of translation or down-regulation of functional OTR.
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Chapter 1

Literature Review

1.1

Introduction

In all polyoestrous mammalian species that ovulate spontaneously the formation of a
functional corpus luteum (CL) in both infertile and fertile cycles is the key event in
determining length of the ovarian oestrous cycle, recognition of pregnancy and
subsequent embryo survival. The endometrial oxytocin receptor (OTR) plays a pivotal
role in determining the endocrine mechanisms controlling CL function during the cycle
and in early gestation and this has been studied extensively in domestic ruininants and
in particular the sheep. It is, therefore, important to gain an insight into the molecular
biology o f this receptor, and this is the subject of this thesis.

1.2

The corpus luteum

The CL is formed firom the granulosa and thecal cells of the ovarian follicle ruptured
at ovulation. Luteal cells synthesize and secrete progesterone, the so-called 'hormone
of pregnancy', which acts on target organs including the genital tract and mammary
gland, to prepare them for successful pregnancy and subsequent embryo nourishment.

Two basic types of luteal steroidogenic cell have been identified in many species
including the sheep (Fitz et al., 1982), cow (Koos et al., 1981) and man (Crisp et al.,
1970). These are classified on the basis of cell size and fall into two categories, small
(10-22pm in diameter) and large (>25pm in diameter). The small luteal cells are
derived from the thecal layer of the pre-ovulatory follicle whereas the large cells can
be fiirther sub-divided into those derived fiom the granulosa layer and those that
differentiate from the theca-derived small cells at an early stage in the oestrous cycle
(jAlila& Dowd, 1991).
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Together these cells occupy 50% of the mid-cycle sheep CL (Farm et aL, 1989) and
70% of the mid-cycle luteal tissue of the cow (O'Shea et al., 1989) with the remainder
being comprised of connective tissue and vascular elements.

The small and large luteal cells have been characterised further on the basis of
morphology, staining qualities and appearance of intracellular organelles. The small
cells are stellate in shape, contain an irregularly shaped nucleus, abundant smooth
endoplasmic reticulum, numerous mitochondria and lipid droplets. The large cells also
contain large amounts of smooth (ER) and numerous mitochondria characteristic of
steroidogenic cells. In addition they contain stacks of rough ER and electron dense
granules in their cytoplasm which in sheep contain both oxytocin and its carrier
protein, neurophysin (Sawyer et al., 1986; Theodosis et al., 1986).

The two cell types can also be distinguished by their response to hormones. Both
secrete progesterone, with the larger cells secreting more progesterone per cell. The
mechanism controlling steroidogenesis in the large cells remains unclear, although it
is known to be independent o f stimulation by luteinizing hormone (LH; Niswender et
aL, 1985), despite the fact that both the small and large luteal cells contain LH
receptors (Harrison et al., 1987).

LH, secreted from the anterior pituitary gland, is responsible for the formation,
maintenance and regulation of progesterone synthesis by the ruminant CL.

The

trophic role o f LH was first demonstrated in the rat where, following hypophysectomy
and reduced

circulating plasma progesterone, normal plasma progesterone

concentrations were restored by the admmistration of LH (Behrman et al., 1971).
Further support for the hypothesis that luteal function is dependent on LH arose fiom
studies using anti-LH sera where immunoneutralisation of LH induced abrupt cessation
of luteal fimction in the sheep (Fuller & Hansel, 1970) and cow (Simmons & Hansel,
1964). More recently, the use of gonadotrophin-releasing hormone (GnRH) analogues,
to reduce pituitary LH release by down-regulating pituitary responsiveness to GnRH,
confirmed that LH withdrawal leads to an abrupt decline in luteal progesterone
production in sheep (Dobson, 1985).
22

The mechanism of action of LH involves it binding to a specific seven transmembrane
domain cell surface receptor (McFarland et aL, 1989) in the small luteal cell which
activates, via GTP-binding proteins (G-proteins; GJ, the adenylate cyclase and
phospholipase C (PLC) enzymic pathways (Niswender & Nett, 1988).

Adenylate

cyclase converts Mg.ATP to cyclic AMP (cAMP) which is regarded as the primary
second messenger for LH action in the CL.

cAMP activates a cAMP-dependent

protein kinase (protein kinase A; PKA) which m turn activates the following steps in
the biosynthesis of progesterone:

(i) cholesterol esterase, which generates cholesterol firom its esterified form (Caf&ey
et aL, 1979), (ii) transport o f cholesterol mto mitochondria (Hall, 1985) and (iii) the
cholesterol side chain cleavage complex (Caron et aL, 1975).

Activated PLC hydrolyses phosphatidylinositol 4,5 bisphosphate (PIP2) resulting in the
generation of inositol trisphosphate (IP3) and diacylglycerol (DAG) (Benidge, 1984,
1987; Abdel-Latif, 1986). This second messenger system then passes information
from the surface to the interior of the target luteal cell by two routes: (i) IP3 binds to
its receptors in the ER to mobilize calcium ions ([Ca^^J ^\itich are required for
progesterone synthesis (Alila et aL, 1990) and (ii) DAG activates protein kinase C
(PKC) which increases steroidogenesis in the small luteal cell. Both of these actions
are required for full physiological response.

The primary function o f the CL, the production of progesterone to prepare the uterine
endometrium for implantation and maintain early pregnancy occurs only following
successfiil fertilisation. However, if fertilisation does not occur, albeit a rare event in
wUd animals, the luteal phase is suspended with the cessation of luteal fimction and
the ovulatory cycle resumes with the follicular phase.

In domestic ruminants the

follicular phase only accounts for approximately 20 % of the length o f the cycle (sheep
17 ± 0.9 days; cattle 21 + 0.8 days). It is clear, therefore, that the length of the cycle
is determined principally by the length of the luteal phase which in turn is determined
by the time o f luteal regression (structural and fimctional demise of the CL). In the
non-pregnant ewe the CL begins to regress at about 13 or 14 days after oestrus
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(Horton & Poyser, 1976). The circumstances resulting in the regression o f the CL,
with particular focus on events in the sheep where the process has been examined in
detail, are discussed below.

1.2.1

Luteolysis and the mechanism of action of prostaglandin F-2a (PGF 2J

Luteolysis is the process responsible for the termination of the luteal phase of the
oestrous ;ycle. There are two forms of luteolysis: (i) functional and (ii) structural.
The former, which is characterised by a decline in progesterone production, precedes
the latter which involves collapse of the luteal cells, ischaemia and progressive cell
death.

Luteolysis is attributed to exposure of the CL to a luteolytic factor. This factor was
shown to be uterine in origin in ruminants from studies in cattle and sheep where
hysterectomy lengthened the lifespan of the corpora lutea (Wiltbank & Casida, 1956).
Further evidence for a uterine luteolytic factor, acting on the ovary ipsilateral to the
uterine horn producing it, arose from studies in the sheep where ovaries, uteri, or both
were autotransplanted to the neck (Harrison et a/., 1968; McCracken et al., 1970a).
When both organs were transplanted cycle length was generally normal, however,
when the ovary alone was transplanted and the uterus remained in situ the CL was
maintained and cycle length extended (Coding et at., 1967a, b).

The uterine factor involved in initiating luteolysis is prostaglandin-F2a (PGF2„).
PGF20, is an oxygenated metabolite of arachidonic acid and as such classified as a
member of the Eicosanoids. Along with prostaglandin E2 (PGE2), PGp2a was among
the first prostaglandins to be isolated and referred to as the 'primary PG'.
Prostaglandins exert a variety of biological effects for maintenance o f local
homeostasis in the body (for review see Moncada et aL, 1985 and references therein)
and it is well known that PGp2a causes smooth muscle contraction o f uterus, bronchus
and trachea, gastrointestinal tract and blood vessels (Fitzpatrick et at., 1978;
Wasserman, 1975; Coleman & Kennedy, 1985; Coleman et at., 1990). It is widely
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accepted that PGF2„ is involved in luteolysis in a number of species (Horton &
Poyser, 1976; Rothchild, 1981; Hansel & Dowd, 1986) and in ruminants in particular
there is good evidence that the luteolytic factor is PGFj^ (for reviews see McCracken
et a i, 1972; Goding et al., 1974; Flint & Hdlier, 1975). In sheep, venous plasma
concentration of PGF^^ rise towards the end of the oestrous cycle prior to a decrease
in plasma progesterone concentration and luteolysis (Thorbum et at., 1972). PGF2^
is luteolytic when infused into the ovarian artery of ovaries in situ (Thorbum & Nicol,
1971)

or autotransplanted to the neck (McCracken et al., 19706).

Actively

immunising cycling ewes against PGF2^ results in cessation of the normal luteolytic
mechanism and extended cycle length (Scaramuzzi et al., 1973; Fairclough et al.,
1976, 1981). PGF2a binding sites have been demonstrated on luteal cells from both
the sheep (Fitz et al., 1982) and cow (Powell et al., 1975) as well as in a range of
other species including man (Rao et al., 1977; Tanaka et al., 1983) horse (Kimball &
Wyngarden, 1977) pig (Gadsby et al., 1990) and rat (Wright et al., 1979, 1980). The
principal source o f PGp2a in the utems at luteolysis is the endometrium (Caldwell et
a l, 1968).

The mechanisms of action o f PGF2„ in bringing about luteal regression can be broadly
divided into two categories: (i) direct action on the luteal cells through antagonism of
gonadotrophin support and (ii) indirect action through a decrease in luteal blood flow
(vasoconstriction; Auletta & Flint, 1988).

The major effect on the luteal cells involves antagonism of gonadotrophin action, ie.
an inhibition of LH support required for normal luteal function. The evidence for this
is most convincing in the rat where PGF2a cultured in vitro with luteal tissue or
dispersed luteal cells is a potent antagonist to LH or human chorionic gonadotrophin
(hCG)-stimulated progesterone production (Lahav et a i, 1976). PGF2„ has no effect
on basal progesterone production but it inhibits progesterone responses to LH and hCG
in a concentration-dependent manner both in isolated CL and cultured granulosa-lutein
cells obtained from the sheep (Evrard et a l, 1978; Fletcher & Niswender, 1982;
Wütbank et a l, 1990, 1991) and cow (Pate & Condon, 1984). This antagonistic effect
o f PGp2a is achieved without interfering with gonadotrophin binding (Evrard et a l,
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1978). Chronic administration of PGF2„ in vivo reduces LH receptor numbers after
12-24 hours, however, this occurs after the block to LH-stimulated cAMP production.
Studies on the adenylyl cyclase-cAMP-PKA pathway (see section 1.2 'The corpus
luteum') have revealed that PGp2a inhibits LH action at sites both prior and
subsequent to the generation of cAMP.

Pre-cAMP effects include decreased

expression of functional LH receptors (Hichens et al., 1974; Behrman & Hitchens,
1976; Grinwich et at., 1976), however, as'discussed above, the ftmctional significance
of this effect remains unclear. An additional pre-cAMP effect is an uncoupling of G,
fiom adenylyl cyclase (Lahav et at., 1976, 1989; Thomas et at., 1978; Fletcher &
Niswender, 1982; Dorflinger et al., 1983; Massicotte et al., 1984; Noijavaara &
Rosberg, 1986; Kenny & Robinson, 1986; Abayasekara

aZ., 1993). PGp 2„ does not

appear to affect adenylyl cyclase per se since both basal and forskolin-stimulated
cAMP accumulation are unaltered (Kenny & Robinson, 1986; Abayasekara et al.,
1993). Furthermore, PGF2^ has no effect on LH-stimulated cAMP accumulation in
isolated luteal cell membranes (Thomas et al., 1978) implying a role for cytosolic
mediators in the pre-cAMP luteolytic effects of PGp2a (Michael et al., 1994). In the
rat and bovine CL, PGF2,^ decreases plasma membrane fluidity (Buhr et al., 1979;
Carlson et al., 1982) possibly due to activation of phospholipase A 2 (PLA2; Riley &
Carlson, 1987).

This action would be expected to contribute to the pre-cAMP

inhibitory effects o f PGF2„ by impeding the diffusion of LH receptors and G-proteins
necessary to couple these signal transduction proteins to the catalytic subunit of
adenylyl cyclase (Michael et al., 1994). The mechanism o f action of PGFj^ action
is, therefore, mediated at either the level of receptor-Gg coupling or Gg-adenylate
cyclase coupling.

Evidence to support post-cAMP antigonadotrophic actions of PGp2„ relies primarily
on the observation that PGp2a and its analogues inhibit progesterone responses elicited
by analogues o f cAMP (for example, dibutyryl-cAMP and 8-bromo-cAMP; Jordan,
1981; Pate & Condon, 1984; Kenny & Robinson, 1986; Abayasekara, 1993).
Cloprostenol, a potent luteolytic analogue of PGp2„, inhibits hCG-stimulated
progesterone production in vitro and induces luteolysis in vivo. This correlates with
inhibition o f progesterone response to dibutyiyl-cAMP, rather than the inhibition of
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hCG-stimulated cAMP accumulation (Michael et a l, 1993) suggesting that the postcAMP actions o f PGF^^ may be the limiting factor on its ability to inhibit LH/hCGstimulated luteal function.

In sheep PGp2a, incubated with luteal slices, causes a reduction in the number of LH
receptors in luteal cells, blocks adenylate cyclase activity and inhibits the cAMP signal
transduction system thus preventing LH-stimulated progesterone synthesis (Fletcher
& Niswender, 1982). However, this effect is not observed when isolated small cells
are cultured separately from the large cells in the presence of PGF^^ (Rodgers et a l,
1983; Harrison et a l, 1987) suggesting that their may be some form of interaction
between the small and large cell types in the production of LH-stimulated progesterone
(Rodgers et a l, 1985).

The second possible mechanism for the luteolytic action of PGF^^ is based upon its
known vasoconstrictor properties (Pharris & Wyngarden, 1969).

This mechanism

involves a decrease in the blood flow to the CL-bearing ovary witich consequently
starves the CL of oxygen and nutrients and brings about its regression (Niswender et
a l, 1976; Nett et a l, 1976).

In the intact ewe blood flow to the luteal ovary is

correlated with peripheral progesterone levels during the oestrous cycle (Niswender
et a l, 1976). PGFj^ reduces blood flow to the CL-bearing ovary as well as reducing
circulating progesterone (Nett et a l, 1976). However, the effect o f PGp2„ on ovarian
blood flow is somewdiat controversial.

In the sheep reduced blood flow to an

autotransplanted ovary requires the administration of pharmacological doses of PGF2„
to the ovarian artery (McCracken et a l, 1971). In addition, luteal regression can occur
as a result of the action o f PGp2a in the absence of any blood flow changes. Changes
in blood flow have been observed at the time of luteal regression (Keyes et a l, 1983),
however, progesterone output o f the CL declines before these changes (Hossain et a l,
1979). On balance, therefore, it would appear that rather than decreased ovarian blood
flow actually causing luteolysis it is more tikely to be a consequence of other events
involved in luteal regression.

Despite the fact that the favoured mechanism proposed for the action of PGp2a
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involves interference with gonadotrophin-stimulated progesterone production, a clearcut understanding of the processes involved remains something of an enigma. For
PGp2a to have an antigonadotrophic action it would appear that the integrity of the
luteal tissue must be maintained along with some form of intercellular communication
(Auletta & Flint, 1988).

A major step to gaining a more complete understanding of the mechanisms underlying
functional luteolysis came about with the discovery of oxytocin in the CL. This led
on to numerous investigations into the physiological significance of oxytocin during
luteolysis, it is therefore fitting to review the role of this hormone in some detail.

1.3

Ovarian oxytocin

1.3.1 Introduction

Oxytocin is a nonapeptide hormone of the neurohypophyseal hormone or
oxytocin/vasopressin fatmly. The principal members of this family, namely oxytocin
and arginine vasopressin (AVP), play important roles in the regulation o f diverse
physiological functions in a number of species, for example the initiation o f parturition
and lactation, modulation of female sexual and maternal behaviour, inhibition of
diuresis, contraction of smooth muscle, stimulation of liver glycogenolysis and
modulation of adrenocorticotrophin hormone release from the pituitary. All of the
oxytocin-like and vasopressin-like hormones in this family consist o f nine amino acids
linked by a disulphide bridge between positions 1 and 6 . This is a highly conserved
structural arrangement thought to have

resulted fiom duplication of a common

ancestor gene (Acher, 1980). Oxytocin and arginine vasopressin differ at position 3,
in the cyclic part of the peptide and at position 8, in the C-terminal tripeptide.
Oxytocin is synthesised as part of a large precursor molecule, oxytocin-neurophysin
prohormone, fiom magnocellular neurons in the supraoptic (SON) and paraventricular
nuclei (PVN) of the hypothalamus, packaged into neurosecretory granules and
transported into the neurohypophysis (Dean & Hope, 1967).
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The hypothalamo-

neurohypophyseal tract represents the classical site of biosynthesis and is one of the
most highly characterised peptidergic systems (for review see Mohr & Richter, 1993
and references therein). The association of the hormone and neurophysin domains of
the precursor is not purely synthesis-based, it is also functional and required for
sorting the prohormone into the regulated secretory pathway from the hypothalamus
(Burbach et al., 1995). However, once in the neurohypophysis the peptide dissociates
from its 'carrier' and is released into the circulation upon the action of appropriate
stimuli. The synthesis o f oxytocin is under the control of a number of factors which
include levels of circulating ovarian steroids. In situ hybridisation and northern blot
analysis demonstrate that oestrogen, in particular, regulates oxytocin gene expression
in the rat (Amico et a i, 1995). Oestrogen treatment of ovariectomized rats increased
levels o f oxytocin mRNA in the hypothalamus, as did a more physiological regimen
o f combined oestrogen plus progesterone followed by progesterone withdrawal. The
latter treatment suggests sequential progesterone and its subsequent withdrawal may
play a secondary role in regulating oxytocin gene expression. In addition, oxytocin
gene expression can be activated by osmotic stimulation, a stimulus dependent on
forebrain afrerents that enhances the expression of inducible transcription factors such
as ofos, fos B and jun B in oxytocin neurons (Luckman et at., 1994; 1995). This was
conclusively demonstrated in transgenic mice expressing the bovine oxytocin gene
where a signifrcant increase in bovine oxytocin mRNA in the SON was observed
following 7 days o f salt-loading (Murphy & Ho, 1995).

Central oxytocin from the hypothalamus and neurohypophysis has been known for
some time to have an endocrine role in terms of the initiation of parturition and
lactation in a number of mammalian species and this has been studied extensively in
the rat (Soloff, 1979; Soloff et at., 1979) and man (Fuchs et a i, 1985; 1995).
Oxytocin stimulates myométrial contractility by increasing intracellular calcium
following afferent stimuli arising from the birth canal during parturition. These stimuli
are relayed by the nucleus tractus solitarii (NTS) which projects directly to the
oxytocin neurons o f the SON (Leng et a l, 1995). In addition to its secretion from this
neurohypophyseal terminal, oxytocin is released within limbic and hypothalamic brain
regions in response to parturition.

Within the SON oxytocin exerts a positive
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feedback action on its own release, a mechanism which appears to be important in the
tinting of parturition (Neumann et a l, 1995). Onset of labour also appears to be under
steroidal control.

A rising oestrogen/progesterone ratio over the pre-term period

primes the facilitation, by central oxytocin, of synchronous bursting of oxytocin
neurons. This firing of neurons is uniquely linked to the initiation of parturition and
dependent on adaptations of the neurons and associated circuitry during the pre-term
period. Oestradiol has a permissive role in this process and progesterone an opposite,
suppressive effect (Wakerley et al., 1995). Progesterone-induced restraint on oxytocin
neuron activity is thought to be induced by opioid inhibition (Douglas, 1995). The
onset o f labour is also determined by the asynchronous appearance of oxytocin binding
sites in the uterus, cervix and placenta. This is thought to prevent pre-term birth and
mediates functional integration o f various parts of the reproductive tract which is
necessary for birth (Fuchs et al., 1995). At the level of the myométrial cell, uterine
contractility and the associated increase in intracellular calcium, is mediated through
a PLC pathway (see section 1.2 'The corpus luteum'). Despite this stimulatory
pathway, the onset o f parturition is thought to be more a result of a loss o f uterine
quiescence by increasmg cAMP formation than mcreasing oxytocin-induced inositol
phosphate formation (Lopez-Bemal, 1995).

Central oxytocm plays an important role in initiating the onset of maternal behaviour
during which the dominant physiological response is the milk-ejection reflex (Soloff
et al., 1979). Oxytocin is essential for the removal of milk from the mammary glands
in lactating rats and causes milk ejection by eliciting contractions of the myoepithelial
cells surrounding the glandular alveoli (Benson & Cowie, 1956; Bisset, 1968; Soloff,
1979). Suckling in rats is a potent stimulus for oxytocm production from the neurons
o f the SON. To optimise oxytocin release during lactation the paired SON become
coupled, this results from the action of intranuclear oxytocin, thus demonstrating a
further facilitatory role o f oxytocin on its own release (Neumann et al., 1995). The
mediators o f this facilitatory effect are functional oxytocin binding sites which, in
lactating rats, are localised to the magnocellular neurons of the SON, PVN, the
anterior commissural nuclei (ACN) and more specifically to the dendrites of these
neurons and their endings in the pituitary neural lobe (Freund-Mercier & Stoeckel,
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1995 ).

Previous studies in rats and mice have implicated central oxytocin pathways in female
sexual receptivity, maternal behaviour, inhibition of infanticide and an increase in the
frequency and duration of lordosis (Insel, 1995; McCarthy, 1995). In the mouse these
behavioural responses depend on prior oestrogen exposure as demonstrated by
blockade

of

oestrogen-induced

oxytocin

receptor

synthesis

by

antisense

oligonucleotides, wMch inhibits both female sexual and maternal behaviour (McCarthy
et al., 1994). Oxytocin is also thought to act as an anxiolytic agent thereby reducing
inhibition that is inherent in social encounter (McCarthy, 1995). This is important in
terms o f the formation of male-female pair bonds following mating. Mating releases
oxytocin in several species of mammals and this release can be artifrciaUy induced
from the mediobasal hypothalamus in the sheep by vagino-cervical stimulation (VCS;
Kendrick et at., 1993). The administration of central oxytocin antagonists in the rat
prevents pair-bonding without interfering with mating behaviour and central infusion
of oxytocin facilitates pair-bonding in the absence of mating (Insel, 1995). In the
mouse this effect o f oxytocin is modulated by steroids with oestrogen increasing both
oxytocin binding and variables indicative of reduced anxiety (McCarthy, 1995). In the
ovariectomised ewe oxytocin release following artifrcial VCS is enhanced by
oestradiol treatment and potentiated by progesterone priming, with progesterone alone
having no signifrcant effect (Kendrick et al., 1993).

More recently oxytocin has been shown to be synthesised and metabolised in a
number o f other peripheral sites; for example in human decidua in late gestation
(Mitchell, 1995). Most notably oxytocin has been localised to the ovine CL and this
opened up a line o f study into the specialised functions of ovarian oxytocin arising
from local paracrine or even autocrine effects. Evidence for the existence of ovarian
oxytocin began with the observation that concentrations of oxytocin in the peripheral
circulation rise and fall in parallel to those of progesterone (Sheldrick & Flint, 1981).
This led on to attempts to isolate and purify the peptide, prove that it is indeed
authentic oxytocin, and to show that it is synthesised in the CL and not taken up from
the circulation. One of the fibrst studies in this area identifred immunoreactivity for
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oxytocm in ovine corpora lutea (Wathes & Swann, 1982) and at about the same time
it was demonstrated that the CL secreted large quantities of an oxytocin-like peptide
(Flint & Sheldrick, 1982).

Since then the peptide has been purified by high

performance liquid chromatography (HPLC) and subjected to both radioimmunoassay
(RIA; Wathes et al., 1983) and fast atom bombardment spectroscopy (Flint &
Sheldrick, 1985).

Final confirmation that the isolated luteal peptide was in fact

oxytocin was achieved by purification and sequencing by Edman degradation (Watkins
et a i, 1985).

Oxytocin and its associated neurophysin have been localised to the large luteal cells
by specific staining (Watkins, 1983; Sawyer et al., 1986; Wathes et al., 1986). Use
of density gradient centrifugation (Rice & Thorbum, 1985) and immunolabelling of
luteal tissue in ewes (Theodosis et al., 1986; Fields & Fields, 1986) demonstrated that
oxytocin and neurophysin are specifically localised within small, dense, secretory
granules in the large luteal cells. Further characterisation of these granules showed
they were similar in terms of their biophysical properties to the neurohypophyseal
granules mentioned earlier (Rice & Thorbum, 1985; see section 1.2 'The corpus
luteum') suggesting that oxytocin may be biosynthesised and processed in the CL by
a similar route to that in the neurohypophysis. This was confirmed by radioactive
labelling of oxytocin and oxytocin-neurophysm precursors following in vitro culture
o f ovine and bovine luteal cells (Swann et al., 1984) and the use of recombinant DNA
technology to quantify and sequence luteal oxytocin mRNA in the sheep (Jones &
Flmt, 1986, 1988, 1989) and cow (Ivell & Richter, 1984; Ivell et al., 1985).

Synthesis and secretion of oxytocin is limited to the large luteal cells in both sheep
and cattle. Concentrations o f oxytocin in the CL are approximately one-quarter those
in the posterior pituitary, however, a larger proportion of stored oxytocin is available
for secretion as a single pulse in the CL compared to the neurohypophysis. The CL,
therefore, represents a source of larger quantities of oxytocin than the posterior
pituitary. As in the neurohypophysis, luteal secretion o f oxytocin is accompanied by
secretion o f neurophysin and the two compounds are released in a 1:1 molar
stoichiometry (Watkins et al., 1984).
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Circulating oxytocm concentrations are basal at oestrus and rise about day 2 of the
cycle as luteal oxytocin synthesis becomes established. The tissue concentration of
oxytocin in the CL is maximal during the mid-luteal phase on about day 9 (Wathes
& Denning Kendall, 1992), although concentrations of the oxytocin-neurophysin
prohormone mRNA peak 3-5 days after ovulation in both sheep and cattle (Flint et a l,
1990). The delay between peak mRNA and peak oxytocm is due to post-translational
processing o f the prohormone (Jones & Flint, 1988). The fact that luteal oxytocin
synthesis becomes insigniftcant by mid-cycle suggests that the CL has a finite store
of oxytocin which cannot be replenished. In pregnant ewes this is nearly all released
by the third week o f gestation (Sheldrick & Flint, 1983) and after this time there are
no ftuther major episodes of oxytocin secretion until the animal goes into labour
(when oxytocin is secreted by the neurohypophysis). Continuous secretion of oxytocin
during the early luteal phase results in elevated oxytocin levels in the systemic
circulation and these levels reflect tissue concentrations.

Episodic secretion of

oxytocin by the CL occurring at the end of the luteal phase, on days 12-13 before the
onset of luteolysis, is superimposed on a declinmg basal circulating concentration (for
reviews see Flint et a l, 1992, 1994; Wathes et a l, 1993 and references therein).

13.2

The luteolytic role of oxytocin

A role for oxytocin in the process of luteolysis was first proposed following the
observation that systemic administration of large doses of oxytocin to cyclic cows
shortened the oestrous cycle (Armstrong & Hansel, 1959). This effect was observed
when oxytocin was given early in the cycle; was blocked by hysterectomy and has
since been observed in the sheep (Milne, 1963; Dobrowolski, 1973; Hatjiminaoglou
et a l, 1979) and goat (Cooke & Knifton, 1981). Subsequently it was discovered that
exogenous treatment with oxytocin stimulates uterine secretion o f PGFj^ (Sharma &
Fitzpatrick, 1974; Mitchell et a l, 1975; Roberts et al., 1976) and that uterine oxytocin
receptor (OTR) concentrations rise late in the luteal phase (Roberts et a l, 1976).
Further evidence implicating endogenous oxytocin in the control o f the oestrous cycle
is provided by the fact that oxytocin-neurophysm is released in episodes synchronously
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with PGp2a (Fairclough et al., 1980). PGF2„ stimulates ovarian secretion of oxytocin
(Flint & Sheldrick, 1982) and simultaneous episodes of secretion of oxytocin and
PGF2a have been detected late in the luteal phase in sheep (Flint & Sheldrick, 1983).
In non-pregnant ewes 96% of oxytocin pulses occur in association with a PGF2^ pulse
(Hooper et al., 1986). In sheep with surgically transected uteri, mimicking a rare
congenital abnormality that results in unilateral pregnancy (O'Shea et al., 1974), an
intravenous injection of oxytocin brings about a large increase in venous effluent
concentrations o f PGF2„ in the non-pregnant horn whereas there is little response on
the pregnant side (Payne & Lamming, 1994). Active immunisation of sheep against
oxytocm prolongs the oestrous cycle (Sheldrick et al., 1980).

The effect o f oxytocin on endometrial synthesis of PGF2a in the sheep may involve
action of phospholipase C (PLC; Flint et al., 1986), although the precise role of PLC
in mediating the stimulatory effect of oxytocin on the secretion of PGF2„ remains
unclear. The time course of response of the endometrium to oxytocin m terms of
increased phosphatidyl inositol metabolism is consistent with the activation o f pulsatile
secretion o f PGp2a in vivo (Flint et al., 1986). In sheep (Raw & Silvia, 1991; Süvia
& Raw, 1993) and cow (Mirando et ah, 1993) endometrium the ability of oxytocin
to stimulate release o f PGF2a is associated with a simultaneous increase in the activity
of PLC, however, in all of these experiments relative amounts of PLC activity and
PGp2a release were not highly correlated. In sheep endometrial explants the time
course and specificity of response to various oxytocin agonists and antagonists was
consistent with an involvement o f PLC but treatment with U73122, a PLC inhibitor,
blocked oxytocin-stimulated release o f PGFj^^ but did not influence stimulation of PLC
activity (Süvia et al., 1994). In the same study relatively high levels o f PGp2a were
released in response to concentrations of oxytocin where no significant increase in
PLC activity was detected.

Synthesis o f prostaglandins is associated with an increase in the activity of
phospholipase A 2 (PLA2) in many ceU types (Irvine, 1982; see section 1.2 'The corpus
luteum'). PLA2 activity has been observed in uterine tissues coUected fi*om sheep,
guinea-pig, rat and human (Grieves & Liggins, 1976; Dey et al., 1982, Downing &
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Poyser, 1983; Bonney, 1985). In the guinea-pig addition of melittin (an activator of
PLA2) or exogenous PLA2 to uterine tissue stimulated release of prostaglandins in
vitro (Poyser, 1987; Johnson & Poyser, 1991). In sheep treatment of endometrial
explants with aristolochic acid (an inhibitor of PLA2) decreased both oxytocin and
meUttin-induced release of PGp2a at the locus of PLA2 without affecting on
arachidonic acid-induced release or oxytocin-stimulated PLC activity (Lee et a i,
1994). This is consistent with the hypothesis that the stimulatory effect o f oxytocin
on PGp2a release from sheep endometrial tissue is mediated through PLA2

There is good evidence, therefore, that both PLC and PLA2 may be involved in
oxytocin-induced PGF2„ release, however experiments to date have involved tissue
explants or homogenates and it remains to be determined whether both pathways are
present in aU cell types or confined to different populations of endometrial cells.

The importance of the pulsatile pattern of release of PGp2a, the mechanism by which
synchronous release of oxytocin controls prostaglandin synthesis and the implications
this has for the timing of luteolysis are discussed below.

1.4

The timing of luteolysis

In sheep luteolysis results from episodic secretion of PGF2„ by the uterine
endometrium (Thorbum et al., 1973; Barcikowski et al., 1974). Secretion of PGF2a
pulses begins towards the end of the luteal phase, on day 12-13 post-oestrus, and
reaches maximum frequency and amplitude by day 15-16 (McCracken et al., 1972;
Thorbum et al., 1973; Barcikowski et al., 1974; Nett et al., 1976; Zarco et al., 1988a).
Detaüed characterisation o f the pulsatile pattem of release revealed that the first two
or three recognisable pulses of PGF2„ occur at a low frequency (about 16 hours) and
precede the first sustained fall in progesterone on days 14-15.

The period when

progesterone concentrations decline is associated with a further 6 pulses o f PGF201 at
a higher frequency o f about 8 hours (Zarco et al., 19886). PGF2a is secreted into the
utero-ovarian vein during luteolysis in a series of 5-8 discrete episodes, of 2 hour
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duration, approximately 6-8 hours apart (Thorbum e ta l, 1973, Fairclough et a i, 1980;
Schramm et a l, 1983; Flint & Sheldrick, 1983; Hooper et a i, 1986). It then enters
the ovarian arterial blood supply via a counter-current mechanism operating between
the two vessels (McCracken et a l, 1972). In domestic ruminants the ovarian artery
is in close proximity to the uterine vein and the anatomical arrangement of the two
vessels is such that solute transfer between them is facilitated (Ginther, 1981). The
episodic nature of secretion results from a positive feedback loop involving oxytocin
secreted by the CL acting on the utems to stimulate PGF2a secretion which acts back
on the CL to release more oxytocin (Flint & Sheldrick, 1985). Episodic release of
PGF20, stimulated by its administration in divided doses in vivo, is most effective in
facilitating rapid and complete luteolysis (Schramm et al., 1983; Moore et al., 1986)
and this is supported by the fact that during pregnancy mean serum PGp2„ levels are
similar and may even be higher than in the non-pregnant animal (Nett et al., 1976;
Zarco et al., 19886) but because there are either fewer PGF2„ pulses, o f lower
amplitude, (Thorbum et al., 1973) or no pulses at aU (Peterson et al., 1976) luteolysis
does not occur (Flint et al., 1994).

The above pattem o f uterine PGF2a secretion is probably initiated by the pulsatile
release of oxytocin from the posterior pituitary (McCracken et al., 1991). Oxytocin
release from the neurohyp ophy sis is referred to as the 'pulse generator* (McCracken
et al., 1995). An increase in oestradiol or withdrawal of progesterone causes this
pulse generator to alter its frequency from small 1-2 min pulses (10 pg/ml) to hour
long bursts (up to 200 pg/ml) at intervals of 6-9 hours. This produces a series of 4-6
episodes o f oxytocin which causes the utems to release luteolytic doses o f PGF2„.
The uterine PGF2a then provides the important signal for triggering periodic release
o f oxytocin from the CL. A small rise in the secretion of either hormone is amplified
following secretion o f the other (Flint & Sheldrick, 1983). The temporal relationship
between the two compounds is such that at the start of each episode of secretion, each
oxytocin spike is initiated by a rise in the concentration of PGFj^. This was first
demonstrated by intramuscular injection of cloprostenol (PGF2a analogue) vritich
stimulated rapid release o f oxytocin from the sheep CL (Flint & Sheldrick, 1982).
The luteal oxytocin initially stimulates even greater release of PGFj^ from the utems
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which reaches a high enough concentration to induce luteolysis, subsequently as each
oxytocin pulse peaks it is thought to down regulate its own receptor and induce
transient uterine refractoriness to oxytocin. It takes approximately 6 hours for de novo
oxytocin receptor (OTR) synthesis and this is thought to account for the 6 hour
interval between pulses of PGF^^ (McCracken et al., 1984). The expression of OTR
appears to be the mechanism responsible for limiting the responsiveness of the
endometrium to oxytocin during the early- and mid-luteal phase o f the cycle when
luteal tissue and systemic circulating concentrations of oxytocm are rising to peak
levels. Despite concentrations o f oxytocin being maximal during the mid-luteal phase,
uterine episodic secretion of PGF^^ is restricted to the period of luteal regression at
the end o f the luteal phase. Concentrations of OTR rise in the endometrium on days
13-14 of the cycle at the time of the first episodes of PGFja secretion; up to this time
endometrial OTR are low and the uterus is unresponsive to administration of oxytocin
in terms o f PGFj^ secretion (Roberts et at., 1976; Sheldrick & Flint, 1985).

A

number o f other studies are consistent with this, and further emphasise the importance
o f the role o f the OTR Continuous administration of oxytocin from day 12 or 13
causes a decrease in the number of uterine OTR and delays the onset of luteal
regression (Flint & Sheldrick, 1985; Sheldrick & Flmt, 1990). The administration of
pharmacological doses of oestradiol-17(3 on days 9 and 10 of the cycle, ^\&ich causes
premature luteal regression, results in induction of the endometrial OTR within 24
hours (Hixon & Flint, 1987). Concentrations of OTR rise approximately 500-fold in
the endometrium immediately preceding the time of luteal regression (Roberts et al.,
1976; Sheldrick & Flint, 1985) and the onset of luteolysis can be delayed by the
administration, between days 13 and 16, of an OTR antagonist (l-deamino-2-DTyr(oEt)-4-Thr-8-om-oxytocin; Jenkin et a l, 1991). It would appear, therefore, that
the pattem o f PGF^^ secretion, appearing late in the oestrous cycle and at the
appropriate time to induce luteolysis, is dependent on uterine secretory responsiveness
to oxytocin which in turn is regulated at the level of the OTR The expression of the
OTR in the endometrium therefore determines the ability o f the uterus to cause luteal
regression.

Studies in ovariectomized ewes, treated with oestrogen and progesterone in doses
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designed to mimic circulating concentrations during the cycle, show that expression
of the OTR is principally regulated by the two ovarian steroids (McCracken et a l,
1984; Vallet et al., 1990; Beard et al., 1991; Zhang et al., 1992).

Oestradiol

stimulates OTR expression late in the luteal phase at the time when circulating
oestradiol levels are high due to follicular development. High doses of oestradiol
induce

endometrial OTR (Hixon & Flint, 1987) and this leads to early luteal

regression (Vallet et al., 1990). Regulation of OTR binding has also been studied in
explants o f ovine endometrium.

In tissue collected in mid-cycle there is an

autonomous increase in OTR concentration in both caruncular and intercaruncular
endometrium within 48 hours of the start of culture (Sheldrick et al., 1993). This
increase involves protein synthesis and suggests that loss of an inhibitory factor occurs
wdien the tissue is removed from the animal. In tissue taken from ovariectomized
ewes the initial high concentration o f OTR is not affected by low concentrations of
oestradiol ( 1-10 pmol/1) but high concentrations (100 pmolA) significantly reduce
oxytocin binding activity (Sheldrick & Flick-Smith, 1993). The luteolytic action of
oestrogen, therefore, while possibly having an important role to play, is not clearly
understood at the present time. One factor limiting OTR expression appears to be the
length o f time that the uterus is pre-exposed to progesterone. Progesterone blocks
OTR protein formation (McCracken et al., 1984), and the number of endometrial OTR
rapidly increases in ewes following progesterone withdrawal (Leavitt et al., 1985).
The effect of progesterone on OTR expression is described as 'biphasic' in that
exposure to a high circulating concentration of progesterone maintains a low level of
OTR expression for the first 10 days and then after this time OTR numbers increase.
The initial direct inhibitory influence on OTR concentrations has been further
demonstrated following the culture o f endometrial tissue from ovariectomized ewes
for 96 hours in the presence o f progesterone (Sheldrick & Flick-Smith, 1993). A long
term exposure to progesterone attenuates the initial block in OTR formation by downregulating the progesterone receptor (PR; Mirando et al., 1993a). This effect occurs
independently of concurrent oestradiol administration, although pretreatment with
oestradiol, to mimic the oestrus surge, amplifies the process (Vallet et al., 1990;
Lamming et al., 1991). This suggests that, in the intact cyclic animal, the duration of
the oestrous cycle is determined by progesterone inhibition of OTR expression.
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Luteolysis is delayed until progesterone down-regulates its own receptor towards the
end of the luteal phase thereby permitting the stimulation of OTR expression by
oestradiol. This is confirmed by the fact that progesterone given shortly after oestrus,
before endogenous progesterone production has reached a significant level, shortens
the duration of the oestrous cycle (Woody et al., 1967) and if progesterone is
administered to ovariectomized sheep to reach peak values immediately after ovulatory
oestradiol the time at which the concentration of uterine OTR increases is brought
forward from day 12 (Beard et at., 1991) to day 10 (Vallet & Lamming., 1991). The
latter occurs by bringing forward the time of PR down-regulation and consequently
the time when the inhibition of OTR expression ceases (Flint et at., 1992). Treatment
with the progesterone receptor antagonist RU486 during the first half o f the cycle
delays the onset of uterine PGFja secretion and luteolysis (Süvia et al., 1991). This
suggests that a threshold progesterone concentration exists and that only when this
threshold is reached following the formation of the CL does the whole process of PR
down-regulation, OTR induction and subsequent luteal regression, coUectively
described as the 'uterine clock', begin (Flint et al., 1992, 1994).

Both oestradiol and progesterone affect OTR expression via their own receptors.
Immunocytochemical localization of oestradiol receptors (ER), PR and OTR in the
sheep uterus during the oestrous cycle demonstrated that in the luminal epithelial ceUs
OTR and ER were positively correlated and OTR and PR were negatively correlated
(Wathes & Hamon, 1993). The relationship between the two steroid hormones in the
regulation o f their own and each others receptors has implications for the regulation
o f OTR. Oestradiol increases the concentration of both its own receptor and the PR
(Bergman et al., 1992; Chauchereau et al., 1992) and progesterone down-regulates the
ER (Leavitt et al., 1985). ER concentrations are maximal at oestrus in all cell types,
coinciding with maximal circulating oestradiol and OTR concentrations, and decline
during the luteal phase.

PR concentrations increase on days 2-5 in the luminal

epithelium and superficial glands becoming maximal by days 5-7 when circulating
progesterone levels are high and OTR concentrations low. It is the initial appearance
o f the OTR in the lummal epithelium on day 14 that appears to be the significant
receptor population in terms of the initiation of luteolysis as it is in this region that
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prostaglandin synthase (PGS) has been localized on days 14-16 of the cycle
(Salamonsen & Findlay, 1990).

In addition, OTR do not appear in the other

endometrial ceUular regions until after the luteolytic fall in plasma progesterone (Ayad
et al., 1991a, b). The expression of OTR on day 14 in the luminal epithelium occurs
at a time when there is continued circulating luteal phase progesterone and no steroid
receptors in the epithelial cells.

This suggests the appearance of the OTR may

coincide with a loss of PR at this stage of the cycle (Wathes & Hamon, 1993) which
supports the previous findings on the 'biphasic' nature of OTR regulation by
progesterone (Mirando et al., 1993).

In conclusion, the demonstration that (i) premature luteolysis follows premature
induction of OTR expression, (ii) prolongation of luteal function results when receptor
activity is blocked and (üi) artificially reducing the circulating concentrations of
oxytocin blocks the response to receptor activation provides clearcut evidence that the
length of the oestrous cycle is determined by the time of luteal regression which in
turn is determined by the time at which expression o f the uterine OTR occurs. This
timing is established by the response of the endometrium to the steroid hormones
oestradiol and progesterone. The endometrial OTR is under steroidal control with
oestradiol tending to induce receptor formation and progesterone having an initial
inhibitory effect which switches to an enhancement after 10-12 days.

1.5

Maintenance of the corpus luteum

1.5.1 Introduction

In pregnant ewes the process whereby luteolysis is blocked in early gestation to ensure
maintenance o f the CL is known as the 'maternal recognition of pregnancy' (Short,
1969).

The lengthening of the fife span of the CL and prevention of a return to ovarian
cyclicity is the single most important event in the establishment of pregnancy. The
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resulting production of progesterone j&om the maintained CL is essential to provide
a uterine environment conducive to continued growth and development of the embryo.

Maternal recognition of pregnancy involves signals produced by the conceptus acting
on receptors in the maternal system before the developing trophoblast has implanted
into the uterine endometrium. The role of these signals in ruminants appears to be
antiluteolytic as opposed to offering direct luteal support (McCracken et a i, 1972,
1984; Thatcher et al., 1986).

The developing embryo (and in particular the trophoblast) plays the most important
role in initiating and sustaining maternal recognition of pregnancy. The time at which
the embryo must be present in the uterus m order to achieve luteal maintenance was
first determined by transferring blastocysts from the uterus of a pregnant animal to that
of a non-pregnant animal. Day 12 was found to be the latest time at which the
procedure prolonged the life of the CL (Moor & Rowson, 1966a). This finding was
strengthened by surgical flushing of blastocysts firom the uterus of a pregnant animal
where day 12 was found to be the latest time at which this could be done without
delaying luteal regression (Moor & Rowson, 19666). Luteal function has also been
extended by infusion into the uterine lumen of conceptus homogenates collected on
days 14-15 (Rowson & Moor, 1967) or 14-16 of gestation (Martal et at., 1979). In
contrast, infiision o f day 21-23 (Martal et al., 1979) or day 25 (Rowson & Moor,
1967) conceptus homogenates did not lengthen the oestrous cycle. Taken together
these findings suggest that the ovine conceptus produces a substance (a trophoblast
antiluteolysin) between days 13-21 that delays luteal regression.

1.5.2

Ovine trophoblast protein one (oTP-1)

The trophoblast antiluteolysin was subsequently identified as a protein, since heat and
protease treatment o f conceptus homogenates destroyed activity, and, following its
partial purification, was named 'trophoblastin' (Martal et al., 1979). Godkin and co
workers (1982) subsequently purified a major low molecular weight product released
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by the conceptus during the critical day 13-21 period.

This secretory protein,

designated ovine trophoblast protein-1 (oTP-1), consisted of several isoforms with
molecular weight of about 18,000 (Godkin et al., 1984a).

oTP-1 extended luteal

lifespan when infused into the uteri of non-pregnant ewes (Godkin et at. 19846; Vallet
et at., 1988) suppressed the induction of uterine PGp2a release by oestradiol and
oxytocin (Fincher et at., 1986) and was shown to be clearly identical to the
trophoblastin o f Martal et at. (1979). Infusion of ovine conceptus secretory proteins
(oCSP) with oTP-1 removed, by purification on a sepharose affinity column, resulted
in animals with shorter inter-oestrous intervals and high serum PGFj^ (13,14-dihydro15-keto-PGF2„; PGFM) levels, following oestradiol injection, compared to animals
treated with oCSP or oTP-1 alone, suggesting that oTP-1 alone was the only product
of the ovine conceptus required to extend luteal maintenance (Vallet et al., 1988).
Maximum secretion o f oTP-1 occurred on day 16 of pregnancy (Hansen et al., 1985;
Anthony et al., 1988). hi addition in vitro translation of blastocyst RNA revealed that
oTP-1 RNA was present at high concentrations in trophoblast tissue on day 16
(Stewart et al., 19896). Northern analysis of blastocyst RNA and in situ hybridisation
on trophoblast revealed that oTP-1 production was initiated between days 8-10, before
maternal recognition of pregnancy, increased sharply on day 13 to a peak at days 1416, during which time the conceptus undergoes elongation jfrom a spherical to
filamentous form, and terminated around day 20 (Stewart et al., 19896). During aU
stages of expression oTP-1 RNA was confined to the trophectoderm and represented
the major product of the ovine conceptus during the period of pre-implantation
elongation (Farin et al., 1990).

1.5.3

Interferon-tau (IFNt), a type 1 interferon

Protein sequencing (Stewart et al., 1987; Charpigny et al., 1988) and molecular
cloning o f cDNA (hnakawa et al., 1987; Imakawa et al., 1989; Stewart et al., 1989a)
identified oTP-1 and the bovine equivalent bTP-1 as type 1 interferons (IFN).

Interferons are cytokines, produced by virtually all cells of the vertebrate species in
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response to viruses and other agents. They are characterised by their ability to induce
an antiviral state in a variety of target cells but also have a number of other biological
effects such as inhibition of cell proliferation and induction and modulation of the
immune system (for review see Stewart, 1975 and references therein). The actions of
IFN, like most polypeptide humoral factors, are mediated through interactions with ceU
surface receptors (Alguet, 1980; Mogensen & Bandu, 1983; Hannigan & Williams,
1986).

Type I IFNs are reported to exert antiviral effects by

triggering signal

cascades through activation o f tyrosine kinases and in particular tyk2 (a non-receptor
tyrosine kinase; Velazquez et al., 1992). This culminates in the activation (by tyrosine
phosphorylation) o f cytoplasmic signalling proteins (Pellegrini & Schindler, 1993).

Type 1 IFN consists o f at least three distinct subtypes (a-, P-, and &-) aU of vdiich
possess similar biological properties but differ considerably in amino acid sequence
and serologically. Each subtype is encoded by multiple genes and the different gene
products within a subtype can themselves differ in sequence and biological potency
(DeMaeyer & Demaeyer-Guignard, 1988).

Southern analysis of genomic DNA

identified at least 3 different genes in the IFNan sub-family of 172 amino acid
proteins which hybridised to trophoblast IFN (tIFN) cDNA probes, and this, along
with the cloning and sequencing o f several distinct tIFN cDNAs, indicated that there
are a number of isoforms (Flint et at., 1991; Roberts et at., 1991). The various ovine
and bovine tIFN gene products share greatest homology (-70%) with IFNS), previously
known as IFNa^, (DeMaeyer & Demaeyer-Guignard, 1988; Stewart et al., 1989a;
Flint et al., 1991; Roberts et al., 1991). However, ovine and bovine tIFN resemble
each other in both amino acid and nucleotide sequence more than they do the IFNS)
within their own species. This is a compelling reason to conclude tIFN is a distinct
structural subtype, and it has been renamed IFNt (Roberts et al., 1992).

All IFNt contain the highly conserved cysteine residues at positions 1, 29, 99, and 139
that occur in all IFNa (DeMaeyer & Demaeyer-Guignard, 1988). In addition to these
four cysteines, most IFNt contain 16 additional amino acids that are highly conserved
across aU known IFNa, -P and -S). IFNt has a specific antiviral activity o f 2-3 x 10*
units/mg protein (Pontzer et al., 1988). However, despite being highly active in terms
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of antiviral effect it is not known how the different IFN t isoforms compare in terms
of this activity or effect on prostaglandin synthesis. Purified ovine IFN t ( ovIFN t )
displaced [^^^I] human a-interferon (huIFNa) from type I receptors (Stewart et a l,
1987).

In addition, an IFN t receptor cDNA has been cloned, from an ovine

endometrial cDNA library, sequenced and shown to be a classic type I IFN receptor
(S. Kaluz, unpublished observations).

Such receptors are assumed to mediate the

marked change in protein synthesis that occurs when the endometrium is first exposed
to

ovIFN t

during early pregnancy (Vallet et a l, 1987) and this pattem o f synthesis

can be mimicked by huIFNa (Salmonsen et a l, 1988). Among the proteins induced
is endometrial P2 -microglobulin which may be responsible for changes in expression
of MHC antigens on endometrial cells in early pregnancy (Flint et a l, 1994).

1.5.4

The mechanism of action of interferon-tau and the oxytocin receptor
(OTR)

Following the initial observation that the formation of the uterine endometrial OTR
is suppressed in early pregnancy (McCracken et a l, 1981), numerous studies carried
out both in vivo and in vitro suggest IFNt blocks episodic uterine PGFja secretion by
inhibiting OTR expression (for review see Flint et a l, 1994 and references therein).
The administration o f oCSP from blastocyst conditioned media or recombinant bovine
IFN (rblFN) into the uterine lumen leads to a decrease in endometrial OTR in both
intact and ovariectomized steroid-treated sheep (Vallet & Lamming, 1991).

In

unilaterally pregnant sheep, in which transfer of IFNt from one horn to another is
blocked by surgical preparation, OTR concentrations are low in the pregnant horn and
high in the non-pregnant horn, whereas IFNt levels (antiviral activity) are high in the
pregnant horn and low in the non-pregnant horn (Lamming et a l, 1991). These in
vivo experiments revealed a number of important details as to the mechanism of action
o f IFNt.

First of all the use of ovariectomized animals demonstrated that the

inhibitory effect of IFNt on the expression of the endometrial OTR was not exerted
by the ovary which importantly excludes the two ovarian steroid hormones known to
effect OTR concentrations, namely progesterone and oestradiol (see section 1.4. 'The
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timing o f luteolysis').

However, more recent studies have shown that in

ovariectomized ewes infusion of IFNt caused effective inhibition only if progesterone
treatment was also maintained to day 15 (Ott et al., 1992) and was less successful
than in intact animals. If infusion began on day 8 of progesterone administration it
caused some reduction in OTR concentration by day 13 but was unable to inhibit
oxytocin-induced PGF^^ release (Vallet & Lamming, 1991) suggesting that an
additional ovarian factor(s) may be necessary to achieve fiiU inhibition.

IFNt

treatment in the presence of progesterone coupled with either oxytocin or oestradiol
administration revealed that the oxytocin-IFNT combination is effective in blocking the
PGF2„ response wfiereas the oestradiol-IFNT combination is not (Payne et a i, 1995).
Secondly, in the unilateral pregnancy study, with the surgical preparation ensuring
both uterine horns are exposed to the same concentrations of steroid hormones in the
systemic circulation, the inhibitory effect of IFNt is exerted locally on the
endometrium rather than directly on the CL itself. Finally, the latter study reinforced
the suggestion that IFNt is the only product of the developing trophoblast required to
maintain CL function (Vallet et at., 1988; Parkinson et al., 1991), \ ^ c h in turn is
consistent with the conclusion that IFNt produced by the blastocyst inhibits OTR
expression.

The administration of oCSP to endometrial explants in vitro reduces OTR
concentrations (Abayesakara et al., 1992).

In caruncular endometrium OTR

concentrations rise after 24 hours in culture, subsequently plateau and then remain at
this elevated level for the duration of culture (96 hours).

In intercaruncular

endometrial explants OTR concentrations are elevated after 24 hours and continue to
rise for the duration o f culture (Sheldrick et al., 1993). These autonomous increases
in OTR concentrations are blocked by both actinomycm D and cycloheximide,
suggesting that changes in OTR concentrations are regulated both at the level of
transcription and translation (Sheldrick et al., 1993).

Northern analysis of total

endometrial RNA extracted from both uterine horns of a unilaterally pregnant sheep
showed the inhibitory effect of IFNt on OTR expression was mediated through gene
transcription (Stewart et al., 1993). Treatment of sheep endometrial explants with
recombinant ovine trophoblast interferon (roIFNr), recombinant bovine IFN-a^ or
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oCSP inhibited OTR binding and PKC activity.

Down-regulation of PKC by

continued exposure to 4(3-phorbol myristate or treatment with PKC inhibitors
mimicked the effect o f IFN in vitro by reducing OTR binding by 70% (Abayasekara
et aL, 1995ûr).

Inhibition, or down-regulation, of PKC in cultured Madin Darby

Bovine Kidney (MDBK) cells has also been shown to have no effect on the antiviral
activity o f IFNt (Abayasekara et a l, 19956). This suggests that the cellular signalling
mechanism by which IFNx inhibits OTR involves inhibition or down- regulation of
PKC and that this effect is mediated through a different intracellular signalling
pathway relative to the tyrosine kinase-mediated antiviral effect. However, from the
recent sequence information on the ovine endometrial IFNt receptor (S. Kaluz,
unpublished observations) it would appear that both effects are mediated through a
single class o f cell surface receptor. It is uncertain how the effect o f IFNt on PKC
is converted into an effect on OTR gene expression. One possibility is that the action
is transduced via an effect on steroid receptors (Flint et al., 1995).

In general,

oestrogen activates and progesterone inhibits OTR expression (see section 1.4 'The
timing of luteolysis'), therefore an inhibitory effect on the oestrogen receptor (ER) or
an activation of the progesterone receptor (PR) could lead to the appropriate IFNtinduced inhibition of OTR

ER levels are suppressed locally by trophoblast

interferons during early pregnancy (Lamming et at., 1995), and administration of IFN
reduces PR function (A. M. Clarkson & A. P. F. Flint, unpublished observations).
Since oestrogen is known to activate the PR (Stone et at., 1978) the inhibitory effect
of IFNt on the ER may explain the secondary effect on the PR The effects on the
two steroid receptors concomitant with the effect on PKC may be consistent with IFNt
reducing ER function by a post-translational effect involving receptor phosphorylation
(Flint et at., 1995).

The action o f IFNt on the OTR may therefore involve either, (i) inhibition of OTR
mRNA, (ii) inhibition of OTR binding due to phosphorylation of OTR protein (iii)
a combination o f (i) and (ii) or (iv) an indirect effect via inhibition of oestrogen
receptor function.

As can be seen from the above, the ovine endometrial OTR plays an important role
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in the control of cycle length through the regulation of luteolysis during the non-fertile
cycle. During the fertile cycle inhibition of OTR expression by the trophoblast, over
the period designated the maternal recognition of pregnancy, is vital to ensure
maintenance of the CL and successftil development of the conceptus.

An

understanding of the structure and function of this receptor at a cellular and molecular
level, its localisation and the molecular mechanisms involved in steroidal control of
its gene expression should provide an explanation for the relative constancy of
oestrous cycle length and an insight into the endocrine events associated with early
pregnancy.

Before setting out the objectives of this thesis it is fitting at this point to review some
of the studies investigating the basic molecular biology of the OTR.

1.6

Molecular biology of the oxytocin receptor

The uterine OTR has been characterised in a number of species such as the rat, sow
(Soloff & Schwartz, 1974) guinea-pig (Alexandrova & Soloff, 1980), human (Fuchs
et a/., 1982) and sheep (Roberts et a/., 1976; Sheldrick & Flint, 1985). All of these
studies investigated specific binding o f pH]oxytocin to high afiBnity sites in membrane
preparations fi*om uterine tissues.

Binding parameters are expressed in terms of

Scatchard plots (Scatchard, 1949) and dissociation constants (ÆJ. In the sheep for
example, the oxytocin binding sites are known to be of high affinity in both caruncular
and intercaruncular endometrium and myometrium as represented by linear Scatchard
plots (Sheldrick & Flint, 1985) and high

values (Roberts et al., 1976; Sheldrick &

Flint, 1985).

The radioreceptor assay enabled the specificity of receptor binding to be assessed by
measuring the ability of a range of naturally occurring neurohypophysial peptides to
prevent pH]oxytocin binding. In particular, the vasopressins (arginine vasopressin,
AVP; lysine vasopressin, LVP), vasotocin (VT), mesotocin and isotocin have been
shown to cross-react with high affinity to the OTR (Sheldrick & Flint, 1985).
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However, because oxytocin is known to be present in the CL at a concentration far
in excess of any these other receptor-active compounds and AVP is absent during the
critical times of OTR up-regulation, the lack of specificity of the OTR is thought to
be of limited significance (Sheldrick & Flint, 1985).

Until recently the use of the ligand-binding assay was the only means available for
investigating the spatial and temporal induction of the OTR in the uterus. However,
recent developments in recombinant DNA technology have made it possible to
investigate the mechanism of this induction at the molecular level. It is now possible
to express various receptors and ion channels on the surface of Xenopus oocytes. The
expression o f such receptors can be detected electrophysiologicaUy based on coupling
to the IP3-PKC system (Sigel, 1990).

As oxytocin is known to stimulate

phosphoinositide hydrolysis in human (Schrey et a l, 1990) and ovine (Flint et al.,
1986) endometrium the OTR is assumed to be coupled to the IP3-PKC system and,
therefore, a likely candidate for molecular cloning by this method (Kimura et al.,
1992a, b\ Kimura et al., 1993).

The study by Kimura and co-workers (1992) provided the first information on the
primary structure o f the OTR at a molecular level and the techniques employed
established the background for this thesis. A cDNA library was prepared from total
RNA extracted fi*om human term myometrium. Clones were size firactionated and a
sub-library with inserts bigger than 4 kb constructed. This was divided into pools and
plasmid DNA fiom each pool was transcribed. In vitro transcribed RNA was injected
into Xenopus oocytes and the electrophysiological response to oxytocin measured. A
positive pool was identified, titrated, divided and re-amplified. Following progressive
screening a single clone was isolated and subcloned into bluescript (Kimura et al.,
1992a).

Northern blot analysis revealed the presence of OTR mRNA in human myometrium
at term consistent with the rise iu oxytocin binding sites in the same tissue reported
by Fuchs and co-workers (1984). In contrast, the amount of OTR mRNA in early or
non-pregnant myometrium was negligible. OTR mRNA was also detected in non
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pregnant endometrium, ovary and mammary gland. There were two major, tissuespecific, sizes of transcript, 3.6 kb in the breast and 4.4 kb in the ovary, uterine
endometrium and myometrium.

Sequencing o f the OTR cDNA revealed that the encoded receptor was a 389 amino
acid polypeptide (Kimura et a l, 19926). The hydrophobicity plot (Kyte & Doolittle,
1982) assigned the OTR to the G-protein-coupled receptor superfamily characterised
by the highly conserved topology of 7 transmembrane domains connected by
extracellular and intracellular loops.

G-proteins provide a signal transduction coupling mechanism for many cell surface
receptors (for reviews see Spiegel, 1987; Johnson & Dhanasekaran, 1989; Bourne,
1992; and references therein).

They are known to mediate the activation and

inhibition of adenylate cyclase and the hydrolysis of phosphoinositides whose
breakdown produces inositol phosphates, which in turn liberate calcium ions from
internal stores (Berridge & Irvine, 1984), and diacylglycerol, which stimulates protein
kinase C (PKC). In addition, activated G-proteins are known to open certain ion
channels in the plasma membrane, particularly K^ and Ca^^ channels either by a direct
action (Yatani et al., 1988) or indirectly, through second messengers such as cAMP,
Ca^^, diacylglycerol or arachadonic acid metabolites liberated by PLA2 (Kim et a l,
1989).

Several other members of the neurohypophysial hormone receptor family have been
described in a number of vertebrates species. The OTR has been cloned in the pig
(Gorbulev et a l, 1993), the V ia (vasopressin receptor) in the rat and human (Morel
et a l, 1992; Wheatley et a l, 1993; Thibonnier et a l, 1994), V lb in the human
(Sugimoto et a l, 1994) and V2 in the human, rat, pig and cow (Bimbaumer et a l,
1992; Lolait et a l, 1992; Gorbulev et a l, 1993; Kojro et a l, 1993). In addition, a
related Arg^-vasotocin (AVT) receptor has been cloned in a teleost fish (Mahlmann
et a l, 1994). Sequence comparison o f these cloned receptors revealed that they share
common structural features including a unique stretch of seven amino acids (Phe-GlnVal-Leu-Pro-Gln-Leu) at the end of the second transmembrane domain (TMII), one
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sequence in the first putative extracellular loop (Gly-Pro-Asp) and two sequences in
second extracellular loop (Asp-Cys-Trp-Ala and Pro-Trp-Gly; Feng & Doolittle, 1990).
These sequences are conserved exclusively within this subfamily and may play an
important role in ligand-receptor recognition.

It is this fact that has enabled the

structure/fimction relationship among these receptors and their small peptide ligands
to be investigated along with the relationship of species-specific hormone variants to
variations in receptor sequences (Chini et al., 1995; Mouillac et al., 1995).

To fimctionally characterise cloned members of the neurohypophysial hormone
receptors, cDNAs for the human myométrial OTR the pig OTR and pig V2 [Lys^JVP
receptor have been sub cloned into expression vectors and transiently expressed in Coscells (see Chapter 4).

This system has been used to study saturation and competitive

binding of the OTR and A VP receptor and to investigate fimctional responsiveness of
the receptors to oxytocin-related ligands (Gorbulev et al., 1993; Kimura et al., 1994).

More recently studies on human and rat uterine OTR have investigated structure,
characterisation and expression of the OTR gene (Inoue et al., 1994; Rozen et al.,
1995). The human myométrial OTR gene spans approximately 17 kb and contains 3
introns and 4 exons. Exons 1 and 2 correspond to the 5'-non-coding region, followed
by exons 3 and 4 encoding the amino acid! residues of the receptor. Intron 3, the
largest at 12 kb, divides the coding region immediately after the putative sixth
transmembrane domain.

The rat uterine OTR gene spans >20 kb and contains 2

introns and 3 exons; most notably intron 2 is conserved as the 12 kb that interupts
transmembrane domains VI and VU. The presence of an intron at this location is
highly conserved across the neurohypophysial hormone receptor family (Kimura et al.,
unpublished observations). The promoter regions of the OTR genes in both species
are o f interest as they provide a means of elucidating the mechanisms by which OTR
gene expression is induced and blocked in the uterus. Both the human and rat OTR
5'-flanking regions contain an Spl binding site and transcriptional regulator binding
sites (Apl, Ap2, GATA-1, Myb) around the TATA-Hke transcription start site. They
also contain multiple half-palindromic oestrogen-response element (ERE) motifs which
have been shown to act synergistically to induce expression of a chicken ovalbumin
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gene (Kato et al., 1992), and putative interleukin-response elements, such as that for
nucleofactor-interleukin 6 , which may be significant in terms of the effects of IFN on
OTR gene expression. It remains to be seen whether the use o f the OTR promoter to
direct the expression of a bacterial reporter gene such as chloramphenicol acetyl
transferase (CAT; Richard & Zingg, 1990) or luciferase, in an appropriate ceU line,
will shed further light on the molecular mechanisms controlling OTR gene expression
(see Chapter 8 ).

Despite the rapid accumulation of information in this field and the recent contribution
of recombinant DNA techniques to investigating the structure and function o f the OTR
there are still several questions which remain unanswered.

These include the

following, with particular reference to the ovineendometrialOTR: What is the primary
and secondary structure of the ovine OTR molecule and how does it compare with
OTR from other species?

If there are any differences what is their functional

significance? How does OTR/G-protein-coupling mediate an oxytocin transduction
pathway and what is the biological significance of the subsequent signal cascade?
What are the temporal and spatial patterns of expression o f the OTR gene? Does the
rate of synthesis of OTR vary throughout the oestrous cycle?

What are the

mechanisms o f steroidal induction and regulation o f OTR gene expression and receptor
synthesis and how is this expression inhibited during early pregnancy?

The sequence information on the human OTR (Kimura et al., 1992 a, b) has enabled
further investigation into the ovine endometrial OTR In light of the above questions,
the specific objectives of experiments to be discussed in this thesis were as follows:
(1) to determine the primary structure of an ovine endometrial OTR cDNA; (2) to
determine how OTR gene expression is controlled by (i) determining the localisation
o f OTR mRNA in the ovine uterus during the oestrous cycle and early pregnancy and
(ii) investigating the regulation o f OTR gene expression by ovarian steroids and (3)
to functionally characterise an ovine oxytocin signal transduction pathway with respect
to OTR coupling and second messenger generation.
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Chapter 2

Structure of an ovine endometrial oxytocin receptor cDNA

2.1

Introduction

As reviewed in Chapter 1, the regression of the CL (luteolysis) prior to ovulation
depends, in ruminants, on the secretion of prostaglandin p 2a (PGFj^) by the uterus
(McCracken et aL, 1972). This luteolysin is carried in the utero-ovarian venous and
ovarian arterial blood supply to the ovary, where it acts on cell membrane receptors
expressed by luteal cells to cause the cessation of progesterone synthesis and the cells'
ultimate lysis (Wütbank et al., 1991). PGFj^ is secreted by the uterus in episodes and
each episode is driven by oxytocin, which is itself secreted by the CL (McCracken et
al., 1984; Flint & Sheldrick, 1982; Wathes & Swann, 1982). Luteal oxytocin secretion
is in turn driven by PGFj^, and the positive feedback loop that this relationship
constitutes underlies the episodic nature of PGF2„ production (Flint & Sheldrick,
1983). The sensitivity of the uterus to oxytocin is determined by oxytocin receptors
(OTR) expressed predominantly on endometrial luminal epithelial cells (Roberts et al.,
1976; Sheldrick & Flint, 1985; Stevenson et al., 1994).

Progesterone is required for the establishment of pregnancy, therefore luteolysis must
be blocked early in pregnancy; this is caused by the secretion from the developing
conceptus of one or more Type I interferons of the interferon-tau

(IF N -t)

family

(Roberts et al., 1992). These interferons act on receptors expressed by endometrial
cells to restrict the development of OTR, probably via an effect on OTR gene
expression (Flint et al., 1994).

The central role of the endometrial OTR in the mechanisms of luteolysis and early
pregnancy in ruminants

emphasised the importance o f examining the primary

structure o f the receptor. This study involved sequencing the coding region of a sheep
endometrial OTR cDNA, and demonstrating regions of possible functional importance
in the light of species differences and differences between members of the
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neurohypophyseal hormone receptor family.

2.2

Materials and Methods

The subcloning and sequencing strategy adopted for an ovine endometrial OTR cDNA
in this study is illustrated in figure 2 . 1.

2.2.1

Ovine OTR cDNA probe and isolation of complete OTR cDNA

An ovine OTR cDNA probe and complete cDNA clone were obtained fi*om Dr H. J.
Stewart at the Babraham Institute, Cambridge, U.K.

The probe was a reverse

transcription-polymerase chain reaction (RT-PCR) product derived from RNA
extracted fiom ovine endometrium at oestrus (Stewart et al., 1993). This product was
generated using primers based on sequences in the sixth and seventh putative
transmembrane domains o f the human OTR sequence (Kimura et al., 1992 a, Z>); it
was 96bp in length, excluding the primers.

This OTR cDNA was used to probe an

ovine endometrial cDNA library (1.8 x 10^ plaque-forming units (p.f.u.)) prepared in
X-ZAP (Stratagene, Cambridge, U.K.) fiom mRNA (poly(A) Quik, Stratagene)
extracted (Chirgwin et al., 1979; Chomczynski & Sacchi, 1987) fiom ovine uterine
endometrium obtained at oestrus. The cDNA was synthesised by reverse transcription
using a primer with a poly-dT region at its 3'-end to bind to the poly (A) tail of the
mRNA and a 'GAGA' sequence at its 5'-end to retain an Xhol restriction enzyme site
in the newly synthesised strand. The two complementary strands were synthesised
separately and an adaptor containing an EcoRl restriction site ligated onto the 5' end
o f each strand.

The cDNA was ligated into a specially prepared UNI-ZAP XR

phagemid vector and used to transform a competent strain of E. coli (PLK-F). The
transformed cells were then plated out onto LB-agar plates (Appendix A) containing
tetracyclin at a final concentration of 50 pg/ml.

Plates carrying 200,000 p.f.u. were lifted onto Hybond™-N membranes (Amersham
International pic, Amersham, Bucks, U.K.) and screened. The probe was [a-^^P]dCTP53

labelled by synthesis of a complementary strand using the Klenow fragment of DNA
polymerase (Boehringer Corporation (London) Ltd, Boehringer Mannheim House,
Lewes, East Sussex, U.K.) and a specific 3'-terminal oligonucleotide primer. The
reaction mixture containing 200ng cDNA, 25pmol of downstream oligonucleotide
(Stewart et aL, 1993), lOmM Tris pH 8, 5mM MgClj and ImM each of dATP, dGTP
and dTTP was heated to 94°C and then cooled. The reaction was incubated for 2
hours at 22“C following the addition of SOpCi [a-^^P]dCTP (3000 Ci/mmol;
Amersham International pic) and Ipl Klenow.

Prehybridisation was for 4 hours and hybridisation was overnight at 60°C in 50mM
Tris (pH 7.6) containing IM sodium chloride, 6 % polyethylene glycol, 10 x Denhardt's
(100 X Denhardt's is 2% bovine serum albumin, 2% Ficoll and 2% polyvinyl

pyroUidone), 0 . 1% sodium pyrophosphate, 0 . 1% sodium dodecyl sulphate (SDS) and
100 pg/ml denatured herring sperm DNA (Appendix A). Filters were washed with 0.5
X SSC (20 X SSC is 3M sodium chloride and 0.3M sodium citrate; Appendix A), 0 . 1%
SDS at 60°C. A secondary screening was carried out under the same conditions. The
isolated clones were subjected to in vivo excision (Stratagene, La Jolla, CA, U.S.A.)
and cloned into the Bluescript SK+ plasmid vector.

Table 2.1 A summary of OTR cDNA clones isolated from a Lambda ZAP® cDNA
library based on ovine oestrous endometrial RNA. All clones were oligo-dT primed
and had identical 3' sequences.

Clone

Insert size/base pairs

1

1500

2

1250

7

1100

4/6/9

800

5/8

1500
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Figure 2.1

Subcloning and sequencing strategy adopted for an ovine endometrial

OTR cDNA
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2.2.2

Subcloning

2.2.2.1

Mini plasmid DNA preparation

For initial characterisation o f a recombinant plasmid, it is necessary to determine the
size and characteristics o f the insert. A method is therefore required for the
simultaneous preparation, from a number o f isolates, o f plasmid DNA in a state
sufficiently pure for restriction enzyme digestion.
procedure are: (i)
cells; (ii)

The requirements for such a

A simple method for rapid and complete lysis o f the bacterial

separation o f plasmid from chromosomal DNA;

(Hi) removal o f

proteins and o f other components o f the cells that might interfere with restriction
enzyme treatment; (iv) removal o f detergents, salts etc. used in the process.

The small scale alkali-lysis procedure described below was based on that previously
reported by Sambrook et al. (1989).

All glassware was sterilised by autoclaving and buffers were kept on ice until required.
AH reagents were from Sigma Chemical Co. Ltd., Poole, Dorset, U.K., unless
otherwise specified.

Individual colonies o f the largest OTR bluescript SK+ clone (1500 bp) were picked
from LB/AMP Agar plates (Appendix A) into separate Falcon universal tubes
(Marathon Laboratory Supplies) containing 10 ml L-broth (Appendix A) and 10 pi
ampiciUin (50 mg/ml). TTie tubes were then placed in an orbital shaker at 37°C (300
cycles/min) overnight to enable the cultures to reach stationary phase.

Glycerol stocks were made of the overnight cultures and stored at -70®C.

The remaining cultures were pelleted in a Beckman CPR bench centrifuge (Beckman
Instruments (U.K.) Ltd., Buckinghamshire, U.K.) at 2000g for 10 min. The
supernatants were discarded and the pellets resuspended in 200 pi GTE buffer (50 mM
glucose, 25 mM Tiis/HCl (pH 8.0), 10 mM EDTA, pH 8.3; Appendix A) and then
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transferred to 1.5 ml sterile Eppendorf tubes.

Cell lysis was carried out by the

addition of 400 pi freshly prepared 0.2 M NaOH/1% SDS; (Appendix A) followed by
vigorous vortexing of the tubes. Potassium acetate (3M KAW; pH 4.3; Appendix A)
was added (200 pi) to remove cell debris and the tubes were vortexed again. The
tubes were then centrifuged in a Micro-Centaur centrifuge (MSE, Loughborough,
Leics, U.K.) at 11600g for 10 min to produce a heavy white pellet. The supernatants
were carefully removed to fresh Eppendorf tubes and 0.6 volume propan-2-ol added
to each tube.

Tubes were vortexed and centrifuged

supernatants discarded.

(11600g, 5 min) and the

The pellets were washed with 400 pi 70% ethanol and

centrifuged as above (11600g, 5 min).

The ethanol was removed and the pellet

dissolved in 200 pi 1 x TE (Appendix A) containing 0.2 pi pre-boiled RNAse (20
pg/ml; Appendix A). Tubes were 'flick-mixed' and placed at 37°C for 30 min. An
equal volume o f phenol: chloroform.isoamyl alcohol (24:24:1) was added and the tubes
gently rocked and centrifuged (11600g, 3 min). The aqueous phases were removed
and transferred to fresh Eppendorf tubes. The organic phases were discarded and the
phenol/chloroform step repeated. An equal volume of chloroform was added to the
second aqueous extract and the tubes gently shaken and centrifiiged as before (11600g,
3 min). The final aqueous phases were transferred to fresh tubes, avoiding carry-over
o f any chloroform, and 0.1 volume 3M sodium acetate and 2.5 volumes 95% ethanol
added to precipitate the DNA. The tubes were left at -70°C for 20 min or -20°C for
2 hours to complete precipitation and then centrifuged (11600g, 10 min) to recover the

DNA. The pellets were washed with 70% ethanol to remove traces o f 'salt' and then
left to air-dry. Dry pellets were subsequently resuspended in 50 pi
stored

at -20°C.

1 x TE and

An aliquot of the final sample was then loaded into a mass

spectrophotometer (Beckman DU 65 spectrophotometer; Beckman Instruments (U.K.)
Ltd.) to determine its optical density (OD) A,260. The OD^^o provides an accurate
measurement o f the nucleic acid concentration, and the OD A,260:280 ratio, gives an
indication of the purity of the sample with respect to protein content (OD conversion:
Appendix A).

To assess whether the prepared DNA contained the expected OTR insert, restriction
digest and agarose gel electrophoresis were carried out, as described below:
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2.2.2.2

Restriction digest

Bacterial restriction endonucleases were first discovered in 1969.

In vivo, these

enzymes are involved in recognising and cutting foreign DNA entering the cell and
their most likely role is protecting the bacteria against phage infection. This property
o f recognising specific DNA sequences has been very useful as a molecular cloning
technique (Ausubel et al. 1993).

The restriction enzymes most commonly used in

genetic manipulation are the Type II class. These recognise sequences o f four (4cutters) or six (6-cutters) bases and cleave double-stranded DNA within the
recognition sequence, and at its complement, into fragments which can be separated
by gel electrophoresis. Some enzymes generate blunt eruiedfragments as they cut in
the same position on each strand and others yield fragments with staggered (sticky)
ends.

DNA samples from the 'mini-prep' procedure were diluted to a working concentration
of 100 ng DNA/pl m i x TE and retained on ice until required.

For each dUuted sample the following four 10 pi restriction digest reactions were set
up:

Tube
sample (pi)
buffer (10x;pl)
sterile water (pi)
EcoRI (pi)
Xhol (pi)

Tube

Description

1

uncut plasmid control

2

single digest with EcoRl

3

single digest with Xhol

4

double digest with EcoRI and Xhol
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The reactions were flick-mixed and then incubated at 37°C for 1-2 h.

2.2.2.3

Agarose gel electrophoresis

Gel electrophoresis allows separation o f DNA fragments on the basis o f size. DNA
molecules have a net negative charge at neutral pH so when placed in an electric
field they migrate towards the positive terminal. The separation matrix may either be
an agarose or a non-denaturing polyacrylamide gel depending on the size and amount
o f DNA ^o be analysed and on the resolution required.

Agarose forms a gel by

hydrogen bonding when in cool aqueous solution, and the pore size depends on
agarose concentration. Larger pores, effective for separation o f molecules from 0.2
kilobases (kb), are obtained using 1-1.5% agarose; for molecules up to 25 kb, 0.30.5% agarose is required. In experiments described here, 0.8% agarose was routinely
used to cover the size range o f 0.5-10 kb. The migration speed o f DNA o f 0.1-20 kb
is determined almost entirely by length and is independent o f base composition. The
gel pores act as a sieve thus smaller fragments have the highest mobilities. Molecules
o f the same size migrate through the gel as a band which gradually increases in width
due to diffusion.

The DNA is detected by ethidium bromide (EtBr) staining. This dye is incorporated
into the gel and intercalates between adjacent pairs o f bases emitting red fluorescence
on exposure to ultraviolet (UV) light (260-360 nM). The limit o f detection is 5-10 ng
DNA. The size o f the molecules in any band can be deducedfrom standard molecular
weight markers run in a parallel lane on the gel.

Agarose (0.8%; Gibco-BRL Life Technologies Ltd, Paisley, Scotland, U.K.) in 50 ml
1 X TBE gel running buffer (Appendix A) was melted in a 650W microwave oven (2
min on low power setting) removed, stirred and returned to boil. The agarose was
allowed to cool and 5 pi EtBr (5 mg/ml) added. The agarose/EtBr was poured into
a minigel electrophoresis tray (Gel electrophoresis apparatus GNA-100, Pharmacia
Biotech Ltd, Milton Keynes, Bedfordshire, U.K.) containing a plastic comb to form
the wells. The gel was allowed to set for 15-30 min and mounted into the gel tank.
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Gel running buffer was poured over the gel until the tank was fWl and all the wells
were completely submerged.

The 10 pi digests, from section 2.2.2.2, were prepared for loading by the addition of
2 pi gel loading buffer (Stop solution; Appendix A) , mixed thoroughly and pulsed in
a microfuge. A suitable size marker was prepared from a Hind HI restriction digest
of lambda (^) DNA (fragment size range: 125 - 23130 base pairs; NBL Gene Sciences
Ltd., Cramlington, Northumbria, U.K.; Appendix A). Size marker (1 pg) was prepared
by the addition o f 3.3 pi stock (300 pg/ml) to 6.7 pi sterile water. This maintained
a total volume of 10 pi, equivalent to the total volume of each digest.

An

approximate concentration o f DNA in any restricted fragment was assigned based on
a known conversion o f the size marker bands assuming a loading of 1 pg (Appendix
A).

The samples and size marker (12 pi) were loaded into adjacent wells using a fine
Gilson pipette and the gel run at 50 mV (approximately 35 mA, depending on gel
running buffer), for 1 . 5 - 2 hours. The gel was run slowly and for a relatively long
time to improve separation o f the expected insert and bluescript SK+ plasmid vector.

The gel was viewed under an ultraviolet transilluminator (UVP Ultraviolet
Transilluminator, Genetic Research Instruments (GRI), Gene House, Dunmow, Essex,
U.K.) and photographed using Polaroid Tipo 667 black and white instant pack film
(Fabrique au Royaume-Uni par Polaroid (U.K.) Ltd., St Albans, Hertfordshire, U.K.).

2.2.2.4

Large plasmid preparation: PEG method

The large scale polyethylene glycol (PEG) method of plasmid DNA preparation
described was based on that previously reported by Sambrook et al. (1989).

A positive glycerol stock of the largest OTR cDNA clone was used to inoculate 1 ml
L-broth containing 1 pi ampiciUin (50 mg/ml) in 12.5 ml sterile polystyrene tubes
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(Falcon). The tubes were shaken in a 37“C vertical rotary incubator (CM 100 cell
mixer, Luckham Ltd, Burgess-Hill, Sussex, U.K.) for 6 hours, or until the cultures had
reached log phase of growth.

Log phase culture (0.5 ml) was added to 500 ml

(1:1000 dilution) L-broth containing 0.5 ml ampiciUin (50 mg/ml) in a sterile, baffled
glass flask (PhiUip Harris Scientific, London, U.K.).

The flask was placed in an

orbital shaker (GaUenkamp) at 37“C, 300 cycles/minute, and the culture grown
overnight to stationary phase.

The culture was transferred to two 250 ml rotor buckets (Beckman Instruments (U.K.)
Ltd) and centrifuged in a Beckman 60' J2-21 centrifuge at 2500g (rotor JA-14) for 20
min at 4°C. The supernatant was poured to waste and the peUets resuspended in 4 ml
50 mM Tris/HCl (pH 8.0) containing 25% (w/v) sucrose (Appendix A).

The

resuspended peUets were transferred to 50 ml Oakridge tubes (Phillip Harris) and the
final volume of each tube recorded. Lysozyme was added to a final concentration of
1 mg/ml and mixed by gently rolling the tubes. The tubes were left on ice for 15 min

to aUow complete ceU lysis. EDTA was added to final concentration of 10 mM, the
tubes left on ice for a fiuther 15 m in and 0.5 volume 3 x Triton buffer (Appendix A)
added to break down the ceU membranes.

The Triton was mixed in gently, but

thoroughly, and the tubes left on ice for 30 m in before being centrfuged at 25500g
(rotor JA-20) for 60 min at 4°C. The supernatants were careftdly removed, transferred
to sterile 50 ml conical Falcon tubes and made up to 0.5M with respect to NaCl (the
volume made up to 10 ml with 50 mM Tris/HCl (pH 8.0) and then 1 ml 5M NaCl
added). The supernatants were extracted twice with an equal volume of equilibrated
phenol:chloroform (pH 8.0; Appendix A). The second aqueous phase was extracted
with an equal volume of chloroform:isoamyl alcohol (24:1), saturated with water, and
centrifuged as above (2500g, 10 min). The final aqueous phases were transferred to
fiesh tubes and 10% (w/v) polyethylene glycol (PEG, mwt 8000; Sigma) added. The
tubes were placed in a 37°C water bath, shaken at regular intervals, to allow all of the
PEG to dissolve, and placed at 4°C overnight to enable the PEG to precipitate out the
plasmid DNA.

The PEG precipitates were transferred to sterile 12 ml Sarstedt polypropylene tubes
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and centrifuged at 14500g (rotor JA-20.1) for 20 min at 4°C. The supernatants were
poured to waste and the pellets dissolved in 500 pi O.IM Tris/HCl (pH 8.0) and
transferred to sterile Eppendorf tubes.

Ten pi pre-boüed RNAse (10 mg/ml) was

added, mixed by gentle pipetting and incubated at 37°C for 45 min. An equal volume
of PEG buffer (Appendix A) was added and the tubes incubated on ice for 60 min.
The tubes were then centrifuged at 11600g for 10 min, the supernatants poured to
waste and the pellets redissolved in 0.5M NaCl/10 mM Tris/HCl (pH 8.0). The
resuspended peUets were extracted twice with phenol:chloroform:isoamyl alcohol
(24:24:1) and once with chloroform:isoamyl alcohol (24:1) as described in the 'miniprep' procedure (section 2.2.2.1). To the final aqueous phase was added 0.1 volume
4M NaCl and 2 volumes 95% ethanol (-20°C) and the tubes placed at -70®C for 20
min or -20“C for 2 hours.

The ethanol precipitates were centrifuged (11600g, 10 min) and the peUets washed
with 70% ethanol (-20“C; ethanol precipitation). AU the ethanol was removed and the
peUets vacuum dried in a Speedvac™ dryer (Salvant Instruments Inc., Farmingdale,
New York, U.S.A.) before being taken up in 100 pi 1 x TE.

The ODjgo of the

resulting plasmid DNA suspensions was then measured on a mass spectrophotometer.

2.2.2.S

Restriction endonuclease mapping

A restriction map, linear map o f the relative positions o f restriction enzyme
recognition sites, is the first step in analysing a piece o f DNA o f unknown structure.
This requires a combination o f partial (reduced digestion so that not every site is cut),
single and double (cleavage by two different enzymes) digestions and sizing o f the
resulting fragments by gel electrophoresis.

Restriction mapping o f the OTR cDNA insert was carried out using the foUowing
enzymes in single and double digests:
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Restriction

Recognition

Endonuclease

Sequence

Acc I

GT|(A or C)(G or T)AC

EcoR I

GjAATTC

Hinc n

GTPylPuAC

Hind m

A|AGCTT

Kpn I

GGTACjC

Pst I

CTGCA|G

Sac I

GAGCT|C

Xho I

C|TCGAG

*Py - Pyrimidine; Pu - Purine

This set of restriction enzymes was chosen on the basis that bluescript SK+ plasmid
and M13mpl8/mpl9 phagemid cloning vectors contained a single site for each
located exclusively to the poly cloning site. All enzymes selected had 6 base pair
recognition sequences ( 6-cutters).

All enzymes were from Northumbria Biologicals Ltd, Cramlington, Northumberland,
U.K. Digests were carried out in the reaction buffers provided by the manufacturer
and used according to their instructions. Restricted DNA fragments were analysed on
0.8% agarose/TBE gel containing 1 pg/ml EtBr.

2.2.2.6

Gel purification of restricted fragments ('Gene Clean )

A 1% low melting point (LMP) agarose gel was prepared by heating 0.5 g LMP
agarose (Gibco-BRL Life Technologies Ltd) in 50 ml TAE gel running buffer
(Appendix A; section 2.2.2.3). The gel band corresponding to the required fragment
was excised from the gel, under UV light, using a sterile scalpel blade and transferred
to a pre-weighed sterile 1.5 ml Eppendorf tube. The fragment was purified from the
gel using the Geneclean® II kit (Stratech Scientific, Luton, Bedfordshire, U.K.). The
weight o f the excised band was determined and 3 volumes of Nal stock solution (4°C)
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added. The tube was placed at 50°C in a water bath for 5 min to melt the agarose and
the contents mixed at regular intervals. An insoluble silica matrix (GLASSMILK®)
was added (5 pi for suspensions containing 5 pg or less o f DNA and an additional
microlitre for each 0.5 pg of DNA above 5 pg) and the tubes placed on ice for 5 min
to allow binding of the DNA to the matrix.

The süica matrix-bound DNA was

centrifuged (11600g, 5 sec) and the Nal supernatant transferred to another tube, this
contained DNA and was put through the binding procedure again if required. The
pellet was washed with between 10-50 volumes (350 pi) NEWWASH® (14 ml
NEWCONCENTRATE® in 590 ml 50% ethanol) centrifuged as before (11600g, 5 sec)
and the supernatant discarded. The wash step was repeated twice. The washed pellet
was resuspended in 5 pi 1 x TE buffer and incubated at 50°C for 2-3 min to elute the
DNA from the GLASSMILK®. The tube was centrifuged (11600g, 30 sec) and the
supernatant, containing the eluted DNA, carefully removed to a fresh sterile tube.
Approximately 80% of the bound DNA eluted in this first step and the elution was
repeated to obtain a further 10-20% recovery. The amount of DNA recovered was
determined on a 0.8% agarose gel run alongside 1 pg Hind WJX DNA size marker.

2.1.2.7

Construction of single-stranded templates

2.2.2.7.1

Preparation of bacteriophage M13 vector

MIS is a filamentous bacteriophage specific to Escherichia coli (Hofschneider, 196S)
which contains a single-stranded closed circular molecule o f DNA approximately 6400
nucleotides in length.

When used as a cloning vector this bacteriophage generates

large quantities o f DNA molecules that carry the sequence o f one strand o f the foreign
DNA. Such single stranded DNAs were the templates o f choice in this study fo r DNA
sequencing by the dideoxy chain-termination method described in section 2.2.4.1
below.

The MIS vectors used in this study were M lSm plS and M lSm pl9 (both 72500
nucleotides in length). These contain cloning regions with IS different cleavage sites
that can accept DNA fragments produced by digestion with many different restriction
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enzymes. The m pl8 and m pl9 vectors differ from each other only in the orientation
o f the asymmetrical polycloning site. Hence, a restrictedfragment o f double stranded
foreign DNA can be inserted in opposite orientations in the two vectors. One o f the
two strands o f the fragment will be attached to the (+) strand o f m pl8 and the
complementary strand w ill be attached to the (+) strand o f mpl9. Vectors o f the mp
series are derived from a recombinant MIS bacteriophage (MlSmpl) and as such
confer ampiciUin resistance to the host bacterial cells and contain the regulatory
sequences and coding information for the first 146 amino acids o f the ^-galactosidase
gene (lacZ). The F'-plasmid o f the host cell, in this case E coli strain JMIOI, lacks
coding information fo r amino acids 11-41 o f the same gene. Therefore, unsubstituted
vectors a-compliment the F'-plasmid to produce Lac-^ bacteria which form blue
plaques

on

plates

containing

X-gal

(5-bromo-4-chloro-3-indoyl-^-D-

galactopyranoside; a substrate for (3 -galactosidase) and IPTG (isopropylthio-^-Dgalactosidase; a gratuitous inducer o f ^-galactosidase). Insertion o f foreign DNA into
the polycloning site in the lacZ region usually eliminates this 'complementation' by
disrupting the protein coding region o f the 5' end o f the lacZ gene and gives rise to
pale blue or colourless plaques.

This represents a simple test to score for

recombinants and by using m pl8 and mpl9, as dual vectors, it is possible to use a
single primer ('universal primer') to determine the sequence o f nucleotides on opposite
strands from each end o f the inserted DNA.

M13mpl8 and M13mpl9 (500 ng; Boehringer Mannheim, Lewes, East Sussex,
Brighton) were digested with the appropriate restriction enzymes (equivalent to the
enzymes used to generate the restricted fragment of OTR cDNA) as described in
sections 2.2.2.2 and 2.2.2.5 An aliquot of the digest was checked on an agarose gel
(Section 2.2.2.3). The remaining DNA was extracted with phenol:chloroform:isoamyl
alcohol (24:24:1; section 2.2.2.1) and recovered by ethanol precipitation.

When

restriction enzymes were used that generated blunt ends the vector DNA was
dephosphorylated after digestion, to increase the efficiency o f ligation, using calf
intestinal alkaline phosphatase (NBL Gene Science Ltd) according to the method
reported by Sambrook et al. (1989).
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2.2.2.7.2

Ligation of OTR cDNA fragments and M13 vector

'Gene cleaned' OTR cDNA fragments were combined with restricted M13 vector DNA
in a 3-10:1 (insertivector) molar ratio (10 gl final reaction volume). The vector and
insert were added to a sterile 1.5 ml Eppendorf tube and the volume made up to 8 pi
with sterile water. The DNA was heat-denatured at 65°C for 10 min and then snapcooled on ice for 2-5 min. T4 ligase buffer (lOx; NBL Gene Sciences Ltd) was added
(1 pi; NBL Gene Sciences Ltd) and fhck mixed, followed by T4 DNA ligase (Ipl at
>10 units/pl) gently mixed using a Güson pipette. The ligation reaction was pulsed

in a microfuge and incubated at room temperature for 10 min and then left at 4-8“C
overnight.

Positive and negative control ligations were set up containing restricted vector alone
plus or minus ligase respectively. Ligations were either used immediately or stored
at -20°C until required.

2.2.2.T.3

Preparation of competent cells

E. coli (JMlOl) overnight (o/n) cultures were diluted 1:100, 0.5 ml culture in 50 ml
2TY medium (Appendix A), in a sterile 250 ml baffled conical flask (Phillip Harris
Scientific).

A fiuther 100 pi o/n culture was used to inoculate 20 ml 2TY in a

universal tube (Phillip Harris Scientific) and both dilutions were grown in anorbital
shaker for 2 hours to late log phase (A 550 0.4-0.6 ).

The universal culture was

transferred to a 37®C incubator until required for transformation. The cells fi*om the
50 ml culture were recovered by centrifiigation (2000g, 10 min) at 4®C and gently
resuspended in 0.5 volume (25 ml) ice cold freshly prepared 50 mM calcium chloride
and incubated on ice for 20 min. The cells were recovered as before ( 2000 g, 10 min)
resuspended in 0.1 volume (5 ml) ice cold 50 mM CaClz then incubated on ice for 4
hours. Competent cells were either used immediately, kept on ice or stored at 4°C o/n
until required.

2.2.2.7.4

Transformation
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The transformation method described was modified fiom that previously reported by
Sambrook et al. (1989).

E. coli (JMlOl) competent cells (100 pi) were transformed with half of the ligation
reaction mix (5 pi). The controls included: (1) restricted M13 without T4 DNA ligase
to determine the level of uncut vector, (2) restricted M13 with T4 DNA ligase to
determine the amount of non-phosphatased vector and (3) unrestricted M13 at 10 ng
to determine the transformation efficiency.

The transformation reaction was mixed and incubated on ice for 30 min and then heatshocked in a 42“C water bath for 3 min The tubes were incubated on ice for a further
30 min and transferred to a 5 ml bijou (Bibby Sterilin Ltd, Stone, Staffordshire, U.K.).
During the 30 min mcubation H-agar (Appendix A) was melted in a 65OW microwave
oven (full power) allowed to cool and poured into plates (Sterilin).

H-top agar

(Appendix A) was prepared in the same way and a 50 ml aliquot transferred to a
Falcon tube.

The molten H-top agar was allowed to cool, supplemented with

ampiciUin, to a final concentration of 50 pg/ml, and kept at 50°C in a water bath until
required.

A bijou was removed fiom ice and the following were added sequentially:

200 pi log phase JMlOl culture
40 pi IPTG
3 ml H-top agar/amp
40 pi X-GAL

This was mixed by inverting the bijou several times and then poured evenly over the
H-agar plate, allowed to dry

at room temperature for 30 min and then placed

(inverted) in a 37°C incubator o/n.

2.2.2.7.S

Single-stranded template preparation
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E. coli (JMlOl) o/n cultures were diluted (1:100) in 2TY medium as described above
(Section 2.2.2.13) and aliquotted into universal tubes (1.5 ml per tube). Individual
recombinant colourless plaques were picked from the agar plates into the 1.5 ml 2TY
containing o/n JMlOl.

The plaques were grown in an orbital shaker for 5 hours at

37“C with vigorous aeration (300 cycles/minute). The cultures were pelleted (11600g,
5 min) and aliquots (1 ml) of each supernatant (phage suspensions) were transferred
to fresh tubes and 200 pi PEG/NaCl buffer (Appendix A) added. The tubes were
incubated at room temperature for 15 min and the remaining supernatants stored at 20°C as a source of phage for reinfection. The PEG precipitates were centrifuged
(11600g, 5 min) the supernatants discarded and the pellets resuspended in 100 pi 1 x
TE buffer. The template DNA was extracted with phenol: chloroformiisoamyl alcohol
and ethanol precipitated as described in section 2 .2 .2 . 1.

The resulting DNA pellet was resuspended in 25 pi 1 x TE buffer and 4 pi run on an
0.8% agarose gel against single stranded M13mpl8 as a size marker.

True

recombinants containing the OTR insert, as opposed to false positives, were identified
from their position on the gel relative to the size marker and then more accurately
determined by Southern blot analysis.

2.2.3

Southern blot analysis

2.2.3.1

Blotting

The single-stranded template gel was incubated twice in denaturating solution (0.5M
NaOH/1.5M NaCl; Appendix A) at room temperature for 30 min on a rocking
platform. The gel was washed in distilled water and incubated twice in neutralising
solution (0.5M Tris/3M NaCl pH 7.0; Appendix A) as above. Hybond®-N membrane
(Amersham International pic) was cut to the gel size and soaked in 3 x SSC (1 x SSC
is 15 mM NaCl, 15 mM sodium citrate) along with three gel-size sheets and a wick
of 3MM Whatman paper (Whatman International Ltd, Maidstone, Kent, U.K.). The
gel was then left to blot o/n in a BRL blot transfer system as shown in figure 2.1.
below.
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Figure 2.2

Blot transfer apparatus

1 kg weight
perspex sheet

[

tissues
2 X 3MM

filter

gel (surrounded with
Saran wrap to prevent
'short circuits')

wick (3
paper)

X

3MM

bath
stage

20 X SSC

The membrane was washed for 5 min in 2 x SSC, placed in Saran wrap (GRI) on a
UV transilluminator and irradiated with UV light (254 nM) for 2-5 min to covalently
link the DNA to the nylon grid.

2 .2 3 .2

Probe-labelling

The probe for the Southern blot was a Pstl/SacI fragment (approximately 920 base
pairs in length) o f the OTR cDNA identified from the restriction map (Figure 2.3) and
derived by restriction digest. This fragment was 'gene cleaned' as described in section
2.2.2.Ô and 10 ng was boded for 5 min, to separate out the two strands, pulsed in a
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microfuge and snap-cooled on ice. The heat-denatured oligonucleotide was labelled
at the 3'-end with [ a-^^P]dCTP by addition of the following (final volume 16 pi):

3 pi oligo-labelling buffer (OLB; Appendix A)
1 pi bovine serum albumin (BSA; Appendix A)
1 pi [ a-^^P]dCTP (Amersham International pic)
1 pi Klenow DNA polymerase (lU/pl; NBL Gene Sciences Ltd)

The above was mixed gently and incubated at 37°C for 4-6 hours.

The reaction was stopped by the addition of 84 pi Stop solution (Appendix A); final
volume 100 pi.

To confirm that the labelling reaction had proceeded, two 1 pi

aliquots of the reaction were spotted onto GF/C glass microfibre filters (Whatman
International Ltd). One o f the filters was left to dry at room temperature, the other
was washed once in 25% trichloroacetic acid (TCA) for 10 min and twice in 5% TCA
for 10 min to remove any unincorporated [a-^^P]dCTP. The two filters'were then
placed in scintillant (Ultimagold™ universal LSC-cocktail, Canberra Packard,
Pangboume, Berkshire, U.K.) and counted on a Packard cobra autogamma counter
(Canberra Packard).

2.2.3.3

Pre-hybridisation/hybridisation of Southern blot

The membrane was placed between two sheets of jfine nylon mesh and inserted into
a Hybaid™ bottle (Hybaid Ltd, Teddington, Middlesex, U.K.) containing 10 ml
prehybridisation/hybridisation buffer (Appendix A).

The bottle was placed in a

Hybaid™ oven at 65°C for a minimum of 4 hours. The buffer was poured off and
replaced by 10 ml fi'esh hybridisation buffer containing 100 pi radiolabelled probe and
left to hybridise at 65“C o/n.

The blot was rinsed with 3 x SSC/0.1% SDS and the hybridisation buffer discarded.
The stringency and number of subsequent washes were determined by the nature of
the cDNA probe used.

Stringency was increased by reducing the concentration of
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SSC. The blot was transferred to a plastic tray and washed twice with 3 x SSC/0 . 1%
SDS at 65°C for 10 min on a rotating platform.

The progress of the removal of

background was monitored using a Geiger-MuUer counter. The blot was subjected to
a final high stringency wash with 0.1 x SSC/0.1% SDS at 65”C for 10 min. It was
then wrapped in Saran wrap, whilst still damp, and exposed to black fast x-ray film
(IBI Ltd, Cambridge, U.K.) at -70°C for a length of time dependent on the counts per
second registered over the membrane surface (average exposure time 4-6 hours).

The autoradiograph was developed in a dark room under red safety lamps. It was
dipped in Kodak LX24 x-ray developer (Kodak Phase Separations Ltd, Qweensbury,
Clwyd, U.K.) for 2 min, washed in water for 1-2 min then dipped in Kodak AL4 x-ray
fixer (diluted 5-fold in water) for 5 min followed by a final wash in water for 1 min
and then left to dry at 40°C for 30 min.

2.2.4

Single-stranded DNA sequencing

2.2.4.1

Sequenase sequence reaction

The chain termination DNA sequencing method (Sanger et al, 1977) was used in this
study. This is a widely employed method involving the synthesis o f a DNA strand by
DNA polymerase in vitro using a single-stranded DNA template such as M lS m pl8 or
M lSmpl9.

Synthesis is initiated at the flanking region o f the site where an

oligonucleotide primer is annealed to the template. Chain elongation is effected at
the S'-end o f the primer resulting in synthesis o f the opposite strand o f the template.
Synthesis is terminated by the incorporation o f a nucleotide analogue that will not
support continued DNA elongation. The chain-terminating nucleotide analogues are
the 2',S'-dideoxynucleoside 5'-triphosphates (ddNTPs). These lack the S'-OHgroups
necessary fo r DNA chain elongation. When a mixture o f dNTPs and one o f the four
ddNTPs are used, enzyme-catalysed polymerisation will be terminated in a fraction
o f the population chains at each site where the ddNTP can be incorporated. Each o f
the four reactions thus contains a population o f chains with a fixed 5'-end, determined
by the armealed primer, and a variable S'-end, terminating at a specific ddNTP, and
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together the four reactions provide complete sequence information. Inclusion o f a
radiolabelled nucleotide in the synthesis enables the labelled chains o f various lengths
to be visualised by autoradiography after the reaction products have been denatured
and run in parallel on a denaturing polyacrylamide gel allowing size fraction.

The single stranded sequencing described was carried out using the Sequenase®
Version 2.0 DNA sequencing kit (United States Biochemical, Cambridge Bioscience,
Cambridge, U.K.).

Single-stranded templates were selected based on the method

described in section 2.2.3.3. A -40 universal primer, which anneals to M13mpl8 at
nucleotides 6554-6571 (40 bases

from thestartof theM13mpl8 poly cloning

sense sequence 5'GTT TTC CCAGTC ACG AC 3', was annealed to

site),

eachtemplate

by adding the following to sterile 1.5 ml Eppendorf tubes:

Template DNA (3-5 pg)

7.0 pi

(Sterile H^O)
Reaction Buffer (5x)

2.0 pi

Primer (0.5 pmol/pl)

1.0 pi
10.0 pi

The above was annealed by heating at 65“C for 2 min in a water bath then cooled
slowly to <35°C over 15-30 min. Once cooled, the annealed DNA mixtures were
placed on ice until the labelling step.

A control tube was set up containing 0.2 pg single-stranded M13mpl8 and treated in
exactly the same way as the template tubes.

Whilst cooling the annealing mixtures, Eppendorf tubes (four tubes per template) were
labelled, filled and capped with 2.5 pi of each termination mixture (G, A, T, and C).
These were pre-incubated at 37°C in a water bath. The labelling mix (dGTP; 5x) was
diluted 5-fold to a working concentration using dilution buffer and retained on ice.
The labelling reaction was carried out by adding the following to the ice-cold annealed
DNA mixture (10 pi):
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DTT(O.IM)

1.0 ni

Diluted LabeUing Mix

2.0 |li1

^'[S]dATP (10 nC i/n i)

0.5 ni

Diluted Sequenase Polymerase

2.0 ql

15.5 nl

The polymerase was diluted 5-fold in enzyme dilution buffer, kept on ice at all times
and added last.

The labelling reaction was mixed gently, but thoroughly, and

incubated at room temperature for 3 min Aliquots (3.5 pi) of labelling reaction were
transferred to each termination tube (G, A, T and C), mixed and incubated at 37°C for
5 min. The termination reactions were stopped by adding 4 pi of Stop solution, mixed
and pulsed in a microfiige. The reactions were placed on ice until ready to load on
a sequencing gel or stored at -20°C until required.

2.2.4.2

Denaturing polyacrylamide gel electrophoresis (PAGE)

A 6 % polyacrylamide gel (National Diagnostics, Buckinghamshire, U.K.; Appendix
A) made up in 10 x TBE gel running buffer was poured between two sdiconised
(Acrylease®; Stratogene) glass sequencing plates (thickness 0.4 mm; Scotlab Ltd,
Strathclyde, Scotland, U.K.) held together by gel sealing tape(Gibco-BRL

Life

Technologies Ltd). A well comb was inserted and the gel allowed to setat room
temperature for 30-60 min. The weUs were flushed with 1 x TBE to remove excess
urea and the gel pre-run on a BRL S2 sequencing apparatus at 11000 V for 30 min.

Sequence reactions were heat-denatured at 75”C for 2 min and then immediately
loaded onto the gel. The four tubes for the M13mpl8 control and each template were
loaded in adjacent lanes in a pattern that aided reading closely spaced bands (eg
GATC). The gel was run for 1.5-2 hours at 12000 V, transferred to 3MM Whatman
paper and dried on a Savant gel dryer, connected to a diaphragm pump (Life Sciences
International (U.K.) Ltd, Basingstoke, Hampshire, U.K.), at 80°C for 1-2 hours. The
dried gel was exposed to black fast x-ray film for a time dependent on the counts per
second monitored over the surface of the gel using a Geiger-MuUer counter (average
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exposure time 16-18 hours).

Gel runs were repeated for 4 and 6 hours, to extend the amount of readable sequence,
and sequence reaction conditions were varied by altering the concentration of labelling
mix and using manganese (Mn^^) buffer, as instructed by the Sequenase® kit
manufacturers, to read sequences close to and extend sequences further from the
primer.

2.2.5

Automated sequencing

The automated sequencing in this study was carried out at The Babraham Institute,
Babraham, Cambridge, U.K. (microchemical facility) on an ABI 373A automated
sequencing machine (Applied Biosystems, Foster City, CA, U.S.A.) to eliminate
compression regions.

In this case the DNA was prepared using Qiagen miniprep

columns (Qiagen Ltd, Dorking, Surrey, U.K.), according to manufacturer's instructions,
and each of the four ddNTPs was attached to a different fluorescent label.

To

minmise compression the quantity of DNA used was optimised for each sample
preparation and in some cases the amplifrcation cycle was repeated.

The chain

termination reactions were set up as described in section 2.2.4.1 but rather than being
run separately the reaction products were mixed and run in a single lane of the gel.
Detection occurred at a point near the bottom of the gel by a scanning laser. A s the
different length fragments passed the laser each fluorescent label emitted light at a
different wavelength, this was detected and the data processed by computer.

2 .2.6

Sequence assembly

Sequence was read manually and information obtained for aU OTR cDNA fragments
analysed was assembled using the Staden and GCG Wisconsin computer packages
provided by the SERC Daresbury Laboratory, Daresbury, Warrington, U K
EMBL database was used for DNA sequence homology searches.
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The

2.3

Results

Nine positive cDNA clones were isolated containing inserts of 0.8-1.5kb (Table 2.1)
all nine clones gave the same 3'-end sequence and the largest clone (1.5kb) was
subsequently selected for sequencing. The restriction map of clone 5 (1.5kb) is shown
in figure 2.3.

Sequencing gels showing the bands representing bases 235-335 and 699-819 are
shown in figure 2.4a and 2.46. Figm e 2.4a shows sequence fiom the 5'-end of the
coding region o f the receptor and represents a region with limited secondary structure
as illustrated by the clear resolution of bands and lack of gel compression.

The

corresponding contigs of sequence for the gels shown in figure 2.4 and calculated
consensus fiom multiple gel readings over each region are given in figure 2.5a and
2.56 respectively. The fiill sequence of a 1.5kb sheep OTR cDNA is given in figure
2.6; it contains the complete coding region, and encodes a 391 amino acid protein.
The sheep OTR cDNA has a comparatively short 3'-end which suggests it may have
primed off an internal poly (A) site. From a hydrophobicity plot, generated according
to the method of Kyte & Doolittle (1982; figure 2.7), the deduced amino acid
sequence suggests that the OTR protein has 7 putative transmembrane domains (Figure
2.8)

Sequencing the sheep OTR between residues 242-262 proved technically difficult, with
serious compression o f gels. Figure 2.46 is a representative sequence gel fiom this
region, the presence of multiple bands across all four lanes is indicative of 'stuttering'
of the T7 DNA polymerase. This phenomenon is caused by a disproportionately high
degree of GC base pairing (Figure 2.56) which in turn results in complex secondary
structure. Inosine was used, with substitution of dITP for dGTP in the Sequenase®
single-stranded sequence reaction, as this has been shown to be effective over regions
of gel compression (Barnes et a i, 1983; Gough et a i, 1983). However, due to the
large proportion o f GC base-pairing the use of inosine accentuated pauses resulting
fiom secondary structure. The complete consensus sequence (Figure 2.56) in this
region was finally derived by repeated automatic sequencing using specific primers
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and also automatic sequencing following a double polymerase chain reaction.

77

Figure 2.3

A restriction map of a 1.5 kb OTR cDNA clone.

The names and

positions of restriction enzymes used to characterise the clone are shown. EcoRI and
Xhol sites at the 5'- and 3'-termini are from Lambda ZAP® linkers.

The exact

restriction site for each enzyme is given in brackets. Fragments generated using the
restriction enzymes were cloned into phagemid vectors M13mpl8 and M13mpl9 for
directional sequencing.
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Figure 2.4

Sequencing gels showing the bands representing bases: a) 235-335 and

b) 699-819 o f ovine OTR cDNA. All sequencing reactions were run using Sequenase®
Version 2.0 T7 DNA polymerase with a primer which anneals to M13mpl8 at
nucleotides 6554-6571. a) 5'-end of the OTR coding region (second transmembrane
domain and first extracellular loop), b) region of secondary structure in the third
intracytoplasmic loop. Note the severe 'stuttering' of the T7 DNA polymerase in b).
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Figure 2.5

Printouts generated by the Staden sequence assembly program

(Wisconsin) showing the contigs of sequence from individual gel readings and the
calculated consensus: a) data for figure 2Aa, b) data for figure 2.46. Note the large
proportion of GC base pairing and incomplete consensus in 6).
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a)

480
490
500
TGAASCACCTGAGGATAGCCGAC
TGAAGCACCTGAGGATAGCCGAC
AGAAGCACCTGAGGATAGCCGAC
TGAAGCACCTGAGGATAGCCGAC
TGAAGCACCTGAGGATAGCCGAC

-42
-43
-48

PAULI.DAT
otrr2.dat
OTRS.DAT
0TRQ1.DAT
CONSENSUS

-11
■42
■43
■4 8
2

510
520
530
540
550
PAULI.DAT CrGGCGGTGGCGGTGTTCCAGGTGCTGCCGCAGCTTCTGTGGGACATCAC
otrr2.dat *TGGCGGTGGCGGTGTrCCAGGTCGTGCCGCAGCTTCTGTGGGACATCAC
OTRS .DAT *TGGCGGTGGCGGTGTTCCAGGTCGTGCCGCAGCTTCT
OTRQ1. DAT *TGGCGGTGGCGGTGTTCCAGG* C* TGC*GCAGCTTCTGTGGGACATCAC
otr6bl.tx
CTTCTGTGGGACATCAC
CONSENSUS -TGGCGGTGGCGGTGTTCCAGGTC-TGCCGCAGCTTCTGTGGGACATCAC

•11
42
48
2
3

560
570
580
590
PAULI.DAT GTTCCGTTTCTACG* **GGCCCGACCTGCTCTGCCGCCTC
otrr2.dat GTTCCGTTTCTACGG
OTRQ1 .DAT GTTCCGTTTCTACGGCA
otr6bl.tx GTTCCGTTTCTACG *C *GGCCCGACCTGCTCTGCCGCCTC
otr6b2.txt
CCTC
CONS ENSUS GTTCCGTTTCTACG
GGCCCGACCTGCTCTGCCGCCTC

-11

b)
110
'120
130
140
150
24 AKIA.DAT CGGCTCAAGACGGAGGCG
25 AKIB .DAT CGGCTCAAGACGGAGGCGCGGCG*C*AGAGGCCT*G
19 cora4b.datCGGCTCAAGACGGAGGCGCGGCGGC* AGAGGCCT*GGC* *GGGCTTGAGG
-41 otrj.dat
*GAGAG*C*TA*GCAAGGGCT**AGG
CONSENSUS CGGCTCAAGACGGAGGCGCGGCC
AGAG-C-T- -GC- -GGGCT- -AGG
*

19
-41
-40
30

160
170
180
190
200
cora4b.datGCGCGGCGGCAGACTGC* *G*G* *G*GCGCGCTCT*GGCCCGC*TCAGCA
otrj.dat GCGCG*CGGCAGACTGCAAGAGACG**CGC**TCTAG*CC*GCGTCAGCA
otri .dat
A*CGCGCTCTAG*C**GCGTCAGCA
C0RAA4B.DA
AGCA
CONSENSUS GCGCG-CGGCAGACIGC--G-C--G--CGC--TCT-G-C--GC-TCAGCA

19
-41
-40
30
1

210
220
230
240
250
cora4b .datACGTCA*AGCTCATCTCT*AA*GGCT* *AAGA
otrj.dat *CGTCACAGCTCATCTCrCA* CG* CTTTA*GATCCGACAAC*GGTCAAGA
otri. dat *CGTCA**GCTCATCTCT*A*CG*CTCTA*GATC*G*CA*C*G*TCA*GA
C0RAA4B.DAACGTCA*AGCTCATCTCT*AA*GGCT**AAGA
otr6a2.txt
CTCATCTCT*AA*GGCT**AAGATCCG*CA*CAG*TCAAGA
CONSENSUS -CGTCA-AGCTCATCTCT*A- -G-CT- -A-GATC-G-CA-C-GGTCA-GA
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Figure 2.6

Nucleotide and amino acid sequence of a sheep OTR cDNA.
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GGTC ATG GAG GGC GCG TTT GCG GCA AAC TGG AGC GCG GAG GCG GTC AAC
1 Met Glu Gly Ala Phe Ala Ala Asn Trp Ser Ala Glu Ala Val Asn

45
15

46 GGG AGC GCG GCG CCT CCG GGA ACC GAG GGC AAT CGC ACT GCC GGG
16 Gly Ser Ala Ala Pro Pro Gly Thr Glu Gly Asn Arg Thr Ala Gly

90
30

91 CCG CCA CAG CGC AAC GAG GCC CTG GCG CGG GTG GAG GTG GCC GTG
31 Pro Pro Gin Arg Asn Glu Ala Leu Ala Arg Val Glu Val Ala Val

135
45

136 CTG TCC CTC ATC CTG TTC CTG GCG CTG AGC GGC AAC GCG TGC GTG
46 Leu Ser Leu H e Leu Phe Leu Ala Leu Ser Gly Asn Ala Cys Val

180
60

181 CTG CTG GCG CTG CGC ACC ACG CGC CAC AAG CAC TCG CGC CTC TTC
61 Leu Leu Ala Leu Arg Thr Thr Arg His Lys His Ser Arg Leu Phe

225
75

226 TTC TTC ATG AAG CAC CTG AGC ATA GCC GAC CTG GCG GTG GCG GTG
76 Phe Phe Met Lys His Leu Ser H e Ala Asp Leu Ala Val Ala Val

270
90

271 TTC CAG GTG CTG CCG CAG CTT CTG TGG GAC ATC ACG TTC CGT TTC
91 Phe Gin Val Leu Pro Gin Leu Leu Trp Asp H e Thr Phe Arg Phe

315
105

316 TAC GGG CCC GAC CTG CTC TGC CGC CTC GTC AAG TAC CTG CAG GTG
106 Tyr Gly Pro Asp Leu Leu Cys Arg Leu Val Lys Tyr Leu Gin Val

360
120

361 GTG GGC ATG TTC GCG TCC ACC TAC CTG CTG CTG CTC ATG TCG CTC
121 Val Gly Met Phe Ala Ser Thr Tyr Leu Leu Leu Leu Met Ser Leu

405
135

406 GAC CGC TGC CTG GCC ATC TGC CAG CCG CTG CGC TCG CTG CGC CGC
136 Asp Arg Cys Leu Ala H e Cys Gin Pro Leu Arg Ser Leu Arg Arg

450
ISO

451 CGC ACC GAC CGC CTG GCG GTA CTC GCC ACC TGG CTC GGC TGC CTG
151 Arg Thr Asp Arg Leu Ala Val Leu Ala Thr Trp Leu Gly Cys Leu

495
165

496 GTG GCC AGC GCG CCG CAG GTG CAC ATC TTC TCG CTG CGC GAG GTG
166 Val Ala Ser Ala Pro Gin Val His H e Phe Ser Leu Arg Glu Val

540
180

541 GCC GAC GGC GTC TTC GAC TGC TGG GCC GTT TTC ATT CAG CCC TGG
181 Ala Asp Gly Val Phe Asp Cys Trp Ala Val Phe H e Gin Pro Trp

585
195

586 GGG ccc AAG GCC TAC ATC ACG TGG ATC ACG C T C GCC GTC TAC ATT
196 Gly Pro Lys Ala Tyr H e Thr Trp H e Thr Leu Ala Val Tyr H e

630
210

631 GTG CCG GTC ATC GTG CTT GCC GCC TGC TAC GGC CTT ATC AGC TTC
211 Val Pro Val H e Val Leu Ala Ala Cys Tyr Gly Leu H e Ser Phe

675
225

676 AAG ATC TGG CAG AAC TTA CGG CTC AAG ACG GAG GCG GCG GCG GCA
226 Lys lie Trp Gin Asn Leu Arg Leu Lys Thr Glu Ala Ala Ala Ala

720
240

721 GAG GCT TCC GCG GGG GCT GAG GGC GCG GCG GCA GAC TGC GCG GGG
241 Glu Ala Ser Ala Gly Ala Glu Gly Ala Ala Ala Asp Cys Ala Gly

765
255

766 CGC GCG GCT CTG GCC CGC GTC AGC AAC GTC AAG CTC ATC TCT AAG
256 Arg Ala Ala Leu Ala Arg Val Ser Asn Val Lys Leu H e Ser Lys

810
270

811 GCT AAG ATC CGC ACG GTC AAG ATG ACC TTC ATC GTC GTG CTG GCC
271 Ala Lys H e Arg Thr Val Lys Met Thr Phe H e Val Val Leu Ala

855
285

856 TTC ATC GTG TGC TGG ACG CCA TTC TTT TTC AAG CAG ATG TGG AGT
286 Phe H e Val Cys Trp Thr Pro Phe Phe Phe Lys Gin Met Trp Ser

900
300

901 GTC TGG GAT GCC GAT GCG CCC AAG GAA GCC TCG GCT TTC ATC ATC
301 Val Trp Asp Ala Asp Ala Pro Lys Glu Ala Ser Ala Phe H e H e

945
315

946 GCC ATG CTT CTG GCC AGC CTC AAC AGC TGC TGC AAC CCC TGG ATC
316 Ala Met Leu Leu Ala Ser Leu Asn Ser Cys Cys Asn Pro Trp H e

990
330

991 TAC ATG CTC TTC ACG GGC CAC CTC TTC CAA GAC CTT GTG CAG CGC 1035
331 Tyr Net Leu Phe Thr Gly His Leu Phe Gin Asp Leu Val Gin Arg 345
1036 TTC CTC TGC TGC TCA TTC CGC CGC CTG AAA GGC AGC CAG CTG GGG 1080
346 Phe Leu Cys Cys Ser Phe Arg Arg Leu Lys Gly Ser Gin Leu Gly 360
1081 GAG ACG AGC GTC ACG AAA AAG ATC CAT TCG TAC ACC TTT GTC CTG 1125
361 Glu Thr Ser Val Thr Lys Lys H e His Ser Tyr Thr Phe Val Leu 375
1126 AGT CGG CAC AGC TCC AGC CAG AGA AGC TGC TCG CAG CCA TCC ACG 1170
376 Ser Arg His Ser Ser Ser Gin Arg Ser Cys Ser Gin Pro Ser Thr 390
1171
391
1228
1287
1346
1405
1464

GTG TGA CTGATCGGCCAGGGGCCCTCCTTGGCTTCGACTGTGCGACAGCAGACAGTC
Val
TGGCTCTTGGTGGCTGTGTACATGTGTGTACAAGGTACCTTCCAGTTTGTACCCCCTGC
ACCTTGGGCAGCTGAGTTGGGTGGGAAGCAACCCACGGGAAGATGGTAGGGTGACTCAA
CCATCAAGCCAAGCCCCAGATCTTCTGTGGGCCCCATGGGTACTCCTGCCCTGACCCCA
CTGCTGCCTTCCTTTAACAGTAAGTCCCCTACATAAGAATGAGTTCTGTTCTGAGAAAA
AAAAAAAAAAAAAAAA

1227
1286
1345
1404
1463

Figure 2.7

Hydrophobicity profile of the deduced amino acid sequence of the OTR

(Kyte & Doolittle, 1982). The transmembrane domains are indicated I - VU.
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PEPPLOT of: ovotr.pep ck: 2929,
1 to 392 January 18, 1995 17:25
TRANSLATE of: ovotr.wis check: 1526 from: 1 to: 1176
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Figure 2.8

Diagram of the topology of the OTR showing the seven transmembrane

domains connected by intracellular and extracellular loops characteristic of G-protein
coupled receptors. N-linked glycosylation sites, phosphorylation sites and sites of
putative G-protein interaction are shown.

88

* Transmembrane domain
® N-linked glycosylation site
® Phosphorylation site
® Site of G-protein coupling
-COOH
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2.4

Discussion

The sheep OTR cDNA sequence (Figure 2.6) is 82% similar to the human OTR cDNA
sequence described by Kimura et al. (1992 a, b \ 85% similar to the pig OTR cDNA
reported by Gorbulev et al. (1993) and 76% similar to the rat OTR cDNA reported by
Rozen et al. (1995).

The sheep OTR cDNA encodes a 391 amino acid protein (relative molecular mass
{M^ 43,147) that is assigned based on its hydrophobicity profile, (Kyte & Doolittle,
1982; figure 2.7), to the seven transmembrane (TM) domain G-protein-coupled
receptor family (data not presented). Oxytocin receptor protein sequences fi*om sheep,
pig, rat and human are aligned in figure 2.9; the sequences are highly similar with
most of the changes being conservative. The sheep OTR contains two additional
amino acids compared with the human OTR and three additional amino acids
compared with the rat OTR; the remaining amino acids are 90.5% and 93% similar
respectively. The pig OTR protein (Gorbulev et a/., 1993) also contains two extra
amino acids, but has a premature stop codon resulting in five fewer amino acids at the
C-terminus. This apparent difference could be due to the fact that the original cDNA
was cloned firom a pig-derived cell line (LLC-PKJ in long-term culture rather than
firom fresh tissue. All four proteins share 20-30% similarity across their TM domains
with other G-protein-coupled rhodopsin-type receptors.

The sheep OTR contains

virtually all the residues conserved in the seven TM domains of the neurohypophyseal
hormone sub-family of receptors (Feng & Doolittle, 1990), including a unique stretch
of seven amino acids (Phe-Gln-Val-Leu-Pro-Gln-Leu) at the C-terminal end of TM
domain H, a sequence in the first extracellular loop between TM domains II and III
(Gly-Pro-Asp) and two sequences in the second extracellular loop between TM
domains IV and V (Asp-Cys-Trp-Ala and Pro-Trp-Gly).

These sequences are

conserved exclusively within this sub-family and may play an important role in ügandreceptor recognition (Table 2.2).
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Figure 2.9

Alignment to show similarities and differences between sheep, pig

(Gorbulev et aL, 1993), rat (Rozen et al., 1995) and human (Kimura et al., 1992 a,
b) OTR amino acid (single-letter code) sequences.

White shading indicates an

identical amino acid to that found in the adjacent sequence, grey shading indicates a
conservative change from the adjacent sequence. Regions of high similarity to the
transmembrane domains o f other G-protein-coupled receptors are indicated by
numbered bars along the sequence (I to VII). * indicates a termination codon.
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Table 2.2

Putative functional residues of the sheep OTR cDNA clone.
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RESn)UE(S)

DESCRIPTION

PUTATIVE FUNCTION

Asn8

N-linked glycosylation sites

Receptor biosynthesis /
internalisation

Phosphorylation sites

Ligand-receptor complex
activation / deactivation

Conserved residues exclusively
within neurohypophyseal
hormone receptor subfamily

Ligand-receptor recognition

Val282

Substition of Ile282; invariant
TM domain residue

Specificity o f binding

Glu241

Additional residues relative to
human and rat OTR

Specificity of G-protein
coupling

Asn 15
Asn26

Thr235

Ser263
Ser269
Thr275
Ser382

Phe91-Gln92-Val93-Leu95Pro96-Gln97-Leu98

Gly 107-Pro 108-Asp 109
Asp 186-Cys 187-Trp 188-Ala 189
Prol94-Trpl95-Glyl96

Ala242
Ser243
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Hie sheep OTR has a single conservative amino acid substitution of a residue
invariant in the TM domains of other G-protein-coupled receptors as shown in figure
2,9: in TM domain VI, a valine for an isoleucine (Table 2.2). This substitution may
contribute to the broad specificity with respect to binding of oxytocin-related agonists
that is characteristic of the sheep uterine OTR (Sheldrick & Flint, 1985; Chini et al.^
1994, 1995).

The sheep OTR has a number of sites for possible post-translational modification.
There are hree N-linked glycosylation sites (Hubbard & Ivatt, 1981) at the N-terminal
end of the cDNA (amino acid positions 8, 15 and 26; figure 2.8; table 2.2). These
sites, which are thought to play a role in receptor biosynthesis and internalisation
(Jans et al., 1992), are also present in the human, pig and rat OTR There are two
similar sites at the N-terminus of the rat V ia arginine vasopressin receptor (AVP;
Morel et at., 1992) and one in the pig V2 lysine vasopressin receptor (LVP; Gorbulev
et al., 1993).

There are five possible serine and threonine phosphorylation sites (Kennelly & Krebs,
1991; figure 2.8). The fimctional significance of one of these (amino acid position
382) is as yet unknown. The other four (amino acids position 235, 263, 269 and 275)
are of interest as they are present in intracytoplasmic loop m , the intracellular region
between TM domains V and VI. This is the highly GC-rich region in which human
OTR (Kimura et al., 1992 a, b) has two fewer residues and rat OTR (Rozen et al.,
1995) has three fewer residues. Heterogeneity in this region between species has been
confirmed by PCR and preliminary investigation suggests that the amino acid
differences between sheep, human and rat OTR are genuine (S. Kaluz, unpublished
observations). The additional amino acids in this region of sheep OTR are neither
potential glycosylation nor phosphorylation sites and as such are unlikely to have any
function in terms o f post-translational processing. The third intracytoplasmic loop has
been implicated as the site of G-protein coupling. Binding of ligand to regions of the
extracellular loops and TM domains (Chini et al., 1994, 1995; Mouillac et al., 1995)
is thought to induce a conformational change in the receptor which is transmitted to
the appropriate G-protein, principally through contact between the N-terminal residues
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of the third intracellular loop of the receptor and the carboxy-terminus of the Gprotein-a-subunit (Lutrell et aL, 1993). Amino acid substitutions of intracytoplasmic
loop m residues have been shown to constitutively activate G-protein-coupled
receptors (Jameson, 1994). Co-transfection of Cos-7 cells with a rat uterine OTR
cDNA and intracytoplasmic loop IQ region of the receptor resulted in reduced
phosphoinositide turnover in response to oxytocin due to competition for the G-protem
between the complete functional receptor and the non-functional intracellular loop HI
cDNA (Sandbom et al., 1995).

In conclusion, this study revealed that the primary structure of the ovine endometrial
OTR is consistent with that reported for OTR in other species and that it retains
conserved regions exclusive to the neuroyhp ophyseal hormone receptor family. The
additional amino acid residues in the third intracytoplasmic loop of the ovine OTR
compared to those of the human, pig and rat may have Ainctional significance in terms
of G-protein coupling and subsequent signal transduction. The functional integrity of
the cDNA sequence reported in this Chapter is demonstrated in Chapter 5 by
investigating the effect of OTR expression on oxytocin-induced phosphoinositide (PI)tumover in transfected Cos-7 cells as this second messenger system is activated in
response to OTR occupancy in the endometrium (Flint et al., 1986).
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Chapter 3

Structure of ovine endometrial oxytocin receptor messenger RNA

3.1

Introduction

The first step towards an understanding of the mechanisms involved in the
physiological control of endometrial OTR expression is an investigation of the
structure of the OTR message and identification of the extent of the 5'-upstream
sequence controlling gene expression. The aims of the experiments described here,
therefore, were: (1) to confirm that the cDNA sequence described in Chapter 2 was
derived fi^om a sheep OTR mRNA, (2) to investigate whether mRNA levels observed
in the endometrium on northern blotting parallel changes in OTR concentrations
during the oestrous cycle, (3) to determine expression of possible multiple transcripts
and (4) to examine the 5'-flanking sequence, determine the existence of putative
transcription initiation site(s) and draw suitable comparisons with the structure of the
OTR gene in other species so far investigated.

3.2

Materials and Methods

3.2.1

Northern blot analysis

This method was used to determine the size and amount o f OTR mRNA transcripts at
various times throughout the oestrous cycle and during pregnancy.

3.2.1.1

Total RNA extraction

AU ovine uterine tissue was kindly provided by Professor D. C. Wathesand Dr K. R.
Stevenson, Royal Veterinary CoUege, Potter's Bar,Hertfordshire, U.K.

A sample of

human term myometrium was provided, foUowing the patient's written consent, by Dr
A. Lopez-Bemal, Dept. Obstetrics & Gynaecology, John RadcUffe Hospital, Oxford,
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U.K.

Uterine tissue (endometrium (E) and myometrium (M)) was obtained from ewes at
oestrus (E and M), day 1 (E), day 9 (E), day 14 (E) and day 15 (E) of the oestrous
cycle. Blocks of uterine tissue (2 cm^) were wrapped in aluminium foil, frozen in
isopentane in liquid nitrogen and stored(50 ml conical Falcon tubes)at -70°C.

To minimise contamination by RNAses gloves were worn at all times and all
glassware baked at 300°C for a minimum of 4 hours. Plasticware was soaked in a
0.1% solution of diethylpyrocarbonate (DEPC; Sigma), which has been reported to
inactivate RNAase, for 2 hours at 37“C and then autoclaved.

All solutions were

prepared using RNAase-free glassware and autoclaved water treated with 0.1% DEPC
for 12 hours at 37°C and then autoclaved to remove residual traces o f DEPC.

A single-step RNA extraction method was used in this study based on that previously
reported by Chomczynski & Sacchi (1987).

The tissue was removed from the -70°C freezer and immediately transferred to a sterile
50 ml Falcon conical tube. Solution D (4M guanidinium thiocyanate (GTC), 25mM
sodium citrate pH 7.0, 0.5% Sarkosyl, O.IM P-mercaptoethanol; Appendix A) was
added to the tissue (approximately 10 ml/g tissue). The tissue was homogenised
immediately, with a Polytron (Ultra-Turrax T25), to bring about cell lysis and
dénaturation of endogenous ribonucleases.

Sodium acetate (pH 5.2; 0.1 volume 2M;

final conc. 0.2M) was added to the homogenised tissue and the tube vigorously
shaken, this was followed by an equal volume of unequilibrated phenol
(Aquaphenol™;

AppHgene)

and

0.2

volume,

water-saturated,

chloroform:

isoamylalcohol (49:1). The tube was repeatedly shaken, incubated on ice for 15-30
min and then centrifuged in a Beckman CPR bench centrifuge at 2000g for 15 min at

4”C.

The aqueous phase was removed to a fresh Falcon tube and the

phenol/chloroform extraction repeated twice without the addition of sodium acetate.
The aqueous phase contained almost exclusively RNA. Contamination with genomic
DNA was minimal as the acidic nature of the extraction ensured that the DNA
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remained in the organic phase.

To complete fractionation of the RNA, an equal

volume isopropanol (-20”C) was added to the final aqueous phase and the solution
left at -20°C for 60 min. The precipitate was transferred to a 50 ml Oakridge tube and
centrifuged in a Beckman J2-21 centrifuge at 7800g (rotor JA-20) for 30 min at 4°C.
The pellet was washed with 70% ethanol (-20°C) and the tube centrifuged at 11300g
for 15 min at 4°C.

The supernatant was discarded, the pellet resuspended in an

appropriate volume (0.5 ml) 1 x TE buffer and the RNA stored at -70°C.

3.2.1.2

Northern gel

A 1.5% agarose gel was prepared by melting 1.5g agarose in 10 ml 10 x northern
buffer (Appendix A) and 74 ml DEPC-treated water in a 650W microwave oven. The
gel was left to cool at room temperature and 16 ml formaldehyde added just before
it began to set. The gel was poured into a BRL horizontal gel electrophoresis tray,
allowed to set and then covered with gel running buffer (1:10 dilution of 10 x northern
buffer).

The RNA samples were aliquotted into sterile 1.5 ml Eppendorf tubes such that each
ovine sample contained 20 pg and the human term myometrium control contained 15
pg total RNA. The aliquots were freeze-dried in an Edwards Freeze Dryer Modulyo
(Jencons Scientific Ltd, Leighton Buzzard, Bedfordshire, U.K.) and the RNA pellets
resuspended in 4 pi DEPC-treated water. Dénaturation buffer (16 pi; Appendix A)
was added and the samples heat-denatured at 65“C for 15 min Loading buffer (4 pi,
6x; appendix A) containing bromophenol blue was added and the samples immediately
loaded onto the gel. Two RNA size ladders (3pg; Gibco-BRL Life Technologies Ltd;
transcript size ranges 0.16-1.77 kb and 0.24-9.5 kb respectively) were loaded at either
end of the gel to enable the size of transcripts to be accurately determined. The gel
was run at 5-6 V/cm (in this case 70 V) for 4-5 hours until the bromophenol blue dye
line was 10 cm from the origin.
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3.2.1.3

Blotting

The northern gel was blotted according to the method described in Chapter 2, section
2.2.3.1 (Figure 2.2).

3.2.1.4

Staining

In order to confirm that equal amounts of total RNA had been loaded in each lane of
the gel the Hybond™-N membrane was soaked in 5% acetic acid for 15 min at room
temperature and then stained with 0.04% methylene blue/0.5M sodium acetate (pH
5.2) for 5-10 min on a rocking platform. The membrane was rinsed in sterile water
for 5 min and then photographed using polaroid 667 film (Polaroid (U.K.) Ltd, St
Albans, Hertfordshire, U.K.).

3.2.1.5

Preparation of partial cDNA probe

A Pstl/Kpnl restriction fragment of OTR cDNA was isolated and 'gene cleaned'
(sections 2.2.2.2 and 2.2.2.6) to a final concentration of 10 ng/pl.

The Pstl/Kpnl

fragment was approximately 900 bp in length and represented the complete coding
region of the OTR excluding the first 340 bp (Figure 2.6).

3.2.1.6

Probe-labelling

The oligonucleotide described in section 3.2.1.5 was 3'-end radiolabelled according to
the method described in Chapter 2, section 2.2.3.2.

3.2.1.7

Prehybridisation/hybridisation of northern blot

The membrane was prehybridised and hybridised at 42°C according to the method
described in section 2.2.3.3.

The hybridisation buffer containing the labelled probe was washed to waste with 2 x
100

SSC/0.05% SDS at 42°C. The blot was then subjected to relatively stringent washes
based on the method previously reported by Stewart et al. ( 1993). The membrane was
washed (x3) in 1 x SSC/0.1% SDS at 60°C followed by single washes in 1 x
SSC/0.1% SDS and 0.5 x SSC/0.1% SDS at 65°C for 10 min each. Throughout the
washing procedure the blot was monitored for background radioactivity using a
Geiger-Muller counter. The blot was wrapped in Saran wrap and exposed to x-ray
film at -70°C for an appropriate length of time according to the final counts per second
(in this case 48 hours subsequently extended to 7 days to obtain a more intense
autoradiograph).

3.2.2

Identification of the transcription start site by primer extension

The method o f transcription start site identification by primer extension was based on
that previously reported by Stewart et at. (1990).

A 26 mer oligonucleotide sense sequence, 5’ ACG GAT CGC GCA AAC GCG CGC
TGG AT 3', complimentary to bases 1-26 of the coding region of the OTR cDNA
clone described in Chapter 2, was synthesised on a Beckman oligo-synthesizer.

The oligonucleotide primer (50 ng) was radiolabelled by incubation at 3TC for 1-2
hours with 50 pCi [y^^PjdATP (5000 Gi/mmol; Amersham International pic) in the
presence of T^ polynucleotide kinase (20U; Gibco-BRL) and T^ forward reaction
buffer in a final volume of 20 pi.

The labelled oligonucleotide was separated from unincorporated [y^^PJdATP by
passing the reaction mixture through a Nuctrap™ push column (Stratagene) according
to the manufacturer's instructions.

The labelled oligonucleotide was dried under

vacuum in a Speedvac™ (Salvant Instruments Inc., Farmingdale, NY, U.S.A.) and
resuspended in 20 pi PIPES buffer. Total RNA (40 pg) extracted from ovine oestrous
endometrium (Chapter 3, section 3.2.1.1) was added and the volume adjusted to 60 pi
with sterile distilled water.

The oligonucleotide was annealed to the RNA by

incubating the reaction at 55®C for 1 hour.
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The mRNA-primer complexes were

precipitated by incubation, at -70°C for 30 min, with 0.05 volume 4M NaCl and 2.5
volumes 95% ethanol in the presence of 20 pg tRNA (10 pg/pl). The mRNA-primer
complexes were pelleted by centrrfiigation (11600g, 10 min) and resuspended in the
following;

RT first strand synthesis buffer (5x)

5 pi

sodium pyrophosphate (0.2M)

1 pi

Human placental ribonuclease inhibitor

2 pi

dNTP mix (lOmM)

2 pi

Sterile distilled water

10 pi

Reverse transcriptase (MoMuLVRTase; 200u/pl)

1 pi

The reveise transcription (RT) cDNA synthesis reaction was incubated at 42°C for 1
hour. The volume was made up to 100 pi with sterile water and extracted twice with
phenol:chloroform. The aqueous phases were pooled and an equal volume of
chloroformiisoamyl alcohol added. After 'vortexing' for 15 sec the aqueous phases
were collected and the cDNA ethanol precipitated at -70®C for 30 min with 0.05
volume 2M ammonium acetate and 2.5 volumes 95% ethanol. The precipitate was
pelleted at 11600g for 10 min, the pellet washed in 70% ethanol and resuspended in
3 pi sterile water. Sequenase® stop solution (5 pi; Cambridge Bioscience) was added
and the primer extension product stored at -20°C.

The primer extension product was denatured at 65°C for 3 min and loaded onto a pre
run (llOOOV, 45 min) 6% (w/v) polyacrylamide sequencing gel. An MspI digest of
pBR322 DNA (26 fi'agments ranging in size from 9 to 622 base pairs) was used as a
molecular weight marker. The digest (1 pg) was 3'-end labelled by incubation at 37°C
for 1-2 hours with [a^^P]dCTP in the presence of Klenow DNA polymerase.

A

trichloroacetic acid (TCA) count was carried out, as described in Chapter 2, section
2.2.3.2, to determine the extent o f [a^^P]dCTP incorporation. TCA-precipitable counts
(10,000) of MspI/pBR322 size marker were loaded in lanes immediately alongside the
primer extension product and the gel run at 12000V for 1.5-2 hours. The gel was
transferred to Whatman paper, covered with Saran wrap, and dried at 80°C for 1-2
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hours on a Salvant dryer connected to a diaphragm pump (Life Sciences International).
The dried gel was exposed to fast black x-ray film (IBI) for a length of time
dependent on the counts per second registered by a Geiger-Muller counter.

3^

Results

Northern blot analysis on 20 pg o f total oestrus endometrial RNA revealed four
transcript sizes for the sheep endometrial OTR Equal loading was confirmed by
methylene blue staining of the blot (data not shown). The four mRNA bands were
approximately 1.65, 2.5, 3.9 and 6.2 kb in size as read against two RNA ladders (0.16
- 1.77 kb and 0.24 - 9.5 kb; figure 3.1). The sheep myométrial RNA sample revealed
two band sizes of 6.2 and 1.65 kb and the human myométrial RNA a single band o f
4.4 kb. The endometrial OTR mRNA was present at high levels on day 15 of the
oestrous cycle and at oestrus, but was not detectable on day 1 or day 9 (mid-luteal
phase). On day 15 and at oestrus the 1.65 and 6.2 kb transcripts were detected at the
highest levels. OTR mRNA was present at low, but clearly detectable levels, in the
myometrium at oestrus with hybridisation only occurring to the 1.65 and 6.2 kb bands.
The 4.4 kb transcript observed in human term myometrium confirmed that this is the
predominant form in this tissue as described previously (Kimura et al., 1992 a, h).
The human term myometrium lane was loaded with 15 pg of total RNA and the
resultant hybridisation suggests that the level of expression of the 4.4 kb transcript in
this tissue is higher than that o f the transcripts in ovine endometrium.

Primer extension analysis was carried out on 40 pg o f total RNA isolated from ovine
endometrium at oestrus. The primer used was an oligonucleotide complementary to
bases 1-26 of the OTR cDNA, described in Chapter 2, and represented the extreme
5'-end of the putative coding region of the cDNA. Due to the heterogeneous nature
of the OTR mRNA, as revealed by northern blotting, the product size could not be
predicted. To avoid problems associated with non-detection on a polyacrylamide gel
the product was run on a 1.5% agarose gel along with Mspl/pBR322 and Hindm/X^
size markers. The gel was then blotted as described in section 2.2.3.1 and the Hybond103

N™ membrane exposed to x-ray film. The size of the product band was determined
by measurements of the markers taken from a photograph of the EtBr-stained gel. The
Primer extension revealed a major product band of 117 + 1 bases (Figure 3.2); this
was repeated three times to ensure that the product was genuine. This result suggests
that there is a transcription start site (CAP site - consensus PyAPy; Py=pyrimidine)
at adenine residue -90 (nucleotide sequence CAT).
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Figure 3.1

Northern blot of sheep endometrial RNA showing OTR expression at

various stages of the oestrous cycle (oestrus = day 0). Sheep myométrial RNA at
oestrus (oM) and human myométrial RNA at term (hM) were included for comparison.
Size markers were RNA ladders obtained from Gibco-BRL Life Technologies Ltd and
18S and 28S rRNAs are shown. Each track was loaded with 20 pg total RNA (equal
loading was verified by staining with 0.04% methylene blue/0.5M sodium acetate, pH
5.2).
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Figure 3.2

Identification o f the 5'-start site of an ovine OTR mRNA transcript.

The size marker indicated was prepared from MspI restricted pBR322 end-labelled by
filling in with Klenow, with [a-^^P]dCTP as radiolabeHed nucleotide. The band (117
± 1 bp) contains the products obtained following primer extension analysis. Note, the
band may represent a dimer and resolution between the two products is not clear on
the original autoradiograph.
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3.4

Discussion

Northern blot analysis, using part of the cDNA sequence (positions 355-1263)
described in Chapter 2 as a probe, demonstrated that the sheep OTR is heterogeneous
producing four transcripts of approximately 1.65, 2.5, 3.9 and 6.2 kb with the two
extreme sizes of bands representing the predominant forms.

This has since been

confirmed by northern blotting of sheep endometrial poly(A) RNA using a probe
derived fiom the 5'-end of the endometrial OTR cDNA (bases 1-356; Flint et al.,
1995). In human tissues RNA forms of 2.6, 3.6, 4.4 and 6.1 kb have been described
(Kimura et at., 1992 a, b).

In human endometrium and myometrium the 4.4 kb

transcript is the most abundant form (Takemura et a i, 1993), whereas in mammary
gland the 3.6 kb form predominates (Kimura et at., 1992 a, b\ 1994).

It is possible that the less abundant sheep OTR mRNA's (2.5 and 3.9 kb) are either
immature unspliced mRNA or degraded mRNA since these transcripts are not always
detected in either endometrium (Stewart et at., 1993) or myometrium (present study;
figure 3.1).

Human term myometrium

6.1 kb and 2.6 kb mRNA's were not

detected in other tissues despite a long exposure (Kimura et at., 1992 a, 6). However,
in rat uterus at parturition three different bands were detected (2.9, 4.8 and 6.7 kb;
Rozen et at., 1995) and localisation of transcription start sites at the 5'-end of the rat
OTR gene and multiple polyadenylation signals in the 3*-untranslated region
demonstrated that mRNA heterogeneity is the result of alternative utilisation of
poly (A) signals (Rozen et al., 1995). The possibility of heterogeneity in the 3'-end of
the ovine OTR message arises from a comparison of signals obtained with endometrial
and myométrial RNA on the northern blot shown in figure 3.1 and on blots reported
by Flint et al. (1995) or in situ hybridisation (Stevenson et al., 1994; Chapter 6). The
correlation between OTR mRNA levels as determined by in situ hybridisation and
oxytocin binding sites as determined by autoradiography was lower for myometrium
than for any endometrial cell type (Stevenson et al., 1994; Chapter 6). There are a
number of possible explanations for this discrepancy which are discussed in detail in
Chapter 6, section 6.4. The probe used by Stevenson et al. (1994), as described in
Chapter 6, section 6.2.6, was a 45-mer representing the sequence between nucleotides
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883 and 927 and was derived from the PCR product of Stewart et al. (1993; see
Chapter 2, section 2.2.1). A series of northern blots carried out using as probes the
same PCR product corresponding to bases 883-978 (Stewart et al., 1993) and the same
Pstl/Kpnl fragment used in this study (bases 355-1263) showed hybridisation to the
4 bands corresponding to endometrial OTR mRNA and to 4.4 kb human myométrial
message as described above, however, neither probe hybridised strongly to sheep
myométrial RNA obtained at oestrus (Flint et al., 1995). The 883-978 fragment has
also been shown to detect myométrial RNA from post-partum ewes (Wu &
Nathanielsz, 1994). The lack of strong hybridisation to oestrus myométrial RNA is
confirmed in this study (Figure 3.1, lane 6) and suggests a failure of 3'-probes to
hybridise to myométrial RNA from cyclic ewes, which may be due to 3'-heterogeneity
in the various forms of sheep OTR mRNA.

Northern blot analysis in the present study also demonstrated that OTR expression in
sheep endometrium followed the expected pattern during the oestrous cycle with
maximal expression at oestrus; this is discussed in further detail in Chapter 6.

Primer extension analysis was performed to determine the transcription initiation site
of the ovine endometrial OTR gene using a 26 base oligonucleotide complementary
to bases 1-26 of the coding sequence of the OTR cDNA described in Chapter 2. The
product of 117 + 1 bases suggests that there is a transcription start site (CAP siteconsensus PyAPy; Py=pyrimidine) at adenine (A) residue -90 (90 bases upstream of
the methionine translation initiation codon).

This putative CAP site enables the

smallest endometrial message (1.65 kb) to be identified in terms of cDNA information.
The 1.65 kb form contains 300 bp of 3'-untranslated region, 1.2 kb coding region
(Chapter 2) and the estimated 90 bp of 5'-untranslated region.

The other forms

presumably result from multiple polyadenylation signals as proposed by Rozen et al.
(1995), although heterogeneity arising from inconsistent splicing of intron(s) in the 5'untranslated region cannot be excluded. The transcription start site in the ovine OTR
gene differs from that in the rat (Rozen et al., 1995) and human (Inoue et al., 1994).
The rat OTR gene has a single initiation site at position -328 whereas the human OTR
gene has transcription start sites at adenine residues -621 or -618 (nucleotide sequence
11 0

CAT) from the translation start codon. There is heterogeneity in the 5'-non-coding
regions between rat and human OTR in that the rat gene has a single 97 bp intron in
this region whereas the human gene has two introns of 639 and 166 bp respectively.
Exon 3 of the human OTR gene starts 142 bp upstream from the adenine of the ATG
initiation codon and this corresponds very closely to the putative transcription start in
the sheep OTR.

In conclusion, this study confirms that the ovine endometrial OTR is heterogeneous
with four different transcript sizes (1.65, 2.5, 3.9 and 6.1 kb) expressed on day 15 of
the cycle and at oestrus. The mRNA heterogeneity is probably a result of alternative
utilisation o f multiple polyadenylation (poly(A)) signals. Expression o f OTR mRNA
followed the expected pattern throughout the oestrous cycle with maximal expression
at oestrus. Primer extension analysis revealed a transcription initiation site 90 bp
upstream of the ATG translation start codon. This putative start site can be attributed
to the 1.65 kb transcript.
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Chapter 4

Agonist binding of an ovine endometrial oxytocin receptor cDNA transiently
expressed in Cos-7 cells

4.1

Introduction

In order for luteal oxytocin to bring about the release of the uterine luteolysin PGFj^
it must interact with its target cell in the uterus. This interaction occurs in the form
of binding of oxytocin to an endometrial cell surface receptor. The biological actions
of oxytocin are mediated via the oxytocin receptor (OTR) which has been
characterised in the uterus of the rat and sow (Soloff & Swartz, 1974), guinea-pig
(Alexandrova & Soloff, 1980) and man (Fuchs et a i, 1982) as well as in the sheep
(Roberts et al., 1976; Crankshaw et a i, 1982; Sheldrick & Flint, 1985). In the uterus,
as in other tissues the OTR is located on the plasma membrane and, as described in
Chapter 2, it has a highly conserved membrane topology of seven membrane-spanning
domains connected by extracellular and intracellular loops (Figure 2.8). Single amino
acid residues within these transmembrane domains play a key role in terms of high
affinity ligand binding and selectivity (Chini et a i, 1995; Chapter 8). The native OTR
has a broad specificity with respect to peptides fi^om the neurohypophyseal hormone
family (Sheldrick & FHnt, 1985). The affinity of members of this family (eg. argmine
and lysine vasopressin, vasotocin, mesotocin and isotocin) for the OTR reflects their
oxytocic potency both in the uterus (Soloff et a i, 1973; Sheldrick & Flint, 1985) and
the mammary gland (Soloff et a i, 1972). However, the existence of a number of
receptor-active compounds in luteal tissue and relative lack of specificity of the OTR
is not functionally significant in terms of luteolysis as only oxytocin is present in the
CL at the time o f the cycle associated with episodic release of uterine PGFj^
(Sheldrick & Flint, 1985).

Receptor binding studies, in the form of both radioreceptor assay using tritiated
oxytocin and autoradiography using iodinated ligand, have been used extensively to
determine the pattern o f oxytocin-binding sites in both endometrium and myometrium
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throughout the oestrous cycle and during parturition (Roberts et al., 1976; Ayad et al.,
1991a, b; Wallace et al., 1991). Binding is directly related to increased sensitivity of
uterine tissue to oxytocin (Soloff et al., 1979; Fuchs et al., 1982; Sheldrick & Flint,
1985) and has been used to investigate endocrine control of OTR (Soloff, 1975;
Nissenson et al., 1978; Wathes & Hamon; 1993; Wathes & Lamming, 1995). These
areas of study are discussed in further detail in Chapters 6 and 7.

The purpose of experiments described here was to determine the binding parameters
of the cloned OTR cDNA described in Chapter 2. The cloned receptor was transiently
expressed in Cos-7 cells and binding of iodinated OTA to cell membranes was
recorded under assay conditions that ensured binding occurred specifically to the
expressed OTR [^^^I]OTA is a selective OTR ligand and has been used in a number
of previous studies investigating both rat (Elands et al., 1987) and sheep (Wallace et
al., 1991) uterine OTR In these studies [^^^I]OTA binding to endometrial membrane
preparations resulted m dissociation constants {K^ in the picomolar range which
differs from

previous studies that used pH]oxytocin and produced

values in the

nanomolar range (Flint & Sheldrick, 1985). Since the ability of the expressed OTR
to bind its ligand was unknown it was preferable to use OTA, which has a high
affinity for oxytocin-binding sites, in this first stage o f receptor characteristion.

4.2

Materials and Methods

Cos-7 cells are Simian cells derived from CV-1, an African Green monkey kidney cell
line, transformed by an origin-defective mutant o f the Simian vims 40 (SV40; Gluzman
et a i, 1981).

The mutant transformation works on the basis that the origin o f

replication o f SV40 (ori) is destroyed without destroying the function o f the early
promoter responsible fo r driving the expression o f the SV40 large tumour (T) antigen.
Expression o f high levels o f viral T antigens is necessary to initiate viral DNA
replication at the SV40 ori. Cos-type cells, therefore, contain all the necessary viral
and cellular trans-acting factors to support the replication o f an exogenously
introduced recombinant DNA molecule containing an SV40 ori (Kriegler, 1990). Such
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recombinant DNA molecules are known as SV40-based gene transfer vectors and in
the majority o f cases are chimeric molecules comprised o f elements o f SV40 and the
bacterial plasmid pBR322. They are made up o f the SV40 genome that has had the
late gene sequences removed to leave the origin o f replication and the plasmid
pBR322 excluding the sequence around the NIC/BOM site that is ’p oisonous' to viral
DNA replication in animal cells (Kriegler, 1990). The removal o f the poison sequence
results in an increased plasmid copy number and higher level o f transient expression
(Lusky & Botchman, I98I).

All SV40 vectors are similar in nature with the two main differences being the manner
in which the foreign DNA is inserted into the vector and the promoter that serves to
drive the expression o f the gene o f interest. The vector chosen for use in this study
was p S V U (Murphy et al, 1990), which is based on the commercially available pSVL
SV40 late promoter expression vector (Pharmacia Biotech Ltd., Milton Keynes,
Bedfordshire, U.K.) and contains a unique EcoRI site in the polycloning region
downstream o f the SV40 promoter. pSVLJ has been used most effectively to drive the
transient expression o f a cloned rat decidual insulin-like growth factor binding protein
cDNA (Murphy et a l, 1990).

The cDNA was inserted into the polycloning site

downstream o f the SV40 ori and late promoter in an appropriate orientation such that
expression is driven from the ATG translation start site codon. Transcripts were then
spliced and polyadenylated using the SV40 VPl processing signals.

4.2.1

Construction of Cos-7 cell expression vector pSVLJ+OTR

Construction of the Cos-7 cell expression vector pSVLJ+OTR (Figure 4.1) is outlined
below.

4.2.1.1

Preparation of pSVLJ

The pSVLJ expression vector was kindly provided by Dr J. Pascal, The Babraham
Institute, Babraham, Cambridge, U.K. and used in this study with permission from Dr
L. J. Murphy, Dept. Internal Medicine & Physiology, University of Manitoba,
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Manitoba, Canada.

pSVLJ (1 pg) was restriction digested with EcoRI and Xhol according to the method
described in Chapter 2, section 2.2.2.2, and phenol:chloroform extracted as described
in section 2 .2 .2 . 1.

4.2.1.2

Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is an in vitro method o f cell-free cloning. It is
a biochemical reaction capable o f producing large amounts o f a specific DNA
fragment o f a defined length from a small amount o f complex template (Saiki et al,
1988).

Based on the enzymatic amplification o f a DNA fragment, PCR requires

knowledge o f DNA sequence flanking the desired target so that two oligonucleotide
primers can be constructed. A large molar excess o f the primers are hybridised to
the two antiparallel strands o f a source o f template in the presence o f four
deoxyribonucleoside triphosphates, and copies o f the target region (up to microgram
amounts) are then produced by successive rounds o f replication with a thermostable
DNA

Taq polymerase.

The procedure is limited to targets o f a few kilobases in

length as it is progressively more difficult to amplify large DNA sequences.

PCR was used in this study to directionally clone the ovine OTR cDNA coding region
into the p S V U site immediately downstream o f the SV40 major late promoter.

PCR primers (two 26mer oligonucleotides) were designed from the coding region of
the cloned OTR cDNA described in Chapter 2 and synthesised using a Beckman oligo
1000 DNA synthesizer. The upstream primer corresponded to the first 18 bp (position
1 to 18) of the coding region beginning from the ATG translation start site and

included a terminal Xhol restriction site, sense sequence 5' TAC TCG AGA TGG
AGG GCG CGT TTG CG 3'. The downstream primer corresponded to the final 18
bp (position 1159 to 1176) ending with the TGA stop codon and included a terminal
EcoRI restriction site, sense sequence 5' GCG AAT TCT CAC ACC GTG GAT GGC
TG3'.
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The following PCR reaction 'mixture' was prepared in a series of sterile 0.5 ml
Eppendorf tubes:

KCl (incl. 15 mM MgCl2) lOX buffer

5.0 pi

dATP (lOmM)

1.0 pi

dCTP (lOmM)

1.0 pi

dGTP (lOmM)

1.0 pi

dXTP (lOmM)

1.0 pi

sti lile H2O

30.6 pi

Taq polymerase (Bioline; 5U/pl)

0.4 pi
40.0 pi

To the PCR 'mix' was added 10 ng of gel-purified OTR cDNA clone (Chapter 2,
section 2.2.2.6), to act as a template (10 ng/pl), 50 pmol of each of the two primers
and sterile water to make the final reaction volume up to 50 pi. A positive control
was included using a lambda (^)-phage, isolated from a XgTll library by Dr A. M.
Moore, Institute of Zoology, Regents Park, London, U.K., and X-primers; a negative
(water-blank) control was included that contained the two OTR primers and sterile
water alone.

The final 50 pi PCR mixes were overlaid with an equal volume of mineral oil (light
paraffin oil; Sigma) and then loaded into a Hybaid® Omnigene TR3 CM220 PCR
machine (Hybaid Ltd). PCR was carried out under the following conditions: 94®C for
1 min, 60°C for 1 min, 72°C for 2 min, 30 cycles. The 60“C annealing temperature
was calculated on the basis of the melting temperatures (T^) for the two
oligonucleotide primers (Appendix A). The PCR product (designated pSVLJ+OTR)
was gel purified using the Geneclean® II kit (Stratech Scientific; Chapter 2, section
2.2.2.6) and cloned into pSVLJ as described in Chapter 2, section 2.2.2.7.2 through
to section 2.2.2.7.4.

The host strain of E. coli used in this study was XLl Blue,

kindly supplied by Dr S. Kaluz, Dept. Physiology & Environmental Science,
University o f Nottingham, Sutton Bonington, Loughborough, U.K.
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Figure 4.1

Schematic drawing of the construction of the expression vector

pSVLJ+OTR and its transfection in Cos-7 cells.
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Tbe PCR was repeated to obtain a negative control construct of pSVLJ containing the
OTR cDNA coding region inserted in the opposite orientation (designated pSVLJOTR) such that the TGA translation stop codon was located immediately downstream
of the SV40 late promoter.

This was carried out using a different pair of

oligonucleotide primers, synthesised as described above. The upstream primer sense
sequence was 5' GTG AAT TCA TGG AGG GCG CGT TTG CG 3' and the
downstream primer sense sequence was 5' TAC TCG AGT CAC ACC GTG GAT
GGC TG 3'. PCR was carried out as described above with an annealing temperature
of 55“C.

4.2.13

Large plasmid preparation: alkali lysis/CsCl purification

The large scale alkali lysis plasmid preparation and caesium chloride (CsCl)/ethidium
bromide (EtBr) purification method used in this study was modified from that
previously reported by Sambrook et al. (1989). This procedure was used instead of
the polyethylene glycol (PEG) method described in Chapter 2, section 2.2.2.4 since
a purer preparation of circular plasmid DNA was required for the subsequent
transfection of Cos-7 cells.

Individual recombinant colonies of pSVLJ+OTR (and the negative control pSVLJOTR) were picked from LB/agar plates, as described in section 2.2.2.1, and used to
inoculate 15 ml L-broth (Appendix A) containing 100 pg/ml ampicUlin. These cultures
were grown overnight in an orbital shaker (300 cycles/minute) and then added to 500
ml of LB/Amp in a baffled conical flask and grown in the shaker at 37°C for 6 hours
(until OD550 was approximately 1.0 ). Chloramphenicol was added (2.5 ml of 34mg/ml
stock) and the cultures left to grow in the shaker overnight. The cultures were cooled
on ice and transferred to 250 ml Sorval tubes and centrifuged in a Beckman J2-21
centrifuge at 6000g (rotor JA-14) for 10 min at 4“C. The pellets were resuspended in
ice-cold GTE buffer (Appendix A) to a final volume of 30 ml. Lysozyme was added,
to a final concentration o f 4 mg/ml, and the cells incubated on ice for 5 min. An
equal volume of freshly prepared 0.2M NaOH /1% SDS was added, the tubes shaken
vigorously and incubated at room temperature for 5 min. An equal volume of ice-cold
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KAW buffer (Appendix A) was added, the tubes incubated on ice for 30 min and then
centrifuged (8000g, 25 min) at 4°C. The supernatant was carefully poured to waste,
the pellets resuspended in 15 ml sterile water and transferred to 50 ml Oakridge tubes.
The DNA was extracted with phenol: chloroform and ethanol precipitated as described
in section 2.2.2.1.

The final pellets were resuspended in 28 ml 1 x TE buffer

(Appendix A). Ethidium bromide (EtBr; 2 ml of 5mg/ml stock) and 30g caesium
chloride (CsCl) were added and the preparation transferred to a fresh Oakridge tube
protected from light by aluminium foil.

Aliquots (approximately 5 ml) were

transferred to Beckman quick seal polypropylene tubes using a hypodermic needle (16
gauge) and 10 ml plastic syringe. The tubes were filled, air bubbles excluded, and
sealed using a Beckman tube 'topper* and seal guides according to the manufacturer's
instructions. The tubes and metal spacers were weighed to ensure that any variation
in weight was less than O.lg. The sealed tubes were inserted into a VTi 65.2 vertical
tube rotor (Beckman Instruments (U.K.) Ltd) followed by metal spacers and plugs
screwed into the rotor chambers at a torque of 80-100 lbs/ square inch. The tubes
were centrifiiged in a Beckman L7 ultracentrifuge at 45000 rpm for 20 hours at 1820®C (brake setting 800 rpm).

The tubes were carefully removed fi’om the rotor,

avoiding disturbance of the CsCl gradients, and examined under UV light.

The

various layers from top to bottom were: protein, nicked circular or linear DNA, closed
circular plasmid DNA and an RNA pellet. The tubes were secured, by a retort stand
clamp, over a spül tray and viewed under a UV transilluminator.

A hypodermic

needle (21 gauge) was inserted into the neck of each tube, a strip of Scotch tape
placed down the side and a second hypodermic needle (18 gauge) inserted through the
tape, angled upwards, to pierce the underside of the closed circular plasmid DNA
band. The plasmid DNA was gently drawn through the needle into a 2 ml syringe and
transferred to a 12 ml Sarstedt tube. All the plasmid DNA was pooled into a single
tube and rinsed repeatedly with an equal volume of butanol to remove the EtBr. The
rinsed DNA was transferred to a 50 ml Oakridge tube and ethanol precipitated with
an equal volume 1 x TE and 2 volumes 95% ethanol. The tubes were centrifuged at
8000g (rotor JA-20) for 10 min at 4°C, washed with 70% ethanol, centrifuged again
and resuspended in an appropriate volume 1 x TE buffer. The concentration of pure
plasmid DNA was determined by measuring the OD260
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4.2.3

Double-stranded DNA sequencing

The OTR insert in the pSVLJ constructs was verified by partial double-stranded
sequencing of the PCR product.

The double-stranded templates were alkali denatured by adding 4 pi fieshly prepared
5M NaOH/5M EDTA (final concentration 0.2M in each case) to 5 pg of plasmid DNA
in 100 pi sterile water, in a 1.5 ml Eppendorf tube. The dénaturation reaction was
incubated for 20-30 min at 37®C and the DNA ethanol precipitated as described in
section 2.2.3.1.

Sequencing was carried out using the Sequenase® 2.0 kit (U.S.B.,

Cambridge Bioscience, Cambridge, UK) as described for single-stranded templates in
section 2.2.5.1.

4.2.4

Cos-7 cell culture

Cos-7 cells were obtained, fiozen in 1 ml ampoules, from the European Collection of
Animal Cell Cultures (E C A C C No. 87021302).

4.2.4.1

Resuscitation of frozen cells

The ampoule was removed from liquid nitrogen storage and the cap unscrewed 1/4
turn to remove any residual nitrogen. The ampoule was placed in a rack and left in
a sterile flow cabinet for 1-2 min or until all the gas had escaped.

The cap was

tightened and the rack placed in a water bath (containing an antimicrobial agent) at
37”C (normal growing temperature).

Once the ampoule was fiiUy thawed it was

transferred to a class II cabinet and wiped with 70% ethanol. The cells were then
transferred to a 12 ml Falcon tube containing 10 ml culture medium (Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% heat inactivated foetal
bovine serum (FBS), 2mM L-glutamine, 50IU penicillin and 50pg streptomycin; aU
from Gibco-BRL Life Technologies Ltd) and then centrifuged (lOOg, 2-3 min). The
supernatant, containing the cryoprotectant, was discarded, the cells resuspended in
culture medium (37°C) and then transferred to a 25 cm^ Nunc culture flask (Gibco121

BRL Life Technologies Ltd) containing 5-10 ml pre-warmed culture medium.
Cultures were maintained at 37®C under an atmosphere of 95% O2 and 5% CO2 and
sub-cultured (passaged) after 72 hours.

4.2.4.2

Passaging protocol

Once the cells had reached confluence (after 72 hours culture; figure 4.2a) the medium
was decanted and the cells rinsed twice with phosphate buffered saline (PBS without
Mg^^ or Ca^^; Gibco-BRL Life Technologies Ltd). The cells were trypsinised with
0.05% Trypsin/0.02% EDTA (Gibco-BRL Life Technologies Ltd), added in sufficient
volume (1 ml per 25 cm^ flask) to cover the cells, and incubated at 37®C for 5-10 min
or until the cells had detached (Figure 4.26). The flask was given a sharp tap to
complete the trypsinisation and ensure that the cells detached individually rather than
in sheets.

The cells were resuspended in 5 ml pre-warmed culture medium and

transferred to fresh Nunc culture flasks (25cm^ or 80cm^) at a ratio of 1:3.

4.2.4.3

Counting cells

A viable cell count was carried out on trypsinised cells prior to cell freezing or
seeding of dishes for future experiments. The cells were transferred to a 10 ml Falcon
tube and 5 ml culture medium (37“C) slowly added. The cells were then centrifiiged
(lOOg, 2-3 min) and the pellet gently resuspended in medium to a final volume of 1
ml. A 10 pi aliquot was transferred to a sterile 1.5 ml Eppendorf tube containing 30
pi 0.4% trypan blue vital dye stain (Sigma). The cell/dye suspension (1:4 dilution)
was gently pipetted (10 pi) under the coverslip of a metallised haemacytometer (BDH,
Upminster, Essex, U.K.) until the counting chamber (depth 0.1 mm) was completely
filled. The number o f viable cells, those that had not taken up the stain, were counted
in each o f the four comer grids (4x4) of the chamber.

The final number was

multiplied by 10^ to determine the number of viable cells per ml of culture niedium.
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Figure 4.2

Cos-7 cells at: a) confluence and b) passaged.
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4.2.4.5

Cryopreservation of Cos-7 cells

Cells, not immediately required for use in experiments, were frozen from cultures
actively growing in log phase. A viable cell count was performed, as described in
section 4.2.4.3, and between 4-10 x 10^ cells set aside for each cryo-tube (ampoule;
Phillip Harris Scientific). Freezing medium was prepared from DMEM containing at
least 20% serum and 8-10% dimethyl sulfoxide (DMSO; Sigma) cryoprotectant. For
maximum survival a mixture of 91% serum with 9% DMSO was used. The cells were
prepared m the same manner as for routine subculture (section 4.2.4 2). The trypsin
was neutralised with serum-containing medium (1 ml serum for each ml of trypsin
used) and the cells pelleted at lOOg for 2-3 min. The supernatant was decanted, the
cells resuspended in the required volume of freezing medium and the resuspension
gently agitated. The cells were aliquotted into plastic screw-top cryotubes (1 ml/tube)
and placed in a polystyrene container at -70“C overnight. The ampoules were then
transferred to liquid nitrogen Dewers and stored at -196®C indefinitely.

4.2.5

Protein assay

The protein content o f a known number of Cos-7 cells was determined using the
BIORAD protein assay kit (BIORAD Laboratories Ltd, Hemel Hempstead,
Hertfordshire, U.K.).

A viable cell count was carried out in serum-free media as described in section
4.2.4.3. The cells, in a 1 ml suspension of serum-free medium, were sonicated twice,
using a Soniprep™ 150 sonicator (MSE), for 10 sec on power setting 15 and
maximum amplitude. The bovine serum albumin (BSA) standard was serially diluted
in sterile water to the following concentrations: 25, 20, 10, 5 and 2.5 pg/ml. The
tubes were vortexed at each step. The lysed cells were diluted 1:100 and 1:1000 in
sterile water. Individual wells of a Nunc 96-well micro-plate were loaded with 40 pi
Coomassie brilliant blue G-250 protein dye plus 160 pi of each of the standard and
sample dilutions. A water blank was pipetted into the first well and for each standard
and sample dilution a minimum of two replicate wells were included in the assay.
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Tbe plate was read on a MR700 microplate® reader (Dynatech Laboratories, Guernsey,
Channel Isles, U.K.) and a standard curve plotted of optical density (arbitrary units)
against protein (pg/ml). The optical density for the appropriate sample dilution (in the
range of the standard curve) was read against the curve to determine the protein
content.

4.2.6

Transient transfection of Cos-7 cells

The DEAE-dextran method o f transfection used in this study (Figure 4.1) was based
on that reported by Seed & ArufiFo (1987).

Cells (10^) were seeded to individual 35mm Nunc tissue culture dishes (Gibco-BRL
Life Technologies Ltd) 24 hours before transfection.

Once the cells had reached

approximately 60% confluence (48 hours post-passage),

0.25 pg of pSVLJ+OTR

DNA was diluted in PBS containing DEAE-dextran (Sigma Chemical Co. Ltd, Poole,
Dorset, UK) at a final concentration of 0.5 mg/ml. The cells were overlaid with this
transfection 'mixture' and incubated (95% O2, 5% CO2) for 30 min at 37°C. Following
incubation, 1ml pre-warmed culture medium was added to each dish and the cells
incubated under the above conditions for a further 2.5 hours. After repeated washing
with PBS, the medium was replaced with fresh DMEM + 2% FBS and the cells
maintained overnight at 37°C in 95% O2 and 5% CO2 .

A control transfection was carried out using the pSVLJ-OTR construct.

4.2.7

[^^^l]Na iodination of oxytocin antagonist

The method o f iodination was based on the procedure used by Elands et al. (1987),
as subsequently described by Ayad et al. (1991).

The oxytocin antagonist d(CH2)^ [Tyr (Me)^, Thr^, Tyr-NH2^]-vasotocin (OTA; kindly
supplied by Professor M. Manning, Dept. Biochemistry & Molecular Biology, Medical
College Hospital, Toledo, Ohio, U.S.A.) was iodinated on the tyrosyl residue at
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position 9 by means of the oxidant l,3,4,6-tetrachloro-3a,6a-diphenylglycouril
(commercially available as lodogen; Sigma).

Sterile 1.5 ml Eppendorf reaction tubes were coated with 15 pg lodogen in 100 pi
chloroform. The chloroform was evaporated at room temperature, in a flow cabinet,
and the tubes stored at 4°C until required. OTA (20 nmol) was incubated with 1 mCi
[^^^I]Na (Amersham International pic) in 40 pi 0.5M sodium phosphate buffer (pH
6.0), in a pre-coated reaction tube, for 15 min at room temperature.

The reaction was terminated by adding 1 ml 0.1% (v/v) triQuoroacetic acid (TEA;
BDH).

To separate iodinated peptide from other constituents, the mixture was

absorbed onto a Sep-Pak octadecasilyl silica cartridge (Waters (Millipore), Harrow,
Middlesex, U.K.). The cartridge was pre-washed with 5 ml 70% acetonitrile (FSA
Laboratory Supplies, Loughborough, Leicestershire, U.K.), followed by 5 ml 0.1%
TEA. The reaction mixture was applied to the cartridge which was then washed with
8 ml 0.1% TEA. Elution of the iodinated product was performed with a stepwise

gradient of 2 ml acetonitrile ( 10% - 70%) in 0.1% TEA. The fraction eluted with 40%
acetonitrile consistently contained labelled peptide with highest counts per minute
(c.p.m.) and this fraction was used for the subsequent binding study. The specific
activity of the mono-iodinated antagonist was 30 cpm/finol (0.014 nCLfinol).

4.2.8

4.2.8.1

Receptor binding assay

Membrane preparation

Crude membranes were prepared from OTR cDNA transfected Cos-7 cells as follows:
cells were scraped from a 80 cm^ Nunc flask and taken up in 3 ml supplemented
DMEM in a 10 ml Ealcon tube. The cell suspension was centrifiiged in a Beckman
CPR bench centrifuge at 2000g for 5 min and the resulting pellet resuspended in icecold 1 X TE buffer (Appendix A) before being transferred to a 12 ml polypropylene
Sarstedt tube. The cells were then frozen at -70°C and thawed at room temperature;
this was repeated to bring about complete lysis. Sub cellular fractions were centrifuged
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in a Beckman J2-21 centrifuge at 40000g (rotor JA-20.1) for 60 min at 4°C to
sediment crude membranes and the protein content of each membrane preparation was
determined using the BIORAD protein assay kit as described in section 4.2.5.

4.2.S.2

Binding assay

The membranes were resuspended in an appropriate volume of assay buffer (PBS
containing 150 mM NaCl, 5 mM KCl, 1 mM MgClj, 1.8 mM CaCl^, 1 mM MnCl2,
10 mM glucose, 1 mg/ml BSA; all from Sigma; Appendix A). Assay tubes contained
100 pg membrane protein and a concentration of [*^^I]OTA ( 0.1 - 10 nmol/1) which

was expected to be close to saturating, [^^^I]OTA alone ( 0.1 - 10 nmol/1), to accurately
determine total counts added to each tube, or 100 pg membrane protein in assay buffer
containing [^^^l]OTA (0.1 - 10 nmol/1) and unlabelled OTA (10 pmol/1), as displacing
ligand for determining non-specific binding, in 0.1 ml assay buffer.

Tubes were

vortexed and incubated at 25“C for 30 min. To separate receptor-bound [^^^1]0TA
from unbound [^^'l]OTA, 1 ml ice-cold assay buffer containing 20% (w/v)
polyethylene glycol (PEG-8000; Sigma) was added before vortexing and precipitation
on ice for 15 min.

The tubes were then centrifuged ( 2000 g, 10 min) at 4”C,

supernatants decanted and the pellets rinsed in assay buffer, containing 20 % (w/v)
PEG-8000, followed by centrifugation as before (2000g, 10 min, 4°C). Supernatants
were removed using a fine pipette and pellets solubilised m 0.5 ml 0.5M NaOH /0.1%
SDS

(w/v), before counting using a Cobra 5005 auto-gamma counter (Canberra-

Packard).

4.2.9

Receptor binding in ovine endometrial membrane preparations

Ovine endometrial membrane preparations were kindly provided by E. L. Sheldrick,
Dept. Physiology & Environmental Science, University of Nottingham, Sutton
Bonington, Loughborough, U.K.

Endometrial tissue was obtained from cyclic, Clun Forest ewes slaughtered 24 hours
and 60 hours after an injection of cloprostenol (125 pg of Estrumate™, I.C.I.,
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Macclesfield, Cheshire, U.K.) to induce luteolysis.

Material was pooled and

membranes prepared according to the method described previously by Sheldrick &
Flint (1985). The final preparations were resuspended in 25 mM Tris/HCl (pH 8.0;
Appendix A) and stored in 0.5 ml aliquots in liquid nitrogen. The protein content of
each of the aliquots (5 mg/ml) was determined by BIORAD protein assay (Section
4.2.5).

A single 0.5 ml aliquot of endometrial membrane preparation was thawed and diluted
in binding assay buffer (Section 4.2.8 2) to a final concentration of 1 pg of protein /pi
assay buffer. The diluted preparation was dispensed as 100 pi aliquots into sterile 1.5
ml Eppendorf tubes. Three groups of assay tubes were set up according to membrane
content and subsequent addition of [*^^I]OTA and excess unlabelled OTA as described
in section 4.2.8.2. Binding was carried out under the same conditions described for
transfected Cos-7 cell membranes in section 4.2.8.2.

4.3

Results

4.3.1

Oxytocin antagonist binding in OTR cDNA transfected Cos-7 cell
membranes

Optimum conditions for studying the binding kinetics of the expressed OTR were
determined in preliminary experiments. Binding of [^^^l]OTA to either untransfected
Cos-7 cell membranes or to membranes of Cos-7 cells transfected with the negative
construct pSVLJ-OTR was negligible. Specific binding of [^^^l]OTA to OTR cDNA
transfected Cos-7 cell membranes was dependent on time, temperature and membrane
protein concentration (Figure 4.3a, b). Binding at 25°C increased rapidly during the
first 20 min o f incubation then stabilised after 30 min (Figure 4.3a). Incubation at
20°C and 30°C resulted in reduced binding (Figure 4.3a).

There was a tinear

relationship between receptor binding and membrane protein in the range 25 - 100
pg/tube (Figure 4.36). OTA binding increased with [^^^1]0TA concentrations up to 8
nmol/1 after which binding was saturated (Figure 4.4a). A Scatchard plot (Scatchard,
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1949) of binding parameters was linear with an apparent dissociation constant (K^) of
4.5 nM and maximal binding capacity
number, calculated based on the

of 0.24 nM (Figure 4^.46). Receptor

value, was estimated to be 6.8 x 10^ receptors

per transfected cell, (assuming a 10% transfection efficiency in this system; Dr J.
PascaU, personal communication).

4.3.2

Oxytocin antagonist binding in ovine endometrial membrane preparations

In order to compare binding by transfected cells with the natural ceU-membrane
system, binding of [^^’l]OTA to ovine endometrial cell membrane preparations was
measured. Ovine endometrial preparations were prepared from tissue obtained from
ewes at induced oestrus (24 and 60 hours following a luteolytic injection of
cloprostenol).

Incubation conditions were identical to those for the OTR cDNA

transfected Cos-7 cell membranes (25°C, 30 min). Binding was saturable (Figure 4.5a)
and the Scatchard plot linear with an apparent
This

value

compared

value of 1.24 nM (Figure 4.56).

with that previously reported for ovine endometrium

using [^^^IjOTA (Wallace et a/., 1991;

= 145 pM) and demonstrated that the

binding conditions used in this study for OTR cDNA transfected Cos-7 cell
membranes were capable of producmg results
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similar

to those from other studies.

Figure 4.3

Binding of [^^^I]OTA to membranes of OTR cDNA transfected Cos-7

cells: optimisation of receptor assay conditions. Effects on oxytocin receptor binding
of a) incubation time and temperature and b) concentration of receptor fraction protein.
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Figure 4.4

Binding of [^^^I]OTA to membranes of OTR cDNA transfected Cos-7

cells, a) Saturable binding of [’^^I]OTA ligand, b) Scatchard analysis of [^^^I]OTA
( 0.1 - 10.0 pmol) indicated that a single class of receptors was present.

Specific

binding ( 100 %) of [^^^I]OTA was determined in the absence of competing ligand and
non-specific binding ( 0 %) was determined in the presence of 200-fold excess of OTA.
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Figure 4.5

Binding of [^^^I]OTA to ovine endometrial membrane preparations of

OTR. a) Saturable binding of [^^^I]OTA ligand, b) Scatchard analysis o f [^^^I]OTA
(0.1 - 10.0 pmol) indicated that a single class of receptors was present.

Binding

conditions were the same as for the OTR cDNA transfected Cos-7 cell membranes.
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4.4

Discussion

Expression of amplified OTR cDNA in Cos-7 cells enabled the binding properties of
a cloned ovine endometrial OTR, described in Chapter 2, to be determined and
compared to those of the native endometrial OTR. Binding was performed using
crude membrane preparations of OTR cDNA transfected Cos-7 cells. The binding
data (Figure 4.4) suggested there was a single population of saturable high affinity
binding sites for [^^^I]OTA. The number of receptors expressed per cell, 6.8 x 10^
sites/transfected cell, compares to a value of 8.9 x 10^ sites/cell for a cloned human
myométrial OTR expressed in Cos-1 cells (Kimura et al., 1994).

The Æj for [*^^I]OTA (4.5 nM) differed from those reported for ovine endometrial
OTR with [^H]OT (Roberts et al., 1976:

= 0.5-0.7 nM; Sheldrick & Flint, 1985:

= 1.96 nM caruncular, 1.87 nM intercaruncular). This is not surprising as OTA is
a highly modified structure relative to OT and similar affinities and binding kinetics
cannot be expected; furthermore although binding of [^^^I]OTA to OTR is unaffected
by cations (Antoni & Chadio, 1989; Ayad et al., 1991), cation effects on receptor
affinity cannot be excluded when comparing binding data for [^^^I]OTA and pH]OT,
as binding of pH]OT to ovine endometrial membranes is directly affected by both
Mg^^ and Mn^^ (Sheldrick & Flint, 1985). Nonetheless, this difference in affinity was
sufficiently small to confirm that OTR was the binding site measured.

The fact that the

value in this study differed from that obtained using ovine

endometrial membranes and [^^^I]OTA (Ayad et al., 1991:
Wallace et a l, 1991:

= 0.145 nM; present study

= 0.23 ± 0.08 nM;

= 1.24 nM) is consistent with

the variable receptor affinity hypothesis (Bevan et a l, 1989). Molecular properties of
the native uterine OTR compared to the expressed receptor may be sufficiently
different (for instance in glycosylation pattern) to have a direct effect on receptor
affinity.

In addition, two receptors that are structurally identical may have different

affinities for agonists and/or antagonists as a consequence of different local
environments in the cell membrane. This has been demonstrated by receptor
solubilisation, purification, and reconstitution experiments (for review see Bevan et a l.
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1989 and references therein) and by expression in non-mammalian ceUs (Fahrenholz
et al., 1995) and such variations in receptor environment may exist between ovine
endometrial cell membranes and Cos-7 cell membranes. Similar differences between
in transfected cells and tissue extracts have been reported for the pig OTR with
pH]OT (4.6 nM in Cos-7 cells, Gorbulev et a i, 1993; 1.6 ± 0.23 nM in crude
endometrial extracts from cyclic gilts, Whiteaker et al., 1994), and the human OTR
(6.0 + 1.1 nM in Cos-1 cells, Kimura et al., 1994; 1.5 + 0.4 nM in human
myometrium, Guillon et al., 1987).

However, the differences between

in

transfected cells and tissue extracts vary quite considerably between studies and
although appearing statistically different it is unlikely that there is a significant
biological difference in terms of the nature of ligand-receptor interaction.

In conclusion, expression of an OTR cDNA in Cos-7 cells enabled ligand binding to
receptor to be investigated. The expressed receptor was able to bind a selective OTR
ligand and binding was consistent with other studies using [*^^I]OTA. The results may
be explained by the variable receptor affinity hypothesis (Bevan et al., 1987).
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Chapter 5

Functional characterisation of an ovine endometrial oxytocin receptor cDNA
transiently expressed in Cos-7 cells

5.1

Introduction

Cloning and sequencing of a human myométrial OTR (Kimura et al., 1992a, b)
initially assigned the oxytocin receptor (OTR) to the seven transmembrane domain Gprotein linked receptor superfamily. This was confirmed by sequencing of an ovine
endometrial OTR cDNA (Figure 2.6) described in Chapter 2.

The extracellular

regions of such receptors detect changes in circulating hormone concentrations, and
these endocrine signals are then transduced and amplified into a limited repertoire of
intracellular messengers. Signal transduction in such receptors is mediated by GTPbinding proteins. These are heterotrimeric proteins comprising a, P and y subunits,
which alternate between active and inactive states according to guanine nucleotide
binding. The active state involves dissociation of a GTP-bound a-subunit fiom the
Py complex. The a-subunit then interacts with any one of a number of intracellular
enzymes to initiate a signal cascade which results in formation of second messengers.
Second messengers control cellular processes as diverse as metabolism, secretion,
contraction, phototransduction and cell growth. Inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG), which result fiom phospholipase C (PLC) induced hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PI), constitute a major bifurcating signal
pathway employed by many hormones and neurotransmitters (Berridge, 1984; Berridge
& Irvine, 1984; Berridge, 1987).

OTR couples to this second messenger system

(Schrey et at., 1986) and oxytocin induces PI turnover in response to OTR occupancy
in ovine endometrium (Flint et at., 1986).

There are a number of potential

consequences o f this response: one of these involves an increase in intracellular
calcium ([Ca^^jJ. The IP3 receptor is a ligand-gated Ca^^ channel and binding of IP3
opens this channel releasing Ca^^ fiom the endoplasmic reticulum (ER) into the
surrounding cytoplasm. The function of the released Ca^^ is regulation of cellular
responses through either, coactivation (with DAG) of the calcium and phospholipid
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dependent protein kinase C (PKC) linked to the IP3/DAG pathway, or as a
supplemental second messenger.

Alternatively, the released Ca^^ may operate

indirectly by combining with the control protein calmodulin. The Ca^Vcalmodulin
complex binds to, and activates, a variety of enzymes including a group of protein
kinases that play key roles in cellular metabolism, protein synthesis and secretion. It
also plays a key role in regulating contraction of smooth muscle and the assembly of
microtubules which is of particular importance as a mediator of myométrial oxytocic
response during the onset of labour and parturition (Fuchs et al., 1995).

A second

possible response to oxytocin-induced PI turnover is increased availability of
arachidonic acid for PGF2„ synthesis, either through hydrolysis of DAG by diglyceride
lipase or subsequent activation of other phospholipases such as phospholipase A 2
(PLA2; Flint et al., 1986; Raw & Silvia, 1991; Silvia & Raw, 1993; Mirando et al.,
19936).

The aim of this study was to functionally characterise oxytocin-induced PI turnover
in Cos-7 cells transiently expressing a cloned ovine endometrial OTR cDNA (Chapter
2). Increases in cytoplasmic Ca^^ were followed experimentally by labelling living
cells with the fluorescent calcium dye fura-2 and making real time measurements of
Ca^^ increases in response to oxytocin. Oxytocin-induced PI turnover was assessed
by measuring accumulation of total inositol phosphates in pHJinositol-labelled cells
following a variety of treatments.

The ovine endometrial OTR is longer than the human myométrial OTR (391 vs 389
amino acids; Kimura et al., 19926; Chapter 2). The additional amino acids in the
sheep receptor are present in the third intracellular loop, which is involved in the
interaction of the occupied receptor with G-protein(s) (Luttrell et al., 1993; Stefan et
al., 1994). The experiments described here were, therefore, carried out to test whether
the sheep OTR is functional and to determine the characteristics of G-protein coupling
and signal transduction.
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5.2

Materials and Methods

See Chapter 4 sections 4.2.1, 'construction of Cos-7 cell expression vector
pSVLJ+OTR', through to 4.2.6, 'transient transfection of Cos-7 cells'.

5.2.1

Fura-2 intracellular calcium [Ca^^], imaging in OTR cDNA transfected

Cos-7 cells

As revie ed in Chapter 1 and section 5.1 above, the signal transduction pathway
utilised by oxytocin results in an increase in intracellular calcium

The

discovery o f fluorescent dyes that are sensitive to changes in intracellullar ionic
concentration enabled ionic activity in single cells to be investigated (Tsien et al,
1982). An acetoxymethester form o f such a dye can be loaded directly into a single
cell where endogenous esterases rapidly hydrolyse it to form a cell-impermeant free
acid which is ion sensitive.

The different dyes emit different wavelengths o f light

dependent on their ionic sensitivity. The fluorochrome fura-2 is a calcium chelator
and one o f the most commonly used dyes for measuring intracellular calcium in single
cells. It is sensitive to calcium at concentrations from 30 nM to 5 p M and displays
two calcium-dependent absorption maxima, one at 340 nm which increases with
increasing ionised calcium and a second at 380 nm which decreases with a rise in
ionised calcium. The two wavelength changes can be utilised with ratio measurements
o f fluorescent intensity to eliminate artifacts due to dye loading or cell thickness. The
further development o f low light level detection technologies interfaced to computerdriven image processing, for capture and analysis o f the resulting signals, has yielded
spatial and temporal estimates o f ion concentrations in single or multiple living cells.

The investigation of intracellular Ca^^ activity, in OTR cDNA transfected Cos-7 cells,
in response to oxytocin, was carried out in collaboration with Dr I. Forsyth and J.
Clarke, Dept. Cellular Physiology, The Babraham Institute, Babraham, Cambridge,
U.K. The dynamic, 'real time', video imaging system used in this study was kindly
provided by Dr W. T. Mason, Dept. Neuroendocrinology, The Babraham Institute,
Babraham and has previously been described in detail by Mason et al. (1991).
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Cos-7 cells (10^) were seeded into 35 mm Nunc dishes (Gibco-BRL) containing 22
mm DIA glass coverslips (No. 1.5) and transfected as described in Chapter 4, section
4.2.6. After transfection the cells were maintained on the coverslips in DMEM + 10%
FBS at 37°C and in an atmosphere of 95% O2 and 5% CO2 The culture medium was
aspirated to waste with a glass pipette attached to a vacuum line and replaced with 1
ml of BAH 199 medium (without phenol red; Gibco-BRL) supplemented with 2 pi of
a 2mM stock solution (made up in DMSO) of the fluorescent calcium indicator fura-2
(Cambridge Bioscience). The cells were incubated with the dye at 37°C for 30 min.
The fura-2 supplemented medium was aspirated to waste and the cells w ashed twice
with medium 199 to remove any excess 'probe'. The coverslip was transferred to an
inverted light microscope stage holder attached to a low light level, CCD (charge
couple device) camera and MagiCal® image processor (Joyce Loebel Ltd, Gateshead,
Tyne & Wear, U.K). The cells were observed under an oil immersion lens and their
image projected onto a high resolution red, green, blue (RGB) monitor. Background
fluorescence was removed by capturing an image at each of the Ca^^ dependent
wavelengths (340 nm and 380 nm) without cells but in conditions identical to the
experiment.

A

uniform region of cells , on the coverslip, was identified and

individual Cos-7 cells traced on the image display using a light pen. The cells were
washed with medium 199 and then left for 5 min to equilibrate. Two ml of 200 nM
(increased to 1 pM in subsequent experiments) oxytocin (Bachem U.K. Ltd, Saffron
Walden, Essex, U.K.), made up in medium 199, was gently pipetted over the cells and
the light emission of the fura-2 loaded cells recorded as a 340nm/380nm ratio over
real time in response to increased intracellular calcium levels. The 340/380 ratio was
determined by the image processor on a pixel-pixel basis and processed at a rate of
25 images per second. The resulting ratio was proportional to the intracellular ionised
calcium concentration which was then plotted as a function of time.

5.2.2

5.2.2.1

Measurement of phosphoinositide (PI) turnover

[^H]Inositol labelling of intact Cos-7 cells

pH]Inositol labelling of intact Cos-7 cells was carried out as previously described
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(Abayasekara et al., 1993). After transfection each dish of cells was incubated for 24
hours at 3TC in fresh DMEM supplemented with 2% FBS, containing [2-^H]myoinositol (IpCi/ml; Amersham International pic) and lOpM myo-inositol (Sigma). At
the end of tliis pre-incubation period the mediiun was removed and the cells washed
thoroughly by repeated rinsing in PBS. Fresh medium containing lOmM myo-inositol
was added and, after incubation for 30min, the cells were washed and incubated for
a further 30min in fresh medium containing lOmM LiCl (Sigma). Cells were then
incubated with or without the following: oxytocin ( 1 0 '^ - lO'^M; Bachem UK Ltd);
arginine vasopressin ( 1 0 '^ - lO^M; Bachem UK Ltd); OTA (lO'^M); guanosine (3'O-thio)-triphosphate (GTPyS, lO'^M - lO'^M; Sigma); aluminium fluoride (AIF^, 50
mM; Sigma); pertussis toxin (PTX, 200ng/ml; Calbiochem-Novabiochem (UK) Ltd,
Nottingham, U.K.); U73122 or U73343 (lO'^M; kindly supplied by Dr J. E. Bleasdale,
Upjohn Laboratories, Kalamazoo, Michigan, U.S.A.). All treatments were for 30 min,
except the time-response study with oxytocin where incubations were carried out at
1, 3, 10, 30 and 100 min. PTX was pre-incubated with transfected cells 18 hours
before

inositol labelling and GTPyS was incubated with crude membranes,

prepared as described in Chapter 4, section 4.2.8.1.

The incubations were terminated by the addition of 150mM perchloric acid (BDH,
Upminster, Essex, UK) and neutralised with 188mM tripotassium phosphate (Sigma).
Cells were then scraped thoroughly and the total contents of each dish transferred to
1.5 ml Eppendorf tubes and pelleted by centrifugation (2000g, 3 min).

The

supernatants were transferred to fresh tubes immediately prior to assay and the pellets
retained at -20°C for determination of total [^Hjinositol incorporation into inositol
phosphates.

5.2.2.2

Inositol phosphate assay

Inositol phosphates were chromatographically separated using a modification of an
anion-exchange method described previously (Abayasekara et al., 1993). Amprep™
minicolumns, each containing lOOmgtrimethyl-aminopropyl-SAX sorbent (Amersham
International pic), were moimted on an Amprep™ manifold connected to a vacuum
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pump. The columns were pre-conditioned by washing with 10 ml 3M ammonium
formate in lOOmM formic acid (BDH) followed by 15 ml of double distilled water.
Neutralised sample extracts were applied to the columns using a 1 ml pipette and
unincorporated [^Hjinositol was washed from each column to waste with 5 ml water
drawn through at a flow rate of 3 ml/min by application of a vacuum.

The retained inositol phosphates:

glycerophosphatidylinositol

(GP),

inositol

monophosphate (IPJ, inositol bisphosphate (IP2), inositol trisphosphate (IP3) and
inositol tetrakisphosphate (IP4) were eluted together using 5 x 2 ml IM ammonium
formate in lOOmM formic acid (pH 4.2). Samples were counted on a |5-counter at a
1:7 ratio with Beckman Ready Flow IQ scintUlation fluid (Beckman Instruments (UK)
Ltd). This enabled results to be expressed in terms of total inositol phosphates and
avoided problems associated with separating IP fractions using a step-wise gradient
(Appendix A).

5.3

Results

5.3.1

Fura-2 imaging of intracellular Ca^ levels in OTR cDNA transfected Cos-7
cells in response to oxytocin

Cos-7 cells failed to load efficiently with the fura-2 calcium chelator even when the
dose was increased from 2 to 4 mM and the loading time increased from 30 to 40
min. Exposure o f loaded cells to either 200 nM or 1 pM oxytocin did not result in
a significant response in terms of increased Ca^^; there was no observable Ca^^ peak
and levels remained basal throughout the experiment (Figure 5.1).

5.3.2

Dose and time-dependent effects of oxytocin and arginine vasopressin on
inositol phosphate accumulation (phospholipase C activity)

Oxytocin and arginine vasopressin ( 1 0 '^ - lO'^M) activated PLC, resulting in inositol
phosphate accumulation, in a dose-dependent manner (Figure 5.2a).
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Oxytocin

activated PLC at a concentration of lO'^M, however, large increases in inositol
phosphate accumulation were only observed at concentrations above lO'^M.
Vasopressin was required at a concentration of lO'^M, 100-fold higher than oxytocin,
to bring about an initial activation o f PLC. The response at each concentration of
vasopressin was significantly lower than that in response to equivalent concentrations
of oxytocin.

Oxytocin (10‘^M) induced small but insignificant increases in PLC

activity after 1, 3 and 10 min incubation. Larger differences were observed at 30 and
100 min (Figure 5.2b).

5.3.3

The effects of antagonist, pertussis toxin, G-protein stimulator and PLC
inhibitor on oxytocin-induced inositol phosphate accumulation

Both oxytocin (10‘^M) and the G-protein activator AIF/ (50mM) activated PLC to 3-4
fold above basal endogenous activity (Figure 5.3d).

The antagonist OTA (lO^M)

faded to activate PLC when incubated alone. Co-incubation of OTA and oxytocin
(both lO’^M) resulted in competitive inhibition of the response to oxytocin. Pertussis
toxin (200ng/ml), the PLC inhibitor, U73122 (lO’^M) and its inactive isomer U73343
(lO'^M) were without effect on the ability of oxytocin to activate PLC.

5.3.4

The effect of G-protein analogue on oxytocin-induced inositol phosphate
accumulation

The G-protein analogue, guanosine (3'-o-thio)-triphosphate (GTPyS; lO’^M - lO'^M)
stimulated PLC activity in a dose-dependent manner at concentrations above lO^M
(Figure 5.36).

Co-incubation with oxytocin (10‘^M) significantly enhanced the

accumulation o f inositol phosphates at each dose of GTPyS and caused a left shift of
the threshold of response fiom lO'^M to 10 ^ .
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Figure 5.1

Intracellular calcium ion (Ca^^) measurements on OTR cDNA

transfected Cos-7 cells during stimulation with oxytocin (lO'^M).

a) Graphical

analysis of temporal changes in ion concentration; b) appearance of the cells in
pseudocolour, with blue colours representing low calcium and red colours representing
high calcium, c) Individual cells were selected for observation based on efficiency of
fura-2 loading and are shown numbered 1- 6 .

146

rC

H
H
147

■■
11
11
11
H1

Figure 5.2

à) Dose-dependent effects of oxytocin (OT) and arginine vasopressin

(AVP), 0 - 10‘^M, 30 min, on the accumulation of inositol phosphates in OTR cDNA
transfected Cos-7 cells, b) Time course of inositol phosphate accumulation in OTR
cDNA transfected Cos-7 cells in the absence or presence of oxytocin (OT; 10‘^M).
Values are means ± S.E.M. (n=3).
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Figure 5.3

a) Accumulation of inositol phosphates in OTR cDNA transfected Cos-

7 cells after the following treatments; (1) non-transfected + OT (lO'^M), (2) transfected
with pSVLJ + OTR and cultured with the following:

(3) no OT, (4) OT, (5) OTA

(10-"M), ( 6 ) OT + OTA, (7) OT + PTX (200ng/ml), ( 8) OT + U73122 (lO'^M), (9) OT
+ U73343 (lO'^M), (10) AIF/ (50 mM). b) Accumulation of inositol phosphates in
OTR cDNA transfected Cos-7 cell membranes following treatment with GTPyS alone
or GTPyS + OT (lO'^M). Values are means ± S.E.M. (n=3).
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5.4

Discussion

Measurement of oxytocin-induced increases in intracellular calcium in Cos-7 cells
expressing OTR proved unsuccessful (Figure 5.1). This is consistent with the findings
of a previous study (McConnell et al., 1992) where transfected Chinese hamster ovary
(CHO) cells were preferred to Cos-7 cells in measurement o f Ca^^ signalling in
response to ligand. The lack of Ca^^ response to oxytocin treatment in single cells in
this study may be due to a number of factors: Cos-7 cells may not have the necessary
endogen'^us esterases required to hydrolyse the acetomethylester form of the Jura-2
dye into the free acid which becomes trapped in the cytoplasm and is ion sensitive.
Transfection o f the cells may have either, altered their membrane constitution
sufficiently to prevent efficient loading of the fura-2, or adversely affected their
cellular metabolism thus preventing the esterases from hydrolysing the dye to form the
free acid. Another possible explanation, which now appears unlikely in the light of
results from further experiments described here, is that the OTR cDNA transfected
Cos-7 cells either, do not have the G-protein(s) required for mediating signal
transduction in response to oxytocin-treatment, or they have a lack of efficient Gprotein coupling. The latter was tested in the experiments measuring oxytocin-induced
PI turnover and is discussed in some detail below.

Oxytocin-induced activation of PLC in transfected Cos-7 cells in the present study was
consistent with that observed in ovine endometrial tissue (Flint et al., 1986; Silvia et
a i, 1994). The OTR cDNA was functional and the additional amino acids (Chapter
2, section 2.3) relative to the human, pig and rat OTR (Kimura et a i, 19926; Gorbulev
et al., 1993; Rozen et a i , 1995) had no unexpected functional implications. In the
dose-response study (Figure 5.2a), the concentration of oxytocin leading to half
maximum response (K^) was lO'^M, a significant increase in Pl-tumover was observed
with lO'^M oxytocin and maximum turnover with 10‘^M. The latter concentration was
selected for subsequent experiments to ensure that relatively large differences in PLC
activity could be consistently demonstrated. Sensitivity to arginine vasopressin (AVP)
was 100-fold less and overall responses were lower than with oxytocin. In the time
course study (Figure 5.2a) increases in total inositol phosphates were detectable after
152

10 min exposure to lO’^M oxytocin. However, larger differences were observed after
30 min exposure. The

is comparable to that observed in slices of caruncular

endometrium (Flint et al., 1986) and both Endings with respect to A VP-induced PItumover and the time-course data are consistent with that reported in endometrial
explants from steroid-treated ovariectomized ewes (Silvia et at., 1994).

To confirm the involvement of PLC in the pathway, transfected Cos-7 cells were co
incubated with the novel PLC inhibitor U73122 (lO'^M; inactive isomer U73343) and
oxytocin (lO'^M).

Although U73122 inhibits PLC activity in many cell types

(Bleasedale et al., 1990; Hawes et al., 1992) it had no effect on oxytocin-induced
activation of PLC in transfected Cos-7 cells (Figure 5.3d). This is consistent with the
lack of effect o f U73122 on oxytocin-induced PLC activation in ovine endometrial
tissue reported by Silvia et al. (1994).

The OTR is G-protein linked (Kimura et al., \992a, 6 ; Chapter 2) and the postulated
mechanism o f signal transduction in the oxytocin-induced PI turnover pathway is as
follows: interaction of oxytocin-occupied receptor with the heterotrimeric GDP-bound
G-protein causes dissociation to yield a GTP-bound a-subunit that remains in the
membrane.

PLC then binds the GTP-bound a-subunit probably via the carboxyl

terminal regions o f both proteins (Rhee & Choi, 1992) which results in the activation
of PLC. This mechanism was confirmed in the present study by use of the nonhydrolysable analogues of GTP, guanosine (3'-0-thio)-triphosphate (GTPyS) and
aluminium fluoride (ALF/). AIF^ activated PLC in this study (Figure 5.3d) which is
consistent with its reported ability to stimulate IP3 production in intact hepatocytes,
parotid and neutrophils and in the membranes of HL60 cells, GH3 cells and cerebral
cortex (for review see Cockcroft & Stutchfield, 1988 and references therein). AIF4'
interacts with bound GDP present on the a-subunit of the G-protein to bring about its
activation. This effect can be inhibited by GDPPS confiimiing that fluoride action is
mediated via the G-protein rather than through a direct affect on PLC activity
(Cockcroft & Taylor, 1987). GTPyS activated PLC in OTR transfected Cos-7 cell
membranes in a dose-dependent manner (Figure 5.3b) with maximum activation
observed at a dose of lO'^M. GTPyS forms a GTP-like complex with bound GDP
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(Bigay et a l, 1985) to cause a -subunit dissociation and subsequent G-protein
activation.

PI turnover in response to oxytocin was pertussis toxin (PTX) insensitive (Figure 53a)
and this is consistent with the lack of effect of PTX in ovine endometrium (Flint,
1988) and in other tissues where IP3 and DAG release is mediated by G-protein
activation of PLC (De Vivo & Gershengom, 1990). PTX ADP-ribosylates a cysteine
residue in the inhibitory GTP binding protein G- This prevents G, from inhibiting the
host cell adenylate cyclase and in those tissues in which agonist stimulated PIhydrolysis is sensitive to PTX prevents its interaction with PLC. The fact that PLC
activation in this study was PTX insensitive suggests that the fimctional G-proteiu in
the pathway is a member of the Gq class of the Gp family (p=phosphomositide;
Cockcroft, 1987; Flint, 1988).

PTX treatment in this study followed a standard

protocol shown to be effective in previous studies investigating receptor function in
transfected Cos-7 cells (Hunyady et al., 1994) and, therefore, ADP-ribosylation was
not confirmed by incorporation of [a-^^P]ATP, nicotinamide mononucleotide (NMN)
and NAD pyrophosphorylase as described by Johnson et al. (1978).

It is probable that the expressed OTR described here couples to the same Gcc-subunit
as the endogenous OTR in ovine endometrium for the following reasons: Ga^ and
Gccii, the most likely candidates for this coupling, are present in all tissues, so far
investigated, that show PTX-insensitive PLC activation (Strathman & Simon, 1990;
Simon et al., 1991; Smrcka et al., 1991). Western blotting and immunodetection with
specific antisera identified Ga^ and Ga^ in both pregnant and non-pregnant human
myometrium (Europe-Finner et al., 1993) and preliminary evidence suggests that Gttq
and Ga^i are present in day 8 and day 15 ovine caruncular and intercaruncular
endometrium (Sheldrick et al., 1995). In addition, antibodies directed against the Cterminal regions of Gttq and Ga^^ have been shown to attenuate oxytocin-induced
stimulation of GTPase and PLC in oestrogen-primed rat myometrium (Ku et al.,
1995). Cos-7 cells have a low level of both Ga^ and Ga^ mRNA (Boyer et al., 1989)
and transfection with cDNA corresponding to Gttq and Ga^ has been shown, in the
presence of GTPyS, to activate endogenous PLC in Cos-7 cells (Wu et al., 1992). In
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the same study, transfection with other Gq a-subunits such as OaoA, Gage, Gaj2 and
Ga^ did not activate PLC (Wu et al., 1992).

In conclusion, expression of an OTR cDNA in Cos-7 cells enabled the nature of the
downstream response to ligand bindmg, via an oxytocin signalling pathway, to be
investigated. Changes in intracellular calcium levels in response to oxytocin treatment
were unable to be recorded in transfected Cos-7 cells and this was consistent with a
previous study. Molecular characterisation of oxytocin-induced PI turnover in the
same cells demonstrated the functional integrity of the OTR cDNA sequence described
in Chapter 2 and showed that the

in the expression system was comparable to that

in the endometrium. The expressed OTR was confirmed as being G-protein coupled
and the G-protein involved in mediating the pathway identified as a member of the
PTX-insensitive Gq sub-family of Gp. The exact identity of the G-protein(s) involved
is at present unknown, although there is evidence to suggest that the most likely
candidates are Gttq and Ga^^.

The use of G-protein analogues confirmed that

regulation of response to oxytocin can be achieved at points distal to the initial
coupling of the hormone to its receptor. Treatment with the PLC inhibitor U73122
faded to resolve the discrepancies demonstrated in previous studies between the
quantification of response to oxytocin and increase in PLC activity, however results
presented here are consistent with those reported in endometrial explants.
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Chapter 6

Localisation of oxytocin receptor mRNA in the ovine uterus during the oestrous
cycle and early pregnancy

6.1

Introduction

As reviewed in Chapter 1, in the non-fertüe cycle of the ewe the onset of uterine
endometrial OTR expression has a profound knock-on-effect with respect to luteal
function and the induction of luteal regression, the length of the luteal phase and
ultimately the length of the oestrous cycle. In the fertile cycle, inhibition of OTR
expression is essential for maintenance of the CL and successfiil development of the
conceptus during early pregnancy. It is, therefore, important to gain an understanding
of the pattem of OTR expression during the cycle and in pregnancy. In order to do
this the distinct histology and cytology of the uterus has to be taken into account
including the various cellular regions and subcompartments (Figure 6.1). The utems
consists of an outer peritoneal and serosal investiture, over a thick myometrium of
smooth muscle arranged in distinctly oriented layers.

Internally the endometrium

consists of a stromal matrix over which lies a simple low columnar (luminal)
epithelium with glandular (superficial and deep) extensions penetrating into the stroma.
An additional feature o f the ruminant uterus is the presence of glandular invaginations
of the stroma, the caruncles (cotyledons), which serve as sites for implantation of the
filamentous conceptus. The cellular make-up of the endometrium means that it is
important to localise OTR expression to specific cell populations and to determine
which population o f receptors are functional in terms of their role in luteolysis.

In non-pregnant ewes, measurements of oxytocin-binding sites in tissue extracts show
that concentrations are at the limit of detection (about 10-20 finol

oxytocin

bound/mg protein) during the luteal phase from day 5 onwards. Small increases to
about 100 frnol/mg protein can first be detected on day 14 or 17 in sheep and cattle
respectively but OTR do not develop in pregnant animals at this time.

After

luteolysis, receptor concentrations rise steeply to a peak of >500 finol/mg protein at
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Figure 6.1

Transverse sections through ovine uterus as visualised using a Magical®

image processor (Joyce Loebel Ltd).

The different cell types are shown in

pseudocolour: luminal epithelium (red), superficial glands (yellow), deep glands (light
blue), caruncular stroma (dark blue) and myometrium (yellow/light blue).
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oestrus, declining again during days 1-4 (Wathes & Lamming, 1995). Oxytocin
binding sites have been localised to specific uterine cell types using autoradiography
and shown to develop in the luminal epithelium on day 14 of the cycle, extending to
the superficial and deep glands and caruncular stroma at oestrus (Ayad et a i, 1991 a,
b\ Wallace et a l, 1991). It is now well established that the binding of oxytocin,
released fiom the ovary (Flint & Sheldrick, 1982; Wathes & Swann, 1982), to its
receptor in the endometrium late in the luteal phase can trigger release of PGp2a (for
reviews see Flint et a/., 1990; Silvia et aL, 1991; Wathes et a i, 1993 and references
therein). Luteal oxytocin stimulates hydrolysis of phosphoinositides m the
endometrium, leading to the release of arachidonic acid (Flint et a i, 1986; Mirando
et a i, 1990).

Activation of this pathway in the presence of prostaglandin

endoperoxide H synthase (PGS) results in increased synthesis and secretion of PGFj^
(Silvia & Homanics, 1988; Silvia, 1992). Pulses of PGF2„ act, in turn, on the CL to
induce luteolysis (McCracken et a i, 1972).

In the presence of a conceptus the

formation of the OTR is blocked, resulting in luteal maintenance (McCracken et ai,
1981).

There is considerable evidence that this is achieved by the action of a

trophoblast type I interferon (IFNt), the major protein secreted by the conceptus
during the maternal recognition of pregnancy (Godkin et a i, 1984; Stewart et ai,
1989; Farin et a i, 1990). As described in Chapter 1, infusion of purified ovine IFNt
or recombinant bovine IFN-al inhibits oxytocin-induced phosphoinositide hydrolysis
(Mirando et a i, 1993a)prevents the development of luteolytic pulses of PGF2a and
prolongs the Hfespan of the CL (Vallet et a i, 1988; Parkinson et a i, 1992).

Uterine OTR also develop in the myometrium (Roberts et a i, 1976; Sheldrick & Flint,
1985; Ayad & Wathes, 1989). An oxytocin-induced uterotonic response is similarly
achieved by initial activation of the phospholipase C/phosphoinositide pathway (Marc
et a i, 1986), m this case leading to the generation of fiee cytosolic Ca^^, which in turn
stimulates uterine contractions (Carsten & Miller, 1985).

Myométrial OTR

concentrations in ruminants rise at parturition (Fuchs et a i, 1992) and play a major
role in this process. Myométrial OTR concentrations also vary during the oestrous
cycle such that levels peak at oestrus (Sheldrick & Flint, 1985) in parallel with
myométrial sensitivity to administered oxytocin (Gilbert et a i , 1992). In addition, it
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is thought that uterine motility during the peri-ovulatory period is influenced by
endogenous pulses of oxytocin from the neurohypophysis and/or the developing
follicle (Gilbert et a l, 1991).

The publication of the structure of the human myométrial OTR (Kimura et al., 1992a,
b) led to the isolation of a cDNA encoding part of the sheep endometrial OTR, as
described in Chapter 2, section 2.2.1, (Stewart et a l, 1993). The nucleotide sequence
showed 93.8% similarity to the human OTR sequence in this region, but only 54%
with the rat V ia arginine vasopressin receptor described by Morel et at., ( 1992). The
aim o f this study was to use a synthetic oligonucleotide probe corresponding to part
of the sheep cDNA for in situ hybridisation to investigate the following:

(1)

The cellular regions of the ovine uterus to which OTR mRNA is localised

(2)

The pattem of expression of OTR mRNA throughout the oestrous cycle and
early pregnancy

(3)

The distribution of OTR mRNA compared with that of oxytocin binding sites
localised using an [^^^Ij-labeUed oxytocin antagonist (d(CH2)^Tyr(Me)^Thr^,TyrNH^^-vasotocin; OTA).

Given the extensive application of in situ hybridisation to this study and to that
described in the following Chapter, it is fitting at this stage to provide an introduction
to the basic technique.

In situ hybridisation is the visualisation of a known nucleic acid sequence, contained
within its natural environment. It has found many applications in biology, including
chromosome assignment of DNA sequences for genome analysis (McKusick, 1991),
the anatomical localisation of nucleic acids of vimses which invade host cells (Fox &
Cottler-Fox, 1993; Landry, 1990; Puvion-DutiUeul, 1993), and the determination of the
distribution of mRNA transcripts at the level of organs, particularly cell types in
organs, and intracellular location (Niedobitek & Herbst, 1991). In situ hybridisation
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has emerged as a particularly valuable tool for the identification of individual cells
expressing specific genes and recently methods have become sufficiently sensitive to
detect mRNAs present at the level o f only a few molecules per cell. When mRNAs
are expressed in only a small fraction of cells, in a mixed population, in situ
hybridisation may be the most sensitive nucleic acid hybridisation technique available
(Angerer et al., 1987). Given that little is known about the abundance and distribution
of OTR mRNA in the cellular compartments of the ovine uterus, the sensitivity of in
situ hybridisation is an important consideration when selecting a technique to
investigate the pattem of expression of ovine OTR message in relation to either
experimental treatment (Chapter 7) or different stages of the oestrous cycle and during
early pregnancy.

There are three basic steps involved in an in situ hybridisation reaction;

(1)

Labelling a nucleic acid probe (DNA, RNA), with either a radio-active or non
radioactive label, and denaturing the target nucleic acid

(2)

Hybridisation of the labelled, single stranded probe to the complementary
nucleic acid within the sample

(3)

Detection o f the resultant hybridisation.

The first step in a typical in situ hybridisation reaction is selection of the appropriate
probe and incorporation of a desired label. In the methodology described below a
synthetic oligonucleotide probe was generated and 3'-end labelled. The advantage of
such a probe is that it can be specifically designed against a known sequence of the
target

gene.

A disadvantage is that relatively few labelled nucleotides can be

incorporated per molecule of probe and so it is less sensitive than longer nucleic acid
probes. An extension of the probe length from the usual 20-30 bases to 45 bases in
this study helped to overcome this problem as this probe size lies in the range known
to give optimal signals for a number of tissues (K. R. Stevenson, unpublished
observations).
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The second step is sample pre-treatment to prepare the cells, tissue or chromosomes
for hybridisation. Fixation is performed to preserve the morphology of the sample,
retain the maximal level of cellular target RNA and DNA and allow efficient
hybridisation of the required probe to the target sequence. For the uterine tissue and
different cell types described here, fixation was performed using an aldehyde. Tissues
were

snap

frozen,

cryo-stat

sectioned, placed

on

slides

and fixed

with

paraformaldehyde. Slides were coated (for example with poly (L) lysine) to ensure
that the sample remains attached during the hybridisation and detection steps of the
protocol. Once the samples had been placed upon the treated glass slides they were
allowed to air dry.

A permeabilisation step then introduces a controlled number of access points for the
probe, this typically involves exposure to either dilute acids, detergents, alcohols or
proteases. In the case o f tissue heavily cross-linked with an aldehyde fixative the
permeabüisation is extensive (Section 6.2.5).

The third step, dénaturation, is performed to ensure the target nucleic acid is present
in a form, ie. single- stranded and without secondary structure, that allows binding of
the probe. If the target is DNA, then the sample is either heat denatured at 95°C for
five mmutes or chemically denatured with 70% formamide and 2 x SSC at 70°C
before hybridisation.

For RNA targets, dénaturation is performed at lower

temperature, relative to DNA, to remove any secondary structure.

The post-hybridisation wash steps resemble those used for solid support post
hybridisation washing (Chapter 2 , sections 2.2.3.3 and 22.1.1). The aim of this step
is to achieve the maximum signaknoise ratio which determines the overall sensitivity
of the experiment. The washes are performed with different salt concentrations and
at different stringencies to remove any non-specific label. In addition, formamide is
used, at different concentrations, to reduce the temperature at which these steps are
performed and give the best overall result.

The type o f signal detection used is entirely dependent upon the label that has been
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incorporated into the probe:

(a)

Radioactive labels

After washing, the slides and samples are treated with an emulsion and developed by
autoradiography.

(b)

Non-radioactive systems

There are three main labels available: digoxigenin, biotin and fluorescein, each usually
attached to the deoxynucleoside dUTP.

The label is incorporated into the probe

during nick translation or random prime reaction. After hybridisation, there are two
pathways for detection that can be followed: colour detection or fluorescence.

An example of colour detection is the digoxigenin-alkaline phosphatase system. After
hybridisation, anti-digoxigenin conjugated to alkaline phosphatase is bound to the
digoxigenin within the hybridised, labelled probe. The chromogenic substrate NET
and X-phosphate is then added to the sample. The alkaline phosphatase reacts with
the substrate and a coloured precipitate forms over the site of hybridisation.

An example o f fluorescence detection is the biotin-FITC fluorochrome system. After
hybridisation, avidin conjugated to the fluorochrome, FITC, is bound to the biotin
within the hybridised labelled probe. Hybridisation can be detected at this stage by
passing through the wavelength of light that excites FITC, making it fluoresce yellow
under the microscope. The hybridisation signal can be increased by adding further
layers of fluorochrome. This is achieved by binding anti-avidin conjugated to biotin
to the avidin-FITC, followed by binding avidin-FITC.

The main advantage o f non-radioactive detection is safety. However, a radioactive
labelling system was selected for use in this study for the following reasons: a
radioactive label allows detection within 24 hours if required, is highly sensitive, has
a long shelf life, allows double labelling and most importantly, in the context of this
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study, allows differentiation between neighbouring cell type.

6.2

Materials and Methods

6.2.1

Animals

Animals were from The Babraham Institute, Babraham, Cambridge, U.K. and this
study was carried out in joint collaboration with Professor D. C. Wathes and Dr K.
K Stevenson, now at the Royal Veterinary College, Potters Bar, Hertfordshire, U.K.

Mature Clun Forest ewes were fed a concentrate mix once daily with hay and water
available ad libitum.

They were run with either entire or vasectomized rams and

raddle marks were checked twice daily to determine the day of oestrus (day 0). Ewes
in this flock had cycle lengths of 16-17 days. Blood samples were collected three
times a week and at slaughter by jugular venepuncture for progesterone
radioimmunoassay to confirm the stage of the cycle. Animals were slaughtered on
specific days by an overdose o f Lethobarb (Duphar Veterinary Ltd, Southampton,
Hants, U.K.) and the reproductive tract was removed immediately. Oestrous ewes
were either killed when first raddled or at 52 or 65 hours after an intramuscular (i.m.)
injection of 100 pg cloprostenol (Cooper's Animal Health Ltd, Crewe, Cheshire, U.K.)
given in mid-cycle to induce luteolysis. The ovaries were examined for pre-ovulatory
follicles or corpora lutea and the uterus was flushed to confirm the presence of
embryos.

6.2.2

Tissue collection

Either complete cross-sections or pieces of uterine wall (approximately 2 cm^) were
dissected out o f the main tissue and wrapped in aluminium foil prior to being fiozen
in isopentane in liquid nitrogen and stored at -80°C. Samples were obtained from non
pregnant (NP) or pregnant (P) ewes as follows: day 0 ( 6 ), days 1-2 NP ( 6 ), day 5 NP
(4), days 9-12 NP (5), day 14 NP (5), day 15 NP (5), day 2 P (2), day 5 P (2), day
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7 P (4), days 9-12 P (2), day 14 P (2), day 15 P (2), day 21 P (3) and mid-anoestms
( 2 ). The number in brackets denotes the number of individuals sampled.

Ovine liver, oesophagus and small intestine were taken as negative control tissues.

6.2.3

RNAse-free Poly-L-Lysine coated slides

Glass slides (Superfrost, BDH) were soaked in industrial methylated spirits, polished,
placed in metal slide racks and soaked in 5% Decon (Decon laboratories Ltd, Hove,
East Sussex, U.K.) overnight. The slides were rinsed in distilled water, left to dry at
room temperature, wrapped in aluminium foil and baked in an oven at 180°C for 4
hours.

Cooled oven-baked slides were dipped mdividually into Poly-L-Lysine (PLL; 50 ml;
0 .1 mg/ml; Sigma) in a sterile petri dish using forceps. They were then drained in a

vertical rack, covered with aluminium foil and left to dry overnight.

Slides were
*
either used the following day or stored in a sterile box containing activated silica gel

at 4°C.

6.2.4

Tissue sectioning

Tissue samples were kept on dry ice (solid carbon dioxide) prior to sectioning. The
selected uterine block was unwrapped from aluminium foü and mounted on a cryostat
chuck using Cryo-M-Bed (Bright Instruments, Huntingdon, Cambs, U.K.) embedding
compound. The chuck was placed on dry ice to allow the embedding compound to
set. The mounted tissue was then placed in the cryostat chamber (Microtome Model
OTF/AS; Bright Instruments) at -23°C for 10 min to allow the tissue to equilibrate and
prevent fracture during sectioning. Eighteen micron sections were thaw-mounted onto
RNAse-free PLL coated slides, and placed at 4°C in an autoclaved staining rack prior
to histological fixation. For each sample, an extra slide was prepared, counterstained
with haematoxylin and eosin (Section 6.2.10; figure 6.2a, b and c; figure 6.3a-d) and
used to localise specific cellular regions during the analysis o f autoradiographs.
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Figure 6.2 a) Haematoxylin and eosin stained transverse section through ovine uterus
showing the different uterine cell types (see figure 6.5); scale bar represents 2 mm. b)
High powered image of H + E section to highlight luminal epithelium (LE) and
superficial glands (SG) c) caruncular stroma (CS) and {d) deep glands (DG) and
myometrium (M); scale bar represents 1 mm.
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Figure 6.3

Haematoxylin and eosin stained transverse sections through, a) sheep

small intestine, b) adult liver, c) lamb liver and d) oesophagus.

Negative control

tissues used in the in situ hybridisation study, a) and d) scale bar represents 1 mm; b)
and c) scale bar represents 2 mm.
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6.2.5

Histological fixation of sections

Slides of tissue sections were loaded into metal racks and fixed by immersion in a
solution of 4% paraformaldeyhde, made up in 0.0IM PBS (Appendix A), in a glass
staining trough (BDH) for 5 min, followed by three washes in 0.0IM PBS (2 min
each) and dehydration in 70% and 95% ethanol (5 min each). Slides were stored in
95% ethanol at 4°C until required.

6.2.6

Oligonucleotide probes

The oligonucleotide probe represented part of the cDNA sequence published by
Stewart et al. (1993).

The procedure by which this sequence was obtained is

described in Chapter 2, section 2.1. From the 96 base pair (excluding the primer
oligonucleotides) PCR product generated by Stewart et al. (1993) the 45 bases at the
5'-end of this fragment, corresponding to bases 877-921 of the human sequence and
bases 883-927 o f the sheep cDNA, described in Chapter 2, were selected for use as
an oligonucleotide probe, since the GC base content was above 50% and similar to
that of other oligonucleotides successfully used previously (K. R. Stevenson,
unpublished observations). GC base pairs form three inter-pair hydrogen bonds, as
opposed to two hydrogen bonds with AT base pairings, a probe with a high GC
content, therefore, ensures strong hybridisation with the single stranded target nucleic
acid. Both the sense and antisense strands of the first 45 bases pairs of the PCR
product were selected for use as probes and synthesized using a Gene Assembler
Plus™ (Pharmacia LKB Biotechnology, Milton Keynes, Bucks, U.K.).

The sense

sequence, 5' TTC GTG CAG ATG TGG AGT GTC TGG GAT GCC GAT GCG CCC
AAG GAA 3', was used to assess background hybridisation. To confirm that the
synthetic oligonucleotide probe identified the same mRNA as the RT-PCR product of
Stewart et al. (1993) a northern blot previously probed with the 96 bp fragment was
reprobed with the 45-mer; the two probes revealed bands of the same size (H. J.
Stewart, unpublished observations).

6.2.7

Probe-labelling
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Both the sense and antisense strands of the oligonucleotide probe were 3'-end labelled
with p^S]deoxyadenosine 5' [a-thio] triphosphate (dATP; 50tbQ/mmol; New England
Nuclear Research Products, Dupont de Nemours, Dreiech, Germany)) using terminal
deoxynucleotidyl transferase (TDT; FPLC pure tm; calf thymus; 27-0730; specific
activity = 47.86 units/ pi where one unit catalyses the transfer of 1 nM dAMP to
p(dT)g per hour at 37°C; Pharmacia LKB). TDT catalyses the incorporation of
deoxynucleotides onto the 3'-hydroxyl terminus of DNA (single or double-stranded
with overhanging 3 -OH ends) resulting in a radioactive 3' tail; in this case a poly (A^)
tail. The specific activity of the probe was 6-9 x 10* dpm/pg and the labelling carried
out using the following protocol:

The following were aliquotted into a sterile labelled 1.5 ml Eppendorf tube:

1.5 pi 10 X One-Phor-AU plus tailing buffer (supplied with TDT)
8.25 pi sterile water
1 pi oligonucleotide (5 ng/pl)
1 pi p'SJdATP
1 pi TDT

The reaction was mixed by gently pipetting and incubated for one hour at 32.5°C. The
reaction was terminated by adding 40 pi sterile water and the volume made up to 100
pi by the addition of 47.5 pi 1 x TEN buffer (Appendix A).

The labelled probe was separated from the unlabelled fraction using spin column
chromatography. This method is used to separate DNA from lower molecular weight
substances (for example radioactive precursors). The smaller molecule is retained on
the gel-filtration matrix whereas the larger molecule is eluted off the column in the
void volume.

The protocol described here is a modification of that described by

Sambrook et al. (1989).

Sephadex G-50 (medium grade; Pharmacia LKB) was added to sterile distilled water
and the swollen resin washed with sterile water several times to remove soluble
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dextran. The resin was then equilibrated in 1 x TEN buffer and autoclaved before use.
A spin colunm was prepared by packing the bottom of a 1 ml sterile plastic syringe
with sterile glass wool (to the 0.1 ml mark), and filling the barrel with equilibrated
Sephadex-G50.

The column was inserted into a 15 ml disposable sterile

polypropylene Falcon tube and centrifuged in a non-refiigerated bench centrifuge
(Beckman TJ-6 ) at 1600g for 4 min. Sephadex was added until the packed volume
of the column remained constant at the 0.9 ml mark. The column was then washed
three times with 0.1 ml 1 x TEN buffer and centrifuged as above (1600g, 4min)
between washing. The column was placed in a fresh sterile centrifuge tube, and the
100 pi labelling reaction mixture placed on the top of the column. The column was
centrifuged (1600g, 4 min), the eluent removed into a 1.5 ml Eppendorf containing 2
pi IM dithiothreitol (DTT) and placed on ice until required.
prevent the oxidation o f

DTT was added to

thus reducing background contribution and increasing

probe stability.

The probes (2pl) were counted in 8 ml Ultimagold™ scintillant (Canberra-Packard) in
a P-counter (2500 TR Liquid Scintillation Analyzer, Canberra-Packard) and the
specific activity of the probe determined (6-9 x 10^ dpm/pg). For each of the probes,
a final concentration of 110 000 cpm/ 100 pi hybridisation buffer was used.

6.2.8

In situ hybridisation

The in situ hybridisation technique used was based on that reported by Sirinathsinghji
et al. (1990) and has been described previously by Stevenson et at. (1994).

Fixed slides were removed from storage, allowed to dry in vertical racks and placed
in bioassay dishes.

Sections were hybridised overnight at 42°C with 100 pi

hybridisation buffer containing 110,000 d p.m. oligonucleotide probe. Hybridisation
buffer consisted o f 50% deionized formamide, 4 x SSC (1 x SSC is 0.015M sodium
chloride, 0.015M sodium citrate), 10% dextran sulphate, 5 x Denhardt's solution, 0.2
mg single-stranded sheared salmon sperm DNA/ml, 0.2 mg/ml polyadenylic acid, 0.12
mg/ml heparin, 0.025M sodium phosphate (pH 7.0) and 0.00 IM sodium pyrophosphate
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(Appendix A).

The diluted probe was applied to the surface of each section and

secured with parafikn (BDH).

Moisture levels in the hybridisation chamber were

maintained by placing tissues soaked in 50% formamide, 25% 20 x SSC, 25% sterile
water in each bioassay dish and wrapping 5 dishes together in clingfilm prior to
incubation at 42°C overnight.

Following hybridisation, the slides were subjected to a low stringency wash (30 min
at room temperature in 1 x SSC, 0.2% (w/v) sodium thiosulphate pentahydrate
solution) and a higher stringency wash (1 hour at 55°C in fi-esh 1 x SSC, 0.2% (w/v)
sodium thiosulphate pentahydrate solution), then rinsed and dehydrated (1 x SSC, 0.1
X SSC, 70% ethanol and 95% ethanol for 20 sec each).

Slides were allowed to dry, then exposed for 14 days to x-ray film (Hyperfilm P-max;
Amersham International pic) in an x-ray cassette to detect hybridisation signals.
Autoradiographs were developed for 4.5 min (Kodak LX24; Kodak, Phase separations
Ltd), washed in running water 5 sec and fixed for 5 min (Amfix 180213, Champion
Photochemistry International Ltd, Brentwood, Essex, U.K.).

6.2.9

Emulsion coating of slides

In situ hybridisation sections were coated with photographic emulsion to provide
localisation of the OTR gene transcript at the cellular level.

In a dark room

photographic emulsion (K5; Ilford Photographic Co., London, U.K.) was melted in a
water bath at 42°C.

Ten ml of molten emulsion was poured into a pre-warmed

measuring cylinder and 10 ml warm deionised water added along with two drops of
glycerol. The emulsion was lefl; to equilibrate (5 min) while being gently stirred, and
decanted into a dipping vessel.

Individual slides were subsequently dipped in the

emulsion vertically for 2 sec and then removed slowly. Excess emulsion was drained
and the slide placed horizontally on a metal plate cooled to 4®C to gel (10 min). Once
the emulsion had formed a gel, slides were transferred to another metal plate at room
temperature to dry (2-4 hours). Dry slides were placed in light-tight boxes containing
activated silica gel, left at room temperature overnight, then at 4®C for a fiirther 14
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days exposure.

The slides were developed in Ilford Ilfotec LC29 film developer

(Ilford Ltd, Knutsford, Cheshire, U.K.), diluted 1:30 for 6 min, transferred to a stop
bath ( 2 % di-sodium disulphite, 2 % chromium potassium sulphate) for 2 min, rinsed
and fixed in 30% (w/v) sodium thiosulphate solution in deionized water for 10 min.
Slides were then washed in running water (18-20°C) for 15 min and transferred to
distilled water for haematoxylin and eosin staining.

6.2.10 Haematoxylin and eosin staining

Haematoxylin and eosm solutions were made up as described in Appendix A. Slides
were placed in staining racks, and sequentially plunged into:

Distilled water: 3 min
Haematoxylin: 3 min
Running water: 5-10 min
1% HCl in 70% ethanol: 5 x 1 sec dip
Running water: 5-10 min
1% Eosin: 2 min
Running water: until cell nuclei stained blue
74 OP (industrial methylated spirit): 2 separate troughs, for 2 min each
100% ethanol: 1-2 min

Xylene: 4 separate troughs

Slides were stored in xylene before mounting with coverslips using a synthetic resin
(DPX; BDH) and dried overnight in a warm oven (30”C) after processing.

6.2.11 Autoradiography

The in situ hybridisation studies were performed mainly on tissue from animals for
which the autoradiographical localisation of the OTR had previously been reported
(Wathes & Hamon, 1993), but some additional animals were incorporated.
Autoradiography on these additional animals was carried out by H. C. Flick-Smith at
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The Babraham Institute.

Briefly, oxytocin binding sites were visualised by

autoradiography using an [‘^^I]-labelled oxytocin antagonist, d(CH2)^Tyr(Me)^Tbr'‘,TyrNH 2^-vasotocin (OTA), as described previously (Ayad et aL, 1991), Sections used for
total binding were incubated with 300 pi [^^^1]0TA (0.1-0.4 nmol/1) whereas for non
specific binding 10 pmol unlabelled oxytocin/1 (Bacbem (U.K.) Ltd) was also
included.

6.2.12 Optical density (CD) measurements

The quantification o f the expression of OTR mRNA and binding has been described
previously (Stevenson et a/., 1994). Autoradiographic films resulting fiom in situ
hybridisation and autoradiography were quantified using a Seescan image analysis
system (Seescan pic, Cambridge, Cambs, U.K.).

Between four and six pairs of treatment and control sections from each animal were
processed.

These were hybridised with antisense or sense probes for in situ

hybridisation experiments and treated with [^^^l]OTA alone (total binding) or with
unlabelled oxytocin (non-specific binding) for the receptor binding studies. Uterine
sections from oestrous animals were taken as positive controls and sections from liver,
oesophagus and small intestine were negative controls. Autoradiographs were fixed
to a stabilised light box and projected onto a Phillips display monitor using a
monochrome CCD camera equipped with a zoom macro lens. The background of the
film was subtracted from the captured image and representative areas for each of six
different uterine regions (identified from the haematoxylin and eosm slides) were
outlined on each section. The regions were: luminal epithelium, superficial glandular
epithelium, deep glandular epithelium, caruncular stroma, deep stroma and
myometrium (Section 6.1). The computer program (TPL VI image analysis software)
calculated an average optical density (OD) value for an encircled area calibrated on
a linear grey scale between 0 and 2.1. The OD values from the sense or non-specific
binding sections were subtracted from the antisense or total binding values to give an
estimate o f specific hybridisation or binding to each region. A final OD value of <
0.01 was taken as the limit of detection for the purpose of statistical analysis.
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6.2.13 Progesterone radioimmunoassay

Progesterone measurements were performed by M. Hamon at The Babraham Institute,
based on the method previously described by (Furr, 1973). Briefly, 0.2 ml aliquots
of plasma were extracted with 5 ml diethyl ether using anti serum BF 465/6 at a final
dilution o f 1:24 000 . The detection limit was 27 pmol/1 the extraction efficiency was
87 ± 0.6% (mean + S.E.M.) and the intra- and inter- assay coefficients of variation
were 22.1 and 24.4% respectively.

6.2.14 Data analysis

An initial comparison between pregnant and non-pregnant ewes was made using a
modified version of Student's /-test which allows for different variances in the two
groups (Welch, 1937). This did not allow for differences attributable to pregnancy
between days 2 and 12 after oestrus for either OTR mRNA {in situ hybridisation
measurements) or processed receptor (binding study measurements).

Data were

therefore grouped into the following stages of the cycle to minim ise the number of
individual comparisons made in subsequent tests: oestrus (day 0), days 1-2 (NP + P),
days 5-7 (NP + P), days 9-12 (NP + P), days 14-15 (NP), days 14-15 (P) and day 21
(P). Differences in the concentrations of OTR mRNA and OTR between groups for
each uterine compartment were compared using Mann-Whitney U tests.

A non-

parametric test was chosen because of the small size and large variance of some of the
groups.

Linear regression analysis was used to examine the relationship between

mRNA and receptor binding measurements within each uterine compartment. A P
value of <0.05 was taken to indicate significance. Data are presented as means ±
S.E.M.

6.3

Results

Plasma progesterone measurements confirmed that the uterine tissue samples were
obtained at the required stage of the cycle (Figure 6A.d).
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In non-pregnant ewes

progesterone concentrations were still raised at day 15, but would be expected to fall
in the following 24 hours, whereas in pregnant animals progesterone remained elevated
at days 15 and 21 (2.7 ± 0.54 and 2.0 ± 0.73 ng/ml respectively).

The concentration o f OTR mRNA in the different uterine compartments varied during
the oestrous cycle and early pregnancy. Sections from representative animals at days
0, 9 and 15 of the cycle and days 15 and 21 of pregnancy are shown in figures 6.5
and 6 .6 . Mean OD values calculated from autoradiographs of all the animals are
given in figure 6.4 b-f. OTR mRNA was not detectable in any region between days
5 and 12, but it appeared in the luminal epithelium on days 14-15 in cyclic ewes
(Figures 6.46 and 6.5c, 6 ), before plasma progesterone concentrations started to fall
(Figure 6Aa and b). Hybridisation to luminal epithelium increased further to peak at
an OD of 0.48 ± 0.20 at oestrus, and at this stage OTR mRNA was also significantly
increased in superficial and deep glands and caruncles, but at a lower concentration
(OD values of 0.17 ± 0.07, 0.11 ± 0.05 and 0.11 ± 0.05 respectively; figures 6.4c-c
and 6.5a).

In all these regions OTR mRNA declined between days 0 and 2, reaching basal values
by day 5. There was no specific hybridisation to deep endometrial stroma. There was
a slight increase in hybridisation to the myometrium (OD 0.03 ± 0.01) on days 0-1,
but the change was not significant (Figure 6.4/). The increase in OTR mRNA in
luminal epithelium on days 14-15 was absent in pregnancy (Figure 6 .6 c). However,
there was a small increase in OD (0.05 ± 0.03) in this region only on day 21 of
pregnancy in two out of three ewes examined (Figure 6.6d). In anoestrous ewes, OTR
mRNA expression was detected in the various endometrial compartments at
concentrations which were about half those measured at oestrus (OD values of 0.20,
0.08, 0.11 and 0.05 in luminal epithelium, superficial glands, deep glands and
caruncular stroma respectively). Values in myometrium were low (0.02).

There was no detectable OTR mRNA in any of the control tissues, namely liver,
oesophagus and small intestine.
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These changes in OTR mRNA concentration during the cycle were paralleled by
changes in receptor binding, detected using the iodinated oxytocin antagonist
[^^^I]OTA (Figures 6.4 and 6.5e and 6.5g). Increases and decreases in binding to
different regions of the endometrium occurred at the same time-periods, and OD
values measured by the two techniques from the same animals showed a highly
significant correlation {r = 0.79, 25 degrees of freedom, P<0.001; r= 0.52, 23 degrees
of freedom, P<0.001; r=0.51, 26 degrees of freedom, P<0.01 - in luminal epithelium,
superficial and deep glands respectively; figure 6.7). There was, however, a difference
in the myometrium. [^^^I]OTA binding to myometrium increased to a peak (OD 0.22
± 0.09) at oestrus and declined again during days 1 and 2 to a mean OD of 0.04 ±
0.01 on days 5-14 (Figures 6.4/ and 6.5e).

As the increase in OTR mRNA

hybridisation was barely detectable (Figures 6.4/ and 6.5a), OD values generated by
the two techniques were not significantly related.
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Figure 6.4 a) Plasma progesterone concentrations during the oestrous cycle (until
slaughter) for ewes from which uterine tissue was collected (means ± S.E.M.). (b-J)
OTR mRNA (from in situ hybridisation; solid bars) and oxytocin receptor (from
binding studies using the oxytocin antagonist [*^^I]OTA; hatched bars) measurements
made from uterine tissue sections collected at different stages of the oestrous cycle.
Data from non-pregnant and pregnant animals collected before day 12 were not
significantly different and have been combined. The number of animals analysed at
each time-point was as follows: day 0, n=6; days 1-2, n=5; days 5-7, «=8; days 9-12,
n=6; days 14-15 (non-pregnant), n=7. Different regions were analysed separately: b)
luminal epithelium; c) superficial glands; d) deep glands; e) caruncular stroma and J)
myometrium. Values shown (means ± S.E.M.) are optical density (OD) measurements
from which non-specific readings have been subtracted. The limit of detection was
taken as 0.01 units. *P<0.05, **P<0.01 compared with basal values on days 9-12
(Mann-Whitney U test).
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Figure 6.5

A comparison between uterine tissue sections analysed {a-d) for OTR

mRNA expression by in situ hybridisation or {e-h) for OTR binding using [’^^I]OTA.
Uteri were collected at oestrus {a, b, e and J) or on day 15 of the oestrous cycle (c,
d, g and h). In situ hybridisation sections were probed with either antisense (a, c) or
sense (Z>, d) oligonucleotides. Receptor binding was determined in the absence (total
coimts) (e, g) or presence (non-specific binding) (/^ /z) of an excess o f unlabelled
oxytocin. Different regions of the uterus for which optical density measurements were
recorded (Figure 6.4) are shown in b) as follows; LE, luminal epithelium; SG,
superficial glands; DG, deep glands; CS, caruncular stroma; M, myometrium; CT,
connective tissue (not analysed). The scale bar represents 2 mm.
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Figure 6.6

In situ hybridisation showing OTR mRNA expression in the uterus of

{a, e) day 9 non-pregnant,

day 15 non-pregnant, (c, g) day 15 pregnant and (d,

h) day 21 pregnant sheep. Sections were treated with antisense {a-d) or sense {e-h)
probes. Note the specific hybridisation to the luminal epithelium on day 15 o f the
cycle {b) and day 21 o f pregnancy {d). The scale bar represents 2 mm.
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Figure 6.7

The relationship between optical density (OD) measurements from in

situ hybridisation (OTR mRNA) and receptor binding (^^^I-labelled OTA) for the
oxytocin receptor in the luminal epithelium. Each point represents the mean values
calculated for one animal by each of the two techniques. Regression analysis showed
a significant positive relationship between these two variables (y = 0.077% + 1.0025,
r = 0.79, 25 degrees of freedom, P<0.001).
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Discussion

Previous studies have focused on the localisation of OTR in terms of uterine oxytocin
binding sites and the distribution o f these sites in the ewe has been determined by
autoradiography using [^^^I]OTA (Ayad et al. 1991a, b; Wallace et at. 1991; Wathes
& Hamon, 1993). The intensity of

OTA binding to tissue sections in these studies

and in the present study agrees well with the results of receptor assays in tissue
extracts using both tiitiated oxytocin and iodinated OTA

The first appearance of

OTR mRNA on days 14-15 in the present study is also consistent with northern blot
measurements in ovine endometrium taken at various stages of the cycle (Stewart et
a l 1993; Chapter 3, section 3.2.1). The high degree of correlation in the present study
between results obtained by in situ hybridization and autoradiography demonstrates the
validity o f the two techniques. In particular, it supports the suggestion that the cDNA
sequence previously reported (Stewart et a l 1993) and described in Chapter 2 , section
2.2.1, is derived from a sheep endometrial OTR mRNA.

The localisation of OTR mRNA within the endometrium varied significantly during
the cycle. Its first appearance on day 14 was attributable exclusively to receptors on
the luminal epithelium, coinciding with the stage of the cycle when administered
oxytocin in vivo first releases PGp2a (Roberts & McCracken, 1976; Fairclough et a i
1984) which is also the time when spontaneous pulsatile secretion of PGF2„ usually
begins (Thorbum et a l 1973; Flint & Sheldrick, 1983; Hooper et a l 1986). Both the
OTR mRNA and OTA binding sites in luminal epithelium were detected before a
decline in circulating luteal progesterone concentration occurred (Ayad et a l 19916;
Wathes & Hamon, 1993; present study).

This suggests that it is the presence or

absence o f this particular receptor population that is critical in determining whether
or not luteolysis will occur. This is supported by data on the immunocytochemical
localisation of prostaglandin endoperoxide H synthase (PGS), the enzyme responsible
for the conversion o f arachidonic acid into the uterine luteolysin PGF2.^, which is
present in the luminal epithelium between days 14 and 16 of the cycle with little
staining in the caruncular stroma (Salmonsen & Findlay, 1990).

In addition,

prelirninary experiments using autoradiography and in situ hybridisation on cultured
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ovine endometrial expiants collected at mid-cycle has attributed a difference between
the extent o f autonomous rise in OTR concentrations, after 48 hours, between
caruncular stroma (10 finol pH]oxytocin bound/mg protein to 100 finol/mg protein)
and intercaruncular endometrium (10 to >400 finol/mg protein) as being due to the
greater length of luminal epithelium in the intercotyledon (E. L. Sheldrick, H. FlickSmith and D. C Wathes, unpublished observations). In cyclic sheep the development
o f endometrial responsiveness to an intravenous injection of oxytocin coincides with
only a minor rise in receptor concentration (Sheldrick & Flint, 1985; Silvia et al.,
1991; Mirando et al., 1993). This discrepancy may be due to a large extent to the fact
that OTRs are required only on the luminal epithelium to evoke a full luteolytic
response and that these receptors constitute only a small percentage of the total
potential endometrial OTR population (Wathes & Lamming, 1995).

OTR next

appeared on the superficial glands and, as these contain intense staining for PGS on
days 14-16 (Salamonsen & Findlay, 1990), they may also be involved in the positive
feedback loop between the ovary and uterus, whereby oxytocin causes the release of
pulses o f uterine PGFja (Flint et al. 1990). The appearance of OTR on deep glands
and caruncular stroma at oestrus occurred too late for luteolysis, as plasma
progesterone concentrations have already fallen, and the functional significance of
these additional OTR is currently unknown. Maximum concentrations of OTR are,
therefore, not reached until luteolysis is complete and are not required to achieve
either the initial luteolytic spikes or a high output of PGF2a This has been confirmed
in the cow where a small increase in the number of receptors on day 17 occurs
concomitantly with the start of luteolytic episodes of PGF2„ release (Mann &
Lamming, 1994; Lamming & Mann, 1995). The present study suggests that there is
a gradation in control of OTR formation from the cells in the luminal epithelium
through to the superficial and deep glands. Therefore, although the epithelial cell
layer is continuous the individual cells within it receive information about their
position in the endometrium \riiich has a major impact on the way in which they wiU
regulate their OTR population and thus their PGFj^ response to an oxytocin challenge.
The basis for this difference in regulatory mechanism is dealt with in Chapter 7.

The close coincidence in the timing of OTR mRNA and OTR binding measurements
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in the endometrium in terms of first appearance, maximum expression and
disappearance shows that mRNA transcription is rapidly followed by translation and
processing. This suggests that regulation of the OTR occurs principally at the level
of gene transcription, although changes resulting ifrom an altered mRNA half-life
cannot be excluded.

However, the presence of receptors as detected by binding

measurements, does not necessarily correlate with the ability of oxytocin to release
PGp2a in vivo (Vallet & Lamming, 1991; Lau et al. 1992; Silvia, 1992), as further
control can be achieved at the level of the downstream response.

In contrast to the high correlation between OTR mRNA and receptor biuding in the
endometrium, the variables bore little relation to one another in the myometrium
because the increase in mRNA detected in this tissue at oestrus was minimal. This
differs firom the results of binding studies using tissue extracts (Sheldrick & Flint
1985) and autoradiography (Ayad et al, 1991a, b\ Wathes & Hamon, 1993; figure
present study) wiiich all show a clear peak in myométrial receptors at oestrus. The
injection o f physiological doses of oxytocin into ewes produces an increase in
electromyographic activity only between days -1 and +2 of the oestrous cycle (Gilbert
et al, 1992), showing that these binding sites represent functional receptors. The lack
of myométrial OTR mRNA at oestrus was therefore unexpected.

There are a number o f possible explanations for this discrepancy: the endometrial and
myométrial receptors may be different isoforms; the probe used in the present study
hybridising less well to mRNA encoding the myométrial receptor. Pharmacological
studies usmg tissue firom pregnant rat uterus, have revealed differing inhibitory actions
of two oxytocin antagonists, des Gly-NH2^,d(CH2)5^[Tyr(Me)^,Thr'^]-omithine vasotocin
and P[Phe(Me)^ Thr^]-ornithine vasotocin (Chan et a l, 1993). The former inhibits
both the PGFja-releasing action and the uterotonic effect o f oxytocin, whereas the
latter stimulates uterine PGp2a release at doses which inhibit the myométrial
contractile response.

In the cyclic cow, the endometrial OTR concentration is

inversely correlated with plasma progesterone levels, but shows no relationship with
plasma oestradiol, whereas the concentration of the myométrial receptor is not
correlated with plasma progesterone but is inversely related to oestradiol, suggesting
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a difference in endocrine control at the two sites (Fuchs et a l, 1990).

Multiple transcripts of human (Kimura et a l, 1992a, b), rat (Rozen et al., 1995) and
sheep (present study. Chapter 3) OTR mRNA have been described in different tissues,
and it may be that alternative splicing leads to the omission of the region
corresponding to the 45-mer probe in the sheep myometrium. This probe was taken
from a conserved region of the receptor, between transmembrane domains VI and VH,
where in human and rat genomic OTR, there is located an intron (Inoue et al., 1994;
Rozen et al., 1995).

Another possibility is that there may be less OTR mRNA

molecules per myométrial cell relative to the number of molecules in the various
endometrial cell populations and this is reflected by lower sensitivity of the
hybridisation in this region.

The more likely explanation relates to a difference in

either, the rate o f transcription or the stability of the OTR message between the two
cell types. The endometrium may have a high amount of OTR mRNA and low rate
o f transcription whereas the myometrium may have a low amount o f message and high
rate o f transcription which would favour hybridisation detection in endometrial cell
types. Alternatively, the myométrial mRNA may have a different length of poly (A)
taü relative to the endometrial mRNA (see Chapter 3) and may, therefore, be less
stable, as poly (A) determines both message stability and 3' enhancement of
translational initiation (Munroe & Jacobson, 1990 Jackson & | Standart, 1990).

In both anoestrous and untreated ovariectomized ewes the endometrium contains
oxytocin binding sites, but these are not functionally coupled, as injection of oxytocin
is unable to elicit a PGFj^ response (Sharma & Fitzpatrick, 1974; Vallet et a l, 1990;
Matthews et a l, 1991; Lau et a l, 1992). In both cases these receptors are located
principally on luminal and superficial glandular epithelium, as determined by both
[^^^I]OTA autoradiography and in situ hybridisation (Wathes & Hamon, 1993; D. C.
Wathes, K, R. Stevenson & P. R. Rüey, unpublished observations).

Both the

distribution and activity o f these receptors are altered by changing ovarian steroid
hormone concentrations during the oestrous cycle. The regulation of OTR by steroid
hormones is discussed in greater detail in Chapter 7.
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In early pregnancy, the development of endometrial OTR on days 14-15 is prevented
(McCracken et ai, 1981; Sheldrick & Flint, 1985; Ayad et ai, 1993), and endometrial
responsiveness in terms of PGF2„ release after an oxytocin challenge at this time is
greatly diminished, although it returns on day 24 (Fairclough et al, 1984; Mirando et
ai, 19906; Silvia et al, 1992). Infusion of conceptus secretory proteins, recombinant
ovine IFNt or recombinant bovine IFNa^ in cyclic ewes inhibits OTR formation and
increases cycle length (Fincher et a l 1986; Stewart et al, 1989a; Martal et a/., 1990;
Mirando et a l, 1990a; Vallet & Lamming, 1991; Parkinson et a l, 1992; Mirando et
a l, 1993). IFNt receptors are located on the epithelium of the luminal and superficial
glands on day 16 of pregnancy (Godkin et a l, 1984). In unilaterally pregnant sheep
with transected uteri, both OTR mRNA and receptor binding are present in the non
pregnant but not the pregnant horn on day 16 (Stewart et al, 1993), whereas IFNi
concentrations are elevated only in the pregnant horn (Lamming et a l, 1991). In the
present study, OTR mRNA in the luminal epithelium on days 14-15 of pregnancy was
not detected, but it was present in two out of three ewes on day 21. These studies all
suggest that IFNt inhibits OTR formation by a direct action on its own receptor in
luminal epithelial cells during the critical period for the maternal recognition of
pregnancy. This one site o f action is sufQcient to block luteolysis, as OTR on other
endometrial cell types only develop after luteolysis has been initiated, when
progesterone concentrations start to fall and oestradiol levels rise. The development
of OTR after day 21 o f pregnancy does not lead to luteolysis, as luteal oxytocin stores
have, by then, been depleted (Sheldrick & Flint, 1983).

The inhibitory effect of IFNt is also transient.

If endometrial tissue, which is

unresponsive to an oxytocin challenge in vivo, is removed from day 12, 14 or 16
pregnant ewes and treated instead in vitro following removal o f the influence of the
conceptus, then oxytocin can elicit a PGF^^ response after only three hours in culture
(Silvia & Raw, 1993). As demonstrated in the present study mRNA encoding the
OTR is not detectable in the endometrium at this stage of pregnancy which suggests
that gene transcription and translation are activated immediately after removal of IFNt
from the endometrial environment.

In pregnant ewes IFNt mRNA declines

precipitously after day 15 and antiviral activity is low in the uterus by day 21 (Roberts
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et a i, 1992); this coincides with the time of development of OTR on the luminal
epithelium as detected by both in situ hybridisation and autoradiography. These
epithelial receptors remain throughout pregnancy, although their concentration
increases further at term (Flick-Smith et al., 1994).

In conclusion, the present study used in situ hybridisation to demonstrate the
localisation o f the OTR mRNA within the ovine uterus, and the technique enabled the
examination of the pattern o f expression in different ceU types during the oestrous
cycle and early pregnancy. There was considerable variation in the expression of OTR
between neighbouring ceU types in the uterine endometrium; the timing and extent of
mRNA levels in the luminal epithelium, in particular, suggests that it is this population
of receptors that are involved in the initiation of luteolysis. The lack of OTR mRNA
in uterine sections collected up to day 21 of pregnancy provides further evidence that
the mechanism underlying maternal recognition of pregnancy involves either direct or
indirect inhibition of OTR gene expression by trophoblast IFNt. Synthesis of IFNt
after about 20 days of pregnancy ceases (Flint et a i, 1992) and this corresponds with
the time at which OTR mRNA was clearly detectable in the luminal epithelium.
Luteal oxytocin levels are reduced after 20 days of pregnancy due to a gradual decline
in oxytocin-neurophysin mRNA concentrations (Sheldrick & Flint, 1983; Jones &
Flint, 1988). The appearance of OTR m the uterine lumen on day 21 of pregnancy,
in the absence o f luteal oxytocin, therefore, does not lead to episodic PGF^q^ release
and consequently these receptors have no luteolytic function.
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Chapter 7

The regulation of ovine endometrial and myométrial oxytocin receptor mRNA by
steroids as determined by in situ hybridisation

7.1

Introduction

In view of the pivotal role of the endometrial oxytocin receptor (OTR) in the
regulation of luteolysis and maternal recognition of pregnancy in the domestic ewe,
as reviewed in Chapter 1, it is important to consider the possible mechanism(s) that
may control expression of this uterine receptor.

Concentrations of endometrial OTR remain low until around day 13 of the cycle and
reach a maximum around day 15-16 (Roberts et at., 1976; Chapter 6 ). A marked
increase in the concentration of OTR occurs simultaneously with the decline in plasma
progesterone concentrations at luteolysis and the preovulatory increase in plasma
oestrogen concentration (Sheldrick & Flint, 1985). Exogenous oestrogens have also
been shown to stimulate an increase in the concentration of uterine OTR in both the
rat (Soloff, 1975) and rabbit (Nissenson et al., 1978) and short-term treatment with
progesterone inhibits the stimulatory effect of oestrogen (Nissenson et al., 1978;
Takeda & Leavitt, 1986). From these early studies, and others, there is considerable
evidence that concentration o f uterine OTR is regulated principally by the circulating
steroid hormones oestradiol and progesterone (McCracken et al., 1984; Sheldrick &
Flint, 1985).

The demonstration in Chapter 6 that OTR populations in endometrium appear and
disappear at different times of the oestrous cycle suggests that there is differential
steroidal regulation in the various uterine cell types. This is supported by the fact that
differences iijconcentration of both the oestrogen receptor (ER) and progesterone
receptor (PR) are dependent on cell type and stage of the cycle (Wathes & Hamon,
1993).

Given the difference in OTR expression between uterine compartments
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throughout the cycle and the fact that control of endometrial OTR occurs principally
at the level of gene transcription (Chapter 6 ), the main aim of this study was to
investigate the influence of the steroid hormones on the regulation of OTR mRNA in
the different uterine cell types.

The ovariectomized steroid-treated ewe was selected for use as a model in this study
as it has previously been widely used to

investigate the roles of both oestrogen and

progesterone in the regulation of uterine OTR concentrations. Ovariectomy eliminates
any effect of endogenous circulating ovarian hormones present in the intact ewe and
subsequent treatment regimens can be designed to elucidate either independent effects
of oestrogens and progesterone or combined effects of both steroids. Steroid treatment
regimes have been established to closely mimic circulating levels in the intact cyclic
ewe. In untreated ovariectomized ewes a substantial concentration (100-1000 finol/mg
protein, depending on authors) of oxytocin binding sites are present (Vallet et a l,
1990; Lau et a l, 1992; Sheldrick & Flick-Smith, 1993). Ovariectomized ewes primed
with progesterone for 11 days and then given two injections, each of 100 pg
oestradiol, have been shown to have similar levels of uterine OTR as those found in
intact cycling ewes on day 15 of the oestrous cycle (Sheldrick & Flint, 1985). In one
of the first studies of ovariectomized steroid-treated ewes, oxytocin-induced PGF2(^
release fi-om the uterus was measured as an in vivo probe for the presence of OTR
since it had previously been shown that oxytocin could evoke secretion only in the
presence o f its receptor (McCracken et a l, 1979). This study was carried out m an
ovariectomized steroid-treated ewe in which the uterus had been auto-transplanted to
the neck to act as an in vivo perfusion system. A constant infiision of oestradiol
induced the formation of OTR after 6 hours and this effect was abolished by
continuous infusion of progesterone for 9 days.

However, after 10 days of

progesterone infusion oestradiol was again able to induce uterine PGF2a release in
response to an oxytocin challenge (McCracken et a l, 1980). On the basis of this
study it was suggested that the concentration of uterine OTR is regulated by both
oestrogen and progesterone (McCracken et a l, 1984b).

Non-steroidal factors also affect uterine OTR concentrations in the ewe. Oxytocin has
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been shown to affect uterine OTR concentrations in the cyclic ewe thus preventing
luteal regression and thereby delaying the onset of behavioural oestrus. Continuous
infusion of oxytocin into cyclic ewes between days 13 and 21 after oestrus prevents
the rise in OTR concentration associated with luteolysis, indicating that oxytocin may
down-regulate its own receptor (Flint & Sheldrick, 1985). Oxytocin has also been
shown to reduce the concentration of OTR in uterine tissue firom cyclic and
ovariectomized ewes in vitro (Sheldrick, 1990; Sheldrick & Flick-Smith, 1993). The
down-regulation o f OTR by oxytocin in intact cycling ewes has been shown to be
progesterone dependent. This was demonstrated by treating intact cyclic ewes with
either oxytocin plus progesterone or oxytocin alone between days 12 and 17 followed
by a luteolytic dose of cloprostenol on day 15. Low concentrations of OTR were
recorded in progesterone-treated ewes receiving continuous oxytocin and cloprostenol
whereas in those ewes that received oxytocin alone followed by cloprostenol there was
a high level o f OTR binding activity (Sheldrick, 1992).

These data indicate that

oxytocin and possibly other ovarian factors are involved in maintaining a low
concentration o f uterine OTR in cyclic ewes. The purpose of the second part o f this
study, therefore, was to gain further understanding of the molecular mechanisms
leading to reduced OTR concentration following continuous exposure of the uterine
endometrium to oxytocin.

7.2

Materials and Methods

7.2.1

Animals

All animals were from the School of Agriculture, University of Nottingham, Sutton
Bonington, Loughborough, U.K.

Fifty-two mature Dorset multiparous ewes were housed on straw in group pens in a
well-ventilated building under natural conditions of daylength and temperature (in May
and June). Ewes were fed concentrates and hay throughout the treatment period and
water was always available.
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7.2.2

Steroid treatment

The steroid treatment protocol (Figure 7.1) was based on that reported by Beard &
Tramming (1994) and carried out by Drs Mann and Payne from the Department of

Physiology and Environmental Science, University of Nottingham, Sutton Bonington,
Loughborough, U.K.

Mature ewes were ovariectomized under halothane anaesthesia one week prior to
treatment, to enable sufficient post-surgery recovery time.

All ewes (n=52) then

received a Veramix intravaginal sponge (Upjohn Ltd, Animal Health Division,
Crawley, West Sussex: 60 mg medroxyprogesterone acetate per sponge) for 10 days,
(designated days -12 to -2 inclusive), to simulate the luteal phase of the oestrous cycle,
followed by high oestradiol-1?P ( 3 x 8 pg; 24 pg/day) for two days (days -1 and 0 ).
This resulted in mean plasma concentrations of 12 + 2 pg/ml to simulate the 'oestrous'
oestradiol rise.

Time zero was designated as the time o f last 'oestrous' oestradiol

injection. Three animals, designated group 0, were then sacrificed and uterine tissue
collected immediately. The remaining animals were weighed and allocated at random
to four groups, before fiuther steroid treatment. Group 1 («=12) received oestradiol1?P ( 3 x 2 pg; 6 pg/day) for the duration of treatment (days +1 to +14) to simulate

low level oestradiol throughout the cycle. Animals were then sacrificed and uterine
tissue collected after 8 («=3), 10 («=3), 12 («=3) and 14 («=3) days of treatment.
Group 2 («=16) received the same as group 1 plus the following increasing
progesterone dose regimen: on day 3 ewes received 3 x 2 mg progesterone (6 mg/day;
mean plasma concentration, 0.75 ng/ml).

On day 4 animals received 3 x 4 mg

progesterone (12 mg/day; mean plasma concentration, 1.5 ng/ml). On days 5 and 6
animals received 3 x 6 mg progesterone (18 mg/day; mean plasma concentration, 3
ng/ml). Animals were sacrificed and uterine tissue collected on days 8 («=3), 10
(«=4), 12 («=3) and 14 («= 6 ) days of treatment. Group 3 («=16) received the same
as group 2 plus continuous oxytocin administered by minipump, 5 pi per hour of
1.143 mg/ml oxytocin (163 pg/day; mean plasma concentration, 20 pg/ml) for the full
duration o f treatment.

Uterine tissue was collected on day 14.

Group 4 («=5)

received the same as group 3 except the oxytocin was withdrawn on day 12 and the
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animals sacrificed on day 14.

Total daily amounts of oestradiol-17p and/or progesterone administered to ewes
following withdrawal of the progesterone sponges are shown in table 7.1. Total daily
doses of hormones (all obtained jfrom Sigma) were split into three injections per day
administered i.m. at 8 hour intervals in com oü. Injection volumes were 0.5 ml per
hormone and when both hormones were administered this was as a combined injection
of 1 ml. Hormones were made up directly in com oü.

Table 7.1 Total daüy amounts of oestradiol-17g and/or progesterone administered to
ewes following withdrawal of progesterone sponges.

Day

Oestradiol

Progesterone

-1

24pg

Omg

0

24pg

Omg

1 to 2

Omg

3

bmg

4

bug

12mg

5 to 6

bgg

ISmg

7 to 14

blig

24mg
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Figure 7.1

A summary of the sterold-treatment protocol.

Animals were

ovariectomized one week prior to receiving an intravaginal progesterone sponge for
10 days followed by oestradiol-l?p for 2 days (24 pg/day) to simulate oestrus. Group
0 (n=3) received no further treatment, group 1 («=12) received oestradiol-IVP (6
pg/day), group 2 («=16) received oestradiol-17)3 (6 pg/day) plus progesterone
(increasing jfrom 6-24 mg/day), group 3 («=16) received the same as group 2 plus
continuous oxytocin by minipump (163 pg/day) and group 4 («=5) received the same
as group 3 with the oxytocin withdrawn on day 12.

Doses were designed to mimic

physiological levels as determined by radioimmunoassay (Beard et al., 1994; Beard
& Lamming, 1994).
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7.2.3

Collection of blood samples

No blood samples were collected in this study. All plasma hormone levels for each
group of animals resulting &om the steroid treatment protocol were taken from
measurements made in the studies by Beard et al. (1994) and Beard & Lamming
(1994).

7.2.4

Oligonucleotide probes

The OTR oligonucleotide probes used in this study were the same as that described
previously in Chapter 6 , section 6.2.6.

7.2.5

In situ hybridisation

The in situ hybridisation technique was the same as that described in Chapter 6 ,
section 6 .2 .8 .

7.2.6

Optical density (OD) measurements

Optical density measurements were carried out as described in Chapter 6 , section
6 . 2 . 12.

7.2.7

Data analysis

Data were grouped according to steroid treatment group and number of days treatment:
group 0, groups 1, 2 and 3 after 8 , 10, 12 and 14 days treatment and group 4 after 14
days treatment. Optical density levels for each group were compared against basal
levels m group 2 animals after 8 days treatment (Figure 7.46) using Mann-Whitney
U tests as described in Chapter 6 , section 6.2.14. A non-parametric test was chosen
because o f the small size and large variance of some of the groups. A P value of
<0.05 was taken to indicate significance. Data are presented as means ± S.E.M.
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7.3

Results

In the steroid-treated ovariectomized animals used in this study plasma concentrations
of progesterone were basal prior to treatment but a limited capacity for extraovarian
oestradiol synthesis persisted so that blood concentrations remained at about 1 pg/ml
(Beard & Lamming, 1994).

7.3.1

Group 0

t
The pattern of OTR mRNA expression in the uteri of group 0 (simulated oestrus)
animals was the same as that described for cyclic animals at oestrus (Chapter 6 ,
section 6.3). Maximum expression occurred in the luminal and glandular epithelial
cells and in particular the luminal epithelium (LE) with mean optical density
measurements equivalent to those recorded for the cyclic oestrous animals (LE: 0.337
± 0.048 V 0.485 ± 0.031; Chapter 6 ; figure 6.46). Expression was below the limit of
detection in caruncular stroma and low in myometrium relative to the epithelial cells
but significantly higher than in all other steroid-treated groups (Figures 1.2a, e and
7.4a).

7.3.2

Group 1

In group 1 animals low level oestradiol-1?P treatment localised OTR mRNA
exclusively to the luminal epithelium following 8 , 10, 12 and 14 days of treatment and
to the myometrium after 8 , 12 and 14 days of treatment. This effect was confined to
these two cell types and was not significant (Figures 1.2b, f and 7.4a).

7.3.3

Group 2

Relative to group 1 animals, the increasing progesterone regimen reduced OTR mRNA
concentrations in the luminal epithelium and myometrium following 8 and 10 days of
treatment.

Up to day 10 OTR expression was basal in aU uterine cellular

compartments. After 12 days of progesterone treatment levels of OTR mRNA were
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significantly increased in the luminal epithelium and message was also apparent in the
glandular epithelia and myometrium. By day 14 OTR mRNA levels were further
increased in the luminal epithelium and were comparable to those in the luminal
epithelium of day 14 cyclic animals (Figures l.ld , h and 7.46; Chapter 6 , figure 6.46).

7.3.4

Groups 3 and 4

OTR mRNA in group 3 animals followed the same pattern as in group 2 animals with
a significant rise in expression occurring in the luminal epithelium on day 14 (Figure
7.3c*, g and 7.4c)

The continuous oxytocin treatment had no affect on OTR

expression. In the group 4 animals withdrawal of oxytocin after 12 days of continuous
infusion and uterine sampling after 14 days produced the same pattern of expression
as in the group 3 animals after 14 days of continuous oxytocin treatment (Figures
13d, h and 7.4c).
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Figure 7.2

Uterine sections analysed for OTR mRNA levels by in situ

hybridisation. Uteri were collected from a group 0 animal {a, e), a group 1 animal
after 14 days of oestradiol-17(3 treatment {b,f) and a group 2 animal after 8 (c, g) and
14 (4, h) days of progesterone treatment. Sections were probed with either antisense
{a-d) or sense {e-h) oligonucleotides.

The different uterine regions for which OD

measurements were recorded (see figure 7.4) are shown in e) as follows: LE, luminal
epithelium; SG, superficial glands; DG, deep glands; CS, caruncular stroma; M,
myometrium. The scale bar represents 2 mm.
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Figure 7.3

Uterine sections analysed for OTR mRNA levels by in situ

hybridisation. Uteri were collected from a group 3 animal after 8 {a, e \ \0 {b,f) and
14 (c, g) days of oxytocin infusion and a group 4 animal after 14 days following
oxytocin withdrawal on day 12 (d, h). Sections were probed with either antisense {ad) or sense {e-h) oligonucleotides. The scale bar represents 2 mm.
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Figure 7.4 OTR mRNA levels from in situ hybridisation, a) Uteri were collected
from group 0 animals (»=3) and group 1 animals after 8 («=3), 10 («=3), 12 («=3) and
14 («=3) days of oestradiol-17(3 treatment; b) uteri were collected from group 2
animals after 8 («=3), 10 («=4), 12 («=3) and 14 («= 6 ) days of progesterone treatment;
c) uteri were collected from group 3 animals after 8 (n=3), 10 (n=6), 12 (n=3) and 14
(n=4) days of oxytocin infusion and group 4 animals on day 14 following oxytocin
withdrawal on day 12 (n=5). The different cellular regions analysed were as follows:
luminal epithelium (LE), superficial glands (SG), deep glands (DG), caruncular stroma
(CS) and myometrium (M). Values shown (means ± S.E.M.) are optical density (OD)
measurements from which non-specific values have been subtracted. The limit of
detection was taken as 0.01 units. *P<0.05, **P<0.01 compared with basal values in
group 2 animals after 8 days o f treatment (Mann-Whitney U test).
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7.4

Discussion

7.4.1

Group 0

The pattern of OTR mRNA expression in the group 0 animals (simulated oestrus
control group) is shown in figure 1.2a and was equivalent to that of cyclic intact
animals at oestrus (Chapter 6 , section 6.3, figure 6.5a) and as such validated the
ovariectomized steroid-treated ewe as a model for investigating the steroid regulation
of OTR gene expression.

7.4.2

Group 1

Administration o f oestradiol-17(3 alone, in doses designed to mimic low level
oestradiol throughout the luteal phase of the cycle, had a stimulatory effect on OTR
expression in the luminal epithelium and myometrium (Figures 1 .2 b ,f and 7.4a). An
independent role of oestradiol in the control of endometrial OTR concentrations,
therefore, remains in some doubt. Oestradiol-17(3 is known to cause premature luteal
regression and the explanation for this luteolytic effect is an increase in OTR (Flint
et al., 1994). This was demonstrated by administration of pharmacological doses of
oestradiol-17p on days 9 and 10 of the ovarian cycle which induced endometrial OTR
synthesis within 24 hours, the onset of episodes of prostaglandin secretion within 36
hours and luteolysis at 42 ± 3 hours (Hixon & Flint, 1987). The important point here
is that the doses of oestradiol in the study by Hixon & Flint (1987) were
pharmacological; in the present study administration of cyclic levels of oestradiol-17(3
to ovariectomized animals over days 8-14 post-simulated oestrus (equivalent to the
mid- to late-luteal phase in cyclic ewes) had a stimulatory effect on OTR mRNA
levels but this was not significant (Figure 7.4a). Given the observed 500-fold increase
in endometrial OTR concentrations in cyclic ewes just priof to luteolysis (Roberts et
rappears to be
at., 1976) and the fact that control of the OTR at the level o f gene transcription
(Chapter 6 , section 6.4), the rise in OTR expression between days 8-14 observed in
the group 1 animals would probably not lead to sufficient OTR concentrations to
induce luteolysis. Therefore, the functional significance of the oestradiol-induced rise
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in OTR mRNA in the luminal epithelium and myometrium over the 14 day duration
of treatment is not known.

Other studies have also cast some doubt on the role of oestradiol in the control of
endometrial OTR gene expression. Oestradiol treatment alone of ovariectomized ewes
decreases the initial high OTR concentration to intermediate values (Vallet et a i,
1990; Fairclough & Lau, 1992), whereas oestradiol treatment of anoestrous ewes
increases the concentration of OTR in both the epithelium and stroma ^Matthews et al.,
1991). ^he basis for this difference is unclear, as both types of animals start with
OTR in the luminal epithelium and have low circulating steroid concentrations.
Progesterone-primed ewes either given injections of oestradiol or continuously infused
with oestradiol showed an increase in OTR relative to animals treated with
progesterone alone (Sheldrick & Flint, 1985; Leavitt et al.., 1985). The localisation
data in the present study suggest that some of these extra receptors form on the deep
glands and caruncular stroma in a pattern resembling that occurring at oestrus (Figure
7.2); therefore, they may not be of prime importance in mediating a PGF2a response.
Ewes given oestradiol treatment at the end of a 12-day progesterone treatment showed
no further increase in OTR concentration compared with ewes given progesterone
treatment alone, although pre-treatment with oestradiol to mimic the pre-ovulatory
oestrogen surge amplified this effect (Vallet et al., 1990). The lack of fiirther OTR
induction by oestradiol following chronic progesterone treatment suggests that
oestradiol only plays a minor role in the control of uterine OTR over days 13-15 post
oestrus in the ewe. This is supported by the present study and in particular the lack
of a significant effect of oestradiol on uterine OTR mRNA levels in group 1 animals
following 12 and 14 days of treatment (Figure 7.4a).

A stimulatory effect of oestradiol on OTR mRNA levels in group 1 animals, despite
not being significant, is consistent with the rapid increase in OTR concentrations at
simulated-oestrus (Group 0; figures 7.2a, e and 7.4a) induced by the pre-ovulatory rise
in oestradiol. At the equivalent time in cyclic animals circulating plasma levels of
oestrogens are high and progesterone levels are low. Depressed progesterone levels
at this time cannot be discounted as a factor influencing OTR gene expression and this
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illustrates a difficulty in interpretation of results from a single-steroid treated group.
Results from group 1 animals, in the light of what is known about OTR mRNA levels
throughout the oestrous cycle (Chapter 6 ), demonstrate a shortcoming of the
ovariectomized steroid-treated ewe model in that it is extremely difficult to explain the
possible physiological effects of a single hormone in such a system without
considering these effects in conjunction with other hormones.

7.4.3

Group 2

A combined treatment of low level oestradiol and increasing progesterone had a
marked inhibitory effect on OTR mRNA levels in group 2 ewes, following 10 days
of treatment, relative to group 1 animals over the same period (Figure 7.4a, b). The
level of OTR expression in aU cell types over this period was consistent with data
from mid-luteal phase cyclic animals (Chapter 6 , section 6.3). This suggests that the
introduction o f progesterone inhibited OTR mRNA and that this effect was dominant
over the stimulatory action of oestradiol observed in group 1 (Figure 1Ad). The rise
in OTR mRNA levels in the luminal epithelium after 12 and 14 days of progesterone
treatment, equivalent to levels in cyclic animal on days 12 and 14 (Chapter 6 , section
6.3; figure 6.46), is consistent with a removal of the inhibitory effect of progesterone.
The fact that a significant rise in OTR concentration is confined exclusively to the
luminal epithelium adds further weight to the proposal that it is the initial appearance
of this population o f receptors that is likely to be instrumental in the initiation of
luteolysis (Wathes & Hamon, 1993; Stevenson et al., 1994; Chapter 6 ).

In the present study, the rise in OTR mRNA levels observed in ovariectomized ewes
after prolonged progesterone treatment is consistent with a number of other studies.
Infusion o f ovariectomized ewes with both oestradiol and progesterone demonstrated
that uterine OTR increased 12 hours after progesterone infusion was stopped
suggesting progesterone withdrawal may have induced a rise in the concentration of
OTR (Leavitt et al., 1985). Administration of progesterone (10 mg per day for 5
days) caused a marked reduction in OTR concentration compared to untreated
ovariectomized ewes. Continuation o f progesterone treatment for 12 days increased
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OTR levels two days after treatment ceased, ie. on day 14. Oestradiol given on days
11 and 12 did not give rise to any further increase in receptor concentration (Vallet
et a i, 1990). Progesterone initially depressed the concentration of uterine OTR and
after long term treatment caused a rise in the concentration of OTR.

The initial

reduction in OTR concentrations, to those observed in the mid-luteal phase of the
ovarian cycle, followed by the withdrawal of this inhibition and subsequent rise in
OTR after 10 days of treatment is described as the 'biphasic' effect of progesterone
(FHnt et a l, 1994).

The rise in OTR expression after 12 days of progesterone treatment, as shown in
figure 7.46, is best explained at the level of the steroid receptors. Both progesterone
and oestrogen interact, in their actions on target tissues, through effects on the
availability both of their own and each other's receptors. Oestrogens promote tissue
responses to progesterone by increasing tissue concentrations of progesterone receptors
and conversely progesterone reduces oestrogen receptor availability (Flint et al., 1994).
In addition, progesterone receptors are down-regulated by long-term exposure of the
endometrium to progesterone (Vu-Hai et at., 1977; NarduUi & KatzeneUenbogen,
1988) and this is thought to be an important mechanism determining the time of OTR
expression (Ott et aL, 1992). Down-regulation of the progesterone receptor attenuates
the progesterone-induced block on OTR formation (Mirando et aL, 1993a). By downregulating its own receptor progesterone makes the tissue refractory to progesterone
itself. This causes a withdrawal of the inhibitory effect of progesterone on oestrogen
receptor synthesis, characteristic of the progesterone-dominated uterus, enabling the
oestrogen receptor to activate OTR expression.

This explains the rise in both

oestrogen receptors and OTR in ewes exposed to long term progesterone treatment
(Leavitt et al., 1985; Mirando et al., 19936). Consistent with this is the decline in
concentration o f endometrial oestrogen receptors between days 9 and 13 of the
oestrous cycle and subsequent rise on day 15 coinciding with an increase in
endometrial OTR (Findlay et al., 1982).

The fact that an increase in oestrogen

receptor concentration, as opposed to rising levels of oestrogens, is required for
increased OTR is consistent with results from group 1 animals in the present study.
Oestradiol-173 did not cause a significant stimulatory effect on OTR expression over
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the 14 days of administration (Figure lA a ) and this duration of treatment mimicked
the mid-luteal phase of the oestrous cycle when oestrogen receptor levels are
characteristically low.

Autoradiography and receptor immunocytochemistry have

revealed a significant positive relationship between the appearance of oestrogen
receptors and OTR in superficial and deep glands, caruncular stroma and myometrium,
however, the appearance of OTR on luminal epithelium on day 14 of the cycle
precedes the development of oestradiol receptors in these cells (Wathes & Hamon,
1993). It should be noted here, however, that the sensitivity of the assay in the study
by Wathes & Hamon may not be sufficient to detect oestradiol receptors at certain
times during the cycle and in certain cell types. In the present study, it is the luminal
epithelial OTR which develop in ovariectomized ewes after 14 days of treatment with
progesterone, the data of Wathes & Hamon (1993) suggests, therefore, that either, in
contrast to the other uteriue OTR populations, luminal epithelial receptors are not
dependent on oestradiol for their initial up-regulation and it is the withdrawal of
progesterone inhibition alone that accounts for the rise in this OTR population, or that
some form of paracrine interaction involving oestrogen receptors may exist between
adjacent stromal and epithelial cells in terms of initiating OTR synthesis. Luminal
epithelial cells only possess immunocytochemically detectable progesterone receptors
between days 1 and 8 of the cycle (Wathes & Hamon, 1993). Therefore, in addition
to the proposed down-regulation of the progesterone receptor as the mechanism behind
the loss of inhibitory action of progesterone later in the cycle, the latter may also be
temporally related to the lack of appropriately located receptors.

In addition to effects on OTR expression, oestrogen and progesterone have a number
of other luteolytic functions.

Administration of oestrogen following chronic

progesterone treatment does not result in additional OTR synthesis (Vallet et aL,
1990) but in enhanced linkage of the receptor to post-receptor events resulting in
prostaglandin secretion (Flint et aL, 1994).

This oestrogen effect has also been

demonstrated in vitro using explants of uterus from ovariectomized ewes (Sheldrick
& Flick-Smith, 1993). Progesterone administered for 12 days or more not only causes
a rise in uterine OTR concentrations but also increases PLC and the mRNA coding
for PGS (Raw et aL, 1988; Raw & Silvia, 1991) both of which are involved in PGFj^
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production. Progesterone has also been shown to stimulate the accumulation of lipid
droplet stores of arachidonic acid (the precursor for PGFj^ synthesis) in uterine
epithelial cells during both the ovine and bovine oestrous cycles (Silvia et aL, 1991).
Progesterone treatment of ovariectomized cattle increases the amount of PGF^^ which
the endometrium can produce in response to an oxytocin challenge (Lamming &
Mann, 19956). Progesterone thus appears to have a further dual role, in both the
activation o f OTR and a time-dependent suppression of OTR concentration.
Additional evidence for the activational role comes from a study in pre-pubertal lambs
which have unresponsive OTR populations in their uteri that become functional
following progesterone treatment (G. E. Lamming & M. Batten, unpublished
observations). Experiments on steroid-treated ovariectomized ewes have also shown
that changes in the oestradioFprogesterone ratio can alter the pattern of PGp2„ release
in response to an oxytocin challenge at this time (Beard & Lamming, 1994).
Increasing the progesterone dose decreased responsiveness, whereas oestradiol had a
positive influence. A combination of low progesterone and high oestradiol resulted
in the largest most sustained release of PGFj^, an effect achieved, in part, by
regulation of OTR concentration.

The steroid hormones, therefore, are prime regulators of uterine luteolytic function in
the ewe.

The functional OTR, in terms of the initiation of luteolysis, are located

exclusively on the luminal epithelium and from this study, and other data currently
available, it is possible to propose a working hypothesis that would account for the
hormonal control of OTR gene expression in the luminal epithelium throughout the
ovine oestrous cycle: during the early and mid luteal phase of the cycle, progesterone
may act synergistically with oestradiol to depress OTR gene expression. During the
late luteal phase of the oestrous cycle, the withdrawal of the inhibitory influence of
progesterone, through down-regulation of the progesterone receptor or a loss of
appropriately located receptors, appears to be the major stimulus for the increase in
OTR expression in the endometrium. Oestrogens play only a fadlitatory role at this
stage of the cycle, however, it is the rise in oestrogen receptor levels once the
endometrium has become refractory to progesterone inhibition that brings about an
increase in OTR gene expression.
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7.4.4

Groups 3 and 4

Oxytocin treatment had no effect on OTR mRNA levels in groups 3 and 4 animals
(Figures 7.3 and 7.4c). Levels of OTR expression after 14 days continuous oxytocin
treatment were the same as those observed in group 2 animals on day 14 (Figure 7.46,
c). The lack of effect of oxytocin on OTR gene transcription is consistent with the
fact that the uterine luteolytic response is determined by changes in concentration of
OTR rather than oxytocin (Sheldrick & Flint, 1985). This also explains why it is
generally not possible to shorten the cycle by administration of oxytocin and that it
is only once OTR expression occurs that luteolysis will result from oxytocin present
in the circulation.

Administered oxytocin is seldom luteolytic in sheep or cattle,

although administration shortly after oestrus, when OTR concentrations remain high
after the previous luteal regression, does result in shortening of the cycle (Armstrong
& Hansel, 1959; Anderson et aL, 1965) and morphological signs of luteal regression
have been demonstrated in sheep following the administration of large doses of
oxytocin (Milne, 1963; Dobrowolski, 1973; Hatjiminaoglou et aL, 1979).

Despite the lack o f effect of oxytocin on the expression of its own receptor, as
demonstrated in the present study, there is no evidence to suggest that oxytocin acts
on any target organ other than the uterus.

For example, high circulating

concentrations of exogenous oxytocin do not affect initiation of the pre-ovulatory
surge o f luteinizmg hormone secretion in ewes that have undergone luteolysis,
indicating that oxytocin does not have a central action (Sheldrick & Flint, 1990).
Continuous infusion of oxytocin to ewes from day 12 or 13 after oestrus prevents
episodic secretion of PGF2„ and the increase in OTR concentrations associated with
luteolysis and consequently delays luteal regression (Flint & Sheldrick, 1985;
Sheldrick & Flint, 1990). Autoradiographical examination of these animals shows that
formation of OTR on the luminal epithelium is prevented, but only if the inftision is
given systemically rather than into the uterine lumen (Ayad et aL, 1993). A similar
inhibitory effect has been shown in vitro, where oxytocin treatment reduced the
concentration o f binding sites measured in tissue taken from ovariectomized ewes
(Sheldrick & Flick-Smith, 1993). It also prevented the normal autonomous increase
215

in OTR that occurs in cultured endometrium removed in mid-cycle.

Preliminary

examination of these explants by in situ hybridisation and autoradiography has shown
that OTR mRNA still increased following oxytocin treatment whereas binding site
concentrations did not (D. C. Wathes & E. L. Sheldrick, unpublished observations).
These findings, and those of the present study, suggest that oxytocin has an effect on
its own receptor at the level of translation or that it is able to down-regulate OTR.
Functional down-regulation is the more likely explanation as hormone-mediated effects
on receptor translation are rare (Beato, 1989). Down-regulation of the OTR occurs
if the endometrial cells are continuously exposed to high levels of oxytocin. The cells
initially undergo desensitisation following slight changes in receptor conformation and
affinity. Down-regulation follows as a longer-term chronic effect which involves a
decrease in the number of OTR molecules. This loss of receptor molecules occurs as
a result of receptor-mediated endocytosis. The hormone-receptor complex migrates
into the interior o f the cell, to the endosomes (internalisation) and the majority of the
receptor molecules recycle to the cell surface; however, some receptors fail to
dissociate from the hormone and are routed to lysosomes, where they are degraded.
Degradation of receptor molecules, enhanced at high concentrations of hormone, and
the fact that it takes approximately 6 hours for de novo synthesis of OTR to occur
(McCracken et aL, 1984) may account for the inhibitory effect of oxytocin on its own
receptor and the periods o f uterine refractoriness to oxytocin that occur during
luteolysis.

In conclusion, the results from this study enable a working hypothesis o f the
mechanism of steroid regulation of endometrial OTR at the level of gene transcription
to be proposed and provide an insight mto the molecular mechanism of the reported
inhibitory effect of oxytocin on its own receptor.
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Chapter 8

General discussion and future work

The endometrial oxytocin receptor (OTR) is clearly the pivot around which cyclicity
and maternal recognition of pregnancy hinge in domestic ruminants. Its expression
determines uterine sensitivity to oxytocin at a time in the late luteal phase of the cycle
when oxytocin-induced PGF2a release brings about luteal regression. Inhibition of
OTR expression by trophoblast IFNt during a critical period in early pregnancy (days
10-21 in the sheep) is a prerequisite for maintenance of the CL and successfiil
development o f the conceptus.

As demonstrated in Chapter 2, the ovine OTR is a member of the superfamily of Gprotein linked cell surface receptors characterised by seven transmembrane domains
connected by intracellular and extracellular loops. There is significant conservation
of both nucleotide and amino acid sequence across species and regions exist that are
exclusive to the neurohypophyseal hormone-receptor subfamily.

The sheep OTR

contains two extra amino acids in the third intracytoplasmic loop compared to the
human OTR and three extra residues in the same region relative to the rat OTR, This
is significant in that intracytoplasmic loop IQ of the receptor is thought to be involved
in G-protein coupling and, although experiments described in Chapter 5 suggest that
the additional residues have no unexpected functional implications, the possibility
exists that the sheep OTR may be coupled to either a different G-protein(s) or that the
nature of coupling to the same G-protein differs between species.

The exact identity of the G-protein(s) involved in signal transduction following ligand
binding to the OTR is unknown (Chapter 5). A recent study by Sandbom et al.
(1995) provides the most clear-cut evidence to date that the likely candidates are Ga^
and Gccii. In this study an antibody generated against the specific C-terminal region
of Gttq and Ga^ inhibited oxytocin-stimulated GTPase and PLC activities in both rat
and human myométrial cell membranes. Cos-7 cells transfected with a rat myométrial
OTR cDNA and treated with oxytocin showed a two- to three-fold increase in PI
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turnover. Cotransfection with Ga^ increased the level of response to between a 6- to
9-fold increase in PI turnover. Recent data from the same group suggests that the
stoichiometry between OTR and Ga^ is one receptor molecule to, as low as, 0.05 Gprotein, although it is assumed that Gaq molecules are also coupled to other systems.
Hence, over-expression of OTR requires addition of more Gttq to induce an increased
PI turnover response.

Preliminary data exists from the same group confrrming the

involvement of the third intracytoplasmic loop of OTR in G-protein coupling and
signal transduction.

Cos-7 cells transfected with a construct of the third

intracyto) lasmic loop, from a rat myométrial OTR cDNA, showed no constitutive
activation o f PLC and following treatment with oxytocin there was no increase in IP3
levels. It is thought that the third intracytoplasmic loop acts only as a very weak
agonist in terms of functional coupling. Co-transfection of Cos-7 cells with the rat
myométrial OTR cDNA and the intracytoplasmic loop m cDNA resulted in
competitive inhibition of oxytocin-induced PI turnover, which suggests that the non
functional third intracytoplasmic loop competes with the intact receptor for coupling
to the finite supply of G-protein in the cytoplasm.

Binding studies on OTR have traditionally been used for initial receptor
characterisation (Chapter 4). It is now possible, with the aid of computer modelling
and site-directed mutagenesis, to locate the ligand-docking pocket and the individual
amino acid residues that play key roles in terms of hormone-receptor interaction. A
study of the pharmacological profile of several peptide analogues with wild type and
mutated AVP receptors by Chini et al. (1995) has shown that the ligand is completely
embedded in the transmembrane part of the receptor and only the side chain of the
non-conserved residue at position 8 (ArgS in arginine vasopressin; LeuB in oxytocin)
projects outside this binding pocket and possibly interacts with a tyrosine (Tyr) residue
located in the first extracellular loop at position 115.

Mutation of Tyrll5 to a

phenylalanine (Phe) conferred an OTR binding profile on the AVP receptor in terms
of peptide affinity and selectivity.

The interaction of oxytocin to its receptor is

thought to occupy a similar binding pocket to that of AVP, however, in addition to the
ligand residue at position 8 (Leu8) the residue at position 3 (lleS) is also involved and
consequently interaction may occur with more than one residue in the first
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extracellular loop of the receptor. In the human myométrial OTR there are three Nglycosylation sites in the first extracellular domain (amino acid positions 8, 15 and 26)
and point mutation of these sites reduced receptor affinity for oxytocin (T. Kimura
unpublished observations).

Binding of OTR has been recently studied from a different perspective using sense and
antisense targeting of the ovine OTR

Epithelial and stromal cells from ovine

endometrium were cultured separately and treated with sense and antisense probes
directed against the ovine OTR cDNA coding region described in Chapter 2. Both
probes inhibited native OTR activity in the form of reduced binding of pH]oxytocin
(A. P. F. Flint, E. L. Sheldrick & S. Kaluz, unpublished observations). The sense
targeting proved more efficient in terms of functional antagonism and this is thought
to result from translational arrest caused by triple helix formation and major groove
annealing on the genomic DNA (Jirikowski et al., 1995). The antisense probe binds
to the OTR message but induces only partial translational arrest, probably for the
following reasons: ( 1) the targeted receptor responds with increased de novo
transcription and (2) RNase H may be inefficient in degrading OTR DNA-RNA
hybrids, due to the presence of known endometrial RNase inhibitors (Jirikowski et a i,
1995).

Further study is required to (1) elucidate the exact nature of the interaction of oxytocin
with its receptor and ( 2 ) determine vriiich are the key residues for determining agonist
selectivity in the OTR

Localisation o f the OTR and the pattern of receptor expression throughout the oestrous
cycle and during early pregnancy is well documented in terms of oxytocin binding
sites (OTR concentration). Recently, in a study by Kimura (1995) two monoclonal
antibodies were raised against human myométrial OTR, thus providing a fiirther tool
for

studying

the

OTR

at the

protein

level.

Two

synthetic

peptides

PPGAEGNRTAGPPRRNEALAR (amino acids 20-40 of the putative receptor protein)
and TFRFYGPDLLCRLVKYLQ (amino acids 102-119), were coupled to a keyhole
limpet, haemocyanin, and to chicken egg albumin and were immunized into BALB/c
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mice. The resultant monoclonal antibodies were derived from hybridomas (Igm class;
designated 2F8 and 1-2 respectively) and used for immunohistochemistry of human
tissues. Interestingly, the first antibody (2F8), derived from the conserved peptide
sequence, was shown to give good results with tissue from other species (T. Kimura,
unpublished observations).

Experiments in Chapter 6 present results from the first study to use in situ
hybridisation to demonstrate localisation of the OTR mRNA within the ovine uterus.
This study examined the pattern of expression in different cell types during the
oestrous cycle and early pregnancy and, by comparison of results from a parallel
autoradiographical study, demonstrated conclusively that control of the OTR is at the
level of gene transcription. A contentious issue raised by this study is the possibility
of there being different sub-types of OTR in the endometrium and myometrium. This
was first suggested by Stevenson et al. (1994), in a similar study, as a result of the
inability of an endometrial OTR cDNA-derived probe to detect strong hybridisation
signal in the myometrium.

Pharmacological data of Chan et at. (1993) suggests

different subtypes may exist, however, in a further study, investigating the likelihood
of OTR subtypes in man. Southern blotting using human genomic DNA did not result
in extra signals that hybridised with OTR cDNA under low stringency conditions
(2xSSC, 0.1%SDS, 55°C; T. Kimura, unpublished observations).

Northern blot

analysis (Chapter 3) and results from in situ hybridisation (Chapter 6 ) suggest that the
difference between OTR in endometrium and myometrium is due to utilisation of
multiple polyadenylation signals at the 3'-end of the message. Different lengths of 3'
untranslated region and alternative use of different poly(A) sites also explains the
heterogeneous nature o f the ovine OTR mRNA (Chapter 3) however, at this stage, due
to the limitations of cDNA information alone, less likely explanations such as
degradation or specific cleavage o f the mRNA cannot be excluded.

Evidence from results in Chapters 6 and 7, and previous studies (Wathes & Hamon,
1993; Stevenson et at., 1994), suggests that it is the luminal epithelial population of
OTR that is functional in terms of the initiation of luteolysis. This is demonstrated
by the level and timing of OTR expression in this cell type both in cyclic and in
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ovariectomized steroid-treated ewes and the co-localisation of PGS which is exclusive
to epithelial cells. In the non-pregnant human uterus localisation of OTR mRNA is
also primarily to the glandular epithelial cells with expression highest at the ovulatory
phase (Takemura et aL, 1993).

However, unKke in the sheep, OTR expression

decreases at the end of the luteal phase and the physiological role of oxytocin in the
human endometrium is unclear (Kimura, 1995). The function of myométrial OTR, in
all species studied to date, is mediation of oxytocin-induced uterine contraction
determining the onset of labour and initiation of parturition. In man, the amount of
OTR mRNA is more than 100-fold higher in term myometrium than with in non
pregnant myometrium (Kimura et aL, 1992a); this is significant as effectiveness of
oxytocin depends mainly on uterine sensitivity to oxytocin, that is, the expression of
OTR in the uterus, and not upon the hormonal concentration. Oxytocin is considered
one of the most potent uterotonic factors (uterotonins) and its biological effect at
parturition is not only to contract uterine smooth muscle but also to induce
prostaglandin synthesis in the fetal membrane that forms the interface between the
fetal and maternal systems (Kimura, 1995). However, the question remains as to the
nature of the role of OTR in the other endometrial cell populations. One possibility
is paracrine interaction between neighbouring cell types and this is addressed in terms
of steroid regulation of OTR. An anomaly exists in the mechanism of oestrogenittduced up-regulation of OTR which, as demonstrated in Chapter 7, is a critical
component in the control of OTR expression by steroids. OTR appears in the luminal
epithelium before oestradiol receptors can be detected, however, oestradiol receptors
are present in stromal cells prior to OTR expression. It follows, therefore, that the
OTR inducing actions of oestradiol on uterine epithelial cells may be achieved via an
intermediary action on adjacent stromal cells (Wathes & Hamon, 1993). CeU-cell
interaction within the uterine endometrium undoubtedly requires further study and a
possible strategy which may be employed in this area is to establish a permanent cell
line expressing OTR at high levels. This is currently being undertaken by Kimura and
co-workers at the Osaka University Medical School, Osaka, Japan (Kimura et aL,
1994) with a view to establishing a more standardised method for evaluating both the
ligand binding ability and rimctional responsiveness of OTR.
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The importance of understanding the relationship between temporal expression of OTR
and the oestradiol receptor in the different uterine cell types is further emphasised by
recent work suggesting the mechanism behind the antiluteolytic effects of ovine IFNt
involves direct regulation of oestrogen receptor gene transcription to suppress OTR
expression in the endometrium (Spencer et a l, 1994, 1995; Lamming et a l, 1995; see
also Chapter 1, section 1.4.4).

In the study of Spencer et a l (1995) ovariectomized

ewes received intrauterine injections of either recombinant ovine IFNt (toIFNt) or
control proteins between days 11 to 15, progesterone from either day 4 to 10 or day
4 to 15 and oestradiol-17(3 from day 13 to 15. Following hysterectomy, slot blot
hybridisation analysis was performed to assess levels of endometrial oestrogen receptor
and radioreceptor assay carried out to measure oestrogen receptor and OTR levels.
Results demonstrated that IFNt prevented oestrogen-stimulated increases in oestrogen
receptor and OTR expression, partially in the absence of progesterone and completely
in the presence of progesterone. In the second part of this study cyclic ewes received
daily intrauterine injections of either roIFNT or control proteins from days 10 to 14.
On day 15 endometrial nuclei were isolated and used in nuclear run-off transcription
assays. Transcription rates of oestrogen receptor and OTR genes were lower in the
IFNT-injected ewes than in the control protein-treated ewes.

This study provides

important information as to how IFNt prevents development of the luteolytic
mechanism and builds on previous studies suggesting an inhibitory effect on OTR
gene expression (Lamming et a l, 1991; Stewart et a l, 1993; Stevenson et a l, 1994;
Lamming et a l, 1995; Chapter 6 ). Further work is required to investigate exactly how
IFNt inhibits cyclic increases in endometrial oestrogen receptor expression and
subsequent synthesis of OTR during pregnancy recognition.

Another key area of focus for fiuther study is at the level of the OTR gene. In human
and rat, genomic OTR clones have been isolated and intron-exon boundaries deduced
along with functional regions of the upstream promoter (Inoue et a l, 1994; Rozen et
a l, 1995).

In both rat and human, the OTR promoter region contains neither a

classical TATA box nor CCAAT box and this is a feature shared with genes encoding
other G-protein coupled receptors (Zingg et a l, 1995). There is heterogeneity between
the two species in terms of the intron structure in the 5'-untranslated region and a
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number of consensus sequences have been identified in the promoter region that may
be important in regulating gene expression. Most notably several transcription factor
binding sites (consensus sequences for Sp-1, Ap-1, Ap-2 and GATA) have been
located in human OTR and acute phase response elements (nuclear factor-interleukin
6 ; NF-IL6 and interleukin factor-1; IL-1) have been identified in both rat and human

OTR,

The presence of these elements in the OTR promoter suggests that acute

induction o f OTR gene expression may be a mechanistically similar to the fast
induction o f acute-phase response genes such as a2-macroglobulin and T-kininogen
which are induced by infection or inflammation. This notion is strengthened by the
fact that, at term, the uterus is strongly populated by invading macrophages and other
lymphocytes which secrete different interleukins (Zingg et aL, 1995). Moreover, IL-1
is a central pathophysiological mediator of infection-induced labour via transcriptional
activation o f the OTR gene (Zingg et aL, 1995). The existence of a mechanism for
acute induction of the OTR gene also may explain the rapid expression that occurs in
epithelial cells on day 14 of the oestrous cycle prior to the onset of luteal regression.
In terms o f steroid hormone regulation, no classical palindromic oestrogen-responsive
element was found in either the rat or human OTR promoter region despite the fact
that oestrogen is capable of inducing strong up-regulation of uterine oxytocin bmding
sites. However, widely spaced haif-paHndromic oestrogen-response element motifs
have been identified in the 5' flanking region of both rat and human OTR, These 'half
palindromes' are of a type shown to act synergistically in regulation of a chicken
ovalbumin gene (Kato et aL, 1992). If such synergism does not exist in regulation of
the OTR gene then the role of oestrogen in the induction of OTR should be re
evaluated at the molecular level.

There is clearly a pressing need to isolate and characterise the ruminant OTR gene in
order to elucidate the mechanisms by which gene expression is dramatically induced
in the endometrium, just prior to the onset of luteolysis, and m the myometrium at
parturition.

The most powerful molecular tool available at present to address the

above, is the linking o f the promoter region of the gene of interest to a suitable
bacterial reporter gene (for example, luciferase or chloramphenicol acetyl transferase;
CAT). This construct is then transfected into a suitable cell line and the ability o f the
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promoter region to drive expression of the reporter gene is assessed following
treatment with potential regulatory agents, for example the steroid hormones oestrogen
and progesterone. This has been carried out successfully by Richard & Zingg (1990)
in a study on the molecular mechanisms controlling oxytocin gene expression. They
CO- transfected

a neuroblastoma-derived cell line with a chimeric gene made up of 381

bp of 5' flanking region of human oxytocin gene linked to CAT and an expression
vector containing oestrogen cDNA. Addition of lO'^M oestradiol elicited a 12-fold
increase, above basal, in oxytocin promoter activity. Further study with 5'- and 3'deletion mutants delineated a classical oestrogen-response element at nucleotide
position -164 and additional 'half-palindromes' that were able to mediate weak
oestrogen induction.

Subsequently these half-palindromes were shown to form an

essential part of a retinoic acid response element (Richard & Zingg, 1991). This study
can be applied to the OTR and raises one or two important questions: (1) are the half
palindromes of oestrogen response element thus far described in rat and human OTR
involved in oestrogen response or some other response such as retinoic acid and (2 )
as oestradiol receptors are not present in uterine epithelial cells prior to OTR
induction, what is the significance of any oestrogen response element (fiill or half
palindrome) in the OTR 5'-flanJdng region? An answer to the latter question may lend
itself to support the proposed paracrine interaction between luminal epithelial cells and
stromal cells with respect to the temporal relationship between oestradiol receptor and
OTR gene expression.

To date, only preliminary studies have been carried out to investigate regulation of the
OTR promoter. A 2.2 kb promoter fragment of the rat OTR gene has been shown to
direct expression of a luciferase reporter gene in myometrium-derived hamster cells,
but not in rat fibroblasts. In addition, the rat OTR promoter has been expressed in
human endometrial cell lines and so far treatment with oestradiol-1?P has failed to upregulate the promoter.

Acute treatment of SHM cells expressing OTR promoter-

luciferase reporter gene constructs with the protein kinase C (PKC) activator 4^phorbol myristate acetate (4P-PMA) had no effect (F. Rozen & H. H. Zingg, personal
communication). This is surprising as the rat OTR promoter has API sites (Rozen et
al., 1995) which interact with c-fos. PKC should phosphorylate c-fos at such sites to
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either up or down-regulate OTR at the level of gene transcription. In addition, chronic
exposure of endometrial explants to 4P-PMA causes a decrease in PKC activity and
reduces OTR binding by up to 70%, suggesting that a decrease in phosphorylation
results in reduced OTR synthesis (Abayasekara et a/., 1995a).

There is, therefore, a lack of information on regulation of the OTR gene at a
molecular level. This is particularly true of the ruminant OTR, where up-regulation
of OTR prior to luteal regression in cyclic animals and inhibition of OTR expression
during maternal recognition of pregnancy can only be alluded to &om physiological
studies and molecular investigation involving levels of OTR mRNA.

The work presented in this thesis should lead to advances in the following areas; (1)
information on the structure and function of the ruminant OTR gene will provide
further insight into how luteal oxytocin mediates its effects at the level of the
endometrial cell; ( 2 ) an understanding of the molecular mechanisms involved m
control o f gene expression will provide an explanation for the relative constancy of
oestrous cycle lengths in non-pregnant animals and (3) unravelling the way in which
products from the trophoblast block expression of the OTR gene will lead to a better
understanding of the reasons for high rate of early embryonic loss in domestic
ruminants (Lamming et a/., 1989; Flint et a l, 1994).
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APPENDICES

Appendix A

Buffers and reagents

All reagents were from Sigma Chemical Co., Poole, Dorset, U.K. unless otherwise
stated.

2.2.1

Mini plasmid DNA preparation

L-Broth

Tryptone (Difco)

lOg

NaCl

lOg

Yeast extract (Difco)

5g

The L-broth base (tryptone lOg, NaCl lOg, yeast extract 5g) was dissolved in 1 litre
distilled water, dispensed into 500 ml aliquots and autoclaved.

Ampicillin

Ampicillin (200 mg) was dissolved in 4 ml sterile water (final concentration 50
mg/ml), filtered through a 0.22 pm Millipore filter (Waters (Millipore), Harrow,
Middlesex, U.K.) using a 5 ml syringe and dispensed into 500, 200 and 100 pi
aliquots in sterile 1.5 ml Eppendorf tubes. Stored at -20°C.

LB/agar plates

A litre of L-broth was made up as described above and 15g bacto-agar (Difco) added.
This was autoclaved and allowed to set upon cooling. The LB/Agar was melted in
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a microwave and 50 ml poured into a Falcon tube.

This was cooled and 50 pi

ampicillin (50 mg/ml) added to a final concentration of 50 pg/ml (1:1000 dilution).
LB/Agar/Amp (30 ml) was poured into a bacterial culture plate (Sterilin) and allowed
to set at room temperature for 30 min. A culture was streaked out onto the plate,
using a flamed inoculating loop, in such a way as to ensure single colony growth.
The plate was then placed inverted in a 37®C incubator overnight, sealed with parafilm
and stored inverted at 4°C until required.

GTE buffer

Glucose

50mM

Tris/HCl (pH 8.0)

25mM

EDTA

lOmM

To make up 100 ml of GTE buffer 0.90 Ig glucose, 0.303g TRIZMA™ (Tris) base and
0.372g EDTA were dissolved in distilled water and the volume made up to 100 ml.
The pH was adjusted to 8.3 with l.OM HCl (BDH) and the solution autoclaved.

0.2M NaOH/1% SDS

The alkali-lysis buffer (10 ml) was freshly prepared before each mini-plasmid
preparation. NaOH (0.008g; BDH) was dissolved in 9 ml sterile water and 1 ml 10%
sodium dodecyl sulphate (SDS) added.

KAW

Potassium acetate

3M

Glacial acetic acid

10%

Potassium acetate (29.4g) was dissolved in warm distilled water and 10 ml glacial
acetic acid (BDH) added to adjust the pH to 4.3 before the volume was made up to
100 ml.
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IM Tris/HCl pH 8.0

TRIZMA™ base

121.1g

Distilled water

1.0 1

Cone. HCl

42 ml

TRTZMA™ (121. Ig; Tris) base was dissolved in 800 ml distdled water and the pH
adjusted to 8.0 by adding 42 ml concentrated HCl (BDH). The solution was made
up to 1 litre with distilled water, dispensed into aliquots and autoclaved.

0.5M EDTA pH 8.0

EDTA

186. Ig

Distilled water

1.0 1

NaOH

20g

Disodium ethylene-diamine-tetra-acetate.2H20 (186.1g EDTA) was dissolved in 800
ml distilled water. The pH was adjusted to approximately 8.0 by adding 20g NaOH
(BDH). The solution was dispensed into aliquots and autoclaved.

TE buffer pH 7.6

Tris/HCl (pH 7.6)

lOmM

EDTA pH 8.0

ImM

A stock solution 50 mM Tris/HCl (pH 8.0) was diluted 1:5 in sterile water, the pH
adjusted to 7.6 by adding a few drops of HCl and 400 pi stock solution of 250 mM
EDTA pH 8.0 added. The buffer was autoclaved.

Pre-boüed RNAase

Pancreatic RNAase (10 mg; Sigma) was dissolved in 1 ml O.OIM sodium acetate (pH
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5.2) in a sterile 1.5 ml Eppendorf tube and heated to 100°C in a hot block for 15 min.
The boiled RNAase was allowed to cool slowly to room temperature, the pH adjusted
to 7.0 by adding 100 pi volumes IM Tris/HCl (pH 8.0), dispensed into 200

pi

aliquots and stored at -20°C.

conversion

Double stranded DNA

^200 of 10

= 50 pg/ml

Single stranded DNA

"

= 40 pg/ml

Oligonucleotide

"

"
"

= 20 pg/ml

base = 345 mw

2.2.23

Agarose gel electrophoresis

TBE gel running buffer (lOx)

Tris

0.9M

Boric acid

0.9mM

EDTA

25mM

Tris base (109g), 56g boric acid and 9.3g EDTA were dissolved in 800 ml distilled
water, the pH adjusted to 8.3 by adding l.OM HCl and the final volume made up to
a litre with distilled water.

Gel loading (stop! solution

Sucrose

20% (w/v)

Ficoll

10% (w/v)

EDTA

lOmM

Bromophenol blue(BPB)

1% (w/v)

Sucrose (5g), 2.5gficolland 0.25g BPB were dissolved m 20 ml sterile water. 1 ml
261

250 mM EDTA added and the volume made up to 25 ml with sterile water. The stop
solution was stored at room temperature.

Hind TTT/X DNA size marker

Double stranded X DNA isolated from phage was digested with Hind m restriction
endonuclease. The digest consisted of 8 DNA fragments whose sizes were:

Fragment size/Kb

% o f total

Approx. conc. assuming
loaded 1.0 pg/pl

23.13

47.5

475 ng

9.416

19.4

194 ng

6.557

13.8

138 ng

4.361

9.1

91 ng

2.322

4.7

47 ng

2.027

4.4

44 ng

0.564

1.2

12 ng

0.125

0.26

2.6 ng

2.2.2.4

Large plasmid preparation: PEG method

Tris/HCl/25% sucrose pH 8.0

Tris

50mM

Sucrose

25% (w/v)

A stock solution IM Tris/HCl (pH 8.0) wa^ diluted to 50 mM (1:20 dilution) with
sterile water containing 25g sucrose, the volume made up to 100 ml and the solution
autoclaved.

Triton buffer (3x1
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Triton xlOO

3% (v/v)

Tris/HCl

150mM

EDTA

200M

Triton (15 ml, xlOO), 75 ml IM Tris/HCl (pH 8.0) and 187.5 ml 0.5M EDTA were
mixed with 222.5 ml distilled water to make the final volume up to 500 ml.

Polyethylene glycol (PEGl buffer

PEG (mw 8000)

20% (w/y)

Tris/HCl

lOmM

EDTA

ImM

NaCl

IM

PEG 8000 (lOOg), 0.1861g EDTA and 29.22g NaCl were dissolved in 100 ml 50mM
Tris/HCl (pH 8.0) and 200 ml distilled water. The solution was stirred on a magnetic
hot plate, the volume made up to 500 ml with distilled water and autoclaved.

Equilibration of phenol

To extract nucleic acid the organic phase of Aquaphenol™ (Appligene) was
neutralised and buffered at a defined pH value (pH 7.5 or pH 8.0 for DNA; acidic pH
for RNA).

Liquid phenol (250 ml), saturated with water, was dispensed into 25 ml aliquots in
Falcon tubes light-protected by aluminium foil.

These were stored at -20°C until

required.

A 25 ml aliquot was thawed and 5 ml of pH Maker™ solution (Appligen; Tris (pH
8.0) lOmM, EDTA ImM), diluted 1:10 with distilled water, added. The solutions
were mixed thoroughly and the phases left to separate for 5 min

The equilibrated

phenol was stored at 4°C until required and the mixing repeated just before DNA
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extraction.

2.1.2.6

Gel purification of restricted fragments (’Gene Clean')

TAE gel running buffer (lOx)

Tris

400mM

Sodium Acetate

20mM

EDTA

200mM

Tris (48,44g), 16.4Ig sodium acetate and 7.44g EDTA were dissolved in 300 ml
distilled water, the pH adjusted to 8.3 by adding l.OM HCl and the final volume made
up to 500 ml with distilled water.

2.2.2.7.3

Preparation of competent cells

2TY

Bactotryptpne

16g

Yeast extract

lOg

NaCl

5g

Bactotryptone (16g), lOg yeast extract and 5g NaCl were dissolved in 800 ml distilled
water with vigorous mixing on a magnetic stirring plate. The volume was made up
to 1 litre with distilled water and the medium autoclaved on the day of preparation.

2.2.2.7.4

Transformation

H Agar

Bactotryptone

lOg

NaCl

8g
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Agar

12g

Bactotryptone (lOg), 8g NaCl and 12g agar were dissolved in 800 ml distilled water.
The agar was made up to 1 litre and autoclaved on the day of preparation.

H Top Agar

Bactotryptone

lOg

NaCl

8g

Agar

8g

Bactotryptone (lOg), 8g NaCl and 8g agar were dissolved in 800 ml distilled water.
The volume was made up to 1 litre with distilled water and the agar autoclaved on the
day of preparation.

PEG-NaCl buffer

PEG (mw 8000)

20%

NaCl

2.5M

PEG 8000 (20g) and 14.6 Ig NaCl were dissolved in 80 ml distilled water. The buffer
was incubated in a 50°C water bath until all of the PEG had dissolved, the volume
made up to 100 ml and autoclaved.

IPTG (Isopropvl-p-D-thio-galactopyranosidel

IPTG (23.8 mg) was dissolved in one ml sterile water (final concentration 100 mM)
and stored in 0.5 ml aliquots at -20®C.

X-Gal (5 bromo-4-chloro-3-indovl-p-galactosidasel

X-Gal (0.02g) was dissolved in one ml dimethyl formamide (DMF; final concentration
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2% (w/v)) and stored in 0.5 ml aliquots at -20°C.

2.2.3

Southern blot analysis

2.2.3.1

Blotting

Denaturing solution

NaOH

0.5M

NaCl

1.5M

NaOH (20g) and 87.66g NaCl were dissolved in 800 ml distilled water and the volume
made up to 1 litre.

Neutralising solution

Tris

0.5M

NaCl

3.0M

Tris (60.55g) and 175.32g NaCl were dissolved in 800 ml distilled water. The pH was
adjusted to 7.0 by adding a few drops concentrated HCl and the volume made up to
1 litre with distilled water.

20 X SSC

NaCl (175.3g) and 88.2g tri-sodium citrate were dissolved in 800 ml distilled water.
The pH was adjusted to 7.0 by adding a few drops of concentrated HCl and the
volume made up to 1 litre.

2.2.3.2

Oligo-labelling

Oligo-labelling buffer (OLBl
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OLB was made from the following components:

Solution A

625 pi

2M Tris/HCl pH 8.0

25 pi

5M MgCl2

(final conc. 1.25M)
(final conc. 0.125M)

305 pi

sterile water
2-mercaptoethanol

15 pi

(15% v/v)

50mM dATP

10 pi

(final conc. 5inM)

50mM dGTP

10 pi

50mM dTTP

10 pi
1000 pi

The above was added sequentially to a sterile 1.5 ml Eppendorf tube, mixed with a
pipette and stored at -20°C.

Solution B

Hepes

2M

Hepes (1.04g) was dissolved in 2 ml sterile water, the pH adjusted to 6.6 by adding
a few drops 4M NaOH and dispensed into 1 ml aliquots stored at 4“C.

Solution C

Hexadeoxyribonucleotides (Pharmacia) were evenly suspended (not completely
dissolved) in 1 x TE buffer to a final concentration of 90 CD units/ml (determined on
mass' spectrophotometer) and stored at -20°C.

Solutions A, B and C were mixed in the ratio of 2:5:3 to make OLB and stored at 20°C. This stock was stored for up to 3 months with repeated fi'eezing and thawing.
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Bovine serum albumin (BSA^

BSA (enzyme grade; Gibco-BRL) was dissolved in sterile water to a final
concentration of 10 mg/ml and stored at 4°C.

Stop solution

NaCl

20mM

Tris/HCl (pH 7.5)

20mM

EDTA

2mM

SDS

0.25% (v/v)

NaCl (1 ml, IM), 1 ml IM Tris/HCl (pH 7.5), 50 pi 0.2M EDTA and 2.5 ml 10%
SDS were added to 45.5 ml sterile water mixed and dispensed into 1 ml aliquots
stored at -20°C.

2 .2 3 3

Prehybridisation/hybridisation of Southern blot

Prehvbridisation/hvbridisation buffer

The prehybridisation/hybridisation buffer was prepared in a sterile 50 ml Falcon tube
and light-protected by aluminium foil. The buffer was prepared with the following
reagents:

5 X SSC

5 ml

(20x)

10 X Denhardt's solution

2 ml

(lOOx)

50% deionised formamide

10 ml

2% SDS

4 ml

lOOpg/ml denatured herring sperm DNA

200pl
20 ml

20 X SSC
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(10%)

See section 2.2.3.1

100

X

Denhardt’s solution

See section 6.2.8

Deionized formamide

Approximately 50 ml Amberlite™ MB-1 monobed mixed resin (BDH) was added to
250 ml formamide. This was stirred in a beaker, in a fume cupboard, for 1 hour,
filtered using a Whatman paper filter, into a 250 ml flask, and dispensed into 5 and
10 ml aliquots stored at -20°C.

See section 6.2.8

10% Sodium dodecvl sulphate (SDSl

Electrophoresis grade SDS (50g)was dissolved in 400 ml distilled water and heated to
68°C to assist dissolution. The solution was cooled to room temperature and the pH
adjusted to 7.2 by adding few drops concentrated HCl. The volume was made up to
500 ml with distilled water.

Denatured herring sperm DNA (10 mg/ml)

Herring sperm DNA (Ig; Sigma) was suspended in 100 ml distilled water (final
concentration 10 mg/ml), the solution heated to ensure hydration o f the DNA and
autoclaved to force the DNA into solution. The stock was stored at 4“C.

A 200 pi aliquot was boiled at 100°C for 5-10 min, snap-cooled on ice for 5 min and
added to the hybridisation buffer.

2.2.4.2

Denaturing polyacrylamide gel electrophoresis (PAGE)
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6% polyacrylamide gel

A 6% polyacrylamide gel was prepared using Sequagel™ ready-made solutions
(National diagnostics):

Gel volume/ml
50

100

150

10 X TBE

5

10

15

Sequagel diluent

33

66

99

Sequagel concentrate

12

24

36

The above was mixed in a 250 ml conical flask and to 100 ml gel was added 440 pi
ammonium

persulphate

(APS;

0.23g/m l)

and

21.2

pi

N,N,N,N-

tetramethylethylenediamine (TEMED)

The gel was poured and allowed to polymerise at room temperature for 30-45 min

3.2.1

Northern blot analysis

3.2.1.1

Total RNA extraction

Solution D

The denaturing solution consisted o f the following reagents:

Guanidinium thiocyanate

4M

Sodium citrate (pH 7.0)

25mM

Sarkosyl

0.5%

2-mercaptoethanol

O.IM

In a fume cupboard, 293 ml DEPC-treated distilled water, 17.6 ml 0.7M sodium citrate
pH 7.0 and 26.4 ml 10% sarkosyl were added to 250g guanidinium thiocyanate (in
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manufacturer's bottle). This was allowed to dissolve at room temperature and the
stock solution stored at room temperature for up to 3 months.

Solution D was

prepared by adding 0.36 ml (3-mercaptoethanol/50 ml stock. Solution D was stored
at room temperature for up to 1 month.

3.2.1.2

Northern gel

Northern gel buffer (lOx)

MOPS*

200mM

Sodium acetate

50mM

EDTA

lOmM

*MOPS (3-[N-Morpholino]propanesulfonic acid 99+%; Sigma)
MOPS (41.86g), 4.10g sodium acetate and 3.72g EDTA were dissolved in 800 ml
DEPC-treated water and the pH adjusted to 7.0 with l.OM NaOH. The volume was
made up to 1 litre with DEPC-treated water and the buffer bottle wrapped in
aluminium foil and stored at 4°C.

Dénaturation buffer

Deionised formamide

50% (v/v)

Formaldehyde

18% (v/v)

Northern buffer

11% (v/v)

Deionised formamide (1 ml), 360 pi formaldehyde, 220 pi northern buffer and 440 pi
sterile DEPC-treated water were mixed in a sterile 5 ml bijou and stored at -20°C.

Loading buffer (6x)

Glycerol

50% (v/v)

Northern buffer

10% (v/v)
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Bromophenol blue (BPB)

0.25% (w/v)

Northern buffer (5 ml), diluted 1:5 with sterile DEPC-treated water, was added to 5
ml sterile glycerol. BPB (0.025g) was added, mixed to an even suspension, and
the final solution was stored at -20°C.

3.2.2

Identification of the transcription start site by primer extension

TEN buffer

Tris/HCl (pH 7.5)

20mM

EDTA

lOmM

NaCl

lOOmM

NaCl (0.5844g) was dissolved in 96 ml 20 mM Tris/HCl (pH 7.5) and 4 ml 250 mM
EDTA (pH 8.0) added, mixed and the buffer autoclaved.

PIPES buffer

PIPES

0.09M

EDTA

2.25M

NaCl

0.9M

SDS

0.23% (w/v)

PIPES (2.722g) was dissolved in 75 ml distilled water and the pH adjusted to 6.4 with
a few drops 2M NaOH. (PIPES only dissolved completely at pH 6.4). 5.260g NaCl
was dissolved in the PIPES

solution,900

added in drops. The solution

was placedat 37°C,stirred at regular intervals to assist

the dissolution of the SDS and autoclaved.

4.2.1.2

Polymerase chain reaction (PGR)
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pi250mMEDTAand2ml 10% SDS

Calculation of Tm for determining the annealing temperature of the PCR

At a given temperature and ionic strength the melting temperature, T„, o f an
oligonucleotide primer is dependent on its base composition which in turn affects its
annealing to template DNA. AT base pairs form only two inter-strand hydrogen bonds
whereas GC base pairs form three. GC pairs thus contribute more to the stability o f
the duplex.

The

can be approximately determined from the following equation:

For oligonucleotides (15-50 nucleotides)

= 2AT + 4GC

at an ionic strength of 1.08M (the strength of standard PCR buffers), AT is the
number of AT base pairs and GC the number of GC base pairs.

Typically, the annealing temperature in a PCR is set at 5°C less than the T^^ of the
oligonucleotide primer(s).

4.2.2

Binding assay

Binding assay buffer

The binding assay buffer used in this study was based on that previously described by
Corps et al. (1987).

To 95 ml o f sterile phosphate buffered saline solution (PBS) containing 150 mM NaCl
and 5 mM KCl (Gibco-BRL) was added the following principal salts (all stock
solutions were prepared from reagents from Sigma, made up in distilled water and
autoclaved prior to use):
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stock conc./M

volume/ml

final co n c /m M

MgCl,

0.1

0.1

1.0

CaCl2

0.1

1.8

1.8

Glucose

0.5

2.0

10.0

MnCL

0.1

1.0

1.0

Bovine serum albumin (O.lg B.S.A.; Sigma) was added to act as a 'carried.

5.2.1

Inositol phosphate assay

Step-wise elution of inositol phosphate fractions

Figure A. 1 shows the results of elution of individual inositol phosphate isoforms by
ammonium formate buffer of different ionic strength (50 - 1000 mM). The step-wise

gradient, however, resulted in significant elution of isoforms by buffers of ionic
strength other than that specified for the appropriate phosphate fraction. To eliminate
the problem of co-elution the counts isolated in each phosphate fraction were
summated and expressed as a single parameter of pH]inositol incorporation into total
phosphates.
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Figure A.l

Elution of individual inositol phosphate isoforms by ammonium formate

buffer of different ionic strength (50 - 1000 mM).
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IP4-6

6.2

In situ hybridisation reagents

6.2.5

Histological fixation of sections

All glassware was wrapped in aluminium foil, baked at 180°C for a minimum of four
hours and left to cool in a closed oven before use. All solutions and hardware were
sterile.

4% Paraformaldehyde

Paraformaldehyde (12g; BDH) were weighed into a 500 ml glass beaker. Sterile water
(150 ml) added, the beaker re-covered with the aluminium foil lid, and the solution
heated to 65°C in a water jacket, in a fiime cupboard. The paraformaldehyde was
dissolved by the addition of a few drops 1 M NaOH and vigorous stirring, and 150
ml 2 X PBS (30ml 10 x PBS made up to 150 ml with sterile water) added.

The

fixative was left to cool to room temperature before use. The pH of the solution was
recorded as close to 7.0.

1 M NaOH

NaOH pellets (4g) were dissolved in 80ml deionized water and made up to 100 ml.
The solution was treated with DEPC and autoclaved.

10 X PBS

PBS (lOx) is 1.3 M NaCl (75.92 g/1), 0.07M Na2HPO4.0H2O (9.94 g/1), and 0.03M
NaH2P04 .2H20 (4.68 g/1). The resulting solution was filtered, treated with DEPC, and
autoclaved.

6.2.8 In situ hybridisation

Hybridisation solution
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The hybridisation solution was prepared in a sterile 50 ml polypropylene tube as
described below. All reagents were mixed the day before use to allow the dextran
sulphate to dissolve completely (4°C, overnight).

A.

25 ml deionized formamide (Sigma Chemical Co.),

B.

10 ml 20 X SSC (BDH),

C.

2.5ml 0.5 M sodium phosphate (BDH),

D.

0.5ml 0.1 M sodium pyrophosphate (BDH),

E.

5 ml 50 X Denhardt's solution,

F.

1 ml 9.7 mg/ml salmon sperm DNA (Sigma Chemical Co.),

G.

1 ml 5 mg/ml poly adenylic acid (Signa Chemical Co.),

H.

50pl 20 mg/ml heparin (BDH),

I.

5g dextran sulphate (Sigma Chemical Co.),

J.

4.95 ml DEPC H^O.

A. Deionized Formamide

Formamide was deionized using 5g/ 100 ml Bio-Rad beads (AG 501X8). The volume
of formamide was poured into a suitable size beaker, covered completely with
aluminium foil, the beads added, and left to stir for an hour with the fume hood on.
The solution was subsequently filtered (Whatman, 15 cm Q 1), and stored in 25 ml
aliquots in 50 ml sterile polypropylene tubes wrapped in aluminium foil, at -20°C.
Deionized formamide is clear in colour whereas formamide which is contammated is
pale straw coloured. The function of formamide in the hybridisation buffer is to lower
the T^ o f the oligodeoxynucleotide to allow hybridisation to its complementary
sequence at a lower temperature. However, formamide destabilises A-T base pairs
more than it stabilises G-C pairs, thus destabilising to hybrid formation of AT rich
oligodeoxynucleotides and necessitating the use of a lower percentage of formamide
in the hybridisation buffer, and possibly the adjustment o f the hybridisation
temperature.

B . 20 X SSC
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NaCl (175.3g) and 88.2g tri-sodium citrate (Na^CgH^O^) were dissolved in 800 ml
deionized water. The pH was adjusted to 7.0 with a few drops of concentrated HCl,
and the volume adjusted to 1 litre.

The 20 x SSC was treated with DEPC, and

autoclaved before use.

C. 0.5 M Sodium Phosphate

The sodium phosphate was prepared by mixing 39 ml of a 0.5 M solution of
NaH2P04 .2H20 (7.6 g/100 ml) with 61 ml of a 0.5 M Na2HP04 (7g/100 ml) to obtain
a solution of pH 7.0. This solution was treated with DEPC and autoclaved.

D. 0.1 M Sodium Pvrophosphate

Sodium pyrophosphate (4.46g Na4P20y. IOH2O) were dissolved in 80 ml deionized
water. The volume was made up to 100 ml, the solution treated with DEPC, and
autoclaved.

E. 50 X Denhardt's Solution

Denhardt's solution is used as a blocking solution to reduce background (non-specific)
hybridisation.

Denhardt's (5Ox) is composed of 5g FicoU (Sigma Chemical Co.), 5g BSA (RIA grade;
Sigma Chemical Co.), and 5g polyvinylpyrollidone (Sigma Chemical Co.) dissolved
in 500 ml sterile water. The solution was stored in 5 ml aliquots in sterile 15 ml
polypropylene tubes at -20°C.

F. Denatured Fragmented Salmon Sperm DNA

Salmon sperm DNA was initially prepared using the method described below, but was
subsequently purchased from Sigma Chemical Co. in an attempt to reduce the hazards
associated with phenol extraction of DNA.
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Denatured, fragmented salmon sperm DNA was prepared using the protocol of
Sambrook et al (1989). Salmon sperm DNA (Type HI, sodium salt; Sigma Chemical
Co.) was dissolved in water at a concentration of 10 mg/ml, in a sterile vessel at 4°C
overnight.

The concentration of NaCl was adjusted to 0.1 M, and the solution

extracted with buffered phenol. The aqueous layer was removed and extracted with
phenol: chloroform: isoamylalcohol (25:24:1; Sigma Chemical Co.)

The aqueous

phase was removed, the DNA sheared by passing it 15-20 times through a 17-gauge
hypodermic needle, and precipitated with 2 volumes of ice-cold 95% ethanol. The
DNA was centrrftiged, re-dissolved at a concentration of 10 mg/ml in sterile water
(actual concentration determined by measuring the OD260)

The solution was then

boiled for 10 min, cooled on ice, and stored at -20°C.

In either case, the aliquots (at -20°C) were thawed, boiled for 5 min, cooled on ice
and added to the hybridisation solution.

G. Polyadenvlic acid

PolyadenyUc acid (25 mg; potassium salt) was dissolved in 5 ml sterile water, (final
concentration 5 mg/ml) and stored in 1 ml aliquots at -20°C,

H. Heparin

Heparin (60 mg; sodium salt) were dissolved in 0.5 ml sterile water (final
concentration 120 mg/ml) and stored in 50pl aliquots at -20°C.

I. Dextran Sulphate

The dextran sulphate (molecular biology reagent grade) was stored at room
temperature before use. 5g were added to the hybridisation solution.

J. Sterile Water
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Deionized water was treated with 1 ml per litre diethylpyrocarbonate (Sigma), shaken
vigorously, and left for 4 hours with a loosened top before being autoclaved. This
method was used for DEPC treatment of solutions.

Sephadex G-50

Sephadex G-50 (lOg; Pharmacia LKB; medium grade) was added to 200 ml sterile
water and left to swell overnight. The swollen resin was washed several times with
sterile water and equilibrated in 1 x 10 running buffer. The slurry was autoclaved
before use.

1 X 10 buffer

1 X 10 buffer is 0.01 M Tris-HCl (pH 8.0), 0.001 M EDTA (pH 8.0), and 0.1 M NaCl.
This solution was treated with DEPC and autoclaved before use.

10 X Qne-Phor-All PLUS tailing buffer

The stock tailing buffer was supplied with the TDT enzyme. This buffer is 0.1 M
Tris-acetate, 0.1 M magnesium acetate, and 0.5 M potassium acetate.

1 M Dithiothreitol

DTT (3.09g) was dissolved in 0.01 M sodium acetate solution (pH 5.2), sterilized by
filtration and stored in 1 ml aliquots at -20° C.

6.2.10 Histological stains and slide coatings

Mavers Haematoxylin

Mayers Haematoxylin was made up as follows:
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Potassium alum

50.0g

Sodium iodate

0.2g

Citric Acid

1.0g

Chloral hydrate

50.0g

Haematoxylin

1.0g

Water

to a total volume of 1litre

Haematoxylin (Ig; Sigma) was dissolved in 100 ml distilled water using gentle
heating.

Sodium iodate

(0.2g)

and

50g

aluminium

potassium

sulphate

(AIK(S04)2 I2 H2O; potassium alum; BDH) were added and the mixture shaken until
the AIK(S0 J 212 H2O; was dissolved.

Citric acid (Ig) and 50g chloral hydrate

(CI3CCHO.H2O; BDH) were then added and the volume made up to 1 litre with water.
The colour should be reddish violet.

The solution was stored for up to several

months.

Eosin

The eosin stain was 0.2% eosin Y (Sigma ) in 95% ethanol.

APES coating

Clean slides were coated with 3-aminopropyltriethoxysilane (Sigma) by dipping
sequentially in 2% APES in 740P (industrial methylated spirit; at least 5 sec), 740P,
distilled water, and left to dry overnight at 37°C in a dust-fi*ee atmosphere.

2% Gelatine

Gelatine ( 6g; BDH) was dissolved in 300ml water (Microwave oven 650W, 2 min,
high power). The solution was left to cool before submerging the clean slides.
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Appendix B

Conferences attended

Hanseatic Endocrine Conference. Oxytocin: cellular and molecular approaches in
medicine and research,
April 30- May 4, 1995. Hotel Stader Hof Congress Centre, Stade, Germany.

Society for the Study of Fertility Winter Meeting,
December 19-20, University of London Student's Union, London, U.K.

653rd Meeting of the Biochemical Society,
December 13-16, 1994. University of Sussex, Brighton, U.K.

Society for the Study of Fertility Annual Conference,
July 11-13, 1994.

Boldrewood Conference Centre, University o f Southampton,

Southampton, U.K.

76th Annual Meeting of the Endocrine Society,
June 15-18, 1994. Anaheim Convention Centre, Anaheim, C A , U.S.A.

184th Meeting of the Society for Endocrinology,
November 24-26, 1993. Royal Society for Medicine, London, U.K.

Society for the Study of Fertility Annual Conference,
July 12-14, 1993. St. John's College, University of Cambridge, Cambridge, U.K.

Society for the Study of Fertility Winter Meeting,
December 17-19, 1992. University of Bristol, Bristol, U.K.
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Publications

Riley, P R., Abayasekara, D.R.E., Stewart, H.J. & Flint, A.P.F. (1995) Functional
characterisation of an ovine endometrial oxytocin receptor cDNA transiently
expressed in Cos-7 cells. Journal o f Endocrinology (submitted).

Flint, A.P.F., Riley, PR., Kaluz, S., Stewart, H.J., Abayasekara, D.KE. (1995) The
sheep endometrial oxytocin receptor, in Oxytocin: cellular and molecular
approaches in medicine and research. Ed. R. Ivell and J. Russell. Advances
in experimental medicine and biology. Plenum Press. New York.

Riley, P R., Flint, A.P.F., Abayasekara, D.KE. & Stewart, H.J. (1995) Structure and
expression of an ovine endometrial oxytocin receptor cDNA.

Journal o f

Molecular Endocrinology 15, 195-202.

Riley, P.K, Stewart, H.J., Abayasekara, D.KE. & Flint, A.P.F. (1994) Functional
characterisation of an ovine oxytocin signal transduction pathway in oxytocia
receptor cDNA transfected Cos-7 cells. Biochemical Society Transaction 23,
267S.

Riley, P.K, Stevenson, K.K, Wathes, D C , Stewart, H.J., Maim, G.E., Payne, J.H.,
Lamming, G.E., Abayasekara, D.KE. & Flint, A.P.F. (1994) The steroidal
regulation of ovine endometrial and myométrial oxytocin receptor mRNA as
determined by in situ hybridisation. Endocrinology Supplement. 76th Annual
Meeting o f the Endocrine Society. Abstract 198.

Stevenson, K.K, Riley, P.K, Stewart, H.J., FEnt, A.P.F. & Wathes, D C (1994)
Localisation o f oxytocin receptor mRNA in the ovine uterus during the
oestrous cycle and early pregnancy. Journal o f Molecular Endocrinology 12,
93-105.
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Wathes, D C , Stevenson, K.R,, Hamon, M, Riley, P.K, Stewart, H.J. & Flint, A.P.F.
(1993) In situ localization of the uterine oxytocin receptor during the estrous
cycle and early pregnancy in the ewe.

Biology o f Reproduction, 48,

Supplement 1, Abstract 405.

Riley, PR., Stevenson, K.R., Wathes, D C., Stewart, H.J., Mann, G.E., Payne, J.H.,
Lamming, G.E., Abayasekara, D.R.E. & Flint, A.P.F, (1993) Use of in situ
hybridisation to localise uterine oxytocin receptor mRNA in cyclic, pregnant
and steroid-treated ewes. Journal o f Reproduction and Fertility Abstract Series
11, Abstract 56.
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